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The shift toward biomass fuels for heat and power generation has introduced a range of new
challenges for power plant technology, in particular large-scale boilers. One major challenge is the
corrosion of preheaters and flue gas cleaning equipment, commonly known as low-temperature
corrosion. Observations over recent decades show that this form of corrosion aligns more closely with
chlorine chemistry than with sulfur chemistry. This review provides an up-to-date survey of the existing
literature, with a particular focus on hygroscopic chloride salts that deliquesce and cause corrosion on

cold-end surfaces.

Industrial-scale power plants, i.e., boilers that supply district heating, elec-
tricity, or process steam, are experiencing advances in boiler efﬁciency,
which, when expressed on a lower heating value (LHV) basis, can in the best
case exceed 90%'. A significant portion of the energy loss in boiler systems
is attributed to the sensible heat carried away by the flue gases released into
the atmosphere. Consequently, a primary approach to enhancing boiler
efficiency is through flue gas heat recovery’. Typically, lowering the flue gas
temperature by about 20 °C can yield a 1% increase in the efficiency of
boilers*’. Within this context, preheaters, economizers, and air preheaters
play a central role. Air preheaters are used to recover the heat from the flue
gases and typically account for around 10% of boiler efficiency gain*. These
units come in two primary types, tubular and rotary, and are normally
placed downstream of the economizers®’. The latent heat can further be
recovered using a flue gas condenser.

While lowering flue gas temperatures enhances efficiency, too-low
material temperatures can result in new challenges for the power boilers, such
as deposit build-up as well as corrosion of the heat transfer tubes and flue gas
cleaning equipment® . These challenges have become increasingly complex
over the past few decades, as broader adoption of lower-grade fuels and
various additives has introduced more contaminants into the flue gases™. In
response, operational demands and environmental regulations have become
more stringent to mitigate corrosion'*” and reduce emissions™, necessitating
the integration of large flue gas cleaning systems such as electrostatic pre-
cipitators (ESP), baghouse filters, selective catalytic or non-catalytic reduc-
tion (SCR/SNCR) units, and wet flue-gas-desulfurization (FGD) scrubbers,
etc. Consequently, the cold-end zone itself has gradually expanded within the
boiler system.

Corrosion occurring in the cold-end zone is commonly known as
low-temperature corrosion” 77 also referred to as cold-end
corrosion'""******* or back-end corrosion”’. Low-temperature corrosion
may result in costly repairs and unplanned shutdowns™. The affected
equipment includes the economizer, air preheater, flue gas cooler, pre-
cipitator, flue gas reheater, and various flue gas cleaning equipment™***.

Low-temperature corrosion in biomass boilers is predominantly
attributed to hygroscopic salts within ash deposits'*. These salts exhibit a
strong tendency to absorb moisture from the surrounding environment,
which can, under suitable conditions, result in the formation of aqueous
solutions. This phenomenon, known as deliquescence, promotes the
accumulation of corrosive environments on boiler surfaces, thereby accel-
erating material degradation. Another contributing factor is the con-
densation of sulfuric acid (H,SO4(g)) when temperatures drop below its dew
point. However, acid dew point corrosion, traditionally the dominant cor-
rosion mechanism in coal-fired boilers, plays a comparatively less significant
role in biomass combustion'"'****. Additionally, when temperatures fall
below the water dew point, acidic gases such as HCI(g) and SO,(g) are
absorbed by condensed water, forming an electrolyte that aggressively
corrodes carbon steel surfaces™ . Collectively, these factors constitute the
mechanisms driving low-temperature corrosion in biomass boilers. A more
detailed discussion of these mechanisms and the formation of corrosive
species will be provided later in this article. Many interacting factors
influence the formation of corrosive species and the severity of corrosion,
such as combustion technology™, boiler operating mode (e.g,, start-up, on-
load, low-load, high-load, and shutdown)'***', material selection and
temperatures'*'**"*, additives in combustion'"”’, as well as flue gas and fly
ash compositions™*,

Biomass-derived fuels often have a high moisture content and a variety
of ash-forming elements that will affect their utilization. Figure 1 illustrates
how the ash-forming elements differ across various biomass fuels. These
compositional differences strongly influence what factors dominate deposit
chemistry, how deposits form, and what corrosive species emerge in the cold
end. For instance, chlorine-rich fuels such as straw and reed tend to create
more corrosive deposits, while woody biomasses such as stemwood from
birch and spruce generally contain lower content of ash-forming elements
and exhibit a less problematic composition from a corrosion standpoint.

Biomass boilers employ several designs, including grate-fired units,
bubbling fluidized bed (BFB) and circulating fluidized bed (CFB)
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Fig. 1 | Content of key ash-forming elements across various biomass fuels®”.
Horizontal stacked bars show the content of key ash-forming elements (on a dry
basis) in common biomass feedstocks, including both agricultural residues and

woody biomass. High content of certain elements, such as chlorine, is associated
with an elevated risk of corrosion at the boiler cold end.

combustors (often used for co-firing with coal), pulverized fuel systems (also
frequently co-fired with coal), and Kraft recovery boilers to accommodate
various fuel types. Each of these designs has a distinct temperature profile
from the combustion zone to the flue gas exit. Flame temperatures in grate-
fired units and pulverized fuel systems normally reach around 1000 to
1200 °C**, while fluidized bed combustors typically operate at lower
temperatures to minimize thermal NOx formation and to maintain bed
stability. After leaving the combustion chamber, the hot flue gases first pass
through the superheaters, which are typically limited to maximum metal
temperatures of around 450-500 °C due to the risk of chloride-induced
high-temperature corrosion’*””, Downstream, at the inlet of the econo-
mizers, the flue gas temperature is usually around 450 °C*. In economizers,
low-temperature corrosion often occurs in the coldest sections, where the
feedwater enters. Further downstream, the flue gas temperature at the air
preheaters is typically about 200 °C*. If no flue gas condensation or latent
heat recovery is employed, the final flue gas temperature at the stack is
typically around 130-150 °C*.

