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Several material related issues may arise from oxyfuel combustion of coal due to the presence of CO2 but also as 
an effect of the partial recirculation of the flue gas. Two examples are increased corrosion and carburisation 
which may limit steam data, hence limiting the efficiency. 
 
A number of corrosion tests, in both conventional air-firing and oxyfuel mode, have been made in Vattenfalls 30 
MW oxyfuel pilot plant located in Schwarze Pumpe, Germany. Internally cooled corrosion probes, equipped 
with ferritic, austenitic, super austenitic steels as well as Ni-based and FeCrAl alloys, simulating superheaters, 
economisers and air preheaters were exposed for up to 1500 hrs.  
 
The analyses show an indication of higher material wastage in oxyfuel compared to air combustion especially at 
the lower exposure temperatures. This may be due to increased sulphur concentration in corrosion front, 
increased heat flux, carburisation or other preciptate formations on austenitic steels and Ni-based alloys. 
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1. Introduction 
 
All over the world, fossil fuels are combusted in power plants resulting in CO2 emissions 
which contributes to global warming. In order to reduce CO2 emissions from coal-fired plants, 
it is necessary to implement new technologies resulting in carbon capture and storage (CCS). 
One of the possible technologies is oxyfuel firing and capturing of CO2. Bordenet [1] gives a 
survey of the material challenges with respect to oxyfuel combustion plants with CO2 capture 
and post combustion plants. In oxyfuel firing, combustion occurs with oxygen such that the 
resulting flue gas will be mainly CO2 and H2O. In addition there maybe recirculation of up to 
2/3 of the flue gas, thus any trace elements such as sulphur in the flue gas will build up in 
concentration. The higher content of CO2 in the flue gas will make it more cost effective to 
recapture CO2 after combustion. Vattenfall has constructed a 30MW oxyfuel pilot plant to 
validate engineering work, to learn and improve understanding of the dynamics of oxyfuel 
combustion and to demonstrate the capture technology, [2]. The construction of this plant 
started in 2007, and in late 2008 the test phase began. The pilot plant is located in Schwarze 
Pumpe, Germany.  
 
Material tests are being performed both under conventional air and oxyfuel firing at various 
operation conditions to reveal whether the oxyfuel process gives additional materials 
challenges. These tests are important as the choice of suitable materials will be a key issue for 
the future demonstration plant. With respect to high temperature corrosion, since the actual 
plant has a low steam outlet temperature of 350°C, corrosion probes simulating higher steam 
temperatures are inserted in the plant. In addition, probes simulating waterwalls are also 
exposed. The three gaseous species which will increase compared to conventional firing are 
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CO2, H2O and SO2 (due to recirculation of flue gas). However, as of yet it is unclear how this 
will effect corrosion rates.  An initial comparison of corrosion in oxyfuel versus conventional 
combustion was conducted in the ENCAP programme [3]. The exposures times were below 
40 hours and the results showed no significant difference between conventional firing and 
oxyfuel firing, indicating that there is a need for data from long-term exposures. 
 
There are a number of different applications which are relevant for corrosion investigation: 

• Demonstration plants: 
Vattenfall in Germany is preparing for the erection of a 250MWe demonstration plant, 
purpose-built for oxyfuel firing in Jänschwalde, Germany. In the demonstration plant, the 
technology’s commercial abilities will be proven whereas in the pilot plant the technology 
itself and the process are being validated. The maximum steam temperature of the 
demonstration plant will be 600°C. The high temperature components will be the steel types 
commercially available today. Knowledge of how these types of steels react in an oxyfuel 
environment is lacking,  but the well known creep, microstructure and steam oxidation data 
can be used.  
 

• Retrofit of existing USC (Ultra Super Critical) boilers: 
If it appears unlikely that many new plants will be purpose-built for oxyfuel combustion in 
order to reduce CO2 emissions, it is  possible to retrofit already high efficiency USC boilers to 
oxyfuel firing. Here the steam temperature will be similar to or slightly higher than the 
Jänschwalde demo.  
 

