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ABSTRACT

Experiments on pulverised coal combustion in air and O,/CO; mixtures of
various molar ratios, were conducted in a 20 kW-rated, down-fired furnace equipped
with a single pulverised fuel (pf) burner, which was designed for the laboratory-scale
experimental studies on coal combustion in air. In coal-O,/CO; combustion tests, all
the oxidants and fuel were delivered into the furnace with the same configurations as
those in the coal-air combustion firing tests. In each test, the coal firing rate was
fixed, and the furnace stoichiometric ratio was fixed at SR=1.20. Seven bituminous
coals with fuel ratio ranging from 1.50 to 2.33 were used in the study. The
effectiveness of air/oxidant staging on reducing NO, emissions was investigated for
combustion in air and O,/CO, mixtures. The fate of recycle NO in combustion with

different oxidants and combustion conditions was also investigated.

Continuous furnace operations with stable flames and a comparable operating
temperature to that in air were established for O,/CO; combustion, without major
operational problems related to burner ignition, flame stability, coal firing and the
effect of oxidants switching, both in unstaged and staged conditions. The results
show that temperature and emission profiles are highly influenced by the oxidant
compositions. A continuous flame could not be sustained by the direct replacement
of combustion air with O,/CO; mixture with the same O, concentration as air
(21:79-0,/CO3). In O,/CO; atmospheres, NOy Conversion Ratio (CRnp,) decreased
with the increasing concentration of the CO; in the oxidant and combustion with

21:79-0,/CO; produced NOy of about one-fourth to that in air.

With a same firing rate and combustion stoichiometry. coal combustion in

30:70-0,/CO; produced a similar flame temperature profile to that in air combustion.
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while producing a significantly lower furnace NO, emission and a higher char
burnout. The NO, Conversion ratio (CRyox) ranged from 27.7 - 39.7% in air and
18.4 - 35.5% in 30:70-0,:CO,. The Burnout Efficiency (ngo) in air and in 30:70-
0,/CO; ranged from 92.5-98.5% and 95.0-99.3 % respectively. Compared to that in
air combustion, NOy conversion was more sensitive to coal properties in 30:70-

0,/CO;.

The CO concentration in the combustion zone of the 30:70-O,/CO; mixture
was more than 50% higher than that of air but the level decreased to an insignificant
level at the exhaust. With the presence of air in the oxidant from atmospheric
leakages, a high CO» concentration of more than 80% of the flue gas was attained in
30:70-0,:CO; combustion, compared to around 15% in air firing. The CO;
concentration in the flue gas could be increased further to more than 90 % by
reducing air infiltration into the combustor.

The staged combustion tests result show that oxidant staging is a very
effective method in reducing NOy emissions for coal combustion in 30:70-O,/CO-.
and can be more effective than in staged air combustion. For coal combustion in air,
staging with SR;=0.80 reduced NOy emission by 54 - 65%, while combustion in
30:70-0,/COa. reduced NO, by 44 - 73 %. Compared to normal air combustion,
staged combustion in 30:70-0,:CO- reduced the overall furnace NOy by 67-77 %.

The recycled NO tests results show that the NO Reduction Eftficiency (nno)
depends on the combustion media. combustion conditions and NO recycling
injection locations, and is influenced by the coal properties but not by the recycled
NO concentrations. Compared to that in air, NO Reduction Efficiency in 30:70-

0,:CO» 1s more sensitive to coal properties. particularly coal Fuel Ratio (FR).
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CHAPTER 1

INTRODUCTION

It is now globally accepted that the continuous increase of the concentrations
of greenhouse gases in the atmosphere from anthropogenic sources is one the major
contributors to the changes in the world's climate associated with the global
warming effect. The impacts of climate changes are already visible globally and
these are highly expected to become more pronounce in the very near future. The
Third Assessment Report on climate changes by The Intergovermental Panel on
Climate Change (IPCC) revealed that new and stronger evidence emerged that most
of the global warming phenomena observed over the past half-century were
attributable to human activities and suggested that human influences will continue to
change global atmospheric compositions throughout the 21** century (IPCC, 2001).
These findings were further supported by more recent and comprehensive studies as
compiled in The IPCC’s Fourth Assessment Report which concludes that, it is at
least 90% certain that human emissions of greenhouse gases, rather than their natural

variations, are currently warming the earth's surface (IPCC, 20074, 20075).

1.1. Greenhouse Gases and Global Temperature.

It has been recorded that, since the beginning of the industrial revolution in the
mid 19" century. the global average atmospheric concentration of CO; has increased

by almost 36 % from around 280 ppmv to the present level of 380 ppmv. with an



accelerated rise recorded in the second half of the 20™ century and continue into the
first decade this century (IEA, 2007a. 2006b). Similarly. in the same period. the
concentrations of methane (CHs4) and nitrous oxide (N-O) have increased by more
than 150% and 18 %, respectively. Ice core studies reveals that the present
atmospheric concentrations of CO, and CH,4 have not been exceeded during the past
650 000 years and the N,O concentration has not been exceeded during at least the
past 1000 years (IPCC. 20074a). In recent years, between 1970 and 2004, the global
anthropogenic CO, emission has increased by 87% and the annual CO,
concentration growth-rate was also the largest during the last ten years with an
average growth of almost 1.9 ppmv per year. Over the same period, CH,
concentrations increased by almost 40%, N,O by 50% and flourinated industrial
gases by almost 400 % (IEA, 2006b). The marked increases of the concentrations of

these gases in recent years, have been very strongly attributed to human activities.

Coincidently, over the past 100 years the global mean temperature has
increased by 0.7 £ 0.2 °C and the rate of warming in the last 50 years is almost that
over past 100 years and the current global rate of change is about 0.18 + 0.05 °C per
decade (IPCC, 2001, 2007¢c). It was also recorded that the 1990s was the warmest
decade and eleven of the last twelve years (1995-2006) rank among the warmest
years in the instrumental record global surface temperature, since 1850 (IPCC.
2007q). Figure 1.l1a shows the global temperature deviation since the mid R
century. compared to the average temperature of 1960 — 1990. These records and
observations suggest that the global temperature changes are very unusual in terms
of both magnitude and rate of changes, which are more than natural climate cycles

would explain (IPCC, 2001).
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Figure 1.1a. The recorded global surface temperature since the mid 19" Century.

compared to the 1961-1990 average. (EEA. 2005).
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The projection of the global greenhouse gas concentrations for the 21%
century. based on a ranges of scenarios of socio-economic. technological and
demographic developments and with various assumptions. have been studied by
various groups and are presented in Figure 1.1b (IPCC. 2001). One of the most
likely projected scenarios is that greenhouse gas concentrations will exceed 550 ppm
COs-equivalent before 2050, and to increase further to between 650-1350 ppm CO»-
equivalent by 2100. It is anticipated that if these concentration levels are exceeded,
there is little chance that global temperature rise will stay below the targeted levels
set by various parties (EEA, 2005). Based on these projected scenarios. extensive
modelling studies have revealed that the global mean surface temperatures are
projected to further increase by between 1.4 °C and 5.8°C. at the end of this century.
The latest and more comprehensive studies as reported in the IPCC’s Fourth
Assessment Report, projected that, without further action to reduce greenhouse gases
emissions, the earth’s surface temperature is likely to rise by between 1.8 °C and 4.0
°C. although depending on various difference scenarios. increases as small as 1.1°C

or as large as 6.4 °C may also possible (IPCC. 2007a).

Therefore, the continuous increase of anthropogenic greenhouse gaseous
emissions into the atmosphere is becoming a major concern world wide and is
emerging as one of the main environmental issues to be addressed in this century.
Consolidated and substantial global efforts to reduce the emissions of greenhouse
gases through various possible measures are essential to meet the targeted limits of
the global temperature rises. As a major step towards stabilising global greenhouse
gases concentrations, at The Third Conference of Parties to the The United Nations

Framework Convention on Climate Change (UNFCCC). held in Kvoto in 1997,



several major industrialised nations have agreed to reduce their collective emissions
of six greenhouse gases: carbon dioxide (CO,). methane (CHy). nitrous oxide (N,0),
hydrofluorcarbons (HFCs). perfluorcarbons (PFCs) and sulphur hexafluoride (SFs)
gases, by at least 5% in the period 2008-2012 compared to the 1990 levels (UNFCC.
2007). The Accord, later known as The Kyoto Protocol, which has gone into force
only in 2005, was the first legally binding plan to tackle climate changes. The main
objective of The Accord is to collectively achieve stabilisation of global greenhouse
gases, known as Kyoto Gases, concentrations in the atmosphere “at a level that
would prevent dangerous anthropogenic interference with the climate systems™. As
in 2007, The Accord binds 35 nations and has been ratified by more than 170
nations, although a few nations of major CO, emitters have not ratified it.
(UNFCCC, 2007). Currently however, reports from various individual nations
suggest that, although some degree of stabilisation in the emissions of these gases
has been recorded in some regions, the overall global trend indicates that, driven by
mainly the robust economic activities in the developing nations, the global
greenhouse gases emissions, particularly COy, is still rising at unsustainable rates.
New global binding legislations on greenhouse gas emissions beyond The Kyoto
Protocol time frame are therefore highly essential. In March 2007, The European
Union member states have in principle. agreed to reduce carbon dioxide emissions

by 20% from 1990 levels by the year 2020 (EC, 2007).

1.2. Anthropogenic Carbon-dioxide.

Carbon dioxide has been singled out as the most significant contributor of

anthropogenic greenhouse gases which is strongly believed to largely responsible for



the changes in the world’s climate. Although methane and nitrous oxide are much
stronger greenhouse gases than CO,, methane has over 20 times the effect of CO,
while nitrous oxide is nearly 300 times stronger. both gases have a much smaller
presence in the atmosphere than CO,. The contribution index of CO, from
anthropogenic sources to global greenhouse gases are presented in Figure 1.2 which
shows that, expressed in CO,-eqivalent units, CO, accounts about 75% of the total
index, compare to 16% for CHy, 9 % for N,O and flourinated gases are accounted
for around 1% (IEA, 2006b). Therefore, to have a significant long term effect in
global warming stabilisation, drastic reductions in global anthropogenic CO-

emissions 1s crucial, as well as the reduction of the other greenhouse gases.

1.2.1. Main Sources of Anthropogenic Carbon-dioxide.

Anthropogenic carbon dioxide is released into the atmosphere by a number of
sources, predominately from the combustion of fossil and renewable fuels, lands
clearing through burning, industrial facilities, buildings. transportations and resource
extraction activities. The uses of energy represent the largest source of
anthropogenic greenhouse gas emissions which accounts around 80% of the global
share, and about 95% of which is dominated by CO, (IEA, 2006b). The share of
CO; emission in the energy sector is dominated by the combustion of fossil fuels,

and the main sources of energy-related anthropogenic CO, are :

a) Electricity and heat generation plants. Fossil fuels-based power generation
plants are the largest source of stationary CO; emissions, and each plant 1S
capable of emitting several million tonnes of CO; annually. The electricity
and heat production sector is the largest contributor of CO> emissions.

emitting as much CO; as the rest of the industrial sector combined. and is the
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b)

d)

fastest-growing source of CO, emissions (IEA. 2005a). The share of this
sector to the total global CO, emissions has increased significantly by 33%
between 1990 and 2004, and the current share amounts to around 40% as

compared to only 26 % in 1970 (IEA, 20065).

Transportation. The transport sector, which rely almost entirely on oil. is
the second largest source of energy-related CO, with the current share of 24
%, which is also a fast-growing source. increasing by 37% since 1990 (IEA,

2006b) as a result of rising demand for land and air mobility.

Industrial. A variety of other industrial activities also emit substantial
amounts of CO, from each plant. The major energy-intensive industries
include for examples, oil refineries, cement kilns and blast furnaces in iron
and steel production. The sector is currently responsible for about 22% of
worldwide CO, emissions, with 26% of which are from the iron and steel.,
25% from non-metallic minerals and 18% from petrochemicals industries.

(IEA, 2006¢).

Domestics. Significant amounts of CO, are also produced by dispersed

sources such as domestic appliances and residential buildings.



Global Greenhouse Gases Emissions, by Gas (2004)

Carbon dioxide Nitrous oxide
(COy) (N;0)
74% 9%

Methane (CH4)

16%
F-gases
1%
Figure 1.2. Global share of greenhouse gases emissions (IEA. 20065).
1971: Total CO, Emissions 14.1 Gt 2004: Total CO, Emissions 26.6 Gt
Transport Transport Indugtry
20% Industry 24% 19%
SRS 27% ~ Residential
" 7%
Electricity v
& Heat Residential Electricity Other
26% Other = 449 & Heat 10%
16% 40%

2030: Total CO, Emissions 40.4 Gt

Transport Industry
21% 18%
=L o Residential
11%
Electricity
& Hf/at Other
44% 6%

Figure 1.3. Global CO, emissions by sector (IEA. 20065).



Figure 1.3 presents the share of world CO, emissions by sectors which shows
that the electricity and heat generation and transportation sectors contribute nearly
two-thirds of the global energy-related CO, emissions in 2004. a marked increase
from less than one-half in 1971 (IEA, 20065 ). The share of emissions from theses

sectors are expected to consolidate further in the next few decades.

1.3. World Energy Scenario

At the turn of the 21 century. fossil-fuels are still the most dominant source of
the world’s energy. which contribute to more than 80 % of the world’s Total Primary
Energy Supply (TPES). The current scenarios indicate that although renewable
energy will grow in importance. their shares in the global energy supply in the next
few decades will remain largely unchanged due to limited sources which can reliably
produce significant amounts of energy. The share of nuclear power is also not
expected to increase in the next few decades due to the limited new installation of

nuclear-powered stations, world wide (IEA, 2006a).

1.3.1. World Energy Demand And Outlook

The International Energy Agency (IEA’s) Reference Scenario — World Energy
Outlook (WEQ) 2006 projected that the global primary energy demand will increase
by 53 % by 2030, with more than 70 % of the increase coming from developing
countries (IEA, 2006a). Due to the huge energy demand and lack of alternative
sources. fossil fuels will remain as the primary sources of energy for a foreseeable
future. It is forecasted that fossil-fuels will supply 83% of the energy demand of

7030. and will remain as the main energy source by the end of this century (IEA.



2006a, 2006b). Fuel shares of the world's TPES at the turn of 21% century and the
projected scenario is presented in Figure 1.4a, which shows the dominance of fossil-
fuels as the major energy source for the next few decades. Therefore. the current and
immediate global challenge is still to respond effectively to the risks of global
climate changes associated with fossil-fuel’s energy utilisation. while continuing to
meet the high energy demands in developing nations and the rapidly increasing

energy demands of developing economies.

1.3.2. The Future of Coal.

Coal is the most important energy resources since it exists in more abundant
reserves than other fossil fuels and currently, coal accounts for around one-quarter of
the World's TPES (IEA, 2006a). For the next several decades. coal will remain
hugely important for the economies of both developed and developing countries, and
towards the end of this century. coal is expected to continue to make an important
contribution to the global energy security because of its widespread geographic
distribution, and the extent of available resources relative to the anticipated energy
needs (IEA, 2006d). The proven reserves of coal at the end of 2005 amounted to
around 990 billion tonnes which is equivalent to almost 170 years of the current

production rates, as compared to 64 and 42 years for gas and oil respectively. (IEA.

20064, 2006d)

About two-third of the almost 6 billion tonnes of coal currently produced
annually, is used for electricity generation and the combustion of pulverised coal in
steam generating boilers is the most widely used process (IEA. 2006¢ ). In the early
1970s. coal contributed about 38% to total world electricity supply. and more than

three decades later. coal-fired power plants are still providing almost 40% of global
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electricity needs which is more than double the amount of electricity generated from
other single energy sources. The share of coal in world’s electricity generation will
remain very significant and rising, and is expected to contribute to around 44% of
the world’s electricity generations in 2030, as projected in the IEA’s Reference
Scenario - WEO 2006 (IEA, 2006a). In comparison. over the same period. the share
of oil for electricity generation is expected to fall to only around 3% and nuclear
power share is expected to experience the largest fall. from 16 % to around 10 %.
while natural gas share increases from 20% to 23%. The share of renewable sources
is expected to grow but remains limited. Currently. renewable energy sources
account for only 2 % of total electricity production and is expected to increase to
only about 7% by 2030, while the share of hydro-electricity decreases from 16% to
around 13%. The current and projected distribution of world electricity generation
by fuel sources is shown in Figure 1.4b. There are several alternative scenarios
which project the coal demands for the next few decades, taking into account the
various energy policies and measures which could be adopted globally. that could
lead to a lower global reliance on coal. However. energy policies that were assumed
to be enacted and adopted only recently as in the IEA’s Alternative Policy Scenario
- WEQO 2004 (IEA. 2004) have not been implemented in the developing countries
whilst the major developing countries are following energy-intensive growth paths
which lead to a much higher global consumption of coal (IEA. 2006¢). The current
annual global coal consumption has already exceeded the earlier forecasted figures
with little signs that the growth trend will reverse in the immediate future. The

annual growth of the global coal demand between 2000 and 2005 was recorded at
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5.5 % with China, as a fast emerging industrial nation, recording the highest growth

of 13.4 %, followed by other developing nations. (IEA. 2006e¢).

1.4. Global Carbon-dioxide Emissions: Current Trends and

Projections.

The emission of carbon dioxide from fossil fuel combustion is almost
certainly. the most dominant influence on the future trends in the global atmospheric
CO, concentrations. The global annual CO, emissions generated from the
combustion of fossil fuels have increased by over 87% between 1970 and 2004. In
the last decade, they rose drastically from an average of 23.5 Gt per year in the 1990s
to 26.4 Gt per year in 2000-2005 and between 2000 and 2003, the annual growth
was 2.2 % (IPCC. 2007a). Currently, the combustion of fossil fuels accounts for
about 75% of the global anthropogenic CO; emissions. Hence, as the global demand
of energy. which is greatly dependent on fossil fuel is continuously increasing. CO;
emissions from fuel combustion is expected to significantly increase. The current
scenario also indicate that energy-related CO; emissions are increasing at a slightly
higher rate than the global primary energy consumptions because the global fuel mix

have shifted to more carbon-intensive (IEA. 20065).

Electricity generation will be the most prominent and growing source of total
CO, emissions, rising from around 41 % of total current CO, emissions to the
forecasted level of around 44% in 2030 (IEA. 2006a). The world electricity
generations have expanded at an average annual rate of 3.7% from 1971 to 2001 and
the world electricity demand is expected to double between now and 2030. with

most of the growth occurring in developing countries. This increase is largely due to
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more usage of electrical appliances, development of electrical heating and rural
electrification programmes in developing countries. On a longer time frame. IEA’s
Energy Technology Perspectives Baseline Scenario (IEA. 2006f) forecasts that
electricity production will increase by almost three time between 2003 and 2050 and
CO, emissions from the power generation sector will increase by more than 160%.
Similarly, as more automobiles are expected on the roads and more air-travel hours
are recorded, the global CO, emission from the transportation sector are projected to

rise by more than 85% from 2000 to 2030 ( IEA, 20064 ).

All these trends indicate a continuing sharp increase in the emissions of CO5 in
the next few decades if no new major policies and measures to curb CO, emissions
are to be adopted globally. The IEA’s Reference Scenario — WEQ 2004 initially
projected that annual global CO, emissions, in 2030, will be around 90% higher than
20.4 Gt at 1990 level. However. due to the much higher energy demand which leads
to higher global coal consumption than earlier forecasted, The IEA's Reference
Scenario - WEO 2006 have revised the projected energy-related CO, emissions to
rise much higher to around 98% above the 1990 level over the same period,
increasing at an average annual rate of 1.7 % (IEA. 2006a, 2006¢). In the longer
term, in the absence of new major policies, CO; emissions are projected to increase
to an unsustainable amount of 58 Gt in 2050 (IEA, 2006f), with most of the growth
in energy demand, and hence the emissions, coming from developing nations.
Hence. if the recent and current trends in global CO; emissions continue, the world
will not be on a path towards the stabilisation of greenhouse gas concentrations in
the atmosphere, unless every possible route to curb the growth of the CO, emissions

is explored and adopted soon.
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In order to achieve the ultimate goal of reducing CO, concentration in
atmosphere. both short and long terms policies and measures to stabilise the growth
of the energy-related emissions are required. From the source of the emissions. the
largest contribution to the global CO, emissions reduction could be achieved from
the power generation sector. Several significant measures. to reduce the growth of
CO, emissions, have been introduced in energy planning policies worldwide. which
include improving energy conversion and utilisation efficiencies and by fuel
switching to less carbon-fuels such as gas. The potential of global energy-related
CO, emissions reduction through various policies and measures. under IEA’s WEQ
2006 Alternative Scenario policies, is presented in Figure 1.5 which shows that the
improvement of end-use efficiencies of electricity and fossil fuels energy conversion
processes could contribute up to two-thirds of the avoided CO, emissions by 2030.

(IEA, 20064a, 2006¢).
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Figure 1.5. The projected potential of global saving in CO, emissions which ould be
generated under the Alternative Policy Scenario - WEQ 2006. (IEA. 2006a).
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Figure 1.6. World energy-related CO, emissions by fuel at the turn of 21°" Century
and in The Reference Scenario - WEO 2006. (IEA, 2006a).

1.5. Coal Combustion and Environments.

Although coal. as a prime energy source. provides an important contribution
for the economic development worldwide, its environmental impact has always been
a major challenge to the coal users. Coal is always considered as the dirtiest fossil
fuel since it contains a significant amount of sulphur and nitrogen. Over the years.
the major challenge for coal users is still how to reduce its environmental impact
from the main combustion emissions such as sulphur oxides (SO,). nitrogen oxides
(NO,) and particulates. It is highly anticipated that there will be growing global
pressure for new legislations for coal users worldwide to reduce CO, emissions from

coal-based power generation plants in the near future.
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Coal users have a huge potential to contribute significantly to the global CO,
emission reductions which are in-line with the global low emissions future since
coal 1s not only the most abundant fossil source, but is also the fossil fuel with the
highest carbon content per unit of energy i.e. compared to other fuels, coal produces
the largest amount of carbon dioxide per unit of energy released. Although coal
contributes to only around 25 % of the current world's TPES compared to 35 % and
21% for oil and gas respectively, it produces an equal share of CO; emission to that
of oil which is twice as much as that of gas. In 2004, coal combustion is accounted
for 40% of CO, emissions from fossil fuels, and the share is projected to consolidate
further to around 43%, which will be the highest contributor to the global energy-
related CO, emissions, by 2030 (IEA, 2006b, 2006d). The current and projected
energy-related CO, emissions by fuel is shown in Figure 1.6 which shows the
growing share of coal combustion as the major source of CO, emissions. Hence, as
coal-fired power plants have a large impact on the global CO, emissions, there is a
compelling need to develop cleaner combustion technologies for existing and new

coal-fired plants.

1.5.1. Emissions Control in Coal Power-Generation Plants.

In the last few decades, significant technological advancements on
environmental performance of conventional coal-fired power stations have been
developed. Effective and mature technologies are already in place for the control of
major pollutants from coal-fired power stations and the cost of addressing

environmental issues related to coal combustion has reduced over the years (WCI,

2005).
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1.5.1.1. SO,, NO, and Particulates.

In coal combustion, oxides of sulphur (SO,), mainly in the forms of sulphur
dioxide (SO,). are produced from the combustion of the sulphur in coals and its
emissions can lead to the generation of acid rain and acidic aerosols. SO, emissions
have been substantially reduced through the application of post-combustion flue gas
de-sulphurisation techniques which include wet and dry scrubbers, sorbent injection
and regenerable processes, some of which could reduce the emissions by over 95%.
The pre-combustion coal treatment such as coal washing and drying, has also

contributed to the reduction of SO, emissions by lowering the level of sulphur in

coals (WCI, 2005).