The main objective of this review is to provide a comprehensive
overview of the existing literature on low-temperature corrosion in biomass
boilers to clarify the work that has been accomplished so far and to elucidate
the current state of knowledge in this field. The structure of this paper is
organized as follows: Section “Primary drivers of low-temperature corrosion
in biomass boilers” provides a detailed explanation of the primary factors
contributing to low-temperature corrosion in biomass boilers, followed by
Section “Summary of previously published works”, which presents a
detailed table summarizing the key findings from previous studies. Section
“Analysis,discussion, and critical review of the literature review” offers a
broader analysis of the literature, examining the topic from various per-
spectives, including corrosion-prone areas, mitigation strategies, and
underlying corrosion mechanisms. The review concludes in Section

“Summary and conclusion” with a summary of key insights and recom-
mendations for future research.

Primary drivers of low-temperature corrosion in bio-
mass boilers

In the past, low-temperature corrosion was a problem typically occurring
through the utilization of coal with high sulfur content (up to 6 wt%, d.b.),
leading to the formation of H,SO,(g), which upon condensation would
resultin severe corrosion below the H,SO, dew point. This type of corrosion
is commonly referred to as dew point corrosion*”*’. However, the situation
in biomass boilers has become more complex. Over the past three decades,
deposits containing hygroscopic salts have been shown to contribute sig-
nificantly to corrosion in these boilers™*'********4>% ‘For these salts, cor-
rosion can occur over a broader temperature range, influenced by the
deposit composition and water vapor concentration in the flue gas. Due to
these various contributing factors, there is no universally agreed-upon
temperature definition of low-temperature corrosion. This paper defines
low-temperature corrosion as corrosion occurring when material tem-
peratures fall below approximately 150 °C. This definition allows for a
broader range of mechanisms to be considered. Figure 2 provides an
overview of the various mechanisms that contribute to a corrosive envir-
onment at the cold end of biomass boilers.

Sulfuric acid dew point corrosion

The acid dew point refers to the temperature at which flue gas becomes
saturated with a specific acid. When the temperature drops below this point,
the gas can no longer maintain the acid in its gaseous form and will start
condensing. In power boiler technology, the term acid dew point typically
refers to H,SO, because it has a significantly higher dew point than other
acidic components. H,SO,(g) originates from the sulfur in fuel or additives.
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Fig. 2 | Overview of various types of low-
temperature corrosion (with associated corrosive
species) that can affect cold-end surfaces in bio-
mass boilers. Material temperatures refer, for
instance, to the temperature of the economizer, air
preheater, and flue gas cleaning equipment.
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During the combustion of sulfur-containing fuels, SO,(g) is produced, and a
small fraction of this SO,(g) is further oxidized to form SO;(g). In biomass
combustion, the concentration of SO5(g) in the flue gas is typically very low,
often in the sub-ppm, range (frequently undetectable)*****. The formation
of SO;(g) in the combustion zone (in-flame) has been investigated in
numerous studies™ > and is known to take place through two mechanisms,
namely homogeneous gas-phase reactions, which occur by the reaction of
SO, with oxygen radicals (Reaction 1)** or with OH radicals via HOSO, as
an intermediate (Reactions 2.1 and 2.2)*; and heterogeneous catalytic
reactions (e.g., Reaction 3)”.

SO,(g) + O*(g)(+M) ==SO5;(g)(+M), M denotes a third

- (Reaction1)
—body collision partner(e.g., H,0(g), SO,(g), etc.)

SO,(g) + OH*(g)(+M)=HOSO,*(g)(+M) (Reaction2.1)

HOSO,°(g) + 0,(g) =S0;(g) + HO,*(g) (Reaction2.2)

250,(g) + 0,(g) — 250;(g)(catalyzed e.g., byFe,0;(s)) (Reaction3)

Low-temperature corrosion caused by H,SO,4(aq) has been a well-
recognized issue in coal-fired boilers for decades. In fact, reports of dew
point corrosion in coal-fired boilers date back to the 1950s*****, In
biomass boilers, however, acid dew point is not normally a major
limiting factor of cold-end material temperatures. This is mainly
because biomass fuels typically have a low sulfur content™, leading to
low SO,(g) formation. In addition, the relatively low combustion
temperatures in biomass boilers result in lower SO,(g) to SOs5(g)
conversion®"”. Air staging also lowers the formation of SOs(g)*.
Moreover, the SO;(g) is readily captured by the alkalis present in
biomass through the formation of alkali sulfates® ®. From a
mechanistic perspective, the sulfation of gaseous alkali chlorides, for
instance, KCI(g), occurs with SO3(g) (Reaction 4) rather than with
SO,(g) (and oxygen)®"*. Therefore, sulfation of alkali chlorides is a
desired reaction as alkali chlorides cause high-temperature corrosion
of superheater tubes. Thus, the sulfation of KCI(g) is more efficient

with additives forming SO5(g) rather than SO,(g)* .