• High efficiency oxyfuel plants: 
In order to recuperate the expenses of a CO2 recapture plant, it may be necessary to increase 
the steam data of the plant to give the same net efficiency as the existing USC boilers. This 
involves employing steam temperatures of up to 700°C. At present there is no plant that runs 
with such high temperatures so this is challenging not only for the fireside corrosion but for 
steamside oxidation, microstructural stability and creep development. There are various 
projects that are investigating 650-700°C plants, which will give information which is also 
relevant for oxyfuel plants. These programs are COMET 650 (completed), AD700, COMTES 
700. It is important that the steels qualified within these programs are considered as they will 
have already been tested with respect to welding, microstructure development and steam 
oxidation. So far no tests have been performed in the pilot plant at these high temperatures. 

 
• Low Temperature and CO2 processing unit:  

Another essential part of the material testing is corrosion at low temperatures in the preheater 
and flue gas desulphurisation unit, flue gas condenser and CO2 processing unit. These aspects 
are being investigated in the pilot plant and the knowledge is relevant for all future CCS 
plants irrespective of boiler outlet temperature. Low temperature corrosion is investigated by 
coupons installed after the boiler where corrosion problems are anticipated. In addition online 
corrosion sensors and corrosion probes are utilised. 
 
2. Material testing parameters 
 
Figure 1 shows a schematic flow sheet of the oxyfuel pilot plant in Schwarze Pumpe. It is 
important to note that the recirculation of the gas is before the flue gas desulphurization plant 
thus the content of sulphur and other impurities will increase with time. The percentage of 
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recirculated flue gas in the inlet gas stream is 20 - 39%. Low temperature corrosion 
investigations are undertaken in the areas shown on the diagram and also in the CO2 process 
unit. In these areas, racks of test coupons of different materials are exposed to aid materials 
selection. In addition condensates are collected so that the mechanism of corrosion can be 
investigated and materials can be tested with similar condensates in controlled conditions in 
the laboratory. There are no results available from this work at present.  
 

 

Figure 1.  Process flow sheet of oxyfuel plant. 

Flue gas temperatures are lower when the boiler is run in oxyfuel mode compared to air-firing 
mode. A comparison of gas compositions measured after the electrostatic precipitator is given 
in Table 1. During air-firing the SO2 levels in the flue gas varied between 1400-1800 mg/Nm3 
whereas during oxyfuel mode the SO2 levels were about 4 times higher, being in the range 
6500-8000 mg/Nm3. Moisture as well as NOx levels were also about four times higher in 
oxyfuel mode. As expected the CO2 levels are also much higher. SO3 levels were higher in the 
fly ash in the oxyfuel but otherwise the compositions of the fly ash were similar between the 
two firing modes.  
Table 1:  Approximate flue gas composition after ESP and SO3 levels in the fly-ash.  

 SO2 
mg/Nm3

O2  
Vol% 

CO 
mg/Nm3

CO2 
Vol% 

H2O 
Vol%

NOx 
Mg/Nm3

Fly-ash SO3 
mg/kg 

Air-firing 1600 6 7 13 8 300 46 + 9 
Oxyfuel 7000 6.8 2.5 95 30 1600 77 + 18 
Corrosion probe tests were performed both during air-firing and oxyfuel mode. Each test 
lasted about 250 hrs. Probes simulating superheaters, with a metal temperature of 580°C were 
installed before the first superheater bundle meeting the flue gas, at a gas temperature of about 
760°C in oxyfuel mode and 840°C in air mode. Additional corrosion tests were performed for 
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1320 hrs but only in oxyfuel mode. Corrosion probes were also exposed at 650°C for 1250 hrs 
in oxyfuel mode only. The location was the same as for the 250 hrs exposure. Specially 
designed probes which simulate waterwall conditions were also used. The metal temperature 
was 430°C and exposure time about 1500 hrs. The alloys investigated are shown in Table 2. 
 
The wall thicknesses and masses of the ring specimens were measured before and after 
exposure. In addition oxide thickness was measured and the oxide/corrosion product was 
investigated with LOM (Light Optical Microscope) and scanning electron microscope, SEM-
EDS. Specimens were etched to reveal the presence of carbides using Murakami solution. 
 
Table 2. Chemical composition  of materials investigated. 

