


Abstract
Duc to Dcnmark’s plcdge to reducc carbon dioxidc emissions, biomass is utilised 

incrcasingly as a fuel for generating energy. Extensivc research and demonstration projects 
espccially in the area of material performancc for biomass fired boilers have been undertaken to 
make biomass a viable fuel resource. When straw is combustcd, potassium chloride and 
potassium sulphate are present in ash products, which condense on superheater componcnts. This 
gives rise to specific chlorine corrosion problems not previously encountered in coal-fircd power 
plants. The type of corrosion attack can bc direetly ascribed to the composition of the deposit and 
the metal surface temperature. In woodchip boilers, a similar corrosion rate and corrosion 
mechanism has on some occasions been observed. Co-firing of straw (10 and 20% energy basis) 
with coal has shown corrosion rates lower than those in straw-fired plants. With both 10 and 20% 
straw, no chlorine corrosion was seen. This paper will dcscribe the results from in situ 
investigations undertaken in Denmark on high temperature corrosion in biomass fired plants. 
Results from 100% straw-firing, woodchip and co-firing of straw with fossil fuels are summarised 
and comparcd.

Introduction
In Scandinavia, there have been serious efforts to redueed carbon dioxide emissions by using 
carbon dioxidc neutral fuels which do not contribute to the greenhouse effeet. The Danish 
govemment has plcdgcd to reduce carbon dioxidc emissions to 80% of the 1988 levels, by the 
year 2005. This rcsulted in the biomass agreement from 1993 between the Utility operators (Elsam 
and Energy E2) and the govemment, where power plants have to utilisc 1.4 million tonnes 
biomass for power production. The extensive research and development programme in the area of 
biomass firing is a direct result of this agreement. Thercforc, in Denmark, straw or woodchip has 
a growing utilisation as a fuel for generating energy. Denmark has concentrated its efforts on 
straw since it does not have large forest areas like the other Scandinavian countries. There are 
currently seven straw-fired CHP (combincd heat and power) plants in operation and one 
woodchip boilcr. Two co-firing plants (Studstrup with straw and coal and Avedøre II with oil + 
gas + wood pellets) have rccently commenced operation.

Many field investigations have been undertaken into corrosion duc to straw combustion in 
Denmark over the past decadc, and more detailed discussion of the results can be found in these 
publications [1-10], This paper will highlight the significant results and comparc the corrosion 
mechanisms and rates from straw, woodchip and co-firing with straw and fossil lucis. The results 
includcd in this paper are from field investigations in various plants: a summary of the data from 
the plants and the investigations conducted is given in Table 1. Three types of corrosion 
investigations have been undertaken: a) exposure of metal rings on air/water coolcd probes, b) 
exposure of test tubes in the test superheater c) exposure of test tubes in existing superheaters. The 
aim of the corrosion programme has been to i) mcasurc accurately corrosion rates in existing
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superheaters, ii) mcasurc corrosion rates of possiblc alternative materials at other temperatures 
and iii) measure corrosion rates at higher steam temperatures (inerease efficiency). The exposure 
temperature are measured with thermocouples on corrosion probes, or calculated based on inlet 
and outlet steam temperatures and steam flow. The latter calculations are associated with some 
uncertainties, mainly due to lack of knowledge of heat flux distribution on superheaters. 
Corrosion rate is calculated based on residual metal thickness which is metal loss + intemal 
corrosion subtracted from the original metal thickness. For low corrosion rates, oxide thickness 
measurements are used.

Table 1. Summary of in situ investigations

Plant Description Steam

Temp. °C

Pressure
MPa

Size
MW*

Investigations

Rudkøbing CHP grate-fired
100% straw

450 6.1 10.7 Deposit studies: probe and matured deposits. 
Corrosion studies: probes.

Masnedø CHP - grate-
fired:
Almost 100% straw

520 9.2 33 Deposit studies: probe and matured deposits.
Aerosol measurements. Corrosion studies: probes, 
test tubes in existing superheaters and in test 

superheater (up to 600°C).

Maribo Sakskøbing CHP 
grate-fired: 100% straw

540 9.3 33 Mature deposit studies. Corrosion studies: test 
tubes in existing superheaters.

Ensted CHP
grate fired
- 100% straw boiler
- 100% woodchip

470
470-540

20.1
20.1

99.4
16.3

Deposit studies: probe and matured deposits.
Aerosol measurements. Corrosion studies: test
tubes in existing superheaters. Additive

Studstrup suspension fired 
coal plant modified for coal
+ 10-20% straw

540 14.3 380 Deposit studies, aerosol measurements, gaseous 
emission. Corrosion studies: probes and test tubes 
in existing superheaters.

