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Abstract

ign _of new biomass-fir wer plants with incr m_temperature rai ncerns of high-temperature
corrosion. The high potassium and chlorine contents in many biomasses are potentially harmful elements with regard to
corrosion. This paper condenses the current knowledge of chlorine-induced, high-temperature corrosion and describes the
potential corrosion problems associated with burning biomass fuels either alone or in blends with coal, for electricity
production.

Chlorine may cause accelerated corrosion resulting in increased oxidation, metal wastage, internal attack, void formations,
and loose non-adherent scales. The partial pressure of HCl in a biomass-derived flue gas, is not high enough to cause severe gas
phase corrosion attacks, but may provide scale failure and increased sulfidation of water walls in areas where locally reducing
conditions occur due to poor combustion and flame impingement. The most severe corrosion problems in biomass-fired systems
are expected to occur due to Cl-rich deposits formed on superheater tubes.

The presence of alkali chloride salts in deposits may cause accelerated corrosion well below the melting point of the salt. The
corrosion can be severe in air but may be further enhanced Byw&{@h may cause intra-deposit sulfation of the alkali
chlorides liberating HCI or Glgas close to the metal surface. In case the metal surface temperature becomes high enough for
molten phases to form in the deposit, the corrosion may be even further enh@M@@0 Published by Elsevier Science Ltd.

All rights reserved.
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The design of new biomass-fired power plants with increased steam temperature raises concerns of high-temperature
corrosion.
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1. Introduction

Global warming concerns have, in recent years,
fostered interest in Cgneutral energy sources for
power production. One-year biomass crops are largely
CO,-neutral, because of their short regeneration time,
i.,e. CO produced during combustion is relatively
quickly re-incorporated in plants. Only the relatively
small amount of fossil energy used in cultivation and
transportation of the biomass crops contribute to a net
atmospheric C@increase. The inorganic fraction of the
fuel is known to cause severe deposition problems.
Traditionally, biomass-fired boilers have not experienced
great problems with high-temperature corrosion, mainly

ciated or present as simple salts. This means that they are
readily released to the gas phase during combustion. The
thermodynamic behavior of potassium during biomass
combustion is primarily influenced by chlorine and sulfur.
In general, chlorine increases the volatility of potassium,
which is mainly found as KCIl and KOH in the gas phase.
At lower temperatures, potassium forms condensed sulfates,
chlorides, and silicates. In case sufficient amounts of sulfur
is present in the system, potassium sulfate will be the only
stable solid phase. Aspects of the thermodynamics of alkali
metals during combustion of straw is described elsewhere
[3,4]. In Fig. 1, a principal sketch of the potassium, sulfur
and chlorine chemistry in a biomass-fired boiler is shown.
Notice, that the picture provided in Fig. 1, will be affected

because the metal temperature of the superheater tubesy several factors including variations in fuel composition
has been kept low (in Denmark below 48Y). However, and boiler operation.

a desire to raise the temperature of the superheated steam Biomass deposits usually have a high content of potas-
in order to improve the electrical efficiency of biomass- sium, silicon, and calcium, but may also be rich in sulfur and
fired plants has introduced potential high-temperature chlorine. Especially deposits from straw-fired plants have a
corrosion problems. The corrosion of superheater tubes high chlorine content [1,4—6]. Baxter et al. [1] report
is related to the tube material as well as the chemical chlorine contents in the superheater deposits from two
composition of deposits formed on the tubes. In particu- Danish straw-fired plants in the range of 23-26 wt%.
lar, the high content of potassium and chlorine in Chlorine contents as high as 38 wt% were found in furnace
deposits formed during combustion of straws and grasses deposits from a Danish straw-fired grate [6].

are potentially harmful elements with regard to corrosion
of heat transfer surfaces. In Table 1, a list of common

Chlorine can influence the corrosion of superheater tubes
in many ways. Gases containing,CHCI, NaCl, and KCI

superheater materials is listed. For those materials that may cause a direct corrosion by accelerating the oxidation of

are used in biomass-fired boilers, the maximum steam
temperature allowed for each specific material is also
provided in Table 1.

Biomass includes a large variety of fuels with different
chemical composition and combustion characteristics.
Wood has a very little ash fraction and seldom causes
trouble in boilers, whereas straw and grasses contain
high concentrations of alkali metals and chlorine. Most
biomass fuels have relatively low sulfur concentrations
compared to coal. Baxter et al. (1996) [1] report values
of potassium in biomass fuels between 0.033 and
1.66 wt% (dry fuel) and contents of chlorine between
0.025 and 2wt% (dry fuel) for 11 different types of

the metal alloys, a phenomenon often referred to as active
oxidation. Such gases may also influence the corrosion
caused by other mechanisms, such as molten alkali sulfate
corrosion of superheater alloys and sulfidation of water

walls. Chlorides may also deposit on superheater tubes
and thereby influence the corrosion of these. Corrosion

can be caused either directly by components in the gas
phase, by deposits on the superheater tubes or by a
combination of these.

The aim of this literature survey is to describe the knowl-
edge of chlorine-associated, high-temperature corrosion and
the potential corrosion problems associated with burning
biomass fuels either alone or in blends with coal, for elec-

biomass examined. Sander [2] reports potassium contentstricity production. Chlorine-based corrosion is affected by

of 0.2-1.9wt% (dry basis), chlorine contents of 0.1-
1wt% (dry basis), and sulfur contents of 0.1-0.2 wt%
(dry basis) in Danish straw. Each 0.1 wt% chlorine in
biomass corresponds to approximately 100 ppmv chlorine
in the gas phase.

In biomass, alkali metals are primarily organically asso-

the temperature and concentrations of chlorine, sulfur, alkali
metals, and oxygen. The corrosion-related effects of differ-
ent fuels primarily derive from these factors. Therefore, the
rest of this review focuses on the mechanisms of corrosion,
citing literature from coal-, waste-, and biomass combustion
to illustrate these mechanisms. The discussion is presented
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Composition of common superheater construction steels. The rest of the material, in addition to the elements listed in the tabletés {bn.
This material contains traces of N, (2) this material contains traces of B, (3) Super304H contains 3% (w/w) Cu in addition to Fe and the elements

listed. FG: fine grained

Steel Wit% Maximum steam temperature
when applied as superheater

c Cr Ni Mo w Mn \% Nb Ti material in straw-fired boilers

15Mo3 0.15 0.30 0.60 < 450C

13CrMo44 0.13 1.00 0.50

10CrMo910 0.10 2.25 1.00 0.50

HCM2S (1,2) 0.06 2.25 0.30 1.60 0.25 0.05

P91 (1) 0.10 9.00 1.00 0.23 0.07

NF616 (1,2) 0.10 9.00 0.50 1.80 0.20 0.06

X20CrMoV121 0.20 12.00 0.50 1.00 0.30 < 470C

HCM12 0.10 12.00 1.00 1.00 0.25 0.05

Esshete 1250 0.10 15.00 10.00 1.00 6.00 0.30 1.00

X3CrNiMoN1713 (1) 0.03 17.00 13.00 2.25

TP347H FG 0.07 18.00 10.00 1.00 < 540C

TP347H FG 0.07 18.00 10.00 1.00 <585C

Super304H (1,3) 0.10 18.00 9.00 0.40

NF709 0.07 20.00 25.00 1.50 0.25 0.05

HR3C (1) 0.06 25.00 20.00 0.40

HR6W 23.00 43.00 1.00 6.00 0.20 0.10

in the order of gas-phase, solid-phase, and molten-basedwhich corrosion products will be thermodynamically stable

mechanisms, followed by a summary of implications for
biomass combustion.

