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Cold-end corrosion caused by hygroscopic ammonium chloride in thermal 
conversion of biomass and waste 
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A B S T R A C T   

Optimization of energy recovery and efficient use of the energy in flue gases is of high importance for the 
economy of power plants. The fuel quality and additives to mitigate corrosion may dramatically affect cold-end 
deposits and corrosion. Ammonium chloride may form in the cold-end of the boiler if the flue gases contain both 
HCl(g) and NH3(g). Ammonia may be present in the cold-end when using ammonium-based additives or oper-
ating the boiler at low load leading to an NH3(g) slip. Ammonium chloride is a hygroscopic salt, which can cause 
corrosion of pre-heaters and flue gas cleaning equipment NH3(g) and HCl(g) can also pass through filters and 
form NH4Cl(s) after the baghouse filters. In this work, the hygroscopic properties of NH4Cl were determined by 
measuring the conductivity of the salt during decrease of temperature at various water vapor concentrations 
(10–35 vol%). The corrosiveness of NH4Cl salt on carbon steel was studied at 25 vol% water vapor in the 
temperature range of 70–160 ◦C. The cross-sections were analyzed using SEM-EDX, and corrosion rates were 
determined from panorama SEM images by analyzing the material loss in about 50 000 points. The material loss 
was also determined gravimetrically after removing the corrosion products with citric acid. The work revealed 
that hygroscopic NH4Cl is highly corrosive on carbon steel when water is absorbed. Water uptake and corrosion 
occurred at relative humidities well below the deliquescence relative humidity and depended on the tempera-
ture. An empirical equation for water uptake by NH4Cl was determined for water vapor concentrations between 
10 and 35 vol% H2O. As corrosion proceeded, chlorine was enriched close to the carbon steel surface due to the 
formation of iron chlorides. The results can be used to avoid conditions typical for NH4Cl deposit build-up and 
create strategies to prevent corrosion.   

1. Introduction 

Cold-end corrosion and deposit build-up on cold-end heat transfer 
tubes and flue gas cleaning equipment are known issues. However, the 
reasons for these phenomena are not always understood. Generally, 
corrosion in the cold-end of power plants can be caused by dew point 
corrosion and hygroscopic deposits. When utilizing biomass and waste- 
derived fuels, the main causes of these problems are typically hygro-
scopic salts and deposits. These can cause corrosion of heat exchangers 
(air preheaters and economizers), flue gas duct walls, and flue gas 
cleaning equipment [1–7]. Hygroscopic salts can also lead to deposit 
build-up by forming wet and sticky deposits leading to a decrease in heat 
transfer and plugging of flue gas equipment, e.g., by forming dense filter 
cakes in baghouse filters [3,8]. Hygroscopic deposits may also initiate 

and cause corrosion during the shut-down of a boiler [9,10]. 
Several salts that are formed during thermal conversion of biomass 

and waste are hygroscopic and may, at a given temperature and hu-
midity, even absorb enough water to fully dissolve in the water. This 
phenomenon is called deliquescence and may additionally influence 
deposits’ tendency to cause corrosion. This critical humidity is called the 
deliquescence relative humidity or DRH. Deliquescent salts may cause 
corrosion at surface/deposit temperatures well above 100 ◦C [5]. The 
formation of deliquescent salts and deposits in energy conversion is 
influenced by the ash composition of the fuel, additives used (e.g., 
ammonia, limestone, lime), conversion technology, boiler operation, 
and flue gas composition. Ammonium chloride is a hygroscopic salt that 
has been reported to form and cause corrosion in the cold-end of boilers 
[11–14] and in oil refining units [15–18]. Hygroscopicity of NH4Cl has 
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been studied for atmospheric aerosols [19–21], storage and handling of 
fertilizers [22], and in atmospheric corrosion [23]. The DRH of NH4Cl at 
room temperature is 77–79% [21,22]; however, the DRH has not been 
determined at flue gas conditions. Furthermore, NH4Cl is also corrosive 
on carbon steel well below the DRH, by interacting with water vapor 
forming a corrosive environment [18,24]. Salts may adsorb water 
leading to corrosion at a relative humidity (RH) well below the DRH 
[25]. Dry ammonium chloride can also cause corrosion at higher tem-
peratures. Herzog et al. [3] reported economizer corrosion in the range 
of 145–165 ◦C in a waste-fired boiler using selective non-catalytic 
reduction (SNCR) of NOX emission, where pitting of the leeward side 
of the tubes occurred and (NH4)2FeCl5 was identified as the corrosion 
product. 