Avedøre 11
-Biokedel: straw firing 
-main boiler: oil+gas+wood

540-580
540-580

30 600 Deposit studies, probe measurements, test tubes in 
existing superheaters in main boiler, test 
superheater loop in biomass boiler. Additive

Straw firing
The four plants from which results are included in this section are Rudkøbing, Ensted, Masnedø 
and Maribo Sakskøbing. Rudkøbing and Ensted are plants of the Elsam power company, and 
Masnedø and Maribo Sakskøbing are plants of Energy E2 power company. Specific areas which 
will be included in this section are alloy composition, weld performancc, steam and flue gas 
temperature.

Sulphur dioxide and potassium chloride are released when straw is combusted, and these 
compounds result in the deposition of potassium chloride and potassium sulphate on superheater 
componcnts. This gives rise to chlorine corrosion problems.
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Allov Composition
In conventional coal-firing, an alloy with high chromium content results in lower corrosion rates, 
however the contrary is the case for straw-firing plants. The results from three separate in situ 
investigations[l ,2,4] where a variety of steels have been tested show that at high temperatures, 
high chromium steels arc rapidly attacked. Figure 1 shows one set of results where a range of 
alloys from a 2/4% Cr to a 30% Cr Steel werc investigated [4], The graph shows total corrosion 
rate with respect to chromium pcrccnt, and additionally shows the contribution of intemal 
corrosion (sclective corrosion + grain boundary attack) and material loss as a funetion of 
corrosion rate. The low chromium steels exhibit a high material loss whereas the higher 
chromium steels are characterizcd by severc intemal corrosion in the form of chromium dcpletion. 
Iron is also depleted however nickel has a higher corrosion resistance in this environment. These 
results indicate a minimum in total corrosion rate of steels at an intermediate chromium content of 
12-18% Cr.

t, Total corrosion + Internal corrosion o Material loss

0.6

0.3

0.1

Chromium content in wt. %

Figure 1. Corrosion rate with various chromium contents in the alloys at approx. 580°C.

Figure 2 shows the different types of corrosion attack for a TP347H (18Cr 12Ni Nb) type Steel. 
Sclective removal of chromium resulting in a porous metal structurc and grain boundary attack is 
observed. For austenitic steels, grain-boundary corrosion is a precursor to corrosion within the 
grains. The corrosion products formed are chromium oxides and iron oxides; these arc present at 
the surface of the spccimen. In many cases, nickel is also present in the outer corrosion product as 
non-reacted nickel. If chlorine is detectcd, it is close to or at the corrosion front. Exposure of a 
13%Cr-l 3%Mn Steel in the test superheater at Masnedø revealed both mangancse and chromium 
dcpletion [5],
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Cr mapping Fe mapping
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corrosion boundary

Ni mapping O mapping

attack

Figure 2. TP347H FG exposedfor 3500 hours at Masnedø: steam temperature 567X3, calculated 

metal temperature 613X3.

Preferential corrosion attack of chromium-rich austenite grains in martensitic Steel has been 
observed for HCM12 (12CrlMol W) at high temperatures. Even at low temperatures (below 
500°C), atter a three year exposure preferential attack was seen, however, at low temperatures the 
corrosion rate was minimal due to the formation of a protective chromium-rich iron oxide.

For weld overlay specimens, there is no grain boundary attack, but a slight tendency to 
preferential attack in the interdendritic zone [10]. Investigation of a Sanicro 63 (9%Mo, 3.5% Nb, 
22% Cr, <5% Fe, rest Ni) spccimen also indicates other elements that are preferentially attacked. 
Figure 3 shows the outer oxide of the spccimen and the depleted metal. As previously mentioned, 
the metal is chromium depleted but as can be observed, niobium and titanium have also formed 
oxides and therefore are also susceptible to attack. Molybdenum and nickel are not attacked. 
Niobium is not completely depleted from the alloy and therefore it is suggested that niobium 
carbides are more susceptible to attack similar to that seen by us and other workers with 
chromium carbides.
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0 Si Cl Ti Cr Fe Ni Nb Mo
9733 A 16 1 5 14 1 7 56
9733 B 16 1 1 74 2 2 3 1
9733 C 3 77 1 19
9733 D 18 <1 5 19 56

Figure 3: SEM analysis of corrosion products on Sanicro 63 exposed al 1400 hours at Masnedø 
at an approximate temperature of580°C. Analysis in wt. %.

