
 

This is an electronic reprint of the original article. This reprint may differ from the original 
in pagination and typographic detail. 

 
Impact of boiler load and limestone addition on SO3 and corrosive cold-end deposits
in a coal-fired CFB boiler
Vainio, Emil; Vänskä, Kyösti; Laurén, Tor; Yrjas, Patrik; Coda Zabetta, Edgardo; Hupa, Mikko;
Hupa, Leena
Published in:
Fuel

DOI:
10.1016/j.fuel.2021.121313

Published: 15/11/2021

Document Version
Final published version

Document License
CC BY

Link to publication

Please cite the original version:
Vainio, E., Vänskä, K., Laurén, T., Yrjas, P., Coda Zabetta, E., Hupa, M., & Hupa, L. (2021). Impact of boiler
load and limestone addition on SO

3
 and corrosive cold-end deposits in a coal-fired CFB boiler. Fuel, 304,

[121313]. https://doi.org/10.1016/j.fuel.2021.121313

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

This document is downloaded from the Research Information Portal of ÅAU: 23. May. 2023

https://doi.org/10.1016/j.fuel.2021.121313
https://research.abo.fi/en/publications/8c6cece7-9a24-49c9-947f-ea56395dc02a
https://doi.org/10.1016/j.fuel.2021.121313


Fuel 304 (2021) 121313

Available online 17 August 2021
0016-2361/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Full Length Article 

Impact of boiler load and limestone addition on SO3 and corrosive cold-end 
deposits in a coal-fired CFB boiler 

Emil Vainio a,*, Kyösti Vänskä b, Tor Laurén a, Patrik Yrjas a, Edgardo Coda Zabetta b, 
Mikko Hupa a, Leena Hupa a 

a Johan Gadolin Process Chemistry Centre, Laboratory of Molecular Science and Engineering, Åbo Akademi University, Biskopsgatan 8, FI-20500 Åbo-Turku, Finland 
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A B S T R A C T   

The risk of cold-end corrosion caused by two different phenomena was studied: the well-known sulfuric acid- 
induced corrosion and corrosion caused by hygroscopic fly ash deposits. Measurements were performed in a 
full-scale circulating fluidized bed boiler firing bituminous coal with high contents of sulfur and chlorine. The 
boiler was run both with and without limestone addition to reveal the effects of limestone on corrosion. 
Furthermore, the impact of boiler load on corrosion and deposit composition was studied. Corrosion probe, SO3, 
and dew point measurements were performed up- and downstream of the electrostatic precipitator. Ash deposits 
were collected from the different sides of the corrosion probe and were analyzed. The formation of SO3 was low 
in all cases (<0.1 ppmv), which was connected to the relatively low furnace temperature in fluidized bed 
combustion and the efficient SO3 capturing of the fly ash and limestone. The different operational parameters of 
the boiler had a significant impact on deposit composition and on expected corrosion risk. At full load and 
without limestone addition, the chlorine of the fuel stayed as gaseous HCl, whereas no Cl was found in the 
deposits. However, when limestone was added, corrosion was caused by the presence of deliquescent calcium 
chloride. At low load operation of the boiler, ammonium chloride was formed on the cold-end deposit probe. 
Ammonium chloride was formed via the reaction between HCl and NH3 in the cooling flue gases. Laboratory 
studies with NH4Cl was further conducted to assess its corrosivity.   

1. Introduction 

Cold-end corrosion in combustion can generally be caused by an acid 
condensing on steel surfaces or hygroscopic deposits that absorb mois-
ture from the flue gases. This may occur if the material temperature is 
kept too low. On the other hand, efficient use of energy in flue gases is of 
importance in order to recover as much energy as possible. An effective 
way is to lower the boiler exit flue gas temperature, since every 10 ◦C 
drop in the flue gas temperature could potentially increase the boiler 
thermal efficiency by about 0.5%. However, lowering the temperature 
of the flue gases can lead to corrosion - referred to as low-temperature 
corrosion or cold-end corrosion - of pre-heaters, flue gas cleaning 
equipment, and other parts of the flue gas channel. One of the main 
concerns with respect to lowering the flue gas temperature in coal-fired 
power plants is the sulfuric acid dew point. If the temperature of metal 
surfaces is lower than the sulfuric acid dew point, severe corrosion might 
occur [1,2]. Several factors influence the formation of SO3. In coal and 