2. Thermodynamic stability of metal oxides and

chlorides

temperature can be shown in Ellingham—Pourbaix stability

at the prevailing partial pressure of,@nd Ch. Fig. 2

describes the stability of the different corrosion products
from corrosion of superheater alloys (composed primarily
of iron, chromium, and nickel) at 72C. At low partial

pressures of Gland moderate pressures of oxygen, it can

be seen that various oxides of the metals are stable, depend-
ing on the actual partial pressure. At high partial pressures of

The stability of metal oxides and chlorides in terms of the Cl, and low partial pressures of oxygen, the metal chlorides
prevailing chlorine and oxygen partial pressures at a specific become stable.

Even though metal chlorides are typically solid at super-

diagrams. A stability diagram can provide information about heater temperatures, the metal chlorides are characterized

KCl(cr)
\\
KCI(g)
Furnace:
wall HCI(g)
deposits \ (|

Radiant superheater

N

KCl9) k,s0, (9)

HCI(g)

KCl(cr) +
K,SO,(cr)

Convective section:

KOH(g)

Primary, tertiary
superheater, reheater,
economizer, air
preheater etc.

HCI(9), SO,(g),
aerosols (rich

in KCI + K,SO,)

K,0.Si0,(cr)

Fig. 1. Principal pathways of potassium, sulfur and chlorine in a biomass-fired boiler.
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Fig. 2. Stability diagram of Cr/Fe/Ni—O-Cl at 727 (adapted from
Grabke [7]). Fig. 3. Vapor pressures of condensed chlorides (adapted from

Grabke [7]).

by having high vapor pressures even at low temperatures, 3. Corrosion associated with gaseous Cl-species

which can lead to vaporization and rapid loss of metal from

the surface. It has been suggested that volatilization can The presence of HCI or €in the gas phase accelerates
contribute to the corrosion mechanism when the vapor the corrosion rate of superheater alloys. In oxidizing envir-
pressure of a species exceeds l8tm [8]. Several authors ~ onments this phenomenon is often referred to as active
agree that volatilization can be the dominant corrosion oxidation. Numerous investigations examine the influence
mechanism if the vapor pressure exceeds*Him [7,8]. of gaseous Glor HCI on high-temperature corrosion of
The rates of mixed oxidation—chlorination may be substan- different alloys [9—-17]. There is a general acceptance that
tially accelerated if liquid chlorides are formed which may chlorides may cause breakdown of the normally protective
cause fluxing of the oxide scale. The liquid metal chlorides surface oxide scales. The mechanisms proposed in the litera-
will only be present in a narrow temperature range just ture include corrosion caused by,@r HCI and corrosion
above the melting point of the metal chloride. At higher caused by NaCl vapor. These are discussed separately.
temperatures the metal chlorides will evaporate. The effect

of molten chlorides is discussed in detail in Section 5. 3.1. Corrosion associated with £and HCI
Table 2 lists the melting points and the temperatures at
which metal chloride vapor pressures reach “tm for Gas-phase corrosion attack may be caused by several

various species. Notice that the temperature in most systemschlorine-containing species, the most common being HCI
will be higher than the melting point of ferrous chloride, and C}. The former is the dominant Cl-species in the bulk
FeCk. Fig. 3 shows the vapor pressures of condensed chlor- gas, but Gl may be present locally at higher temperatures
ides as a function of temperature [7]. The behavior of and in the absence of moisture. Furthermore, réhy be
elements in alloys is more complex than that of pure species, formed in reducing environment by thermal decomposition
but these data qualitatively indicate vaporization and of HCI [7].
melting behaviors.
3.1.1. Oxidizing conditions

When steel is exposed to an oxidizing environment at
high temperatures, the metal will gradually oxidize to the
thermodynamically stable oxides and form an oxide scale
adjacent to the metal. This oxide layer is smooth and dense,
and provides a barrier for further diffusion of oxygen and

Table 2
Melting point (T,) and temperaturesTf) at which the chloride
vapor pressure is equal to 20atm [7]

Chloride Tm (°C) T, (°C) most other gaseous species to the metal. Thus, oxidation of

metals is governed by a parabolic corrosion rate. However,
FeCh 676 536 chlorine has the ability to penetrate the protective oxide
FeCl 303 167

layer. C} diffuses through the oxide layer, presumably

(N::r(éllz 1338 (732; through pores and cracks, to the scale—metal interface
CrCIz 1150 611 where it reacts with the metal alloys to form metal chlorides.

At the scale—metal interface, a very low oxygen potential
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Fig. 4. Schematic drawing of corrosion caused by(@l

exists (Q is consumed to produce metal oxides), at which
volatile metal chlorides such as Fg@hd CrC} are thermo-
dynamically stable (Fig. 3). The HCI and/or,Ghay react
with the metal according to reaction (1) to form metal chlor-
ides. Metals can also react directly with HCI according to
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the penetration of chlorine species through the oxide scale is
still not fully understood. The active oxidation starts with
nearly no incubation time after introduction of a chlorine
component, and the authors argue that neither solid state
diffusion, grain boundary diffusion, nor molecular diffusion
through cracks and pores of the scale are fast enough to
explain the obtained results. It is concluded that somehow
the chlorine itself must affect the creation of fast diffusion
paths, possibly through grooves and fissures at grain
boundaries [17].

Mayer and Manolescu [10] investigated how increasing
concentrations of HCI changes the morphology of the
protective oxide layer. With no HCI in the synthetic flue
gas, a continuous nonporous scale was formed. At
0.1 vol% HCI, blisters in the R®; (hematite) layer occur,
but the scale is still continuous. In the presence of 0.2 vol%
HCI, the layer becomes porous and non-continuous. Increas-
ing the concentration to 0.8 vol% makes the hematite layer
(F&0s) completely disintegrated and the magnetite;(ag
layer becomes irregular and porous. At 2 vol% HCI, the
continuity of all the layers is destroyed and the corrosive

reaction (2). Metal chlorides have high vapor pressures at gases have free access to the FeO layer and Fe.
the metal—scale interface, and continuous evaporation may Several authors report internal attack after exposure to a

take place (reaction (3)).