Based on these observations, it is concludcd that the elements having a high affmity for oxygen 
and thercfore also chlorine are more likely to be attacked. Thus the reason why chromium, 
manganesc, titanium and to a lesser extent niobium are prefercntially attacked lies in their 
thermodynamie stabilities with rcspcct to chlorine.

Performance of welds
A test loop fabrieated by welding different test tubes of iron based alloys together with the weld 
filler Nibas 625 was exposed for 3500 hours at 500-600°C steam temperature [7], The 18% Cr 
and 12% Cr tube sections ineurred severe corrosion attack in the arca adjacent to the Nibas welds. 
Such attack was not observed for the same material wcldcd with an 18Cr-8Ni weld filler matcrial. 
The extent of localised attack dccreased with temperature and distance from the Nibas weld as 
shown in Figure 4 such that at the steam temperature of 514°C, this type of attack was not scen. 
This type of attack is believed to be a type of high temperature galvanic corrosion such that the 
nickel rich Nibas is the cathodc and the 18-8 stainless Steel tube is the anode. The elcctrolyte 
which has not been positively identified could be a metai-chloride: alkali-chloridc mixture. As the 
tubes steam temperature inereases, the elcctrolyte bccomcs more molten and the depth of galvanic 
attack inereases. In addition, the amount of attack dccreases with greater distance from the 
cathodc. Thcrmal stresscs due to the different thcrmal expansion coefficients of the tube and weld 
may aiso contribute to this attack.
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(a) (b)

Figure 4. Macrographs of cross-sections of Nibas welds exposedfor 3500 hours in Masnedø lest 
loop showing corrosion adjacent to weld at steam temperatures a) 570°C and b) 514°C.

Replacing the welds with a weld of similar composition to the tube reduced the problems with this 
type of attack howevcr preferential chromium Carbide attack was observed, i.e. attack of the 
intcrdendritic zone as shown in Figure 5. Figure 5b is a backscattered micrograph showing darker 
precipitates in the prefercntially attacked intcrdendritic zone of the weldcd area. It is assumed that 
the precipitates in the weld are chromium carbides although a positive analysis of these is 
difficult. This type of corrosion attack needs to be monitored but is not as severe as the attack 
observed in Figure 4.

(a) (b)

Figure 5. 18-8 welds exposed at Maribo Sakskøbing at steam temperature 540°C for 4 years. 

Influcncc of steam and flue gas temperature
For the austenitic alloys investigated, a gradual change in the corrosion product morphology as a 
funetion of temperature is observed as seen in Figure 6. A protective oxide is formed at surfacc 
metal temperatures below 500°C. At around 500-520°C, both grain boundary attack and 
protective oxides can be observed for the same specimen. This indicates that at this temperature 
region, there is a transition in the type of corrosion attack. Above this temperature, chromium 
depletion and grain boundary attack are always observed and at estimated metal temperatures of 
600°C, it can be over 0.5 mm in depth.
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a b
Figure 6. TP347H exposed at Masnedø for 3500 hours with a calculated metal temperature of a) 

462 ’C and b) 525 "C.

In Figure 7, the corrosion rate of 12-18% Cr steels is plottcd against temperature [5], Corrosion 
rates are modest at 460!>C, where as shown in Figure 6, a relatively protective oxide can be 
formed. With inerease in temperature up to 525°C, then corrosion rates bccome more linear with 
rcspect to temperature. For the steels for 12-18% chromium content, similar corrosion rates are 
measured and they all inerease steeply with inerease in metal temperature.
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Figure 7. Corrosion rate of specimens in one investigation in Masnedø straw-firedplant relating 
metal temperature to corrosion rate.