If the flue gases contain NH3(g) and HCl(g), ammonium chloride may 
form on surfaces according to Reaction (1). The temperature at which 
NH4Cl(s) forms depends on the NH3(g) and HCl(g) concentrations. Fig. 1 
shows the thermodynamic stability of NH4Cl(s) at various NH3(g) and 
HCl(g) concentrations. NH4Cl(s) forms at conditions representing the 
left side of the lines. At conditions on the right side of the lines, NH4Cl(s) 
dissociates to NH3(g) and HCl(g) [26]. 

NH3(g) + HCl(g) ↔ NH4Cl(s) (1) 

Ammonium-based additives for NOX reduction will lead to an NH3(g) 
slip [6]. If HCl(g) is present in the flue gases, it can lead to the formation 
of NH4Cl(s). It has even been shown during low-load operation of a 
circulating fluidized bed boiler that NH3(g) formed from the fuel ni-
trogen formed NH4Cl(s) in the presence of HCl(g) in the cold-end [11]. 
The ammonia survived in this case due to low furnace temperatures 
caused by the low load of the boiler (55%) [11]. Fig. 2 depicts the for-
mation routes of NH4Cl(s) from fuel nitrogen, ammonium-based addi-
tives, and HCl(g). Since NH4Cl(s) forms from gaseous NH3 and HCl, it 
can also form downstream after the baghouse filters. 

The hygroscopicity and corrosivity of NH4Cl in flue gas conditions 
are not fully understood. In this work, the hygroscopic properties of 
NH4Cl were studied to determine the conditions at which the salt can 
cause corrosion on carbon steel. The hygroscopic properties of NH4Cl 
were studied by measuring the conductivity of the salt during decreasing 
of the temperature at various water vapor concentrations (10–35 vol%). 
Furthermore, the corrosivity of NH4Cl on carbon steel in the tempera-
ture range of 70–160 ◦C and 25 vol% H2O was assessed. 

2. Experimental 

2.1. Measurement of hygroscopic properties of NH4Cl 

The hygroscopic properties of NH4Cl were measured through the 
conductivity of the salt measured at various water vapor concentrations 
(10–35 vol%). Two-electrode chronoamperometry (CA) was used to 
detect water uptake by the salt. The current was measured using an 
EmStat4s portable potentiostat. One of the electrodes was employed as 
the working electrode, and the other as the counter/reference electrode. 
The NH4Cl salt was dried overnight at 105 ◦C and placed in a crucible 
made of silica. Titanium electrodes were placed in the salt, and the 
voltage between the electrodes was set to 1000 mV. The electrodes were 
Teflon-coated, apart from the measuring tips, to avoid any signal 
disturbance from water condensation at the cold-end of the tube furnace 
used in the experiments. The crucible with the salt was placed in a tube 
furnace with a flow of N2 gas at approximately 120 ◦C. When the salt had 
reached the furnace temperature, water vapor was added to the gas. The 
steam was produced with a Cellkraft P-2 steam generator. The temper-
ature was slowly decreased at an average rate of 0.25 ◦C/min. While the 
water vapor concentration was kept stable and as the temperature 
decreased, the relative humidity at the sample increased. The temper-
ature at which the salt absorbed humidity was determined by the in-
crease in the current signal. The temperature was measured at several 
locations near the salt to get an accurate reading. A more detailed 
description of the method can be found in [5]. 

2.2. Corrosion tests 

The corrosion experiments were performed with 20 mm × 20 mm ×
5 mm carbon steel (P235GH) coupons. The coupons were first polished 
in ethanol with 320-grit silicon carbide paper, then with 1000-grit 
paper, and finally with 2500-grit paper. Then, the coupons were 
washed in an ultrasound bath in ethanol. Approximately 100 mg of dry 
NH4Cl was placed on top of each coupon. The experimental setup is 
shown in Fig. 3. Four coupons were used in each experiment and were 
placed on a ceramic sample tray. The temperature was measured at 
three locations in the sample tray (Fig. 3a), and was within ± 1 ◦C. The 
experiments were conducted in a gas atmosphere with 25 vol% water 
vapor at various temperatures: 71, 72, 80, 105, 120, and 160 ◦C. The 

