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Executive summary
A previous ANLECR&D Project has established the feasibility of cleaning of gas impurities - mercury
gases, SOx and NOx - from oxyfuel flue gas of high CO2 levels in a fabric filter and during CO2
compression. The present project quantifies the extent of removal and the impact of impurity levels in
the CO2 with laboratory experiments on ‘synthetic’ oxyfuel gas and with two trials at the Callide
Oxyfuel Project (COP) to test the impact of ‘real’ oxyfuel gas. The COP tests included experiments
over the fabric filter, samples taken directly from the CO2 processing unit (CPU) as well as compressed
sampled (slip stream) gases and resulting liquids from an apparatus developed for compression of
oxyfuel flue gas using a piston compressor.
The project is based on the need to reduce cost of cleaning and risk associated with CO2 gas quality in
the technology demonstrated by the Callide Oxyfuel Project (COP) and to future oxyfuel technology
deployment in Australia and elsewhere. In particular, the removal of mercury species prior to CO 2
liquefaction is critical in avoiding the cost and risk of corrosion in brazed aluminium cryogenic heat
exchangers of the CPU. The CO2 impurities from oxy-fuel technology for CCS differ greatly from preand post-combustion technologies for CCS in quality and quantity, having higher levels of gas
impurities which impact efficiency and operation such as sulfur oxides (SO2, SO3), nitrogen oxides,
(NO, NO2), and mercury gases (as atomic or oxidised form, Hg0 or Hg++).
Australian power plants do not have cleaning units for sulfur, nitrogen or mercury gas species.
Therefore, the application of oxy-fuel technology in Australia requires a greater understanding of costs
and impacts associated with the expected higher impurity levels fed to the CPU. Options are available
for gas quality control in the furnace, by conventional flue gas cleaning and in the CO2 processing unit.
However, the flue gas cleaning options in the CPU are not conventional and are still being progressed
by technology vendors. Given the higher level of uncertainty surrounding the reactions of impurities
during compression, this research project has undertaken a targeted suite of studies to complement the
activities at the Callide Oxyfuel Project.
The project objectives are as follows
Firstly, quantify and provide understanding of the Hg capture and the impact on Hg capture due to
SO2/SO3 with associated high acid dew point temperature by ash in the fabric filter in oxyfuel
combustion.
Secondly, quantify and provide understanding of Hg removal in (liquid) acid condensates formed by
NOx/H2O reactions in oxyfuel flue gas compression and the need for stabilisation of the liquid during
pressure reduction which may be required for its disposal.
Through laboratory experiments and experiments at the COP the project examines the validity of the
mechanisms speculated by which mercury may be removed and quantifies the extent of removal with
the impact of operational variables.
The conclusions related to impurity removal in the fabric filter (see Appendix 1) indicated a
difference between ash impacts and capture in air and oxyfiring with significant sensitivity to C-in-ash
as follows


Greater capture of both mercury and sulfur gases was found by “clean” ash with C-in-ash levels
less than 0.1% in oxy-firing compared to air-firing, with the difference being coal specific.
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Agreeing with previous tests at the COP by Macquarie University, the results confirm that for
C-in-ash>5%, mercury capture by a fabric filter is high (>80%) with little impact on ash quality.
The results indicate that competition between mercury and SO3 capture by ash can be neglected
for C-in-ash >2%.



The sensitivity of the changes in acid dew point (ADP) temperature by sulfur capture can be
related to the gas composition using ZareNehzhad’s correlation, which gives a sensitivity to
ADP increase due to SO3 and H2O levels, both being higher on oxy-firing compared to air
firing.



From the COP tests the results emphasise that process units that may operate at temperatures
below the ADP will be prone to acid attack, and are a practical issue in oxyfuel technology, as
may occur for transitions between air and oxyfiring (and also previously reported during weekly
start up and shut down at the Vattenfall pilot-plant in Germany).

The conclusions related to impurity removal in liquid condensates during CO2 compression (see
Appendix 2) in the CPU were related to the extent of capture and the release of volatile species, as
follows


SOx and NOx can be removed as liquid acids in the condensates created by reaction with the
water vapour of the flue gases, to removal levels of ~100% SOx and 80% NOx during
compression to 30 bar.



Mercury can be removed from the CO2 rich gas, partially in the acidic liquids and partially
retained in the compressor, to result in levels of less than the 0.01 µg/m3 set by the natural gas
industry to avoid attack of the aluminium units integral to the CPU. But the form of the removal
product is unknown.



The results from laboratory experiments agree with those on plant and compressed slip streams
at the COP, indicating that further research can be conducted using current laboratory methods

These results indicate that NOx, SOx and Hg can be removed from CO2, and that the use of additional
and costly unit operations (in the power plant or CPU) specifically for their removal can be avoided.
However, the results have also indicated that the compressor-derived wastes are not stable, that the
liquid products can partially decompose on the release of pressure emitting NOx and Hg vapour. The
mercury product is partially retained in the compressor, and its form has been inferred and some of its
properties have been established. The products of the “waste” materials have been characterised to a
limited extent.