In Figure 8, corrosion rates for TP347H (both fine and coarse-graincd) from various straw-fired 
plants are collated. The results are illustratcd on an Arrhcnius type plot, with natural log of 
corrosion rate in mm/lOOOh on the y-axis and metal temperature as 1/T in Kelvin on the x-axis. 
For test tubes in existing superheaters, the metal surface temperature is taken to be steam 
temperature plus 20 °C, if more accurate data cannot be obtained. For TP347FI, the corrosion rates 
fit into a broad band. The variations observed could be due to an effeet of flue gas temperature. In
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the high flue gas temperature areas, heat flux will be higher and hence the temperature inerease 
from steam to tube surface might be higher than the assumed 20 °C. The flue gas temperature 
will also affeet the thickness of the deposit and the morphology and composition of the deposit. 
These factors influence the possibility of melt deposit formation that may lead to faster corrosion 
rates. Flue gas temperatures have been classificd into high flue gas (over 900 °C) and low flue gas 
temperature. Corrosion rates of actual superheaters are also given which are generally lower than 
those for test superheaters and probes. The specimens from actual superheaters at the higher steam 
temperature end have low flue gas temperature, since the bollers are designed with superheaters 
cocurrent, that is, with the final superheater locatcd at lower steam temperatures. There can be 
great variation in corrosion from a specific tube depending on its location in the superheater bank, 
i.e. leading tube or shielded tube, heat flux from combustion chamber, close to walls or ceilings 
where there is less heat flux - these are important parameters but difficult to quantify [6].

Metal Temperature 560"C 540"C 520”C 490°C 470°C

0.00105 0.0011 0.00115 0.0012 0.00125 0.0013 0.00135 0.0014

1/T in Kelvin metal temperature

■ Flue gas high a Flue gas low o Actual superheater

Figure 8. Atrhenius type plot of corrosion rates for TP347H steels in straw-fired plants.

Corrosion Mcchanism
The following mechanism explains the preferential attack of certain elements such as chromium 
and the linear inerease of corrosion rates with temperature. Initially, an outer oxide of magnetite 
and haematite and an inner oxide of chromium-rich iron oxide is formed at the surface of the 
metal. Short-term deposition experiments show that potassium chloride constitutes the initial 
condensate on the probes [11]. Thus chlorine has to be releascd from these condensed deposits to 
result in corrosion. The initiation reaction due to the presence of potassium chloride deposits can 
be one or a combination of the following three reactions, depending on the presence of sulphur 
dioxide and water vapour.
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2KCI + 'A01 + S02 + H20 K2S04 + 2HCI

2KCI+ 02+ S02 K2SOt + Cl2

2KCI + Fe20, + 'AO, -> K2Fe2Oa + Cl2 (3)

(2)

(1)

Eq. (1) releases HC1 and Eq. (2) and (3) result in the release of chlorine gas. The released chlorine 
then migrates through the protective oxide to react at the metal-oxide interface (Eq. 4).

Cr + 1 'ACl2 -> CrCI, (4)
A similar reaction for CrCl2 would also apply. Chlorine is observed to preferentially attack 
chromium; this is due to chromium’s greater affmity for chlorine than iron and nickel (more 
negative Gibbs free energy). In the same way, manganese and titanium are also preferentially 
attacked due to their high affinity for chlorine.

The metal chloride migrates out to an area of higher oxygen partial pressure and is converted to 
metal oxychloride or metal oxide and chlorine (Eq. 5 and 6). Although chromium chloride has 
lower volatility compared to iron chloride, a temperature gradient due to the difference in metal 
temperature and gas temperature encourages the evaporation of metal chlorides. Thus a higher 
flue gas temperature will give a greater corrosion rate. In addition, chromium chloride oxidises 
partially to chromium oxychloride which has a high volatility. The released chlorine then migrates 
back to the corrosion front to form metal chlorides again.

2CrCl2 + 02—t Cr02Cl2 

2CrCl, + 1A02 -* Cr20, + 1 'ACl2
(5)
(6)

This behaviour explains the voids seen at grain boundaries at the corrosion front due to 
evaporation of metal chlorides, and also explains the presence of oxides at grain boundaries or 
within the grains where the partial pressure of oxygen is higher than at the corrosion front. The 
precipitated chromium and iron oxide is non-protective and therefore spalls off with the ash.

For austenitic materials, it is noted that grain boundaries are the initial course of attack, followed 
by attack of chromium within the grains. Grain boundaries present fast short-circuit diffusion 
paths for chlorine into the metal and chromium out of the metal. Attack of chromium may also be 
due to preferential chlorine attack of chromium carbides that are present at grain boundaries. For a 
number of austenitic steels exposed to an oxygen-chlorine environment at 500-600°C, chromium 
carbides were preferentially attacked to form chromium chlorides and carbon dioxide[12]. For 
weld overlays, there is an indication that chromium carbides and niobium carbides present in the 
intcrdendritic zone are preferentially attacked.