Oxides of nitrogen, usually referred to collectively as NO,, are formed from the
combustion process where air is used and from the nitrogen present in the fuel. In
addition to its characteristics of nitrous oxide (N,O) as a greenhouse gas, NO, could
contribute to other environmental concerns such as smog, ground level ozone and
can also cause acid rain (WCI, 2005). NOy emissions has been significantly reduced
through various advanced post combustion technologies such as the selective and
non selective catalytic reduction (SCR and NSCR). which could reduce the
emissions by up to 90%. as well as by the application of low NO, burners and other
combustion modification techniques such as air staging (OFA) and fuel staging
(reburning) methods, which capable of generating up to 70 — 80% of NO,
reduction (WCI, 2005). More detail discussions on NOy emission reduction
technology in coal combustion systems is discussed in Chapter Two. Particulates
emissions, mainly from combustion ashes, can affect people’s respiratory system and

impact local visibility. Particulates emissions have been successfully tackled through
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electrostatic precipitators and fabric filters technologies, which have removal
efficiencies of over 99.5%. The application of pre-combustion coal treatment such as
coal washing and drying, has also contributed to the reduction of particulate

emissions, by reducing the ash content. by as much as 50%.

However, despite continuous and significant improvements made during the
recent years, there remains increasing global pressure for coal users to further reduce
the combustion emissions. New and more stringent legislations on coal combustion
emissions are expected to be introduced and enforced by the authority of many

countries in the coming years (WCI. 2006).

1.5.1.2. CO;,

In coal-fired power generation plants, CO, emissions are being addressed
through various options that lead to the adoption of latest technologies that would
improve the efficiency of the energy conversion and hence progressively reduce the
emissions per unit of electricity generated. It is well documented that improving the
efficiency coal-fired power plants is one of the most a cost-effective measures to
limit the growth of CO, emissions and it has been suggested that one percentage
point increase in efficiency of coal power stations could reduce the plant CO,
emissions by around two percent (IEA, 2006¢). Upgrading the existing or replacing
older plants with the new and more efficient operations could therefore. yield
significant CO, emissions reduction. The efficiencies of coal-fired power plants
have increased steadily in recent years, with conventional sub-critical boilers
efficiency approaching 40% are already in operation. In 2003. the energy efficiencies
for coal-fired power generation range from 30% for developing nations to 42% for

Japan. with the average efficiency of the countries of around 33% (Graus et al..
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2007). It has been suggested that. with the further development and deployment of
supercritical and ultra-supercritical processes with the current efficiency of up to
46% and continue its steady upward advances over the next few decades. the global
coal plants efficiency improvements route could potentially reduce global CO,

emissions from coal-fired plants by up to 22 % (WCI, 2006).

New technologies such as coal-fired Integrated Gasification Combined-Cycle
(IGCC) are expected to become more competitive, in terms of energy conversion
efficiency, with gas-fired plant in future and the average efficiency of IGCC
technology is expected to reach around 53% in 2030 as compared to around 43% at
present (IEA, 2006a). Other high-efficiency technologies such as Pressurized
Fluidized Bed Combustion (PFBC) have also been in operation in new plant
installations in developed nations. The worldwide deployment of these technologies
potentially could raise the world’s average efficiency of coal-fired power stations
from 35% today to more than 50% by 2050 (IEA, 2006f). It has also been suggested
that the widespread application of coal upgrading by washing and drying could
potentially contribute to global CO, emissions reduction from coal-fired plants by up
to 5 % (WCI, 2006). The adoption of these technologies worldwide. will not only
reduce CO, emissions from coal power plants but will also contribute to preserve the

fast depleting fossil fuels resources.

The potential of the various technological approaches on the global CO;
emission reduction from coal-fired power plants is shown in Figure 1.7. However.
although these technological advances are expected to be adopted globally to meet
tighter environmental requirements. they will be incremental rather than

revolutionary. Further more, the incremental reduction of CO; through the adoption



of these new technologies will always involve increasing costs. Therefore. for the
next few decades, the expected increase of thermal efficiency in the coal-fired power
generation plants may only moderate the growth in the global CO, emissions levels
to certain levels, but will not be very decisive. Hence, to balance the cost of carbon

emission penalty in coal-fired power generation in the near future, more drastic

measures are also required.

Zero Emissions
Zero emissions approach such as
Carbon Capture & Storage, CCS

Up to 99 %

Advanced Technologies
Deployment of very high efficiency and
low emission technologies such as
IGCC, PFBC, IGFC

Upto25%

CO; Reductions

Efficiency improvement of Existing plants
Installments of higher efficiency subcritical &
supercritical boilers.

Up to 22 %

Coal upgrading
Includes coal washing/drying

Upto5%

v

Technological Innovation

Figure 1.7. The potential of the various technological approaches on the global CO,

emissions reduction from Coal-fired power plants. (WCI, 2005).

1.5.2. CO, Capture and Storage.

The CO, concentration in the atmosphere can be stabilised either by reducing
its emissions or by increasing the rate at which it is removed. It has been proposed in
recent years that one of the most drastic and effective long term measure to reduce

CO» emissions from coal-fired power plants is to capture the gas and store them in a



process known as carbon sequestration. There are many wavs in which a large
amount of CO, can be utilized or stored for the long term use, for example. in
enhanced oil recovery (EOR) processes from oil fields. The technology for Carbon
Capture and Storage (CCS) has been developed beyond the stage of technical
feasibility and is already at the stage of options for policymakers as described
extensively in several publications (IPCC, 2005 and IEA 2005a), these include a
comprehensive review on the current technological development of the technology
(Wall, 2007a). It has been suggested that, averaged over a range of baseline
scenarios, CCS could contribute between 15-55% to the cumulative CO, mitigation
effort worldwide until 2100. Studies as reported in The Energy Technology
Perspectives to 2050 (IEA, 2006f) concluded that CO, capture and storage is critical
to obtaining a long-term reduction in CO, emissions. In one of the alternative
scenario use in the study, it was calculated that 4 Gt/yr of CO, potentially could be
captured from coal-fired power plants by 2050, which is equivalent to around 20%

of the emissions from fossil fuels uses in 1990s.

Carbon dioxide can be captured from coal-fired combustion plants by the
direct removal of nitrogen in the flue gas. Nitrogen may be removed by amine
absorbers and cryogenic coolers to produce high CO; concentration flue gas.
However. the CO, concentration in the exhaust gas discharged from the
conventional coal-fired power plants is low, between 13 to 15 % of volume on a dry
basis. This is due to the combustion air constitutes only about 21% of oxygen, and
the remaining 79%, mostly in the form of inert nitrogen, is also discharged in the
flue gas. Capturing CO; from the dilute concentration in flue gas is therefore. very

expensive. The cost of CO, separation process from flue gas can be significantly
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reduced by increasing the concentration of the gas which can be achieved through
combustion of the fuel in an oxygen-enriched atmosphere. In this process. nitrogen
and oxygen in the air is separated in advance. and only oxygen is fed into the
combustion furnace. Coal is then burned in oxygen-rich environments, either with

oxygen-enriched air or in the mixture of oxygen and COs-rich recycled flue gas,

instead of in normal air.

1.6. Oxygen-enriched Coal Combustion Technology.

There are two distinct variations of the possible systems in which the oxygen-
enriched combustion could be employed. In the first scheme, pulverized coal is fired
in an oxygen-rich environment in which the secondary air is mixed with pure
oxygen. Depending on the level of oxygen enrichment. the concentration of CO, in
the flue gas can be increased by 30 to 60%. (Thambimuthu & Croiset, 1998). In the
second configuration, cool flue gas, rich in CO;_ is recycled back to the burner to
dilute the oxygen intake and provide O,/CO; mixture environments. Flue gas
recirculation was proposed for this process mainly to lower the flame temperature to
within an acceptable temperature of the materials used in the furnaces and boilers
and to compensate the volume of the missing nitrogen to ensure there is enough gas
to carry the heat through the boiler (Wall et al., 2005). By adjusting the O,
concentration in the feed gas and the fraction of the recycled flue gas, flame, heat
transfer and emissions characteristics similar to those of combustion in air could be
achieved. Since nitrogen is eliminated from the feed gas. the concentration of CO: in
the exhaust gas of this process. could reach up to 95% volume on a dry basis

(Abraham. 1982). Carbon dioxide could be easily separated from the flue gas which



is largely CO, and water. For some industria) applications, the direct use of CO,-rich
flue gas without further separation processes is also possible. Both approaches.
theoretically. can be retrofitted with minimum modifications to existing power plant

installations. The schematic diagrams of the proposed processes are presented in

Figures 1.8a and 1.8b

1.6.1. Benefits Associated with Combustion of Coal in Oxygen-enriched

Environments Technology.

Results from various studies have demonstrated the high potential of coal
combustion in O,/CO, environments as an effective method to produce a CO,-rich
flue gas that can be readily captured and sequestered. Although the emphasis of the
earlier studies has been on the application of the technology to maximise CO,
concentrations in the flue gas from coal combustion, the prospect of coal/O;-
enriched combustion in increasing the overall plant efficiency and reducing the
emissions of pollutants such as NO,, SO,. and unburned carbon from coal-fired
power plants compared to those from conventional coal-air combustion have also
attracted special attentions in recent years (Buhre et al.. 2005). There are several
important benefits which could be generated from the combustion of pulverized coal
in oxygen-enriched environments in utility boiler plants. as suggested in various

studies which includes :

1. The recovery of CO, from exhaust gas will become less costly due to high
concentration of CO, in dry flue gas, allowing CO. to be stored or reused
with little or no further treatment.

2. In boiler plants, higher concentration of O, in combustion reduces the

volume of inert nitrogen and the boiler efficiency will increase because the
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amount of exhaust gas is greatly reduced and the lower flow rate of flue gas
will reduce the dry gas energy loss and energy loss for gas cleaning and
separation. The smaller volume of gas flow in the furnace may lead to a more
compact boiler design.

The combustion efficiency could be enhanced by the release of heat
combustion at a higher temperature, resulting in higher efficiency in a
combined cycle power plant.

The combustion temperature can be controlled with the recirculation of part
of the flue gas, mainly CO,. making the process more flexible in operation
and with coal ranks variations.

The overall NOy emissions may be reduced due to the decrease of the
conversion of fuel-N to NO,. In combustion with flue gas recirculation,
significant parts of the recycled NOy may be reduced to molecular nitrogen in
the coal flame. The amount of thermal NO, generated in the combustion can
also be reduced because of the elimination of atmospheric nitrogen fixation
to NO.

The SO, emission may be reduced due to high desulfurisation efficiency
inherent of both the system and the process.

The unburned carbon concentration in ash can be minimised i.c. higher
burnout efficiency can be achieved in combustion with higher O,

concentrations.
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ASU: Air Separation Unit

Figure 1.8a. Schematic diagram of the proposed Coal-O,/CO; recycled flue gas.
combustion process. Adapted from Pyne et al. ( 1989).

AIR

O, > CO,-RICH

FURNACE ~ — pRODUCTS

— ASU

A

N COAL

ASU: Air Separation Unit

Figure 1.8b  Schematic diagram of the Coal-Oxygen enriched-air. combustion
process. Adapted from Thambimuthu & C roiset (1998).
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1.6.2. Problems Associated with Combustion of Coal in Oxygen-enriched

High CO, Environments.

The characteristics of coal combustion in high oxygen concentration
atmospheres are considerably different from those in normal air combustion.
Theoretically. the addition of small quantities of oxygen in the coal-air combustion
zone would increase the combustion intensity and hence the flame temperature. The
theoretical flame temperature in oxygen enriched combustion can be very high,
which could lead to very high temperature conditions in the flue gas. The actual
flame temperature may also well above the coal ash fusion temperature (Nikzat et
al., 2004). The elevated flame temperature can also lead to higher thermal NO,

formation.

The combustion temperature can be moderated to allow conventional
combustion equipments to be used by recycling a proportion of the CO5 rich-flue gas
to the combustion zone. However, the combustion characteristics of coal combustion
in 0,/CO; environments can be very different from those in the conventional air-
fired combustion. The specific heat of the main components of the recycled flue gas.
mainly CO» and H,O are higher than that of N.. hence higher O, concentrations in
the furnace inlet gas is needed to attain comparable flame temperatures to those in
air combustion (Yamada et al., 2000. Croiset et al.. 2000). Since CO, is a radiative
gas, the high CO, concentration could also cause higher heat flux to the svstems
furnace walls and hence. high-temperature corrosion is therefore likely to occur
more rapidly in an O,/CO; combustion boiler than in an air-fired boiler (Jordal et al..
2004). Recveling high concentration of CO; in flue gas to combustion zone may also

cause the combustion intensity of coal combustion in O»CO: to be significantly
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lower than that in air combustion. and may caused unstable and less luminosity
flames, which could results in higher unburned carbon concentrations in ash (Kiga et
al., 1997). Lower flame luminosity may also affect heat absorption performances in
the furnace. Therefore, controlling the coal combustion in O--high CO,
environments will not be as simple as in the conventional air combustion. Research
on coal combustion in O,/CO, have attracted special attentions in recent vears and
discussions on the current status and the related issues on the technology are

discussed further in Chapter Two.

1.7. Motivation and Objectives of this Research.

The main objective of this study is to experimentally investigate pulverised
coal combustion in various O,/CO, mixtures, with high CO> concentration to
simulate the O,/CO,-recycled environments. Experiments were conducted on a 20-
kW. down-fired pulverised coal combustor which was designed for normal air
combustion, where the configuration is representative of commercial units in terms
of residence times and temperature characteristics. The emphasis of the work was on
the study of the influence of the oxidant mixtures on the combustion parameters
such as flame characteristics and the formation of the major combustion products
such as CO, and pollutant emissions such as NO,, SO, and the unburned carbon
concentration in ash, in comparison to those in air combustion. The study was
extended on the combustion in O,/CO, atmospheres in relation to the NO, reduction
technology. under oxidant staging conditions. NO is also introduced in the oxidant to

study the fate of recycled NOy in the combustion. both in air and in O,/CO:

mixtures.



The principle experimental aims are -

1) To determine an O,/CO, mixture that could produce a sustainable and stable

flame with combustion temperature and profiles comparable to that in air

combustion.

2) To extract the main features of coal flame and emissions formation in both.

combustion in air and O,/CO, mixtures.

3) To evaluate the effect of 0,/CO, combustion in conditions associated with
the reduction of the exhaust NOy by oxidant staging. in comparison to that in

conventional air combustion.

4) To investigate the fate of recycle NO in combustion in different atmospheres.

to relate it to the overall furnace NOy reduction of the combustion systems.

In Chapter Two, a literature survey is presented which includes recent
findings in O,/CO; combustion technology and in the second part. on the NO,
emissions formation and reductions technology that could be related to the coal-
0,/CO, combustion technology. The description of the experimental approaches and
equipment is given in Chapter Three. This is followed by a presentation of the
experimental results and observations in Chapter Four. These results are then
discussed in Chapter Five. Chapter Six includes the conclusions of this study and

suggestions for further research in the area of O/CO, combustion technology.

At the end of the study it is hoped that the findings would contribute to further
supporting the potential of oxygen-enriched combustion as an ettective combustion

technology for reducing CO- emission and other pollutants from coal combustion

systems.



CHAPTER 2

LITERATURE REVIEW

In this chapter. a literature survey is presented which includes recent findings
related to coal-0,/CO, combustion technology and in the second part. discussions on
the NOx emission formation and reduction mechanisms in coal-air combustion that
could be significant to the 0,/C0O, combustion technology. The NO, reduction
technological options in coal combustion, particularly through the combustion
modification technique route which could be applicable to coal-O,/CO- combustion

systems are also discussed.

2.1. Introduction

Coal combustion in oxygen-rich environments with high CO, recycled has
been identified and proposed to be the most feasible method for CO; recovery from
coal-fired power plants directly from flue gas without the process of CO»
concentration. The process is attractive since large proportions of CO, could be
captured from the flue gas without significantly affecting the overall efficiency of the
plants. The other prospects of the process in reducing the emission of pollutants such
as NO,, SOy and unburned carbon in ash from coal-fired power plants. compared to
those from conventional air combustions, have also attracted special attentions in

recent years. The technology is expected to offer a possibility for close-to-zero-
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emission coal power plants. which can be applied for retrofitting the existing power

plants as well as for the designing of a new plant.

The earliest proposals for oxygen-enriched combustion process. specifically
for CO; recovery was by Abraham et al. (1982) who have suggested that a high
concentration of CO; of up to 95% by volume, can conceptually be produced in the
flue gas, by recycling part of the flue gas to the combustion zone. Since then.
theoretical, laboratory and pilot scale studies on the topic. particularly on coal
combustion, have been carried out by various investigators. The results from both
experimental and theoretical evaluations show that flue gas recycle is a viable mean
of controlling coal combustion and heat transfer characteristics in the furnace.
Several technical and feasibility studies have been conducted in various areas of the
proposed combustion systems which include the evaluation of the air separation or
oxygen generator units, flue gas treatment. firing and boiler operations, CO-
separation processes and the evaluation of the overall performance of the plant.
Techno-economic evaluations on the proposed system requirements for major new
items of equipment and operating costs. and on the overall costs of electricity
generation compared the those in conventional air combustion systems have also

been conducted.

Although full-scale plants assessment studies have shown that coal
combustion in O,/CO; is technically feasible and economically very promising. the
successful implementation of this technology in conventional coal plants depends on
several key factors. particularly the understanding in the differences in the
combustion and emission characteristics resulting from the replacement of nitrogen

in combustion air with CO; and the variation of oxygen concentrations in the



oxidiser, and also the operational issues related to the changes in physical properties
of oxidiser such as gas density and flow rates. Currently, a full-scale plant emploving
the technology is yet to be in operation, although some fundamental theoretical
studies and laboratory-scale and pilot-scale investigations have been carried out by
various researchers. The findings from these fundamental studies are essential in the
understanding of the relevant design parameters and the operational issues of the
proposed O,/CO, combustion systems, both for retrofits of the existing coal plants or
for new designed combustion systems. However, there are many issues still remain
that must be subjected to further investigations (Buhre et al., 2005. Jordal et al..
2004). Fundamental studies on the combustion characteristics and pollutant
emissions mechanism and reduction in O,/CO; mixture are relatively, still at early
stages. Flame characteristics of pulverized coal combustion in O,/CO;, atmosphere
are also still not well understood. The results from various investigations have
shown that the application of O,/CO, combustion could cause differences in furnace
operation parameters such as burner stability. gas temperature profiles and heat
transfer characteristics and the combustion emissions profiles including the
combustion burnout, compared to those in normal coal-air combustion (Buhre et al.,
2005). It has also been reported that the overall NO, formation in O,/CO,
combustion system is lower compared to those in air firing, but it is still not yet clear
how the NO, formation from fuel nitrogen and other sources are dependent on the
combustion process. The potential of the effect of oxidant-staging, fuel-reburning
and others technologies on the NOy reduction from coal combustion in O,/CO;

atmospheres and have not been studied in detail.
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2.2. Recent Investigations on Coal-0,/C0O, Combustion

Technology.

One of the earliest study on coal combustion in enriched oxvgen in a pilot-
scale furnace was carried out for Argonne National Laboratory. USA. in a 3 MW
pilot facility as reported by Wang et al. (1988) and Payne et al. (1989). The main
objective of the study was to establish operational conditions to provide a basis for
scaling-up to full scale plants. It was reported that the measured and predicted data
trends of distributions of temperature and species concentrations of the combustion
system are generally predictable. The study also confirmed that the combustion of
pulverized coal can be completed in a CO,/O, atmosphere over a range of CO-:0,
mole ratios between 2.23 and 3.65. It was reported that with wet recycle flue gas, an
oxygen concentration of around 24 % through the burners in CO,/O, combustion
matched the overall heat transfer performance of the air firing case and with dry
recycle, the oxygen concentration needed was 27% at which O,/CO, combustion
had a similar in-furnace gas temperature profiles as in normal air-fired combustion.
It was also reported. compared to air firing, combustion in O,/CO; reduce NOy by
around 50% and a high carbon burnout was attained. The study concluded that the
technology could be applied successfully as a retrofit to a wide range of coal

combustion systems.

There are also several reports and reviews which presented research activities
at a specific location and installation; these include the studies conducted by IHR-
Heavy Industries, Japan, Kimura et al. (1995). Takano et al. (1995). Kiga et al.
(1997) and Yamada et al. (2000 & 2006); CANMET, Canada (Thambimuthu et al..

1998. Croiset and et al.. 2000, Croiset and Thambimuthu. 2001 and Tan ct al..
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2006); Chalmers University of Technology and Vattenfall AB. Sweden. Andersson
et al. (2006) and Stromberg (2007); and Air Liquide. USA (Chatel-Pélage et al..
2003, Farzan et al., 2005, 2007). An extensive and comprehensive review on coal-
0,/CO; recycled combustion technology was presented very recently by Buhre et al.
(2005) which provides a review of research that has been undertaken and also gives
the status of the development of the coal-O,/CO, combustion technology. More
recently, Sarofim (2007). Wall (2007a) and Gupta (2005) also presented progress,

related issues and research needs of the technology.
2.2.1. Techno-Economics Assessments.

The techno-economic assessments on coal O,/COs-recycled combustion for
CO; capture in coal power plants have been carried out by various investigators and
one of the earliest evaluations was reported by Nakayama et al. (1992). Several
other earlier works focus on an assessment on the capital cost of additional
equipment required for the adoption of the technology in utility plants. among which
Okawa et al. (1997) who evaluated the economic of the process in a trial design
plant. Singh et al. (2003) studied the techno-economics of the CO, capture from a
proposed O,/CO; coal fired plant and compared to that in conventional approach by
amine scrubbing. This provides one of the most comprehensive studies on this topic
by comparing the two technologies and concluded that the capital and operating cost
of CO, capture are lower for O,/CO;, combustion route. In recent years. there are
many studies on a full economic assessments of the technology with reference to
retrofitting the existing plants and also for the development of new plants
(Andersson & Johnsson, 2006: Davison. 2007). In general. the techno-economic

assessments of the O,/CO, pulverized coal combustion in power plants. conducted



by various investigators lead to the following broad conclusions. as summarised

from the review on the application of the technology by Buhre et al.(2005).

1. Pulverized coal combustion in O,/CO, is technically and economically
feasible for retrofitting existing power generation plants and 0-/CO;
combustion for CO, recovery and sequestration is a competitive power

generation technology.

2. The application of coal combustion in 0,/CO, technology is always
associated with extra costs and efficiency penalties. from the additional
capital and the operational costs of new equipment. In addition, CO, capture
reduces the net electricity efficiency by about 10% compared to the
conventional air firing power plants without CO, capture. However, the
efficiency and costs of are less or comparable if the CO; capture is also

included in the conventional power plants.

3. The most expensive component, both for the capital and operation of the
0,/CO; proposed combustion system, is the air separation unit. in which a
large amount of oxygen is produced. This cost could be balanced by
eliminating the NO, and SO, removal equipment and decreasing the capital
cost of post-combustion clean up due to the reduced flue gas volume, which

is the main feature of the O,/CO; combustion technology-.
2.2.2. Combustion Characteristics in O,/CO,.

Nikzat et al. (2004) highlighted that the operation of a burner that uses high
oxygen concentration instead of air to burn coal could be very difficult. The

theoretical adiabatic flame temperature of combustion in high O, concentrations
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oxidant indicates a very high flue gas temperature conditions and the actual
temperature is also expected to be well above the ash fusion temperature. Results
from various experimental and theoretical evaluations have shown that flue gas
recycled high in CO; is a viable means of controlling combustion and heat transfer
characteristics in the furnace. A mixture of O,/CO> in different concentrations to
stimulate CO»-rich recycled flue gas to control flame temperature has been used by
several researchers in laboratory and in pilot test facilities. Theoretically. the
characteristics of coal combustion in O,/CO, are different from those in air
combustion in many aspects which could be related mainly to the properties of COs.
There are several affects on combustion characteristics that could be caused by the
present of high CO, in the oxidant. which includes the effect on heat and mass
transport from the increase of heat capacity of the oxidant, increase in absorption of
radiation and decrease of the diffusion coefficient and to some extent, the effect on

chemical reactions (Suda et al., 2007).