The conclusions related to the subcontract to Macquarie University on NO x chemistry and
analysis of nitrogen containing gases in the laboratory measurements of CO2 compression (see
Appendix 3) detail the gases identified in further laboratory measurements.
The above measurements detailed in Appendices 1 and 2 were made with a standard industrial
chemiluminscent NOx analyser which reports NO and NO2. It is commonly accepted that the measured
‘NO2’ is a collective term referring to NOx species other than NO (through a built in converter). In
combustion measurements, NO2 is the dominant other species. However, the action of compression
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converts the flue gas borne NO into a range of potential products by reactions involving O2 and H2O
and this assumption may no longer hold true. Through a sub-contract to Macquarie University, infrared
spectroscopy was used in laboratory measurements to study the formation of other nitrogen based
oxides and acids by the presence of water (as a vapour and a liquid) potentially forming N 2O4, HONO
and HNO3.
The results have revealed that chemiluminscent NOx instruments report HONO as a mixture of NO and
NO2 (~20% NO and 80% NO2). The presence of water was investigated in both vapour and liquid form.
“Wet” (vapour) gas experiments involved the bubbling of N2 through a gas saturator prior to mixing
with NO and O2. These experiments showed a pressure dependence on acid gas formation, with low
pressure (5 bar) forming HONO and high pressure (25 bar) forming HNO3 and some N2O4. Upon
pressure release, a large amount of HNO3 (and minor amount of N2O4) was detected transiently
desorbing out of the reactor over the course of several hours. This indicated that pure HNO3 can be
deposited on the reactor walls during high pressure (~25 bar) processing in areas where liquid water is
not present. Under these conditions, the HNO3 was detected with the chemiluminscent analyser as NO2
only (as with the field campaign at the COP on the molecular sieves, see Appendix 2). “Liquid”
(bubbling) NOx gases through a reactor pre-filled with water showed that NOx capture is significant
(55-85%) and pressure dependent. The presence of HONO in the exhaust gas was detected at low
pressure (~5 bar) only. The specifically designed system was used to depressurise liquid sub -samples
at the Callide Oxyfuel Project. This enabled off-gases from the liquid to be analysed and quantified.
The presence of HONO was detected as the main NOx species evolved from the liquid during pressure
release. Time based sampling of these depressurised liquid sub-samples showed that the longer
residence time produced more stable liquids, reducing the evolution of HONO from the liquid after
releasing the pressure.
These results have confirmed that a major NOx product associated with volatile liquid condensates
during oxy-fuel compression is HONO. This species is produced both in gas phase and liquid phase.
In the liquid phase, a slow conversion process to HNO3 increases liquid stability over the course of
several hours. Mass balances across the laboratory system show that the proportion of volatile NOx
present in the liquid remains constant between low and high pressure conditions, with only the amount
of NOx absorption being affected. Related to oxyfuel plant operation, this species is likely to be an
environmental emission during depressurising of compression condensates and a safety hazard during
normal plant operations. As an environmental pollutant, HONO is well known as a source of OH, the
main oxidant in producing photochemical smog. Without abatement, the emissions from depressurising
the condensates are likely to produce HONO levels above those produced naturally in the atmosphere.
Of the other nitrogen oxides and acids, HNO3 was the dominant species detected in the gas phase, being
present at high pressure and during pressure release. This species is a likely cause of corrosion in
downstream processing where liquid water is not present and may represent a safety hazard in venting
operations and during maintenance. It is noted that current personal monitoring devices for NOx that
rely on electrochemical detection are unlikely to detect HNO3 and thus should be considered separately
in future risk analysis.
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1 Project details
1.1 Objectives
The previous ANLECR&D Project 6-0710-0061 on “Gas quality impacts, assessment and control in
oxy-fuel technology for CCS”, which concluded in April 2013 established the feasibility of cleaning of
mercury gases from oxyfuel flue gas in a fabric filter and during CO2 compression. The present project
quantifies the extent of removal and the impact of other gas impurities in the CO 2. The project uses
laboratory experiments on laboratory “synthetic’ oxyfuel gas and culminates with trials at the COP to
test the impact of ‘real’ gas with analyses on sampled (slip stream) gases and liquids from an apparatus
developed in the project for compression of oxyfuel flue gas using a piston compressor.
The project is needed due to the cost and risk associated with CO2 gas quality in the Callide Oxyfuel
Project (COP) and to future oxyfuel technology deployment in Australia and elsewhere. The removal
of mercury species prior to CO2 liquefaction is critical in avoiding the cost and risk of corrosion in
brazed aluminium cryogenic heat exchangers of the CO2 Processing Unit (CPU).
The project objectives are to
•
Quantify and provide understanding of the impact (reduction) of Hg capture due to SO2/SO3
with associated high acid dew point temperature by ash in the fabric filter in oxyfuel combustion.
•
Quantify and provide understanding of Hg removal in (liquid) acid condensates formed by
NOx/H2O reactions in oxyfuel flue gas compression and the stabilisation of the liquid during pressure
reduction required for its disposal.
1.2 Project justification
The CO2 impurities from oxy-fuel technology for CCS differ greatly from pre- and post-combustion
technologies for CCS in quality and quantity, having higher levels of gas impurities which impact
efficiency and operation such as sulfur oxides (SO2, SO3), nitrogen oxides, (NO, NO2), and mercury
gases (as atomic or oxidised, Hg0 and Hg++).
Options are available for gas quality control in the furnace, by conventional flue gas cleaning and in the
CO2 processing unit (CPU). Australian power plants do not have cleaning units for sulfur, nitrogen or
mercury gas species. Therefore, the application of oxy-fuel technology in Australia requires a greater
understanding of costs and impacts associated with the expected higher impurity levels fed to the CPU.
For example, in an oxy-fuel retrofit, the possible need for a sulfur gas removal unit (using standard flue
gas desulphurization (FGD) technology based on calcium solutions) prior to the CPU for high sulfur
coals, is associated with a plant capital cost increase of about 7.5%. For Australian oxyfuel plants, the
concentration of SO2 in flue gas will also be higher, typically 500-1500ppm compared to concentrations
less than 100ppm where an FGD is included.
The removal of mercury species prior to CO2 liquefaction is critical in avoiding the cost and risk of
corrosion in brazed aluminium cryogenic heat exchangers of the CPU. The use of a carbon bed at
atmospheric pressure to remove mercury gases prior to compression is associated with a capital cost of
several percentage points, locating the carbon bed in the compression circuit has a lower cost but an
associated risk of thermal excursion. If mercury can be removed without a carbon bed, both risk and
cost are avoided. This project was undertaken because the current level of understanding relating to
mercury capture within the CPU is not sufficient to inform a decision on the location and need for a
carbon bed. The installation of a mercury guard bed may be considered to be of relatively lower cost
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in comparison to the possible risk to the CPU (ie not significant compared to overall CAPEX of the
plant). However, the placement of a carbon bed prior to compression is not desirable due to the loss
of effectiveness from the water vapour and SOx content of the flue gas. Placement of the mercury guard
bed at pressure in the compression circuit is associated with a higher risk of thermal excursions. It is
noted that the natural gas compression industry have general practices to limit thermal excursions,
however the partial pressures of O2 and NOx in compressed oxyfuel flue gas are far greater than
contained in natural gas. There is a critical lack of operational experience for activated carbon beds
under these conditions.The basic design of the CPU for the Callide Oxy-fuel Project (COP) is given in
the schematic below. The schematic shows that the flue gas (following the recycled gas line after the
existing bag filter unit at Callide) is first fed into a quench/scrubber column operating at atmospheric
pressure (noted as scrubber 1) primarily to condense water and remove SO2, as well as other soluble
acid gases, with aqueous NaOH used as a chemical agent for SO2 recovery.