 C Fe Cr Ni Mo Mn Si Cu Others 
15Mo3 0.12-0.20 rest   0.25-0.35 0.10-0.35 0.40-0.90   
TP347H FG 0.04-0.10 rest 17.0-

20.0 
9.0-13-0  <2.00 <1.00  Nb 0.80-1.0 

304H 0.07-0.13  rest  17.0-
19.0  

7.5-10.5   <1  <0.30 2.5-3.5  Nb 0.3-0.6  
N 0.05-0.12  

Kanthal APMT <0.05 rest 22  3 0.4 0.7  Al 5.0 
T23 0.04-0.10 rest 1.90-

2.60 
- 0.05-0.30 0.10-0.60 <0.50  Nb 0.02-0.08 

W 1.45-1.75 
13CrMo44 0.08-0.18 rest  0.70-

1.10 
- 0.40-0.60 0.40-1.00 0.10-0.35 -  

253 MA 0.05-0.10 rest  20-22 10-12  <0.8 1.1-2.0 - N 0.14-0.2 
Ce 0.03-0.08 

X20CrMoV121 0.17-0.23 rest  10-
12.5 

0.3-0.8 0.8-1.2 <1 <0.5 -  

AC 66 0.04-0.08 rest 26-28 31-33  <1.0 <0.3  Ce 0.05-0.10 
Al<0.025 

Sicromal 8 0.07 rest 6.5      Al<0.7 
P92, T92 0.07-0.13 rest 8.5-

9.5 
<0.4 0.3-0.6 0.3-0.6 <0.5  V 0.15-0.25 

W 1.5 – 2 Nb 
0.04 -0.09 
N 0.03-0.07 

TP 310 0.05 rest 24.5 21.0   0.5   
254 SMO <0.02 rest 19.5-

20.5 
17.5-18.5 6.0-6.5 <1.00 <0.8 0.5-1.0  

Inconel 617 0.05-0.15 <3.0 20-24 rest  8-10 <1 <1 - Al 0.8-1.5, B 
<0.006, Ti 
<0.6 

C276 <0.02  4-7  14.5-
16.5  

rest  15-17  <1.0  <0.08   W 3.0-4.5 
Co<2.5 

Sanicro 25 0.1 rest 22.5 25  0.5 0.2  W 3.6 Nb 0.5 
Sanicro 63 <0.10 <5.0 20-23 rest 8-10 <0.50 0.50  Nb 3.15-4.15 
 
For testing in the 3rd pass (the location of economizers), gradient probes were used and the 
temperature is controlled along the probe such that testing of different temperatures can be 
undertaken with one probe. The temperature gradient of the probe was 170-70°C and the 
exposure time was 250 hrs in both oxyfuel fuel and air-firing mode. Two steel types were 
mounted on this probe, the low alloyed 15Mo3 steel and austenitic steel 304L (similar to 
304H in Table 2 but with variations in C and N content). The estimated flue gas temperature 
was 270°C. 
 
Another test in oxyfuel mode, with a longer exposure time of 1000 hrs, was performed at a 
position where the fluegas temperature was 350ºC. The probes had temperature gradients of 
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approximately 60-200ºC along the length of the set of sample rings and the exposed alloys 
were 15Mo3 and 254 SMO. 
 
Deposit probe tests of 6 hours were performed in air and oxyfuel modes. Probes were inserted 
before the first superheater bundle where the flue gas temperature was 760°C in oxyfuel mode 
and 840°C in air mode. The probes consisted of both 10CrMo910 and 304L rings internally 
cooled to temperatures of 580°C, 650°C and 760°C. Rings were weighed before and after 
exposure to estimate deposition rates. The deposits were then analysed with SEM/EDS.    
 
3. Results  
 
3.1. Deposit probes 
 
The deposition rates were generally higher in oxyfuel than in air (Figure 2). Deposition rates 
were also lower on the stainless steel substrate for all firing modes. It was noted that there was 
some deposit/dust lost during dismantling of the austenitic alloy deposit rings. With increase 
in probe temperature, there is an increase in deposition rate. In pre-mixed mode the oxygen is 
mixed with the recirculation gases without the detailed control of the blend, allowed in mode 
A and mode B.  
 
The rings with the deposits were then analysed with SEM/EDX. There are no great 
differences for different firing modes although a slight decrease in sulphur and magnesium 
and an increase in calcium with increasing temperature could be noted. 
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Figure 2. Deposition rates for the 10CrMo910 probe at various temperatures.  
 