biomass combustion, the ash plays an important role in the flue gas SO3 
concentration [3,4]. Sulfur trioxide can be captured by the alkaline 
oxides in the ash to form sulfates [5–9]. On the other hand, the ash 
forming matter may also contribute to the catalytic conversion of SO2 to 
SO3 [6,10]. The extent of SO3 formation depends also on the furnace 
temperature and residence time [11], the SO2 concentration in the flue 
gas, the excess oxygen [11,12], certain additives, and the use of selective 
catalytic reduction (SCR) of NOX emissions [13]. In fluidized bed com-
bustion, the furnace temperature is relatively low, leading to low ho-
mogeneous conversion of SO2 to SO3 [4]. Another issue related to 
selective catalytic reduction (SCR) of NOX emission is the formation of 
ammonium bisulfate from SO3 and NH3 slip. Ammonium bisulfate is 
sticky and may lead to plugging and corrosion in the cold-end [14,15]. 

When the flue gas temperature drops below some 500 ◦C, any SO3 
formed will start reacting with water vapor forming gaseous H2SO4 and 
at about 200 ◦C all SO3 will be converted to H2SO4(g) [16]. The sulfuric 
acid dew point depends on the concentrations of H2SO4(g) and H2O. For 
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example, in a flue gas with 10 vol% H2O and H2SO4(g) varying between 
1 and 5 ppmv, the acid dew point would be 116–131 ◦C (calculated with 
correlation by Verhoff and Banchero [17]). In this paper, both gaseous 
H2SO4 and SO3 are referred to as SO3. 

Cold-end corrosion can also be caused by hygroscopic deposits. 
Especially in biomass combustion, hygroscopic deposits have been 
shown to cause corrosion in the cold-end [4,18–22]. Recently it was 
shown by Pan et al. [23], that corrosion of heat transfer tubes in the cold- 
end of a coal-fired boiler was caused by chlorides in the deposit. The 
corrosion could not be explained by HCl condensing on the surfaces 
since the conditions were well above the dew point of HCl [23]. Hy-
groscopic and deliquescent salts can absorb water from the flue gas. 
Subsequently, this process may lead to wet corrosion. Deliquescent salts 
absorb, at a certain relative humidity, enough water to fully dissolve in 
the water. The relative humidity at which the salt transforms from a 
solid to a salt solution is called the deliquescent relative humidity 
(DRH). Deliquescent salts that have been reported to cause cold-end 
corrosion are, e.g., CaCl2 [4,18], ZnCl2 [18], K2CO3 [22], and NaHSO4 
[20]. Hygroscopic and deliquescent deposits may also cause deposit 
build-up in the cold-end of boilers [24]. 

There is an increased need to operate boilers at varying loads to cope 
with the power demand and to use additives to mitigate emissions. All 
this may have an impact on ash deposits and heat exchanger material 
corrosion in the cold-end of the boiler. The changes in the combustion 
process may lead to the formation of hygroscopic and corrosive deposits 
in the cold-end and may also affect the SO3 formation. In this work, two 
different kinds of cold-end corrosion phenomena were studied. On one 
hand the well-known sulfuric acid-induced low-temperature corrosion. 
One the other hand the more recently identified corrosion caused by 
hygroscopic fly ash deposits. Measurements were performed in a full- 
scale circulating fluidized bed (CFB) boiler burning bituminous coal. 
The tests were conducted at full and partial boiler load, and with and 
without limestone feeding. Dew-point measurements and measurements 
of SO3/H2SO4(g) were conducted before and after the electrostatic 
precipitator (ESP). Additionally, short-term corrosion probe 

measurements were performed to determine the corrosion rate of carbon 
steel at different material temperatures. Deposits from the probe were 
collected and analyzed to determine the effect of boiler operation on 
deposit composition. Under some conditions, a major part of the deposit 
surprisingly consisted of ammonium chloride. This compound is here 
first time found under conditions with no ammonia addition applied, 
and the mechanisms of how this can be formed and cause corrosion is 
also discussed. 