Figure 1.1 Schematic of the COP CPU
After dust cleaning, the schematic shows that flue gas is compressed (to a pressure of about 25 bar).
During compression, nitric oxide (NO) reacts with oxygen to form NO2, which is absorbed by
condensed moisture to form HNO2 or HNO3. The resulting liquid waste is transported to an ash pit.
Mercury is expected to be oxidized and dissolved in the high pressure condensate. Overall, it is expected
that NO2 is removed as an acid and residual mercury is removed as a nitrate which is in the form of
Hg(NO3)2.
It is noted that a carbon bed has not been included at Callide on the basis (expectation) that Hg in the
flue gas would be oxidised (by high pressure and O2) and therefore not a threat to the downstream
brazed aluminium heat exchanger parts. This decision may differ for a practical operating rather than
demonstration plant where the short operational period reduces the risk associated with the cumulated
impact of mercury.
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The previous ANLECR&D project has established the feasibility of mercury, SO3 and NOx removal in
the CPU. However there is uncertainty in two plant areas where mercury competes and/or reacts with
other impurities in CO2, the areas of the current project
1.3 Technical details
The project clarifies two areas of oxyfuel plant where acid dew point is determined and mercury is
removed, these being:

A.
and

Acid dew point temperature and mercury removal at atmospheric pressure in the fabric filter,

B.

Mercury and NOx removal during CO2 compression

A: Our previous laboratory experiments and those previously reported by Hitachi indicate that the
capture of Hg (Hg2+&Hg0) in an ESP reduces with increasing temperature and SO2 concentration(ie.
due to competition for active adsorption sites on the fly ash and the volatility of mercury species). This
is relevant at the Callide Oxyfuel Project (COP) and Australian application of oxyfuel technology where
SO2 levels are high as SO2 is not removed by an FGD prior to the FF, and the flue gas is at higher
temperatures (by design) due to its higher acid dew point temperature. The project involves experiments
at the COP and controlled laboratory experiments. Ash collected from experiments completed in 2012
at the University of Stuttgart using Callide, Rolleston and Acland coals are used in the laboratory work.
.
B: The mercury removal during compression as a liquid is based on the mechanisms of the schematic
below based on the speculations in the literature.