2KCl(g) + SO5(g) + H,0(g) — K,SO,(g,c) + 2HCl(g) (Reaction4)

This is a favorable reaction since K,SO, is less corrosive for super-
heaters than KCI. Finally, condensed H,SO,(aq) droplets can potentially be
neutralized by fly ash and alkaline deposits formed during biomass com-
bustion, thereby preventing them from causing corrosion and further
damage™.

While H,SO, dew point corrosion is not expected in most biomass
boilers due to the factors discussed above, it can still become relevant under
certain conditions, such as when firing low-alkali and high-sulfur fuels in
boilers equipped with specific flue gas cleaning equipment. In Selective
Catalytic Reduction (SCR) systems, for instance, up to 2% of the SO,(g) can
typically be catalytically converted to SO3(g)*, resulting in higher SO5(g)
concentrations and making cold-end components more vulnerable to acid
condensation and corrosion. Therefore, H,SO, dew point corrosion should
not be entirely dismissed in biomass boilers.

Corrosion below the water dew point

In biomass boilers, water dew point corrosion occurs when the temperature
of metal surfaces falls below the dew point of water vapor in the flue gas. This
dew point typically ranges between 50 and 65 °C, depending on the water
vapor concentration in the flue gas. A key factor influencing water dew point
corrosion is the overall composition of the flue gas. In biomass combustion,
flue gases typically contain 15-35vol% of water vapor due to the high
inherent moisture content of many biomass fuels. When water vapor
condenses on a cooler surface, the resulting liquid layer can readily absorb
acidic gases such as HCI(g) and SO,(g), forming HCl(aq) and H,SO3(aq),
both of which can lead to severe corrosion of carbon steel” . From an
operational perspective, water dew point corrosion is most frequently
encountered during partial load, as well as start-up and shutdown periods,
when material temperatures drop below the water dew point.

Hygroscopic salt corrosion

Many salts that form during combustion, particularly chlorides, are highly
hygroscopic, meaning they can readily absorb/adsorb moisture from their
surroundings. Some hygroscopic salts, such as CaCl, (in this review, salts are
referred to by their anhydrous formulas, but this includes all hydrates likely
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Fig. 3 | Deliquescence temperatures of key saturated salt solutions involved in hygroscopic corrosion at various water vapor concentrations. Data points for NaCl,

K,CO3, KCl, (NH4),504, MgCl,, and K,SO, are sourced from”, for NH,Cl from™"”,

for CaCl, from'', and for ZnCl, from".

to occur under boiler cold-end conditions, e.g., CaCl,-xH,0, unless a certain
hydrate is explicitly specified) are deliquescent, which means they can
absorb enough water to form an aqueous solution at a certain relative
humidity. The deliquescence of hygroscopic salts can create a corrosive
environment in the cold end of biomass boilers, leading to the degradation
and damage of tube surfaces.

The relative humidity at which a deliquescent salt begins to absorb
moisture from the flue gas is called deliquescence relative humidity (DRH),
and for any given salt, it varies with temperature'®. For flue gases, it is more
common to talk about water vapor concentration in volume percentage
rather than relative humidity. For this reason, the term deliquescence
temperature at a certain vol% of water vapor is mainly used to describe
hygroscopic properties. Figure 3 illustrates the deliquescence temperatures
of various saturated aqueous salt solutions at different water vapor con-
centrations. In this figure, each curve represents the deliquescence behavior
of a specific salt. Above the curves, the salts remain solid, while below the
curves, they deliquesce and form a saturated aqueous solution. Under-
standing these curves is crucial for predicting when and how hygroscopic
corrosion may occur in boiler systems.

It should be noted that even when the relative humidity is below the
DRH, i.e., above the deliquescence curve, the environment may still not be
entirely safe from corrosion. For instance, NH,Cl(s) can cause corrosion
without fully dissolving into an aqueous solution®*’. Figure 4 highlights the
region above the deliquescence curve where NH,Cl(s) can absorb moisture,

leading to metal surface corrosion. This behavior can be explained, for
instance, by the adsorption of water onto the salt surface. Additionally,
capillary condensation can occur below the saturation pressure of the bulk
gas within, e.g., porous ash particles or corrosion products®, which might
also contribute to corrosion below the DRH.

Besides DRH, another important factor governing the moisture
interactions of salts is the efflorescence relative humidity (ERH). Whereas
deliquescence describes the point at which a salt begins to dissolve upon
increasing relative humidity, efflorescence refers to the point at which a
saturated salt solution (or partially dissolved salt) re-crystallizes upon
decreasing relative humidity. Efflorescence often exhibits hysteresis effects.
A salt may remain in a supersaturated solution state below the DRH until it
finds favorable conditions to re-crystallize, resulting in an ERH that can be
significantly lower than the DRH. Understanding both DRH and ERH is
crucial for predicting the behavior of salts under varying humidity condi-
tions. Table 1 lists the DRH and ERH values at room temperature for several
compounds that may form during combustion processes. Notably, most
published DRH/ERH data originate from atmospheric chemistry research
conducted under near-ambient laboratory conditions”, and systematic
determinations under the atmosphere of boiler flue gases remain scarce.
Nonetheless, some flue gas-relevant data points have recently been
reportedl 1,1 5,25,70.