M(s) + Cl5(g) — MClx(s) @

M(s) + 2HCI(g) — MCIx(9) + Hz(9) 3]

MClx(s) — MCl5(9)

where Me {Fe, Cr, Ni}.
These volatile metal chlorides may diffuse to the scale

©)

surface. The oxygen concentration increases with increasing

distance from the metal, leading to oxidation, of the metal
chlorides to solid metal oxides. The resulting oxides that
precipitate from this gas-phase reaction form a very loose
metal oxide layer, providing no protection against further
attack. Thus, chlorine corrosion is often governed by a linear
corrosion rate:

3MClx(g) + 20,(9) — M304(s) + 3Cly(9) 4

2MClx(g) + (3/2)02(9) — M205(s) + 2Ch(9) )

By reactions (4) and (5), chlorine is released and can
diffuse to the bulk gas or back to the metal surface, and
thus a cycle is formed. A graphical presentation of the corro-
sion mechanism is shown in Fig. 4. This cycle provides a
continuous transport of metals away from the metal surface
toward higher oxygen partial pressures with little net
consumption of chlorides. The net reaction is thus:

4AM(s) + 30,(9) — 2M,05(9) 6

Gas diffusion through the scale is believed to be the rate
controlling step in the corrosion process. Grabke et al. [17]
suggest that the rate is controlled by the outward diffusion of

chlorine environment. The internal attack may be concen-
trated along the grain boundaries and is often associated
with the formation of internal chromium carbides [8].

3.1.2. Reducing conditions

In reducing environments, where oxide phases will be
absent or discontinuous, metal chlorides can form directly
on the metal surface (reaction (7)):

M(s) + Clx(g) — MClx(s) (@)

The rate of corrosion is strongly temperature dependent
because it is governed by the volatilization of the metal
chloride. The rate law of corrosion of iron in HCiNs
described by Chang and Wei [18]. The rate law is dependent
on whether the growth of the chloride layer is fast enough to
supply the amount required for volatilization. At tempera-
tures below 50TC, the corrosion will be parabolic with time
because a protective iron chloride layer is formed on the
metal. At high temperatures, the weight first increases para-
bolically, followed by a linear decrease with time. The time
for the shift, which is referred to as the critical thickness
when the scale no longer grows, depends on the tempera-
ture, atmosphere, and the chloride characteristics. At higher
temperature (approximately80C°C), the growth of the
chloride layer is not fast enough to supply the amount
required for volatilization and the corrosion rate will show
as a linear weight loss with time. Wright [19] reports that
catastrophic corrosion in 100% HCI does not occur until the
melting temperature of the metal chloride is reached.

Ihara et al. [20] found that adding oxygen to the HCI gas
greatly accelerated the corrosion of iron due to the formation
and sublimation of low melting ferric chloride (FeLby

metal chlorides through the porous scale. They mention that oxychlorination (reaction (8)). On the contrary, Hupa et al.
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Fig. 5. Isothermal weight-gain vs. time for Ni—-Ca—Al alloy at
85C°C in air and in air—NaCl vapor (adapted from Hossein and
Saunders [10]).

[12] have found that the corrosion rate of iron by HCI was
higher under reducing conditions due to the absence of the
protective oxide layer on the iron surface. They found that
the reaction rate was increased by a factor of 2.5 when 2%
CO was added, and then remained constant during further
increase of the CO-content (up to 10% CO).

FeCh + HCI + (1/4)0, — FeCk + (1/2)H,0 ®)

Under reducing conditions, HCI may act synergistically
with both CO and Hto attack the oxide layer [21]. The
presence of HCl may accelerate other types of gas phase
corrosion, e.g. sulfidation by breaking down the protective
oxides and allowing species such asSHto reach the
metal surface. Haanappel et al. [15] exposed various
steels to an atmosphere similar to coal gasification
processes with and without 500 ppmv HCI. They found
that the addition of 500 ppmv HCI to the oxidizing—sulfi-
dizing environment increased the corrosion rate signifi-
cantly and made the sulfide scales thick, porous,
nonprotective, and nonadherent.

3.2. Corrosion associated with gaseous NaCl

Hossain and Saunders [22] studied the corrosion of Ni—
Cr—Al (no Fe) alloys in the presence of 500 ppmv NacCl
vapor, in air at 858C. The authors found that NaCl in the
vapor phase was able to cause a breakdown of protective
oxide layers containing @Ds;. NaCl vapor caused a marked
increase in the oxidation rate compared to pure air, and the
scale produced in the NaCl atmosphere spalled readily when
the test elements were cooled to room temperature. The
scale was richer in chromium when NaCl was present in

the gas phase than without. The authors suggest a mechan-

ism similar to the one described later for corrosion caused
by chemically aggressive ash deposits in Section 4.2. In this
mechanism, N&rO, is formed. The chlorine gas released
could then react with the alloy to form chromium or nickel
chlorides. The increase in corrosion rate when adding

H.P. Nielsen et al. / Progress in Energy and Combustion Science 26 (2000) 283—-298

500 ppmv NaCl vapor to the system is shown in Fig. 5:
Cr,05(s) + 4NaClg) + (5/2)0,(g)

— 2NaCrOy(s, 1) + 2Chy(9) ()

Cr(s) + 2NaClg) + 20,(g) — Na,CrO4(s, 1) + Clx(g) (10)

4. Solid phase reactions involving Cl-species in deposits

A number of experimental investigations are published on
the corrosion potential of chlorides in deposits. Most of the
literature concerns sodium or zinc and lead chlorides which
are the most common chlorides found in deposits formed
during coal respectively waste combustion. In biomass
combustion, potassium chloride is the dominant chloride.

The literature consensus is that the presence of alkali
chloride can cause very high corrosion rates well below
the melting point of the pure salt [23—33]. The corrosion
is severe, even when no components other thaor@ir are
present in the gas phase. Alexander [25] found that alkali
chlorides significantly increase the rate of oxidation of both
ferritic and austenitic steels at temperatures abovéG.0on
number of 9/4Cr—1Mo steels were exposed to different salts
in air, at 600C, for as long as 1000 h. The results are shown
in Fig. 6.

Hancock [28] described how deposition of NaCl may
cause scale cracking if the salt particles are allowed to
remain in contact with the surface scale at T0Grabke
et al. [17] conducted corrosion experiments with pure NaCl
and fly ash from a waste incineration plant deposited on the
scale of the steel. They found that adding NaCl on top of the
steel caused active oxidation, and that the rate of oxidation
was proportional to the area covered with NaCl at°&)0
which is well below the melting point of NaCl (88@). The
temperature had a great effect on the mass gain. AtG50
the oxidation rate was quite low, whereas it increased at
higher temperatures. At 480, the corrosion rate was para-
bolic in time whereas at 65Q the corrosion rate was almost
linear with time (Fig. 7). Caution should be taken when
predicting corrosion rates from Fig. 7, because of the rela-
tively short exposure time (100 h). Thus, the 85&urve
could be regarded as the first part of a parabolic curve.