Figure 1.2 Reaction mechanisms for removal of mercury in liquids during compression involving N
and S gases and formed condensate
The mechanisms identified involve four steps,: NO reacts with O2 to NO2 at high pressure; NO2 reacts
with SO2 to form SO3 then H2O to liquid H2SO4; residual NO2 reacts with H2O to form liquid HNO3;
mercury can then react with HNO3 to the Hg(NO3)2 product for disposal.
Through laboratory experiments and experiments at the COP the current project examines the validity
of the above mechanisms, quantifies the extent of removal with the impact of operational variables,
together with the potential partial release of mercury and other species on decompression of the liquid
prior to its disposal.
B: Collaboration with Macquarie University. Peter Nelson’s group at Macquarie University, which has
acknowledged expertise in NOx chemistry and analysis of nitrogen containing gases, was involved in
the project through a sub-contract to analyse nitrogen containing gases in the laboratory measurements.
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This collaboration is needed as previous measurements where only NO and NO2 was measured gave
poor nitrogen balances. The FTIR technique provided by Macquarie can identify other gases with the
objective of closing the nitrogen balance – providing the scientific understanding of reactions in the
CPU.
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Mercury and SO3 removal by ash in the fabric filter of oxyfuel technology

A summary of Milestone Report: Rohan Stanger, Lawrence Belo, Kalpit Shah, Tim Ting, Liza Elliott
and Terry Wall, Mercury removal and acid dew point temperature reduction due to SO3 capture by ash
in the fabric filter of oxy-fuel technology, August 2014
The ANLECR&D project - Gas quality impacts, assessment and control in oxy-fuel technology for
CCS: Part 2. Mercury removal with SO3 in the fabric filter and with NOx as liquids in CO2 compression
- is based on reduction of cost and risk associated with CO2 gas quality in the Callide Oxyfuel Project
(COP) and for future oxyfuel technology deployment. The present report details the component on
mercury removal with SO3 in the fabric filter. The removal of mercury is critical in avoiding the cost
and risk of corrosion in brazed aluminium cryogenic heat exchangers of the CO2 Processing Unit (CPU).
SO3 and H2O determine the acid dew point temperature and therefore the exit flue gas temperature and
its associated energy loss. Both mercury and SO3 are known to be partially removed in the fabric filter.
The aim of the research is that by testing “real” oxyfuel flue gas passing the fabric filter at the COP,
together with related controlled laboratory measurements on “synthetic” flue gas contacting ash, the
work will quantify and provide understanding of the impact of Hg and SO3 capture by ash in the fabric
filter prior to the CPU.
Previous experiments funded by Glencore (formerly XSTRATA Coal) have been conducted for the
University of Newcastle at the University of Stuttgart to investigate oxy-fuel process configurations on
a once-through pilot-scale furnace to simulate different extents of oxy-fuel recycle gas treatment and
associated capture of mercury and SO3 by fly ash. These experiments used the same coals (but different
samples) as used in the Aioi test furnace of IHI for the COP feasibility study, and they provided the ash
samples for the present controlled laboratory measurements.
The analysis of fly ash collected in the Stuttgart experiments with oxy-firing showed greater sulfur and
mercury levels than those for air firing, both conditions had low carbon-in-ash levels.
….. Greater capture of both mercury and sulfur gases is expected by “clean” ash with C-in-ash levels
less than 0.1% in oxy-firing compared to air-firing, with the difference being coal specific.
In experiments on the COP fabric filter, mercury in the flue gas passing the filter was collected on
activated carbon beds for average measurements over a defined period, and an Ohio Lumex RA-915+
Elemental Hg Analyser logged continuous mercury data. SO3 was measured by the Controlled
Condensation Method. Thus the degree of oxidation and capture of gaseous mercury could be
estimated, as oxidised mercury species (Hg2+) are generally water soluble and can be removed during
scrubbing of the flue gas, prior to compression whereas the non-oxidised mercury (ie elemental Hg0) is
not soluble. The COP fabric filter tests on 30/06/14 and 01/07/14 also involved measurements taken
on the stack during Air-Oxy transitions.
A summary of capture results from experiments relevant to fabric filtration is given in the Table 1.
Results include pilot and laboratory scale as well as from the COP. Conclusions and practical
implications are included in the table, on the measured SO3/Hg capture, acid dew-point implications
and measurements during transitions of air-oxy firing. As the ash amount and contact time differs
between the three experimental scales, only trends in capture can be compared, not magnitudes.
Table 2.1: Summary of mercury and SO3 capture by filter ash experiments completed at the
University of Newcastle, Stuttgart and Callide Oxyfuel Project (COP). ND-not determined
11