Several factors influence the severity of corrosion caused by hygro-
scopic deposits. One key factor is the thickness of the deposit layer on the
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Table 1 | DRH and ERH values in % RH at room temperature

Compound DRH ERH Reference
CaCl, 27-31 - 69
CaCl, - 2H,0 18-19 - 69
CaCl, - 4H,0 23 - 69
CaCl, - 6H,0 28-29 - 69
FeCl, - 4H,0 55-56 - 87,88
KClI 83-86 50-60 69
K2CO3 43-50 9-25 69
K>COj3 - 2H,0 42-43 - 69
K2S0, 95-99 58-62 69
MgCl, 31-35 <15 69
MgCl, - 4H,0 15-17 6-8 69
MgCl, - 6H,0 30-35 9-11 69
MgSO, - 7H,0 87-89 - 69
NaCl 73-77 41-51 69
Na,CO3 > 60 39-60 69
Na SO, 82-87 55-59 69
NH,4CI 76-79 45 69
NH4HSO,4 37-41 = 69
(NH4)2SO4 78-82 30-48 69
ZnCl, ~5 (at 150 °C) 2-3 15
K3PO, ~ 23 (at 100 °C) - 70

surface”, as thicker layers can act as a barrier, preventing flue gas humidity
from reaching the steel surface and thereby reducing corrosion rates.
Additionally, these thicker deposits can increase surface temperatures,
which reduces the salts’ ability to absorb moisture. Consequently, flue gas
moisture reacts most severely with thin layers of hygroscopic salts, where the
protective barrier effect is minimal.

The size of salt particles also plays a role in hygroscopic behavior.
Smaller particles have a larger specific surface area, enabling them to
react more effectively with flue gas humidity and contribute to
corrosion”. Additionally, the chemical composition of deposits can
also influence corrosion behavior. If the deposit contains only minor
amounts of hygroscopic salts, the bulk of the deposit may hinder or
limit the formation of a continuous liquid film, thereby reducing the
corrosive effect”.

A salt mixture can deliquesce at a relative humidity level lower than the
DRH of any single salt component. In other words, the mixture exhibits
higher hygroscopicity compared to its pure constituents. Figure 5a provides
avisualization of how the deliquescent behavior of a salt mixture varies with
its composition and relative humidity. The figure shows a schematic phase
diagram for a system comprising salt A, salt B, and water vapor. As can be
seen, for all ratios of salts, the mixture deliquesces at a relative humidity level
lower than the DRH of any individual salt component. At a specific ratio of
salts, the mixture reaches the lowest relative humidity at which it can deli-
quesce, defined as the eutonic relative humidity (eutonic RH), also known as
mutual deliquescence relative humidity (MDRH). This particular ratio is
referred to as the eutonic concentration, also known as eutonic composition.
Any mixture of two salts, even if the proportions are well away from the
eutonic point, can still take up some water vapor at eutonic RH. It will
continue to do this until one of the salts is entirely used up to create this
eutonic point. If there is an excess of the other salt, it remains out of the
solution in the solid phase. Hence, to the left, we have a mixture of A(s) with
A(aq)+B(aq), and once it reaches the eutonic RH, only part of it is liquid,
and some of the salt A will remain in its solid phase. To the right, similarly,
some of the salt B remains in its solid phase above the eutonic RH. If
humidity is raised further, more and more of the mixture becomes liquid
until, eventually, the entire mixture is in its liquid phase. An example of this
phenomenon is shown in Fig. 5b, which illustrates data for the NaCI-KCl
system. Pure NaCl(s) and KCl(s) exhibit DRH values in the range of 73-77%
and 83-86%, respectively. However, when mixed in their eutonic compo-
sition (Xgg = 0.3), the resulting mixture displays a eutonic RH of
72.3( % 0.5)%, which is lower than the DRH values of either pure salt”. It is
worth noting that, in a mixture of salts, if one component is significantly
more hygroscopic than the others, the deliquescence behavior of the entire
mixture is practically governed by that single salt'"”. In such cases, the
eutonic lowering is minimal and can be neglected for engineering purposes.
This means that, for practical corrosion assessments, it is sufficient to base
the minimum safe surface temperature on the DRH of the most hygroscopic
salt present. However, the behavior of salt mixtures under actual boiler
conditions has not yet been thoroughly studied, and this remains an area
requiring further investigation.

In boilers, the corrosion products themselves can also be hygroscopic.
When corrosion occurs, iron chlorides may form as corrosion products.
These iron chlorides are highly hygroscopic and can absorb moisture from
the environment, further accelerating corrosion. This process creates a self-
perpetuating cycle of material degradation, as hygroscopic corrosion pro-
ducts continuously promote additional corrosion”’. The corrosion
mechanism, which is driven by the corrosion products themselves, is
sometimes referred to as an autocatalytic or feedback mechanism’".
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Fig. 5 | Deliquescence in binary salt systems. a A schematic phase diagram illus-
trating key regions and critical points in a theoretical salt A + salt B + H,O vapor
system. For all ratios of salts, the mixture deliquesces at a relative humidity lower
than the DRH of any individual salt component. b An experimentally derived phase
diagram for the NaCl-KCl system showing mutual deliquescence behavior across

KCI mole fraction (Xyc)

various mixing ratios. At the eutonic composition (Xkc) = 0.3), the mixture deli-
quesces at around 72.3% RH, which is lower than the DRH of either pure salt. The
dashed lines are imaginary boundaries to illustrate the phase separations (Adapted
and modified with permission from reference’).