There are two basic ways proposed in the literature
whereby the presence of chlorides in deposits may affect
the corrosion:

1. High partial pressures of chlorinated species are gener-
ated in the deposit close to the metal surface, causing a
corrosion mechanism similar to gas phase corrosion
attack (Section 3). The generation of gaseous chlorine
species could originate from sulfation of alkali chlorides
or by reaction between the chlorides in the deposit and
the metal scale.

The chlorides in the deposit may form low-temperature
melting eutectics, which may flux the oxide layer.

2.
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Fig. 6. Effect of different salt coatings on the oxidation of 9/4Cr—1Mo steel in air &t@G@dapted from Alexander [25]).

4.1. In-deposit sulfation of alkali chlorides

A portion of the MC}(g) product diffuses out through the
deposit to areas with higher partial pressures gfn@ere

Several authors suggest the sulfation of deposited alkali MCl, may react with @, forming metal oxides by reactions

chlorides to be responsible for enhanced corrosion [26,33—

40]. Deposited potassium chloride reacts with gaseouys SO
and/or SQ forming condensed potassium sulfate which is
consistent with thermodynamically driving forces. The

(14) and (15):

4AMClx(9) + 30,(9) — 2M,05(s) + 4Clx(9) 14

sulfation reaction can be described by reactions (11) and 4MCly(9) + 4H,0(9) + O(9) — 2M,04(s) + 8HCI(G)

(12), where HClI is preferably formed when water vapor is
present:

2KCl(s) + SOx(9) + (1/2)0,(9) + H0(9)

— K,SQy(s) + 2HCI(g) 1y

2KCl(s) + SOx(g) + O(9) — K3SO(s) + Cla(9) 12

The released HCI diffuses toward the metal surface to form
volatile metal chloride (FeGlor CrCl). Alternatively, HCI
can be oxidized to Glaccording to reaction (13):

2HCI(g) + (1/2)04(g9) — Clx(g) + H20(9) 13

20 T T T T
P02=133mbar
&
£ 15
S
o))
E
£ 10
o]
o
8
s 5
0 : . " t
0 25 50 75 100

Time (hours)

Fig. 7. Mass gain vs time after preoxidation of 9/4Cr—1Mo steel and
addition of NaCl at different temperatures. Atmosphere:
He + 13 vol.% Q (adapted from Grabke et al. [17]).

15

where Me {Fe, Cr, (Ni)}.

By these reactions, HCI or €is released and can again
diffuse towards the metal surface, reinforcing the process.
Thus, the net reaction leads to a continuous transport of
metal from the metal—scale interface toward the higher
oxygen partial pressure in the bulk gas. After sulfation,
the corrosion mechanism is similar to the one described in
Section 3 for gas phase chlorine attack. By this mechanism,
high partial pressures of chlorine may be formed close to the
metal surface even though the concentration of chlorine in
the bulk phase is low.

Grabke et al. [17] have argued that the sulfation of alkali
chlorides mainly takes place near the outer surface of the
deposit, and that most of the chlorine liberated by reaction
(11) is lost to the atmosphere, but a small part diffuses
inwards to the metal surface. The solid phase sulfation
may either take place by means of S@ SGO; with the
SO, pathway being significantly faster. Only minor concen-
trations of SQ are normally present in the bulk gas.
However, SQ can be formed catalytically within the
deposit, for example by F®; in the oxide layer. This
would cause the most sulfation to take place in the inner
part of the deposit, thus liberating gaseous Cl-species close
to the metal surface.

Miller et al. [26] report laboratory experiments where
carbon steels (A-106, A213-T11, Type 321) with alkali
salts are exposed to a synthetic flue gas containing
250 ppmv SQ@ (80% Ar, 10% CQ, 10% HO with
250 ppmv SQ), at exposure times up to 50 h. They found
that sodium chloride in the presence of flue gas was quite
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Fig. 8. Sequence of reactions occurring in incinerator deposits (adapted from Vaugham et al. [35]).

corrosive to carbon steels, and that the elimination of SO
from the flue gas decreased the corrosion remarkably for
chloride and sulfate-chloride mixtures. Sulfide was detected
in the corrosion product from the samples with NaCl deposit
in flue gas indicating that a reaction involving the £§)
was of importance since that was the only source of sulfur.
They found synergia between NaCl and ,SOn the
corrosion i.e. the corrosion was more severe when the
NaCl deposit and SO were present simultaneously
compared to the summed effect of NaCl deposit and
SO,(9), being present individually. Thus, the Cl-content in
the deposit and SQOn the flue gas are important factors in
the corrosion reaction, probably through a synergistic

converted to sulfates. The authors suggest the in-deposit
sulfation corrosion mechanism described above. The
various complex corrosion mechanisms taking place under
a deposit formed in a waste incineration plant were
presented in Fig. 8. Potassium species should behave similar
to the sodium species.

The finding of Vaugham et al. [35] agree with results
reported by Salmenoja and co-workers [41] who found
accelerated corrosion in the superheater section of a
bubbling fluidized bed boiler burning a high-chlorine
mixture of bark and biosludge. The corrosion was caused
by high concentration of KCI, sulfating with time in the
deposits.

mechanism. The authors suggest the generation of HCI by  The rate of the sulfation reaction is dependent on the gas-

a solid phase sulfation of NaCl (analogous to reaction (14))
in the deposit.
These findings are similar to the ones of Gotthjaelp et al.

phase composition. In case sufficient sulfur is present, alkali
chlorides will eventually react to form sulfates being the
thermodynamically stable alkali species, at lower tempera-

[33] who found that the presence of both aggressive gasestures. However, the solid phase sulfation of alkali chlorides

(200 ppm HCI, 300 ppm S£in oxidizing conditions) and
ash deposit (mainly consisting of KCl ang$0y) increase
the corrosion rate synergistically. Gotthjaelp et al. [33]
propose that the sulfation of KCI in the deposit by ,SO
and Q is the initiation reaction for the active oxidation

may be slow [4,42].