2. Experimental 

2.1. Boiler and fuel 

The measurements were conducted in a full-scale CFB power boiler 
burning bituminous coal. Measurements of SO3/H2SO4(g), dew point, 
and corrosion probe measurements were performed before and after the 
ESP, Fig. 1. The boiler was operated in three modes (Table 1): 1) full load 
without limestone addition, 2) 55% load without limestone addition, 3) 
full load with limestone addition. No ammonia/ammonium based ad-
ditives, SCR, SNCR, or other additives than limestone were used in the 
boiler. The fuel properties are presented in Table 2. The ash content of 
the fuel was high, 16.5 wt%. The sulfur and chlorine contents of the fuel 
were 1.57 wt% and 0.64 wt%, respectively. X-ray fluorescence (XRF) 
analysis results of the ashed fuel are shown in Table 3. The fuel ash has a 
relatively high iron oxide content, 9.4 wt%. Iron oxide may catalyze the 
SO2 to SO3 conversion in the furnace [6]. Vanadium is also known to 
catalyze the formation of SO3 [25]; however, the concentration of 

Fig. 1. Measurement locations and measurements in the CFB boiler.  

Table 1 
Experimental cases during the measurement campaign.  

Case Limestone feed Load 

1 Limestone off Full 
2 Limestone off Low (~55%) 
3 Limestone on Full  

E. Vainio et al.                                                                                                                                                                                                                                  
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vanadium was low in the fuel. Calcium in the fuel has a dominant role in 
sulfur capture in coal combustion [26]. The molar ratio of Ca/S in the 
fuel was 0.55. Sulfur can also be captured by Mg, K, and Na in the fuel. 
The (Ca + Mg + 2Na + 2 K)/S molar ratio was 1.6. However, a large part 
of the sodium and potassium in the fuel is present as alkali aluminosil-
icates in coal or is captured by aluminosilicates in the combustion and is 
thus not available for sulfur capture [27,28]. 

2.2. Measurement techniques 

2.2.1. SO3 measurements 
A recently developed salt method was used to detect SO3 and 

H2SO4(g) [4,29]. In this method, a cartridge filled with KCl powder is 
placed in the tip of a probe. The probe is inserted in the flue gas stream 
and the flue gases are pulled through the salt layer. Under the experi-
mental conditions, the KCl will selectively react with any SO3 or sulfuric 
acid in the gas to form K2SO4 and/or KHSO4. No reaction with SO2 will 
take place. As the amount of potassium sulfate corresponds to the SO3 or 
H2SO4(g) in the gas sample, the total SO3 can be calculated when the 
total amount of gas pulled through the salt is known. The sampling time 
varied between 15 and 70 min, and the flow of gas pulled through the 
salt was about 1 Nl/min. The detection limit depends on the amount of 
flue gas volume sampled. In this work the detection limit was about 1–3 
ppbv SO3. The method is described in detail in Vainio et al. [4]. The 
probe is kept slightly tilted to avoid water condensate from the cold-end 
of the probe to flow to the KCl tube (Fig. 2). Water in the salt would lead 
to a measurement error by SO2 absorption in the water and subsequently 
oxidization to sulfate. After the measurement, the salt cartridges were 
transported to the laboratory and dissolved in 20 ml of deionized 
distilled water. The sulfate concentration was determined by ion chro-
matography with conductivity detection (Metrosep anion Dual 2 column 
and a 732 IC detector by Metrohm). Six analyzes were made for every 
sample to prove the repeatability. Sulfur dioxide was measured by 
absorbing it in two impinger bottles with 5 vol% hydrogen peroxide 
(H2O2). The sulfate formed in the solution was analyzed in the same 
manner as the KCl trap. 

2.2.2. Dew point measurements 
The dew point temperature in the flue gases was measured by the 

Lancom 200 dew point meter. The probe has a sensor in the tip, which 
gives a signal when condensate forms on it. The probe tip is inserted into 
the flue gas channel, and the temperature is slowly decreased until the 
dew point is reached. The detection limit of the device is typically 5 
ppmv of SO3 or a dew point of 125 ◦C – depends on the application – and 
uncertainty ± 0.5 ◦C. 

2.2.3. Corrosion/deposit probe 
An air-cooled short-term corrosion probe was used to quantify the 

initial corrosion rate of carbon steel (P235GH) at various material 
temperatures (50–100 ◦C). The maximum temperature fluctuation in the 
sample was ± 2 ◦C. The method is described in detail in Vainio et al. [4]. 
The exposure time was 2 h. Windward, side, and leeward deposits were 
collected and analyzed by means of scanning electron microscopy with 
energy-dispersive X-ray spectroscopy (SEM-EDX), LEO Gemini 1530 

Table 2 
Fuel properties. All numbers, except moisture, are expressed on a dry basis.  