Summary of previously published works

Initial observations regarding low-temperature corrosion in biomass boilers
were reported in the late 1990s”. Early research primarily focused on
seeking practical solutions to prevent corrosion'””'. A more significant
expansion in research on this topic emerged around 2012, with a notable
increase in publications. Alkali and iron chlorides were the earliest salts
recognized as contributors'”*', and over time, additional chlorides, such as
CaCl,, ZnCl,, and NH,Cl, were also found to play significant roles. More
recent research has shifted towards quantifying the hygroscopic properties
and deliquescence points, exploring the interplay between operational
parameters and corrosion phenomena, and developing advanced corrosion-
mitigating strategies and monitoring techniques. Table 2 provides a
chronological summary of the literature on low-temperature corrosion in
biomass boilers. To maintain impartiality and preserve the integrity of the
original works, we only report the observations, findings, or conclusions of
prior research without necessarily endorsing or disputing the authors’
viewpoints. Critical evaluations of selected findings will be presented in the
subsequent section (Section “Analysis, discussion, and critical review of the
literature review”), where we discuss conclusions that may require alter-
native interpretations.

Analysis, discussion, and critical review of the
literature review

Corrosion-prone areas in boilers

Drawing from the literature summarized in Table 2, we have identified key
areas within the cold end of biomass boilers that are susceptible to corrosion.
Despite differences in fuel type, boiler design, and operating conditions,
certain areas have consistently been reported to experience low-temperature
corrosion. Figure 6 provides a broad overview of the areas of a biomass boiler
that are most vulnerable to low-temperature corrosion, along with examples
of associated corrosive species and the corresponding minimum safe
material temperatures for carbon steel surfaces. Air preheaters are a typical
location where corrosion has been reported to occur”'™*""'***** Econ-
omizers have also been reported to experience corrosion in various biomass
boilers™*’. Components within the flue gas cleaning system, including flue
gas ducts and baghouse filters'******, and areas downstream of baghouse
filters'**, such as gas/gas heat exchangers'**"" have also been another area
prone to low-temperature corrosion.

Corrosion preventive suggestions

Asindicated in Table 2, the primary approach for preventing low-temperature
corrosion in biomass boilers is maintaining material and surface temperatures
above critical thresholds to prevent the deliquescence of hygroscopic salts and

also condensation of H,SO,(g) and water' "'»!4!71820232274 Thege thresholds
depend on the specific corrosive species and flue gas composition. Fuel
composition also plays an essential role; by reducing chlorine and alkali metal
content through pretreatment” or selecting low-chlorine fuels like woody
biomass over straw'*'>*™*!, the corrosion risk can be lowered. Additionally,
adjusting flue gas composition, such as lowering water vapor concentration
(e.g., by drying the fuel)'***”* and controlling NH;(g) slip”*, minimizes the
formation of hygroscopic compounds. Using corrosion-resistant materials
like enamel-coated pipes'*”, Teflon-coated tubes™, appropriate stainless steels
and high-grade alloys'***">****'”%, or specific protective coatings such as Ni-Al
and NiCrMoSiB" is another approach that enhances the durability of heat
exchanger tubes and other corrosion-prone components. Implementing
regular ash removal and cleaning procedures, especially for economizers and
air preheaters downstream of dust precipitators, is another approach that
helps prevent the accumulation of corrosive deposits’'. Optimized boiler
design and operational practices, such as strategically locating economizers™,
can also reduce condensation risks on cold surfaces, and in some systems,
bypassing FGD units helps maintain temperatures that lower corrosion
risk'*"'. Additionally, real-time monitoring of corrosive deposit formation
through online probes enables operators to make timely adjustments and limit

corrosion progression”'*!****,

Practical advantages, limitations, and trade-offs of mitigation stra-
tegies. Many of the preventive methods mentioned above are based on
case-specific studies and are tuned to particular combinations of boiler
designs, fuel types, and operational conditions. While these strategies
may not be universally applicable to all biomass boilers, they offer a
valuable overview of the solutions explored within the field. By under-
standing the diversity of approaches that have been successfully imple-
mented, engineers and operators can better identify methods suited to
their own systems. Table 3 provides a critical assessment of the most
commonly implemented strategies, summarizing their primary benefits
and known limitations.

Practical case studies: applicable examples for plant operators

Calcium-rich fuels and limestone addition — formation of CaCl,-contain-
ing deposits. Combustion of chlorine- and calcium-rich biomasses (such as
in a case study where the fuel contained 12.5 wt% Ca and 0.13 wt% CI’), and
also the addition of limestone (CaCOs(s)) for SO,(g) capture, can lead to the
formation of Ca-containing deposits such as CaO(s) or Ca(OH),(s) on heat-
exchanger surfaces, which can then chlorinate upon reaction with HCI(g) in
the cold-end of the boilers””’®. The detection of CaCl, on boiler heat-

exchanger surfaces'"'** indicates that this transformation is kinetically fast
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25 vol% Ho0(g)). Using stainless steel.

applicable to biomass and waste

boilers).

Keeping the material temperature above 155 °C to

avoid ZnCl, deliquescence.

Hygroscopic ZnCl,.

Laboratory studies (findings
applicable to biomass and waste

Yahi et al.’, 2024.

boilers).
A BFB boiler.

Maintaining deposit/material temperature

above 120 °C.

Formation of deposits rich in

Air preheater area.

Waste streams and

biomass.