Figure 2.1 show the comparison of thermo-physical properties and non
dimensional groups for CO, and N> at 1200 K (Molina and Shaddix. 2007).
Compared to that of Ny. the specific heats of CO, is higher and CO, gas is more
radiative while thermal diffusivity is significantly less. The differences in these
properties are more pronounced at a higher temperature of normal coal combustion
in a boiler furnace (1600-1800K). Since the molar specific heat of CO; is
significantly higher than that of N». the adiabatic flame temperature of combustion in
CO, environments with the same O, concentration is significantly lower than that in
air. For example, the calculated adiabatic flame temperature Tag. of CHy flame in air

is 2226 K compared to the calculated Toq = 1783 K for CH, in 21:79 0>-CO:. The
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flame temperature could be increased to match that in air by increasing the O> molar
ratio in the oxidant mixture, and for CH, flame. the calculated adiabatic flame
temperature in 32:68-0,/CO, matches that in air (T, = 2226 K) (Shaddix, 2007).
Similarly. coal flame temperature in 0,-CO, environments are expected to be

significantly differ to that in air combustion.

A {thermal conductivity)
Cp (molar heat capacity)
P {density)

pCp (energy volume™)

a(thermmal diffusivity) g6

Dcha mass diffusivity) 0.8

l T T T T T T T T T L T T 1
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value for CO;
value for N;

Figure 2.1. Comparison of ratio of different thermal and physical properties of

CO, and N, at 1200k (Molina and Shaddix. 2007).

Due to high capability of CO, to absorb radiation in flames. a much less
luminous flame is also expected in coal combustion with high CO-. In addition to the
anticipated changes in the furnace’s heat transfer characteristics in O.'COs. the
effect of changes in the combustibility of the coal which could lead to higher amount
of carbon in ash in combustion with high CO; is also a major concern. Higher

oxygen—fuel stoichiometry to those in air combustion is therefore needed to obtain
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comparable flame temperature and to produce stable flames. As the molecular
weight of CO; is 44 compared to 28 for N,. the density of the O5/CO- oxidant
mixture is also significantly higher than that of air, which would significantly affect
the mass flow rates of the gas that pass through the furnace. Hence. replacing N-
with CO, in the oxidiser would require various adjustments to the combustion
systems operations that related to combustion and heat transfer characteristics In
addition to the lower combustion flame temperature, one of the anticipated problems
with system operation on coal combustion in O,/CO, mixtures is the delay in flame
ignition which is associated mainly with the presence of high CO, concentrations in

the oxidants (Suda, 2007).

2.2.2.1 Flame Temperature Profiles.

There are several reports on pilot-scaled studies on combustion characteristics
in O,/CO; environments on coal and other fuels for comparison. The results from
these studies generally revealed that to attain a similar adiabatic flame temperature
of coal combustion in O,/CO; environments as in air combustion. the O- proportion
of the oxidiser passing through the burner should be significantly higher than 21% as
in air combustion. Depending on the burner designs, furnace configurations and fuel
and oxidant delivery in the combustion system. various O, concentrations in the
oxidiser that could produce comparable temperature profiles to those in air
combustion have been suggested.

In earlier work. Kimura et al. (1995) and later Kiga et al. (1997) investigated
the characteristics of coal combustion with Os/recvcled flue gas on an industrial-
scale test facility. 1.2 MW horizontal tunnel (1.3 x 7.5 m) furnace with a coal feed

rate of 100 kg/h. The combustion tests were conducted by maintaining the firing



rate, oxygen content in the exhaust gas. coal-transport gas volume. and excess
oxygen ratio at the burner fixed. The main findings from their investigations were
also presented by Yamada et al. (2000). Nozaki et al. (1997) conducted numerical
simulations and combustion tests in the same test facility using low and medium
volatile coals to study the flame characteristics of the combustion related to coal
properties. Kimura et al. (1995) reported that, from their calculations based on the
investigated coal-O,/CO, combustion system, to reach the same adiabatic flame
temperature as in air, oxygen concentration in O/CO, mixture should be as high as
42 %. It was also suggested that 30% O, concentrations in the furnace could ensure
stable combustion in O,/CO, combustion. It was also reported that, compared to that
in air combustion. the gas temperature at the burner outlet for O,/CO, combustion
with 30% O, in the secondary gas was 200 °C lower, and the combustion
temperature reaches its peak value further away from the burner. They also observed
that the coal volatiles content, has a dominant effect on the temperature profiles in
the furnace in which the gas temperatures on firing with high volatile coals are
higher and increase more rapidly near the burner than those on firing lower volatile
coals.

Croiset et al. (2000) compared coal combustion in O,/CO, mixtures to those in
air. in a 0.3 MW cylindrical (0.6 m x 6.7 m) down-fired combustor. In the study. the
inlet oxygen concentrations between 21 % to 42% were used and the flue gas excess
oxygen concentration was fixed at 5 %. Experiments were conducted using sub
bituminous and bituminous coals in various O,/CO; mixtures to simulate Oy CO»-
recycle flue gas combustion. Later the study was extended by employing both dry
and wet recycled flue gas. Based on the experimental results. CFD modelling was

later used to evaluate the burner and combustor design concept (Chui et al.. 2003 &
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2004). Other related works were reported in various publications and some of the
major findings obtained from these research activities were presented by Tan et al.
(2006). Croiset et al. (2000) reported that for an equivalence O, concentration.
flame temperature is lower in O,/CO, combustion compared to that in air. It was
found that combustion with only 21% O, concentration produced a flame
temperature close to the burner 300 °C lower than that in air. and the flame
temperature matched that in air only when the O, concentration was increased to
about 35%. They attributed the differences in the temperature profiles, in part. to the
higher specific heat of O,/CO, mixtures although other parameters may have also
contributed. It was noted that the O, concentration profiles in the furnace indicate
that coal particles are burned further away from the burner in O,/CO, mixture,
compare to those in air. They also reported that the presence of up to 5% nitrogen in
the O,/CO, mixtures has no significant effect on the flame temperature compare to
that in pure O,/CO, mixtures. Later, Tan et al. (2006) reported that coal flame in
0,/CO;, recycled flames are much less luminous due to high capability of CO,; to
absorb radiation and flames are also more compact than the conventional coal-air
flames. It was also reported that combustion with only 21% O, result in flame
temperature that significantly lower than combustion in air and, in certain cases. it
was not even possible to maintain stable flames.

Andersson et al.. (2006) and Maier et al. (2006) reported studies on
combustion of two types of coal in O,/CO; mixtures in a specifically designed.
electrically heated. 20 kW coal combustion test-unit without flue gas recycled. In
their studies. the wall temperature was fixed at 1400 °C while the total volumetric
flow of oxidants through the burner was kept constant and O/CO, mixture with

21% and 27% O- were use as oxidants. The stoichiomety was kept constant at . =
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1.15 in all test set-ups by varying the coal feed rate to the combustor. For
comparison, the combustion characteristics in 0,/CO, was also studied in a 100 kW
gas-fired test facility. Andersson et al. (2006) reported that compared to that in air.
gas combustion in 21:79-0,/CO, produced a significant drop in temperature that
leads to a suppressed development of the flame which exhibits a poor burn-out rate
of the fuel and combustion with 27:73-0,/CO, produced temperature profile almost
similar to that in air combustion. In combustion of one of the tested coals in the
smaller furnace with 27:73-0,/CO,, the measured axial temperatures along the
furnace recorded a maximum of 1330°C for air and 1306°C for the 27:73 oxidizer,
at 0.5 and 0.6 m distance from the burner. respectively. However tests on a different
coal, with higher volatiles content, produced a slightly higher maximum temperature
of 1326 °C at 0.7 m from the burner in the 27:73-0,/CO; oxidizer, compared to
1287 °C at 0.9 m in the air case. It was suggested that for coal of lower volatile
content, the combustion was dominated more by the char burnout which resulted in
a less intense release of fuel-bound combustibles into the gas phase during the
pyrolysis stage.

Chétel-Pélage et al. (2003) and Farzan et al. (2005) reported a study on coal
combustion with O,/CO, recycled in a 1.5 MW boiler test unit, in which both the
radiative and the convective sections of the furnace are representative in terms of
geometry and heat exchangers of a utility boiler. The test runs employed similar
overall mass flow rates of combustion gases through the boiler for the O,/CO> and
air-blown conditions. A stable flame, attached at the burner’s throat was obtained
under the O,/CO, conditions. It was found that O./CO; flame was more flared than
the air-blown flame when both flames were under substoichiometric conditions and

it was suggested that. this was due to lower burner velocities under the O; CO:
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combustion case. From visual judgments. it was observed that the O~'CO, flame is
colder than the air-fired flame under similar substoichiometric conditions. and this
was explained due to the higher specific heat of CO,. It was also reported that a less
flared flame, similar to the air-blown combustion. was attained by increasing the

mass flow rate of the recycled flue gas to the burner.

In other related studies, Lee at el. (2005) investigated experimentally. the effect
of the CO, on thermal characteristics of an oxygen-enriched hydrogen flame. which
was stabilized by a co-flow swirl burner mounted on the top of a vertical. 1m long
cylindrical furnace. Various oxidiser compositions were used by replacing N, with
CO, in Os-enriched environments and the total and radiative heat flux from the
flame to the wall of the furnace in different oxidants were measured and compared.
When N; was replaced by CO,, the overall upstream temperature in the furnace
decreased. For example, the peak temperature in (40:0:60-0,/N;:/CO-) was lower by
172 °C as compared to that in (40:60:0-0,:/N2:/CO,) and 59 °C lower than in
(40:30:30-0,/N,/CO, oxidizer mixtures. However, the positions of the maximum
flame temperature along the axis of the furnace in different environments were
similar. The differences in the maximum temperature were attributed mainly to the
differences in molar specific heat of N, and CO> and also in the total heat loss to the
wall. It was also suggested that the phenomenon is linked to the chemical effect
incurred by CO; addition in which the increase of initial CO; concentration induces
the increase of CO mole fraction and hence reduce the overall reaction rate of the
fuel. Hence the increase of initial CO, concentration produced lower maximum
flame temperature. The results also showed that replacing Ny with CO; in the

oxidant with fixed O> resulted in more visual radiation of the flame due to the fact



that CO; played an active role in emitting radiation, but as more CO, was added. no
further changes were detected. Park et al. (2007) conducted a numerical
investigation on the flame structure and NO emissions of CH, counter flow diffusion
flame from combustion with a wide range of oxidiser compositions and various
mole fractions of recirculated CO, in O,/No/CO,. It was reported that oxygen
displacement significantly modifies the diffusion flame structure obtained with air as
the oxidiser. It was also found that chemical effects of the recirculated CO- not only

reduce flame temperature but also increase CO production.
2.2.2.2. Ignition and Flame Stability.

Since CO, has an inhibitory effect on any flame stability. the potential
changes in coal flame stability in coal-O,/CO; combustion which could affect the
pollutants formation have also been investigated. The effect of high CO, in the
oxidant on flame stability in coal-O,/CO;, combustion was highlighted by Kimura et
al. (1995) and Kiga et al. (1997) who reported that the high concentration of CO; in
the combustion produced flames with vague ignition points and less luminosity and
the flame was unstable and dark resulting in higher unburned carbon in ash. The
flame stability was also attributed to the way oxidants were delivered to the
combustion zone and it was found that flame stability was improved by the injection
of pure O, directly at the centre of the burner. Croiset et al. (2000) also reported that
the problems in flame ignition and stability in CO,/O- were also related to burner
throughput which was resolved by the addition of an oxygen stream into the
combustor. Tan et al. (2006) highlighted that higher concentrations of O, in the feed

gas are required to raise the flame temperature and maintain stable flames since in
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some of their coal combustion tests in O»/C O,. 1t was not possible to maintain stable

flames with only 21% O, in the oxidant.

The higher heat capacity of CO, compared to that of N, has also been
attributed to cause of the delay on flame ignition in O,/CO, combustion which was
highly related to the flame propagation velocity. Kiga et al. (1997) studied the flame
propagation speed of pulverized coal combustion in CO,-rich atmospheres in a
microgravity combustion chamber. which ensured a homogeneous distribution of
coal particles and avoided mixing by natural convection, to determine the ignition
characteristics of the flame in various oxidant mixtures of O, with N,, CO, and Ar.
It was reported that the flame propagation speed in an O,/CO, atmosphere was
markedly lower compared to that in O,-N, and O,-Ar atmospheres. and that it was
improved by increasing the O, concentrations in the mixtures. The differences of
ignition delay in difference media were linked to the ratio of the heat capacity of coal
particle and the thermal conductivity of dilution gas. It was found that when the
thermal conductivity of atmospheric gas becomes low, ignition delay seems to
increase. Since the thermal conductivity of CO; is only fractionally higher than that
of N, the large ignition delay in CO, dilution gas is attributed mainly due to
differences in specific heat of CO, gas. This finding was later supported by Suda et
al. (2007) who investigated, both experimentally and numerically. the flame
propagation speed of coal clouds in similar conditions. Numerical analysis was made
by simple one-dimensional model concerning radiation heat transfer using Monte
Carlo method. The O, concentration in the tests was fixed to 40% because the flame
propagation behavior was found to be unsteady at lower oxygen concentrations. It

was reported that in 40:60-O,/CO, mixture. flame propagation velocity of pulverized
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coal cloud decreases to about 1/3-1/5 compared of that in 40:60 0,/N; (Oxidant of
same O concentration). From a further comparison using Ar/O,. it was revealed
that, thermal diffusivity of the gas may also have a large effect on flame propagation
velocity. From the numerical analyses, it was proven that the effect of absorption of
radiation by CO, gas on flame velocity was relatively small compared to that of
thermodynamic properties especially the heat capacity of CO,. Consequently. it was
clarified that reduction of flame stability in CO,/O, combustion was mainly due to
the larger heat capacity of CO, gas. It was also reported that flames propagate more
slowly for lower volatile coal than higher volatile coal and the brightness of the
flame also decreases. From the measurement of particle temperature, it was found
that the absolute temperature of the coal particle was lower in CO, diluted gas
compared to that in N, and the particles heating rate decreased.

Liu and Okazaki (2003) studied numerically the effect of heat recirculation
on the systems combustion characteristics and emissions. In their studies. the
theoretical flame temperatures in oxidant of different CO; concentrations were
obtained and the effect of CO, concentration on reaction rate of coal combustion
was investigated, based on the proposed mass and energy balance model. It was
suggested that O,/CO, coal combustion with flue gas and heat recirculation could
provide a more stable combustion conditions. From their calculation, it was
suggested that about 30% of heat recirculation should be sufficient to compensate
the decrease of coal combustion intensity caused by higher specific heat capacity of
CO,. It was also suggested that O,/CO, combustion with about 40% of heat
recirculation, the same coal coal burning rate as that of coal combustion in air could

be realised even at an O concentration of as low as 15%.
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2.2.2.3. Heat Transfer Characteristics.

In comparison to combustion in air, changes in furnace heat transfer in
0,/CO, combustion system are also related mainly to the differences in gas heat
capacities and radiative properties of the oxidants. There were a few fundamental
studies reported on the comparison of coal flame radiation and furnace heat transfer
characteristics in combustion with O,/CO; and air. In an earlier evaluation study of
boilers operating with O,/CO,-recycled flue gas, Pyne et al. (1989) suggested that
both the measured heat flux distributions in pilot-scale test unit and the calculated
heat flux distributions for full-scale boilers could be related as a function of the
amount of recycled CO.. It was estimated that. wet recycle ratio of 0.76 and dry
recycle ratio of 0.73. which correspond to ((CO, + H,0O) /O;) ratio of 3.2 and
(CO-/0y) of 2.7 respectively, could match the overall heat transfer performance of
the scale-up boiler. as in normal air-fired combustion. However, it was also reported
that a higher recycle ratio were required for a smaller furnaces. It was also
highlighted that, to achieve the same overall furnace efficiencies as in air firing,
moderate changes of relative heat flux distribution throughout the boiler must be

taken into account and addressed accordingly.

Cha’tel-Pe’lag et al. (2003) suggested, based on the test results on a 1.5 MW
pilot boiler, a smooth transition from air to oxygen combustion with favourable
flame stability and heat transfer characteristics could be achieved in utility retrofit
boiler. Later it was reported that, with similar gas mass flow rate in the boiler.
similar convective pass heat absorption and flue gas exit temperature could be
achieved with higher burner stoichiometry in O/CO,, with SR;=1.05 compared to

SR,= 0.88 in air (Farzan. 2007). From the pilot plant investigations. Tan et al. (2006)
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also reported that with an O, concentration of 35% in the feed gas with the rest being
mainly CO,, the combustion produced slightly higher heat flux and in-furnace
temperatures compared to air firing at the same heat input and concluded that the
enhancement of heat transfer resulted directly from higher O, concentration in the
feed gas. In combustion with only 28% of O, in the feed gas. the measured heat flux

and temperature profiles were slightly lower than air firing.

Wall (2007) highlighted that, compared to air combustion in retrofit boilers.
higher thermal capacity of the oxidants in O,/CO, combustion would increase the
heat transfer in the convective section of the boiler. However it is also noted that. in
a O/CO; combustion system, the amount of gas passing through the boiler is lower,
and increased heat transfer in the radiative section of the boiler results in lower gas
temperatures entering the convective pass. Hence, for the same adiabatic flame
temperature to that in air, furnace heat transfer increases while convective pass
transfer decreases. Therefore to ensure efficient operations in retrofit systems. the
heat transfer in both the radiative and convective sections of the boiler need to be
optimized. Similarly. Khare et al. (2005) highlighted that adjustments to the plant
operations and to some extents plant designs, are required to maintain satisfactory
balance for heat transfer in the different sections of the furnace. It was also suggested
that the balancing of heat transfer depends on the moisture content of the recvcle
stream. It is also reported that if furnace heat transfer in O,/CO-> combustion is
matched to those in air combustion, at a given flue gas oxygen concentration.

0,/CO;, combustion will result in a lower furnace exit gas temperature.

In a related study, Anderson et al. (2006) reported the experimental results

from a 100 kW gas-fired O,/CO, combustion. which showed that temperatures
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decreased drastically for the 21:79- O,/CO, case compared to that in air-fired
conditions, and this caused the suppressed development of the flame. In the 27:73-
0,/CO; case, the temperatures of the combusting flow were slightly lower than in
the air-fired case, however the flame radiation intensity increases by up to 25 to 30
%. It was also noted that although the temperatures were significantly lower in the
21:79-0,/CO; case compared to air-fired conditions, the radiation intensity levels
approached those of the air combustion, which they explained was due to the fact
that CO, partial pressure increased to about seven times the level of normal air-fired
conditions, from which an increase in gas band radiation was anticipated. However,
from the comparisons of the total mean emissivity and the gas emissivity for the
27:73-0,/CO; and the air cases, it was concluded that the change in emissivity was
not only due to the increased in band radiation from the CO,, but may also be due to
the increased in soot volume fraction. Lee et al. (2005) reported that for an oxygen-
enhanced hydrogen flame in an oxidant mixture of O»/N> without COs. radiation
was the dominant heat transfer mode to the wall, but as the volumetric CO,
proportion in the oxidizer increased, the convection became the main heat transfer
mode to the wall due to “heat blockage effect in radiation, while the total heat flux
increased. For example the total heat flux increased by 5.5% and 12 % respectively
in the (40:30:30) and (40:0:60) compared to that in (40:60:0) of O2:N2:CO, oxidizer
mixtures.
2.2.2.4 Coal Particles Combustion.

Fundamental studies on coal particles ignition in O»/CO, environments have

also generated some interest. One of the most recent studies was reported by Molina

and Shaddix (2007) who studied experimentally. the effect of enhanced O: levels
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and CO; for their influences on ignition and devolatilisation characteristics of single-
particle pulverized bituminous coal. The effect of CO; on coal ignition was
evaluated by entraining coal particles into mixtures with N, or CO, as the balance
gas at two different oxygen concentrations (21 and 30%), in a combustion-driven
entrained flow reactor. It was reported that CO5 in the oxidant retards coal particle
ignition but has no measurable effect on the duration of volatile combustion while
increasing O, concentration accelerates particle ignition for both 0-/N> and O-/CO,
atmospheres. The effect of CO, was explained due to its higher specific molar heat
and lower diffusivity and the effect of O, was by its effect on mixture reactivity.
Their results also suggested that an increased in O- concentration in CO-/O-
combustion to 30 % should produce ignition times and volatile flames similar to
those obtained in coal-air combustion. It was highlighted that these results have
significance for coal combustion in utility boilers since they show that differences in
coal ignition and in the time required for volatile oxidation during O,/CO, coal
combustion are not only affected by the lower adiabatic flame temperature due to the
presence of CO, the system. but also by the high specific heat and the lower mass
diffusivities of the CO, mixtures.

Earlier, Murphy and Shaddix (2006) measured the combustion rates ot a sub-
bituminous and a high-volatile bituminous coal chars in both air and oxygen-
enriched atmospheres, over oxygen concentrations ranging from 6 to 36 mol% and
gas temperatures of 1320-1800 K. It was reported that, in elevated oxygen
environments, despite higher burning rate. pulverized coal char particles burn under
increasing kinetic control. Combustion in oxygen enriched environment significantly
increases the char combustion temperature and reduces the char burnout time. [t was

also reported that the predicted char burnout rates and char particle temperatures
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showed good agreement with measurement value and the predicted char particle
temperatures tend to be lower for combustion in oxyvgen-depleted environments. It
was also reported earlier by Shaddix and Murphy (2003) that gasification reactions
of the char by CO, become significant under oxygen-enriched char combustion at

temperatures prevailing in practical processes.

2.2.2.5. Coal Combustibility and Unburned Carbon in Ash.

Theoretically, increasing the amount of O, in coal combustion will enhance
carbon burnout due to higher intensity of the combustion. From the bench-scale tests
on co0al-0,/CO; with low recycling ratio, Nikzat et al. (2004) reported the results of
stoichiometric oxygen-enriched combustion with 15 % CO, dilution. more than
99.8% burnout and above 99.9 % for combustion with excess oxygen higher than 6.8
% was found. The unburned carbon concentration in the ash was expected to
increase with the introduction of higher concentration of CO> which was related to
the combustion temperature and flame stability. In combustion with high CO,,
Kimura et al. (1997) observed that the flame in O,/CO; mixtures was generally
unstable and dark and they reported that the amount of unburned carbon fraction was
higher than that in air firing, when the amount of O, was less than 30%. However, it
was found that flame stability greatly improved and hence the amount of unburned
carbon in ash significantly decreased by the introduction of pure Oxygen at the
centre of the burner. Chatel-Pélage et al. (2003) reported an improvement in boiler
efficiency and a large reduction (22%) in ash carbon content were achieved in pilot
boiler O,/CO»-recycled combustion tests, which they suggested were due to the use

of higher oxygen concentration in the combustion than that in air firing. Tan et al.
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(2006) also reported that, in 02/COs-recycled combustion, excellent combustion

efficiency was achieved with over 99% carbon burnout.

Kumar et al. (2006) studied experimentally the effect of oxidant
compositions in Oy/N, and O,/CO,, on the coal char burnout. The experiment was
conducted in a drop tube furnace at a fixed temperature of 1400 °C. The oxygen
concentration was varied in the range of 3 to 21 % in O,/N, and between 5 to 30 %
in O,/CO; mixtures. From their measurements, for the same concentration of O-.
higher char burnouts were observed in 0,/CO,. It was suggested that the
devolatilisation in O,/CO; was greater than in O2/N, due to char gasification by CO,.
It was also suggested that, for the same O, in the flue gas for 0»/CO, and air
combustion, improvements in burnout are expected and proposed that compared to
those in air combustion, lower flue O, levels and therefore lower excess O levels.
could be used in a O,/CO, combustion system. Wall (2007) suggested that even if
the coal and char reactivities in the two environments (O,/N, and O,/CO-,) are
similar, the overall improvement in coal burnout O,/CQO, combustion system was
anticipated due to the higher O, partial pressures experienced by the burning
particles, the possible gasification by CO,. and longer residence times due to the
smaller volume of gas flows. It was also suggested that, for the same O, in the flue
gas for O,/CO, and air combustion, improvement in burnout are expected and
proposed that compared to those in air combustion. lower flue O, levels and

therefore lower excess O levels, could be used in O,/CO> combustion system.