Total moisture wt%  24.8 
Ash content (815 ◦C) wt%  16.5 
Volatile matter wt%  31.7 
Gross calorific value MJ/kg  26.27 
C wt%  64.8 
H wt%  4.2 
N wt%  1.02 
S wt%  1.57 
O (calculated) wt%  11.3 
Cl wt%  0.64  

Table 3 
XRF analyses of laboratory ash produced at 
550 ◦C, presented as oxides. Numbers in wt% on 
a dry basis.  

Compound Wt% db 

Al2O3  23.3 
CaO  3.86 
FeO  9.37 
K2O  2.17 
MgO  1.99 
MnO  0.031 
Na2O  3.38 
P2O5  0.16 
SO3  9.89 
SiO2  48.0 
TiO2  1.15 
V2O3  0.041 
ZrO2  0.047  

Fig. 2. In-situ measurement setup of the salt method for the measurement of SO3 and H2SO4(g). Modified from [4].  
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with a Thermo Scientific UltraDry Silicon Drift Detector (SDD). To 
quantify the material loss, the corrosion products were removed first 
with deionized distilled water followed by drying with acetone. The 
remaining corrosion products were removed with citric acid in an ul-
trasonic bath for 10 min. The acid step was repeated until all corrosion 
products were removed. Blank samples were used to quantify any metal 
loss of the sample. A description of the method can be found in Laurén 
[30]. After the acid wash, the samples were rinsed with deionized 
distilled water and dried with acetone. After the washing procedure, the 
total weight loss of the corrosion rings were used to calculate an average 
corrosion rate for the exposed surface. 

2.2.4. Corrosion tests in the laboratory 
Corrosion tests were done to study the corrosivity of hygroscopic 

NH4Cl. Carbon steel coupons (P235GH) with the dimensions 20 mm ×
20 mm × 5 mm were used. The coupons were first polished in ethanol 
with a 320 grit silicon carbide paper and then with a 1000 grit paper, 
and finally with a 2500 grit paper. The coupons were washed in an ul-
trasonic bath in ethanol. Three coupons per test were used and 100 mg 
of salt was placed on top of the coupons. The experiments were con-
ducted with 10 vol% water vapor, 5 vol% O2 and rest N2 in the tem-
perature range of 60 to 80 ◦C. A stable flow of water vapor was produced 
with a Cellkraft P-2 humidifier. The coupons were first heated in a ni-
trogen atmosphere to the desired temperature. When the temperature 
was stable, water vapor and oxygen were added to the gas. The total flow 
was 2 l/min (NTP) and the exposure time was 4 h. After the exposure, 
the salt was washed off with deionized distilled water and the steel 
coupons were dried with acetone. The surface and corrosion products 
were analyzed using an SEM-EDX. The corrosion products were removed 
in the same manner as for the corrosion rings in section 2.2.3 and the 
weight loss was measured. From the weight loss an average corrosion 
rate was calculated for the exposed area. 

3. Results 

3.1. SO3 and dew point measurements 

During the first experimental case at full load, the limestone feed was 
off; thus, the SO2 was relatively high, on average 810 ppmv. Despite the 
high SO2, the concentrations of SO3 both before and after the ESP were 
below 0.1 ppmv (Fig. 3). The SO3 concentration was on an average 0.057 

ppmv upstream of the ESP and 0.033 ppmv downstream of the ESP. The 
reason for these low SO3 concentrations was partly caused by the rela-
tively low temperature in the furnace leading to a low homogeneous 
conversion of SO2 to SO3. The average furnace temperature was 815 ◦C 
and the residence time in the furnace was 5.6 s for Case 1. A low ho-
mogeneous SO2 to SO3 conversion was shown by Fleig et al. [11] in 
laboratory experiments made at similar temperature and residence time. 
In their study, the homogeneous conversion of SO2 to SO3 in a flow 
reactor was 0.3% at 827 ◦C, 1000 ppmv SO2, 3 vol% O2, 8.7 vol% H2O, 
and a residence time of 5 s [11]. Furthermore, the very low SO3 con-
centrations in our work can also be explained by the ability of the alkali 
and alkaline earth metals, which are not present as silicates, to capture 
the SO3 that is formed. The (Ca + Mg + 2Na + 2 K)/S molar ratio was 
1.6. 