Aim

Overview

Ash

SO3
in,
ppm

Expt variables,
upstream gas conc
range

Laboratory experiments

Pilot-scale at Stuttgart

Full scale FF tests at COP

Determine sensitivity on
mercury capture to gas
composition and temperature
for low C-in-ash and
synthetic gas of Hg0, SO2,
SO3, H2O

Determine capture for low
C-in-ash and doped
combustion gas

Determine practical capture on
FF with real oxyfuel gas

Synthetic gas passed through
ash collected at pilot scale at
Stuttgart

Flue gas from oncethrough combustion doped
with Hg0 and SO2 in
oxidant – both inlet and
outlet gas of FF measured

Measurements of gas exiting
COP FF fired with Callide coal
– no inlet gas measurements

Ash from Callide coal

From 3 coals, including
Callide

From Callide coal

0, 10, 15

10-30

ND, ~ 9 ppm from calculation.
Note: Previous Callide tests measured 03ppm SO3 at the FF inlet in oxy-mode

Hg in
µg/m3

0, 5, 10 as Hg0

9-32, with Hg++>Hg0

ND

C-inash,
%

<0.1

<0.1 with <0.2 for one coal

1.5

Temp
, °C

90, 120, 150, 200

Note: This is lower than in previous
Callide trials, however the UoN study
was undertaken in transition mode with
higher O2, rather than steady state

195-225*

150, and variable during air/oxy
transitions

* higher temperatures due to
limited cooling control

SO3

ND

%;
ppm
Measured capture
by ash, %;
downstream gas
conc range

Hg
%;
µg/m3

Competition between
SO3 and Hg capture

24-69% total SOx
2-15 ppm

16% capture of SO2,
SO3<0.03 ppm indicating >90%
capture

Systematic reduction in
capture with temperature
increase, increase by H20,
variable sensitivity to SO3 in
experiments, with gas/ash
reaction indicated at high
SO3

13-52%, with HgO capture
> Hg2+ capture; 5-20
µg/m3

92-99%, based on full release of
coal Hg on combustion, with
Hg2+ commonly > 80% of Hg;
<0.01 µg/m3 as Hg0

Observed, but FF
temperature more sensitive

Not observed

Not observed

2.1 Mercury capture.
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Figure 1 presents the mercury capture data. The laboratory and pilot-scale Stuttgart measurements are
associated with ash with very low C-in-ash, and therefore provide results for mercury capture by ash,
rather than the well-known retention by its unburnt char. The sensitivity to temperature was found to
be most significant. The COP experiments agree with the data obtained at the COP in a previous
ANLECR&D study by Macquarie University (here field trial) where >80% removal is achieved with a
C-in-ash > 5%. The iPOG predictions also reported by Macquarie University generally under predict
the measurements. The iPOG model is empirically based on extensive testing in air fired systems. As
such the statistics used to generate the rate of mercury oxidation do not account for the longer flue gas
residence times, different thermal profiles (ie acid dew point) and expected higher levels of potential
reactant species (ie, Cl2) in oxy-firing. The model appears to be highly sensitive to carbon-in-ash values
and the use of a fabric filter. Overall, it is likely that the iPOG model would need a new empirical basis
for generating the underlying statistical relationships for predictions in oxy- firing.

Mercury retained in ash (%)

120
100
80
60
Oxy-fired values fieldtrial
Air-fired values fieldtrial

40

iPOG estimate oxy-fired
iPOG estimate air-fired

20
0
0

5

10

15

20

Overall Combined Ash (LOI%)