2.2.3. Combustion Emissions.

Since it was first proposed by Abraham (1982) that a high concentration of

CO, of up to 95% by volume can conceptually be produced in the fluc gas by
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recycling part of the flue gas to the combustion zone. the main emphasis of the studv
on co0al-O,/CO; combustion has been to apply the technology to attain a high CO,
concentration in the flue gas. In coal-air combustion system, excess air of around
20% are typically used to complete the combustion and to keep the emissions levels
low (Mitchell, 1998). Similarly. combustion in a O,/CO, mixture would also require
a percentage excess O, to achieve a similar O» fraction in the flue gas as those in air
firing, which is normally in the range of 3—5% (Buhre et al.. 2005). Tan et al. (2006)
highlighted, depending on the way fuel and O, interact, the effect of increasing O,
concentration in the feed gas to raise the flame temperature and to improve flame
stability, can also have significant influences on various aspects of combustion,

including the combustion emissions.

2.2.3.1. CO,, Oz and CO.

In numerical studies conducted by Chui et al. (2003), it was suggested that a
CO; concentration of 98 % theoretically could be produced from coal combustion in
0,/CO; with recycle gas, with 2% excess oxygen. Several laboratory studies have
reported that the CO; concentration in the flue gas from pulverised coal combustion
in O,/CO, mixture could reach more than 95%. In a laboratory study employing a
small electrically heated reactor Chen et al. (2006) reported that in the experimental
runs with the same O, concentration in the feed gas. the concentration of CO, from
0,/CO,-coal combustion was much higher than that from O,/N> combustion. With
21:79-0,/N; gas volume ratio only 13% CO, was produced in the coal combustion
in Oy/N;, compare to almost 98% in the 0,/CO,. It was reported that the
concentrations of CO, produced from O,/N; combustion increased with the

concentration of O in the feed gas and the highest CO, concentration produced was
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34% at a feed gas composition of 50:50-O»/N,. The average concentration of CO> in
the flue gas of O,/CO; coal combustion system was higher than 90% with the
maximum concentration of 95% obtained from combustion with 30:70-O./COs
feed gas. Hu et al. (2000) reported studies on combustion of a high-volatile coal
with low flue gas recycling ratio (high O, concentration of 20 — 100%) in N, and
CO; mixtures in an electrically heated, laboratory-scale 28 mm-diameter up-flow
tube, with 180g/h coal feed, at gas temperatures of 1123-1573 K. It was reported
that, CO; concentrations in flue gas was higher than 95% for the combustion with
0,/CO; inlet gases, compared to 16% in air and in O,/N> It was also reported that
CO; concentration increased with the equivalence ratio in fuel-lean combustion but
decreased in fuel-rich combustion. From tests in a large electrically heated furnace,
Maier et al. (2006) reported that the volumetric fraction of CO: in the flue gas of
0,/CO, combustion reached 95%, since the combustion system was operated at

slightly positive pressure hence avoiding air infiltration.

However. the flue gas CO, concentrations reported in larger laboratory-
scaled and pilot-scaled studies were generally lower than those obtained from
laboratory-scale test units, mainly due to air infiltration into the furnace and also due
to the excess air required to complete the combustion. In pilot plant studies reported
by Croiset et al. (2000) and Croiset & Thambimuthu (2001). from combustion with
the an inlet oxygen concentrations from 21 % to 42% and the flue gas excess oxygen
concentration fixed at 5 %, the measured CO- concentrations in the flue gas agreed
very closely (within 1%) with the theoretical values calculated for complete
combustion. It was also reported that, the CO, concentration in the flue gas was

affected by the purity of oxygen. and on average 92 % CO: concentration was
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achieved in the flue gas. Later, from the same test facilities. Tan et al.. (2006)
reported that, with a well-sealed boiler system emploving recvcled flue gas. CO»
concentration of up to 97 % could achieved in combustion with 2.1% of O, in the
flue gas. From a study in a small boiler test facility, Farzan et al. (2005) reported
that only a maximum of 80% CO; concentration was attained from coal combustion
in O,/CO; recycle due to air infiltration in the boiler of approximately 5% of the
overall stoichiometry, and suggested higher CO, concentration in flue gas could be
achieved from boiler upgrades which reduce more air infiltration to the ystem.
Croiset et al. (2000) and Croiset & Thambimuthu (2001) also reported that the
oxygen concentration profiles in the furnace indicated that coal particles were
burned further away from the burner in O,/CO, mixture compare to those in air and
the O, concentration in the flue gas reach its final value faster in higher O-
concentration mixtures. It was also reported that the CO emission decreased faster
with higher O, concentration in the combustion chamber, which was linked to the
temperature variation. However, the decrease of CO concentration along the flame is
slower compared to air combustion because of high CO, gas concentration in
0,/CO, mixtures which leads to the conclusion that high concentrations of CO;
could also affect CO in the furnace. Tan et al. (2006) noted that in coal combustion
in 0,/CO,, CO concentration in the flue gas was higher than the air case and
suggested that it was most likely due to the slower diffusion rate of volatiles under
high CO; conditions. However. it was also reported. despite of the slightly higher
CO concentration. excellent combustion efficiency was achieved with over 99%
carbon burnout. In their study however, the CO concentration in the flue gas was

always low and was not considered as a problem.
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Andersson et al. (2006) reported that the suppressed development of the
flame in 21:79-0,/CO, gas combustion could be observed from the CO profiles,
which showed significantly lower CO concentration levels compared to those in air
firing and 27:73-0,/CO, cases. From one of the coal combustion tests it was also
observed that although the CO concentrations in the furnace in the 27:73-0-/CO-
combustion peaked at 5.7% and was significantly higher than 1.6 % as in the air
case, they decreased immediately to insignificant levels at the furnace exit. Maeir et
al (2006) reported that the CO emission was higher in 27:73-0,/CO, than that in air
combustion, and the CO emission rate (mg/M1J), especially in the region close to the
burner, was also much higher and suggested this is due to the shift reaction of CO,

towards CO when it reacts with carbon in the coal in the near burner region.

The trial results in bigger furnaces on coal combustion with low flue gas
recycling ratio, as reported by Pak et al. (2004) and Nikzat et al. (2004) were in
agreement with those from the earlier laboratory-scale tests by Hu et al. (2000). They
reported that CO, concentration increased with the equivalence ratio in fuel-lean
combustion but decreased in fuel-rich combustion. For the stoichiometric
combustion, flue gas CO, concentration of around 90% was observed. They reported
that in fuel-rich combustion, CO, increased with the O, concentration mainly due to
the oxidation of CO to CO;. In the fuel-lean region, higher O, concentration reduced
CO, concentration due to the diluting effect of O,. The highest CO, concentration of

92.5 % was observed at an equivalence ratio = 1.08.

2.2.3.2. SOy

The possibility of a reduction of SOy through O,/CO, combustion has also

been studied by several investigators. Kiga et al. (1997) noticed a marked reduction
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in SO, emission from the stack of 0,/COj-recycled coal combustion flue gas
compared to air combustion and suggested that it was due to the condensation of
sulphates in the furnace ducts and the absorption of sulphur in the ash. Croiset et al.
(2000) reported that SO, emission. in term of mass per unit of energy released from
the coal was not affected significantly by the variations of O, or CO, concentration
in the feed mixtures. It was reported that SO, emissions appeared to be affected
mainly by the sulphur content in the coal. However, it was later found that the tvpe
of combustion environments has some impact on the SO, conversion (Croiset &
Thambimuthu, 2001). They reported that in O,/CO, once-through combustion tests,
the SO, conversion averaged 75 % which were lower than the 91% averaged
conversion in air firing tests. In O,/CO; recycle tests, the average conversion
dropped further to 64 %. One possible explanation given, was that parts of the
sulphur could be retained in the ash or part of the SO, was oxidised to SOs, although
further tests on the ash revealed only about 3% of the initial sulphur was retained in
the ash. It was also reported that the comparisons between dry and wet recycled tests
did not show any significant differences in SO, emission rates. It was also observed
that the SO, concentrations (in ppmv) differ greatly inside the furnace, where SO,
concentration was almost doubled when part of the flue gas was recycled compare to
a once-through O,/CO; system. They suggested that this phenomenon could have
practical consequences related to the increased potential for material corrosion in the
combustion system. Later. Tan et el. (2006) reported that when flue gas was recycled
without SO, removal. there were significant increases of SO, concentrations in the
furnace, which were about 3 to 4 times higher than in the corresponding air cases.
due to the accumulated effects of flue gas recycled and reduced volume of flue gas.

However it was also noted that even though the SO, volumetric concentrations were
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higher. its mass emission rates was usually slightly lower than combustion in air. due
to an increase in sulphur retention on ash deposits and on the cool surtaces of the gas
cooler in flue gas recycled systems. Hence. it was highlighted that if the flue gasse
were recycled without the removal of SO,, there would be significant accumulation
of SO, and consequently. increased SO; in the recycled stream. with serious
implications on the corrosion issues of the boiler systems. Hence it was proposed
that. for a power plant design operating on O»/CO;-recyled without SO, removal
system, it i1s necessary to ensure that surfaces in contact with the flue gas to be

maintained above the acid dew point to avoid material corrosion.

Andersson et al. (2006) reported that. from the the emission profiles in the
furnace, the conversion of sulphur was completed at a short distance downstream of
the burner, in both air and in 27:73-O,/CO> combustion. The SO-> emissions
appeared to be affected mainly by the sulphur content in the coal and not by the O,
or CO- concentrations in the oxidiser. It was found that the conversion rate of fuel-S
to SO; in one of the coals was only slightly lower, at 89 % in 27:73-0,/CO;
compared to 94 % in air, and tests using coal with a much lower sulphur content in
both environments resulted in slightly lower fuel-S conversion rate, which are 74%

and 79 % respectively.

Liu et al. (2001) investigated in-furnace desulphurization in O/CO>
combustion in a laboratory-scaled fixed-bed reactor (0.02 m ¢ x 0.65 m) and
suggested that the system desulphurisation efficiency in O2/COa.recycled pulverized
coal combustion could be increased to about four to six times higher than that of
conventional pulverized coal combustion. It was suggested that this high sulphation

efficiency in O/CO; combustion was mainly attributed to the system configuration
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itself. The SO emission reduction was attributed to the extended practical residence
time of SOy, higher SO, concentrations in the the furnace owing to the flue gas
recirculation, and the inhibition of CaSO, decomposition in the high SO-
concentrations. It was also reported that the system desulphurisation efficiency in
O,/CO; pulverized coal combustion, maintained a high value over a wide range of
temperature and particle residence time. In O,/CO, combustion with high
concentration of O,, Liu et al. (2000) observed that limestone. which was used for
sulphur absorption in the study, exhibits more porous structure due to the presence
of CO, in O,/CO, combustion which could lead to direct sulfation of sulphur onto
the limestone. enabling better sorbent utilization than in air combustion. From
another laboratory-scaled study. Hu et al. (2000) reported that SO, emission (ppmv)
increases with the equivalence ratio in fuel-lean region and slightly decreases in fuel-
rich region, when @ > 1.2. The effect of temperature on the SOy emissions was

reported as very small.

Although laboratory tests indicated that SO, emissions in O,/CO; differ to
those in air combustion, the thermodynamic modelling calculations by Zheng &
Furimsky (2003) suggested that SO, emissions from coal combustion, being
governed only by oxygen concentrations. would be similar in O,/CO; at the same O
concentration as that in air firing. Buhre et al. (2005) suggested that this contrary
result to those from experimental data may due to the fact that the formation of SO
in either O,/CO, or air combustion has not reached equilibrium and is governed by
rate limitations. whereas the thermodynamic calculations assumed that equilibrium

has been established.
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2.2.3.3. NO,

A significant reduction of NOy emissions in coal-Oy/C O,-recycled coal
combustion, under both high recycling ratios (high CO, concentration in inlet gas)
and under low recycling ratio (high O, concentration), compared to those in air firing
has been reported by several researchers. Nakayama et al. (1992) in their economics
evaluation of a proposed coal power plant earlier suggested that the NO, emissions
from pulverized coal power plants that based on combustion in O,/CO, mixtures
utilising recycled flue gas could be less than in conventional air-blown combustion.
Takano et al. (1995) conducted tests with a high volatile bituminous coal and two
medium volatile bituminous coals in a vertical electrically heated flow reactor
(combustion rates of lg/min). The oxygen concentration in the inlet gas was
controlled at 21% and with oxygen ratio of 1.2, N, was gradually replaced by CO,. It
was reported that the NOy conversion rate decreased as the CO, substitution
proceeded. even though the combustion efficiencies almost unchanged. They
suggested that the decrease in NOy conversion rate is caused by CO, which reacts
with the char to become CO, and NO is reduced on the char surface through
NO/CO/char reactions. The results also indicated that NOy conversion ratio is
markedly higher in coal with lower fuel ratio. Takano et al. also studied the
behaviour of NOy in recycled gas by adding NO to the recycled flue gas. They
reported that the NOy reduction efficiency increases with the decrease in oxygen
ratio. More than 90% of the recycled NO was reduced at the oxygen ratio 0.8, and
50% at the oxygen ratio 1.2. The reduction of NOy in the recycled flue gas was
attributed to the interaction with hydrocarbons produced in the devolatilisation

process of the pulverised coal combustion. Nozaki et al. (1997) conducted



experiments on O,/CO, combustion with low volatile and medium volatile
bituminous coals. They also reported that the NO, emission for O, CO- combustion
was lower than that for air combustion although the recycled flue gas contained
relatively large amounts of NO.. They concluded that the recycled NO, was rapidly
reduced into HCN and NH; in the combustion zone. The result also indicated that
NOy emission (ppmv) is markedly higher in coal with higher fuel ratio. It was also
reported that, compared to air firing, the NO formation near the burner was delaved

in O,/CO;, combustion.

Okazaki and Ando (1997) studied the separate effects of CO, concentrations,
reduction of recycled NOy. and interaction between fuel-N and recvcled NOy on the
reduction of the final overall NOy exhausted from coal-combustion systems with
recycled CO,. The study was conducted using a flat CH, flame burner laden with
anthracite coal particles in an electrically-heated furnace with a maximum controlled
flame temperature of 1450 K and an initial O, concentration of 21 %. They reported
that the amount of NO, exhausted from the O,/CO; combustion system was reduced
to less than one third of that with combustion in air. This result was also attributed to
the decreased conversion of fuel-N to NOx and the reduction of recycled NOy in the
flame zone. They estimated that the contributions to total NO decrease caused by

recycled CO; are as follows:

1. The effect of an increase of CO, concentration in the furnace was not

significant. below 10%

2. The effect of interaction between fuel-N and recycled NO was between 10 -

50%
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3. The effect of reduction of recycled NO in the furnace was dominant. between

50 - 80%

They concluded that the drastic decrease of total exhausted NO in coal
combustion with recycled CO, was due to the significant reduction of recvcled NO
to N; in the combustion zone by coal volatile matter. They also estimated that more

than 50% of the recycled NOy was reduced when 80% of the flue is recycled.

From the pilot tests, Kimura et al. (1995) reported coal combustion in high
recycle ratio of flue gas with oxygen concentration in the inlet gas of up to 30%
produced a NOy conversion ratio (the ratio of conversion of fuel-N to NO,. assuming
that fuel N causes overall NOy) of less than 10%, which was markedly lower than
the 30% in air blown combustion. They concluded that the NO, emission was
reduced mainly because the recycle NOy deoxidized in the furnace. Using the same
test setup, Kiga et al.(1997) reported that in O,/CO> combustion, NO, emissions was
not so significantly decreased by gas staging as that in air-blown combustion. They
suggested, this was due to the NOy in the staging gas was not decomposed because

of lack of reducing components like hydrocarbons.

Croiset and Thambimuthu (2001) noted that the expression of NO emissions
in terms of concentration (ppmv) would be inadequate for the purpose of comparing
pollutant emissions between different combustion conditions. The emission
concentrations of NO, (in ppmv) in O,/CO, could be higher than those to air
combustion due the smaller amount of flue gas produced on O,/CO; combustion and
the recycle of NO, in the recycled flue gas. Hence. the NOy emissions were

expressed in terms of the emission rate, defined as the mass of NO, emitted per unit
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heat produced by coal (ng/J). From the pilot plant tests. they observed that the NO,
emission rate was higher for combustion in air than that in O,/CO, mixtures with O,
concentration of less than 35 %. They linked this observation to the formation of
thermal NO, due to the presence of N, in oxidant (air). However, it was suggested
that the differences in NO, emissions between the different environments could
decreased significantly, if as little as 3% of N, was present in the O,/CO, mixtures.
In O/CO; combustion, higher O, concentration in feed gas increased NO, emission
rates, which was attributed probably due to the increase in flame temperature at
higher O, concentration. Later, Croiset and Thambimuthu (2001) reported that
combustion with recycled flue gas led to lower NO, emission rates of between 40 —
50 % than for one-through combustion in O,/CO, mixtures. This was also explained
to be due to further reduction of NO into N, when NO was recycled back into the
combustor. Higher NOy concentration (ppmv) in the furnace was measured when the
flue gas was recycled compared to those in once-through 0,/CO, combustion.
Similarly, it was reported that higher oxygen concentration in the feed stream led to

higher NO, concentration in the combustor.

Maier et al. (2006) studied the NOy emission profiles of a medium and a high
volatile coal. in O,/CO; in an electrically heated furnace with a fixed furnac wall
temperature of 1300 °C and a fixed combustion stoichimetric ratio of 1.15. by
employing a fixed oxidant flow rate. Since the coal feed rate was varied to maintain
a fixed combustion stoichimetric, the NO, emission was expressed in terms of
emissions rate (mg/MJ). It was observed that the NOy emission rate in 21:79-0,/CO,
is lower than that in air and suggested this phenomena to the reduction of thermal

NO, from N in the oxidant. It was also reported that the NO, emission rate is a



minimum at 27:73-0,/CO, but increases with O, concentrations when O- is higher
than 27%. It was concluded that, the decrease in the NO, emission due to the
absence of thermal NOy was outweighed by the increase in fuel NO,. It was also
reported that the axial profile of NO, emission (ppmv) in the furnace was higher in
27:73-0,/CO; than those in air for both coals. However the NO, emission rate
(mg/MJ) for the medium volatile coal was lower in 27:73-0,/CO; but higher for
higher volatiles coals than those in the respective air combustion and concluded that
the coal volatiles content has an impact on NOy emission rates. From the
investigations using the same test facility and coals but without fixing the wall
temperature as reported by Andersson (2006). it was revealed that the conversion of
combustible nitrogen into NOy is completed about the same positions inside the
furnace both for the air and the 27:73-0,/CO, and the NO, emissions at the outlet of
the reactor are similar for the 27:73-0,/CO; and the air case. However in air
combustion, an increase in NO, emissions was observed in the furnace which was
suggested due to the formation of thermal NOy from the air-nitrogen. It was also
reported that for the higher volatile coal, 23% of the fuel-N is converted to NOy in
27:73-0,/CO,, compared to 15 % for lower volatile coal. It was suggested that for
lower volatile coal. a less intense release of fuel-bound combustibles into the gas
phase during pyrolysis and hence NOy conversion is dominated more by the char
burnout. However, the axial furnace’s temperature profiles indicted that for higher
volatile coal, the furnace’s temperature for 27:73-0,/CO; is slightly higher than in
air (with a maximum of 1326 °C compared to 1287 °C in the air case). whereas for

the lower volatile coal the maximum temperature in 27:73-0,/CO; is lower (1306 °C

vs. 1330 °C).
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From the coal combustion in pilot boiler tests as described previously. Cha’tel-
Pe’lage et al. (2003) reported that under O,/CO, conditions, NO, emissions are
influenced by the burner stoichiometry. oxygen flow rate into the primary air zone.
and flue gas recirculation rate. It was reported that NO, emission with O,/CO,
combustion conditions that produced almost similar furnace temperature without flue
gas recirculation, is 27% less than in air firing tests. The NO, emission is reduced
further to around one-third when parts of the flue gas were recirculated to the
combustion zone. The NOy emissions reduction were attributed to several factors
which include the reburning process that promotes NO, destruction and the fuel-N
reduction process which limits the fuel-NO, formation. both of which are more
effective in fuel rich conditions, and also the decrease in flame temperature resulting
from the N,-CO; replacement, thereby limiting thermal-NO, formation. Later,
Farzan et al. (2005) reported that the NOy emissions from O,/CO; combustion under
substoichiometric conditions were significantly lower (65%) than the air-fired case
that employed similar overall mass flow rates through the boiler. They suggested,
this was due to higher flame temperature resulting from increased O, content in the
primary oxidiser zone of the boiler where higher temperature in the reducing zone
promotes the conversion of re-circulated NOy and devolatilised fuel nitrogen to
molecular nitrogen. It was also suggested that NOy can be reduced primarily by
optimising the primary-zone oxygen level and burner stoichiometry so that flame
shape could be maintained.

Hu et al. (2000, 2001) also studied the emissions of NO from the combustion
of a high-volatile coal in O,/CO, with low flue gas recycling ratio or high O,
concentrations (20 — 100%) in N> and CO- mixtures. in an electrically heated.

laboratory-scale (28 mm id. 180g/h coal) up-flow-tube at gas temperatures between
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1123-1573 K. Later the study was extended to the parameters affecting the reduction
of recycled-NOy. The recvcled flue gas was simulated with a mixture of CO,. O-~ and
NO.. Using the same experimental set-up, Hu et al. (2003) studied the effect of coal
properties using three types of coal: high volatile bituminous. medium volatile
bituminous and a semi-anthracite, on the emissions of NO. and the reduction of
recycled-NO,. To extend the validity of laboratory-scaled test results. the study was
later extended to a 145kW vertical down-fired experimental set-up as reported by
Nikzat et al. (2004). Hu et al (2000, 2001) found that. under low flue gas recyveling
ratios of 0.0-0.4. the NOx concentration in the flue gas (ppmv) increased with fuel
equivalence ratio @ ((Fuel/Oxidant)/(Fuel/Oxidant)s) in fuel-lean conditions. then
declined dramatically as @ approached and exceeded the stoichiometric point, with
the peak concentration being observed at ®= 0.8. It was observed that the peak value
of NOy decreased as the O, concentration in inlet gas was lowered. Under the same
O> concentration in the inlet gas. combustion with CO, based inlet gas emitted less
NOy than N)-based processes. However. the NOy emission index (defined as mg-
N/g-coal-fed) decreased monotonically with the increase of @ in both fuel-lean and
fuel-rich combustion. The results also indicated a signiticant effect of temperature
on the NOy emissions. In O,/CO, combustion, the NO, emission increased by 30—
50% when the gas temperature was increased from 1123 to 1573 K. but the increase
was much lower than in O,/N> combustion. It was reported that the reduction
efficiency of the recycled-NO changed. both with equivalence ratio and recvcling
ratio. A higher reduction efficiency was obtained in fuel rich conditions than in lean
and less recycled-NO was reduced under lower recycling ratio than that under higher

recveling ratio. They also found that there was little intfluence of temperature on the



reduction of recycled NO. Later. Hu et al. (2003) concluded that the relative release
rate of fuel-nitrogen to volatile matter and the partitioning of volatile-N and char-N
are more critical than volatile matter content and nitrogen content in coal for NO,
emissions in predicting the emissions of NO, especially in fuel lean conditions. The
results also confirmed that the reduction efficiency of recyeled-NO increases with
fuel equivalence ratio and recycling ratio and the reduction efficiency reached 80%
at a fuel equivalence ratio of 1.4. It was also suggested that there is a possibility that
a large fraction of NO, produced in a furnace with coal combustion with high
oxygen concentrations and it was found that the reduction of recycled-NO- follows
the same trend as that of recycled-NO. From a larger bench-scale study. Nikzat et al.
(2004) reported that the NOy concentrations in the flue gas increased with
stoichiometric ratio in fuel-lean region, and declined dramatically as the
stoichiometric ratio approached and exceeded the fuel-rich zone. This result is in
agreement with those from the earlier laboratory-scale experiments, however. the
maximum NO, concentration recorded is much lower than that found in the
laboratory-scaled investigations. It was suggested that this variation could be due to
the differences in coal temperature and gas residence time in the combustor. The
reduction of NO, to N> under higher furnace temperature conditions than those in
the laboratory scale was another suggested reason. It was also noted that. although
considerable reduction in the thermal NOx emission in O,/C0O, combustion were
expected, due to the lower flue gas rate, the NO concentration (ppmv) was observed

to be higher compared to that in the combustion with air.

