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The selection of fuel for a Combined Heat and Power (CHP) plant can vary over time. By choosing less
expensive fuels, operation costs are reduced, however, cheaper fuels generally increase corrosion main-
tenance costs. The corrosiveness of different fuels has been studied extensively while how the current
corrosion attack is influenced by corrosion history, i.e. previous deposit build-up and oxide scale forma-
tion, is less studied. This phenomenon may be referred to as a ‘‘corrosion memory” effect (Paz et al.,
2017). The present work investigates the influence of addition of sulfur to the fuel on the corrosion mem-
ory through air-cooled probes in the Waste-to Energy lines at Måbjerg Energy Center (MEC) in Denmark.
The results show a corrosion memory effect, i.e. as initially corrosive environment may increase the sub-
sequent corrosion rate and vice versa.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The selection of fuel has a great impact on the total budget of a
CHP plant. By choosing less expensive fuels (like different fractions
of biomass or waste) the profit of the plant can increase greatly.
Cheaper fuels are usually more corrosive, and the profit is
decreased by increased maintenance costs, due to corrosion. In
order to keep these costs low, the steam parameters are normally
lowered, resulting in not only lower corrosion rates but also a drop
in electrical efficiency. Hence, in order to increase the green elec-
tricity production from these corrosive fuels, more effective corro-
sion mitigation techniques are needed. One promising solution is
the Sulfur Recirculation technique (Andersson et al., 2014;
Andersson et al., 2019)

The beneficial effect of sulfur addition on high temperature cor-
rosion is well documented (Henderson et al., 2006; Karlsson et al.,
2011; Krause et al., 1975; Pettersson et al., 2011; Vainio et al.,
2013; Viklund et al., 2009). However, in contrast to other corrosion
mitigation techniques based on sulfur containing species, the Sul-
fur Recirculation avoids the disadvantages of additional residue
production by only using the fuel sulfur. The technique aims to
change the environment at the superheaters in order to limit the
high-temperature corrosion. This is primarily done by decreasing
the presence of alkali chlorides. The issue of chlorine and alkali
chloride induced corrosion has previously been studied
(Gerassimidou et al., 2020; Ma et al., 2020; Meissner et al., 2020;
Reddy et al., 2019; Vainio et al., 2019) and different ways to miti-
gate its effect have been addressed in recent years (Karlsson et al.,
2015; Karlsson et al., 2012; Ma, et al., 2020; Meissner, et al., 2020).
A successful way to minimize the corrosiveness of alkali chlorides
is to sulfate them to corresponding alkali sulfates. This can be done
by using elemental sulfur, sulfur-rich additives or by co– combus-
tion with a suitable fuel, e.g. sludge and coal (Henderson et al.;
Karlsson et al., 2011; Krause, et al., 1975; Pettersson, et al., 2011;
Vainio et al., 2013; Viklund et al., 2009). The presence of sulfur in
the fuel changes the flue gas chemistry; alkali chlorides react with
SO2/SO3 forming alkali sulfates, and chlorine is released as HCl.
There are several papers that investigate the gas phase reactions
between alkali chlorides and sulfur containing species (Krause,
et al., 1975). In addition to these publications, an investigation of
the sulfation of solid alkali chlorides (i.e. deposits) and how they
affect the corrosion has recently been published (Pettersson,
et al., 2011) However, very little is known about the memory effect
of a corrosive/less corrosive environment/deposit. Paz et al (Paz,
et al., 2017) investigated the corrosion memory influence by intro-
ducing a novel scheme that utilized probe exposures in two differ-
ent boilers, one co-firing biomass and one waste-fired boiler.

The first full scale installation of the Sulfur Recirculation at
Måbjerg Energy Center (MEC) in Denmark offers a unique setup
to study the corrosion memory effect. The two production lines
offers two different environments separated by only 10 m, which
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allows corrosion probes to be moved between these environments
during the tests.

