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Experimental and Modeling Studies of Sulfur-Based Reactions in
Oxy-Fuel Combustion
ABSTRACT
Oxy-fuel combustion is a technology for CO2 capture that is suitable for largescale, coal-fired power plants. In this system, the combustion air is replaced by a
mixture of O2 and recycled flue gases, so as to enrich for CO2 in the flue gas.
These changes in combustion conditions have impacts on the degree of corrosion
and flue-gas cleaning issues. In this thesis, the chemistry of sulfur-containing
compounds during oxy-fuel combustion is examined through experimental and
modeling studies. Since the concentration of formed SO3 is important for highand low-temperature corrosion, the formation of SO3 is studied in detail in the
present work.
The formation of SO3 was characterized experimentally under different postflame conditions in a quartz reactor. The gas-phase chemistry was analyzed using
a detailed kinetic gas-phase model. The influences of the operating conditions of
the Chalmers 100-kWth oxy-fuel test unit on the formation of SO3 were
investigated using C3H8 as the fuel and SO2 injection into the feed gas. Different
SO3 measurement techniques were applied and compared. A sulfur mass balance
was established in the Chalmers 100-kWth oxy-fuel test unit during oxy-fuel and
air-fired combustion with lignite as the fuel. In each test case, the quantities of
sulfur in the fuel, flue gas, ash, and condensed water were determined.
Although the SO2 emissions (mg/MJfuel) decreased, the SO2 concentrations were
several-fold higher in oxy-fuel combustion than in air-fired combustion
conditions. Simultaneously, the level of sulfur self-retention by the ash was
increased during oxy-coal combustion, possible due to the increased
concentration of SO2 during oxy-fuel combustion. The increased concentration of
SO2 during oxy-fuel combustion generally results in an increase in SO3
concentration, which leads to an increased acid dew-point temperature, especially
if a wet flue-gas recycle (FGR) is applied. The experiments and modeling show
that SO3 formation is favored to a greater degree in a CO2 atmosphere than in an
N2 atmosphere. However, during the conversion of CO, the rate of SO3 formation
may be significantly reduced in a CO2 atmosphere, as compared to formation in
an N2 atmosphere. The SO3 formation increased with residence time, as well with
the temperature in the furnace. Therefore, the formation of SO3 is enhanced for a
decrease in the FGR ratio in oxy-fuel combustion. That means that the FGR
ratio and the location of flue-gas desulfurization are important design criteria
with respect to SO3 formation in an oxy-fuel power plant.
Keywords: Carbon capture and storage; oxy-fuel; sulfur; SO2; SO3; H2SO4; acid dew-point;
corrosion; coal combustion; flue gas recycle
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1 - Introduction

At the same time as global demand for electricity is increasing, calls to reduce
carbon dioxide (CO2) emissions, as a measure to counteract global warming, are
intensifying. A major proportion of the electricity generated today originates
from fossil fuels, with coal as the main fuel source. In the long-term perspective,
the switch from fossil fuels to renewable energy sources is unavoidable, not least
due to the fact that the supply of fossil fuels is limited. Nevertheless, over the
coming decades, at least up to the year 2050, meeting the electricity demand
without the use of fossil fuels is unrealistic. The strategy of capture and storage of
CO2 (Carbon Capture and Storage; CCS) from power plants offers the possibility
to reduce drastically CO2 emissions with a continued use of fossil fuels. To enable
CCS, CO2 must be captured from the flue gas, as co-storage of nitrogen (N2) is
too expensive and would require too much space. The oxy-fuel combustion
process is one of the most promising CO2 capture technologies, since it is based
primarily on commercial components, thus lowering the investment risks.
In oxy-fuel combustion, oxygen (O2) is used instead of air to oxidize the fuel, so
as to produce a flue gas with a high concentration of CO2. The basic principle of
oxy-fuel combustion is illustrated in Figure 1.1. A large amount of flue gas is
recycled to replace the absent air-N2, to avoid excessive combustion
temperatures. The type of flue-gas recycle (FGR) method used, e.g., wet or dry
and the level of O2, is important in the management of the combustion process.
In oxy-fuel combustion, the combustion takes place in an atmosphere that
contains high concentrations of combustion products. If dry-FGR is applied, the
combustion takes place in a CO2-based atmosphere, whereas if wet-FGR is
applied, the combustion takes place in a water (H2O) plus CO2-based
atmosphere. This has important implications for the combustion chemistry. In
this thesis, some aspects related to sulfur (S) chemistry are examined.

Figure 1.1 The basic principle of oxy-fuel combustion.
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1.1

Aim and Scope

Since the terms and conditions for oxy-fuel combustion differ from those for airfiring, sulfur chemistry must be investigated under oxy-fuel conditions. Sulfur is
involved in high-temperature corrosion (HTC) and has other undesirable effects
on power plant equipment, such as low-temperature corrosion (LTC).
Furthermore, the concentrations of sulfur species in the flue-gas are important
with respect to flue-gas cleaning. Therefore, the overall objective of this research
is to clarify the behavior of sulfur during oxy-fuel combustion. A focus of the
present research is to investigate the formation of sulfur trioxide (SO3) during
oxy-fuel and air-fired combustion.
The concentration of sulfur dioxide (SO2) during oxy-coal combustion is
significantly higher than that during air-fired combustion, while the level of SO2
emission (mg/MJfuel) is much lower. It is an open question as to where in the
process the sulfur accumulates and therefore it is of interest to clarify the fate of
sulfur in combustion facilities that operate under oxy-coal conditions. With
respect to flue-gas cleaning, it is also necessary to know the amount of SO2 that is
formed during oxy-coal combustion. The concentration of SO2 will influence the
formation of SO3, which has a significant impact on HTC and LTC.
Measurements of SO3 in the stack gas from oxy-coal combustion reveal
significantly increased concentrations of SO3 compared to the levels from airfired combustion. However, there are no detailed studies into the reasons behind
the increase in SO3 concentration under oxy-fuel conditions. It is necessary to
clarify the rate of SO3 formation during oxy-fuel combustion. Even for air-fired
combustion, the measurements and modeling data with respect to SO3 formation
are limited, mainly because the measurement of SO3 is problematic.
This thesis examines sulfur chemistry under air-fuel and oxy-fuel conditions. The
main objective is to determine the fates of the main sulfur-containing compounds
under both gas-fired and coal-fired conditions. Special attention is focused on the
gas-phase sulfur chemistry in relation to coal-fired boilers. This aspect of the
chemistry was studied through experiments and detailed kinetic chemistry
modeling. The formation of SO3 was identified as being of special importance for
oxy-fuel combustion. In addition, there are few publications regarding the
accuracy and applicability of different SO3 measurement techniques in general
and there are no experimental studies to compare different SO3 measurement
techniques in oxy-fuel combustion. Therefore, different SO3 measurement
techniques were tested in the Chalmers 100-kWth oxy-fuel test unit during airfired and oxy-fuel operation with propane (C3H8) as the fuel and in conjunction
with the injection of SO2 in the feed gas. The levels of formation of SO3 during
2

different oxy-fuel operating conditions in the Chalmers oxy-fuel test unit were
investigated in detail. The impacts of different post-flame conditions on gas-phase
SO3 formation were mapped in experiments using a quartz flow reactor. A plugflow model combined with the detailed reaction mechanism was used for
interpretation and discussion of the experimental data. A sulfur mass balance was
established in the Chalmers oxy-fuel unit using lignite as the fuel, with the aims of
identifying and quantifying the sulfur sinks in the unit.

1.2

Content

The present thesis consists of five Chapters, six appended papers, and an
Appendix that details the applied reaction mechanism. Chapter 1 describes the
aims and scope of the thesis, and outlines the sulfur-related problems that occur
during coal combustion. Chapter 2 provides a brief overview of the behavior of
sulfur during pulverized coal combustion. The general differences between oxyfuel and air-fired combustion systems with respect to sulfur chemistry are
identified, and previous studies in this research area are presented. The methods
of the present thesis are summarized in Chapter 3, and the main results are
presented and discussed in Chapter 4. Finally, the conclusions are presented in
Chapter 5.
This research is based on experimental studies and is supported by modeling
work, as well as data from the literature. Paper I outlines the sulfur-related issues
under oxy-coal conditions and is therefore titled: “The fate of sulphur during oxyfuel combustion of lignite”. Paper II contains the results of experiments
performed in the Chalmers oxy-fuel unit that were aimed at identifying and
quantifying sulfur sinks. In Paper III, the formation of SO3 is investigated using a
detailed gas-phase chemistry model for different oxy-fuel cases. Paper IV
investigates experimentally the influences of operating conditions on the
formation of SO3 in the Chalmers oxy-fuel unit with C3H8 as the fuel and
injection of SO2 into the oxidizer. In Paper V, different SO3 measurement
techniques are evaluated during air-fired and oxy-fuel combustion processes in
the Chalmers oxy-fuel unit. In Paper VI, SO3 measurements are performed in a
plug-flow reactor to determine the rate of SO3 formation for different gas
compositions in terms of dependence upon reactor temperature.

1.3

Sulfur-Related Problems in Combustion Processes

Problems associated with sulfur during coal combustion are often related to the
amount of SO3 present in the flue gases. Therefore, the extent of formation of
SO3 during combustion has important consequences for boiler operation.
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However, since SO2 is the main sulfurous oxide and SO3 is formed via SO2, the
concentration of SO2 also has relevance for efficient boiler operation. The
concentration of SO2 is also a critical process parameter for flue-gas cleaning
downstream of the boiler. In this Section, sulfur-related problems associated with
boiler operation in a pulverized coal combustion system are briefly discussed.

High-Temperature Corrosion (HTC)
HTC, which is also known as fire-side corrosion, was first recognized as a serious
problem in the USA in 1942 when slag tap furnaces (molten slag) were used
instead of dry bottom-type furnaces.1 Subsequently, a correlation between SO3
and HTC was identified.1 HTC is often caused by low-melting deposits,
particularly alkali salts. The alkali metal, chlorine (Cl), and sulfur contents of the
fuel are critical parameters. Sulfur and chlorine compete with each other to form
either alkali sulfates (Na2SO4 and K2SO4) or alkali chlorides (NaCl and KCl). The
formation of alkali sulfates instead of alkali chlorides is advantageous from a
corrosion point of view. Therefore, the hydrogen chloride (HCl)/SO2 molar ratio
in the flue gas is important with respect to HTC. Using equilibrium calculations,
Otsuka2 concluded that coals that have high concentration of Cl and S favor the
formation of sulfate salts during combustion. In coal-fired boilers, HTC is also
caused by complex sulfates, such as alkali iron trisulfates [K3Fe(SO4)3 and
Na3Fe(SO4)3], which are formed from alkali sulfates and SO3.1-4 Corrosive liquid
pyrosulfates (Na2S2O7 and K2S2O7), which are formed from alkali sulfates and
SO3, may also be important at lower temperatures (e.g., wall tubes).1,4 Elevated
concentrations of SO2 and SO3 in oxy-fuel combustion may increase the
formation of alkali sulfates.5 At the same time, compared to air-fired conditions,
oxy-fuel combustion with a wet flue-gas recycle process is expected to result in a
higher concentration of Cl. In summary, there is a risk that coals that have a weak
potential for inducing corrosion under air-fired conditions have a greater
potential for corrosion under oxy-fuel conditions. Therefore, it is of interest to
investigate the chemistry of sulfur in oxy-fuel combustion processes.