Liu and Okazaki (2003) suggested that a further reduction of NO, of up to

one-seventh to that in air combustion could be realised by recirculating parts of the
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heat in the flue gas. Heat recirculation could faciljtate stable combustion at a lower
O, concentration in O,/CO» environments . They explained that, due to a much lower
O, concentration employed in the combustion gas mixtures, the conversion ratio
from fuel-N to NO can be decreased and the reduction ratio from recycled NO to N,
can be increased. The higher temperature due to the heat recirculation could also
lead to a higher NO reduction ratio. From the numerical investigation of CHj-
0,/N2/CO; counter flow diffusion flame with various mole fractions of recirculated
CO,. Park et al. (2007) reported that the NO-Fenimore mechanism mainly
contributes to NO formation for combustion of mole fractions of recirculated C 0,
less than 0.3, while the NO formation through the thermal mechanism is dominant
and that NO formation through the Fenimore mechanism mainly contributes to NO
destruction. It was found that the recirculated CO> and its chemical effects not only
reduce the formation and destruction of NO through the Fenimore mechanism but

also suppress the NO formation through the thermal mechanism.

2.3. Outstanding Issues In Coal Combustion O,/CO, Technology.

From the literature review, all laboratory and pilot scale studies have
demonstrated the technical feasibility for coal-O-/CO> combustion to be
incorporated to the existing coal-air combustion systems for power generation or in
the designing of a new combustion systems that adopts the technology. However
there are several important issues related to the fundamental studies of combustion
of coal in O»/CO, environment that need to be addressed further for the successtul
implementation of this technology in conventional coal-fired plants as highlighted by

several researchers. including by Buhre et al. (2005) and Jordal et al. (2004) and

67



more recently by Sarofirm (2007), Wall (2007) and Davison (2007). Other related
issues on coal combustion in 0,/CO, systems are also presented. as summarised in

next section.

2.3.1. Combustion Principles.

Combustion characteristics. Coal combustion characteristics in 0-/CO,
atmosphere including ignition, gas phase kinetics, flame and burn-out needs further
clarification for a full understanding of the differences in these characteristics that
arise from the replacement of N; in combustion air with CO,. the variation of 0>
concentrations in the oxidiser and also the compositions and the recycle ratio of the
recycled flue gas. For a combustion system utilising recycled flue gas, the optimum
ratio of the recycled flue gas was found to be dependent on the furnace size. hence
the effect of the variation of this parameter on combustion characteristics in scaled-
up units requires further investigations. More experimental studies on coal
combustion in O,/CO, environments in various combustion conditions are also
required to support the development of CFD modelling tools in this area.

Heat transfer characteristics. It was highlighted by Buhre et al. (2005) that
the higher radiative absorption from the presence of high CO, in O,/CO, combustion
will result in radiative heat transfer being transmitted over shorter distances in the
furnace which may caused local variations in heat transfer, metal hot spots and
higher gas temperature gradients that would affect gas temperature uniformity in the
furnace and hence, requires various adjustments to the gas flow pattern. It has also
been suggested that conditions may not be established for the same radiative transfer
in the boiler and convective heat transfer in the convective sections. simultaneously

and hence the requirement for modification in plant designs and operations when
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retrofitting an existing plant need to be clarified. The detailed furnace heat transfer
characteristics and performance analysis from the effect the variation of both O, and
CO; feed concentrations. and flue gas recycle ratio particularly for retrofits svstem,
are essential for the optimum output conditions in O,/CO- combustion svstem that
would match those in air-fired system. There is also a need for verification and
validation of reliable heat transfer models in O,/CO, combustion. both for new and
retrofitted plants.

Emission characteristics. Generally, in coal-O,/CO, combustion with
recycled flue gas, the furnace’s NOy reduction has been attributed mostly by the
reduction of recycled NOy in the volatile matter release region of the flame. Other
routes. which include the decrease in thermal NO, due to lower concentrations of N,
in the oxidants, the interactions between recycled NOy and fuel-N and hydrocarbons
released from coal have also been attributed to the decrease in the overall NO,
emissions. However, from the studies reported in literature, it is still not clear what
mechanisms are responsible for the reduced NO, emissions in O,/CO, combustion
from the effect of replacement of N, by CO; in the oxidant. The coal combustion
emission characteristics in O,/CQO; including the formation mechanisms of the major
emission compositions, behaviour of sulphur and nitrogen in an O,/CO, atmosphere
and the effect of the variation of the oxidant compositions and combustion
conditions on the combustion emissions. ash-behaviour, slagging and fouling, and
composition of deposits need further clarification. The flue gas emission levels
including trace elements emissions and fly ash size distribution also need to be
determined for environmental impact assessments (Buhre et al.. 2005). The

potentials of reducing pollutant emissions from O./CO; combustion through the
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existing available or new measures need to be explored for the extra cost benefits to

the overall plants operations and to the environmental impacts of the technology.

2.3.2. Economics Considerations.

Although the techno-economic studies on the proposed coal power generation
plants have revealed that coal combustion in O»/CO, is one of the most cost-
effective measure of CO; capture from coal plants, the assessment of the proposed
utility plants operating with O,/CO, have also revealed the generation of O, for the
combustion oxidants is a major additional cost, both in terms of capital and
operational, which would severely penalised the plant net efficiency for electricity
generation. At present, cryogenic air separation technique, which is an energy
intensive process, is the only technology available for large scale oxygen production.
The development of new and less expensive large-scale oxygen generation
technology is therefore essential to reduce the energy penalty for the oxygen
production in the application of the technology in utility plants. It has been proposed
that development of other oxygen production techniques such as high temperature
oxygen separation with ceramic materials (oxygen transfer membranes) which could
be scaled up for utility plants requirement would reduce the cost of oxygen
production considerably (Jordal et al, 2004). Recycling cool flue gas to the furnace
would also increase the cooling load of the system and energy consumption for the
gas cleaning. It was also highlighted by Buhre et al. (2005) that most of the techno-
economic assessments studies conducted were for new plant designs and suggested
that retrofits of existing air fired plants for O,/CO, combustion also need to be

evaluated. based on the economic value assigned to the plant considered.
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2.3.3. Other Issues.

Designs and materials selection. Since the heat flux to the furnace walls and
heat exchangers are higher due to presence of high CO; in the flue gas. high-
temperature corrosion is therefore likely to occur more rapidly in an 0-/CO,
combustion boiler than in an air-fired boiler (Jordal et al., 2004). The risk of
corrosion is also compounded from the anticipated accumulation of SO; deposits in
the flue gas recycled delivery systems. It has been suggested that if the flue gas were
recycled without removal of SO-. there would be significant accumulation of SO-
and consequently, increased SO; in the recycled stream. with serious implications on
the corrosion issues of the boiler systems (Tan. 2006). Further investigations on
these corrosion problems are essential for the requirements of boiler materials to be
determined more accurately.

Designs and operations. For the application of recycled flue gas in the
combustion, the point at which the flue gas recirculation should be extracted is also
an important factor that may contribute to the additional equipments and operational
costs that related to the recycled gas cooling, dehydration and cleaning (particularly
for SO, removal), which also need to be addressed (Jordal et al., 2004). Gas purity in
both oxidiser and flue gas is critical to both combustion and emission characteristics
and the costs for CO, capture from the flue gas and air infiltration to a large
combustion system operating with O,/CO; is highly anticipated. Problems related to
the air leakages into the boiler which could lead to positive pressure boiler
operations to minimize air leakage should be further investigated on the effect to the

combustion characteristics.
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2.4. NO, Formations and NO, Reduction Technologies in Coal

Combustion.

In fuel combustion, oxides of nitrogen. referred to collectively as NOx. are
formed from the combustion process where air is used and/or where nitrogen 1is
present in the fuel. In pulverised coal-air combustion. NO, originate mainly from the
coal-bound nitrogen and to a lesser extent from nitrogen in air used in the firing
process (WCIL, 2005). The majority of NOy emitted are in form of nitric oxide (NO).
and only a small fraction (<5%) as nitrogen dioxide (NO-) and nitrous oxide (N>O).
Hence. in many applications, only the emissions of NO is taken into account since
the NOy emitted from the coal combustion consists of much lower concentrations of

NO, and N,O compared to NO (Mitchell. 1998).

2.4.1. NO, Formation Mechanisms.

It is known that the combustion of pulverised coal in air involve three
overlapping but not entirely independent processes, started with the heating and the
pyrolysis of the coal particles (devolatilisation stage). followed by volatile
combustion (homogeneous gas phase) and char combustion (heterogeneous phase).
NO, formation and destruction processes in coal combustion systems are very
complex which involve various reactions. The fundamental and reactions chemistry
of NO, formation and destruction mechanisms in pulverized coal-air combustion
have been extensively studied and well understood. Detailed and comprehensive
reviews on the study of NO, formation and destruction mechanisms in coal-air
combustion have been provided in various publications. among which by Mitchell

(1998). which described investigations in laboratory-scale. pilot-scale. and full-scale



furnaces and by Glarborg et al. (2003). Various computational modelling studies on
coal-air combustion including those on the prediction of NO, emissions have also
been developed and continuously improved, and advanced coal combustion models

are available (Williams et al.,2000 and Hill & Smoot. 2000) .
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Figure 2.2. Simplified concept of pulverized coal combustion (Kurose et al.. 2004).

The concept of the pulverized coal-air combustion can be simplified as shown
on the schematic diagram presented in Figure. 2.2. The amount of NO produced in
coal-air combustion is attributed to a combination of three different mechanisms and
the contributions of which are depending on the fuels compositions and/or
combustion environments and conditions. NOy is formed principally from the
oxidation of the organic nitrogen content in the coal (fuel-NOy) but some NO, can

be formed at high combustion temperature from the oxidation of N, in the



combustion air (thermal NO, or Zeldovich NOy). Smaller amounts of "Prompt NO,’
may be formed by the interaction of CH, radicals with N,. Since NO- in atmosphere

is formed from NO, in many applications, it is sufficient to study the mechanisms of

formation of NO.

These three mechanisms of NO formation in coal combustion are summarised

as follows:

A). Fuel NO

Fuel NO is formed from the liberation of coal-bound nitrogen which oxidised
at temperature > 750°C. Nitrogen content in coals differs among coals and typically
coals contain about 0.5-2.5% mass of nitrogen (van der Lans et al, 1997). Although
the quantity of nitrogen present in coal (fuel-N) is small compared to nitrogen in the
combustion air (molecular N,). the high conversion of fuel-N to NO. results in total
NO produced in coal combustion being attributed mainly to the fuel NO mechanism.
In pulverized coal combustion fuel-N conversion to NO accounts between 75 % - 95
% of the total NO generated in the combustion and hence it is the major source of

NO in coal utility boilers (Mitchell. 1998).

Fuel NO is formed during both volatile combustion (homogeneous gas
phase) and char combustion (heterogeneous) phase, with the majority of the fuel NO
is formed via the release of nitrogen during the devolatilisation process. Coal
particles combustion begins with fuel-N being distributed between the volatiles and
the solid char matrix. The distribution of nitrogen between char and volatiles. as well
as the volatile nitrogen composition, depends mainly on the fuel structure and the
temperature (Glarborg et al.. 2003). For bituminous coals the volatile-N consists

mostly of tarry compounds that at high temperatures decay rapidly to hydrogen
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cyanide (HCN) or soot-nitrogen. Fuel NO formation in gas phase combustion is very
complex and involve several nitrogenous species mainly HCN. NH,. NO and N,.
Nitrogen in coal is released during devolatilisation process in simple nitrogenous
compounds such as HCN., NH; or HNCO which may react in the flame to form NO
or N, in a proportion depending on the local stoichiometry, in which under fuel rich
conditions, N, is favoured. The main reactions involves in the formation and
destruction of NO can be simplified as :

Fuel-N — HCN/NH;.
HCN/NH;3; + O, — NO + ... (Formation).
NO + HCN/NH; — N, +....(Destruction).

For pulverized-coal flames with normal levels of excess air. approximately 20—
40% of nitrogen devolatilised from the coal is converted to NO with the remainder
are presumed to be converted to N, (Smoot et al.. 1998). The NO formed can also be
reduced by heterogeneous reactions with char particles (Molina et al., 2002, 2004).
The conversion efficiency of fuel NO varies between 15% - 40%. which is
determined by a variety of factors which include combustion conditions such as
flame temperature and local combustion stoichiometry, particle size, and coal
properties such as nitrogen content. coal rank (C/H ratio) and volatile content
(Mitchell. 1998). The volatile NO conversion is strongly affected local
stoichiometry where monotonic decrease of NO formation with decreasing fuel/O-
ratio. This is due to delayed contact between volatile nitrogen and O in lower
air/fuel ratio atmospheres which reduce NO formation (Glarborg et al.. 2003). In fuel
rich conditions, the main product of reaction with hydrocarbon radical is HCN which

is then readily converted to N, due to deficiency of oxvgen. Higher proportion of

~J
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fuel increases the presence of CH; radicals in the flame and these radicals react with
NO to form the intermediate specie HCN. and the low proportion of O increases the
proportion of intermediate species turning into Nj instead of NO (Glarborg et al.
2003).

The conversion of fuel NO also depends weakly on temperature due to
competing effects, increase of generation of NO (formation) and N, (destruction)
with temperature (Hill & Smoot, 2000). Fuel NO formation also depend on coal
properties, especially volatile matter and coal-N. For example, higher rank coals
release less volatile-N than lower rank coals due to the increased stability of nitrogen
functionality (Mitchell, 1998). It has also been reported that NO emission increases
with increasing coal-N although the fractional conversion of coal N to NO was
found to decrease with the increasing Coal-N.

Char-N behaviour is more complex than volatile-N (Molina et al., 2000. 2004).
In char phase combustion. fuel-N is believed to be converted to HCN before reacting
to N, or NO, or oxidised directly to NO as :

Char +0O, — NO

Char +NO — N>+.....

The net amount of NO formed by these heterogeneous reactions is strongly
dependent on the intrinsic reactivity and internal surface area of the char (Hill &
Smoot, 2000). Reactions on the char surface are also much slower than
homogeneous reactions in gas phase. The overall contribution of NO from char
combustion is less than that of volatiles, however, heterogeneous NOy reactions are
affected less by combustion modification than homogeneous NOy reactions. hence

NO, form from these reactions are more difficult to control (Hill & Smoot. 2000.
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Molina et al.. 2000). The overall reactions pathway of fuel NO can be simplified as

schematically illustrated in Figure 2.3.

/COAL NITROGEN \

VOLA ILE N CHAR N
+ CHi [Fenimore Prompt NO] /

TAR N E
+n/ 1 s
o =
H + N, NHi e S
- O
N 3 + O [ Zeldovich] % CQE)

\ 1 =

NO
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+ CH i [ Reburning] Oiig;?i%?’lneous

Figure 2.3 The simplified pathway of formation and destruction of nitrogen

compounds originating from the combustible-N. (Wendt. 1995).

B). Thermal NO

Thermal NO is the source of NO from the fixation of N> by the O, of air in
high temperatures. The main reaction governing the formation of thermal NO 1s the
reaction of atomic oxygen formed from dissociation of O, with nitrogen molecules
or atoms. where conversion starts at temperature above 1300 "C and increases

exponentially with temperature. This mechanism is well known and is called the

extended Zeldovich mechanism with the following equations :

In fuel-lean conditions ( or close to stoichiometric conditions).

O+ N; <

> NO + N

N + O <

> NO + O
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And in fuel rich conditions.

N + OH < > NO + H

Where OH radicals coming from the reaction,

H+0;< > OH +0

Thermal NO formation is highly dependent on temperature. linearly dependent
on the oxygen atom concentration and associated with long residence time (Williams
et al., 2000). Since the formation of thermal NO is sensitive to local stoichiometry
and residence time and the formation is more significant in the post flame region
than within the flame, hence, control of thermal NO can be achieved by lowering
peak temperature in the furnace, minimising residence time in the highest
temperature region and controlling the oxygen availability at various stage within the
furnace including the amount of excess air levels. (Mitchell, 1998). Depending on
furnace temperature, thermal NO accounts up to 20% of the total NO generated in

coal combustion.

¢.) Prompt NO

Prompt NO is the NO generated in the flame front from the fixation of N; by
the hydrocarbon radicals in reducing atmosphere. Prompt NO formation occurs in
fuel rich, low temperature environments and is associated with short residence times
(Williams et al, 2000). The main reaction product of CH; radicals with N, is HCN.
which may then react further with oxygen to form NO or Nj, and the amount of
formation of NO is governed by the reactions of the nitrogen atom with the available

CH; radicals species (Mitchell, 1998). The main equations involves in prompt NO

formation are :
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CH+N, < > HCN + N
CH, +N, < > HCN + NH
Then

HCN +0, >NO + ...
HCN + N >N, + ...

The formation prompt NO is proportional to the concentration of N, and
hydrocarbon radicals in the flame, and compared to thermal NO the amount formed
is only a weaker function of temperature. and it shows a maximum at fuel-rich
conditions (Van de Lans et al., 1997). The relative importance of prompt NO in coal
combustion is uncertain but is believed to be very small (<5%) and can be almost

always neglected (Mitchell. 1998).
2.4.2. NO, Reduction Technology.

In the last few decades, NOy emissions in pulverized coal plants have been
significantly reduced through various NOy reduction technological options.
However. despite continuous and significant improvements on combustion
emissions reduction, including NO,. achieved in recent years, there remains
increasing global pressure for coal users to further reduce the combustion emissions.
More stringent legislations on coal combustion emissions are expected to be
introduced and enforced by the authority of many countries in the coming vears
(WCI, 2006). It was also highlighted by Glarborg et al. (2003) that even though NO,
emission formation mechanisms has been the subject of extensive researches over
the last few decades. there are still unresolved issues that may limit the potential of

primary measures for NOy control.
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The NOy reduction technology in pulverized coal plants can classified into two
broad approaches: Primary NO, reduction through combustion modification
techniques and the secondary NOy reduction through flue gas treatment methods.
Primary NO, control technology includes Low NO, Burners. Furnace Air Staging or
Overfire Air (OFA) and Furnace Fuel Staging (Reburning). Other methods under
this category are burner air/fuel staging and flue gas recirculating (FGR) techniques.
Flue gas treatment methods are the removal of NO, in the post combustion. i.e after
NOy has been formed. The technology includes the Selective Noncatalytic Reduction
(SNCR), Non Selective Catalytic Reduction (NSCR) and Selective Catalytic
Reduction (SCR) which could reduce the emissions of NO, by up to 90% (Mitchell,

1998).

Combustion modification techniques can achieve up to 70% NO, reduction
when applied individually or in combination and are relatively less expensive than
flue gas treatment methods. In conventional coal fired installations, a combination of
several methods are commonly practiced (Mitchell, 1998). The objective of most of
these modification techniques is to minimize the reaction temperature and/or the
contact of nitrogen from the fuel with oxygen in the combustion air, while creating a
fuel-rich zone in which NO can be reduced to N> (Hill & Smoot, 2000). This can be
achieved by a combination of temperature reduction in all reaction zones. decreasing
the residence time in all high temperature zone and decreasing the excess air and
hence reducing the concentration of atomic oxygen in high temperature zone (in
reburning however, most NOy reduction is achieved chemically by hydrocarbon
radicals during combustion process). NOy reduction through combustion

modification techniques are discussed in more details as follows:
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2.4.2.1. Furnace Air-staging (Overfire air).

The principle of furnace air staging method is to control the amount of
combustion oxygen in zones where it is critical for NOy formation. By staging the
combustion air, two distinct regions are created in the furnace: a primary zone
operating with a deficiency of air (sub-stoichiometric region) and a second burnout
zone operating with excess air. hence. furnace air staging is also referred as Two
Stage Combustion (TSC). The two-stage zones is achieved by diverting the
combustion air so that the main combustion zone operates with an overall fuel rich
stoichiometry in which NOy is reduced to molecular nitrogen during coal
devolatilisation and gas-phase combustion of volatiles and the remaining air required
to complete the heterogeneous char combustion including the burnout of CO, soot
and hydrocarbon, is then supplied in the burnout zone. The schematic diagram of the
basic air staging is shown in figure 2.4. In industrial application, air staging can be
applied to dry bottom boiler particularly in wall fired, tangentially fired burner
furnaces. However. in modern dry-bottom firing with several burner levels, a
combination of air staging with other NO, emission reduction techniques is mostly
used. (Spliethoff et al., 1996). The two stages combustion technique reduces both
thermal and fuel NO,. As the flame region is fuel rich, the conversion of fuel-N to
molecular nitrogen is favoured due to lack of oxygen. This is because the higher
proportion of fuel increases the presence of CH; radicals in the flame and these
radicals react with NO to form the intermediate specie HCN. and the low proportion
of O, increases the proportion of intermediate species turning into N3 instead of NO
(Glarborg et al. 2003). Thermal NOj is reduced as the peak temperature of the

combustion occurs in an oxygen-deficient region.
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Figure 2.4. The schematic of basic furnace Air Staging and Fuel Staging for

NOy emission reduction (Spliethoff et al.. 1996).

The efficiency NOy reduction by air staging depends on various parameters,
mainly the stoichiometry and residence time in the main combustion zone and coal
properties (Spliethoff et al.. 1996). In substoichemetric conditions, more NO; is
reduced as the fuel ratio decreases up to an optimum value. beyond which less air
produces more gaseous nitrogen species that are efficiently oxidised to NO in the
burnout region. Generally, by prolonging the residence time in the fuel-rich primary
zone. NO, emission is reduced since longer residence time in the fuel-rich zone

favours the decompositions of gaseous nitrogen species (NO. HCN. NH3). resulting



in reduction the conversion of coal-N to NO (Spliethoff et al., 1996). Studies have
shown that the optimum residence time may depend on the coal types. It was
reported that that under air-staged conditions, high volatiles bituminous coal produce
less NO than low volatile bituminous coal, irrespective of nitrogen content of coal
(Mitchell, 1998). Kurose et al. (2003) reported that the NO, reduction efficiency in
staged-air combustion is affected by coal fuel ratio. It was revealed that as the fuel
ratio increases. NOy reduction owing to the staged combustion decreases. and

unburned carbon fraction increment becomes significant.

However, air staging in coal combustion usually have negative effect on char
burnout efficiency due to changes in furnace conditions such as uniformity of
fuel/air distribution, aerodynamic and mixing phenomena and longer residence time
in oxygen deficient region, and also on CO emission due to incomplete combustion
in the primary zone (Mitchell, 1998). Hence, in air-staged combustion, the location
of the injection points and the mixing of the burnout in the combustor are also

critical in achieving efficient combustion.

2.4.2.1. Furnace fuel-staging (Reburning)

Fuel staging or reburning technique involves staging both the supplementary
fuel and combustion air, creating three distinct combustion regions in the furnace
and hence. fuel staging is also referred to as three-stage combustion. The first region
is the primary flames zone that operating in fuel-lean conditions. followed by the
fuel-rich fuel reburning zone and the fuel-lean burnout zone (overfire). Coal is fired
with some excess air in the flame zone in which NO, formation is maximised. The
supplementary fuel in the reburning zone consumes the excess air for the

combustion. creates a fuel-reach condition which provides CH, radicals. and



converts NO formed in the flame zone to molecular N, by reaction of NO with CH,
from the fuel combustion. The remaining air required to complete the heterogeneous
char combustion including the burnout of CO, soot and hydrocarbons leaving the
reburn zone. is then supplied in the burnout zone. The reburn-zone is usually
operated at lower temperatures and with higher hydrocarbon concentrations than
with air-staging (Mereb & Wendt, 1994). Typically. 10-30% of the total heat input
can be supplied as the reburn fuel. The schematic diagram of the basic fuel reburning
is shown in Figure 2.4. However. in dry-bottom firing with several burner levels, the
difference between air and fuel staging in the combustion chamber as illustrated is
hardly apparent (Spliethoff, 1996). In industrial applications, oil, gas or coals are
used as reburned fuel, and the application of coal fuel is becoming more attractive
due to the economic advantages over other fuels as a reburning fuel (Naja, 1997).
The effectiveness of the reburning process on NOy reduction is dependent on
numerous factors including the local mixing and stoichiometry in the reburning
region (Hill & Smoot, 2000). The most critical factor affecting NO, emission is the
reburn zone stoichimetry which value is determined by the amount of oxygen from
the flame zone and the amount of the added reburning fuel. Other factors include

fuel properties and primary zone residence time (Naja 1997).