There was a difference in the distribution of the key elements around the deposit probe. In 
oxyfuel firing, the deposits had similar compositions on the wind- and the leeward side. 
However for air-firing, the calcium content was higher  and the sulphur content lower on the 
wind side compared with the lee side. 
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3.2 High temperature corrosion probes 
 
3.2.1. Waterwall probes 
The corrosion results from the wall probe exposed for 1472 hours are given in Table 3. The 
remaining metal after exposure was measured in the SEM on cross-sections used for 
microstructural examination and subtracted from the average thickness measured by 
micrometer before testing to give a value for the metal loss. The thickness of the oxide layer 
was also measured with SEM. The steel with the best corrosion properties by far is Sicromal 
8, EN1.4713 giving a corrosion rate of 23µm/1000hrs. The corrosion rates of the 10CrMo910, 
13CrMo44 and 15Mo3 steels are unacceptably high with rates of 162, 139 and 
269µm/1000hrs, respectively. 
Table 3. Comparison of material loss and measured oxide thickness with SEM for the wall probe.  

Material  Thickness 
unexposed 
(mm) 

Metal Thickness 
after exposure 
(mm) 

Material loss 
(µm) 

Thickness 
of oxide 
(μm) 

Corrosion 
rate in µm 
per 1000 h. 

10 Cr Mo 9 10 2,662 2,423 239 200-250 162 
13 Cr Mo 4 4 2,692 2,487 205 20-40 139 
15 Mo 3 2,7165 2,321 396 300 269 
1.4713 2,9295 2,896 34 40 23 
 
3.2.2. Superheater probes 250 hrs, 580°C 
The specimens from the 250 hrs exposure were measured before and after exposure, but due 
to the low corrosion rates, the metal loss measurements had a large degree of inaccuracy. 
Therefore oxide thickness measurements were used and the data is given in Figure 3. When 
the oxide becomes thicker there is a tendency for spallation which is revealed for results for 
15Mo3.  
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Figure 3. Measurement of oxide thickness and internal corrosion. 

All specimens were etched with Murakami to reveal carbides and there was no great 
difference between oxyfuel and air firing.  Figure 4 shows the micrographs from TP347H FG 
steel. The internal attack was grain boundary corrosion and not carburisation. Perhaps a slight 
indication of increased precipitation is observed for oxyfuel, but this was localised. 
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Figure 4. Light optical microscopy of TP347H FG specimens.  

Specimens were also examined with SEM/EDX to analyse if there was more sulphidation for 
the oxyfuel specimen. No specific increase in sulphidation was revealed and sulphur was 
present within the oxide of both oxyfuel and air-firng specimens.  
 
3.2.3. 1300 hrs, 580°C 
The metal loss was measured at 24 positions around the circumference of the probe exposed 
for 1319 hours at 580°C and the results are shown in Figure 5. It was not possible to measure 
the corrosion of the Sanicro 63 alloy so its corrosion rate was estimated by comparing the 
oxide thickness of this specimen with a number of others and the results are shown in Figure 
6. The results show that the corrosion of Sanicro 63 at 580°C is in a similar range to that of 
TP347 HFG and 253 MA, i.e under 10µm per 1000 hours. 13CrMo44, T23 and 15Mo3 all 
show unacceptably high corrosion rates. 
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Figure 5.  Average metal loss in µm per 1000 h for specimens exposed for 1319 hours at 580°C.  
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SP2.7 Fireside oxide at 580°C probe
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Figure 6. Oxide thicknesses  on samples from 580°C probe. 

3.2.4. Microstructure of samples exposed at 580°C 
For the low alloy ferritic steels 13CrMo44 and T23, the outer oxide was iron rich with 
elements from fly ash deposit. The inner oxide was iron oxide enriched in chromium. For T23 
the inner part of the oxide also contained a tungsten rich oxide. Traces of sulphur could be 
detected  at the corrosion front especially at grain boundaries. 
On the ferritic stainless steel X20CrMoV121 the outer oxide consisted of iron oxide and the 
inner oxide of chromium rich iron oxide. There was significant internal attack, not only at the 
grain boundaries at the corrosion front, but also within the grains. There are indications that 
both internal oxidation and internal sulphidation occurs (Figure 7). (Analysis in elemental 
wt.% should be used for comparison purpose only due to high inaccuracies in oxygen 
analysis). 
 

 

Area O Al Si S Ca V Cr Mn Fe Ni Mo 
 

1 20.15 0.59 0.45 5.87 7.17    65.77   
2 12.95      1.46 0.62 84.97   
3 9.79   0.03  0.54 20.95 1.28 64.29  3.11
4   0.83 2.06   10.54  85.01 1.57  

Figure 7.  SEM-EDS analysis of fireside oxide on X20CrMoV121 exposed at 580°C. 
 