Low-Temperature Corrosion (LTC)
During cooling of the flue gas, SO3 starts to combine with H2O at temperatures
<500°C, to form gaseous sulfuric acid (H2SO4):6,7
SO3 (g) + H2O (g)

H2SO4 (g)

(1)

At temperatures <200°C, almost all the SO3 is converted to H2SO4.7 Thus,
discussions of SO3 in relation to flue-gas measurements generally refer to the
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measurement of gaseous H2SO4, and this is also the case in the present study.
Gaseous H2SO4 combines with H2O at points below the acid dew-point, which
represents the temperature and pressure at which acid condensation is initiated.
This can result in LTC due to the formation of liquid films on metal surfaces or
the accumulation of small corrosive drops on equipment surfaces. The acid is
highly corrosive and typically contains more than 70 mole% H2SO4 (see Land8).
Figure 1.2 illustrates the influence of the H2SO4 (g) partial pressure in the flue gas
on the acid dew-point temperature for different H2O (g) partial pressures. In oxyfuel combustion with a wet recycle, the H2O concentration will be several-fold
higher than the H2O concentration during air-fired combustion, which means that
the acid dew-point temperature is higher in oxy-fuel combustion with a wet
recycle than in an air-fired combustion system.9
The involvement of SO3 in LTC of air-heater and economizer surfaces is welldocumented.10-13 LTC can be controlled either by operating above the acid dewpoint temperature, with the drawback that the efficiency of the unit may be
reduced, or using acid-resistant steels in the low-temperature region, in which
entails higher investment costs. SO3 can cause further problems at the cold end,
such as reduced mercury removal, air preheater fouling, and plugging of the SCR
catalyst by formed ammonium sulfates.14-16

Figure 1.2 Acid dew-point temperature versus H2SO4 (g) partial pressure for different H2O (g)
pressures in the flue-gas (adapted from Verhoff and Banchero17).

Environmental Problems and Measures
Sulfur oxides are harmful to both human health and the natural environment, not
least due to the formation of sulfurous and sulfuric acid, as well as smog. Sulfur
oxides are responsible for acid rain, leading to soil and water acidification and
acidic damage to plants and buildings.
5

In response to high levels of sulfur compound generation in parts of England,
flue-gas desulfurization (FGD) units were installed during the 1930s to minimize
SOx emissions from power plants, although their wide-scale implementation was
not until the 1970s, as part of governmental decisions and regulations to reduce
SOx emissions.18 Global anthropogenic sulfur emissions therefore peaked in the
early 1970s and decreased until 2000, mainly as result of using FGD units and
switching to fuels with lower sulfur contents in Europe and North America.
However, since the turn of the century, sulfur emissions have increased once
more due to higher emission levels in China and other developing countries.19
SO3 emissions in the stack gas from coal-fired plants constitute the so-called
“blue plume”. Blue plume is caused by aerosol formation from gaseous H2SO4
during the cooling of the flue-gas, leading to a typically blue or brown-orange
coloration of the stack gas.20 The complete removal of such aerosols before the
stack is difficult to achieve through wet-FGD.21
In the oxy-fuel combustion process, apart from conventional flue-gas cleaning
equipment, new opportunities are presented, since the CO2 has to be liquefied.
Therefore, oxy-fuel combustion offers good possibilities to reduce further SOx
emissions, in comparison to conventional air-fired power plants. While the costorage of SOx has also been proposed, owing to acid formation and the potential
formation of calcium sulfate, specific storage field conditions have to be
considered as well.
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2 - Sulfur in Coal Combustion

2.1

The Fate of Sulfur during Pulverized Coal Combustion

The level of sulfur in the flue gas from pulverized coal combustion is primarily
dependent upon the type of coal used, as the sulfur content and the ways in which
sulfur and ash-forming matter are bound differ among coal types. The sulfur
content of coals varies from 0.1% to 11% per mass.22,23 For high-sulfur coals,
desulfurization before combustion can be applied, although this is not the norm
and usually the sulfur content is <4 wt.%.
The main sulfur reaction routes during pulverized coal combustion are
summarized in Figure 2.1 and explained in this Section. The sulfur in coal can be
bound as sulfides, organic sulfur compounds, sulfates, and traces of elemental
sulfur.24 Sulfides and organic sulfur compounds are generally the main sulfurcontaining species in coals, whereas the levels of sulfates and elemental sulfur are
usually low.22,23 During devolatilization, most of the organic sulfur compounds
and approximately half of the sulfides are released to the gas-phase. Sulfur is
released from sulfates only during char combustion.25 Pyrite (FeS2), which usually
comprises a major fraction of sulfides in coal, is released according to the
following reactions:26

Reaction 2 occurs mainly during devolatilization, and Reaction 3 occurs during
char combustion. SO2 is formed by Reaction 4 and is the thermodynamically
favored gaseous sulfur compound at high temperatures (>1000°C) when O2 is
present in excess.27,28 In sub-stoichiometric (fuel-rich) regions, significant
concentrations of hydrogen sulfide (H2S) can occur.27,28 H2S is released from
organic sulfur compounds in the coal and SO2 can be further converted to H2S
under sub-stoichiometric conditions, which is especially relevant for oxy-coal
combustion, where the feed-gas (oxidizer) contains SO2.
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However, not all the sulfur in the coal is released to the gas-phase; a portion
remains unburnt, together with the ash-forming matter. Furthermore, not all the
sulfur released to the gas-phase remains there as SOx, since SOx can react with
alkaline earth metals and alkali metals to form sulfates.22,29-31 Alkaline earth
metals and alkali metals are commonly found in coals, although their contents
and reactivities vary significantly among different coals. The capture of sulfur by
ash-forming matter, termed „sulfur self-retention by ash‟, depends mainly on fuelspecific characteristics, such as coal particle size, and the ways in which sulfur,
alkali metals, and alkaline earth metals are bound.32 Calcium (Ca) plays a
dominant role in sulfur self-retention by ash and, consequently, the Ca/S molar
ratio of coal is an important factor.30,32 Calcium in coals appears as calcite
(CaCO3, common in coals33), dolomite [CaMg(CO3)2], organic Ca, and Ca in
clays and silicates. CaCO3 is converted to lime (CaO) during combustion when
the temperature is sufficiently high and the CO2 partial pressure is sufficiently
low, in accordance with:

The CaO initially formed from CaCO3 (or dolomite or organic Ca) has a highly
porous structure and reacts readily with SO2 to form CaSO4:

However, at the high temperatures present during pulverized-coal combustion,
the CaO particles can sinter, and thereby lose reactivity. Additional CaSO4
formation fills the pores and reduces the theoretical sulfation potential of the
CaO particles. Therefore, given the high temperatures during pulverized coal
combustion, the addition of lime can never be as effective as it is during
circulating fluidized bed (CFB) combustion.
In oxy-fuel combustion, H2O is removed from the flue gas and a small fraction of
the SOx in the flue gas is absorbed by the condensate formed in the flue-gas
condenser.34 This phenomenon is indicated in Figure 2.1, although it should be
noted that this is not part of the combustion process.

Figure 2.1 Reactions of sulfur during oxy-coal combustion (Paper I).
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2.2

Increased Concentration of SO2 in Oxy-Coal Combustion

In oxy-coal combustion, the level of SO2 emission (mg/MJfuel) is significantly
lower than in air-fired combustion. However, due to the absence of airborne N2,
the concentration of SO2 is significantly increased, as demonstrated by several
experimental studies.34-41 Most of these studies investigated only the gas phase,
and it remains an open question as to where in the process the sulfur is retained.
Kiga and Takano37 measured the mass flow of sulfur in the ashes, although their
sulfur mass balance was not completely closed. Stanger and Wall40 reported
significantly reduced SO2 emissions under oxy-coal conditions, as compared with
air-fired conditions, albeit without any major differences in the sulfur contents of
the ashes. Without providing the experimental data related to the deposits, they
stated that the missing sulfur in oxy-fuel combustion might be the result of a
higher rate of deposition of sulfur-containing compounds, as compared with airfired combustion. Since there the only significant sulfur sink is the ash, the ash
and deposits formed under oxy-fuel conditions should contain more sulfur than
those formed under air-fired conditions (as discussed in Paper II).
The higher concentration of SO2 associated with oxy-coal combustion generally
favors sulfation and stabilization of the formed sulfates.42-44 Moreover, the
conditions for sulfate formation are enhanced by the high concentration of CO2
during oxy-fuel combustion, which leads to an increase in the calcination time for
CaCO3 particles, as compared with air-fired combustion. (Such considerations are
only relevant for coals in which most of the Ca is bound as CaCO3 or for
combustion units in which limestone is added.) Since the calcination of CaCO3
particles occurs more slowly in a CO2-rich environment, calcination occurs more
concomitantly with sulfation, in contrast to the situation of an N2-rich
environment in which the CO2 produced during calcination causes the developing
CaSO4 layer to be more porous and brittle.45 Thus, the desulfurization efficiency
of limestone in a CO2/O2 atmosphere at 1200°C was found to be higher than the
desulfurization efficiency of limestone in an air-combustion atmosphere at 900°C
(3-sec residence time).45 Chen et al.45 further demonstrated that the optimal
desulfurization temperature of limestone is higher in a CO2/O2 atmosphere
(1050°C) than in air (900°C). Furthermore, CaO, calcinated in a CO2/O2
environment, has a smaller specific surface area but larger pore diameter than
CaO calcinated in air, which increases its sulfation efficiency due to reduced pore
filling and plugging.46 Therefore, the efficiency of desulfurization can be
significantly higher in oxy-fuel combustion than in air-fired combustion.
The CO2 partial pressure also governs the temperature at which calcination
(Reaction 5) occurs.47,48 The higher concentration of CO2 in oxy-fuel combustion
raises the lower temperature limit for calcination to around 900°C, as compared
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with approximately 800°C in air-fired combustion (atmospheric conditions).
Therefore, calcination does not take place at temperatures <900°C in oxy-fuel
combustion owing to the high partial pressure of CO2, which favors the direct
sulfation of CaCO3 (similar to the situation in pressurized air-fired combustion):

This reaction is important for oxy-fuel CFB combustion because the
temperatures therein are <900°C. However, in pulverized oxy-coal combustion,
the temperature is sufficiently high for CaO to be formed.

2.3

Formation of SO3

The equilibrium calculations for typical flame conditions show that, under O2-rich
conditions, the only noteworthy sulfurous species formed are SO2, together with
small amounts of SO3 and sulfur oxide (SO), whereas under fuel-rich conditions,
the amount of formed SO3 is insignificant.27,28 However, at lower temperatures,
the equilibrium shifts towards SO3, although SO3 formation is kinetically
controlled and the SO3/SOx conversion ratio for coal combustion is usually <4%
(see Paper III).
Hindiyarti et al.49 identified the following four reactions as being important for
gas-phase SO3 formation in combustion-relevant systems, as confirmed in Paper
III:
primary oxidation of SO2,

reduction of SO3 by H-radicals,

and secondary formation of SO3 via HOSO2,

However, SO3 may be consumed by the reverse of Reactions 11 and 10 when the
level of radicals is high.49 The primary formation of SO3 (Reaction 8) is most
important at high temperatures (>1150 K), whereas secondary formation of SO3
(Reaction 11) is more pronounced at moderate temperatures (1000–1200 K)
(Paper III).
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Since SO3 formation decreases in line with decreasing temperature, the cooling
rate of the flue gas governs SO3 formation.14 Furthermore, the formation of SO3
is heavily dependent upon the concentrations of SO2 and O2.50 Therefore, excess
O2 is usually restricted in oil-fired boilers to minimize SO3 formation (0.3%–0.5%
excess O2).50,51 The concentration of SO2 depends on the sulfur content of the
coal and the extent of sulfur self-retention by the ash. However, SO3 may also
participate in heterogeneous reactions.14,52 For example, the formation of SO3 is
favored by fly ash that contains iron oxide (Fe2O3)29,52-54 or vanadium pentoxide
(V2O5)53,55, whereas if the alkalinity of the ash is high, it may capture the SO350.
Reactions between NOx and SOx species6,56,57, such as
SO2 + NO2

SO3 + NO

(12)

may influence SO3 formation, although these reactions remain controversial58.
Wendt et al.57 estimated that SO3 formation, as a result of such reactions,
amounted to 0.01 ppm SO3 for cooling of the flue gas from 1800 K to 600 K in 2
seconds (initial conditions: 3% O2; 1000 ppm SO2; and 500 ppm NO). This implies
that the impacts of direct NOx and SOx interactions are of less importance for
SO3 formation in combustion processes.