Thus at higher temperatures, it is primarily the metal affinity for chlorine that govems the 
selective and grain boundary corrosion. Accordingly, chromium does not form a protective oxide
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at high temperatures. As the temperature decreases, the volatility of the metal chlorides becomes 
more significant.

An expression for the corrosion rate incorporating the important parameters can be given as:

(7)

where
c is corrosion rate in mm/lOOOh 
Tra is metal temperature in K 
Tg is gas temperature in K
A is a constant related to the alloy composition, e.g. amount of chromium etc.
C is a constant related to the flue gas temperature 
b and d are empirical constants.

Woodchip firing
As straw-fired boilers demonstrated high corrosion rates, it was expected that woodchip would be 
a less corrosive biomass alternative. A comparison of the two fuels shows that woodchip has less 
ash and corrosive compounds [13]. The content of potassium and chlorine in straw is about an 
order of magnitude higher than in woodchip. There has been no investigation program for 
woodchip firing, as it was believed that the lower ash and chlorine content would not give 
corrosion problems. Ensted CHP plant, commissioned in 1998, consists of a straw-fired and a 
woodchip boiler [8]. The straw-fired boiler has an outlet steam temperature of470<>C. This steam 
is led into the woodchip boiler which has an outlet steam temperature of 540°C. The woodchip 
boiler is fabrieated from HCM12 Steel (12Cr IMo 1W).

Analysis of the ash from high temperatur e components in the boiler has revealed the presence of 
potassium sulphate and calcium sulphate close to the oxide, and in some cases potassium chloride 
doser to the flue gas-deposit interface. Potassium and chlorine have been detected at and near the 
corrosion front, which indicates that a mechanism similar to that in straw-fired boilers can occur. 
Two adjacent TP347H FG tubes were exposed simultaneously in the plant for 2000 hours. In 
most positions on both tubes, the formation of a protective oxide was observed; however, on one 
specimen there were areas of grain boundary attack and unprotective oxide.
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TP347H collation 24 09.2002 + woodchip

Metal Temperature 560°C 540°C 520°C

-5 --------------------------, --------------------------- ----------------L__^______________ ____

0 00105 0.0011 0 00115 0 0012 0 00125 0 0013

1/T in Kelvin metal temperature

■ Woodchip x straw firing

10* wm

0.00135 0 0014

Figure 9. Two similar specimens of TP347H FG exposed for 2000h at Ensted woodchip boiler 
with a surface metal surface temperature of520 ‘C.

In Figure 9 which corapares corrosion rates in straw fired boilers with those from Ensted 
woodchip boiler, a difference in corrosion attack is also reflected in the corrosion rates. It is 
suggested that in areas with potassium chloride present in the deposit, high corrosion rates will be 
observed. In the case of TP347H this occurs as grain boundary attack similar to that in straw-fired 
boilers. The variability of the deposit composition leads to variable corrosion mechanisms and 
corrosion rates.

Corrosion problems were encountered on the membrane panels of Ensted constituting the final 
superheater and having an exit steam temperature of 540 °C. An extensive repair procedure was 
carried out, consisting of weld overlay with Inconel 625 (approx. 60% Ni, 21% Cr, 9% Mo). The 
calculated surface metal temperature in the corrosion affected areas was up to 580 °C. During a 
boiler inspection after 6 months, a chip of Inconel 625 was removed. This chip revealed that a 
zone below the oxide-metal interface was depleted in chromium. The corrosion attack is similar to 
that in straw-fired plants i.e. the depletion of chromium from the surface of the alloy by the 
formation of chromium chloride. The chromium chloride is then oxidized to chromium oxide. 
Nickel and chlorine together with oxygen were found on the surface of the material. Nickel also 
reacts with chlorine, however not as readily as chromium. In addition, the formation of nickel and 
chlorine-rich corrosion products is more stable since nickel chloride is not readily oxidized when 
the partial pressure of oxygen inereases. It is suggested that nickel binds the aggressive chlorine 
and slows down the active oxidation mechanism.
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Despite the use of Inconel 625, there were still unacceptable high corrosion rates with steam outlet 
temperatures of 540 °C which is the design temperature of the plant. Therefore the plant is now 
limited to operating with a steam outlet temperature of 520 °C and reduced load. The chromium 
content of 23% results in chromium depletion of the Inconel 625 which inereases rapidly at higher 
temperatures.