Figure 2.1: The mercury retained on ash for various ash carbon contents from, and including
current Stuttgart and COP data.
The intercept on Figure 1 is for “clean” ash with low C-in-ash, with low mercury capture.
….. The results emphasise that for C-in-ash>5%, mercury capture by a fabric filter is high (>80%)
with little impact on ash quality.
2.2 SO3 capture by fabric filter ash and acid-dew point (ADP) temperature
Based on measured SO3 concentrations, the H2SO4 dew point temperatures were measured and also
calculated according to ZareNehzhad’s [18] correlation, which gives the lines of Figure 2, indicating
regions for air and oxyfiring from the pilot-scale Stuttgart measurements, estimates for the COP based
on 1% conversion of SO2 to SO3 and the capture limit for the condenser temperature used at the COP
experiments. The COP SO3 levels and ADP temperatures are less than the Stuttgart values. This is
partially due to differing air leakage at the two scales, but most COP measurements fell below the
0.03ppm capture limit, which may be due to condensation prior to the fabric filter outlined on Figure 3.
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Figure 2.2 Acid dew point calculations for different SO3 and H2O levels. UoN estimates of COP
acid dew point are based on 1% conversion of measured SO2 (see on Table 11) and assume no
SO3 capture across the Fabric Filter. Stuttgart results are taken from SO 2 injection levels to
match configuration cases of 0% SO2 cleaning and 20% SO2 cleaning of the recycled flue gas
using measurement taken before and after the Fabric Filter. At the condenser temperature of
90oC used for “controlled condensation” of H2SO4 (see Figure 20) the minimum SO3 detectable is
shown to be 0.03 and 0.12 ppm respectively for oxy and air-firing.
….. The sensitivity of the acid dew point temperature can be related the gas composition using
ZareNehzhad’s correlation, which gives a sensitivity to increased SO3 and H20 levels, both being higher
on oxy-firing compared to air firing.
Competition between mercury and SO3 capture. The pilot-scale and COP experiments did not indicate
competition for their capture, but the “scientific” laboratory tests involved low C-in ash samples.
….. The results indicate that competition between mercury and SO3 by ash can be neglected for
practical C-in-ash (2%) levels.
2.3 Transitions between air and oxy-firing
SO3: The measured CO2, FF inlet and temperatures at the outlet of FGLP heater located prior to the
fabric filter are given on the figure under, with the estimated ADP.
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Figure 2.3: Flue gas temperatures and flue gas CO2 content during COP measurements of
transition between air and oxy-firing.
During the transitions the ADP temperatures are seen to fall below the FGLP outlet gas temperatures
(Fabric Filter inlet) so that acid gas condensation will occur. Thus the SO3 of the inlet to the fabric filter
will be reduced, and the measurements of the flue gas exiting the fabric filter will not be related to ash
capture of SO3 alone.
….. The results emphasise that process units that may operate at temperatures below the ADP will be
prone to acid attack, and are a practical issue in oxyfuel technology, as suggested here during
transitions (and also previously in relation to weekly start up and shut down at the Vattenfall pilotplant) .
Hg: The experimental data obtained during the transitions for mercury may be split into two regimes
based on the measured CO concentrations during the transitions. During periods of high CO, the effect
of lower burnout and (inferred) higher levels of carbon-in-ash resulting in high mercury capture levels.
During periods of low CO, the capture extent is lower due to (inferred) lower carbon-in-ash.
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3 Mercury removal during compression of oxyfuel derived CO2
A summary of Report: Rohan Stanger, Tim Ting and Terry Wall, Mercury removal in oxyfuel flue gas
compression, product characterisation and experiments at the Callide Oxyfuel Project, November
2014
This report details the investigation of mercury removal during compression of oxy-fuel flue gas at the
Callide Oxy-fuel Project (COP). Mercury is a contaminant in oxy-fuel flue gas that must be removed
prior to CO2 liquefaction in the CPU (CO2 Processing Unit) because of the potential corrosion caused
by liquid metal embrittlement on aluminium heat exchanger surfaces. Experience from the natural gas
industry suggests a limit of 0.01µg/m3 Hg is required to reduce the risk of failure in these cryogenic
units. However, industry standard mitigation options (such as the inclusion of activated carbon beds)
may pose a thermal excursion risk if operated at high pressure, and in the presence of oxygen and NO2
which react with the sorbent carbon. As such this work has focussed on the “passive” removal of
mercury in the oxy-fuel compression circuit at COP using NO2 formed during compression. The
diagram below provides the technical limits for several flue gas impurities in the COP CPU. The
diagram also shows the two main sources of emissions from an oxyfuel plant (designated by yellow
stars). The first emission point being from the liquid condensates during depressurisation. The second
emission point being derived from the regeneration of the molecular sieve dryers with inert gases. These
point sources are the main focus of this report.