2.4

Increased Concentration of SO3 in Oxy-Coal Combustion

Measurements performed under oxy-coal conditions reveal a concentration of
SO3 that is several times higher than that seen under air-fired conditions.38-41,59-61
Most of the results are based on measuring the SO3 concentration in the stack
gas. However, Eddings et al.61 measured SO3 concentrations by extracting flue
gas at higher temperatures (from 800 K to 1300 K). A detailed overview of the
results of the SO3 measurements under oxy-fuel conditions, as compared to airfired conditions, is provided in Paper III (page 8509). Comparing the available
data, it is clear that coal types with a Ca-rich ash have the lowest SO3
concentrations in the stack. The data also demonstrate that higher concentrations
of SO2 lead to higher concentrations of SO3. However, it is unclear as to which
other factors influence the amount of SO3 formed in oxy-fuel combustion. There
is a need to clarify SO3 formation in oxy-fuel combustion using a more general
approach. Therefore, in this summary and especially in Papers III, IV, and VI,
the influences of altered combustion conditions on SO3 formation are discussed
in detail.
With regard to SO3 formation, there are two main differences between oxy-fuel
combustion and air-fired combustion. First, the concentration of SO2 increases in
oxy-fuel combustion, and this has a strong impact on the concentration of SO3.
Second, combustion takes place in an atmosphere with a high CO2 concentration
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and, depending on recycling conditions, possibly a high H2O concentration, which
has an impact on the concentrations of radicals. Liu et al.62 and Glarborg et al.63
concluded that the reaction
CO + OH

CO2 + H

(13)

can be reversed in an oxy-fuel flame, thereby consuming H-radicals. This reduces
the size of the O-/H-radical pool, as Reaction 13 then competes with Reaction 14:
H + O2

OH + O

(14)

This results in slower oxidation of the fuel under oxy-fuel conditions, as
compared with air-fired conditions, assuming that the other conditions
(temperature, O2 concentrations) are comparable. However, in the burnout zone,
Reaction 13 is no longer reversed and H-radicals are produced. In the present
thesis, the impact of a CO2 atmosphere on SO3 formation is investigated through
experimental and modeling studies.

2.5

SO3 Measurement

While there are several methods for analyzing the SO3 concentration in flue
gases, few experimental studies have been conducted to compare different SO3
measurement techniques, with the only detailed study having been performed by
Cooper et al.64-66 No experimental study has been undertaken to date to compare
different methods for measuring SO3 during oxy-fuel combustion. Therefore, the
present work involved the evaluation of different methods for SO3 measurement
during air-fired and oxy-fuel combustion.
As SO3 is a strongly reactive gas, measurements of SO3 are difficult. More
specifically, the analysis of SO3 in flue gases may be hindered by: 1)
comparatively low concentrations of SO3; 2) high concentrations of SO2, which
constitute an interference factor; 3) oxidation of SO2 to SO3 by catalytically active
substances, such as iron oxides (fly ash particles) in the measurement line; 4) the
fact that SO3 starts to form gaseous H2SO4 at temperatures <500°C; 5) the
removal of SO3/H2SO4 by the particle filter, when extractive techniques are used,
with the consequence that the detected SO3 concentration is too low67,68; and 6)
the fact that SO3/H2SO4 is very reactive and can be lost due to surface reactions
before it reaches the measurement cell, despite the temperature being above the
acid dew-point.66,68
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2.6

Impacts of the Oxy-Fuel Atmosphere - Summary

Table 2.1 summarizes the impacts of the oxy-fuel combustion conditions on the
sulfur chemistry discussed above.
Table 2.1 Impacts of the oxy-fuel combustion conditions on the sulfur chemistry.
Change

Consequence

Absence of airborne N2

Increase in SO2 concentration

Increase in SO2 concentration

Increase in SO3 concentration;
Improved sulfation (Paper II-IV)

Increases in concentrations of combustion
products

Change in radical pool size;
Improved calcination/sulfation

Change in flue gas residence time (depending
on FGR ratio)

For longer residence time: increase in SO3
concentration (Paper III)
For shorter residence time: decrease in SO3
concentration (Paper III)

Change in temperature conditions (mainly
dependent upon the O2 concentration in the
oxidizer)

Probably influences the release of sulfur from
the coal and the capture of SOx by ash-forming
matter
Influences the level of SO3 formation
(Paper V)
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3 - Method

The applied methodologies are specified in detail in each paper. A summary is
provided here.
3.1

SO3 Measurement Methods

This Section provides a summary and discussion of the SO3 measurement
techniques applied in the present work. Those include: 1. Controlled
condensation method (British Standard BS 1756-4:1977); 2. Isopropanol
absorption bottle method (based on EPA Method 8); 3. Salt method64-66,69,70; 4.
Pentol SO3 monitor71,72 (first-generation system described by Jackson et al.73);
and 5. Acid dew-point monitor8.
The controlled condensation method was used as the standard for comparisons,
and was applied for SO3 measurement in Papers IV–VI, whereas the other SO3
measurement methods were evaluated in Paper V in experiments using the
Chalmers oxy-fuel unit. Methods 2, 3, and 5 were studied in cooperation with
Emil Vainio and Anders Brink (Åbo Akademi, Turku, Finland). Methods 1–4
are based on chemical sorption of SO3 followed by sulfate (SO42-) analysis after
gas sampling. Methods 1–3 are extractive, and a time-averaged SO3 concentration
is measured. Method 4 is also extractive but the sulfate analysis takes place
continuously. Figure 3.1 shows the principle of the sampling system that was used
for chemical sorption Methods 1–4. Flue gas is extracted with a heated probe,
SO3 is absorbed downstream, and the flue-gas flow is measured. The different
SO3 measurement methods are described in detail below.

Figure 3.1 An illustration of the sampling system used in the chemical sorption methods.
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Controlled Condensation Method
The controlled condensation method, which is a widely accepted and used
method for SO3 measurement, is often conducted according to the British
Standard BS 1756-4:1977 and the American Standard D 3226–73T. However,
both standards have been withdrawn and may be reworked. In the present work,
a controlled condensation method (Figure 3.2) based on British Standard BS
1756-4:1977 was used. The method is described in detail in the Värmeforsk
Handbook of Measurement74. The principle of the controlled condensation
method is to cool down the extracted flue gas to a temperature that lies between
its acid dew-point and water dew-point. Thus, H2SO4 condensates and is
adsorbed onto the condenser walls and the sintered glass filter of the glass cooler.
A flue-gas sampling time of 30 min was chosen for the measurement of SO3 with
the controlled condensation method. After gas sampling, the glass cooler was
flushed with 5 vol.% isopropanol [CH3CH(OH)CH3] solution. Thereafter, the
amount of sulfate in the solution was determined by ion chromatography or
titration, as recommended by Värmeforsk.74 The temperature in the adsorption
column (glass cooler) was maintained at between 80˚C and 90˚C in a water-bath.
According to Cooper et al.66, the controlled condensation method gives
comparatively true results, and it is recommended by Värmeforsk74. Maddalone
et al.75 recovered with the controlled condensation method 95% of the H2SO4
content of a synthetic flue gas with a coefficient of variance of ±6.7%, which is an
acceptable result in terms of accuracy and repeatability. However, Dene et al.68
observed that the measured concentration of SO3 could be too low because the
sulfate could become trapped in the filter. Koebel et al.76 observed that the
measured SO3 concentration might be underestimated, as complete condensation
of sulfuric acid vapor is difficult to achieve.

Figure 3.2 Schematic of the controlled condensation method.
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Isopropanol Absorption Bottle Method
Figure 3.3 shows the setup for the isopropanol absorption bottle method applied
in the present work. The method is based on EPA Method 8, with some
modifications. Flue-gas was first bubbled through one impinger filled with 80
vol.% isopropanol to absorb SO3, and then through two impingers filled with 3
vol.% hydrogen peroxide (H2O2) to absorb SO2.
The sulfate concentration in the isopropanol solution was analyzed by the
addition of thorin (C16H11AsN2O10S2) as an indicator and titration with barium
perchlorate [Ba(ClO4)2] until the color changed from yellow to light-red. Cooper
et al.66 used ion chromatography to measure the sulfate concentration in the
isopropanol solution but the measured SO3 concentration was far too high. The
reason for this was slow oxidation from sulfite (SO32-) to sulfate of the SO2
dissolved in the isopropanol solution. The determination of sulfate content in the
isopropanol solution using ion chromatography was therefore not recommended
by Koebel and Elsener76, as it normally takes too long to get the sample to a
laboratory. Cooper et al.66 reported that the dissolved SO2 in the isopropanol
solution could be removed by the bubbling of air through the solution after gas
sampling. However, Koebel and Elsener76 noted that the elimination of all SO2
from the solution was difficult to achieve, especially if the pH value was too high,
for instance due to low concentrations of SO3 and NOx or if ammonia (NH3) was
present.

Figure 3.3. The isopropanol absorption bottle method (Paper V).
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Salt Method
The principle of the salt method is that SO3 (gaseous H2SO4) reacts with sodium
chlorine (NaCl), resulting in the formation of sodium sulfate (Na2SO4) and
sodium bisulfate (NaHSO4):
2NaCl (s) + H2SO4 (g)

Na2SO4 (s) + 2 HCl (g)

(15)

NaCl (s) + H2SO4 (g)

NaHSO4 (s) + HCl (g)

(16)

The salt method, which is not commonly used, was first described by Kel´man69,
later used by Roiter et al.70, and more recently evaluated by Cooper et al.64-66
Cooper et al.66 tested two different setups. The first comprised three or four
connected-in-series, NaCl-impregnated quartz filter tubes, while the second
consisted of a cheaper and simpler glass tube filled with quartz wool and NaCl.
The amount of formed sulfate was detected by ion chromatography. The detected
concentration of SO3 was underestimated when using the NaCl-impregnated
quartz filter tubes, and Cooper et al. 66 assumed that the amount of NaCl was too
low or that the residence time was too short. However, when the simple glass
tube was used, the determined concentrations of SO3 corresponded to the results
of the controlled condensation method.
The salt method was studied intensively during the SO3 measurement campaign
with the Chalmers oxy-fuel unit. A simple setup was used (Figure 3.4). Ultraclean NaCl (~1 g) was tightly packed in a Teflon tube with an inner diameter of 8
mm. The salt was positioned using glass wool at each end of the tube. The level of
SO2 was determined simultaneously by bubbling the flue gas through two
impingers with 3 vol.% H2O2 placed in an ice water bath. After gas sampling, the
salt was dissolved in distilled deionized water and the amount of sulfate in the
water was determined by ion chromatography.