How to decrease corrosion rates in biomass combustion
As described in the previous section, combustion of biomass results in corrosion problems which 
are difficult to overcome with normal material solutions, such as higher chromium content in 
Steel. The formation of metal chlorides and metal oxychlorides and their inereased volatility at 
temperatures approaching 600°C results in extremely high corrosion rates. From investigation of 
the Nibas welds, there is also the indication that a molten phase is becoming more stable at higher 
temperatures. Therefore due to the corrosiveness of straw, possibilities to inerease electricity 
production from straw combustion by inereasing the steam temperature is limited as this leads to 
unacceptable corrosion rates. Thus to achieve higher temperatures when buming biomass, it is 
necessary to hinder potassium chloride produced in the gas phase from condensing on metallic 
surfaces. Various methods to achieve this will be described in the following sections.

Co-firing of straw with coal
Elsam has carried out on-site investigations at the Studstrup power plant into the feasibility of co- 
firing straw with coal with respect to corrosion, ash deposition and aerosol formation. On the 
basis of the positive results obtained, two co-firing plants are now in operation. The results 
described in this section are from long-term exposures in a suspension-fired boiler with 10 and 20 
% straw (% energy basis) [9,14], The results are compared with those from straw-firing.

Corrosion Morphology
The ash adjacent to the corrosion products on corrosion test tubes was investigated with SEM- 
EDS and the trend in Figure 10 was observed. The main elements detected in the ash are 
aluminium, Silicon, sulphur, potassium, calcium and iron. Whilst aluminium and Silicon decrease 
as the percentage of straw in firel inereases, the percentage of sulphur and potassium inereases. 
Deposition studies support this observation. No chlorine was detected in the deposits or corrosion 
product, or at the corrosion front.

EDS analysis of the composition of the ash (Figure 11) showed particles rich in aluminium,
Silicon, potassium and oxygen in a matrix rich in potassium, sulphur and oxygen, i.e. potassium 
sulphate. Iron oxide precipitates were also present within this potassium sulphate matrix.

The corrosion morphology for 10% straw and 20% straw co-firing at low metal temperatures is 
similar to that seen in coal-firing plants, i.e. an outer layer of iron oxide, and an inner layer of iron
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chromium oxide. For the higher alloyed steels, a thin chromium rich oxide is formed. The lower 
alloyed steels had thicker oxides. Sulphur in the form of sulphates or sulphides are present within 
the oxide.

40 t- ---- -----------------------

Al Si S K Ca Fe
Elements

Figure 10. Average composition of main elements in ash adjacent to corrosion products for 
TPS47H FG. (Analysis has been undertaken with SEM-EDS where elements below 
sodium could not be analysed).

Figure II. TP347HFG Steel located in platen superheater at Studstrup - metal temperature 
525 XI with 20% straw co-firing.
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With 20% straw co-firing at high temperatures (approx. 580°C), as well as the corrosion 
morphology described above, large shallow oxide pits are present, especially for the austenitic 
steels. Figure 12 shows a thin and thick oxide on the same specimen of HR3C Steel (niobium 
modified 310 stainless Steel). The thin oxide is similar to that seen with 10% co-firing for this high 
alloyed Steel. In the base regions of the oxide pit, sulphates or sulphides are detected.

Corrosion Mechanism
The following corrosion mechanism is proposed. Potassium chloride from straw combustion 
reacts in the combustion chamber (Eq. 8 and 9) to form potassium aluminium silicates and 
potassium sulphate. Chlorine is released as hydrogen chloride according to the following 
reactions.

2KCI + Al ft, + 6Si01 + Hft -> Kft ■ Al ft, ■ 6Si02 + 2HCI (8)

2KCI + SO, + Hft + 'AO, -> K2SO, + 2HCI (9)

Potassium sulphate is deposited on the metallic components together with potassium 
aluminosilicates. Hydrogen chloride gas is released into the flue gas. An inerease in straw content 
from 10% to 20% results in a greater amount of potassium chloride in the combustion chamber. 
This is converted to more potassium sulphate (Eq. 9) which is deposited on the superheaters. In 
addition, hydrogen chloride emission from the stack inereases due to inerease in straw percentage

[14].

In contrast to the above tinding, severe chloride attack was experienced in a circulating fluidized 
bed (CFB) plant firing 18% straw with coal [1,2], This difference was attributed to the differences 
in combustion temperature, since CFB combustion takes place at 850°C whereas in a suspension- 
fired boiler, combustion temperatures are in the region of 1400-1700°C. Thus in the CFB plant, 
most potassium is found in the form of KC1. Also lower content of sulphur is available for 
sulphation of KC1 due to the in-bed desulphurization by addition of limestone. The lower heat-up
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rates and lower sulphur dioxide partial pressures are not favourable for incorporation of potassium 
in insoluble silicates, or for major sulphation in the flue gas.