No sulfuric acid dew point could be detected with the dew point 
meter for case 1. However, a signal was obtained between 50 and 62 ◦C. 
The water vapor concentration in the flue gas was on average 10 vol% 
corresponding to a pure water dew point of 46 ◦C. The elevated 
measured dew point could be caused by fluctuations in the water vapor 
in the flue gas or hygroscopic deposit formation on the sensor leading to 
a wet deposit and consequently a signal. It is unlikely that the signal was 
caused by HCl condensation. The HCl dew point is just above the water 
dew point, e.g. in a gas with 10 vol% H2O and 100 to 500 ppmv HCl, the 
HCl dew point would be between 49 and 53 ◦C [31]. Unfortunately, the 
plant FTIR was unavailable during the measurement campaign, and thus 
the HCl concentration in the flue gas is not available. Based on previous 
experience of the CFB boiler, the HCl level in the measurement location 
at same conditions as in the measurement campaign is about 300 ± 25 
ppmv. The calculated sulfuric acid dew point from the average SO3 
concentration measured after the ESP (0.033 ppmv) and 10 vol% H2O is 
87 ◦C (calculated with the correlation by Verhoff and Banchero [17]). It 
has to be noted that the correlation has not been validated for this low 
concentrations. Therefore, the dew point should be interpreted with 
caution. It is also unlikely that enough condensate would form on the 
sensor to create a signal. 

At low load and without limestone addition (Case 2), the SO3 con-
centrations were on average 0.007 ppmv upstream of the ESP and 0.001 
ppmv downstream of the ESP (Fig. 4). The average furnace temperature 
was much lower, 740 ◦C, compared to the full load cases. This could 
explain the lower SO3 in the flue gas. A signal with the dew point meter 
was obtained between 48 and 52 ◦C, thus no sulfuric acid dew point was 
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detected. When limestone was used during full load (Case 3), SO2 was on 
average 60 ppmv, and SO3 was on average 0.013 ppmv upstream of the 
ESP and 0.009 ppmv downstream of the ESP (Fig. 5). The average 
furnace temperature was 820 ◦C. A signal with the dew point meter was 
obtained at 55 ◦C, and no sulfuric acid dew point was detected. In all 
cases, a signal was observed just above the water dew point and this 
could be attributed to hygroscopic dust formation on the sensor and the 
subsequent absorption of water. The HCl dew point could partly explain 
the dew point reading; however, this could not be confirmed. 

Fig. 6 summarizes the SO3 measurements for the different boiler 
operations. Even if the SO3 concentrations are for practical purposes 
insignificantly low, interestingly some differences could be seen 
depending on the conditions. The lower SO3 concentrations downstream 
of the ESP in the different cases are probably caused by the capture of 
some SO3 by the ash in the ESP. The load and limestone also had an 

impact on the SO3 concentration. At low load the furnace temperature 
was 80–90 ◦C lower than during full load operation, resulting in a lower 
homogeneous SO2 to SO3 conversion. A dramatic change in the cold-end 
ash composition was also observed during low load operation; the de-
posits were rich in ammonium chloride (see section 3.2.2). The presence 
of NH3 in the flue gas can also strip the SO3 by forming ammonium 
sulfates. Comparing the cases with full load in Fig. 6, the SO3 concen-
trations were lower with limestone addition, due to the capture of SO2 
and SO3 by the additive. 

3.2. Corrosion probe measurements and hygroscopic fly ash deposits 

The initial corrosion rates in µm/h are summarized in Fig. 7. 0.1 µm/ 
h corresponds to 0.88 mm wall thickness loss per year when extrapo-
lated linearly (8760 h). Usually, the initial corrosion rate is higher than 

4

4.5

5

5.5

6

6.5

7

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

16:00 17:00 18:00 19:00 20:00 21:00

O
2

(v
ol

%
)

SO
3

(p
pm

v)

Time (hh:mm)

H2SO4

O2

7

8 9 10* 11*

SO3

O2

Fig. 4. SO3 measured before and after (indicated by *) the ESP and O2 measured in the stack during Case 2 (limestone off and low load). The average SO2 in the flue 
gas was 810 ppmv. 