The aim is to study the high temperature corrosion memory
effect of a commercial stainless steel with air-cooled corrosion
probes in a full-scale waste fired boiler using a full-scale installa-
tion of the corrosion mitigation technique Sulfur Recirculation.
2. Materials and methods

2.1. The boiler

The Måbjerg Energy Center consists of two waste-fired boilers
with a capacity of 2*11 t/h and a straw/woodchips boiler firing
7 t/h. Together they produce 28 MW continuous electrical power
and 84 MW district heating. 180.000 t/year of household and
industrial waste are treated in the waste lines together with
10.000 t/year of sludge. Both waste-fired lines are operating with
the same fuel mix, fed from one bunker. A Sulfur Recirculation sys-
tem(Andersson, et al., 2019) was installed at Line 1 (L1) shown in
Fig. 1. The Sulfur Recirculation installation consists mainly of a
storage vessel and dosage system for hydrogen peroxide (H2O2),
a raw gas analyzer for SO2, equipment for transport and dosage
of sulfuric acid into the furnace. SO2 is separated in the wet scrub-
ber using H2O2, producing a 15-25 wt% H2SO4 solution, which is
injected into the boiler producing SO2, thus creating a sulfur loop.
The sulfuric acid is sprayed through nozzles with atomization air,
which produces a fine mist which evaporates rapidly. The H2SO4

dosage rate is controlled by a PID controller, which maintains a
fixed SO2 setpoint downstream of the boiler. The recirculated sul-
fur will increase the gas concentration of SO2 in the boiler and
decrease the Cl/S ratio of the deposits and ashes, thus lowering
chlorine content of the boiler deposits, in order to decrease the
high temperature corrosion and the dioxin formation rates as well
as dioxin emissions. This produce a setup with the same fuel but
different environment for the superheaters in each line. The two
different lines are in addition only separated by approximately
10 m and have manholes installed at the superheater position on
both lines where air cooled probes could be inserted.

2.2. Probe exposures

The exposures were performed by air cooled probes consisting
of two temperature zones, 525 and 450 �C. In order to reach the
desired temperature, a cooling system is integrated in the probe.
The same probe system was previously used for similar research
(Paz, et al., 2017). The corrosion memory effect was investigated
Fig. 1. The flue gas treatment of MEC consists of an ESP (Electrostatic Precipitator),
a HCl scrubber and a multistage scrubber for SO2 removal, dioxin removal using
ADIOX and flue gas condensation (Andersson, et al., 2019), reproduced with
permission from Detritus journal.
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by switching the probes between two different lines: the reference
line (Line 2, called ‘‘Ref”) was in normal operating mode, while the
Sulfur Recirculation line (Line 1, called ‘‘Rec”) produced a less cor-
rosive environment by recirculating the sulfur.

The corrosion memory effect was investigated with four differ-
ent air-cooled probes:

Two probes stayed in their respective line during the whole
2000 h duration of the exposure: ‘‘Ref” was only exposed in the ref-
erence line and ‘‘Rec” only in the Sulfur Recirculation line.

Two so called ‘‘corrosion memory probes” were switched after
half of the duration of the exposure: ‘‘RefRec” was first exposed
for 1000 h in the reference line and then 1000 h in the Sulfur Recir-
culation line. ‘‘RecRef” was exposed the other way around.

The samples were produced as rings in order to fit the air-
cooled probes and the material selected for this study was 347H
stainless steel (C < 0.1, Cr: 17.0–20.0, Ni: 9.0–13.0, Si < 0.75,
Mn < 2.0, Nb: 1.10) exposed at 525 �C. The temperature was con-
trolled by using termocouples and the probes were cooled by using
compressed air. The temperature was recorded during the whole
process. The measured value was 525 ± 3 �C during the 2000 h
exposure.

Highly alloyed sample rings of Sanicro28 were in addition
exposed in the same probes in order to investigate the deposit for-
mation in the different lines, i.e. with and without Sulphur
Recirculation.