2.4.2.3. Low NO, Burner.

Low NO burners are designed to achieve the combustion fuel and air staging
effect internally by partitioning and controlling the air and fuel flow. The principle
of Low NOy Burner method in limiting NO4 emission in coal-air combustion is by
controlling the mixing of the coal particles and air during the combustion process.

where combustion, reduction and burnout are achieved in three distinct zones.
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Various designs of Low NO, burners are available commercially. with 30-60 % NO,
reduction has been achieved (Mitchell. 1998). Advanced and Ultra-Low NO, burner

designs which are being developed, in principle could achieved NO, reduction of up

to 90% (Kurose, et al.. 2004).

2.4.2.4. Other Techniques

Other NOy emissions reduction from coal combustion through combustion
modification techniques include the optimisation of burner and furnace operating
conditions by balancing both fuel and air flow in each individual burner (for
multiple-burner furnace) and the level of excess air. Staging fuel and/or air in each
burner creates fuels leans and fuel rich zones and lower temperature regions in the
furnace that are critical to NOy formation. However, these operations may result in
increased in CO emission and lower overall efficiency (Mitchell, 1998). Lowering
excess air will limit both fuel and thermal NOy formation but excessive air reduction
may caused unstable combustion that lead to burnout reduction and slagging and

fouling that could lead to corrosion.

Flue gas recirculation (FGR) technique involves recycling parts of the flue
gas and mix with the primary zone combustion air or with the staged air. The flue
gas recirculation reduces thermal NO, from the both effects, the temperature
reduction and dilution of oxygen in air. by the recirculated gas. The effectiveness of
flue gas recirculation techniques depends on the amount of flue gas and the
temperature of the recirculated gas. The fraction of the recirculated gas is usually
only 10-20% of the exhaust gas at temperature around 300-400 °C. The reduction in
NO, emission in coal-fired boiler by flue gas recirculation is usually less than 20%0

due to relatively low contribution of thermal NO, to the total NO, emissions.
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However, there are several problems in the application of flue gas recirculation in
the existing plants. It was reported that increasing the amount of recycling gas
beyond the optimum value of around 20% could lead to flame instabilities and
increased combustion and hydrocarbon emissions (Clarke & Williams, 1992). It was
also reported that a reduction in radiant heat transfer due to lower temperature and
increase in convective heat transfer as a result of the larger flow rate of flue gas. The
high capital cost related to extra equipments and loads to recirculating flue gas at

high temperature also make this technique economically less attractive.
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CHAPTER 3

EXPERIMENTAL PROGRAMME

This chapter describes the experimental apparatus and procedure followed in
conducting the tests. Test runs were conducted to investigate the suitability of the
combustor for the 0,/CO, combustion, and to extract the main features of
combustion flames and emissions in air and O,/CO, mixtures with high CO,
concentrations. The tests were extended to investigate the affect of oxidant staging
on the reduction of NOy in air and O,/CO, environments and the fate of NO injected

through various points in the air/oxidant lines to simulate the recycled NO.

3.1. Combustion System Description.

The experimental runs were conducted in a 20 kW (maximum thermal rating)
down-fired combustor equipped with a pulverised fuel (pf) burner. The single burner
of the combustor simulates typical power plant pf-burners in having a swirling
secondary oxidant supply and a non-swirling coal-carrying primary oxidant supply
and the furnace configuration is representative of commercial units in terms of
residence times and temperature characteristics. Further down the combustor a
tertiary oxidant can be added to simulate the air staging/OFA or low-NO, burner
combustion. Coal combustion tests were conducted with air and O»/CO; mixtures
and initiallv. various concentrations of O,/CO; mixture were used. It was later

found that coal combustion using 30% O, and 70% CO, as the primary and

87



secondary oxidants produces similar temperature profiles to that in air combustion.
All the proceeding tests on O,/CO, combustion including the staged combustion and
NO recycled tests were conducted using 30:70-0,/CO, mixture. The main features of
the experimental set-up are shown in Figure 3.1. The main components of the

experimental set-up are:

3.1.1. Furnace.

The furnace is a 20 kW-rated firing capacity, vertical down-fired. cvlindrical
combustor which employs a dual-fuel system which could be used for natural gas or
coal firing. The internal diameter of the combustor is 190 mm and the wall is
refractory lined with three-layer insulation materials to a thickness of 100 mm. The
combustor is 3.0 m long and divided into nine bolted sections of varying length.
Several circular ports are provided in each segment throughout the length of the
furnace for the probing of gas species, temperature measurements and flames
observation. The top section houses the burner quarl and transition section. The
burner quarl section and the section connected to the quarl are lined with cast
alumina and only the burner assembly being protected by cooling water. Further.
down the combustor a tertiary oxidant can be added to simulate the air staging/OFA
combustion. A pair of opposing ports, located at L; (0.57 m) and L, (0.88 m) from
the burner were used for the injection of tertiary air/oxidant (over fire) in the staged
combustion tests. A water-filled tray is located at the bottom to seal the furnace and
is used as a vent in case of overpressure in the furnace. Bottom wet-ash can be
collected in the tray while the ash sampling port from which fly ash is collected is
located at the exit of the furnace. The flue gas is vented out through the exhaust gas

pipe and the flue gas is diluted and the exit is aided by air entrainment from a 3 kW
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fan. The main features and the relative dimensions of the furnace are shown in

Figure 3.2 and the general view of the furnace is shown in Figures 3.3a and 3.3b.

3.1.2. Coal Burner.

The single burner of the combustor simulates typical power plant p- burners
and has been designed to simulate the approximate coal-air combustion temperature
of a commercial burner. The non-swirling primary oxidant and coal particles are
mixed with swirling secondary oxidant near the entrance to the burner quarl where
the mixture of coal and primary air/oxidant are fed through the central pipe and the
secondary gas feed through the side of the burner. The burner quarl is cone-shaped
with diameter of 75 mm extended to 130 mm over a length of 200mm and has been
designed for fuel delivery into to the furnace and to prevent pre-ignition of fuel

before entering the furnace.

3.1.3. Air/Oxidant and Fuel Supply.

The primary air was supplied by a compressor where air pressure was set at 20
psig to compensate for the drop in the coal feeding line while the secondary air is
supplied by a 7.5 kW fan. CO, and O, were supplied through manifolds of gas
cylinders and mixed according to the required molar ratio, prior to the deliver
through the primary and secondary oxidant lines. The flow rates of air/gas were
regulated and monitored by separate volume flow rate meters with corrections for
pressure is applied where appropriate. N; and NO doping gas for recycled NO tests
can be injected to the main gas lines through a separate gas supply line from gas
cylinders. Natural gas for furnace ignition and heating up was supplied through the

main gas pipeline. and the flow rate of gas was monitored by a rotameter.
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In O,/CO, combustion, a safety control measure is provided by solenoid switch
relays connected to the flow meter, which will be activated in the event when CO,
flow rates dropped to below a minimum set value, which will then stop the coal
feeder. The natural gas combustion flame is lit using an electrical ignition rod and
the fuel and air supplies to the burner are operated and control via independent

rotameters.

Staging air/oxidant for the two-staged combustion tests were achieved by
diverting the secondary gas to the tertiary gas line, while the primary gas is fixed.
Two opposing stainless tubes were used as tertiary air/oxidant injectors and the
injectors can be positioned in any of the two opposing sampling ports with their tips

leveling with the furnace lining inner surface.

3.1.4. Coal feeder.

Pulverized coal was fed from a loss-in-weight metering twin-screw feeder and
vibrating tray assembly (LBC 2000, Rospen Ltd) and delivered pneumatically to the
burner by a fixed flow of primary air/oxidants to ensure uniformity in the coal
delivery. In every test, the feed rate of each type of coal used was calibrated in
advanced and calculated to the nearest g/min (0.01 kg/hour). The feed rates of the
coal feeder can be controlled to within 1 % of a set value by adjusting the rotational

speed of the feeder.

3.1.5. Monitoring Systems.

3.1.5.1. Gas Sampling.

The major flue gas species CO,, O,. minor species NOy and SO, and CO were

measured at the exit of the furnace. Gas samples were continuously drawn through a



hot stainless steel probe fixed with ceramic wool to prevent ash blockage to the vas
sampling lines. The concentrations of combustion emission components inside the
furnace were determined by drawing the gas using a water-cooled stainless steel

probing device.

The extracted flue gas from the probes was transferred using PTFE tubing and
cleaned and dried by passing it through a series of quartz and glass wool filters and a
wet trap. The glass wool filters were replaced and the water trap was cleaned
regularly throughout the test runs to prevent blockage to the gas sampling lines. The
flue gas was then cool and maintained at 2 °C by passing it through a chiller
(refrigerator) and the remaining moisture was removed further by silica gels before
they were pumped to the gas analysers through a series of mini-filters. The flue gas
was passed through a manifold of individual valve that directed the sample gas to

different gas analysers.
3.1.4.2. Temperature Measurements

The gas temperature inside the furnace was measured with sheathed R-type
thermocouples. The thermocouples were fixed at six axial locations of the furnace.
Table 3.1 shows the vertical positions of the thermocouples and the gas probing
ports, relative to the burner. Each temperature probes was monitored by a data

logging system connected to a personal computer.

3.1.4.3. Char/Ash sampling.

Dry ash was collected at the exhaust duct at the furnace exit for carbon-in-ash

analysis, at the end of every test section on when required. The sample of wet ash at
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the bottom furnace tray was also collected at the end of each test runs for

comparison in ash analyses.

3.1.6. Gas Analysers.

The NO,. O, and CO, concentrations were continuously monitored and
recorded by on-line analysers, while SO, and CO concentrations were measured

when they were required.
The gas analysers used for gas measurement:

1. NOx (NO and NO;) - Analysis Automation [td Series 440.
chemiluminescent analyser
2. Oy - Taylor-Servomax OA 570, Pragmagnetic O, Analyser.

3. COy/CO/SO,— ADC-ABB Easyline. Non-Dispersive Infra red Gas Analyser.

The gas analysers were calibrated in every test run using standard calibration
gases. Each gas analyser and temperature probes are monitored by a data logging
system connected to a PC. Since nitric oxide was always the dominant part of NO,
under conditions of this study. NOy analyser was set to measure NOy (NO and NOy).
SO, measurement was used for SO, emissions. NO, and SO, emissions were
expressed in ppmv (part-permillion by volume) but the comparisons of NO, and SO,
emissions between coal—air combustion and coal-0,/CO; combustion were made on
the amounts of NO, and SO, emitted with each combustion media (conversion
ratio). CO, and O- concentrations were measured in % dry volume. while CO was

expressed in both % of dry volume and ppmn.
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3.2. Experimental Approach.

3.2.1. Coal Samples

Eight commercial bituminous coals samples were used in the tests. however
seven were used in all tests. The properties of all coal samples. proximate and
ultimate analyses, were determined in advanced and their properties are presented in

Table 3.2. The fuel ratio of the coals varies from 1.59 —2.33. (8.01)

3.2.2. Experimental Procedures.

For each type of coal, the feed rate from the coal feeder was calibrated with the
rotational speed (rpm) of the feeder in advance, by measuring the amount of coal
discharge from the feeder for each setting, the coal was then conveyed pneumatically
by the fixed primary air flow rate and collected in a dust bag. The feed rate from the
coal feeder can be controlled to within 1 % of a set value by adjusting the rotational
speed of the feeder. Generally, for each type of coal. tests were conducted by
maintaining coal firing rate and primary air/oxidant flow rate. Since the amount of
oxygen in the oxidant was fixed in combustion with air or O,/CO; oxidants
mixtures. a fixed combustion stoichiometric ratio was maintained throughout the

test run.

The preparation for each test run was conducted before the day of the test run
by testing all the instrument and main components. The amount of coals used in
each test run was also determined for comparison to the metered coal feed rates.
Each test run started with normal coal air combustion and may be followed by NOy
recycled tests and staged combustion tests where applicable. before the air supplies

to the furnace were switched to O, and CO, with continuous coal feeding at the

96



same rate. The continuous coal feeding during changing over from air combustion to

0,/CO; combustion minimizes any errors resulting from coal feeding rate variations

between the two combustion environments.

1.

The main experimental procedures are summarised as follow:

The furnace was first sufficiently heated to a temperature close to the normal
coal-air firing around 1250 °C by natural gas firing and the heating-up period
could be achieved within two hours. In each test. all gas sampling lines were
thoroughly checked from leakages and all gas analysers were tested and
calibrated during the natural gas combustion.

When the top gas temperature (T;) reach about 1200 °C, the flue gas
sampling and temperature measurements were started. Once the flame was
stabilized i.e. when the flue gas emission levels were uniform and constant,
the methane supply to the burner was switched off and then the process was
shifted to pulverised coal combustion by activating the coal feeder. Coal
flames were continuously monitored by a UV flame detector which connects

to an automatic start-up/purge in the flame failure detection control system.

The stoichiometric ratio of the primary and secondary air to pulverized coal
(Air/Coal) was set at SR =1.20, with fixed primary air (coal carrier). The coal

feeder was adjusted to the desired setting of this excess oxygen.

Coal-air combustion tests were started when the stability had been reached
i.e. when the temperatures of the combustion air were constant and the
concentration of the exhaust gas components were steady and uniform. If
profiles of gas compositions were to be measured. a water-cooled probe was

used to draw gas samples. To minimize the cooling effect of the probe on the
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coal flame. samplings started at the bottom of the furnace and gradually
moved up to the top of combustor.

The gas sampling lines were regularly cleaned from the deposited ash and
moisture. This was done when O, and CO, concentrations in the flue gas

shifted from the desired levels.

Ash tray was placed at the char ports at the furnace exit prior to each test.
The fly ash at the end of each test component was collected and later
analysed for the unburned carbon concentration using the standard
procedures for ash in coal tests. The ash collected at the bottom ash collector

was also analysed for comparison.

In two-stage combustion tests, combustion zone stoichiometric ratio SR; was
varied between 0.80 and 1.20, by diverting a proportion of secondary air to
the tertiary air, with the primary air/oxidant was fixed. The furnace overall
stoichiometric ratio SR is fixed at 1.20. The staged or tertiary air/oxidant was
introduced at two different port positions. either at L, (0.57 m) or L» (0.88 m)

downstream from the burner.

For recycled NOy tests, 5 % of NO in N; was added and mixed to the
different streams of oxidants to simulate the NOy recyvcle. The simulated
recycled NO was in the range of 0-1500 ppmv. NO and N; were introduced

alternately for about 6 — 9 minutes intervals throughout the test periods.

Once coal-air combustion tests were completed. the operation was shifted to
0,/CO-> combustion. The required proportions of O and CO: were set in

each gas line by controlling the individual gas flow rate. As a safety measure.
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10.

11.

12.

the O, was always introduced after the CO, valve was opened. The oxidant

requirements and required the gas flow rates for combustion in 02/CO, .both

for unstaged and staged combustion is discussed in the next section.

At the end of each test session, the O,/CO, oxidants were switched back to
air supplies for coal-air combustion to check the stability of the coal feed
rates, gas sampling procedures and to rectify any error related to the oxidant
switching before the furnace was finally shut down by the switching off the

coal feeder followed by the furnace cooling down procedures.

At the end of each test runs, samples from the bottom ash were also collected
and analysed for comparison. Ash samples from each test section were later

analysed for the carbon content in ash using standard test procedures.

Depending on coal samples and the scope of the individual tests, each test
run could be completed between seven to eleven hours of continuous firing
of fuel including the furnace heat-up time. utilising 2.0 — 2.5 kg of coal per

hour.

3.2.3. Experimental Conditions.

3.2.3.1. Theoretical Air / Oxidant Requirement

The theoretical air/oxidant flow requirements for the combustion and the

expected concentrations of the major combustion products in the flue gas can be
determined for each type of coal using calculations for the stiochimetric combustion.
as shown in Appendix A. The calculated expected concentrations of the major flue

gas species in various oxidant mixtures for coal A and the expected concentrations
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of the major flue gas components for other coals in air and are shown in are

presented in Table 3.3.
3.2.3.2 Air/Oxidant Flow Rates

In all combustion tests. the flow rate to of the primary air/oxidant was fixed at
121 //min (2.017 x 10™ m?%ss. (at 15 °C. 1 atm) to prevent possible blockages with the
coal particles” transportation and to maintain uniform delivery of coal particles to the
burner. In air combustion tests, the total air was fixed at 330 I/min, which is the
maximum flow rate that could be attained from the air supply system. Air entrained
through the coal feeder entering the burner is calculated as the primary oxidant and
the entrained air, is about 10% of the total combustion air. The amount of entrained
air to the furnace was determined from the natural gas and coal-air combustion trial

test runs.

In all tests, the overall furnace stoichiometric ratio was fixed at 1.20. Hence
for a particular coal sample. the coal feed rate was adjusted according this fixed
combustion stoichiometricity. For O,/CO; combustion, the flow rates to the
secondary oxidant were adjusted accordingly to maintain the fixed stoichiometric
ratio of the furnace at the fixed firing rate similar to those in air combustion. Any
changes for oxygen requirements corresponding to a particular mixture of O,/CO;
were implemented by changing volume flow rates of the secondary and tertiary

oxidants. The air/oxidant flow rates used for the unstaged combustion tests are

shown in Table 3.4

The two-staged combustion conditions were achieved by diverting a proportion
of the secondary air/oxidant to the tertiary air/oxidant. while keeping the primary and

the total air/oxidant flow rates fixed to change the burner stoichiometric ratio SR;.
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while maintaining the overall furnace stoichiometric ratio SR at 1.20. The staged
combustion tests were conducted with SR; between 0.80 and 1.20. The general
air/oxidant requirements for the combustion are shown in Figure 3.3. The oxidant
flow rates for staged combustion test conditions are as shown in Table 3.5. For

recycled NOj tests. 5 % of NO in N; was added and mixed to the different streams

of oxidants to simulate the recycled NO,. The NO concentrations was in the range of

0-1500 ppmv.

3.2.4. Source of Experimental Errors.

The feed rate from the coal feeder can be controlled to within +1 % of a set
value by adjusting the rotational speed of the feeder and the feed rates has been
approximated to the nearest 0.1 g/min. The amount of coals used in each test run
was also determined for comparison to the metered coal feed rates. The CO; and O,
measurements were corrected and reported to the nearest 0.1%. The NOy reading
was reported to the nearest 1 ppmv while CO and SO, measurements, depending on
the range of the scale used, were estimated to the nearest 0.01 — 0.1 %. The air flow
measurements have a typical accuracy of + 2.5% at the full scale. The flow rates of
0O, and CO, are corrected at 15 °C and effect of small variation in ambient
temperature during experimental runs on oxidants mixture flow rates were
considered as negligible. The flow rates of NO and nitrogen in the recycled NO tests
were continuously monitored and kept constant at a set value. The combustion gas
temperature measurements were reported based on the uncorrected. sheathed R-type
thermocouples. The measurements of CO,. O,. NO,. CO and SOy were taken using
standard gas analysers and recorded on data logger and hence the readings were

averaged over a typical period where the levels were uniform.
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In coal-O,/CO; combustion tests, all the oxidants and fuel were delivered into
the furnace with the same configurations as those in the coal-air combustion firing
tests. The continuous coal feeding during changing over from air combustion to
0,/CO; combustion minimizes any errors resulting from coal feeding rate variations
between the two combustion environments. The main features of flame temperature
and emissions formation in both, combustion in air and O,/CO, mixtures. of each
type of coals were measured from several test runs. For each type of coals, the
Burnout Efficiency (ngo) in a particular combustion medium and condition was
determined based on the average values of carbon-in-ash from several ash sampling
procedures. In the recyled NO tests, the NO Reduction Efficiency (nno) in cach
combustion medium and condition for each coal were averaged over two sets of

readings.



Table 3.1 The axial positions of the gas temperature probe in the furnace. gas

sampling probe ports and stged oxidant injection points relative to the burner.

Temperature Probes Axial Position From the Burner (m)
T, 0.43 n
T, 0.88
Ts 1.72 |
Ty 2.4 -
Ts 2.73
T. 2.93
Gas Probes

probe 0 0.42

probe 1 0.57

probe 2 0.86

probe 3 1.50

probe 4 2.23

exhaust 2.93

Staged (Tertiary) Oxidants
Injection Points

L 0.57
L, 0.88
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Table 3.2. Ultimate and Proximate Analyses of the coal samples. All values presented are on samples as received basis.

Coal C H N (0+S) S Moisture | Volatile | Ash | fixed C Ndaf f-Cas Volyar Fuel Ratio

% % % % % % % % % % % % (C/VOl)gy
UK Bit. (Coal A) 70.57 | 4.62 | 1.62 9.13 2.06 2.64 2935 | 1142 | 56.59 1.89 | 65.85 | 34.15 1.93
USA Bit (Coal B) 69.65 | 4.50 | 1.45 | 9.4I 1.50 3.43 31.65 | 11.57 | 53.36 .71 | 62.77 | 37.23 1.69
Prodeco-Colombian (Coal C) 72.88 5.1 1.6 10.87 3.54 33.12 | 6.01 | 5733 1.77 | 63.38 | 36.62 1.73
Polish (Coal D) 72.05 | 4.58 | 130 | 933 1.62 30.56 | 11.12 | 56.70 1.49 | 6498 | 35.02 1.86
Oakbridge -Australian (Coal E) | 69.90 | 440 | 162 | 10.16 2.01 29.60 | 11.91 | 56.48 1.88 | 65.61 | 34.39 1.91
Rotterdam-S.African (Coal F) 69.35 | 415 | 175 | 10.26 3.59 25.67 | 10.90 | 59.84 | 2.05 | 69.98 | 30.02 2.33

Daw Mill — UK (Coal G) 6420 | 4.55 | 1.15 2.50 5.31 2844 | 2229 | 43.96 .59 | 60.72 | 39.28 ;7

Signal Fern-Wales (Coal H) 76.70 | 3.40 | 130 | 3.23 1.55 9.39 13.82 | 75.24 1.54 | 88.90 7| |.|0\ x.oi 7

ds 73.64 | 401 | 146 | 6.18 2.10 1937 | 1262 | 6591 171 | 77.29 33.;1 3.40

Blends - 50% A /50% H
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Coal Particle +

1) Primary Air (fixed)

37 % of total air.

2) Primary Oxidant (fixed)
37-50 % of total oxidant ‘:@3: 2) Secondary Oxidant.

* (including entrained air) = | 18- 50% of total oxidant

1) Secondary Air.
30 — 63% of total air.

1) Tertiary Air (Staged). T2 iGai
0 — 33 % of total air. \

2) Tertiary Oxidant (Staged). ::%3 CF::
0 — 32 % of total oxidant J

% ) Flue Gas

Oxidant : Air And/Or O,/CO»
Total air flow = 330 //min.
Total oxidant flow = 241 - 330 //min.

Figure 3.4. The air/oxidant requirements for both unstaged and staged combustion

tests.