4.2. Reaction between Cl-species in the deposits and the
metal scale

Instead of C] being generated by the sulfation of alkali

mechanism, because the sulfation can only occur when
both deposits and aggressive gases are present. They alsghlorides, Grabke [7] and Spiegel and Grabke [43] suggest
found that the austenitic specimens embedded in ash that the alkali chlorides react with the metal scale according
deposits (from a straw-fired power plant) at 80@orroded to the following reactions:

faster in a flue gas at 800 than at 6080C. Sanicro 28

showed improved resistance to corrosion attack compared 2NaCls ) + (I2)Cr,04(9) + (54)0(9)

to Sandvik 8 LR30, probably due to the higher content of  _, Na,CrO,(s 1) + Cly(g) (16)
nickel and chromium. For Sanicro 28, the metal adjacent to
the corrosion front was rich in nickel and depleted in iron
and chromium. 2NaCls 1) + F&04(s) + (1/2)0,(9)
Vaugham et al. [35] found that chlorine in refuse was — NayFe,0,(s 1) + Chy(g) an

responsible for the most serious corrosion in waste inciner-

ators. Deposits collected on probes were high in chlorine  Both of these reactions result in high partial pressures of
content, ranging from 21 to 27 wt%. As the deposits aged, Cl, and the corrosion mechanism can proceed as described
the amount of chlorine decreased because the chlorides werein Section 4.1.
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Fig. 9. Binary phase diagram of KCI-BO, (adapted from Akopov
and Korobka [46]).

4.3. Reaction between NaCl and chromium carbide

Fujikawa and Maruyama [30] studied the influence of

291
by identification of Cj and CQ by gas analyzers:

MC(s) + 2NaCls) + 20,(9)
(19
— MO(s) + Na,O(s) + CO,(g) + Clx(9)

The NgO formed, may dissolve metal oxide to give sodium
metal oxide, e.g. N&LrO,, and C} evolved may react with
metal oxide to form metal chloride according to reactions
(20) and (21):

MO(s) + Na,O(s, 1) — Na,O:-MO(s, 1) (20

MO(s) + (1/2)Cl,(g) — MCI(S, 1, g) + (1/2)Ox(9) (21

Some of the metal chlorides may evaporate resulting in a
smaller weight gain.
5. Reactions involving molten Cl-species

Pure potassium chloride has a melting point of 7 dbut
can form low-temperature eutectics together with several

NaCl deposit on superheater steels. It was found that the other substances. Molten phases increase the corrosion
corrosion attack consisted of corrosion thickness loss and rate, and the presence of a liquid phase on the surface of a
internal penetration depth. The total depth of corrosion in metal is usually necessary for high corrosion rates [45].
the alloys increased dramatically above 850This was Kofstad [45] lists two principal reasons for this:

due to an increase in the internal penetration depth as well
as in the general corrosion loss. The internal attack was
assumed to be associated with carbides in the grain
boundaries and the authors found that the internal pen-
etration increased significantly with the carbon content in
the steel. The chromium content in the steel was found to Potassium forms low melting point eutectics with a variety
increase the corrosion at temperatures below the melting of chemical species. For example the eutectic temperature

1. Chemical reactions may be faster in a liquid phase than as
solid—solid reactions.

2. A liquid phase provides an electrolyte, or a pathway for
ionic charge transfer, for the electrochemical attack.

point of NaCl (802C), but to decrease internal penetra-
tion attack. The authors [30] suggested that NaCl—vapor
react with chromium carbide according to the following
reaction:

Cry3Cq(s) + 46NaClg) + 520,(g)

— 23NaCrO4(s 1) + 6CO,(Qg) + 23ChL(Q) (18

However, Fujikawa and Maruyama [30] found that chro-
mium was a beneficial element in the steel above the melting
point of NaCl.

Hiramatsu et al. [31] studied the influence of NaCl coat-
ings on stainless steel below the melting point of NaCl. The
results agree well with the ones from Fujikawa and
Maruyama [30]. Furthermore, Hiramatsu et al. [31] were
able to detect N&£rO, as a corrosion product.

The interaction of NaCl with a number of metal carbides
in oxygen was studied by Mobin and Malik [44] in the
temperature interval 627-927 using a microbalance
(TGA). Iron and chromium carbide initially lost and then
gained weight. The initial weight loss, it was postulated,
resulted from reaction (19), where gaseous &id CQ
are liberated. The formation of £and CQ was verified

between potassium chloride and potassium sulfate i8®%94
(Fig. 9).

Potassium chloride also forms a low-temperature eutectic
with iron and chromium. KCI forms low temperature eutec-
tics with FeC} and CrC} at temperatures of 355 and 470
respectively. KCI forms very low-temperature eutectics
with FeCk as low as 202-22C. A local liquid phase
could be formed at the deposit—metal interface as potassium
chloride in the deposit reacts with the scale or metal. The
melting points of pure substances and eutectic points of
binary systems of interest are summarized in Table 3. Fig.
10 shows the binary system Fg@hd KCI.

Paul and Daniel [32] studied chromia-scale and iron-
oxide scale forming alloys in the laboratory using simu-
lated ash deposits and flue gases at°@l6They have
found that rapid corrosion in molten chlorides was
favored by oxidizing conditions and retarded by reducing
conditions, with alternating flue gas compositions causing
intermediate corrosion attack. However, this effect may
be due to 1000 ppm SOpresent in the oxidizing gas
but absent in the reducing gas. Furthermore, both flue
gases contained 1000 ppm HCI together with various
concentrations of © CO,, CO, N,, H,, and HO. The
authors explain their findings by the formation of molten
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Table 3 waste incinerators (reaction (22)):

Melting temperatures of eutectic temperatures for different pure
species and binary mixtures. (1): Shinata [47]. All other data are F&05(s) + 6NaCls, ) — 2FeChk(g) + 3NaO(s,I) (22

from Jenz et al. [48] The corrosion (at 35C) is expected to be self-sustaining
for iron and chromium since these chlorides are highly
volatile at these temperatures. By contrast NiO is expected
to be protective since the product of the dissolution reaction

System Melting/eutectic Composition at eutectic
temperature®C) point (mol% alkali)

NacCl 801 is not volatile so that accelerated hot corrosion cannot be
KCl 772 sustained.

FeCb 677 Karisson et al. [51] have conducted laboratory experi-
FeCk 300 ments where mixtures of KCI with Fe, &, Cr,0s, and a
NaCl-FeC) 370-374 ~56 metal alloy, respectively, were heated in the presence of a
NaCl-FeC{ 151 453 1:1 gas mixture of S@and Q. The mixture of FgO; (or Fe)
KCI-FeCh 340-393 45.8-91.8 - - .

KCl—FeCl 202202 2447 and KCI was observed to pegl_n reacting v_wth the gas at
crcl, 845 31C°C and the rate of reaction increased with temperature
CrCly 947 to approximately 50, above which the reaction decreased
NaCl-CrC} 437 53.7 in the temperature range 500—8860 When no S was
NaCl-CrC} 544-593 68-95 present in the gas phase, no reaction was observed. X-ray
KCI-CrCl, 462-475 36-70 diffractometry revealed the presence gH€(SQ); whereas
KCI-CrCl; 700-795 54-89 FeCk was not found in detectable amounts. Chlorine was
N&,Cro, 792 produced in the reaction. The authors suggest that the
KoCro, 980 corrosion is caused by the presence of liquid BeCl
NaCl-NaCrO, 557

KCI-K,CrO, 650 68.4 Fe,05(s) + 6KCI(s 1) + 3S0x(g) + (3/2)0,(0)

Na,Cr,0; 356.7

K.Cr,O, 398 — 2FeCl(s,1,9) + 3K,SO4(s) (23
NaCl-NaCr,0; (1) 592 30 .