Figure 3.4. Setup of the salt method for measuring SO3 in flue gases (Paper V).
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Pentol SO3 Monitor
The Pentol SO3 monitor71-73 (earlier termed the „Severn Science reactive gas
analyser‟) uses a principle similar to that of the isopropanol drop method
(German Standard VDI 2462, withdrawn), although it was developed for
continuous measurements of SO3 in flue gases. Figure 3.5 illustrates the principle
of the isopropanol drop method. An isopropanol solution drops in the extracted
flue-gas stream and SO3 is absorbed. After sampling, the sulfate concentration in
the isopropanol solution can be analyzed by titration. The titration step is
automated and takes place quasi-continuously in the Pentol SO3 monitor.

Figure 3.5. Schematic of the absorption equipment for the isopropanol drop method (Paper V).

In the Pentol SO3 monitor, SO3 is absorbed in a flow of 80 vol.% isopropanol
directly downstream of the heated probe in a simple mixing chamber. The
isopropanol flow is treated continuously with barium chloranilate (BaC6O4Cl2)
and the following reaction occurs:

The acid chloranilate ion absorbs light with an absorption peak at 535 nm.73 The
light absorption is measured in a photometer and depends on the number of
chloranilate ions in the solution. The higher the absorption value, the more
sulfate is present in the solution. The concentration of sulfate in the solution is
proportional to the concentration of SO3 in the flue gas.
Blauenstein72 and Jackson et al.73 have claimed that there is no interference by
SO2 when the SO3 monitor is used. Dene et al.68 have confirmed that this
instrument provides credible results, albeit only in the hands of a skilled operator
(see Fernando50). However, Cooper64 measured significantly higher
concentrations of SO3 (25-fold higher on average) using the SO3 monitor
compared to the controlled condensation method. This discrepancy may be due
to oxidation of the SO2 dissolved in the isopropanol solution. It should be
mentioned that the SO3/SOx ratio was low in this instance.
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During the performance of the SO3 measurements in the Chalmers oxy-fuel unit
(Paper V), the mass flow controller of the SO3 monitor, which measures the
extracted flue-gas flow, had to be adapted for oxy-fuel operation owing to the
high concentration of CO2 in the flue gas from the oxy-fuel combustion. For oxyfuel operation, a correction factor of 0.76 (see Brooks Instruments77) was used.
Therefore, the SO3 concentration value displayed by the Pentol SO3 monitor was
divided by 0.76.

Acid Dew-Point Temperature Measurement
The acid dew-point temperature can be measured in a flue-gas stream by the
insertion of a probe with a controllable surface temperature.8,78-80 After insertion,
the surface temperature of the probe is decreased continuously. As soon as
sulfuric acid condenses on the probe, the two electrodes generate a signal, and
the acid dew-point temperature is obtained. If the H2O content of the flue gas is
known, the concentration of SO3 can be calculated from the acid dew-point
temperature (see Figure 1.2). However, the SO3 concentration is very sensitive to
the acid dew-point temperature, i.e., a small measurement error in the acid dewpoint temperature results in a significant error with regard to the SO3
concentration. Koebel et al.76 have pointed out that the true dew-point
temperature and the surface temperature of the probe are different. This
difference is greater for low concentrations of SO3 than for high concentrations of
SO3.
In the present study, an acid dew-point temperature monitor (ADM 220) from
Land Instruments8,81 was used to measure the acid dew-point temperature of the
flue gas. The probe has a sensor in the tip that consists of two platinum electrodes
insulated from each other with Pyrex glass. A schematic of the probe tip is shown
in Figure 3.6.

Figure 3.6 Probe tip of the acid dew-point temperature monitor (source: Land Instruments81).
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The probe tip is inserted into the flue-gas channel. After the surface temperature
of the sensor reaches the flue-gas temperature, the surface temperature is slowly
decreased by increasing the cooling air flow. The dew-point meter shows a
current of 0 µA as long as there is no condensation on the sensor surface.
According to Land8, the acid dew-point temperature is reached when the rates of
evaporation and deposition on the sensor surface are equal. This leads to a
constant conductivity and Land8 recommends a stable current reading of around
100 µA, whereas Stuart78 lists a stable current reading of around 50 µA. However,
since in the present thesis a reading of either 50 µA or 100 µA resulted in aciddew point temperatures that were too low, a stable current reading of
approximately 1 µA was adopted.
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3.2

Experiments in the Chalmers 100-kWth Oxy-Fuel Test Unit

Most of the experimental work of this thesis was performed in the Chalmers 100kWth oxy-fuel test unit. Figure 3.7 shows a schematic and Figure 3.8 photos of the
Chalmers oxy-fuel test unit. The flue-gas measurement positions are indicated as
M1 to M15. The unit is equipped with either a top-fired pulverized coal burner or
a gas burner, and it can be operated under conventional air-fired or oxy-fuel
conditions with dry and wet flue-gas recycling. The process is monitored by online flue-gas analysis and temperature measurements in the flue gas duct and
recycle loop. The volume flow of the oxidizer and the mass flow of the fuel are
also continuously measured. For further information about the Chalmers test
unit, see Paper II, Paper IV, and Andersson et al.82.

Figure 3.7 Schematic of the Chalmers 100-kWth oxy-fuel test unit. Letters (M) denote
measurement positions.
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a)

b)

c)

Figure 3.8 Photographs of the Chalmers 100-kWth oxy-fuel test unit: a) rear view; b) front view;
and c) furnace with measurement ports M1 to M5.
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Coal-Fired Experiments
Experiments were performed with air-fired and oxy-fuel combustion using lignite
as the fuel, with the aim of studying the fate of the sulfur through composition
measurements of the gases, solids, and condensate. Average proximate and
ultimate analyses of the lignite are presented in Table 3.1.
Table 3.1 Proximate and ultimate analyses of the lignite (average values).
Proximate
Volatiles
Ultimate
[wt.%, d.a.f. a]

[wt.%, as received]
Ymoisture

Yash

Ycombustibles

10.6

4.56

84.8

a

Dry ash free;

b

59.2

[wt.%, d.a.f. a]
YC

YH

YN

YS

Y Ob

67.0

5.37

0.83

0.89

25.9

by difference

Four different test cases were investigated (Paper II): 1) air-fired; 2) oxy-fuel with
wet recycling and an O2 feed-gas concentration of 42.6% on a dry basis (referred
to as „OF43w‟); and 3 and 4) oxy-fuel cases with dry recycle with O2 feed-gas
concentrations on a dry basis of 34.9% and 29.7%, respectively, hereinafter
referred to as „OF35‟ and „OF30', respectively. The performed measurements
included ash and water analyses coupled with on-line gas composition
measurements upstream of the flue-gas condenser at M12 (flue gas) and, in the
oxy-fuel cases, also downstream of the O2 mixing point at M15 (feed gas). The
points of measurement are shown in Figure 3.7. The measured flue-gas
compositions (SO2, O2, and CO2) are presented in Table 3.2 and represent the
mean concentrations of the sampling sequences, which were typically 10 to 20
minutes in duration. The fuel mass flow was 13 kg/h in all the test cases, which is
equivalent to a heat input of 76 kW.
Table 3.2 Experimental conditions in the test cases.
Test case
Test
O2 in feed gas
duration

[vol.%, dry]

(on dry basis)

[h]
Air-fired

Measured flue-gas concentrations
XCO2 [%]

XO2 [%]

XSO2 [ppm]

9.1

21

16.0

3.3

550

OF35

9.6

34.9

90.9

6.9

1870

OF43w

11.5

42.6

90.8

7.3

1955

OF30

11.0

29.7

91.4

5.7

1917

Since the overall sulfur mass balance of the system was of interest, the sulfur
fractions in the ashes and water (condensate) were measured, and the amount of
sulfur in the flue gas was estimated by measuring the concentration of SO2. The
total conversion of coal sulfur to SO2 (CSO2) was determined using the ratio of the
measured molar fraction of SO2 (XSO2, flue-gas) in the flue gas to the maximal
theoretical molar fraction if all the coal sulfur were converted to SO2 (XSO2, max).
-
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(α)

In addition, the SO2 concentration was measured before and after passage
through each component (furnace, cyclone, flue-gas cooler, fabric filter, and
condenser), to identify sulfur sinks within the system. The sulfur content of the
ash was determined at each location (furnace bottom, cyclone ash container, fluegas cooler, and fabric filter). Since the sulfur content of the ash differed between
locations, it was necessary to estimate the ash quantity at each location. The
bottom and cyclone ashes were weighed. The ashes that were not quantified
within the system, e.g., ashes found in the flue-gas cooler, fabric filter, reactor
tubes, and on the walls, were treated as residual ash and calculated from the
difference between the weighed ashes (bottom and cyclone ashes) and the ash
content in the fuel (obtained from the fuel analysis). In addition, the elemental
composition and the particle size distribution in the ashes and fuel were analyzed.

Gas-Fired Experiments
Tests were performed during air-fired and oxy-fuel combustion with C3H8 as the
fuel and with the injection of SO2 into the oxidizer (Papers IV and V). The aims
of the gas-fired experiments were to evaluate different SO3 measurement
techniques (see Section 3.1) and to determine the levels of SO3 formation under
various air-fired and oxy-fuel combustion conditions. During the SO3
measurement campaign, it became obvious that SO3 formation increased with
increasing temperature in the furnace. The temperature in the furnace was
quantified by calculating the average furnace wall temperature from 14
continuously logged thermocouples placed 2 cm from the inner surface of the
furnace wall. The typical temperature pattern for the average furnace wall
temperature during an operational day is shown in Figure 3.9.

Figure 3.9 Typical average furnace wall temperature pattern during an operational day (Paper V).
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Table 3.3 shows the main experimental test conditions during the gas-fired
experiments, as well as the flue-gas concentrations of O2, SO2, H2O, and CO2.
The fuel input was equivalent to 60 kWth in all cases, except for the one OF30
case with 75 kWth. The designation OF30 signifies an O2 concentration of 30
vol.% in the feed gas on a dry basis. The SO2 concentration in the OF30 case was
set at 3000 ppm on a dry basis, which is equivalent to an SO2 concentration of
2438 ppm on a wet basis. The OF25, OF35, and OF40 cases were adapted to the
same SO2 concentration on a wet basis. The oxygen-to-fuel equivalence ratio, λ,
for the OF30 case was set at 1.25. The outlet O2 concentration was kept constant
in all cases, which resulted in different λ values for the different cases. Since it is
likely that a wet flue-gas recycle will be applied for industrial oxy-fuel
applications, an oxy-fuel case with wet flue-gas recycle was implemented. The
feed gas O2 concentration was 46 vol.% on a dry basis (27 vol.% on a wet basis),
hereinafter referred to as OF46w. The concentration of SO2 and the λ value was
varied in additional experiments, which are not listed in Table 3.3.
Table 3.3 Experimental conditions used in the test cases.
Test case
O2 in feed Type
Oxidizer
gas

of

[vol.%,

FGR

λ

(on wet basis)

flow

XO2

XSO2

XH2O

XCO2

[m (STP)/h]

[%]

[ppm]

[%]

[%]

3

dry]

Flue-gas composition (M13)

volume

OF30

30

dry

50.1

1.25

5.39

2438

18.7

~71

OF25

25

dry

63.0

1.31

5.39

2438

15.6

~74

Air

21

-

77.7

1.38

5.39

885

12.0

8.6

OF25 (low SO2)

25

dry

63.0

1.31

5.39

885

15.6

~74

OF30 (low SO2)