Fig. 1. Thermodynamic stability of NH4Cl(s) as calculated with FactSage 8.1 [27] using the FactPS database. Note the logarithmic scale on the y-axis.  
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coupons were first heated in a nitrogen atmosphere to the desired 
temperature. When the temperature was stable, water vapor and oxygen 
were added to the gas. The total flow was 2 Nl/min, and the O2 con-
centration was 5 vol%. The exposure time was 24 h, 48 h, and 168 h. 
After exposure, one coupon was cast in epoxy, cut, and polished to 
reveal the cross-section. The metal surface and corrosion products were 
analyzed using scanning electron microscopy with energy dispersive X- 

ray spectroscopy (SEM-EDX), LEO Gemini 1530 with a Thermo Scien-
tific UltraDry Silicon Drift Detector (SDD). SEM images of the whole 
sample cross-section were taken and stitched together to produce a 
panorama image. The material loss was determined from the panorama 
images in over 50 000 points by comparing with unexposed samples. 
Additionally, the mass loss of the coupon was determined by weighing 
the sample before and after each exposure. After the exposure, the salt 

Fig. 3. a) Experimental setup in the corrosion experiments. T1-T6 indicate temperature measurements. b) Example of a sample after exposure to NH4Cl, 25 vol% H2O 
and 5 vol% O2 for 24 h at 80 ◦C, and after the washing procedure with water and citric acid. 

Fig. 2. Formation routes of NH4Cl from fuel-N, NH3 slip from additives and HCl(g).  
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and corrosion products were removed with a paper towel under water 
and then dried with acetone before weighing. The remaining corrosion 
products were removed by citric acid, and the samples were weighed 
again. The acid step was repeated until all corrosion products were 
removed and a blank reference sample was used to quantify any metal 
loss of the sample. Fig. 3b shows and example of a coupon after each 
washing step. An average corrosion rate was calculated based on the 
mass loss for the exposed area. 

3. Results and discussion 

3.1. Hygroscopic properties of NH4Cl 

The current signal from the water uptake measurement by NH4Cl at 
25 vol% is shown in Fig. 4. At the beginning of the test, the current 
reading was close to zero as the salt was dry. The salt became conductive 
when the temperature decreased below 92 ◦C, as seen from the increase 
in the current signal. This was caused by the water uptake of the salt; 
however, it is not the deliquescence of the salt, but likely adsorption of 
water leading to a conductive surface. As the temperature was further 
lowered, more water uptake occurred and the current signal increased. A 
second sharp current signal increase was detected at 71 ◦C, which results 
from the deliquescence of the salt. This was confirmed in the corrosion 
measurements of the present study in section 3.2.2, where deliquescence 
occurred at 71 ◦C but not at 72 ◦C after a one-week exposure at 25 vol% 
H2O (Fig. 8). As heating of the salt started at 8 h (Fig. 4), the water 
evaporated and the signal went back to close to zero. Results of mea-
surements with water vapor concentrations between 10 and 35 vol% are 
shown in Fig. 5. At conditions below the curve, NH4Cl absorbs some 
water and can cause corrosion. Deliquescence occurs at a lower tem-
perature; for example, at 25 vol% H2O, NH4Cl starts to absorb moisture 
at about 92 ◦C while deliquescence occurs at 71 ◦C. The water dew point 
is given as a reference in the figure. An empirical equation (R2 = 0.99) 
for the data presented in Fig. 5 for pH2O between 0.1 and 0.35 atm was 
determined: 

TNH4Cl, H2O uptake = 165.4 ⋅ (pH2O)
0.4073 

where the temperature is in ◦C and pH2O is in atm. 
Previous corrosion measurements with NH4Cl on carbon steel and 

10 vol% H2O have shown severe corrosion at 60 ◦C [11], thus corre-
sponding with the conditions just below the water uptake curve in Fig. 5. 
The corrosion experiments in this study were performed with 25 vol% 
H2O below and above the water uptake curve. 

In Fig. 6, the water uptake values are given as relative humidity at 
the various temperatures. At a higher temperature, NH4Cl started to 
absorb moisture at lower relative humidity. It must be pointed out that 
these values are not DRH values. DRH values for NH4Cl at these tem-
peratures could not be found in the literature. As discussed earlier, 
deliquescence at 25 vol% H2O occurs at 71 ◦C, which corresponds to a 
DRH of 78% (±2%). The DRH at 71 ◦C is close to the values reported for 
20–30 ◦C, where DRH is between 77 and 79% RH [22,28]. Toba et al. 
[18] reported no corrosion for carbon steel at 20% RH and 80 ◦C, and at 
30–50% RH the corrosion rate was 0.82–1.63 mm/year and increased 
significantly at 60% RH. The results plotted in Fig. 6 suggest that at 
80 ◦C, NH4Cl becomes conductive and corrosive at an RH of about 35%. 