2.3. Analytical techniques

2.3.1. Scanning electron microscopy/energy dispersive X-rays (SEM/
EDX)

After the boiler exposure, the samples were cast in epoxy, cut
and polished in order to produce a cross-section of the alloy, the
corrosion attack and the deposit. The polished cross-sections of
the samples were investigated by backscattered (BSE) scanning
electron microscopy (SEM). The SEM was equipped with an Energy
Dispersive X-ray system enabling analysis of the elemental compo-
sition in small areas of the sample. In this study, a FEI 200 Quanta
FEG ESEM was used. It is equipped with a field emission electron
gun (FEG) and an Oxford Inca energy dispersive X-ray (EDX) sys-
tem. SEM/EDX was used for imaging, elemental mapping and
quantification. An accelerating voltage of 20 kV was used for all
analysis.

2.3.2. Material loss measurements
The samples were evaluated by means of metal loss determina-

tion. The material thickness prior to exposures were measured
with a digital screw micrometer (0.0001 mm resolution). Each
sample was measured at 8 different locations by turning the sam-
ple ring 45� each time. After the exposure, the sample thickness
was measured in the same points with SEM at sample cross sec-
tions. The edges of the ring were avoided. The material loss was
determined by the difference between the sample thickness before
and after the exposures.

2.3.3. Ion chromatography (IC)
The deposits formed were analyzed in detail. The deposits were

removed after the 2000 h exposure and analyzed by using Ion
Chromatography (IC). To determine water-soluble anions (Cl-,
SO4

2-) in the deposit of the exposed samples, a Dionex ICS-90 sys-
tem was used. The anions were analyzed with an IonPac AS4A-SC
analytic column and 1.8 mM NaHCO3/1.7mMNaHCO3 was used
as eluent. The flow rate was 2 mL/min. A representative and known
amount of deposit was removed from the samples and dissolved in
100 mL distilled water. A 5 mL sample of this prepared solution
was inserted into the IC column in order to know the amount of
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chlorine and sulfate ions (ppm). The results are presented as mass
percentage (amount of ions/100 g deposit).
3. Results and discussion

3.1. Deposit composition – IC

In order to analyse the deposit composition in the superheater
region, some deposit was removed from the air-cooled probes
before the removal of the samples. All the deposits were hard
and difficult to remove from the probes.

The amount of chlorine and sulphate was determined by means
of ion chromatography. Fig. 2 shows the percentage of chlorine and
sulphate in the deposit for the reference probes and from the cor-
rosion memory probes.

After 2000 h the reduction of the chlorine is drastic between the
Sulfur Recirculation line and the reference line with a 97% reduc-
tion of chlorine in the Sulfur Recirculation line. The amount of
chlorine in the reference line (Ref) was about 3 wt% and 0,1 wt%
in the Sulfur Recirculation deposit (Rec). Regarding the corrosion
memory probes which were exposed 1000 h in each line/environ-
ment, the dense hard deposits made it very difficult to remove a
representative part of the deposit. The first corrosion memory
probe is represented as RecRef where the samples were exposed
first 1000 h in the sulfur recirculation line and then 1000 h in
the reference line. By comparing with the results of the reference
exposures, it can be concluded that the RefRec sample has similar
amount of chlorine as the deposit on the sulfur recirculation sam-
ple (Rec). A similar trend may be observed for the RecRef sample
which shows a chlorine content in line with the Reference sample
deposit (Ref). This indicates that only the outer part of the deposit
was possible to analyse, corresponding this deposit to the last
1000 h of exposure.
Fig. 2. Chlorine and Sulfates in the probe deposits of the Ref (red), Rec (green), RecRef (
references to colour in this figure legend, the reader is referred to the web version of th

Fig. 3. Material loss after corrosio
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Regarding the sulfate, after 2000 h exposure, the amount of sul-
fur in the Sulfur Recirculation line is approximately 13 wt% and
approximately 9 wt% in the reference line as expected. As men-
tioned above, the hard deposits made it very difficult to take a
homogeneous deposit sample for these probes and no significant
difference can be found between the RefRec probe, which presents
an 8 wt% sulfate, and the RecRef probe with a 9 wt% sulfate. By
comparing with the references exposure, it can be seen that only
the Rec probe, exposed 2000 h in the sulfur recirculation line, pre-
sents a higher amount of sulfate.
3.2. Material loss

The material loss was measured in profile around the sample
rings. The flue gas direction is marked with a red arrow, see
Fig. 3. All the samples had a higher material loss on the side
exposed to the flue gas. This was also the case for the sample
exposed 2000 h in the recirculation line (Rec), which showed very
little material loss.