2

2.5

3

3.5

4

4.5

5

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00

O
2 

(v
ol

%
)

SO
3

(p
pm

v)

Time (hh:mm)

H2SO4

O2

12 13
14 15*

16*

SO3

O2

Fig. 5. SO3 measured before and after the ESP (indicated by *), and SO2 and O2 were measured in the stack during Case 3 (limestone on and full load). The average 
SO2 in the flue gas was about 60 ppmv (dry gas). 

E. Vainio et al.                                                                                                                                                                                                                                  



Fuel 304 (2021) 121313

6

the rate measured after a longer exposure. Nevertheless, the rates sug-
gest that the corrosion is mild with material temperatures between 70 
and 100 ◦C when operating without limestone addition. The corrosion is 
more severe with limestone addition, thus clearly indicating that the 
corrosion risk is not associated with sulfuric acid condensation. Instead, 
this corrosion is connected to the formation of hygroscopic deposits 
when limestone is used. 

3.2.1. Full load operation (Case 1) 
At full load and no limestone addition, no clear corrosion was 

observed in the temperature range of 89–100 ◦C. The two measure-
ments, which were done before the ESP with material temperatures of 
89 and 100 ◦C, indicated very mild corrosion, ~0.01 µm/h. While 
removing the probe from the flue gas channel, most of the deposit was 

removed from the probe due to the draft in the measurement opening. 
Thus, the rings had a thin layer of deposit on the windward side and the 
side of the ring. Due to the minor deposit amounts, samples could be 
collected only from the leeward side of the rings. The EDX analyses of 
the leeward deposits are presented in Fig. 8. The deposits consisted 
mainly of aluminosilicates, while no chlorine was present. This is caused 
by the sulfation of alkali chlorides releasing HCl [32]. Corrosion was not 
observed in the probe measurement after the ESP at 89 ◦C and no deposit 
samples could be collected due to the low deposit build-up. The average 
SO3 measured before the ESP was 0.056 ppmv and the water vapor 
concentration was 10 vol%. This would result in a theoretical acid dew 
point of 92 ◦C, as estimated with the correlation by Verhoff and Ban-
chero [17]. However, the correlation is not verified for this low SO3 
concentrations. Also, the amount of condensing acid would be extremely 
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small, thus it is unlikely that this low SO3 would cause any corrosion in 
the presence of a deposit. No signs of acid condensation was observed 
with the material temperature of 89 ◦C. Longer exposure times would be 
needed to confirm this. 

3.2.2. Ammonium chloride formation (Case 2) 
Two corrosion probe measurements were conducted during low load 

conditions and without limestone addition (Case 2). The measurements 
were done before the ESP and the material temperatures were adjusted 
to 70 ◦C and 99 ◦C. The corrosion was mild in both tests, however, with a 
material temperature of 70 ◦C, a clear discoloration of the ring was 
observed on the side and leeward side. The corrosion was still mild based 
on the weight loss and the corrosion rate was 0.03 µm/h. It seems that 
the discoloration appeared in the same location as only some deposit 
had gathered on the ring. Interestingly, the deposits were rich in chlo-
rine, mainly in the form of NH4Cl. As can be seen in Fig. 9, the main 
deposit components were nitrogen and chlorine and in almost the same 
atomic ratio. Ammonium chloride in the deposit is formed from NH3(g) 
and HCl(g) present in the gas (reaction (1)). The reaction pathway for 
NH4Cl(s) formation in the cold-end of this study is illustrated in Fig. 10a. 
There was no NH3 injection in the boiler during the measurements. 
However, NH3 is a known intermediate nitrogen species in the reactions 
of fuel nitrogen to NOX and N2 [33]. A part of the NH3 released from the 
coal particles during the combustion remained unreacted throughout 

the boiler due to the lower temperatures in the boiler as a consequence 
of the low load; the average furnace temperature was 740 ◦C, which was 
80–90 ◦C lower compared to the full load cases. 