30

dry

50.1

1.25

5.39

813

18.7

~71

OF30 75 kWth

30

dry

62.6

1.25

5.39

1625

18.7

~71

OF46w

46

wet

56.5

1.28

5.39

54.0

37.9

OF35

35

dry

41.6

1.21

5.39

2438

21.8

66.9

OF40

40

dry

35.6

1.18

5.39

2438

24.7

64.6

870 &
1379

The concentration of SO3 after the furnace (at position M8) was measured using
the controlled condensation method for all the cases. The salt method, the
isopropanol absorption bottle method, the Pentol SO3 monitor, and the acid dewpoint meter were applied mainly to the OF30 and air-fired cases. The controlled
condensation method was used as the standard for comparison, and the SO42concentration in the 5 vol.% isopropanol solution was analyzed by ion
chromatography (using the ICS-90 Ion Chromatography System from DIONEX).
In-flame SO3 concentrations were measured along the center line of the furnace
from M2 to M5 for the air-fired, OF30, OF25, and OF25 (low SO2) cases. Table
3.4 lists the distance from the burner inlet to each furnace measurement level
used during the in-flame measurements (M2 to M5). In addition to the SO3
measurements, the concentrations of SO2, O2, and CO, as well as the flame
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temperatures were recorded, to characterize the flames (Paper IV). A standard
water-cooled suction pyrometer with a type B thermocouple was used to measure
the flame temperature. The thermocouple was shielded with a ceramic tube.
Table 3.4 Furnace measurement points.
Measurement position/level

Distance from burner inlet [m]

M2

0.215

M3

0.384

M4

0.553

M5

0.800

Figure 3.10 shows photographs of the flames taken at position M2 for the test
cases in Table 3.3. The refractory burner cone is visible at the top of each image.
The OF25 flame (b) was completely blue, i.e., free of soot, whereas the air-fired
flame (c) showed yellow streaks. The OF30 case (a) and the OF46w case (d)
showed relatively blue flames, albeit with some yellow streaks. The OF35 case (e)
had a more turbulent and yellow flame than the OF30 case (a), while the flame
shape was similar. The OF40 (f) flame was completely yellow with intense soot
formation but without a clear flame shape due to the substantial reduction in
volumetric gas flow. Intense soot formation is believed to be due to poor mixing
conditions in combination with high combustion temperatures. To recall, an
increasing OF number means a decreased feed gas volume flow and an increased
concentration of O2 in the feed gas.
a)

b)

c)

d)

e)

f)

Figure 3.10 Photographs of the flames under the different operating conditions (see Table 3.3): a)
OF30; b) OF25; c) air-fired; d) OF46w; e) OF35; and f) OF40. The burner cone is visible at the
top of each image.
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Figure 3.11 gives the measured temperature profiles along the center line of the
furnace for the air-fired, OF30, and OF25 cases. The temperature profiles of the
air-fired and OF30 cases were similar, except at the end of or after the flame
(M5), where the temperature in the OF30 case was lower than that in the air-fired
flame, mainly due to the reduced volumetric flow of the feed gas in the OF30
case. The OF25 conditions resulted in a flame temperature level approximately
100ºC lower at the center line from M2 to M4, as compared with the air-fired
case.

Figure 3.11 Measured temperature profiles along the center line of the furnace for the air-fired,
OF30, and OF25 cases (Paper IV).

3.3

Plug-Flow Reactor Experiments

Plug-flow reactor experiments were performed at the Aragón Institute of
Engineering Research at the University of Zaragoza, with the aims of
investigating SO3 formation under post-flame conditions and validating a detailed
chemistry model.
The experimental setup consisted of a gas feeding system, a reactor system, and a
gas analysis system. The reactor system, as shown in Figure 3.12a, consisted of a
simple quartz glass tube (reactor) inserted in a one-zone electrically heated oven.
The quartz glass reactor had an inner diameter of 45.5 ± 0.5 mm and a length of
900 mm. Different gas mixtures were injected at the top of the reactor. A
measurement matrix with all the test cases is presented in Paper VI (Table 1).
Experiments were performed mainly in the temperature range of 800 K to 1473
K. A temperature of 1473 K was recommended as the maximum temperature for
the quartz reactor by the manufacturer. Nevertheless, some tests were performed
at the higher temperatures of 1573 K and 1673 K. Figure 3.12b shows the axial
temperature profile inside the reactor, measured with a type K thermocouple, for
different set-points of the oven. The temperature in the reactor reaches almost
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the set-point temperature of the oven and an almost isothermal temperature is
attained in the reactor throughout a zone of 200 mm. This zone is denoted as the
„isothermal reaction zone‟ and the set-point of the oven is designated as the
experimental temperature Te. Figure 3.13 shows as an example the gas residence
time for Te = 1473 K in the isothermal reaction zone and downstream during gas
cooling. The gas cooling takes approximately 5 seconds, which is similar to the
gas residence times expected for coal-fired boilers (see Senior et al.83).
The SO3 concentration at the outlet of the reactor was measured with the
controlled condensation method. The amount of SO42- in the isopropanol solution
was analyzed immediately by titration with 0.01 mol/l sodium hydroxide (NaOH).
a)

b)

Figure 3.12 Experimental setup: a) Quartz reactor and the one-zone electrically heated oven; and
b) Axial temperature profiles measured in the quartz glass reactor for different experimental
temperatures, ranging from 800 K to 1473 K (Paper VI).
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Figure 3.13 Residence times in the isothermal reaction zone and gas cooling for Te = 1473 K.

3.4

Modeling Work

The gas-phase chemistry related to sulfur species was investigated using detailed
gas-phase reaction models. The formation of SO3 was of special interest. The
detailed gas-phase mechanism proposed by Giménez-López et al.84, which is
based on a mechanism reported by Alzueta et al.85, was used in the models.
Giménez-López et al.84 validated the mechanism for the oxidation of carbon
monoxide (CO) in the presence of SO2 in CO2 and N2 atmospheres. The
formation of H2SO4 (Reaction 1) was not included in the mechanism, but it
should be kept in mind that at 200°C, almost all the “SO3” is present in the form
of gaseous H2SO4. The reactions and rate constants of the mechanism are listed
in the Appendix to this thesis. The calculations were performed with the
CHEMKIN-PRO86 software and a plug flow was assumed in the models.
In Paper III, general differences with respect to SO3 concentrations between oxyfuel and air-fired combustion were investigated using a detailed gas-phase
reaction model. The temperature profile of the plug-flow reactor was predefined
using an approach similar to that described in Paper I. It should be mentioned
here that the mechanism used in Paper I has not been validated for oxy-fuel
conditions with respect to sulfur chemistry. The temperature profiles applied in
the work in Paper III are presented in Figure 3.14; a linear temperature profile
from 1900 K to 400 K and a temperature profile typical of a pulverized coal-fired
power plant from Senior et al.83 are depicted.
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Figure 3.14 Predefined temperature profiles of the plug-flow reactor model described in Paper III.
A linear temperature profile (dotted line) and a temperature profile typical of a pulverized coalfired power plant (solid line, from Senior et al.83) are shown.

Different gas concentrations were used as the input data for the plug-flow reactor
in Paper III. The cases are presented in Table 3.5 and include an air-fired case
(Air) and five oxy-fuel cases (Oxy1 to Oxy5) with various concentrations of SO2
and recycling types (wet or dry). The gas concentrations are based on theoretical
flue gas compositions from lignite combustion (Table 3.1) under air-fired and
oxy-fuel conditions. Oxy1 represents an oxy-fuel case with dry recycling and
Oxy2 represents an oxy-fuel case with wet recycling, both without SO2 in the fluegas recycle. Oxy3 represents an oxy-fuel case with dry recycling and a conversion
rate for fuel sulfur to SO2 of 45%, as estimated from experiments with the
Chalmers oxy-fuel test unit (Paper II). Oxy4 and Oxy5, which are oxy-fuel cases
with dry and wet recycling, respectively, assume that all the fuel sulfur is
converted to SO2.
Table 3.5. Gas composition of the test cases used as input data for the calculations presented in
Paper III.
Air
Oxy1
Oxy2
Oxy3
Oxy4
Oxy5
Type of recycling

-

dry

wet

dry

dry

wet

100%

(17%)

(25%)

45%

100%

100%

SO2 [ppm]

750

750

750

1968

4363

3014

O2 [vol. %]

2.8

2.8

2.8

2.8

2.8

2.8

Conversion of
coal sulfur to SO2

a

b.d.

a

b.d.

a

b.d.a

CO2 [vol. %]

15.1

b.d.

H2O [vol. %]

9.1

9.1

36.4

9.1

9.1

36.4

NO [vol. %]

0.04

0.04

0.04

0.04

0.04

0.04

N2 [vol. %]

b.d.a

0.4

0.4

0.4

0.4

0.4

a

b.d.

a

By difference
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Flue-gas composition data from the lignite-fired experiments in the Chalmers
oxy-fuel test unit (see Table 3.2) were used as the input data for a plug-flow
reactor model to estimate the concentrations of SO3 in the flue gas. The flue-gas
composition data are given in Table 3.6 for the air-fired, OF30, and OF43w cases.
The temperature profile presented by Senior et al.83 (see Figure 3.14) was used as
the input data, although longer residence times were used. The main objective
was to derive general trends rather than accurate predictions, and the applied
temperature profile can be considered as an acceptable approach for the
Chalmers oxy-fuel unit.
Table 3.6 Conditions and flue-gas composition (on wet basis) used in the calculations based on the
test cases performed in the 100-kWth Chalmers oxy-fuel test unit (see Table 3.2).
Air
OF30
OF43w
Estimated residence time [s]

10

13

14

67%

41%

46%

SO2 [ppm]

500

1660

1290

O2 [%]

3.0

4.9

4.9

CO2 [%]

15.0

79.3

59.8

H2O (calculated) [%]

9.0

13.2

34.1

NO (assumption) [ppm]

400

400

400

Remainder, assumed as N2 [%]

72.9

2.4

1.0

Conversion of coal sulfur
to SO2 (CSO2)
Flue-gas composition per volume

In Paper IV, the concentrations of SO3 along the center line of the furnace were
modeled and compared with the measured concentrations of SO3. The
temperature profiles measured along the center line (Figure 3.11) were used as
the input data, and the furnace was considered as a plug-flow reactor. The fuel
(C3H8) and the recycled flue gas without O2 were injected at the inlet of the plugflow reactor and O2 was injected gradually to match the measured O2
concentrations along the center line of the furnace. The gradual injection of O2
should capture the mixing conditions at the center line of the experimental
furnace. This approach was validated and successfully applied in previous
modeling work of the same experimental unit.87
In Paper VI, the experiments performed in the quartz reactor (Figure 3.12a) were
modeled with a detailed gas-phase kinetic model for interpretation and discussion
of the measured concentrations of SO3. The measured temperature profiles in
Figure 3.12b, as well as the gas concentrations given in Paper VI (Table 1) were
used as the input data. Perfect mixing is assumed since the gases are mixed
upstream of the reactor.
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4 - Results and Discussion

This Chapter provides a summary of the work carried out in this thesis. Key
results from the papers are briefly discussed, together with some additional
results not included in the papers.
4.1

Gas-Phase Sulfur Chemistry in Air and Oxy-Fuel Atmospheres

4.1.1

Equilibrium Considerations for Gaseous Sulfur Species

Figure 4.1 shows the equilibrium distributions of sulfur species in the gas-phase at
1500 K for the air-fuel conditions (a) and for oxy-fuel conditions with a wet
recycle (b). The gas input data were based on the lignite used in the Chalmers
oxy-fuel test unit (Table 3.1). The total molar amount of all sulfur species is set at
100% for each stoichiometry. It is clear from Figure 4.1a and b that, under fuellean conditions, it is mainly SO2 and small amounts of SO3 that remain. There are
no differences between the oxy-fuel case and the air-fired case under the fuellean conditions, and the SO3/SOx ratio is 1% for a stoichiometry of 1.5 for both
cases. H2S, HS2, and SO2 are the dominant species under fuel-rich conditions.
However, not all gaseous sulfur species are included in the mechanism (for
example, carbonyl sulfide) and the mechanism is not validated for all the
conditions presented in Figure 4.1a and b. The difference between the oxy-fuel
and the air-fired case is noticeable in the sub-stoichiometric region, and although
H2S is dominant under air-fired conditions, the concentration of SO2 is always
higher than the concentration of H2S in the oxy-fuel case. At a stoichiometry of
around 1, it is difficult to determine the concentrations of the different sulfur
species because small changes in the oxygen content have a strong impact on the
compositions of the sulfur species. It should be noted that the distribution of
sulfur species represents equilibrium data and the residence time also has to be
considered, when dealing with real concentrations in a flame.
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a)

b)

Figure 4.1 Equilibrium distributions of sulfur species in the gas-phase at 1500 K under: a) air-fuel
conditions; and b) oxy-fuel conditions with wet recycling. The gas input data of the equilibrium
reactor are based on the lignite used in the Chalmers oxy-fuel test unit.