3.2. Corrosivity of NH4Cl on carbon steel 

3.2.1. 24 h exposure 
The mass changes after exposure to 25 vol% H2O for 24 h at various 

temperatures are shown in Fig. 7. The photographs of the steel coupons 
after exposure and after removal of the corrosion products are also 
shown. At 80 ◦C, the carbon steel corroded substantially, and the 
corrosion products were beneath the salt. The experimental conditions 
at 80 ◦C and 25 vol% H2O (RH 54%) are below the water uptake curve in 
Fig. 5. However, it is clear from the appearance of the salt that deli-
quescence did not occur at 80 ◦C. In the corrosion experiment at 105 ◦C 
(RH 21%), i.e., just above the water uptake curve in Fig. 5, corrosion did 
not occur beneath the salt. Instead, some corrosion was detected around 
the salt and at the edges of the sample. Thus, no corrosion rate could be 
determined. The discoloration around the salt is most probably attrib-
uted to the dissociation of NH4Cl(s) to NH3(g) and HCl(g), leading to a 
corrosive environment. At 160 ◦C, most of the salt had dissociated, as 
can be seen in the photograph in Fig. 7. The salt dissociated as no NH3(g) 
nor HCl(g) were present in the inlet gas. 

3.2.2. One-week exposure 
The corrosion rates at 71, 72, and 80 ◦C, with 25 vol% H2O and 5 vol 

% O2, were further studied with one-week exposures and the results are 

Fig. 4. Temperature and current readings for the determination of water uptake by NH4Cl at 25 vol% H2O, using chronoamperometry. Water uptake started at 92 ◦C 
and deliquescence at 71 ◦C. 
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presented in Fig. 8. Substantial corrosion occurred at 80 ◦C, and by 
extrapolating, the results show an average corrosion rate of 4.0 mm/ 
year. The corrosion was much more severe at the lower temperatures, 71 
and 72 ◦C. Interestingly, deliquescence occurred at 71 ◦C, while at 72 ◦C 
the salt had not formed an aqueous solution (photos in Fig. 8). Thus, 
confirming that the deliquescence temperature for NH4Cl at 25 vol% 
H2O is 71 ◦C, corresponding to a DRH of 78 ± 2%. Deliquescence did not 
significantly affect the corrosion compared to the case at 72 ◦C. The high 
corrosion rates of around 20 mm/year are in line with a previous study 
by Sun and Fan [17] of wet corrosion of carbon steel in a concentrated 
NH4Cl solution. The corrosiveness of NH4Cl at relative humidities below 
the DRH has been studied by Toba et al. [18] in conditions for oil re-
fineries. In their work, NH4Cl was corrosive when the RH was 30%, and 

the corrosion rate increased with RH. This was also the case in the 
present study. The corrosion rate increased with an increase in relative 
humidity. The relative humidities in the experiments presented in Fig. 8 
were: 54% at 80 ◦C, 75% at 72 ◦C, and 78% at 71 ◦C. 

Fig. 9 presents the cross-section profiles of the unexposed sample and 
the samples exposed for 24 h, 48 h, and 168 h. The average and 
maximum extrapolated corrosion rates determined from SEM pano-
ramas are also given in Fig. 9b-d. Fig. 9a is the profile of an unexposed 
sample. At the shorter exposures, more variation of the corrosion along 
the cross-section can be seen. However, after one-week exposure 
(Fig. 9d), the corrosion was relatively uniform beneath the salt, and the 
average corrosion of the exposed area was 69 µm. Extrapolating this to a 
full year gives a corrosion rate of 3.6 mm/year. The maximum corrosion 

Fig. 6. Relative humidity at which water uptake starts and deliquescence relative humidity (DRH) for NH4Cl.  

Fig. 5. Water uptake temperatures for NH4Cl at 10–35 vol% water vapor and deliquescence temperature at 25 vol% water vapor determined with chro-
noamperometry. At conditions below the water uptake curve, NH4Cl absorbs water and can cause corrosion. 
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depth was 99 µm for the one-week exposure (or 5.1 mm/year). The 
extent of corrosion increased almost linearly from 24 h to 168 h, as can 
be seen from both the average corrosion determined from the SEM cross- 
section panorama and mass loss analyses, as shown in Fig. 10. 