Table 3.3 The theoretical major combustion emission compositions for coal A in various combustion media. (Unstaged, SR =1.20)

Oxidants Case 1 Case 2 Case 3 Case 4
1* : Air, 2" : Air 1% Air, 2" :21:79-0,/CO, 1¥: Air, 2™ : 26:74-0,/CO, 1¥: Air , 2" : 30:70-0,/CO,
(pure) (+ entrained air) (+ entrained air) (pure) [+ entrained air)
Species % vol (dry) % vol (dry) % vol (dry) % vol (dry)
CO, 15.30 96.10 66.47 95.15 57.52 94.38 51.38
N, 80.95 0.15 29.78 0.19 38.25 0.22 4411
0O, 3.58 3.58 3.58 4.46 4.04 5.16 4.30
Max SO, 1674 (ppmv) 1674 (ppmv) 1674 (ppmv) | 2084 (ppmv) 1891 (ppmv) 2416 (ppmv) | 2013 (ppmv)
*Max Fuel NO 3010 (ppmv) 3010 (ppmv) 3010 (ppmv) | 3747 (ppmv) 3400 (ppmv) 4343 (ppmv) | 3619 (ppmv)
Oxidants Case S Case 6 Case 7 Case 8
1% Air, 2™ : 35:65-0,/CO; ¥ :21:79, 2™ : 21:79-0,/CO, 1¥21:79, 2" 30:70-0,/CO, 1*:30:70, 2": 30:70-0x/CO»
(pure) (+ entrained air) (pure) (+ entrained air) (pure) (+ entrained air) (Pure)  |(+ entrained air)
Species % vol (dry) % vol (dry) % vol (dry) % vol (dry)
CO, 93.40 44.98 96.10 88.01 95.03 82.89 94.38 79.64
N, 0.25 50.29 0.15 8.23 0.19 12.49 0.22 1526
0, 6.06 4.52 3.58 3.58 4.57 4.42 5.16 4.87
Max SO, 2834(ppmv) 2115 (ppmv) 1674 (ppmv) 1674 (ppmv) | 2136 (ppmv) 2066 (ppmv) 2416 (ppmv)| 2278 (ppmv)
*Max Fuel NO 5095 (ppmv) 3802 (ppmv) 3010 (ppmv) 3010(ppmv) | 3840 (ppmv) 3714 (ppmv) 4343 (ppmv) | 4095 (ppmv)
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Table 3.4. The air/oxidants flow rates used in the combustion tests. (Unstaged combustion)

Coal air: Entrained Air (=33 //min)
Combustion Test Case 1 Case 2 Case 3 Case 4 Case S Case 6 Case 7 Case 8
Oxidants:
1st Air Air Air Air Air 21:79-0,/CO, | 21:79-0,/CO, |30:70-O,/CO,
2nd Air 21:79-0,/CO; {26:74-0,/CO, {30:70-0,/CO; |35:65-0,/CO, |21:79-0,/CO, | 30:70-O,/CO, |30:70-0,/CO,
Oxidant flow rate :
( //min)
[t 121 121 121 121 121 121 121 121
2nd 209 209 169 146 126 209 146 120
Total * 330 330 290 267 247 330 267 24? :
L

* Including entrained air
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Table 3.5. The air/oxidants flow rates used in the combustion tests. (Staged combustion)

Flow rate (I/min)
Air 30:70-0,/CO;,
Air/Oxidants
Combustion Zone *Primary Secondary Tertiary *Primary Secondary Tertiary
Stoichiometry(SR)
1.20 121 209 0 121 120 0
1.00 121 154 55 121 82 38
0.90 121 127 82 121 62 58
0.80 121 99 110 121 43 77

* Including entrained air.
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CHAPTER 4

EXPERIMENTAL RESULTS

In this chapter, the results of the experimental study on pulverised coal
combustion in air and O,/CO, mixtures with various compositions are presented.
The profiles of the gas temperature and the combustion species inside the furnace,
the flue gas compositions and the burnout efficiency of combustion in both air and
0O,/CO; mixtures are presented in graphical forms and the details figures in tabular
forms. The majority of the results presented are from the combustion of the UK
Bituminous Coal (Coal A) as the main fuel, and the combustion tests were
conducted with the main combustion zone stoichiometric ratio, SR = 1.20, unless
stated otherwise. The effect of oxidant staging on NO, emissions reduction in air and
0,/CO;, mixtures combustion are also compared. The fate of the simulated recycled
NO in combustion with different oxidants and conditions are also presented.
Initially. various compositions of 0,/CO, mixtures were used as oxidant in the
combustion. It was later found that, for all tested coals, combustion with mixture of
30%-0, and 70%-CO, in the primary and secondary oxidants produced similar
temperature profiles to those in air combustion. Hence. unless stated otherwise, all
the proceeding tests on O,/CO, combustion including the staged combustion and NO
recycle tests were conducted with 30:70-O,/CO; mixture as the primary. secondary

and tertiary oxidants where applicable.
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4.1. General Furnace Operations.

As described in the preceding chapter, the coal combustion tests were
conducted in a 20-kW vertical down-fired combustor equipped with a pulverised
coal burner that simulates typical power plant burners in having a swirling secondary
oxidant supply and a non-swirling coal-carrying primary oxidant supply. Tertiary
oxidant could be added further downstream from the burner to simulate the over-fire
air/oxidant (staging) conditions. In coal-O,/CO, combustion tests, all the oxidants
and coal particles are delivered to the burmner and furnace with the same
configuration as those in the coal-air combustion firing tests. Since the burner,
furnace and the combustion system were designed and constructed for coal-air firing.
safety issues in the operational procedure related to the application of O in high
temperature combustion conditions was always the paramount objective. Oxygen
and CO, were mixed in advanced before the oxidant were delivered to the
combustion zone. Tests on combustion system operations were first carried out to
investigate any effect of the switching of oxidant from air to O,/CO, mixtures.
Generally in all tests, smooth and continuous operations of the system were
achieved. The data collection procedures through gas analysers were occasionally
interrupted from the unscheduled cleaning of gas sampling lines from the

accumulation of excessive ash and moisture in the gas delivery tubes and by the

scheduled ash sampling procedures.
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Figure 4.1. Temperature profiles in the furnace in one of the test runs (Run #4a . Unstaged, SR=1.20. Coal B).
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Figure 4.2a. The effect of oxidant switching from air to 30:70-O-/CO- on furnace
gas temperature profiles. (Run #4a. Unstaged. SR=1.20. Coal B).
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Figure 4.1 shows the temperature profiles in the furnace from the continuous
firing of the fuel, started with natural gas combustion, followed by coal firing in air
and the change-over of the oxidants from air to O-/CO,. in one of the test runs. The
emission profiles show that steady and uniform combustion were achieved during
the test runs. The stable and uniform delivery of fuel from the coal feeder are
confirmed by the stable emissions of the CO; and O in both coal-air firing and coal-
0,/CO, combustion, both in normal and staged conditions. All gas temperature and
emissions data were obtained from the period when the measured temperature and
emissions were steady which indicate stable flames conditions has been achieved. It
was also found that the gas temperature in the furnace was significantly influenced
by the changes in combustion media and conditions. Whenever there was a change
in the oxidant compositions or combustion conditions, changes in the furnace
temperature were recorded almost immediately but a longer time frames were
required for the temperatures to stabilise and the flame to reach steady state in the
new combustion conditions and environments, especially in the high CO, oxidant
mixtures. However, switching from air supply to 30:70-O,/CO- for coal combustion
in which furnace temperature profiles were almost similar. produced smooth
transition to both temperature and combustion emissions profiles without any
significant effect from the oxidant “change-over” procedures. Figure +.2a shows the
gas temperature profiles in the furnace during the switching of both primary and
secondary oxidant from air to 30:70-O,/CO, for Coal B. presented over a thirty
minute-interval. The corresponding combustion gas emission profiles are presented
in Figure 4.2b. Over this transition this period. the temperature recorded by all four
probes closest to the burner (T,—T,) in both air and 30:70-0-'CO» combustion arc

steady and uniform and the temperatures change smoothly and stabilise immediately.
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However, the gas emissions, particularly the CO, require more times to stabilise.

which is achived within five to ten minutes after the switching of the oxidant from

air to 30:70-0,/CO,.

4.2. Variation of Gas Temperature with Oxidant Compositions.

The effect of the variation in oxidant compositions on the combustion
temperature profiles are presented in this section. Figure 4.3 shows the gas
temperature profiles in the furnace of the combustion of Coal A in various
combustion media obtained from the replacement of the secondary air with 0,/CO,
mixtures with O, volume fraction ranging from 21 % to 35 %, while the primary
oxidant was maintained with air (Case 1 - Case 5). The details of oxidant
compositions and molar fraction in the oxidant, and the variation of temperature in

the furnace are shown in Table 4.1a and 4.1b.

The temperature closest to the burner (T;) is markedly lowered when the
secondary air was replaced by O,/CO,. In combustion with 21:79°0,/CO, as the
secondary oxidant (Case 2), T; is only 1085 °C, which is significantly lower than
1322 °C as in the air combustion. The temperature profile curve is also flatter in
which the position of the peak temperature is shifted away from the burner, to
around 1.0 m downstream compared to around 0.43 m in air. The peak temperature
is only about 1190 °C. which is also significantly lower than around 1325 °C as in air
combustion. With 26:74-0,/CO; in the secondary oxidant (case 3). T, increases
significantly to 1250 °C and the peak temperature increases to above 1263 °C at the
position around 0.80 m from the burner. The overall gas temperature in combustion

with 30:70-0-/CO; in the secondary oxidant (Case 4) is still lower than those in air
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combustion and temperature profiles matches that in air combustion only when the
O, concentration in the secondary oxidant is increased to 33% (Case 5). However,
the peak temperature in 35:65-0,/CO; was 1343 "C. which wass slightly higher than
that in air, but the temperature at T, is 985 °C was slightly lower than 998 “C as in

the air combustion.

Figure 4.4 shows the temperature profiles in the furnace when both the primary
and secondary air were replaced by O,/CO, mixtures. These temperature profiles
confirm that high CO; concentrations in the oxidant mixtures caused coal particles
to burn further away downstream as indicated by the positions of the peak
temperature relative to the burner. When both primary and secondary air were
replaced by 21:79-0,/CO, (Case 6) T, is only around 900 °C and in several other
runs, the switching of oxidant to 21:79-O,/CO; in both oxidiser lines caused
continuous drop in temperature at T; and T,. which indicate that stable flames could
not be fully established in combustion with 21:79-0,/CO.. The peak temperature
increases and moves closer to the burner as the O, concentration in the mixture
increases (Case 7). The temperature profiles match that in air combustion when
30:70-0,/CO> mixtures were both used as the primary and secondary oxidant (Case
8). The temperature closest to the burner in 30:70-O,/COs is only slightly higher
than that in air (T 0 =1331°C, T} 4ir =1322 °C) while the temperatures in the middle
section of the furnace (T3 — Ty) in both media are almost identical. The peak
temperature in 30:70-O,/CO combustion (T, =1331 °C) is only slightly higher than
that in air combustion (Tpair 1325 °C). However. the temperature at furnace exit 1s

30:70-0,/CO; (Teo= 584 °C ) is markedly lower than that in air combustion (T air =

638 °C).
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Table 4.1a. Gas temperature variation in the furnace in different combustion media. (Coal A. Unstaged SR = 1.20).

Coal-entrained air: Air (33 l/min)
Coal fee rate : ~ 2.12 kg/h.
Combustion Test Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
Oxidants:
1st Air Air Air Air Air 21:79-02/COz | 21:79-02/CO2 30:70-0,/CO;
2nd Air 21:79-0,/COy| 26:74-0,/CO, [30:70-02/CO, 35:65-02/CO; | 21:79-0,/CO, | 30:70-02/CO; 30:70-02/CO>
Temperature T°C
T, 1322 1085 1250 1301 1343 907~ 1139 1331
T, 1300 1182 1263 1275 1300 1102* 1191 1298
T3 1131 1101 1133 1117 1128 1097 1093 1129
T, 998 995 1002 1006 985 1013 998 999
Ts 810 820 850 825 807
Te 638 630 665 625 584
=~ Tp 1325 1190 1265 1303 1345 1110 1195 1331
~ axial distance x, (m) 0.43 1.00 0.80 0.50 <0.40 1.50 0.80 0.43
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Table 4.1b. Oxidant flow rates and the molar ratio of the composition of the oxidant mixtures.

Combustion Test Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
Oxidants:
Ist Air Air Air Air Air 21:79-0,/CO, | 21:79-0,/CO; | 30:70-0,/CO,
2nd Air 21:79-0,/CO, | 26:74-0,/CO; | 30:70-0,/CO, | 35:65-0,/CO, | 21:79-0,/CO, | 30:70-O,/CO, | 30:70-0,/CO,
Oxidant Flow Rates (/min)
|5 * 121 121 121 121 121 121 121 121
2nd 209 209 169 146 126 209 146 120
Total * 330 330 290 267 247 330 267 241
Molar Ratio O,;:CO;:N;
0, 0.210 0.210 0.239 0.259 0.281 0.210 0.259 0.288
CO, 0.000 0.500 0.431 0.383 0.331 0.711 0.643 0.604
N, 0.790 0.290 0.330 0.357 0.388 0.079 0.098 0.108
Molar Ratio 0,:CO,
0, 1.0 0.296 0.357 0.403 0.459 0.228 0.287 0.323
CO, 0.0 0.704 0.643 0.597 0.541 0.772 0.713 0.677

*including entrained air
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The comparison of temperature profiles from the direct replacement of air with
21:79-0,/CO; is summarised in Figure 4.5. Generally, replacing any part of the
combustion air with 21:79-0,/CO; with the same volumetric flow rates causes
significant drop to the peak gas temperature in the furnace. which is more
pronounced when both the primary the secondary air are replaced with O,'CO,. With
21:79-0,/CO; as both primary and secondary oxidants. gas temperatures inside the
furnace drop so drastically that a steady coal combustion flame can no longer be
sustained within the furnace. The delay in combustion in oxidant with high CO- i1s
indicated by the shifting of the peak temperature away from the burner and also by
the higher gas temperature at the furnace exit (Tg). The peak temperature in 21:79-
0,/CO, combustion (Case 6) is around 1110 °C. at between 1.20 — 1.50 m from the
burner, compared to 1325 °C at around 0.43 m in air firing (Case 1). The visual
observation during the experimental runs also show that bright volatile combustion
flame that could be seen in air combustion was not visible as in air combustion at the
sampling ports close to the burner when both combustion air was replaced by
0,/CO, with high CO, concentrations. In 21 :79-0,/CO, combustion, flames was not
visible at the first sampling port P; (0.43 m) but a dark volatile combustion flame
with little char burning was observed at the second sampling port P> (0.57 m).
However, bright volatile combustion flames with char burning was observed at the

third sampling port P (0.88 m) and a considerable coal-char burning between P3 and

the fourth sampling port P, (1.50 m) was observed.

The results of the combustion of other coals vield similar trends where the
temperature profiles in the furnace with 30:70-0,/CO, in both primary and

secondary generally are very similar in terms of the peak temperatures and their
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positions relative to the burner. to those in air combustion. However. the temperature
at the furnace exit in the combustion with 30:70-0,/CO, are markedly lower than
those in air. The temperature profiles of the combustion of reactive (high fuel ratio)
coal (Coal B and Coal G) are presented by Figures 4.6a and 4.6b which show that
furnace temperature profiles in 30:70-0,/CO> combustion are almost identical to
those in the air combustion. A slightly higher combustion temperatures were
measured in 30:70-O,/CO, combustion those in air and the temperature but the
furnace exit are markedly lower. Figures 4.7a and 4.7b show temperature profiles
from the combustion of less reactive coals (Coal E and Coal F). For less reactive
coals, the positions of peaks temperature in both combustion media are slightly
further downstream from the burner as compared to those for reactive coals. In
addition, slightly lower combustion temperatures were measured in 30:70-0,/CO,
combustion those in air. However the differences in the peak temperatures in 30:70-
0,/CO, compared those in air firing for all coals are very small. which is less than
15 °C. Generally. for all coals. the temperatures at furnace exit in 30:70-O,'CO; are
markedly lower than those in air combustion, but the differences are smaller in the
combustion of less reactive coals. The details on temperature variation along the

furnace axis from combustion of all coals in air and in 30:70-O,/CO- are presented

in Table 4.2.



\\\%\o 1st & 2nd Oxidants

e —&— Ajr
| - T —+—30:70 02/CO2

Gas Temperature, T(O C)

o m

500 | ———— :
0.00 0.50 1.00 1.50 2.00 2.50 3.00
Vertical Distance from Burner, x (m)

Figure 4.6a. Gas temperature profiles in the furnace from combustion in air and

30:70-0,/CO> mixture. (Unstaged. SR=1.20, Coal B).

1400

1300 —— -

1st & 2nd Oxidants
1200 - . \,

N e & Air

1100 D ' B —+—30:70 02/CO2

i
1000 = — X

900 — —~ —

800 +—— — - - N

Gas Temperature, T(O C)

700 — - -

600 | — - —

500 ——
0.00 0.50 1.00 1.50 2.00 2.50 3.00

Vertical Distance from Bumer, x(m)

Figure 4.6b. Gas temperature profiles in the furnace from combustion in air and

30:70-0,/CO> mixture. (Ustaged. SR=1.20. Coal G).



1400 -

1300 -

1200

—_— —-—
o K
o o
o (@]

900

800

Gas Temperature, T (O )

700

600

500

f—&\ 1st & 2nd Oxidants

s —8— Air

S —*30:70 02/C0O2

0.00

0.50

1.00 1.80 2.00 250 3.00
Vertical Distance from Burner, x (m)

Figure 4.7a. Gas temperature profiles in the furnace from combustion in air and

30:70-0,/CO; mixture. (Unstaged, SR=1.20, Coal E).

1400

1300

1200

= s
(=) —
o o
(&) (@]

900

800

Gas Temperature, T (o C)

700

600 +

\ 1st & 2nd Oxidants:
= —&— Air

S, —*30:70 02/CO2

*u

500
0.00

1.00 1,50 2.00 2.50 3.00
Vertical Distance from Burner, x (m)

Figure 4.7b. Gas temperature profiles in the furnace from combustion in air and

30:70-0,/CO> mixture. (Unstaged. SR=1.20. Coal F).

124



Table 4.2. The comparison of the gas temperature in the furnace, in combustion with air and 30:70-O,/CO, for all coals.
(Unstaged, SR = 1.20).

Oxidant flow rates

*1%'= 121 Umin, 2™ = 209 I/min,

Coal feed rate (kg/h): xR 212 ~ 218 ~ 2.08 ~ 212 X 2.19 ~ 2.25 ~ 228
Coals : Coal A Coal B Coal C Coal D Coal E Coal F Coal G
Oxidants:
1st Air 30:70 Air | 30:70F Air {3070 Air |30:70} Air 30:70 Air 30:70 Air | 30:70
2nd Air 30:70 Air |30:70| Air |30:70| Air |30:70 | Air | 30:70 Air 30:70 Air | 30:70
Temperature, T °C
T4 1322 1331 1312 | 1327 | 1308 | 1335 | 1310 | 1280 | 1275 | 1251 1246 1226 1296 | 1330
T, 1300 1298 1288 | 1284 | 1312 | 1346 | 1329 | 1316 | 1319 | 1314 1310 1295 1316 | 1316
Ts 1131 1129 1129 | 1125 | 1140 | 1173 | 1172 | 1188 | 1188 | 1198 1169 1175 1157 | 1161
Ty 998 999 998 996 | 1001 | 1050 | 1040 | 1055 | 1047 | 1068 1039 1055 1016 | 1030
Ts 810 807 801 790 797 810 820 820 800 810 822 828
Te 7 638 584 630 605 665 666 670 683 677 668 650 665 628
| ~ T_p 1325 1331 1315 | 1330 1330 | 1320 | 1320 | 1315 1310 1295 1318 | 1330

(R
]




4.3 Gas Emission Compositions.

4.3.1. Gas Emissions in the furnace.

Figures 4.8a-4.8d show the CO,. O, CO and NO, concentrations along the
axis of the furnace. for combustion of Coal A in both air and in 30:70-O-'CO-. The
emissions of CO and NOjy are relatively very low and hence. expressed in ppmv. The
emissions of CO, and O, approach the final values at around 1.0 m downstream
from the burner, beyond which there is little change in gas compositions. The NOy
emission profiles also indicate the emission levels almost reach the final values at
about the same point, both for the air and 30:70-O,/CO, cases. Generally the gas
composition profiles in both environments show similar characteristics although the
O, and NOy concentrations appear to reach their final value a slightly further away
from the burner in 30:70-0,/CO, combustion. In combustion with 30:70-O-/CO,, a
significantly higher concentration of CO was measured in the main combustion zone
compared to that in air. which was highly anticipated due to the lower flow rate of
the combustion gas. The CO concentration in 30:70-O»/CO; at 0.42 m from the
burner is almost 12000 ppmv. which is markedly higher than 7800 ppmv in the air
combustion. However. the CO concentration drops rapidly to less than 290 ppmv at
1.50 m downstream from the burner, compare to 310 ppmv in air. and decreases

further to less than 50 ppmv at the furnace exit.
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4.3.2. Flue Gas Emissions.

4.3.2.1. 02 and COZ

In all coal-air combustion tests, the oxygen and CO, concentrations in the
flue gas were uniform and always very close to the nominal value of the calculated
excess oxygen with SR=1.20. In air combustion of Coal A with a firing rate of
around 2.12 kg/h, the O, and CO, concentrations in the flue gas are stable. averaging
at 3.6 % and 15.3 % respectively compared to the calculated concentrations of O,
and CO; from the combustion of this coal in air with SR = 1.20 which are 3.58 %
and 15.31 % dry volume respectively. In 30:70-O,/CO, combustion with the same
coal firing rate, both O, and CO, concentrations were also steady which indicate that
the combustion is always stable. For Coal A. the averaged measured CO; and O, in
the flue gas with 30:70-0,/CO, (Case 8 ) in both primary and secondary are 80.0 %
and 4.7 % respectively compared to the calculated value 79.64% and 4.87%
respectively. The combustion of other coals also resulted in similar trend in which
the measured concentration of flue gas emissions are generally in a close agreement
with the theoretical calculations. In a few test runs with coal G, where entrained air
in the feeder was purged by O,/CO.. a much higher CO, concentartion in the flue
gas of above 90 % was achieved. The maximum calculated CO; concentration that
could be attained in 30:70-0,/CO> is 94.4 %. The CO; concentrations in the flue gas
from the combustion in various mixture O,/CO; are presented in Table 4.3 which

shows that the CO, emission level decreases with higher N> concentrations in the

oxidant.



Table 4.3 The O, and CO; concentration in the flue gas in various combustion media. (Unstaged, SR =1.20, Coal A).

Oxidants Case 1 Case 2 Case 3 Case 4
1% : Air, 2 : Air 1¥: Air, 2" :21:79-0,/CO, 1¥: Air, 2" : 26:74-0,/CO, 1¥: Air , 2™ 30:70-0,/CO,
Measured Calculated Measured Calculated Measured Calculated Measured Calculated
Species % vol (dry) % vol (dry) % vol (dry) % vol (dry)
CO, 15.30 15.31 57.0 66.47 52.7 57.52 52.3 51.38
0, 3.6 3.58 4.1 3.58 4.2 4.04 4.3 4.30
Oxidants Case 5 Case 6 Case 7 Case 8
1% Air, 2™ : 35:65-0,/CO, 1 2 21:79, 2™ : 21:79-0,/CO, 121:79, 2: 30:70-0,/CO, 1¥: 30:70, 2 30:70-0,/CO;,
Measured Calculated Measured Calculated Measured Calculated Measured Calculated
Species % vol (dry) % vol (dry) % vol (dry) % vol (dry)
CO, 46.1 44.98 82.1 88.01 79.0 82.89 79.7 79.64
0, 4.9 4.52 3.5 3.58 4.0 4.42 4.7 4.87
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4.3.2.2. CO

Although a high concentration of CO was measured in the main combustion
zone in both 30:70-0,/CO, and air firing, the CO in the flue gas was always very
low. The average CO emissions in the flue gas from the combustion of Coal A is
around 56 ppmv and 34 ppmv in air and 30:70-0,/CO- combustion respectively.
Similar trend were observed with the combustion of other coals, where low CO
levels in the flue gas of less than 50 ppmv were measured. It was also recorded that
in combustion of Coal A in 21:79-0,/CO,, the CO concentration at the exhaust was

markedly higher than that in air. at over 200 ppmv.

4.3.2.3. SO,

Due to the variation in the gas flow rates in different combustion media, the
comparison of SO, emission in different media is given bv the SO, Conversion

Ratio, (SRsox) which is defined as :

SO,
CR,, = [ J x100% 4.1
>l

2,cal

Where,
SO, (ppmv) is the measured flue gas NO concentration at the furnace exit.
SOy cal (ppmv) is defined such that all of fuel sulphur is converted to SO,.