The equilibrium concentrations of SO2 and SO3 within a temperature range of
300 K to 1900 K for the gas composition in the Oxy3 case are shown in Figure
4.2a. At high temperatures, almost all of the sulfur is in the form of SO2, whereas
at low temperatures almost all the sulfur is in the form of SO3. Since SO3
formation slows down with a decrease in temperature, only a minor fraction of
SO2 is normally converted to SO3 in a combustion process. This is obvious from
Figure 4.2b, where the time for reaching 90% of the equilibrium SO3
concentration is presented. The residence time of the flue gas in a boiler is
relatively short, which means that the formation of SO3 cannot be described by
equilibrium calculations, at least not for temperatures lower than around 1400 K.
a)

b)

Figure 4.2 a) Equilibrium concentrations for SO3 and SO2 with the gas composition in the Oxy3
case within a temperature range of 300 K to 1900 K. b) Time required to reach 90% of the
equilibrium concentration of SO3 as a function of temperature in the Oxy3 case (Paper III).
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4.1.2

H2S Formation

The homogeneous formation of H2S in the gas phase is modeled in Paper I.
Figure 4.3 shows the formation of H2S during oxy-fuel combustion for different
temperatures and stoichiometries (λ = 0.6 and λ = 0.8), a reaction time of 1
second, and at equilibrium. The concentration of H2S is calculated in a flame with
an initial SO2 concentration of 1000 ppm. The formation of H2S can be
considerable under sub-stoichiometric conditions in a flame combined with
temperatures of between 1100°C and 1600°C (see also Figure 4.1a and b). The
flue gas recycle in oxy-fuel combustion can influence directly the H2S
concentration, as the flame temperature has a considerable impact on H2S
formation under sub-stoichiometric conditions. Furthermore, the type of recycle
influences the concentration of SO2 in the oxidizer. In principle, an increased H2S
concentration is anticipated in an oxy-fuel flame, as compared with an air-fired
flame, due to the SO2 content in the oxidizer. However, future studies should
investigate this in detail, as Figure 4.1 shows lower H2S fractions for the oxy-fuel
than for the air-fuel conditions when equilibrium is assumed. In pulverized coal
combustion, H2S is not only formed from SO2, but also released from organic
sulfur compounds23 in the coal.

Figure 4.3 H2S concentrations at equilibrium (dashed line) and after 1 second of reaction time
(solid line, τ) at the stoichiometric ratios (λ) of 0.6 and 0.8, and for an initial concentration of SO2
of 1000 ppm (Paper I).
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4.1.3

SO3 Formation – Experiments and Modeling

This Section presents initially the results obtained from the SO3 measurements
and modeling of the quartz reactor. Thereafter, some modeling results from
Paper III are presented. Finally, the measured SO3 concentrations in the
Chalmers oxy-fuel unit are presented and discussed.

Influence of H2O Concentration on SO3 Formation
Figure 4.4 shows the measured and modeled outlet concentrations of SO3 after
the quartz reactor for different H2O concentrations in the absence of
combustibles. An increase in water vapor concentration clearly enhances SO3
formation, as evidenced by the measurements and the model predictions. The
agreement between the measured SO3 concentration and the modeled SO3
concentration is good, expect at 1473 K, where the measurements show
significant higher SO3 concentrations than the modeling results. The model
predicts a maximum level of SO3 formation, which is shifted towards lower
temperatures for an increase in H2O concentration; this phenomenon is not
observed in the measurements. The reason for the increase in SO3 formation
caused by elevated H2O concentration is an increase in the levels of radicals in
the reactor. However, if CO is added to the quartz reactor the impact of H2O
concentration on SO3 formation can be reversed, as discussed in Paper VI.

Figure 4.4 Measured (symbols) and modeled (solid lines) concentrations of SO3 for different H2O
concentrations in the quartz reactor. The inlet gas contains 1000 ppm SO2 and 3% O2 on a wet
basis in an N2 atmosphere (Paper VI).
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Influence of O2 Concentration on SO3 Formation
Figure 4.5 shows the measured SO3/SOx conversion ratio of the quartz reactor for
different O2 concentrations and an SO2 concentration of 1000 ppm. It is clear that
the formation of SO3 is favored by increases in the concentration of O2, as well as
increases in the experimental temperature. The concentrations of O- and OHradicals increase with increasing O2 concentration, which promotes SO3
formation through Reactions 8, 10, and 11. The level of SO3 formation is low for
Te ≤ 1000 K in all cases. For example, at an O2 concentration of 3%, less than 1
ppm SO3 was detected at Te = 1000 K, and no SO3 was detected at Te = 800 K.
This is in accordance with the results of Flint and Lindsay88.

Figure 4.5 Measured SO3/SOx ratios (symbols) for different O2 concentrations (0.1%, 0.8%, 3.0%,
5.0%, and 20.3%) in the quartz reactor (1000 ppm SO2; N2 atmosphere; without combustibles).

SO3 Formation in N2 and CO2 Atmospheres
Figure 4.6a compares the measured and modeled outlet concentrations of SO3
after the quartz reactor in a CO2 atmosphere and in an N2 atmosphere in the
absence of combustibles, and Figure 4.6b shows the results when 1000 ppm CO
was added at the inlet of the quartz reactor. In the absence of combustibles
(Figure 4.6a), the measured, as well as the modeled, SO3 concentrations show an
increase in SO3 formation in the CO2 atmosphere, as compared with the N2
atmosphere for all the experimental temperatures. The difference is most
pronounced at Te = 1300 K, where the measured SO3 concentration is 30% higher
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and the modeled SO3 concentration is 44% higher in the CO2 atmosphere. The
formation of SO3 is more sensitive to the reactions:
HO2 (+M)
H + O2

H + O2 (+M)
OH + O

(18)
(14)

in a CO2 atmosphere than in an N2 atmosphere. The formation of H-radicals is
increased by Reaction 18 due to the decomposition of hydroperoxyl radicals
(HO2), which are mainly formed from Reaction 11. This increases the formation
of O- and OH-radicals in Reaction 14, and thereby increases SO3 formation.
Furthermore, the 3rd body efficiency in Reactions 8 and 10 for CO2 is higher than
for N2.84 The effect of CO2 on the O/H radical pool has been discussed by
Glarborg and Bentzen63and by Abián et al.89.
For the experiments with 1000 ppm CO in the inlet gas (Figure 4.6b), a decrease
in SO3 formation was noted in the CO2 atmosphere, as compared to the level in
the N2 atmosphere. The model predictions show the same tendency as the
experimental results, except for Te = 1400 K and Te = 1473 K. The measured SO3
concentration is in good agreement with the model predictions for T e = 1100 K,
and shows a reduction of around 80% in SO3 concentration for the CO2
atmosphere. During the combustion of CO, Reaction 18 is reversed (HO2
production) in both atmospheres due to the elevated concentrations of H,
although the rate is higher in the CO2 atmosphere. SO3 is then consumed during
CO combustion by the reverse of Reaction 11, which is more pronounced in the
CO2 atmosphere.
a)

b)

Figure 4.6 Comparison of SO3 formation levels in CO2 and N2 atmospheres. Measured SO3
concentrations are shown as symbols, and model predictions are shown as solid lines. The inlet
gas contains 1000 ppm SO2, 3% O2, and either (a) 0 ppm CO or (b) 1000 ppm CO (Paper VI).
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Impact of the Burnout Region on SO3 Formation
Figure 4.7a shows the calculated SO3 concentrations in the flue gas versus O2
concentrations at a fixed temperature of 1173 K for the Oxy3 case (~2000 ppm
SO2). The calculation was performed for residence times of 0.5, 1.0, and 2.0
seconds. These conditions may be relevant, for example, to the superheater
region of a power plant. The concentration of SO3 increases for increases in O2
concentration and residence time. The results shown in Figure 4.7b were
calculated using the same conditions as in Figure 4.7a, albeit with a CO
concentration of 2000 ppm. This was done because there may be zones in a boiler
that correspond to such conditions, e.g., the burnout zone. Comparing the data in
Figure 4.7a and b, it is evident that the presence of CO significantly increases SO3
formation, as discussed above. Since the oxidation of CO is relatively fast and the
amount of CO limited, the influence of CO on SO3 formation is more pronounced
for short residence times. To summarize, the boiler zone that has moderate
temperatures (~1200 K, i.e., conditions typical of the convective pass) and where
there is an excess of oxygen is critical with respect to the formation of SO 3,
especially when CO is available.
a)

b)

Figure 4.7 Influences of O2 concentration and residence time on SO3 formation at 1173 K with
1968 ppm SO2 in the inlet of the plug-flow reactor without CO (a), and with 2000 ppm CO in the
inlet of the plug-flow reactor (b) (Paper III).
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Experiments with the Chalmers Oxy-Fuel Unit: Impact of λ on SO3
Formation
Figure 4.8 shows the influence of the oxygen-to-fuel equivalence ratio, λ, on the
SO3/SOx ratio for the OF30 and air-fired cases. The SO3/SOx ratio increases with
increasing value of λ. However, the impact of λ on the SO3/SOx ratio in the data
shown in Figure 4.8 is not as significant as it would be in a simple plug-flow
model. This is partly due to mixing effects since, a wide range of oxygen-to-fuel
ratios will be represented in the flames regardless of the global λ. In addition,
both the residence time and the flame temperature increase when the λ in the test
unit is decreased. With respect to industrial applications, it should be mentioned
that when λ is reduced, the concentration of SO2 increases, assuming that the
burnout of sulfur from the fuel is not affected, as this would counteract the
benefit of reduced SO3 formation at reduced λ values.

Figure 4.8 SO3/SOx ratios for different λ values for the OF30 case with an SO2 concentration of
2438 ppm and for the air-fired case with an SO2 concentration of 885 ppm.