Vainio et al.?, 2024.

hygroscopic CaCl, and Ca(OH)CI.

enough to take place before the Ca-containing deposits are removed, e.g., by
soot-blowing. Even small amounts of CaCl, in these deposits can present a
serious corrosion risk due to moisture absorption and subsequent
deliquescence'’. To mitigate this risk, the surface metal temperature should
be kept above the CaCl, deliquescence point (see Fig. 6).

Ammonia slip + HCI(g) — formation of NH,Cl-containing deposits. In
boilers equipped with SCR/SNCR, ammonia (NH;(g)) and HCI(g) react to
form hygroscopic deposits containing NH,Cl(s,aq), for instance, down-
stream of SCR units. NH;(g) typically originates during SCR/SNCR pro-
cesses, where injected NH;(g) intended for NOx reduction escapes into the
flue gas (known as ammonia slip) due to incomplete mixing or suboptimal
operating conditions. In some cases, NH;(g) may also come from fuel-
bound nitrogen, particularly during low-load boiler operation*. According
to”, if the HCl(g) concentration is below 5 ppm, and the NH;(g) con-
centration is below 1 ppm, (conditions that can reasonably occur down-
stream of an SCR unit), NH,CI(s) can form at temperatures below
approximately 85 °C. At higher NH;(g) concentrations, NH,CI(s) can form
even at higher temperatures. Once formed, NH,CI(s) can absorb moisture
and cause rapid corrosion of carbon steel at material temperatures below
80-100 °C, depending on the water vapor concentration in the flue gas. The
measurements show that the corrosion rate is higher at lower material
temperatures”. The minimum safe carbon steel temperatures required to
prevent NH,Cl-induced corrosion under various flue gas water vapor
concentrations are presented in Fig. 6.

The mechanisms through which corrosive species form, leading
to low-temperature corrosion in biomass boilers

Extensive observations from the literature show that low-temperature
corrosion issues in the cold end of biomass boilers are consistently linked to
the formation of hygroscopic salt deposits. Many of the deposit formation
mechanisms are similar to those observed at higher temperatures, as dis-
cussed in previous studies, e.g., in”*'. However, once deposits are formed,
the mechanisms by which they induce corrosion can differ significantly in
the cold end. Specifically, processes such as salt deliquescence and acid
condensation become far more important in the cold end. Here, we syn-
thesize the findings from multiple investigations and group them under five
principal mechanisms (as illustrated in Fig. 7).

A recurring theme across several works that we reviewed is that flue gas
ash particles directly deposit onto the surfaces of the boiler or heat exchanger
(mechanisms 1)'>'*"%*"?25%7 Both fine and coarse ash particles form in
power boilers, with fly ash composition primarily determined by factors
such as fuel type, additives, combustion technology, and flue gas compo-
sition. Fly ash particles then deposit on cold-end surfaces. Depending on the
deposit composition and the water vapor concentration in the flue gas, these
deposits can absorb moisture and become corrosive. This water uptake also
increases the deposition rate, making it more difficult to remove. Fly ash can
also absorb water while in flight, becoming sticky and leading to corrosion
once it deposits””’. The reaction of gases with deposits on the heat exchanger
surface is another crucial mechanism that can result in the formation of
corrosive compounds (mechanism 2). For instance, highly hygroscopic
CaCly(s) can form in deposits through reactions between CaO(s) or
Ca(OH),(s) and HCI(g), leading to the formation of CaOHCI(s) and
CaCly(s)'""**. If these chlorides absorb water, they can create a corrosive
solution. The next mechanism is the formation of iron chlorides as corro-
sion products beneath the deposit (mechanism 3)'"*". Tron chlorides are
highly hygroscopic and can be a driving force of the corrosion process.
Another mechanism (mechanism 4) involves the direct condensation of
H,S04(g) onto heat exchanger surfaces with temperatures below the H,SO,
dew point’™**”, although the overall contribution of H,SO, to corrosion is
not typically considered significant in biomass combustion. The final
mechanism (mechanism 5) involves the absorption/adsorption of gases
such as SO, (g) and HCI(g) onto wet surfaces (or deliquescent salts)**"**. This
mechanism differs from the condensation-driven mechanisms, as it relies
on the absorption of gases into the liquid phase that already exists in the
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Fig. 6 | A schematic illustration of corrosion-prone areas in the cold end of
biomass boilers based on the findings in the literature. Corrosion-prone areas are
shown in red, along with the reported species responsible for corrosion in these
regions. Minimum safe material temperatures to avoid CaCl, deliquescence and
NH,Cl water absorption under different flue gas water vapor concentrations are also

presented in the figure. Note that this is a generalized schematic intended to illustrate
potential corrosion areas based on findings from the literature review; boiler designs
can vary significantly, and additional species may also contribute to corrosion.
(ECOs: Economizers, APH: Air Preheater, ESP: Electrostatic Precipitator, BHF:
Baghouse Filter, SCR: Selective Catalytic Reduction, HE: Heat Exchanger).

deposit. When moisture is present, either from deliquescent salts or water
formed through condensation, gases are absorbed into this liquid layer,
leading to further chemical reactions such as carbonation, sulfation, or
chlorination. This process adds another dimension to deposit formation, as
the presence of water allows for the capture and incorporation of acidic or
corrosive gases into the deposit, enhancing both deposition rates and the
corrosive nature of the deposit. These mechanisms are likely applicable to
various combustion technologies, such as oxy-combustion and chemical

looping combustion systems. These systems share similar flue gas compo-
sitions and temperature gradients that encourage deposition, particularly in
the cooler sections.