The conversion of sulphur in the coal to SO, for Coal A in all combustion
media is very high. SO, concentration of 1500 ppmv was measured in the exhaust of
air combustion. which corresponds to 89 % SO, conversion ratio. As expected. due

to a lower flow rate of combustion gas. SO, concentration is significantly higher in



30:70-O5/CO,. at around 2050 ppmv. However the SOy conversion. CRgey in
30:70-0,/CO; (CRgox = 90.0) is very similar to that in air firing (CRsoy = 89.6 %).
The SO conversion in 30:70-0,/CO; combustion is also only slightly higher than in
21:79-0,/CO; (CRsox = 86.0 %). Similar results were obtain from the combustion of
other coals. For Coal B. in which sulphur content is slightly lower than Coal A. the
SO, concentration in the flue gas in air combustion is 990 ppmv which corresponds
to CRsox = 79.5 %, compared to 1340 ppmv in 30:70-0,/CO- combustion (CRgoy =
79.1 %). For Coal F. the SOy conversion in 30:70-O-/CO, is 76.9%. which is

slightly less than that in air (CRsox = 79.9%).

4.3.2.4. NOy

The average NOy concentration in the exhaust gas in normal air combustion for
coal A is 835 ppm which 1s 12 % lower than 930 ppmv as in 30:70-0,/CO,. This
variation in NOy concentrations is partly due to the difference in the flue gas flow
rate between the two combustion media. Therefore. NO, conversion ratio, CRyox(%)

is used to compare the NOy emission, where,

cal

CR,,, = ( ]]VVOQ’ ]x 100% e 42a

Where,
NO. (ppmv) is the measured flue gas NO concentration at the furnace exit.
NO.a (ppmv) is defined such that all of fuel Nitrogen is converted to NO.

The Relative NO, Conversion Ratio. (CRnoy): is the ratio of NO, conversion n

a combustion media relative to that in unstaged air combustion.



(CR NOx ) 0

CR.,.) =
( NOx )r (CRNOX )L“r

........................................... +.2b

Where,

(CRnox)o 18 the NOx Conversion Ratio of a particular coal in unstaged 0> CO,

combustion.

(CRnox)air 1s the NOy Conversion Ratio of a particular coal in unstaged air

combustion.

Figure 4.9 presents the relative NOy Conversion Ratio. (CRx); in various
0,/CO;, concentrations for Coal A. which show that the combustion media has a
major influence on the NOy formation in the furnace. Table 4.4 shows the NOy
concentrations in the flue gas and the corresponding NOy conversion ratio, from
combustion of Coal A in various media. The NOy conversion is significantly lower
in combustion with high CO, concentrations and increases with higher O
concentration in the oxidants mixture. The NOy conversion in 30:70-O-/CO»
combustion is significantly lower at 22.7 % compared to 27.7 % in air, which
corresponds to 18.1 % less in the total furnace NO, emissions. The NOy
concentration in the flue gas is less than that of air firing when only the secondary air
was replaced by the O,/CO, mixture, even in combustion with high O-
concentrations of above 30 % (Case 5). Replacing the secondary air with 21:79-
0,/CO, (Case 2) reduces CRyox to 12.1%, which corresponds to 56.5 % NO,
reduction. In combustion with 21:79-0,/CO; in both primary and secondary

oxidiser. CRyoyx is just below 7 % which is about one-fourth to that in air

combustion.

—
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Similar results were obtained from the combustion of the other coals. Figure
4.10 shows the the NO, emission and conversion in 30:70-0,/CO, compared to those
in air combustion, and the detail figures are shown in Table 4.5 For all of the tested
coals, combustion in 30:70-0,/CO, produces lower NOy than combustion in air.
however, the conversion of NO, varies between coals. The relative NOy conversion
in 30:70-0,/CO, varies markedly from as low as 0.60 as in the case of Coal F. to
around 0.90 for coal G. which indicate that the NO, conversion seems to depend on
the reactivity (coal fuel ratio) of the coals. It is also noted that, for less reactive coal
(Coal D, E and F) the NOy emissions (in ppmv) in 30:70-0,/CO- was also lower
than those in air combustion. Figure 4.11a and 4.11b show the variation of CRxoy
and (CRyox)ret With coal fuel ratio which show a high linear correlation between the
two parameters. The NOy conversion decreases with the increasing fuel ratio, and
the variation with coal fuel ratio is more significant in 30:70-0./CO,. Figure 4.12a.
4.12b and 4.12¢ show the variation of NO, Conversion Ratio with coal-volatile and
coal-N respectively which indicate that for the seven tested coals, CRxoy is also
influenced by these two coal properties particularly in 30:70-O,/CO,. For unstaged
air combustion, the NOy concentration (ppmv) increases with the increasing coal-N
whereas for 30:70-0,/CO,. NOx emission seems to be decreasing. However. the
NO, conversion ratio decreases with the Coal-N in air combustion and this trend is
more obvious in 30:70-0,/CO,. The NOy conversion ratio increases with the
increasing coal-volatiles, and compared to that in air. the dependence scems to be
more for 30:70-0,/CO,.The NO, conversion is also affected by the present of small
amount of air in 30:70-0-/CO-. when the coal entrainment air was purged by 30:70-

0,/CO, for combustion of Coal G, (CRnox); decreases slightly from 0.89 to 0.86.



Table 4.4. NOy emission levels and NO, Conversion Ratio (CRyo,) in various combustion media (Unstaged, SR = 1.20, Coal A).

Fuel: Coal A
Combustion Test Case 1 Case 2 Case 3 Case 4 Case S Case 6 Case 7 Case 8
Oxidants:
1st Air Air Air Air Air 21:79-0,/CO, | 21:79-0,/CO; | 30:70-O,/CO;
2nd Air 21:79-0,/CO;, | 26:74-0,/CO; | 30:70-O,/CO, | 35:65-0,/CO, | 21:79-0,/CO, | 30:70-O,/CO, | 30:70-0,/CO,
Max. NO_, (ppmv) 3011 3010 3400 3619 3803 3010 3714 4095
NO. (ppmv) 835 363 580 771 839 210 380 930
CRnox (%) 27.7 12.1 17.1 213 22.0 7.0 10.2 22.7
(CRyoo)r (-) 1.0 0.44 0.62 0.77 0.79 0.25 0.37 0.82
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Table 4.5. NO, emission levels and NO, Conversion Ratio (CRyey) in air and in 30:70-O,/CO,, for All Coals (Unstaged. SR = 1.20).

Coal A Coal B Coal C Coal D Coal E Coal F Coal G
Coal fuel ratio, FR (-) 1.93 1.69 1.73 1.86 1.91 2.33 1.54
Coal-N, daf (%) 1.89 1.71 1.77 1.49 1.88 2.04 1.59
Coal-volatile, daf (%) 34.15 37.23 36.61 35.02 34.39 30.02 39.28
Max. NO¢y (ppmv) 3010 2753 2900 2390 3084 3410 2297
Air NO. (ppmv) 835 845 895 807 937 1042 913
CRyox (%) 27.7 30.7 30.9 33.7 30.4 30.6 39.8
Max. NOg, (ppmv) 4095 3744 3944 3250 4191 4632 3131
30:70-0,/CO, NO. (ppmv) 930 995 1043 772 832 850 1110
CRyox (%) 22.7 26.7 26.4 23.8 19.9 18.4 35.5
(CRuow): (-) 0.82 0.87 0.86 0.70 0.65 0.60 0.89
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Figure 4.9. NO, Conversion Ratio (CRyo) 1n various oxidants mixtures relative to that in air combustion.
(Unstaged. SR=1.20. Coal A).
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4.4. Unburned Carbon in Ash and Char Burnout Efficiency.

It is known that the carbon concentration in ash from coal combustion
depends on the ash content of the coal and hence the combustibility of coal is
characterised by the burnout efficiency and not only by the carbon concentration in
ash. The percentage of char burnout efficiency. 7,0 is calculated by the following
equation: (Ikeda et al.,2003) and (Costa et al.. 2003).

(o, /w,)
Mso (-,

x100% 4.3

where,
@, 1s ash weight fraction in coal.

wx 1s ash weight fraction in char.

From all combustion tests, high burnout was achieved with coal combustion
in air and the value varies between coals and combustion media. Figures 4.13a and
4.13b show the char carbon in ash from the combustion of Coal A and the
corresponding burnout efficiency, in air and various combustion media, respectively.
The average carbon concentration in the ash in air combustion is 12.4 % which
corresponds to 98.2% burnout efficiency. The carbon content in ash increases with
higher CO; concentration in the oxidant. Combustion in 21:79-O,/CO; produces

19.2% carbon in ash which corresponds to a burnout of only 96.8 %. The average
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carbon concentration in the ash in 30:70-0,/CO, combustion is significantly lower at

5.2%. which corresponding to 99.3% in burnout efficiency.

Generally. compared to those in air combustion, the burnout efficiency of all
coals 1s significantly higher in 30:70-O,/CO> combustion. Figure 4.14a presents a
comparison of carbon concentrations in ash in 30:70-0-'CO5 to those in air
combustion for all coals and the corresponding burnout efficiency is shown in Figure
4.14b. which show that higher burnout efficiency is attained in 30:70-O> CO,. The
combustion efficiency in air varies from 92.5% for Coal F to 98.5% for Coal B
whereas in 30:70-O,/CO-. the values vary between 95.0° for Coal F and 99.3 % for
Coal G. A few test runs on coal G with 50:50-O-/CO- in the secondary oxidant

produced a higher burnout of more than 99.6 %.

The results also show that the burnout efficiency is influenced by the coal
fuel ratio, both in air and 30:70-O,/CO,. Generally higher burnout efficiency is
obtained from the combustion of coal with lower fuel ratio. as shown by Figures
4.15a and 4.15b. The detailed figures on ash and burnout efficiency for all coals are
presented in Table 4.6. The burnout efficiency of the combustion for each coal could
be linked to the NOy reduction efficiency in the combustion. The plot shown in
Figure 4.16a indicates that NOy conversion ratio increases with the coal burnout

efficiency for both air and 30:70-O»/CO- combustion. as shown in Figure +4.16b.
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Table 4.6. The carbon concentrations in ash and char burnout efficiency in Air and 30:70-O,/CO, combustion, and the effect of air/oxidant
staging on burnout efficiency.

1st & 2nd Oxidants: Air 30:70-0,/CO,
Combustion Conditions Normal SR=1.20 Staged SR;=0.80 (L,) Normal SR=1.20 Staged SR;=0.80 (L.,)
Burnout Burnout Burnout Burnout
Carbon in Ash ) Carbon in Ash Carbon in Ash ) Carbon in Ash )
Efficiency Efficiency Efficiency Efficiency
Ca (%) Ca (%) Ca (%) Ca (%)
N0 (%) N0 (Ye) N0 (%) Nso (%)
Coals:
Coal A 12.43 98.17 14.38 97.83 5.21 99.29 5.28 99.28
Coal B 10.38 98.49 13.37 97.98 8.01 08.86 8.15 08.84
Coal C 22.61 98.13 26.93 97.64 18.03 98.59 21.96 98.20
Coal D 25.04 95.82 25.54 95.71 17.43 97.23 18.40 97.18
Coal E 30.39 94.10 31.95 93.65 26.06 95.23 27.20 94.95
Coal F 38.14 92.46 39.82 91.91 29.50 94.89 29.02 95.00
Coal G 5.97 08.18 2.50 99.26 7
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Figure 4.14a. Carbon concentration in ash (C,) from air and 30:70-O-/CO> combustion for all coals. (Unstaged, SR—1.20).
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for all coals. (Unstaged. SR=1.20).
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tor all coals. (Unstaged. SR=1.20).
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4.5. Staged Combustion.

Two-staged combustion conditions were achieved by diverting a proportion of
the secondary air/oxidant to the tertiary air/oxidant to change the burner
stoichiometric ratio SR;, while maintaining the overall furnace stoichiometric ratio
SR at 1.20. The staged combustion tests were conducted with SR; between 0.80 and
1.20. The staged or tertiary air/oxidant was introduced at two different port

positions, either at L, (0.57 m) or L, (0.88 m) downstream from the burner.

4.5.1. Effect of Oxidant Staging on Temperature.

Generally gas temperature profiles in the furnace in the staged combustion are
similar to those in normal air combustion. Figures 4.17a shows the effect of air
staging on the furnace gas temperature of combustion of Coal A. with SR;=0.80,
where one-third of total combustion air (or 40 % of stoichiometric oxvgen) is
diverted as the tertiary air. Air staging reduces temperature in the regions close to the
tertiary gas inlet port, but the peak and the furnace exit temperatures are almost
unchanged. The reduction of temperature in the combustion zone were more
pronounced in higher staging (lower SR;) conditions and from the introduction of
staging air/oxidant further downstream at L. Figure 4.17b shows the effect of a
similar oxidant staging on 30:70-O,/CO, combustion, which show comparable
overall temperature profiles to those in unstaged combustion. Compared to those in
air firing, the combustion zone temperature reduction by oxidant staging is smaller
in 30:70-0,/CO, combustion. Similar variation in temperature profiles for staged

combustion in both air and 30:70-O~/CO, are also obtained from the combustion of

the other six coals.
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Figure 4.17a. The effect of air staging on temperature profiles inside the furnace. (SR,;=0.80. Coal A).
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Figure 4.17b. The effect of oxidant staging in 30:70-O,/CO5. on temperature profiles inside the furnace. (SR;=0.80, Coal A).
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Figure 4.18a. I'luc gas emissions from staged-air combustion. (Coal A).
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4.5.2. Effect of Oxidant Staging on Flue Gas Compositions.

Figures 4.18a and 4.18b show the flue gas emissions from the staged-air and
staged-oxidant in 30:70-O»/CO; combustion for Coal A, respectively. Apart from the
general reduction in the NOx emissions by air/oxidant staging, the flue gas emissions
compositions in both media are similar to those in unstaged combustions. Similar

results were obtained from the staged combustion of the other six coals.

4.5.3. Effect of Oxidant Staging on Burnout Efficiency.

As presented in Section 4.4, the burnout efficiency in unstaged combustion for
all tested coals are significantly higher in 30:70-O,/CO, than those in air firing. The
effect of air or oxidant staging on the unburned carbon concentrations in the ash and
char burnout efficiency are illustrated in Figures 4.19a & 4.19b. and the details are
presented in Table 4.6. For each coals. the carbon concentration in ash is slightly
higher in staged air combustion compare to those in normal combustion and the
corresponding burnout efficiency decreases between 0.11% to 0.55 %. However,
compared to unstaged 30:70-O,/CO, combustion, oxidant staging only marginally
reduces char burnout efficiency. For reactive coal such as Coal B, air staging reduce
burnout efficiency by 0.34 % in air combustion but in 30:70-0,/CO;, the burnout

efficiency is almost unchanged by oxidant staging.

4.5.4. NO, Reduction Through Staged Combustion.

Air staging is a combustion technique in which furnace emission of NO, 1s
reduced by the combustion of coal particles in fuel-rich conditions. Figures 4.20a &
4.20b show NO, concentrations at the furnace exit in both air and 30:70-02 CO;

staged combustion of Coal A. with different staging ratios and staging oxidant
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injection locations. Figure 4.21a & 4.21b show the corresponding NO, conversion
ratio from the combustion in both media. As expected. air staging significantly
reduces NOy concentration in air combustion. The NOy reduction increases as the
burner stoichiometric ratio, SRy, decreases, and staging further away from the burner
at L, facilitates higher NO, reduction. Air staging with SR, = 0.80 at L, reduces NO,
concentration from 835 to 296 ppmv. (CRyoy decreases from 27.7% to 9.9%0) which
corresponds to about 65 % reduction. Staging with SR; = 0.80 at L, reduces NO,
concentration to about 450 ppmv (CRyox =15.0 %) which corresponds to only about

46 % NOy reduction.

Similarly. in 30:70-O,/CO, combustion. oxidant staging reduces NO,
concentration as effectively as in air combustion. The NO, reduction efficiency by
oxidant staging with SR; = 0.80 at L; in 30:70-0,/CO, combustion is significantly
lower at only 36 % compare to 46 % in air. However, there is only a small difference
in the NOx reduction effectiveness in the two media by staging at L>. Staging with
SR; = 0.80 at L. in 30:70-O,/CO, combustion produced a slightly higher NOy
reduction, 68 % compared to 65 % as in air combustion. Similar results were
obtained from the combustion of the other reactive coals such Coal B and coal C. in
which the reduction in the NO, coversion in both oxidants. particular staging at L.
are similar. However the NOy reduction efficiency is markedly lower in staged
combustion in both air and 30:70-0,/CO, for less reactive coals such as Coal E. as
shown Figures +.22a & 4.22b . The differences in NOy reduction efficiency in
staged air combustion compared to staged oxidant in 30:70-O,/CO: of the difterent
coals with the same staging condition are presented in figures 4.23a & 4.23b which

show that for reactive coal (Coal B). staged combustion in 30:70-O2CO, is as
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effective as in air combustion, whereas for less reactive coal (Coal F). the

effectiveness of oxidant staging in 30:70-0,/CO, s less that in air case.

The Effectiveness of NOy reduction by air/oxidant staging is measured by the

Relative NOy Reduction, Ryoy. which is defined as

(Kurose et al. 2004)

R _ (CR,\'OX ) unstg - (CR\ ()x ) sig
ox = k.. )m,g ......................... 4.4

Where,
(CRnox)stg 1s the NO, Conversion Ratio in staged combustion.,
(CRNox)unstg 15 the NOy Convresion Ratio in unstaged combustion.

Figure 4.24a & 4.24b shows (CRyox):, the ratio of CRx( in both, staged air
and staged 30:70-0,/CO, with SR; = 0.80 at at L, and L-. relative to those in
unstaged combustion for each tested coal. The results show that the etfectiveness of
oxidant staging in reducing NOy in staged combustion in both air and 30:70-O,/CO-
varies between coals. Figure 4.25 shows the variation of the NO, reduction
efficiency (Rnox) through air staging with SR1=0.80 at L, on the coal Fuel Ratio
(FR) and the corresponding effect of oxidant staging in 30:70-O,/CO-. Air staging at
this condition reduces NOy between 50% for less reactive Coal F. to around 63 %o as
in more reactive Coal B. The corresponding conditions of staged combustion in
30:70-0,/CO; reduce NO, between 44 % and 73%. The difference in NO, reduction
efficiency by staged combustion between these two coals are illustrated in figure
4.26a and +.26b. The result also show that for more reactive coals the effectiveness

of staging on NOy reduction in 30:70-0,/CO- at L are higher than those for staged
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air combustion whereas for less reactive coals. NO, reduction is smaller for staged-
30:70-0,/CO,. Oxidant staging closer to the burner at L; generally results in less
NOy reduction in 30:70-O,/CO; compared to those in air as indicated by the
corresponding features shown in Figure 4.24a. However. compared to those in
unstaged combustion in air. the NOy emission in 30:70-0,/CO, staged combustion
for all coals are significantly less. These overall furnace NO, emission reductions
(Rnox)air Vary between 60 % for less reactive coals to 77 % for the more reactive
coals, as shown in Figure 4.27. The detailed figures of NO. conversion and NOx

reduction in air/oxidant staged combustion of all coals are summarised in Table 4.7.

xidant can be reduced.
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Figure 4.24a. The NO, conversion in staged air and staged 30:70-0,/CO> relative to unstaged combustion
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Figure 4.24b. The NO, conversion in staged air and staged 30:70-0,/COx relative to unstaged combustion
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Figure 4.26a. NO Reduction efficiency — The effect of oxidant staging on NO,
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Table 4.7 The Relative NO4 Conversion in staged combustion to those in unstaged combustion, (CRyoy),, and the NOy reduction Ryox and
(Rnox)air for all coals.
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Ist & 2nd Air 30:70-0,/CO,
Oxidants:
Staged
) Unstaged Staged SR;=0.80, | Unstaged
Combustion SR;=0.80, L, Staged SR;=0.80, L, (0.57 m) Staged SR,=0.80, L., (0.88 m)
o SR=1.20 L,(0.88 m) SR=1.20
Conditions (0.57 m)
|
Nox CRNOx RNOX RNOx CRNOX RNOX (CRNOx)r (RNOx)air (CRNOx)r RNOx (RNOx)air
. (CRNOx)r (CRNOx)r (CRNOx)r (CRNOx)r
Conversion (%) (%) %) | (%) @) | @ | @ | w | () (%)
Coals:
Coal A -
27.7 0.539 46.1 0.355 64.5 22.7 0.637 36.3 0.522 47.8 0.320 68.0 0.262 73.8
Coal B 30.7 0.596 40.4 0.350 65.0 26.6 0.528 47.2 0.459 54.1 0.268 73.2 0.233 76.7
Coal C 309 0.619 38.1 0.373 62.7 231 0.627 373 0.537 46.3 0.336 66.4 0.287 71.3
Coal D 33.8 0.703 29.7 0.439 56.0 26.4 0.835 16.5 0.588 41.2 0.562 43.8 0.396 60.4
Coal I 304 0.672 32.8 0.461 53.9 19.8 0.717 28.3 0.469 53.1 0471 52.9 0.308 69.2 |
(CoalF 30.6 0.674 | 326 | 0.504 | 49.6 184 | 0816 | '84 | 0400 | 510 | 0542 | 458 | 0326 | 674
‘ Coal G 39.8 35.5




4.6. Recycled NO, Tests.

In coal combustion with recycled flue gas, the reduction in overall NO,
emissions in the furnace exhaust has been be attributed partly due the decreased of
the recycled NOy to molecular nitrogen in the combustion zone. In the recyveled NO,
tests, 5% of NO in N, was added and mixed with the different streams of oxidants
to simulate recycled NO in air and O,/CO,_ in both normal and staged combustion.
The concentrations of the recycled NO is in the range of 500-1500 ppmv. which
represens the amount of recycled NO expressed in the unit of NO concentration at
the furnace exit in each combustion media. The NO was introduced at three different
locations, through the burner (1% or 2" oxidants) and through the staging
air/oxidizer (3rd oxidant), in three different combustion conditions (unstaged. staged
at L, staged at L,) in combustion with either air or 30:70-O,/COx.

The introduction of NO to the combustion zone immediately affected the NO
concentrations in the flue gas, however NO emission levels quickly stabilised to the
measured average values. Figure 4.28 shows the effect of the addition of NO to the
1° and 2™ oxidant stream for air combustion of Coal A, which indicates that the

increment and reduction in the NO emissions are uniform and quickly stabilised
accordingly. The NO reduction efficiency of the recycled NO. 77x0 (%) is defined as:

(NO, - NO,)
NO

r

x100% (4.5)

Mvo =

Where,

NO. (ppmv) is the flue gas NO concentration at the furnace exit.



NO, (ppmv) is the flue gas NO concentration at the furnace cxit without

recycled NO,

NO: (ppmv) is the amount of NO injected to the furnace through oxidant lines.

The effects of the combustion media, combustion conditions, recycled NO
concentrations and locations on the reduction of recvcled NO are presented in the

next section.

4.6.1. Effect of Combustion Media.

Figures 4.29a and 4.29b show a comparison of the fate of recycled NO in
unstaged air and 30:70-0,/CO, combustion when NO is added into the stream of the
primary or secondary oxidant respectively, for all coals. The NO reduction
efficiency. #vo in air combustion when NO is introduced to the primary oxidant
varies from 60 % to 72 % and the values are almost identical when NO is injected
into the stream of the secondary oxidant, where the differences in #.o between the
two injection location are within 1%. The reduction efficiency of recyveled NO is
significantly higher in 30:70-O,/CO- in all coals and the value varies from 67 % 88

%. More NO is also reduced in staged 30:70-O,/CO> than in staged air combustion.

4.6.2. Effect of Combustion Conditions and NO Injection Locations.

Figure 4.30 shows the effect of oxidant staging and the NO recycling location
on the reduction efficiency of the recycled NO in air and 30:70-O,/CO, for Coal A.
In air combustion. changing the combustor conditions from unstaged to staged
combustion results in more reduction of the recycled NO when NO is recycled in

either primary or secondary oxidant stream. Staging at L> results in a higher
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reduction efficiency than staging at L;. The NO reduction efficien<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>