KCl-K,Cr,0; 366-_368 25_275 FeCk can react with S@and Q to form Fe(SOy)s(S)

according to reaction (24), which could explain the absence
of FeC} in the corrosion product. FeChas a low melting
chloride salts (e.g. Feglwhich cause an anodic dissolu- temperature (3XC) and a high vapor pressure:

tion of metal in the molten salt [33]. The stainless steel 2FeCk(s.|.g) + 3S +3

was found to be quite resistant to the Zp@KCI bsl9 @ (9
mixture whereas it corroded rapidly in the Na€l — Fey,(SOp)3(9) + 3Cly(g) (24
FeCl + KCI mixture, and the authors conclude that ) ‘ ‘ .

FeCh changes the corrosive nature of the chloride melt Reactions (23) and (24) combined gives reaction (25):
and makes it aggressive towards stainless steel. Otsukaype,0,(s) + 12KCI(s I) + 12SQ(g) + 90,(q)

and Kudo [50] suggest that fluxing of & in molten : g g

chlorides is responsible for the corrosion in Japanese — 4K;Fe(SQy)s(s 1) + 6Cl(Q) (25

800
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Fig. 10. Binary phase diagram of KCI-Fe@adapted from Pinch and Hirshon [49]).
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Fig. 11. Possible effect of metal chloride, MCI, on chromium, Cr—
Ni alloys and stainless steels (adapted from Shinata and Nishi [52]).

A series of articles by Shinata and co-workers [29,47,52]
describe the effect of NaCl on chromium, Cr—Ni alloys, and
stainless steel. They have found that the presence of NaClI(s)
in an oxidizing environment accelerates the oxidation of
chromium and stainless steel.

Shinata and Nishi [52] investigated the oxidation and
formation of liquid phases in the system NaCl-Cr using
differential thermal analysis. They have found that during
heating in oxygen an exothermic reaction occurs above
557C on the DTA curve, associated with an abrupt increase
in mass. No interaction between the metal and the salt
occurred in argon. A distinct accelerated oxidation of
chromium was observed in the presence of small amounts
of NaCl, and hexavalent chromium was identified as
N&aCrQ, in addition to CyOs. The eutectic point in the
system NaCl and N&rO, is 557C and it is suggested
that NgCrQ, is involved in the reaction mechanism by
forming the eutectic with NaCl. The influence of chlorides
other than NaCl on corrosion was also investigated [52]. The
rate of oxidation varied with the cation, but in all cases
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Fig. 12. Mass gain vs time for un- and NaCl-coated stainless steel
oxidized at 756C. NaCl coating: 20 mg/cf(adapted from Shinata
et al. [29]).

rates of the stainless steels investigated were found to
increase about 30—120 times when coated with NaCl (Fig.
12). The chromium contained in the steels was oxidized
selectively, forming a non-protective £; scale. The
authors found that chromium in alloys accelerates NaCl-
associated high-temperature corrosion. Consequently, steels
high in chromium were more severely corroded than lower
chromium steels. Nickel reduces the corrosion below the
melting point of NaCl, but above the melting point the
restrictive action of nickel disappears.

Shinata [47] have studied the oxidation of chromium
specimens coated with NaCl. He found that the oxidation
mass gain curves generated could be divided into two types.

corrosion accelerated. The authors have concluded that theType | involved only accelerated oxidation during the initial

Cl™ anion plays an important role in the process, while
cations such as Na NH;, and NF" only affect the
magnitude of the acceleration rate. The authors conclude
that NaCl appears to act as a catalyst for the accelerated
oxidation, because accelerated oxidation can occur in the
presence of a small amount of NaCl, and NaCl is not
consumed significantly in the oxidation. The following
mechanism is suggested:

4Cr(s) + 30,(g) + MCI(s ) = 2Cr,0O3(s) + MCI(s 1) (26)

The chloride takes part in various steps of this mechanism
without being consumed. The reaction mechanism is not
clearly understood with regard to the intermediate
compounds, but the authors suggest that the mechanism
could look like the mechanism depicted in Fig. 11. When
applying the above corrosion mechanism to biomass-fired
systems, it should be noted that the eutectic temperature in
the KCI-K,CrQ, system is 65%C (Table 3).

The corrosion of different stainless steels in the presence
of NaCl under flowing air, at constant temperature is
described by Shinata et al. [29]. NaCl was found to accel-
erate the corrosion in the temperature range 650200

stage, followed by the formation of a thin protective,@#
film. Type Il, involved an accelerated corrosion continuing
after the initial stage and a thick, non-protective@xffilm
containing NaCrO,. The features of the two types of
corrosion are summarized as follows:

e Type t Occurred at low temperatures and with small
amounts of NaCl-coatings. The initial oxidation is caused
by the CI'-anion. Subsequently, a protective layer of
Cr,0; is formed and the corrosion rate decreases.

e Type It Occurred at high temperatures and with large
amounts of NaCl. After the initiation process, an eutectic
melt is formed between NaCl and p&xO,. Once the
eutectic is formed, the oxidation reaction occurs in the
melt. Itis considered difficult to form a protective scale in
such a melt. For the formation of the eutectic, a large
amount of NaCl is necessary, because NaCl is consumed
producing NaCrQ,. Some of the NaCl is volatilized at
high temperatures. Thus, accelerated oxidation did not
continue when only a small amount of NaCl was present.

Nielsen et al. [53] report lab-scale corrosion experiments

where metal test elements covered with KCI were exposed

where the acceleration was considerably higher above the to a synthetic flue gas containing 60 ppmv,3®an oxidiz-

melting temperature of NaCl. High-temperature corrosion

ing simulated flue gas at 58D. A distinguishable dense
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Metal Temperature (°C) involving corrosive attack by forming a basic solute of the
600 650 700 750 protective scale.