On the austenitic TP 347H FG steel the oxide was a duplex oxide with an outer iron rich 
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oxide and an inner chromium rich iron oxide. There was also sulphur within the inner oxide. 
A very slight internal attack in the form of sulphidation at grain boundaries was observed at 
the corrosion front 
 
For the 253 MA the oxide on the fireside was thin, consisting of chromium and iron rich 
oxide. It was observed that in some areas there was a thicker oxide of 4µm and in other areas 
there was a thin oxide with an underlying internal corrosion attack. The internal attack was 
rich in silicon and it appears that a silicon-rich phase forms at grain boundaries and then 
afterwards the bulk grains form oxides. There was a trace of sulphur within the oxide. 
 
Sanicro 63 forms a relatively thick duplex oxide (15µm) where the outer oxide is nickel rich, 
and the inner oxide is chromium, nickel, molybdenum and niobium rich (see Figure 8). There 
is a strong indication that sulphur is also present in the inner layer however there are problems 
with overlapping EDX-signals between sulphur and molybdenum. 

 

 
 
Figure 8. SEM-EDS analysis of oxide on Sanicro 63 exposed on the 580°C probe. 
 
3.2.5. Corrosion rates from superheater probes exposed at 650ºC. 
The average measured corrosion normalised to 1000 hours is shown in Figure 9. All alloys, 
except for the ferritic steel T92, showed a corrosion rate lower than 10μm/1000hrs. No 
measureable material reduction were detected on Sanicro 25 and Super 304H.  
 
It was not possible to measure the corrosion of the Sanicro 63 and the Ni-based coatings 
consisting of TiAl-phase so their corrosion ratings were estimated by comparing the oxide 
thickness of these specimens with a number of others and the results are shown in Figure 10. 
 
The Sanicro 63 shows an oxide growth comparable with Super 304, while the welded Ni-
based TiAl phase coating showed a thinner oxide thickness. 
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Figure 9. Average metal loss  in µm per 1000 h for specimens exposed for about 1300 hrs  at 
650°C. 

 

Figure 10.  Oxide measurements on samples from 650°C probes.  
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3.2.6. Microstructure of samples corroded at 650°C 
For the T92 alloy the thicker oxide, located on the wind side, the outer oxide was iron rich 
and the inner oxide was chromium rich iron oxide. Sulphur was present in the inner oxide and 
especially at locations there was internal corrosion attacks in form of sulphidation. 
 
On the Super 304 H, the fireside oxide was a thin oxide where there was occasionally a 
distinguishable outer oxide which was iron rich. The inner part of the oxide was a chromium 
rich iron oxide (Figure 11). In addition there is the slight presence of sulphides at the 
corrosion front especially in grain boundaries.  
 

 
D3416 O Al Si S Ca Cr Mn Fe Ni Cu 

1 13   4 4 3  77   
2 13     80  7   
3 16  1 1  64  19   
4 13  1 2  55 3 25 2  
5    11  20 7 54 7 2
6   1 3  14  68 14 2
7 31 2 2 16 17   32   

Figure 11.  SEM-EDS analysis of oxide on Super 304H exposed on the 650°C probe. 

The fireside oxide for TP 310 was less than 1µm thin and gave even coverage of the surface 
of the specimen. The oxide was a chromium rich iron oxide also including some manganese. 
No significant internal attack was observed. 
 
Similar to the 580°C probe, Sanicro 63 again formed a duplex oxide which was thicker than 
formed at 580°C. The outer oxide was again nickel oxide and the inner oxide consisted of 
elements from the bulk material (Figure 12). In this case there is a very clear indication that 
sulphur is present in the inner oxide and that there is also internal attack at the corrosion front.  
 
In contrast to Sanicro 63, a Ni-based weld overlay alloyed with Ti and Al had a thin 
protective chromium rich oxide. Remnants of Ti and Al were found on the coataing indicating  
Ti and Al has promoted  formation of a Cr oxide layer.  
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D3308 O Al Si S Ca Ti Cr Fe Ni Nb Mo 

1 6  2 10 0 1 29 1 18 10 23
2 11  1 8  0 65  2 4 8
3 13  1 5   69  2 5 4
4 15  1 1  1 21  18 23 20
5 3 1 2 2  1 13 1 62 6 11
6 10  1 0   1 2 84 0 1

Figure 12.  SEM-EDS analysis of oxide on Sanicro 63 exposed on the 650°C probe. 