The Fig. 4 shows the maximum material loss linearly re-
calculated to mm/year for the four different exposure conditions.
Previous studies with air-cooled probe exposures have shown that
the material loss obtained with probe samples is higher than the
one obtained when measuring directly on the superheater tubes
(Paz et al., 2018; Vinter Dahl et al., 2018). Waste fired boilers oper-
ating at similar temperature ranges can generate material loss up
to 16 mm/year for commercial stainless steel probe samples (e.g.
the grade 304L) when firing industrial waste (Paz, et al., 2017;
Paz, 2014). The 347H samples exposed in the reference line during
2000 h presents a material loss of 1,8 mm/year indicating a mild/
medium corrosive environment.

Regarding the samples exposed 2000 h in the Sulfur Recircula-
tion line, they reveal a material loss of 0,2 mm/year. This implies a
green ? red) and RefRec (red ? green) exposures (wt%). (For interpretation of the
is article.)

n tests at 525 �C and 2000 h.



Fig. 4. Maximum material loss (mm/year) of the Ref (red), Rec (green), RecRef
(green ? red) and RefRec (red ? green) exposures. The dashed line represents the
calculated mean value of the Rec and Ref exposures. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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reduction of approximately 90% in material loss when running the
boiler with sulfur addition. This corrosion value is very low taking
into account that material loss in probe exposures in waste/bio-
mass boilers can be in the range of 1 mm/year with same type of
stainless steel samples (Paz, 2014) while other sulfur addition
techniques resulted in a material loss up to 6 mm/year range at
600 �C (Paz et al., 2018).

The two different lines gives a good possibility to investigate
the corrosion memory effect. In order to estimate the combined
Ep

2 mm

Steel

Epoxy

Shadow side

(a)

(b)

Fig. 5. (a) BSE image showing a low mag cross section of Ref for 2
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expected corrosion rate in the mixed exposures the corrosion rate
needs to be estimated based on the ref/rec 2000 h exposures. A lin-
ear growth rate extrapolated from the different environments
would give a predicted material loss of 1,8/2 + 0,2/2 = 1,0 mm/year,
i.e. the results (0,7 mm/year) indicate a positive corrosion memory
effect of the initial sulfur rich environment/deposit. High tempera-
ture corrosion is expected to be diffusion controlled following a
parabolic growth rate (Wagner, 1933) predicting a higher value
after 1000 h for both the exposures. The samples exposed first
1000 h in the Sulfur Recirculation line (very mild) and then
1000 h in the reference line (mild/medium), results in a material
loss of 0,7 mm/year. This is 60% lower material loss than the sam-
ples exposed only in the reference line for the same amount of time
(2000 h) and lower than the calculated mixed exposure (1,0 mm/
year). The samples exposed first 1000 h in the reference line
(mild/medium) and then 1000 h in the sulfur recirculation line
(very mild), resulted in a material loss of 1,9 mm/year (to be com-
pared with the calculated 1,0 mm/year). This value is in the same
range as the samples exposed only in the reference line for the
same amount of time indicating a very strong corrosion memory
effect when the samples are exposed first in the most corrosive
environment. Thus, both the mixed exposures indicate a corrosion
memory effect.

These observations agree well with a chlorine-induced acceler-
ated corrosion. The Rec sample exhibited very little material loss
compared to the Ref sample. This was also associated with a low
chlorine content found in the deposits of the Rec sample due to sul-
fation of the alkali chlorides. It has been demonstrated that the
presence of chlorine generally increases the severity of the corro-
sion attack. Several mechanisms have been suggested to cause
the accelerated corrosion e.g. the active oxidation(Abels and
2 mm

Flue gas side

Steel

oxy Corrosion products

000 h (b) EDX analysis of the flue gas side of Ref for 2000 h.
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Strehblow, 1997; Folkeson et al., 2007; Grabke et al., 1995;
McNallan et al., 1983; Nielsen et al., 2000; Shinata, 1987; Wang
and He, 2002; Zahs et al., 2000) or electrochemical mechanism
(Cantatore et al., 2019; Folkeson, et al., 2007; Jonsson et al.,
2011). However, the results (see below) indicate the presence of
reactive alkali and a breakaway corrosion in all environments even
if the Rec sample resulted in a mild corrosion attack.