Re-evaluating the mechanism through which HCI contributes to
corrosion: Condensation or absorption by water?. Although it has
been widely assumed in the reviewed literature that HCl(g) may con-
dense similarly to H,SO4(g) (HCI dew point corrosion)'*'******! we
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Table 3 | Summary of corrosion preventive strategies in biomass boilers, including practical advantages and limitations

Corrosion preventive strategy

Practical advantages

Limitations and trade-offs

Maintaining material/surface temperatures above critical
thresholdsW1,12,14,17,18,20,23,28-31,74

Straightforward operational implementation.
Immediate effectiveness.

Reduced heat-recovery efficiency. Difficult to maintain
during start-up/shutdown. Dependent on flue gas
humidity (higher RH requires higher surface temperatures
to avoid corrosion).

Fuel selection or pretreatment (e.g., substitution of straw
with woody biomass)'®'%'939-41,

Reduction of chlorine and alkali metals at
source.

Limited fuel availability. Low-Cl woody fuels are typically
more expensive.

Controlling flue-gas composition (e.g., by fuel drying'®*°"*

or minimizing NHj slip in SCR/SNCR**).

Reducing the risk of formation/deliquescence of
hygroscopic salts such as NH4CI.

Additional energy is required to dry the fuel. Difficulty in
precisely controlling the concentration of flue gas
constituents.

Additive (e.g., limestone) addition®.

Reduction of alkali chloride content via in-situ
sulfation. Capture of SO,/SOs3.

Possible formation of hygroscopic species (e.g., CaCly)
downstream.

Protective coatings and linings (e.g., enamel-coated
pipes'®*! and Teflon-coated tubes’™).

Allowing lower heat-exchanger temperatures
without corrosion, improving heat recovery.

Enamel is vulnerable to cracking during thermal cycles.
Defects or damage in the coating can lead to localized
corrosion. High costs.

Using stainless steels and high-grade alloys'®'* %4176,

High resistance to chlorine-rich aqueous films
and wet corrosion.

Lower thermal conductivity than carbon steel. Risk of e.g.,
stress corrosion cracking and pitting corrosion.
High costs.

Implementing regular ash removal and cleaning
procedures (e.g., water washing or soot-blowing®').

Restoring heat-transfer efficiency.

Risk of erosion. Steam consumption. Increased water
vapor in the flue gas.

Optimizing boiler design (e.g., installing additional
economizers, placing economizers upstream of ESP,
bypassing FGD)'%?"****! and incorporating more flue gas
cleaning equipment.

Improved boiler efficiency. Cleaner flue gas
leading to a reduced risk of corrosion and
emissions.

Possibly shifting corrosion elsewhere. Changing the
design is difficult in older boilers and often requires major
retrofit work and downtime.

Real-time corrosion and deposit probes®%15:20:59-42,

Providing early warning and real-time
measurements, enabling process control before
corrosion damage occurs/intensifies.

Probes may get covered/fouled by ash deposits, thus
requiring frequent cleaning and calibration to ensure data
quality.

could not find solid evidence to support this assumption. Some studies
(e.g.>) have proposed empirical correlations to predict an HCl dew
point, typically placing it near (slightly above/below) the water dew point
(see Fig. 8). However, these formulas likely estimate the onset of water
condensation (water dew point), during which HCI(g) is efficiently
absorbed into the liquid phase as HCl(aq), rather than indicating a
distinct condensation point for HCI(g) itself. This absorption may have
been interpreted as HCl(g) condensation, leading to the widespread
assumption of an HCI dew point under boiler conditions. Since such
estimations lack conclusive experimental or theoretical support, the
notion of an HCI dew point should be approached with caution, espe-
cially since the thermodynamics of pure HCI(g) also strongly argue
against condensation under boiler conditions. The saturation vapor
pressure of anhydrous HCI(g) is around 40 bar at 17.8 °C*. Given that
typical partial pressures of HCI(g) in biomass-boiler flue gas are far
below atmospheric pressure, equilibrium condensation would require
temperatures significantly below any encountered in real boilers or
stacks, even during shutdown. Therefore, we believe that the concept of
an HCI dew point is unlikely to exist in a boiler environment. This
perspective helps clarify design and operating decisions in the cold end
of boilers, where preventing water condensation (or effectively mana-
ging it) largely determines whether HCl-driven corrosion can occur.

It can be concluded that HCI contributes to low-temperature cor-
rosion in biomass boilers through three primary mechanisms. The first
involves the reaction of HCI(g), e.g., with solid calcium oxides or
hydroxides, leading to the formation of highly hygroscopic salts such as
CaCl,. Another mechanism results from the reaction of HCI(g) with
NH3;(g), producing hygroscopic NH4ClI(s), which absorbs moisture and
leads to metal surface corrosion. A further mechanism occurs when
HCI(g) is absorbed into water below the water dew point, forming
corrosive HCl(aq). Nevertheless, the possibility of other HCl-induced
corrosion mechanisms, such as the HCl(aq) formation above the water
dew point through adsorption by extremely thin water layers, should not
be overlooked. Future studies should investigate such potential
mechanisms.