3.3. Low temperature corrosion temperature gradient probe tests 
 
Both 304L and 15Mo3 were exposed on the low temperature gradient probe. The austenitic 
stainless steel 304L showed no corrosion after exposure in air-firing mode and minimal 
tarnishing in oxyfuel conditions. For the 15Mo3 specimens more corrosion was observed. 
 
The deposits on the low temperature probes were very thin. Nevertheless it was possible to 
obtain samples for analysis by careful scraping of the deposits from the wind and lee sides. 
The results are given in Figure 13. Deposits formed during oxyfuel conditions were enriched 
with sulphur, especially at 170°C (20 wt% sulphur in oxyfuel compared to 4 wt% in air-
firing). 
 
The specimens were cross-sectioned and the thicknesses of the oxide layers were measured 
(Table 4). For all the oxyfuel specimens there was a measurable oxide, however this was only 
the case for the specimen at the lowest temperature for air-firing. 
 
The chemical composition of the corrosion layer formed on 15Mo3 and 254 SMO during the 
1000 hrs exposure shows that chlorine is present in the corrosion scales on the lowest 
temperature rings, while the amount of sulphur is higher at the higher temperatures. The high 
amount of carbon for the lowest temperatures indicate the presence of carbonates.  
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Figure 13.  Chemical composition of deposits from low temperature 15Mo3 probes. 

Table 4.  Maximum thickness of oxide layer (µm) for the 15Mo3 on the low temperature probe 
exposed for 250 hrs. 

 Windward side Leeward side 
Oxy-fuel  70°C 22 24 
Oxy-fuel 120°C 18 <1 
Oxy-fuel 170°C 17 <1 
Air-firing  70°C 38 <1 
Air-firing 120°C <1 <3 
Air-firing 170°C <1 <1 
 
Even though the exposure time is limited to 1000h all materials show measurable corrosion. 
15Mo3 behaves as expected with corrosion rates up to 0,9 mm/1000h. Measurable corrosion 
of 254 SMO (150μm) is unexpected but it also shows the harshness of this environment, see 
Figure 14. The corrosion was of general type, with some local deeper pits. 
 
SEM-EDX analysis shows that the local variations of composition in the deposits are large 
but that chlorides are present at the lowest temperatures. Predominantly at higher 
temperatures 
 
The finding that there is no material loss at the lowest temperature and then significant loss of 
material from the highly alloyed 254SMO at temperatures above 90ºC is somewhat 
unexpected. The large material loss was localised and may be due to localized defects in the 
material or a localized corrosive microclimate.  
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Figure 14. Corrosion rates for 15Mo3 and SMO 254 exposed on a temperature gradient 
probes for 1000 hrs.  
 
4. Discussion 
 
4.1. Deposition 
  
There is an indication of higher deposition rate with oxyfuel than with air-firing. Further 
investigations need to be undertaken as only one deposit probe was used in air-firing and 
there were no results at the highest temperature. A higher deposition rate leads to slagging and 
fouling problems and decreases heat uptake of the superheaters. Sheng and Li [4] investigated 
ash formation during pulverised coal combustion in O2/CO2 mixtures compared with O2/N2 
mixtures. Four different coal samples were burnt with various gas compositions in a drop tube 
furnace. The residues ash samples were characterised by X-ray diffraction and 57Fe 
Mössbauer spectroscopy. No significant difference was observed in the crystalline phases of 
the ashes. However a difference in the relative intensities of peaks was observed for some 
phases in the two gas environments. Mössbauer spectroscopy showed that the differing 
atmospheres influenced the relative percentages of iron species formed in the ashes. The 
combustion in O2/CO2 resulted in more iron melting into glass silicates and less iron oxides. 
This could give problems with slagging and fouling.   
  