The corrosion memory sample RecRef was first exposed in the
line with Sulfur Recirculation, building the first layers of deposits
with a low chlorine content due to the mild environment. After
being changed to the reference line (after 1000 h), the deposits
from the harsher environment began to stack on top of the previ-
ous deposits. Compared to the calculated mean value of material
loss expected after 1000 h in each line, the RecRef sample exhibited
a lower material loss, see Fig. 4. This could be explained by the first
hard layers of deposits with low chlorine content, which could mit-
igate the aggressive deposit buildups generated in the reference
line. The deposits containing a higher amount of chlorine would
then remain on the outer part of all the deposits, making the path
towards the material more intricate for corrosive species, i.e. chlo-
rine. This agrees well with the chlorine content value (2.6% wt.) of
the RecRef sample where only deposits from the outer part were
analyzed, showing the high accumulation of chlorine in the outer
part.

Reversely, the RefRec sample exhibited a higher material loss
than the calculated mean value. This could be explained by the first
buildup of deposits with high chlorine content from the harsh
environment. Due to the hard deposits, even after placing the sam-
Fig. 6. (a) BSE image showing a low mag cross section side Rec for
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ple in a milder environment (Sulfur Recirculation), the corrosive
species i.e. chlorine could remain active in the accelerated corro-
sion without being neutralized (e.g. via sulfation). Thus, the aggres-
siveness of the first layers of deposits building on a sample could
dictate its future corrosion resistance.

3.3. Deposit/oxide microstructure

The Fig. 5 (a) illustrates the corrosion attack on the different
sides of the ring after exposure in 2000 h in Ref (Ref). Most of
the deposited/corrosion products spalled of during sample han-
dling but some corrosion products can still be observed on both
sides of the sample. The flue gas side exhibits in addition signs of
steel grain boundaries attack.

The EDX analysis shown in Fig. 5 (b) shows that the corrosion
products are mostly made of an outer chromium and iron-rich
oxide. The nickel tends to stay in the inner oxide and at the inter-
face metal/oxide or the corrosion front where the steel grain
boundary attacks are located. No potassium was detected and only
traces of sulfur were detected in good agreement with the IC
results in

Indications of large amount of metal chlorides was observed at
the interface metal/oxide which also correlates well with the IC
results from the reference line (Fig. 2). The alloy grain boundary
attack has been linked to the presence of large amount of KCl
(Phother-Simon et al., 2020). This is in good agreement with the
observed deposit/microstructure. The oxide microstructure indi-
cates breakaway corrosion in line with earlier reports in KCl rich
2000 h (b) EDX analysis of the flue gas side of Rec for 2000 h.



M. Dolores Paz, J. Phother-Simon, S. Andersson et al. Waste Management 130 (2021) 30–37
environments (Karlsson et al., 2016; Phother-Simon, et al., 2020).
The results in addition indicate a diffusion controlled grown scale
with bad adhesion explaining the material loss.

The SEM images of the sample exposed in 1000 h Rec + 1000 h
Rec (Rec) show a microstructure in good agreement with the
overall thickness/material loss of the reference sample for the sul-
fur recirculation line Rec (Fig. 3). Small amounts of deposit
remain on top of the shadow side while in the flue gas side case,
it spalled off due to sample handling (Fig. 6 (a)). The material loss
for Rec is lower than for Ref even on the flue gas side. No steel
grain boundary attacks are observable for Rec as in the case for
Ref (Fig. 6).