NH3(g)+HCl(g)↔ NH4Cl(s) (1) 

The stability of NH4Cl as a function of temperature at various NH3 
and HCl concentrations is shown in Fig. 11. Ammonium chloride is 
stable even at relatively low concentrations of HCl and NH3 in the 
temperature range of the corrosion probe tests. According to thermo-
dynamic calculations, NH4Cl is stable at 70 ◦C when the concentrations 
of both NH3 and HCl are above about 1 ppmv. HCl(g) in the measure-
ment location was approximately 300 ppmv and even at 99 ◦C, 1 ppmv 
NH3 is enough for NH4Cl(s) formation. Ammonium chloride has previ-
ously been reported to cause low-temperature corrosion in waste 
incineration using selective catalytic reduction of NOX [19]. The darker 
color found on the leeward side of the corrosion ring at 70 ◦C could 
originate from hygroscopic NH4Cl reacting with the steel. The corro-
sivity of NH4Cl was further studied in section 3.3. 

3.2.3. Effects of limestone addition (Case 3) 
At full load and limestone addition, the corrosion was more severe. In 

the measurement upstream of the ESP and with a material temperature 
of 70 ◦C the corrosion rate was 0.38 µm/h (corresponding to 3.3 mm/ 
year when extrapolated linearly). The deposit analyses showed high 
chlorine contents; however, no nitrogen was detected. The deposit 
compositions were high in both calcium and chlorine (Fig. 12), and the 
chlorine originated most likely from CaCl2, which is a highly hygro-
scopic salt. Calcium chloride could form from unreacted calcium oxide 
and HCl in the gas (reaction (2)). This reaction pathway is illustrated in 
Fig. 10b. With a material temperature of 70 ◦C and a water vapor con-
centration of 10 vol%, CaCl2 deliquesces, i.e. absorbs enough water from 
the flue gases to fully dissolve in the absorbed water. The conditions at 
which deliquescence occurs in flue gases are presented in Fig. 13. The 
corrosion rates from the probe measurements at the various material 
temperatures are also depicted in the figure. Calcium chloride on carbon 
steel is highly corrosive at conditions below the deliquescence curve in 
Fig. 13, and at 10 vol% H2O deliquescence occurs at 84 ◦C [35]. Calcium 
chloride has also been found to cause low-temperature corrosion in 
biomass boilers [4,18] and at higher water vapor concentrations in the 
flue gas it may be corrosive well above 100 ◦C [4,35]. With a material 
temperature of 50 ◦C, severe wet corrosion occurred with a corrosion 
rate of 1.03 µm/h (corresponding to 9.0 mm/year when extrapolated 
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linearly). At 50 ◦C more water will be absorbed by CaCl2 compared to 
70 ◦C [35], which could also be clearly seen while removing the 
corrosion probe. Both the lower temperature and higher water absorp-
tion will increase the oxygen solubility into the formed solution [36], 
and consequently the corrosion rate [37]. Furthermore, the increased 
corrosion rate at 50 ◦C could be caused by condensation of HCl since the 
temperature is just below the approximated HCl dew point of 52 ◦C at 
300 ppmv HCl (Fig. 13). With a material temperature of 99 ◦C, which is 
clearly above the deliquescence temperature for CaCl2, no visible 
corrosion was seen on the corrosion probe ring. 

CaO(s)+ 2HCl(g)↔ CaCl2(s)+H2O(g) (2)  

3.3. Corrosion tests in the laboratory 

Fig. 14 presents SEM images and photographs of the coupons after 
exposure to NH4Cl at 60 ◦C and 80 ◦C. In the corrosion experiments with 
a material temperature of 60 ◦C and 10 vol% H2O the steel coupon was 
heavily corroded. Deliquescence of NH4Cl did not occur as can be seen 