3.3. Corrosion mechanisms 

Fig. 11 presents elemental maps of Fe, O, and Cl from the middle of 
the carbon steel sample, after exposure to NH4Cl at 80 ◦C in 25 vol% H2O 
and 5 vol% O2 for 24, 48, and 168 h, respectively. Interestingly, the 
chlorine was enriched close to the steel surface with time. Fig. 12a shows 
an SEM image from the edge of the sample, and Fig. 12b shows selected 
area analyses. The core of the pit was enriched in chlorine, suggesting 
the presence of iron chlorides. The area surrounding the core had an 

oxygen-to-iron atomic ratio of about 3. As iron chlorides come in contact 
with oxygen and water, iron hydroxides are formed. Then the mobile 
chlorine ions are transported back to the steel surface. These reactions 
correspond to an autocatalytic process since HCl is formed in the reac-
tion, lowering the pH and recycling the chlorine. 

The main corrosion process and chlorine enrichment near the steel 
are discussed in detail below. A proposed mechanism for corrosion 
initiation at RH < DRH is presented in Fig. 13a. Water is adsorbed on the 
hygroscopic NH4Cl particle and forms a wetted surface. Capillary 
condensation in the porous particle or between the steel surface and 
particle is also possible below the saturation pressure [29]. The unbound 
water results in the dissociation of NH4Cl (Reaction (2)), leading to a 
supersaturated salt solution. Ammonium is a weak acid and will lower 
the solution’s pH (Reaction (3)). 

Fig. 7. Mass changes after exposure and after removing the corrosion products with citric acid. Carbon steel (P235GH) was exposed to NH4Cl at 25 vol%, 5 vol% O2, 
70 vol% N2 at four temperatures for 24 h. The relative humidities in the experiments are also given. 

Fig. 8. Material loss and corrosion rate of carbon steel (P235GH) exposed to NH4Cl at 25 vol%, 5 vol% O2, 70 vol% N2 for 168 h. Deliquescence occurred in the 
experiment at 71 ◦C. Photographs of the steel coupons after exposure on top. The relative humidities at the three temperatures are also given. 
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Fig. 9. Sample profiles and material loss as determined from SEM panorama images of the cross section in the middle of the carbon steel samples, for a) an unexposed 
sample, b) 24 h, c) 48 h, and d) 168 h exposures. b) to c) exposed to NH4Cl at 80 ◦C and 25 vol% H2O, 5 vol% O2 and rest N2. 
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Fig. 11. SEM-EDXA of carbon steel cross-sections’ middle part after exposure to NH4Cl at 80 ◦C in 25 vol% H2O, 5 vol% O2, and 70 vol% N2 for 24 h, 48 h, and 168 h. 
SEM images in the top row and X-ray maps of Fe, Cl, and O in the following rows. 

Fig. 10. Material loss as determined from the SEM panoramas and mass loss for carbon steel (P235GH) exposed to NH4Cl, 25 vol% H2O, 5 vol% O2 and rest N2 
at 80 ◦C. 
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NH4Cl(s) ̅̅̅→
H2O(l)

NH+
4 (aq) + Cl− (aq) (2)  

NH+
4 (aq) + H2O(l) ↔ NH3(aq) + H3O+(aq) (3) 

These reactions on the steel surface will lead to the oxidation and 
dissolution of iron according to the anodic reaction (Reaction (4)), 

Fe(s) ↔ Fe2+(aq) + 2e− (4) 

In acidic conditions, the main cathodic reaction is either hydrogen 
ion or oxygen reduction (5 and 6): 

2H+(aq) + 2e− → H2(g) (5)  

O2(g) + 4H+(aq) + 4e− → 2H2O(l) (6) 

Reaction (5) can occur in formed pits where the pH is low. Reaction 
(6) is limited by the oxygen diffusion to the cathodic site. The oxygen 
diffusion depends on the ion concentration of the solution, temperature, 
and corrosion products [30–33]. 