Figure 3.1 The technical limits of impurities of the COP CPU
The investigation has included fundamental laboratory measurements, construction and testing of a
bench scale compressor, use of a slip stream of real flue gas from COP and a comparison of real
measurements taken from the compression circuit at COP. The research has proven that mercury can
indeed be removed from the gas stream, using NOx gases during compression, to levels satisfying the
industry limit. However, the product of this reaction was not determined. Furthermore, bench scale
testing revealed that the nitrogen chemistry is complicated by the formation of oxy-acids which may be
released from the liquid phase during removal of the condensates. This report details experiments
undertaken in the laboratory to recover the Hg-NOx product and the measurements performed during a
second test campaign at COP to study the volatility of real compression condensates.
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3.1 Laboratory mercury recovery experiments
The recovery of mercury product is crucial in understanding the deposition of mercury species within
the compression circuit. The laboratory results have shown that 100% mercury cleaning is possible but
have also demonstrated that the reaction product remains within the pressure system. From a future
technology perspective this amount of product may be up to 30kg per year for a 500MW unit (based on
a 1µg/m3 Hg input to the CPU) and represents both a potential blockage and safety risk. The work
undertaken to recover this product while determining its properties trialled two main methodologies (i)
heating to 200C and (ii) washing with acid. These techniques represent conditions that may be
reasonably expected within the compression circuit and thus what might naturally carry the deposited
Hg material through into the condensed liquid phase. The figure below shows that neither technique is
able to recover 100% of the product, with the highest results coming from the use of heating (20-35%
recovery) and the lowest coming from wet methods (9-16% recovery). This suggests that the mercury
product may not be a single species but is likely to have formed a Hg-N-O complex. Such findings are
in line with examples from literature, despite the relatively limited data in this area. It also suggests
that deposition of mercury product is still likely to occur within an oxyfuel compression circuit.
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Figure 3.2 Mercury recovery extents within the circuit of laboratory experiments
3.2 Test campaign at COP – volatiles from condensates formed in CO2 compression
Volatile NOx species are defined as dissolved gases that are evolved from the compression condensates
following depressurisation. In a continuous process, the liquid condensates must be removed from the
system and the gases evolved during depressurisation represent a potential emission source. The
laboratory compression measurements indicated that 3-10% of captured NOx gases were released when
depressurised. Quantitative measurements of condensate volatility were also made at the COP in a
targeted campaign using custom designed sampling apparatus and dedicated analysers. Each liquid
sample was depressurised into a sealed vessel with compressed air flowing through to the gas analysers
and the resultant gas evolution measured over the course of several hours. The first figure below is an
example of volatile NOx gases evolved from the high pressure (24 bar) condensate during overnight
aeration. It is clear that a significant amount of emissions may be derived from the condensates and
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that the peaks can be split into a sharp initial peak involving both NO and NO2 and a secondary peak
involving NO2 alone. In this case, the NO2 measurement may be comprised of other NOx species that
are converted in the analyser and reported as NO2.
A comparison of volatile measurements taken of the condensates at COP showed significant variation
across the three days of testing and also between sample points (shown below in the second figure).
The variation was shown to occur as the COP CPU plant operated and it was speculated that this change
was the result of the liquid phase reaching a steady state residence time within the circuit.
Measurements at COP CPU indicated that the low pressure (4 bar) condensate showed a release of 318% captured NOx and 0.5-1.2% of captured Hg. The high pressure condensate (24 bar) released 268% of captured NOx and 0.05-12.5% of captured Hg. The liquid produced from the High Pressure
Scrubber released the lowest amount of NOx (0.7%). The volatile Hg re-emitted during depressurisation
was found to coincide with similar volatility behaviour in the NOx (shown in Figure 3.5 below). The
limited speciation testing which was undertaken indicated that the volatile Hg was in oxidised form,
however further work is required to determine if the oxidation is occurring due to the volatile NOx
species.
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Figure 3.3 High pressure condensate emissions during depressurisation from 24 bar
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Figure 3.5 Mercury emissions from COP CPU liquids
3.3 Molecular Sieve Regeneration
The test campaign also measured emissions of NOx derived from the regeneration of the Molecular
Sieve Drying units of the COP CPU. These units operate in tandem with one drying the flue gas prior
to cryogenic cooling and the other being regenerated with outgoing inert gases (N2, O2, Ar) separated
from the CO2 in the liquefaction process. This exhaust gas represents the other significant source of
emissions from an oxy-fuel compression plant. The sampling of this exhaust involved a week of testing
at the COP due to the intermittent and lengthy regeneration process (12 hours). Measurement of NOx
gases was complicated by the high amount of HNO3 present in the stream and a novel methodology
was trialled to successfully identify HNO3 as well as NO2 measurements. These results revealed that
the dominant NOx species was HNO3. A summary of the weeks testing of the molecular sieve
regeneration is given below. Peak HNO3 was measured at 1500-3000ppm during the regeneration phase
and the combined vent gas (exhausted to atmosphere) was diluted to 500-750ppm after mixing with
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other vent streams. The origin of this HNO3 was considered to be either from (a) carryover from the
High Pressure Scrubber column; or (b) adsorbed NOx species combining with adsorbed H2O on the
Sieve material.
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Figure 3.6 Measured HNO3 emissions from molecular sieve regeneration and from the
combined vent during COP tests
Overall, this project has examined the potential mercury and NOx streams within the Callide Oxyfuel
Project compression plant and found that mercury may be readily removed from the gas stream. This
complex interaction results in mixed thermal and solubility properties. Of the mercury that reports to
the liquid condensate phase, up to 12% was released upon depressurisation, however the significant
variation in the measured volatile behaviour is related to the NOx capture and the liquid residence time.
The NOx gases released on depressurisation are likely to be in the form of HNO2 which is involved in
the absorption (capture) process but remains present as a dissolved gas rather than forming a stable
ionic species.
The depressurisation process has the potential to be a reportable source of emissions from an oxyfuel
compression circuit and mitigation options will be necessary in future plants. The regeneration of the
molecular sieves is also a source of NOx emission, mainly quantified here as HNO3, and the possible
mitigation options are likely to involve liquid scrubbing.
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4