4.1. High temperature corrosion  
  
Similar to the results from the ENCAP studies [3] with 40 hour exposure in a burner rig, there 
is no significance difference in the specimens with oxyfuel and with air after 250 hrs exposure 
in the pilot plant. Unfortunately there are areas where we cannot make a comparison yet, for 
example waterwall probe testing which will be considered in future studies. Although there is 
an indication of high waterwall corrosion from the probe test, we have no comparison in air, 
and waterwall corrosion is susceptible to localised changes which may be due to boiler 
design/fluid dynamics and not oxyfuel combustion. 
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Due to the higher CO2 and SO2 concentration and longer exposure times, both carburisation 
and sulphidation may be more of a threat. The higher CO2 may result in carbon diffusion into 
the material producing brittle phases and the higher SO2 may lead to increased deposition of 
sulphate phases resulting in more sulphidation. Piron et al has exposed 9-12% martensitic 
steels for 1000 hrs and shown that exposure in Ar+CO2 is similar to CO2+H2O with respect to 
weight gain and oxide thickness. However the carburisation depth was thinner for the 
CO2+H2O mixture than the Ar+CO2. It was suggested that H2O presence reduces the 
carburisation of the steel, as H2O is easily adsorbed on the surface compared to CO2. Ferritic 
steels (1-11% Cr) have been investigated in CO2 + 30% H2O conditions both in high and 
ambient pressures [6]. Increased oxidation rate was observed for ferritic steels at high 
pressures due to increased carbon deposited within the oxide. In oxyfuel combustion, there is 
a higher oxygen content in the gas which should reduce problems with carburisation. 
 
4.2. Low temperature corrosion 
 
The largest differences between oxyfuel and air-firing appeared on the low temperature 
gradient probe, installed in the economiser region, which had a temperature of 60-200°C. For 
the 250 hrs exposure and at the lowest temperature tested (70°C), specimens exposed in both 
air and oxyfuel modes revealed large amounts of corrosion. However, the specimens exposed 
during oxyfuel conditions were more highly corroded at higher temperatures and the deposits 
were enriched with sulphur, especially at 170°C (20 wt% sulphur in oxyfuel compared to 4 
wt% in air-firing). Calculations show that the acid dew point (dew point for H2SO4 ) is about 
30°C higher in oxyfuel mode, (124°C in air-firing and 153°C in oxyfuel mode, when firing 
normal lignite). 
 
Sulfuric acid begins as small concentrations of sulfur trioxide (SO3) in the boiler. The SO3 is 
formed in the furnace and convective pass of the boiler by the reaction of SO2 with oxygen. 
Among the parameters which influence the amount of SO3 formation in the boiler are fuel 
sulphur content, ash content and composition, convective pass surface area, tube metal 
surface temperature distribution, and excess air level. As a flue gas condenses, the first 
temperature at which condensation begins depends on both the partial pressure of sulphur 
trioxide and water vapour. The initial condensate forming at the dewpoint is very corrosive 
but the actual deposition rate of these particles is small. As the temperature decreases, the acid 
concentration reduces but there is more acid available, thus high corrosion rates are generally 
observed 20-30°C below the actual acid dewpoint as the deposition rate of the acidic species 
increases. As the temperature is further reduced, then acid concentration decreases leading to 
decreased corrosion until it reaches the temperature where other acidic gases such as CO2, 
SO2 and NO2 dissolve.  It is clear that the amount of sulphur in the deposits increases the 
temperature at which downtime corrosion occurs.  In addition the amount of water in the gas 
phase is also important [8] and the increase from 9% to 30% water vapour increases the 
dewpoint temperature as can be seen from Figure 15. 
 
The squares mark the dewpoints relevant for the lignite used in this test. However a higher 
sulphur content in the coal would lead to a higher dewpoint temperature. This diagram is 
based on the assumption that 0.5% of the SO2 is converted to SO3. More data with longer 
exposure times is required to assess the corrosion rates at the various temperatures. Based on 
the corrosion rates and general behaviour none of the alloys withstand the environment totally 
but all the high alloy steels still show potential for use in these environments. 
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Figure 15.  Dewpoint temperature with respect to SO3 for various water contents.   

5. Conclusions 
 
The following conclusions can be drawn from this work. The chemical compositions of the 
high temperature (superheater) deposits from air and oxyfuel firing were found to be similar 
and the initial high temperature corrosion behaviour of the same steels also appeared to be 
similar during air and oxyfuel firing. This was an unexpected result as levels of SO2 were 
approximately four times greater under oxyfuel conditions as measured after the before the 
ESP (Table 1). The low temperature gradient probe revealed more corrosion in oxyfuel mode 
and the deposits contained significantly more sulphur. Calculations show that the dewpoint 
temperature of SO3 has increased due to oxyfuel combustion.  
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