300 LD ! \ l I The temperature dependence of the rate of corrosion is
! described by the bell-shaped curve shown in Fig. 13 [55].
' The bell-shaped curve can be explained by the behavior of
the ash deposited on the surface of the tube and the effect of
the temperate gradient in the deposit. At relatively low
temperatures, below 580, the ash deposit is a porous
layer which allows relatively free gas diffusion between
- the tube surface and the bulk flue gas. Corrosion proceeds
at a modest rate, corresponding approximately to the
temperature-dependent rate for gas-phase oxidation of the
0 | | | S~ metal. The corrosion rate is dramatically increased at high
850 900 950 1000 1050 metal temperatures, as the deposit forms a molten layer of
alkali—-metal—trisulfates next to the tube surface. The
melting points of the sulfated deposit depends on both the

Fig. 13. Bell-shaped curve for the temperature dependence of corro- Partial pressure of SPthe relative proportiqns of sqdium
sion on superheater tubes in coal-fired boilers. The dotted line is a @nd potassium, and the presence of calcium, which may

200 |-
Sulphate Deposit
Melting Range

100 |-

Corrosion Rate (nm h-1)

Metal Temperature (K)

theoretical prediction (adapted from Cutler and Raask [55]). have an inhibiting effect on the availability of alkalies for
the formation of the alkali—iron—trisulfate [54,57].
inner layer of kSO, with threads of iron oxide was formed The molten layer of alkali—metal—trisulfates modifies the

on all the samples whereas the solid KCl-particles only oxidation potential at the outer surface of the oxide layer and
showed little sulfation (5—1Q.m) in the rim of the particles. allows the dissolution of the scale as metal sulfates iSO

A corrosion mechanism is proposed where KCl forms a melt more soluble than £in molten alkali sulfate. Furthermore,
with components of sulfur and iron followed by a rapid O,is consumed in the oxidation of the metals at the metal—
sulfation occuring in the melt, and releasing gaseous CI- scale interface. This increases the sulfur potential allowing
species. The gaseous chlorine compounds may then causesulfidation (reaction (29)) of the metal to occur. The scale
chlorine corrosion, but as the dense inner layer ¢5®; formed is less protective than the one formed by normal
builds up it may cause a barrier for further corrosion by oxidation:

gaseous chlorine.
Fe+ S— FeS (29

The temperature gradient across the molten sulfate layer
promotes continuous fluxing of the protective scale. At the
scale—melt interface, metal ions are formed by a cathodic
process, forming metal sulfates that diffuse outwards in the
melt. Sulfates of iron and chromium have a high solubility at
the scale—melt interface but, because of the temperature
gradient, the solubility decreases outward in the sulfate
melt, and eventually the metals are precipitated as metal
oxides (Fig. 14) [21,56]. This promotes a continuous
dissolution of the scale.

The right side of the bell-shaped corrosion curve (where
3N&SO,(s) + Fe,05(5) + 3S0(g) — 2NasFe(SOy)s(s, 1) the corrosion rate decreases with temperature) can be

27 explained by the decreasing stability of the iron and
chromium sulfates at higher temperatures [55].
The presence of chlorides can affect the molten sulfate

6. Molten sulfate corrosion

The most common form of accelerated corrosion of
superheater tubes in coal-fired conventional boilers, is
caused by the presence of molten alkali—metal—trisulfates.
Fouling deposits on superheater tubes are often found to
have an inner white layer rich in sodium sulfate, particularly
when burning low-rank coals. The deposited alkali sulfate
reacts with S@and iron oxide to form liquid alkali—iron—
trisulfate (reactions (27) and (28)):

3KZSO4(S) + F6203(S) + 3802(9) - 2K3F&SO4)3(S, |) corrosion in two ways:
@9 1. Chlorides may cause the breakdown of the normally
The formation of alkali—iron—trisulfates requires a rela- protective scale. Normally, SGand SQ cannot diffuse
tively high local concentration of SPwhich is generated by through the scale. In case the scale ruptures, &D
heterogeneous catalytic oxidation of Sthin the deposit, penetrate the oxide layer through such ruptures in the
e.g. FeO; catalyzes the oxidation of S@o SQ;. Corrosion scale. This may result in increased sulfate corrosion of

caused by alkali-metal-trisulfates is well described in the  superheater tubes.
literature [21,45,54-56]. This type of corrosion is generally 2. The presence of chlorides in alkali sulfate decreases the
described by what is called the basic fluxing model, melting temperature of the salt mixture, thus increasing
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Fig. 14. Precipitation of MO to form a porous layer induced by the
solubility gradient in a fused salt film (adapted from Rapp [56]).
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oxide gases. This may have an effect on the corrosion rate
observed by molten sulfates, since the temperature differ-
ence across the melt plays a role in establishing continuous
dissolution of the scale.

McKee et al. [58] report laboratory data concerning the
role of NaCl in the mechanism of NaO;-induced hot
corrosion attack at 700—88D. They found that when SO
is present together with small concentrations of NaCl in
N&SQ, in an oxidizing atmosphere, the alloys are rapidly
attacked at around 730, whereas much less corrosion
occurs when either SOor NaCl is absent. As little as
100 ppm SQ@ with NaCl in the salt was found to be able
to increase the rate of attack, compared to The bulk of
the deposit was not found to be molten, but it appeared that
the salt grains in contact with the sample had formed a small
amount of liquid phase. Caution has to be taken with these
experiments as the short exposure time of 6 h may make
them representative only of corrosion initiation.

Hancock [28] reports that the addition of sodium chloride
to sodium sulfate eliminates the incubation period. Increasing
the chromium content in the alloy usually has positive effects
on corrosion resistance against alkali sulfates. However, the
alkali metal chlorides destroy the protective chromium oxide
layer and, above a threshold level of 0.1-1 wt% chlorine in
the deposit, sulfur penetration occurs [25].

Cutler et al. [59] have found that addition of 500 ppm HCI

the temperature range of corrosion, on the bell-shaped to the combustion gas at combustion rig tests increased the

corrosion curve shown in Fig. 12.

Several authors [23—26] report significant increases in the
corrosion rate when as little as 1 wt% NaCl was added to an

alkali sulfate solution. The effect of small increases in chlor-
ide concentration is more marked for austenitic than for
ferritic steels. The effect of different coatings of sodium
salts on the oxidation of 18Cr—12Ni—1Nb steel at €50

is shown in Fig. 15. The experiments carried out by Shirley
[23], Lucas [24], and Alexander [25] were performed under
isothermal conditions in air without the presence of sulfur

rate of corrosion. The addition of HCI also extended the
temperature range over which corrosion was observed.
The authors have found that adding 1 mol% NaCl to the
melt in laboratory experiments had a negligible effect on
corrosion, which is contradictory to the observations of
Alexander [25]. The effect of the HCI addition in the
combustion rig tests may be due to an enhanced release of
potassium from the coal and the subsequently deposition on
the metal.

Generally, the presence of chlorine makes the bell-shaped
curve in Fig. 12 wider and higher.
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Fig. 15. Effect of coatings of sodium salts on the oxidation of 18Cr—12Ni—1Nb steel &€ §b0cas, 1963, adapted from Alexander [25]).
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7. Potential corrosion problems in biomass-fired boilers chromium and iron in the steel, leaving a skeleton rich in
nickel behind.