SO3 Formation during Air-Fired and Oxy-Fuel Combustion
Figure 4.9 shows the measured concentrations of SO3 for the air-fired case and
for the OF25 and OF30 cases with low concentrations of SO2. The amount of SO3
formed in the OF25 case was less than half of that formed in the air-fired case.
The OF30 case yielded a somewhat lower outlet concentration of SO3 than the
air-fired case. The flame temperature and the average furnace wall temperature
in the OF25 case were significantly lower in the OF25 case than in the air-fired
case (see Figure 3.11 and Figure 4.9). This probably accounts for the lower
concentration of SO3 in the OF25 case compared with the other cases. Crumley
and Fletcher90 detected an increase in SO3 formation for an increase in the
temperature of the furnace, and they concluded that this was most probably due
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to an increase in the concentration of O-radicals. The higher SO3 concentration in
the air-fired case compared to the OF30 case can be explained by the significantly
higher temperature at measurement point M5 (see Figure 3.11) combined with a
relatively high concentration of O2 at M5, as discussed in Paper IV. The CO2
atmosphere may also have influenced SO3 formation in the oxy-fuel cases, as
discussed above (Figure 4.6), although it is expected that the temperature in the
furnace is the main reason for the increased concentrations of SO3 in the air-fired
case.

Figure 4.9 Measured outlet concentrations of SO3 in the air-fired, OF25, and OF30 cases with low
concentrations of SO2 (see Table 3.3) (Paper IV).

Influence of FGR Conditions on SO3 Formation
Figure 4.10 shows the measured acid dew-point temperatures for four oxy-fuel
cases with different flue gas recycle (FGR) ratios in the Chalmers oxy-fuel unit. It
is clear that the acid dew-point temperature increases for a decrease in FGR
ratio. This behavior could be validated by SO3 measurements. Figure 4.11 shows
the measured SO3/SOx ratios for the OF25, OF30, and OF40 cases. SO3 formation
was significantly enhanced in the OF30 case, as compared with the OF25 case.
The measured SO3/SOx ratio was highest in the OF40 case. In general, the
increase in SO3/SOx ratio with increasing OF number, i.e., reduced FGR ratio,
can be explained by an increase in both the H2O concentration and the average
temperature in the furnace, due to an increase in flame temperature caused by
reduced gas volume. Furthermore, the residence time is prolonged with a
decrease in FGR ratio, which also leads to a higher concentration of SO3 in the
flue gas. The increased concentration of O2 in the feed gas might also contribute
to increased SO3 formation. However, the concentration of O2 after combustion
was the same in all cases.
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Figure 4.10 Measured acid dew-point
temperatures for the OF25, OF30, OF35, and
OF40 cases.

Figure 4.11 Influence of FGR ratio on the
SO3/SOx ratio.

Figure 4.12 compares the measured outlet concentrations of SO3 for an oxy-fuel
case with a dry recycle (OF30) and an oxy-fuel case with a wet recycle (OF46w)
for different concentrations of SO2 in the flue gas of the Chalmers oxy-fuel unit.
The measurements show an increase in outlet SO3 concentration for oxy-fuel
combustion with the wet recycle. For an industrial oxy-fuel plant, the SO2
concentration will be lower for wet FGR conditions than for dry recycling, as SO2
enrichment is lower in wet FGR than in dry FGR. This will, to some extent,
counteract the effect of enhanced SO3 formation in the presence of a large
concentration of H2O in the flue gas.

Figure 4.12 Influence of wet FGR on outlet concentrations of SO3.
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4.1.4

Evaluation of the SO3 Measurement Techniques

Figure 4.13 shows the measured SO3 concentrations at the furnace outlet in
relation to the average furnace wall temperatures for the air-fired case (a) and
the OF30 case (b), as obtained using the controlled condensation method, salt
method, isopropanol absorption bottle method, and the Pentol SO3 monitor. It is
evident that SO3 formation increases with increasing temperature in the furnace.
Therefore, the furnace temperature has to be taken into account when comparing
the results of the measurements.
Surprisingly good results were obtained with all the methods. The largest
variations were observed in the data obtained with the isopropanol absorption
bottle method. The controlled condensation method and salt method gave
comparable results, and the reproducibility of these methods was good.
a)

b)

Figure 4.13 Measured SO3 concentration versus average furnace wall temperature for: (a) the airfired case; and (b) the OF30 case (Paper V).

Salt Method
Figure 4.14 shows the measured concentrations of SO3 in the air-fired case versus
the time from start-up of the measurements for the salt method. The SO3
measurement values obtained during controlled condensation are also shown for
comparison purposes. The values obtained for SO3 when using the salt method
are quite similar to the measured values obtained from the controlled
condensation method. If one considers that the measurements with the controlled
condensation method were performed on different days than the measurements
with the salt method, the level of agreement between the two measurement
methods is good. Similar good results were obtained for measurements
performed under oxy-fuel operation (see Paper V). The salt method is currently
being evaluated under laboratory conditions by Emil Vainio at Åbo Akademi.
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Figure 4.14 Measured concentrations of SO3 in the air-fired case by applying the salt method.

Isopropanol Absorption Bottle Method
Table 4.1 shows the measured concentrations of SO3 and SO2 obtained with the
isopropanol absorption bottle method in the air-fired case and OF30 case. A
large amount of SO2 was dissolved in the isopropanol solution, and the obtained
SO2 concentration in the H2O2 solution was therefore too low. The amount of
SO2 captured in the isopropanol solution could be reduced by bubbling argon
through the isopropanol solution after gas sampling.
The concentrations of SO3 obtained with the isopropanol absorption bottle
method were roughly similar to those obtained with the controlled condensation
method, since the sulfate analysis was performed immediately after gas sampling.
If the SO2 dissolved by the isopropanol solution had time to oxidize to sulfate, for
example during transportation to a laboratory, a significant error in SO3
concentration would be expected. However, the differences between the SO3
concentrations measured using the isopropanol absorption bottle method and
those obtained using the controlled condensation method are more significant
than the differences in the results between the salt method and the controlled
condensation method (see Figure 4.13). Therefore, the isopropanol absorption
bottle method is not recommended for SO3 measurements.
Table 4.1 Concentrations of SO3 and SO2 measured with the isopropanol absorption bottle
method and the calculated SO2 concentrations dissolved in the isopropanol.
Case
Average
SO3
Sampling
Purging
SO2 measured
SO2 dissolved
temp. of

[ppm]

time

furnace wall

with argon

(in H2O2 solution)

in isopropanol

(1.5 L/min)

[ppm]

[ppm]

Air

541°C

45

30 min

-

350

540

Air

544°C

34

20 min

10 min

570

320

OF30

520°C

49

20 min

15 min

2160

280
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Pentol SO3 Monitor
The Pentol SO3 monitor was checked in an atmosphere that consisted of moist air
and 1000 ppm SO2. A concentration of SO3 of almost 10 ppm was displayed by
the SO3 monitor, whereas <1 ppm of SO3 was detected with the controlled
condensation method. For the given minimum purity of 99.8% for the SO2 from
the gas cylinder, the measured SO3 concentration should be <2 ppm. This test
shows that there can be interference by SO2 when the SO3 monitor is used.
During the measurements of SO3 in the OF30 case, the level of agreement
between the SO3 concentrations obtained using the Pentol SO3 monitor and those
obtained using the controlled condensation method was acceptable (see Table
4.2). However, with the controlled condensation method, an increase in SO3
concentration was obtained for an increase in average temperature of the furnace
wall, whereas with the SO3 monitor a lower SO3 concentration was measured for
an increase in the average temperature of the furnace wall (see Table 4.2). In
general, the SO3 monitor displayed a hysteresis behavior, i.e., the measured SO3
concentration depended on the previously recorded SO3 concentration data, with
a direct influence on the measurement result. Therefore, the Pentol SO3 monitor
is only recommended if continuous SO3 measurement or monitoring is of interest.
Table 4.2 Comparison of the Pentol SO3 monitor and controlled condensation method.
Case

SO3 concentration and average temperature of furnace wall

Difference

Pentol SO3 monitor

Controlled condensation method

38 ppm (528°C)

43 ppm (509°C)

-13%

OF30

84 ppm (530°C)

75 ppm (535°C)

12%

OF30

65 ppm (544°C)

87 ppm (548°C)

-26%

OF30, 1500
ppm SO2

Acid Dew-Point Temperature Monitor
It was in principle possible to obtain reasonable acid dew-point temperatures in
the flue gases from the air-firing and oxy-fuel combustion using the acid dewpoint monitor. However, when the measured acid dew-point temperatures were
converted into SO3 concentrations, major differences with the results from all the
other methods applied in the SO3 measurement campaign were noted. One
reason for this is that the concentration of SO3 is sensitive to the acid dew-point
temperature. For example, an acid dew-point temperature of 153°C corresponds
to a 50% higher SO3 concentration than an acid dew-point temperature of 149°C
in the air-fired case. Another reason is that the conversion of acid dew-point
temperature into SO3 concentration is uncertain. For an acid dew-point
temperature of 144°C in the air-fired case, the correlation of Verhoff and
Banchero17 gives 16 ppm SO3 and the correlation of Bolsaitis and Elliott91 gives
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45 ppm SO3. This means also that the prediction of the acid dew-point from the
SO3 concentration is dependent upon the method used. As a result, for the acid
dew-point temperatures measured in the present study, it can be observed with
respect to some cases that the correlation of Verhoff and Branchero 17 results in
estimated SO3 concentrations that are too low, whereas the correlation of
Bolsaitis and Elliott91 results in estimated SO3 concentrations that are too high.
Furthermore, in the present study, the acid dew-point monitor seemed to give
more accurate readings at flue-gas temperatures close to the acid dew-point
temperature than at higher flue-gas temperatures (~400°C).

4.2

Release and Conversion of Sulfur during Coal Combustion

4.2.1

Sulfur Release

The standard method (SS 187177) for analyzing total sulfur in coal assumes that
all the sulfur present in the coal is released as SO2 at 1400˚C. An accordant
analyzer is the LECO SC 144, which uses sample masses of 1 g and pure O2 as the
combustion atmosphere. This analyzer was applied to investigate the levels of
sulfur release at different temperatures from the lignite used in the Chalmers
oxy-fuel unit. The results in relation to total lignite mass are illustrated in Figure
4.15, in which the release of coal sulfur as SO2 at different temperatures is shown.
The results match those of a previous investigation by Kasbohm92, which included
more than 40 lignites (brown coals). The release of sulfur is closely related to
temperature. For example, at 1000˚C, the amount of sulfur release is around two
thirds of the amount released at 1400˚C. At temperatures <600˚C, the main
sources of sulfur release are organically bound sulfur and FeS2. Thus, the
combustion temperature is critical for sulfur release. While these data refer to a
system that is in equilibrium, during a combustion process, the residence time is
also of importance.

Figure 4.15 Release of sulfur from coal at different temperatures (symbols).

46

A similar investigation to that conducted for the release of coal sulfur as SO2 was
performed for different ashes. Figure 4.16 illustrates the amounts of sulfur
released in relation to the total ash mass at different temperatures. Three ash
samples taken from the OF30 case were investigated: a bottom ash sample; a
cyclone ash sample; and a fabric filter ash sample. The release of sulfur from the
ashes was closely related to the temperature. There was a significant difference
between the filter ash and the other samples, in that most of the sulfur from the
filter ash was released at 1000˚C, whereas the bottom and cyclone ashes exhibited
almost no release of sulfur at that temperature. This indicates that sulfur is
differentially bound in the various ashes.