At 10% straw co-firing and at 20% straw co-firing at low temperatures in pul verised fuel boilers, 
sulphidation and oxidation occur according to Eq. 10 and 11 where the oxidants are supplied from 
potassium sulphate present in the deposit. Similar oxidation and sulphidation are observed in coal 
firing.

IFe + VAO. (10)

2Fe + S2^>2FeS (11)

When there is more sulphur and potassium in the deposit, i.e. with 20% co-firing, inereased 
corrosion due to a greater amount of potassium sulphate salt in contact with the metal is observed.

At 20% straw co-firing at higher metal and gas temperatures, both formation of large shallow pits 
and thin chromium rich oxide is observed for high alloy steels. This indicates a more coaosive 
environment in some localized regions. The deposit adjacent to the oxide is highly heterogeneous 
with aluminate and silicate particles surrounded by potassium sulphate (Figure 14). Corrosion 
inereases with potassium sulphate concentration indicating that potassium sulphate is the 
corrosive species in the deposit. Iron oxide at the oxide-salt interface can react with sulphur 
trioxide to form iron sulphate (Eq. 12).

Fe20, + 3SOt(g) -> Fe2(S04), (12)

The phase diagram of a eutectic melt of iron sulphate and potassium sulphate gives a melting 
point of 621°C and contains approximately 90 mol.% potassium sulphate [15], It must be noted 
that the presence of sodium which could come from other coal types will decrease this melting 
point. There are two criteria that have to be fulfilled to result in the presence of a ferric sulphate- 
potassium sulphate eutectic melt. The ash must have a high potassium sulphate concentration and 
the temperature of the melt must be close to the eutectic melting point. At 20% co-firing at metal 
temperatures of 580°C, there is a high concentration of potassium sulphate, and it is assumed that 
the temperature at the oxide-deposit interface is sufficient to form a eutectic melt. It is therefore 
suggested that low temperature hot corrosion occurs at the higher temperatures with 20% straw 
co-firing. Thus iron sulphate forms a melt with potassium sulphate, and due to SOj gradients, iron 
sulphate will migrate to the outer part of the melt and precipitate haematite. The net result is that 
at high temperatures of 580-600°C, the presence of potassium sulphate leads to acidic fluxing of 
iron oxide.
Corrosion Rates

Co-firing in a suspension-fired boiler with either 10% or 20% straw removes the danger of 
catastrophic chlorine corrosion. The corrosion rate is mueh lower than that seen in straw-fired 
power plants and is doser to that in coal-fired power plants. For comparison purposes, the 
corrosion rates for TP347H FG have been plotted on an Arrhenius type plot (Figure 13) assuming
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parabolle kinetics according to Eq. 13. Here ,v is the thickness of corroded away material, t is the 
duration of exposure, and the natural logarithm of the parabolic rate constant (In k,,) is plotted on 
the y-axis.

x:=2krl (13)

These corrosion rates are compared with coal-firing and straw-firing. Parabolic kinetics is 
assumed for the three types of corrosion although it is apparent that linear kinetics is more 
applicable for corrosion in 100% straw-fired boilers at high temperatures. Corrosion rates in straw 
co-firing lie in the same region as those for coal-firing and significantly below the results for 
straw-firing. For specimens with 10% straw co-firing, corrosion rates can be considered as similar 
to coal-firing for all temperature ranges. For 20% straw co-firing at low temperatures, the 
corrosion rate is also in the same range as coal-firing. There is an inerease in the corrosion rate at 
high temperatures due to the change in corrosion mechanism as iron sulphate-potassium sulphate 
melt is formed. Recent results from a newly built power plant from Studstrup show that long term 
corrosion rates with 10% straw are in the upperend ofthe 10% sti'aw area on Figure 13 [16]. This 
is attributed to the greater amount of intemal sulphidation observed after mueh longer exposures 
ofup to 3 years. However the rates are still mueh lower than the straw-firing corrosion rates.

Metal Temp. 600°C 550°C
- - Coal firing
— Straw firing

20% straw co-firing

10% straw co-firing

-10----- ----------- ------------- L-----
0.00112 0.00114 0.00116 0.00118 0.00120 0.00122 0.00124 0.00126

t/T (Metal temperature) in Kelvin

Figure 13. Arrhenius type plot showing corrosion ofTP347H FG in co-firing of straw and coal 
compared to 100% coal-firing and 100" o straw-firing.