Identification of nitrogen gas species during compression of oxyfuel gas

Summary of report: FORMATION OF NITROGEN CONTAINING GASES UNDER HIGH
PRESSURE DURING COMPRESSION OF OXYFUEL GAS: A SUBCONTRACT FROM THE
UNIVERSITY OF NEWCASTLE (UON) TO MACQUARIE UNIVERSITY, by Peter F Nelson and P
Sarge Bray, Department of Environmental Sciences, Faculty of Science, Macquarie University
Infrared spectroscopy was used to study the formation of nitrogen based oxides and acids during
compression of gas approximating the composition of trace nitrogen species in oxy-fuel flue gas.
Previous work has shown that higher pressure converts insoluble NO in the flue gas to NO2, however
the nitrogen chemistry is complicated by the presence of water (as a vapour and a liquid) potentially
forming N2O4, HONO and HNO3. The final form of nitrogen was expected to have an impact on where
the material reported to in the system and thus have the potential to affect the overall mass balance.
Experiments were undertaken at both Macquarie University and at the University of Newcastle to
investigate the impact of pressure in dry and wet conditions. Early experiments at Macquarie
demonstrated the utility of FTIR as a method of detecting N2O4, HONO and N2O. The presence of
HONO was observed to be both time and pressure dependent. Experiments at the University of
Newcastle were conducted under steady state flow conditions and further probed the pressure impacts
by measuring transient effects during depressurisation.
The Table below contains a summary of experiments conducted at the University of Newcastle, using
the Macquarie University FTIR. Dry conditions (ie without water present in liquid or vapour) showed
a systematic conversion of NO to NO2, with minor amounts of N2O4 detected. The amounts of N2O4
(~7-11ppm) were observed to be pressure independant above 15bar, possibly indicating that a reequilibrium towards NO2 was occurring after depressurising the gas. The presence of water was
investigated in both vapour and liquid form. “Wet” gas experiments bubbled the N2 through a gas
saturator prior to mixing with NO and O2. These experiments showed a pressure dependence on acid
gas formation, with low pressure (5 bar) forming HONO and high pressure (25 bar) forming HNO3 and
some N2O4. Upon pressure release, a large amount of HNO3 (and minor amount of N2O4) was detected
transiently desorbing out of the reactor over the course of several hours. This indicated that pure HNO3
can be deposited on the reactor walls during high pressure processing in areas where liquid water is not
present.
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Table: Summary of results at different conditions;
number of * denotes concentration as * low, ** medium, ***
high

Experiment Reactants

Dry Gas

Wet Gas

Notes
N2O4

***

***

*

NO (g)
O2 (g)
H2O (g)

**

**

*

*

*

*

**
low P

**
low P

*
high P

*
high P

Gases
desorbed
from reactor
after
pressure
release

Gas release
from
H2O (l)
after
pressure
release

HONO

HNO3
NO2 increases
with P

NO (g)
O2 (g)

NO (g)
O2 (g)
H2O (l)
bubbling
Gas/Liquid
contacting

Products
NO
NO2

*

N2O4 steady
after 15 bar
*
at low
P

***

*

**
decreases
with time

*

**
at high
P

HNO3
increases with
P

NO2 measured
as HNO3 &
N2O4
High NOx
capture, 55%
at 5 bar and
85% at 25 bar
NO2 measured
as HONO
Unknown
broad band
absorber
detected at 25
bar

Additional notes:
N2O detected at < 4 ppm.
Bubbling NOx gases through a reactor pre-filled with water showed that NOx capture is significant (5585%) and pressure dependent. The presence of HONO in the exhaust gas was detected at low pressure
only. A specifically designed system was used to depressurise liquid sub -samples (also tested at the
Callide Oxyfuel Project) into a set flow of sweep gas. This enabled off-gases from the liquid to be
analysed and quantified. The presence of HONO was detected as the main NOx species evolved from
the liquid during pressure release. Time based sampling of these depressurised liquid sub-samples
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showed that the longer residence produced more stable liquids, effectively reducing the evolution of
HONO from the liquid after releasing the pressure. There was also evidence for the release of additional
species during these experiments but the identity of these species is uncertain.
Overall, these results have confirmed that a major NOx product associated with volatile liquid
condensates during oxy-fuel compression is HONO. This species is produced both in gas phase and
liquid phase. In the liquid phase, a slow conversion process to HNO3 increases liquid stability over the
course of several hours. Mass balances across the laboratory system show that the proportion of volatile
NOx present in the liquid remains constant between low and high pressure conditions, with only the
amount of NOx absorption being affected. This species is likely to be an environmental emission during
depressurising of compression condensates and a safety hazard during normal plant operations. Of the
other nitrogen oxides and acids, HNO3 was the dominant species detected in the gas phase, being present
at high pressure and during pressure release. This species is a likely cause of corrosion in downstream
processing where liquid water is not present and may represent a safety hazard in venting operations
and during maintenance.
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