Summary and conclusion

Three decades of field observations and laboratory evidence indicate that
low-temperature corrosion in large-scale biomass boilers correlates with
chlorine chemistry rather than with sulfur chemistry, often accompanied by
the presence of hygroscopic salts. While sulfuric acid dew point corrosion
remains relevant under specific conditions, e.g., in boilers equipped with
Selective Catalytic Reduction (SCR) systems, it is rarely the primary limiting
factor in biomass combustion due to the generally low sulfur content of
biomass fuels and the efficient capture of SO3(g) by alkaline ash. Instead, the
dominant corrosion mechanisms at the cold end are linked to the formation
and deliquescence of hygroscopic salts such as CaCl, and NH,CI. These salts
absorb flue-gas moisture and create highly aggressive electrolytes that
degrade heat exchange surfaces, especially carbon steel.

The formation of deposits containing hygroscopic salts occurs through
various mechanisms such as direct deposition of particles, reactions between
flue gas constituents like HCI(g) and existing deposits, and the formation of
hygroscopic corrosion products. The type of biomass fuel and the use of
additives significantly influence the deposit composition and corrosivity.
For instance, fuels with high chlorine content, such as straw, tend to form
more hygroscopic salts, while additives can significantly alter the chemistry
of deposits, either mitigating or exacerbating corrosion. Corrosion rates are
highly dependent on material temperatures, and maintaining temperatures
above the deliquescence points of hygroscopic salts is crucial to prevent
moisture absorption and subsequent corrosion. Corrosion is also
influenced by the relative humidity and the presence of acidic gases
like H,SO4(g) and HCI(g) in the flue gas. However, we argue that
HCI(g) does not condense as H,SO4(g) does, but instead is absorbed
by pre-existing liquid water. The formation of iron chlorides and
other hygroscopic corrosion products beneath deposits can accelerate
material degradation as these products continue to absorb moisture,
perpetuating the corrosion cycle.

The most commonly affected components include air preheaters,
economizers, and various elements of the flue gas cleaning system, such as
ducts, baghouse filters, and gas-gas heat exchangers. These areas are parti-
cularly susceptible due to their relatively low surface temperatures and the
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Fig. 7 | An illustration of the key mechanisms of
deposit/condensate formation and corrosion in
the cold end of biomass boilers. (1) Direct
deposition of ash particles; (2) Reaction of gas-phase
species (e.g., HCI(g)) with deposits; (3) Formation of
hygroscopic corrosion products; (4) Condensation
of sulfuric acid vapors; and (5) Absorption of acidic
gases into existing moisture.

4) H,S0O,4(g) condensation

3) Formation of
hygroscopic corrosion

products

5) HCI(g) absorption by water

1.1) Deposition of particles on wind side

[ 1
o\

1.2) Deposition of fine particles
on lee side

2) Reaction of gases with
solid oxides/hydroxides

Fig. 8 | HCI dew point temperatures as a function 100
of water vapor concentration in flue gas, estimated

by™. Note that the empirical HCI dew point closely

follows the water dew point, suggesting that these 801
curves potentially represent the water dew point
rather than a true HCI dew point.

40

Temperature (°C)

204

Water dew point
— — Predicted HCI dew point for 100 ppm, HCI(g)
- Predicted HCI dew point for 10 ppm, HCI(g)

15
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accumulation of chlorine-rich or hygroscopic deposits, which, in the pre-
sence of water vapor, form corrosive liquid films.

Corrosion mitigation demands a combination of strategies such as
maintaining surface temperatures above critical temperatures (for instance,
above 90 °C at 20 vol% water vapor to prevent water uptake by NH,Cl or
above 105 °C at 20 vol% water vapor to prevent deliquescence of CaCl,),
optimizing fuel composition to reduce chlorine content, controlling additive
dosing (notably limestone and ammonia, which foster the formation of
CaCl, and NH,Cl) and applying corrosion-resistant alloys or dense enamel
and Ni-based coatings particularly where temperature control is imprac-
tical. Optimized boiler design (e.g, strategic placement of economizers),
regular cleaning, and advanced monitoring techniques, such as online
deposit probes, can also help manage deposit build-up and assess corrosion
risks in real time.

Although this review compiles findings from various industrial bio-
mass boiler types, the extent to which individual results can be generalized
across different boiler configurations has not been thoroughly investigated
in the literature. Most studies have been conducted on single installations
with specific fuel blends, operating conditions, and flue gas cleaning systems.
Comparable diagnostic approaches have seldom been applied system-
atically across multiple boiler types, and comprehensive cross-validation is

therefore limited. Nevertheless, since similar (chlorine-driven) chemistry
governs deposit formation in most biomass boilers, it is reasonable to expect
that many of the findings are generalizable to a significant extent. For
example, the presence of HCI(g) in the flue gas, together with Ca-bearing ash
or NHj slip, poses a risk for the formation of hygroscopic CaCl, or NH,Cl,
largely irrespective of boiler type. Therefore, while specific mitigation stra-
tegies should be adapted to the conditions of individual installations, the
core corrosion risks and mechanistic principles outlined in this review are
expected to be broadly applicable to a wide range of biomass boiler
configurations.

Looking ahead, further progress in understanding and mitigating low-
temperature corrosion requires integrating detailed salt-gas—surface models
into boiler CFD, taking into account temperature gradients within the
deposit layers. Robust in-situ sensors that track deposit properties under
operating conditions would also be valuable for process optimization. In
addition, data on the hygroscopic properties of individual salts and salt
mixtures under flue gas conditions remain limited, particularly regarding
their behavior in the presence of temperature gradients and their impact on
corrosion. Addressing these gaps is essential for improving understanding
and control of corrosion in real boiler systems and guiding targeted miti-
gation strategies.
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