Biomass has a high content of alkali metals and chlorine,  Salmenoja and coworkers [40,41,61] report corrosion
and most biomass fuels contain very little sulfur. The major- failure of superheater tubes in a bubbling fluidized bed
ity of potassium is released into the gas phase during boiler, after only six months of operation, burning a high-
combustion and is present in the gas phase mainly as pot- Cl bark-biosludge mixture. Maximum corrosion rates of up
assium chloride and potassium hydroxide. When the flue gasto 10 mm/year were measured for the ferritic X20
passes through the convective pass of a bailer, it is cooled (X20CrMoV121) with a steam outlet temperature of
and some of the alkali metals condense on the heat exchan-530°C (corresponding to a maximum metal temperature of
ger tubes. Part of the alkali metals may condense on fly ash 570—-580C). The corrosion was associated with a high
particles, which later may impact on the heat exchanger content of KCI in the deposit on the downstream side of
tubes. The alkali metals can either condense as chloridesthe tube and always occurred in the hottest section of the
or sulfates. The alkali metal of major concern in biomass tertiary superheater where soot-blowing was effective. High
is potassium. chlorine concentrations were always found in the interface

Henriksen et al. [38] report selective chlorine corrosion between the metal and scale and iron had diffused out from
when co-firing coal with straw in a circulating fluidized bed. the metal to form an oxide layer outside the original outline
The probes show selective corrosion, where mainly chro- of the metal. The internal corrosion was observed to take
mium and to some extent iron was removed from the metal place through grain boundaries. The authors explain their
grains and particularly from the grain boundaries, leaving findings by an observed sulfation of the KCI in the deposits
these areas enriched in nickel. Chlorides were found in the which liberates HCI. The chlorine gas then acts as an acti-
degraded zone. The authors suggest that alkali chlorides arevator and enhances the diffusion of iron and the formation of
deposited on the tubes, sulfated by,38us releasing Gl the iron oxide scale probably by the formation of volatile
close to the metal surface. However, Henriksen et al. [38] iron chlorides. The melting behavior of the deposit causing
did not find any signs of selective corrosion when the same the corrosion was studied by TGA [41] and the first melting
proportions of straw were added to suspension-firing of coal. occurred around 43Q both for the down- and the upstream
The authors suggest that in the suspension-firing system, thedeposit. The next peak indicating melt formation occurred at
temperature in the combustion zone is high enough for 540°C for the downstream deposit. The melting behavior of
the volatilized alkali metals to react with silicates and the deposit indicated that liquid phase corrosion may be
hereby be captured in a solid phase. This means that theinvolved in the corrosion attack, even though the authors
alkali metals are no longer able to condense and thus do not conclude this from their findings. Decreasing the
being present on the heat exchanger tubes. steam temperature to 48Dhad little effect on the corrosion

Skrifvars et al. [60] studied the corrosion mechanism in rate and the failure occurred after eight months correspond-
an fluidized bed burning Cl-containing fuels. In the case of ing to a maximum rate of 5—-6 mm/year. The corrosion
biomass combustion, X-ray maps of deposits, revealed that problems were solved by changing the material to a high
potassium and chlorine often occur in combination. They chromium and nickel austenitic steel (Werkstoff Nr. 1.4877)
suggest that potassium and chlorine condense from the gas(26—28% Cr, 31-33% Ni) which showed about one-tenth of
phase together, probably as potassium chloride, and that thethe corrosion rate of alloy X20 in corrosion probe measure-
alkali chlorides decrease the melting point temperature of ments and have shown to behave well when installed in the
the fly ash, thus promoting molten phase corrosion. When boiler.
burning a non-biomass, Cl-containing fuel, the potassium
follows sodium and sulfur rather than chlorine and the
corrosion proceeds through the chlorine containing grain 8. Conclusions
boundaries. The authors suggest, based on thermodynamic

considerations, that the corrosion is caused bygElor In summary, it is clear that chlorine under some con-
HCI(g), through the formation of volatile metal chlorides, ditions may cause accelerated corrosion resulting in
as described in Section 3. increased oxidation, metal wastage, internal attack, void

Larsen et al. [39] studied the effect of increased metal formations, and loose non-adherent scales. The corrosion
temperature on the corrosion of superheater tubes in future caused by chlorine is closely connected to alkali metals,
plants. The experiments were carried out on a 10.7 MW especially when present in the deposits.
straw-fired grate. Only negligible corrosion of the existing When evaluating corrosion rates from different exper-
superheater tubes, having a steam temperature diC450 iments, itis important to look not only at the weight change,
(Tmeta = 480°C), was observed, but corrosion probe but also at the depth of internal attack. Caution must be
measurements have showed that severe corrosion takesaken when extrapolating corrosion rates gained from
place at test probes with metal temperatures exceeding short-time laboratory experiments to prediction of life
500°C. The metal test elements were found to suffer from times of superheater alloys.
severe selective corrosion, where chloride attacks the The relatively high partial pressure of HCl in the bulk gas
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in a biomass-fired boiler (up to 1000 ppmv) will probably
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(Department of Energy), Office of Energy Efficiency and

not cause severe gas phase corrosion attacks. However, theRenewable Energy’s Biomass Power Program.

high concentration of HCI may increase sulfidation of water-
walls in areas where locally reducing conditions occur, due
to poor combustion and flame impingement. This can both
be of importance in biomass-fired boilers and in boilers co-
combusted with coal and biomass. The high concentration
of HCl and C} gas may influence the volatilization of alkali
species from coal in co-fired systems resulting in higher
concentrations of alkali on the superheater tubes.

Severe corrosion may occur when chlorine is present in
the deposits which are in direct contact with the metal scale.
The corrosion can be severe in air, but can be further
enhanced by SQwhich may cause intra-deposit sulfation
of alkali chlorides releasing HCI(g) or €¢) close to the
metal surface. Furthermore, alkali chlorides may react with
the metal scale or with chromium carbide to form gaseous
HCI or Cl, close to the metal. In case the metal temperature
becomes high enough for the deposit to form molten phases,
the corrosion may be further enhanced. Small concentra-
tions of alkali chlorides may increase the corrosion rate
caused by molten sulfates in the case of co-combustion of
straw and coal.

All of the corrosion mechanisms which are reviewed here
may take place in combustion systems. Which mechanism
that is the dominant one will depend on the combustion
environment, combustion temperature, metal temperature
and the presence of other elements such as alkali metals,
sulfur, silicon, and aluminum.

In biomass-fired boilers, the most severe corrosion
problems is associated with deposits containing alkali
chlorides mainly on the superheater tubes of the boiler.
This literature review has shown that the presence of alkali
chlorides in deposits may cause accelerated corrosion
well below the melting point of KCI. The potential
corrosion problems associated with power generation
from high-alkali biomass fuels, such as straw and grasses,
may be a serious issue to consider. Either the temperature of
the steam must be kept low, new alloys must be found which
are resistant towards chlorine corrosion, or ways to prevent
potassium chloride to be present in the deposits must to be
found.
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