Fe2+ ions close to the steel surface will attract Cl- ions and form iron 
chloride (7): 

Fig. 12. SEM image and X-ray maps of Fe, Cl, and O in the cross-section of carbon steel sample exposed to NH4Cl at 80 ◦C and 25 vol% H2O, 5 vol% O2, and rest N2 
for one week. b) Bar chart of Fe, Cl, and O EDX area analyses of the core and outer layer of the corrosion products as marked in the SEM image. 
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Fe2+(aq) + 2Cl− (aq)→ FeCl2(aq, s) (7) 

Iron chloride may be present as a solid precipitate close to the steel 
surface [34]. Iron chloride tetrahydrate (FeCl2⋅4H2O) is highly hygro-
scopic, and DRH has been reported to be 55% RH at room temperature 
[35]. In the presence of dissolved oxygen, ferrous (II) hydroxide oxidizes 
further to ferric (III) hydroxide (Reactions (8) and (9)) [36], forming 
hematite with time (Reaction (10)): 

FeCl2(aq, s) + 2H2O(l)→ Fe(OH)2(s) + 2H+(aq) + 2Cl− (aq) (8)  

4Fe(OH)2(s) + O2(g) + 2H2O(l)→ 4Fe(OH)3(s) (9)  

2Fe(OH)3(s)→ Fe2O3(s) + 3H2O(g, l) (10) 

Chloride ions released in Reaction (8) recombine with Fe2+ at the 
steel surface. Chloride ions from the wetted NH4Cl salt can also diffuse 
through the corrosion layer, thus leading to a chloride enrichment at the 
steel surface (Fig. 13b). The formed iron chloride is hygroscopic and 
possibly leads to an increased corrosion rate. 

4. Summary and conclusions 

Ammonium chloride, NH4Cl, can form in the cold-end of boilers in 
the presence of NH3(g) and HCl(g). This work explored the hygroscopic 
properties of NH4Cl. The conditions at which water uptake starts and the 
salt is corrosive were determined. Furthermore, corrosion studies with 
carbon steel at various temperatures were performed at 25 vol% H2O 
and 5 vol% O2. The following conclusions were made:  

• The temperature for water uptake by NH4Cl and wetting of the salt 
depended on the water vapor concentration. An empirical equation 
for this was determined for water vapor concentrations between 10 
and 35 vol% H2O.  

• The relative humidity at which water uptake started decreased with 
temperature.  

• Deliquescence of NH4Cl at 25 vol% H2O occurred at 71 ◦C. This 
corresponds to a DRH of 78 ± 2% (at 71 ◦C).  

• Upon water uptake, ammonium chloride was highly corrosive on 
carbon steel. Corrosion corresponding to several mm/year occurred 

at 80 ◦C and 25 vol% H2O (RH 54%), i.e., at conditions with some 
water uptake.  

• When water was adsorbed, the corrosion rate increased with 
decreasing temperature and was extremely rapid just above and 
below the DRH.  

• Chlorine was enriched with time on the steel surface due to the 
formation of hygroscopic iron chloride.  

• Mild corrosion of carbon steel observed at higher temperatures was 
likely due to the dissociation products of NH4Cl (NH3(g) and HCl(g)). 

The results suggest that severe corrosion of carbon steel by NH4Cl 
can be avoided if the material temperatures are maintained above the 
water uptake temperature for NH4Cl (approximately 90–120 ◦C 
depending on the flue gas water vapor concentration). The formation of 
NH4Cl may also be avoided by controlling the NH3(g) slip and HCl(g) in 
the flue gas. The presence of NH3(g) slip and HCl(g) should be verified 
through measurements at a position where NH4Cl has not yet formed, i. 
e., at flue gas temperatures of approximately 100–140 ◦C, depending on 
the NH3(g) and HCl(g) concentrations. 
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Värmeforsk Services AB 2008:M9–835. 

[5] Vainio E, DeMartini N, Hupa L, Åmand L-E, Richards T, Hupa M. Hygroscopic 
properties of calcium chloride and its role on cold-end corrosion in biomass 
combustion. Energy Fuels 2019;33(11):11913–22. 

[6] Vainio E, Kinnunen H, Laurén T, et al. Low-temperature corrosion in co- 
combustion of biomass and solid recovered fuels. Fuel 2016;184:957–65. 

[7] Vainio E, Laurén T, DeMartini N, Brink A, Hupa M. Understanding low-temperature 
corrosion in recovery boilers: risk of sulphuric acid dew point corrosion? J-FOR 
2014;4(6):14–22. 

[8] Ruifeng D, Wenlong W, Fengtao W, Haojun C, Xiajie G. Reason analysis and 
countermeasures of ammonium chloride crystallization in the flue system of coal- 
fired power plants after ultra-lowemission transformation. Thermal Power Gener 
2018;47(03):128–34. 

[9] Bakker W. High temperature corrosion in gasifiers. Mater Res 2004;7(1):53–9. 
[10] Jones F, Ryde D, Hjörnhede A. Down-time corrosion in boilers. Fuel Process 

Technol 2016;141:276–84. 
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