Figure 4.16 Release of sulfur from filter, cyclone, and bottom ashes at different temperatures
(symbols). The samples are from the OF30 case. The dashed lines are only included to clarify the
data.
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4.2.2

The Fate of Sulfur in Oxy-Coal Combustion

Figure 4.17 shows the rate of conversion of coal sulfur to SO2 (CSO2), as
determined using Equation α above (page 24), for oxy-fuel and air-fired
combustion data found in the literature. It is clear from the Figure that the
conversion of coal sulfur to SO2 is lower in oxy-fuel combustion than in air-fired
combustion.

Figure 4.17 Conversion of coal sulfur (coal-S) to SO2 in oxy-fuel and air-fired combustion in
different test units (Paper III).

The fate of sulfur in oxy-coal combustion was investigated by establishing a sulfur
mass balance in the Chalmers oxy-fuel unit. The observed concentrations of SO2
on a wet basis and the conversion rates of coal sulfur to SO2 (CSO2) for the airfired, OF30, OF35, and OF43w cases are presented in Figure 4.18. The
concentration of SO2 was significantly higher in the oxy-fuel cases than in the airfired case. The concentration of SO2 on a wet basis was higher in the oxy-fuel
cases with dry recycling than in the case with wet recycling due to the lower
dilution by water vapor in the flue-gas. The conversion of fuel sulfur to SO2 was
approximately 67% in the air-fired case, 43% in the OF35 case, 41% in the OF30
case, and 46% in the OF43w case. Figure 4.19 shows the corresponding SO2
emissions (in mg/MJ fuel input) for the different cases. In the oxy-fuel cases, the
SO2 emissions were about 35% lower than in the air-fired case.
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Figure 4.18 Conversion of coal sulfur to SO2
versus the concentration of SO2 in the flue gas
on a wet basis (Paper II).

Figure 4.19 Emissions of SO2 in mg per MJ
fuel input versus SO2 concentration in the flue
gas on a wet basis.

The formation of SO3 was modeled for the coal-fired cases, so as to estimate the
concentrations of SO3 in the flue gas. Figure 4.20 shows the rates of SO3
formation for the air-fired, OF30 (dry recycle), and OF43w (wet recycle) cases.
The flue-gas composition data are given in Table 3.6. The modeled outlet
concentration of SO3 was five-fold higher in the oxy-fuel cases than in the airfired case due to the higher concentration of SO2 and excess O2, as well as the
longer residence time. The wet oxy-fuel case (OF43w) had a slightly higher outlet
concentration of SO3 than the dry oxy-fuel case (OF30), although the SO2
concentration was higher in the OF30 case. This is mainly due to the increased
concentration of H2O in the OF43w case, which favors the formation of SO3.

Figure 4.20 Modeled SO3 formation for the air-fired, OF30, and OF43w cases with a temperature
profile typical of a pulverized coal-fired power plant83 (see Figure 3.14).
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The lower emissions of SO2 observed for the oxy-fuel cases can be explained to a
limited extent by the higher SO3 concentrations. Instead, the lower SO2 emissions
implicate a higher concentration of sulfur in the ash or in the condensate from the
flue gas condenser. It should be mentioned here that the major proportion of SO3
in the flue gas will end up in the Ca-rich ash and in the condensate from the flue
gas condenser, both of which were analyzed with respect to sulfur content in the
present study.
Figure 4.21 shows the theoretical correlation between the sulfur content of the
ash and the concentration of SO2 in the flue gas (4 vol.% O2) for oxy-fuel
combustion with dry recycling, assuming that the sulfur is found in either the
stack gas or in the ash (deposits included) after combustion of the lignite (Table
3.1). For example, with a concentration of SO2 of close to 2000 ppm in the flue
gas, the sulfur content of the ash should be around 9% with respect to ash mass,
which is equivalent to a sulfur self-retention by ash of around 60%. However,
since the mass fraction of sulfur in the ash differed between locations in the
Chalmers oxy-fuel unit, the different ash mass flows had to be quantified to
establish a sulfur mass balance.

Figure 4.21 Sulfur retention in the ash and remaining concentration of SO2 in the flue gas during
oxy-fuel combustion of lignite (Table 3.1). The dashed line shows an example (Paper I).

Figure 4.22 shows the measured mass flows of the bottom, cyclone, and residual
ashes for the air-fired, OF35, and OF43w cases. The mass flow of the cyclone ash
was slightly lower and the mass flow of the bottom ash was slightly higher in the
oxy-fuel cases than in the air-fired case. The reason for this is that the lower gas
volume flow in the oxy-fuel cases decreases the efficiency of the cyclone.
Therefore, the mass flow of residual ash was also higher in the oxy-fuel cases than
in the air-fired case.
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Figure 4.22 Ash mass flows. The residual ash includes all ashes not found as either bottom ash or
cyclone ash (Paper II).

Table 4.3 shows the measured sulfur mass fractions in the ashes taken from the
bottom of the furnace, the cyclone, the flue-gas cooler, and the fabric filter. From
the flue-gas cooler, one sample was taken in the air-fired case and two samples
were taken in the OF35 and OF43w cases. All the ashes (including deposits) that
were not collected as bottom or cyclone ashes were designated as residual ash. A
range for the sulfur mass fraction was defined for the residual ash based on the
different sulfur fractions measured in the cooler and filter ashes, which
constituted the main part of the residual ash.
Table 4.3 Mass fraction of sulfur in the different ashes. The S fraction of the residual ash is
represented by YS, cooler ash and YS, filter ash.
Test case

Measured mass fraction of sulfur in the ash [%]
YS, bottom ash

YS, cyclone ash

YS, cooler ash

YS, filter ash

Air-fired

6.6

3.0

15.1

9.0

OF35

6.5

3.6

8.1 and 16.8

9.3

OF43w

6.8

3.7

12.4 and 17.9

9.9

Figure 4.23 shows the sulfur mass flows in the ashes based on the results
presented in Figure 4.22 and Table 4.3. The error bars for the residual ashes
indicate the variability of the sulfur mass fraction, as described above. The sulfur
flow in the ash was higher in the oxy-fuel cases than in the air-fired case, due to
the slightly higher average sulfur fraction in the ash and higher mass flows of the
bottom and residual ashes in the oxy-fuel cases.
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Figure 4.23 Resulting sulfur mass flows in the ash. An error bar is given for the residual ash,
indicating the range of variability in the sulfur mass fraction (Paper II).

It was of interest to check whether a correlation exists between the concentration
of sulfur in the ashes and the particle size of the ashes. Therefore, the particle size
distribution of the ashes was determined for the bottom ash (Figure 4.24a) and
cyclone ash (Figure 4.24b) from the OF43w case. The particle size distribution of
the filter ash is shown in Figure 4.24c. The filter ash sample was taken after
completion of all the test cases. The average particle size of the filter ash particles
was, as expected, small compared to those of the other ashes. The size
distribution of the particles in the bottom ash was broader than that of the
cyclone ash.
a)

b)

c)

Figure 4.24 Particle size distribution in the: a) bottom ash from the OF43w case; b) cyclone ash
from the OF43w case; and c) ash sample taken from the fabric filter (Paper II).

Smaller particles with a larger surface area per unit mass generally capture more
SO2 than larger particles, whereas the blockage of pores during CaSO4 formation
tends to inactivate more material than it is the case for smaller particles.
Therefore, the reason for the larger sulfur fraction in the filter ash, as compared
to the cyclone ash, is the smaller particle size of the filter ash. In addition,
possible absorption of SO3 by the filter ash would increase further the sulfur
content of the filter ash, in comparison to the cyclone ash. The larger sulfur mass
fraction in the bottom ash than in the cyclone ash can be explained by the fact
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that the bottom ash was exposed to the flue gas during the entire experiment,
whereas the cyclone ash was separated from the flue gas. The bottom ash in the
furnace remained at a temperature that was suitable for the capture of SO2.
Figure 4.25 gives the sulfur mass balance for the air-fired, OF35, and OF43w
cases. The sulfur input from the fuel was set at 100%. The fraction of fuel sulfur
found in the flue gas is equal to the conversion of fuel sulfur to SO2 (presented in
Figure 4.18). The sulfur found in the condensed water had only a minor influence
on the mass balance. The error bars for the sulfur levels in the ash indicate the
variations in levels of sulfur in the residual ashes. The sum of the estimated outlet
sulfur flows was lower than the input sulfur flow by the fuel in all the test cases.
The difference was 6% to 9% for the air-fired case, 21% to 27% for the OF35
case, and 8% to 17% for the OF43w case. Sulfur self-retention by the ash was
higher in the oxy-fuel cases than in the air-fired case. The most likely reason for
this is the increase in SOx concentration during oxy-fuel combustion, which favors
the formation of sulfates.

Figure 4.25 Sulfur sinks. The 100% level represents the sulfur introduced by the fuel, and the bars
represent the sulfur sinks. An error bar is included, indicating the range of variation for the sulfur
mass fraction (Paper II).
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5 - Conclusions

The chemistry of sulfur under air-fired and oxy-fuel combustion conditions was
investigated through experiments and modeling studies. The experimental work
was carried out in the Chalmers 100-kWth oxy-fuel unit with coal and propane as
the fuels. Additional experiments were performed with a quartz reactor at the
University of Zaragoza. The formation and measurement of SO3/H2SO4 were of
special interest in the present work. The modeling work was based on a detailed
chemical reaction scheme with the focus on gas-phase reactions. The data
processing was performed with the CHEMKIN-PRO software.
Investigations of the gas-phase chemistry indicate that the SO3 concentration
increases in line with the concentrations of O2, H2O, and CO2 in the absence of
combustibles. At temperatures <1000 K, SO3 formation is insignificant. In the
presence of combustibles, SO3 formation is strongly increased for experimental
temperatures between 1100 K and 1300 K, and H2O and CO2 have inhibitory
effects on SO3 formation. It was found that the concentration of SO3 in the flue
gas under oxy-fuel conditions tended to be several times higher than in air-fired
combustion. The main reason for this is the higher concentration of SO2 during
oxy-fuel combustion.
The study of different SO3 measurement techniques shows that the controlled
condensation method and the salt method are suitable for SO3 measurements.
The Pentol SO3 monitor is recommended if long-term continuous SO3
measurements are of interest. The isopropanol absorption bottle method and the
acid dew-point meter are not recommended for measuring SO3 in flue gases.
In the experiments performed in the Chalmers oxy-fuel unit with lignite as the
fuel, the SO2 emissions were around 35% lower during oxy-fuel combustion than
during air-fired combustion, although the concentration of SO2 was more than
three-times higher in the oxy-fuel combustion due to the lower total gas flow.
These experiments demonstrate increased sulfur self-retention of the ash during
oxy-fuel combustion, as compared to air-fired combustion, possibly as a result of
the higher concentration of SO2.
While it is advantageous that oxy-coal combustion leads to reduced SO2
emissions, a higher concentration of SO3 can be expected. This is mainly due to
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the increased concentration of SO2 in oxy-coal combustion, which leads to a
greater risk of high- and low-temperature corrosion in oxy-coal combustion. The
increased concentration of SO3 increases the acid dew-point temperature,
especially if a wet recycle is applied, since an increase in the H2O concentration
increases further the acid dew-point temperature. The CO2 atmosphere in oxyfuel combustion can, depending on the conditions, both favor and reduce the
formation of SO3. It is difficult to generalize as what will happen in an oxy-fuel
power plant. However, it is likely that the level of SO3 formation in an oxy-fuel
power plant is more affected by changes in the temperature-time history and
FGR conditions than by the changed atmosphere itself, as shown in the present
work. The formation of SO3 is enhanced for a reduced FGR ratio by: 1) increased
furnace temperature; 2) prolonged furnace residence time; and 3) increased
concentration of O2 in the feed gas.
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