Co-firing of wood pellets with heavv fuel oil
The main boiler al the Avedøre 2 power plant currently uses heavy fuel oil and gas together with 
wood pellets at steam outlet temperatures of 540°C [17], From the extensive amount of research 
on straw-firing, the risk of potassium chloride deposit corrosion was known. In order to monitor 
this, potassium chloride in the gas phase was measured using an IACM system (In situ alkali
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continuous Monitor System) developed by Vattenfall - a system based on differential optic 
absorbance spectroscopy. This showed that combustion of wood pellets together with natural gas 
results in high potassium chloride concentration in the flue gas. However the addition of heavy 
fuel oil containing sulphur removes potassium chloride at a specific oil to wood ratio. Potassium 
chloride from the wood pellets reacts with sulphur dioxide from the heavy oil in the combustion 
chamber resulting in potassium sulphate as in equation 9. The type of deposit formed is shown in 
Figure 14. The corrosion morphology is similar to that for coal/straw co-firing (c.f. Fig 11) where 
there are iron oxide needles within an alkali sulphate matrix. In addition localised intemal 
corrosion was also observed after 19,000 hours exposure. However an added problem with heavy 
oil is the presence of vanadate compounds which can also lead to severe vanadate corrosion. 
Triais using coal flyash as an additive indicate that this might reduce vanadate corrosion and in 
any case will help alleviate chloride corrosion [18], The corrosion rate thus needs to be monitored 
with future inerease in temperature with respect to intemal sulphidation and vanadate corrosion.

Main
elements

Minor
elements

A SOK CaNi
B Fe O s
C Fe V Ni O
D Fe O
E Cr Fe O Ni s
F Cr Fe O S Ni
G Cr Fe 0 S Ni Mn

Figure 14. Composition of ftreside oxide on TP347H FG tubes after 2years exposure at Avedøre 
Il main boiler.

Use of additives
Another way to reduce deposition of potassium chloride is the use of additives. In the same way 
that the components of fossil fuels, such as sulphur, silicates and aluminates react with potassium 
chloride to produce less corrosive deposits, then additives can also be used. Triais with sulphur 
and alumina and silica additives have been conducted at two straw fired plants (Ensted and 
Avedøre biomass boiler) and at Ensted wood chip plant [19,20], At Ensted and Avedøre straw- 
fired boilers, the addition of additives showed modest decrease of potassium chloride levels 
however a total elimination is required to ensure that there is no risk for corrosion. Due to the high 
amount of potassium content in straw, large amounts of additive (5% of dry fuel weight) are 
required to obtain significant KC1 conversion. Additives must be fed in so they can react with the 
gaseous potassium chloride in the correct temperature window for the additive concemed and 
before the potassium chloride condenses on the vulnerable components. This is different for both
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sulphate and aluminium silicate additives. In addition there are certain practical problems in 
feeding in such large amounts of additive. Thus it was concluded that dosing with additives in 
straw firing, although theoretically a possibility is practically not a viable solution. However there 
was success with additive dosing for woodchip firing because the potassium and chloride content 
of the woodchip is markedly lower.

Conclusions
In straw-fired boilers, high corrosion rates are observed due to the presence of potassium and 
chlorine rich deposits. At high temperatures, a chlorination reaction occurs where the alloy is 
attacked first at the grain boundaries followed by chromium depletion within the grains. 
Experience from woodchip fired boilers also indicates the threat of chlorine corrosion due to a 
similar mechanism as in straw-fired plants. However, there are variations in corrosion rates, which 
probably relates to the heterogeneous character of the deposits. The solution to the corrosion 
problem is to react gas-phase KC1 in the combustion chamber such that the non corrosive 
potassium aluminium silicate or less corrosive potassium sulphate are the only alkali-containing 
species that can come in contact with the vulnerable high temperature metallic components. This 
has been undertaken in two full-scale plants in Denmark by co-firing with coal and 10-20 % 
straw (on energy basis), co-firing wood pellets and heavy fiiel oil, and by using additives. Co- 
firing with coal is by far the most viable way to avoid corrosion problems when using straw as the 
biomass fuel. This is due to the large amounts of potassium chloride in the fuel which need to bc 
neutralised. Due to the lower amount of potassium and chloride in woodchip, use of additives is a 
possibility in boilers using this fuel.
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