The EDX analysis presented in Fig. 6(b) shows a thin dense
adherent oxide on the top of the sample mainly constituted of an
outer iron rich layer above a chromium, nickel and iron (indicating
a diffusion grown spinel) oxide. The oxide microstructure indicates
breakaway oxidation, i.e. no signs of a thin protective chromium
rich scale. The deposit remaining over the surface is mainly com-
posed by calcium, potassium and sodium sulfates. These sulfates
may be responsible for the hardness of the deposit. In concordance
with the IC measurements no chlorine signal was detected along
the interface metal/oxide.

In the case of the corrosion memory sample Rec Ref, some
material loss could be observed on the flue gas side of the sample
(Fig. 7), but less than the sample exposed only in the reference line
(Ref). Most of the deposit spalled off due to sample handling but on
some parts of the sample remains of deposit could be analyzed. The
Fig. 7. (a) BSE image showing a high mag cross section of the Rec Ref fo
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shadow side has a lower material loss, which is in agreement with
the results shown in Fig. 3.

The EDX analysis presented in Fig. 7(b) shows that a layer of
deposit mainly composed by sulfates. Due to the hardness of the
deposit and the spallation during handling the samples, this
deposit close to the sample surface corresponds only to the first
1000 h exposure in the sulfur recirculation line. The oxide scale
has a similar microstructure as the Rec exposed sample, i.e. an iron
rich oxide above a (Fe,Cr,Ni) oxide. There is no grain boundary
attack and no/very small amounts of chlorine is detected in good
agreement with the IC measurements (Fig. 2).

These results are in very good agreement with the material loss
presented in Fig. 3 and Fig. 4 where it was shown that the Rec sam-
ple and the RecRef sample have a very similar material loss. The
first 1000 h of exposure in the sulfur recirculation line seems to
have a positive memory effect on the samples. A similar oxide scale
microstructure could be observed despite 1000 h exposure in the
more corrosive environment. Locally some thicker oxide scales
could be observed while the microstructure has the same structure
as the thinner parts (indications of a diffusion controlled grown
microstructure). It may be noted that the inner part is richer in
Cr (see Fig. 6(b)) indicating a healing layer slowing down the
growth rate beneath the thicker oxide part. The less corrosive
dense deposit in combination with the microstructure formed after
breakaway caused by the presence of reactive alkali seems to pro-
tect the alloy for further corrosion during the second 1000 h expo-
sure in the reference line.
r 2000 h (b) EDX analysis of the flue gas side of Rec Ref for 2000 h.
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In the other corrosion memory sample Ref Rec the sample was
first exposed in a more corrosive environment for 1000 h. The
material loss results indicated a strong memory effect and a corro-
sion attack in the same range as after 2000 h in the more corrosive
environment (Ref). BSE images showing the sample Ref Rec are
presented in Fig. 8. They show that the shadow side has remaining
deposit on top of the oxide while on the flue gas side it has spalled
off. The surface of the shadow side looks also smoother than the
flue gas side and with less material loss, which agrees with the val-
ues presented in Fig. 3.

The EDX analysis presented in Fig. 8(b) shows a complex oxide
scale with bad adhesion. A large amount of chlorine is also
observed on top of the material, while no potassium and only
traces of sulfur were observed. The oxide microstructure as well
as the composition of the oxide and the amount of chlorine
detected is very similar to the Ref sample (Fig. 2 and Fig. 6(b)).
The remains from the corrosive environment, i.e. the non-
protective oxide microstructure as well as the metal chlorides have
a strong negative memory effect in the corrosion of the samples
during the second 1000 h exposure in the sulfur recirculation line.
4. Conclusions

The full-scale Sulfur Recirculation technique installed in the
CHP plant MEC changes the deposit chemistry and less corrosive
species end up on the samples. This will result in less corrosion
36
of the superheaters and formed a very good setting to simulate fuel
variations in order to study possible corrosion memory effects.

The Corrosion Memory investigation shows that creating a less
corrosive deposit initially may reduce corrosion in a more corro-
sive environment. However, the results also show that creating a
corrosive deposit initially may increase the corrosion in a less cor-
rosive environment. The results indicate that the memory effect is
a combined influence of remaining deposit and the formed oxide
microstructure.
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