from the salt on top of the sample after the exposure. It seems that NH4Cl 
is hygroscopic and absorbs only some water at 60 ◦C and 10 vol% H2O. 
Ammonium chloride has been reported to be deliquescent (DRH 76% at 
25 ◦C [38]), however data at flue gas conditions is not available to the 
authors’ knowledge. The absorbed water leads to corrosive conditions 
since an acidic electrolyte with high conductivity is formed. At 60 ◦C and 
10 vol% H2O, there was a clear weight gain of 1.66 mg caused by the 
formation of iron oxide/hydroxide, as seen in the SEM image (Fig. 14a). 
In Fig. 15, weight changes of P235GH after exposure to NH4Cl and 
washing with water followed by removing the corrosion products with 
citric acid are shown. At 60 ◦C and after removing the corrosion prod-
ucts with citric acid the weight loss was 5.3 mg corresponding to an 
average corrosion rate of about 1.2 µm/h, when calculated for the area 
below the salt. However, corrosion did not only occur below the salt but 
on the edges of the steel coupon. Thus, the corrosion rate is somewhat 
overestimated. In the experiments at 70 and 80 ◦C, corrosion was 
observed mainly around the salt, as can be seen from the photograph in 
Fig. 14b. The SEM image in Fig. 14b shows the corroded area around the 
salt pill after exposure at 80 ◦C. The SEM image indicates pitting 
corrosion of the steel. One explanation for the pits around the salt pill 
could be that NH4Cl is not stable at the experimental conditions and 
dissociates to HCl(g) and NH3(g) [39] because these gases were not 
present in the inlet gas. This caused locally high HCl(g) and NH3(g) 
concentrations around the salt pill and apparently lead to corrosion of 
the steel. Deposits rich in NH4Cl in a boiler might cause corrosion by this 
mechanism if NH4Cl(s) dissociates due to variations in NH3(g) and HCl 
(g) in the flue gas. The corrosion mechanism of NH4Cl on carbon steel 
should be studied further. 

The high corrosion rate seen in the full-scale measurements with 
limestone addition in the boiler (Case 3) and at a material temperature 
of 70 ◦C was caused by the deliquescence of CaCl2, which occurs at 84 ◦C 
at 10 vol% H2O [35]. With a probe temperature of 99 ◦C, i.e. well above 
the deliquescence temperature of CaCl2 at 10 vol% H2O, no clear 
corrosion was observed. In laboratory corrosion experiments with CaCl2 
by Vainio et al. [35], corrosion of carbon steel was only seen below the 
deliquescence temperature. A key difference in the corrosion between 
NH4Cl and CaCl2 at conditions when the salt absorbs moisture exist; with 
NH4Cl the corrosion product was attached to the exposed area, leading 
to a weight gain of the sample, while for CaCl2 no corrosion layer was 
attached to the steel surface. Instead, the corrosion product was mainly 

Fig. 11. Stability of NH4Cl(s) at 1, 10, 100, 300, 1000 ppmv HCl(g) and 0–10 
ppmv NH3(g). The calculations were done with the thermodynamics software 
package FactSage 7.2 [34], using the FToxid database. 

Fig. 10. Reaction pathways for: a) NH4Cl from fuel nitrogen and chlorine during low load operation and b) CaCl2 from limestone and fuel chlorine in the CFB boiler.  
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in the aqueous solution formed by deliquescence of CaCl2 [35]. 

4. Summary and conclusions 

Cold-end corrosion in a full-scale CFB boiler firing bituminous coal 
using different operational conditions was studied. Measurements of 
SO3 and dew points were conducted before and after the ESP. A 
temperature-controlled corrosion probe was used to estimate the initial 
corrosion rate of carbon steel at various material temperatures. Deposits 
on the corrosion probe were collected and analyzed with SEM-EDX. 
Additionally, corrosion tests in a laboratory furnace were performed 
to understand the findings from the full-scale measurements. 

Despite the relatively high sulfur content in the coal, the formation of 
SO3 was very low (<0.1 ppmv) and the risk for sulfuric acid related 
corrosion appears to be small – even with no limestone addition. No 
sulfuric acid dew point was detected with the dew point monitor. The 
relatively low furnace temperature in CFB combustion leads to low 
homogeneous conversion of SO2 to SO3. In addition, the high capturing 
potential of SO3 by the alkali and alkaline earth metals in the fly ash 

contributes to the low SO3. On the other hand, there seems to be a po-
tential to corrosion caused by hygroscopic chloride salts under some 
conditions. Calcium chloride related corrosion may occur when lime-
stone is used and the flue gases contain HCl. Most surprisingly, the risk 
of ammonium chloride related hygroscopic salt corrosion existed when 
operating the boiler at low loads. 

The laboratory experiments confirmed that corrosion caused by 
water uptake by NH4Cl is possible if the material temperature is too low. 
Additionally, dissociation of NH4Cl(s) at the steel surface may lead to a 
high local NH3(g) and HCl(g) concentration and subsequently corrosion. 
In a boiler, NH4Cl(s) in deposits may dissociate if the NH3(g), HCl(g), or 
temperature in the flue gas fluctuate. 
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