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Available online 15 November 2020 In order to ensure that the new coal will not cause adverse effect to the boiler, detail
analytical and thermal performance of the new coal is investigated. The investigation
is carried out with standard design and other limiting coals. The combustion test was
performed in a scaled down, 150 kW, single swirl burner combustion test facility
available in TNB Research Sdn. Bhd. Malaysia. In the study, combustion gas
temperature at different sectors downstream of burner region is measured to
determine the peak temperature for all tested coals. Based on the investigation, it was
noted that coal with the highest fixed carbon content gives the highest temperature
measured at all sectors. On the other hand, coal with the lowest fixed carbon gives the
lowest temperature. The temperature profile for the newly tested coal was found to
be reasonable and comparable to the design and limiting value coals. Even though it
was observed that the temperature given by the new coal is the highest slightly
downstream of the burner, the temperature was observed to decrease as combustion
gas flow further downstream of the combustion test rig. Based on the observation it
can be said that the new coal is suitable to be used by the existing boiler furnace.
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1. Introduction

For the past decades until now, coal has been widely used in the world for various purposes and
one of the significant users of coal is power generators. It is known that pollution generated from
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coal combustion is harmful to human and environment, but it cannot be denied that the world’s
dependency on coal as the main source for energy is still significant. In recent years, coal quality
degradation had caused negative impact to many coal-fired power plants. The current fuel
acceptance practice relies on coal certificate of analysis for assessment of newly-introduced coal
before firing at power plant, however this practice is insufficient that it does not describe combustion
behaviour of the coal sample. In Malaysia, research on coal qualification to achieve the requirements
of coal-fired power plant has not been widely explored, hence this offers a gap and opportunity for
study of the assessment of newly-introduced coals through analytical and combustion tests.

Among coal-related technologies adopted by many operators to diversify combustion methods is
co-firing. Co-firing is an advanced mitigation strategy that could overcome coal degradation issue. It
can be broken down into three types namely direct co-firing, indirect co-firing, and gasification-based
co-firing [1,2]. Direct co-firing requires mills to crush and pulverize the biomass before being
transporting them into the boiler, either separately or combined (blending with coal) [3-5]. The
indirect co-firing requires a separate biomass boiler for further steam utilization process [1]. The
gasification process, on the other hand has high fuel flexibility due to the combination of the
gasification of solid biomass or other fuels and combustion of the fuel gas product in the boiler [6-8].
In addition, torrefaction is another promising co-firing technology in which the biomass volatiles will
be decomposed and the remaining final solid product is produced [9-10]. Roni et al., carried out a
comprehensive overview of existing biomass co-firing application worldwide and concluded that
pollutants emission could be reduced instead of providing a better solution against deforestation
[11]. Li et al., also discussed the issue and concluded that increases of biomass constituents would
decrease the net emissions of COz and NOx during co-firing process [12]. Among additional benefits
of co-firing are low fly ash collected in the hopper and high percentage of burnout particles at furnace
outlet as reported by Milicevic et al., [13]. However, this new technology needs further engagements
with boiler engineers and operators based on the experiences of the developed countries [13].
Adverse effect such as decreased boiler efficiency is possible due to the presence of high moisture
content in the biomass fuel [12]. Therefore, further studies on the drawbacks e.g. ash deposition,
corrosion, fly ash utilization, etc. are necessary to prevent any unwanted event during firing [12].

Another promising solution to coal degradation issue is coal-blending. The common strategy is by
blending low-grade with higher-grade coals [14]. Studies on this subject were abundant by past
researchers using their own blending ingredients. Coal blending can also be a useful tool to reduce
the concentration of sulphur, mercury and other pollutants [15-18]. Generally, there are two
approaches in determining blend ratio, i.e. computational analysis and analytical fuel tests. Xi et al.,
used multi-objective decision-making method based on fuzzy mathematics to determine the
optimum blending ratio [19]. Adaptive Simulated Annealing Genetic Algorithm (ASAGA) was also
used by past researchers to optimize the coal blend properties [20]. In addition to having a powerful
optimizing ability, genetic algorithm also provides impressive computing speed [21]. Due to its
limitation however, this basic algorithm always produced insufficient information, also known as
“premature” outcome [22]. Above all, these methods might not be sufficient to illustrate and
describe the complexity of combustion behavior during actual coal firing. As mentioned by Biswas et
al., furnaces are designed to use specific fuels, and the substitution of the designed coal as well as
the unpredictability of blended coal behaviour have become a great challenge for the plant operation
[23]. Prediction of combustion behaviour inside the furnace cannot be made on the basis of these
conventional analysis alone. The blended coal composition may resemble the design coal, but the
blend behaviour during the combustion may not be the same as expected [24]. The complexity of co-
fired reaction of different blended coal ranks at the burner zone triggers the need for combustion
test to allow real physical coal firing and investigation of combustion behaviour in pilot-scale furnace
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[25]. Thus, the need of combustion test is crucial in the study of the coal blend combustion behaviour
in a furnace. This work aims to investigate the viability of a newly introduced coal to be blended with
a commonly used coals in an existing power plant boiler. The blend coals were first tested in a pilot
scale combustion test rig and the focus of investigation is given towards temperature profiles and
the ash deposition produced when the new coal was introduced.

A number of analytical properties could be summarised into one temperature profile which gives
an overview of the combustion behaviour. The scaled down combustor might not be similar to the
power plant boiler, however the comparison of combustion tests between different coals could be
made using the scaled-down combustor. It is important to have consistent combustion parameters
such as excess air, coal flow, secondary air temperature and etc. to prevent biasness between the
combustion tests. This was proved by Toshiyuki et al., who studied the characterization and
behaviour of pulverized coal combustion and highlighted that less excess air leads to oxygen
deficiency which in turn, results in increasing of unburned coal while reducing the NOx emissions [26-
30]. However, Debo et al., concluded that an increase in air fuel ratio results in a reduction of CO
formation. The CO would then react with excess oxygen to produce carbon dioxide. It was also
observed that the emission of NOx pollutant may also increase [31]. Thus, the optimal amount of 10-
15 % excess air is required for a common boiler combustion process [32]. These studies also proved
that proper controlling sets of parameters were the key factor in enhancing combustion efficiency.
To conclude, the temperature assessment of the new coal will be compared with power plant
baseline coals through analytical and combustion tests to determine the suitability of the new coal
to be applied at power plant.

2. Methodology
2.1 Analytical Test
2.1.1 Thermogravimetry analyser (TGA)

The TGA measures four basic properties of the coal sample namely inherent moisture, volatile
matter, fixed carbon and ash content based on sample weight loss for a specific heating program.
Other important parameters that could be deduced from the TGA plot are ignition and burnout
temperatures, where the former indicates the minimum temperature at which the fuel ignites
spontaneously, while the latter indicates the temperature at which the fuel conversion reaches 99
%. This is shown in Figure 1 (Note that a random coal sample is used in the figure for discussion).
Note that the blue and red lines indicate mass and rate change of mass respectively. From this figure,
the ignition temperature can be determined by identifying the initial point where coal mass starts to
drop significantly, consumed due to combustion. In this figure, it is illustrated by the point, Tignition.
These values are then used to measure the overall combustibility index of the samples using Eq. (1).

Theoretically, the higher the index, the better the combustibility. However, if the ‘designed coal’
of a specific boiler is to be replaced, a new coal with the closest combustibility index value is always
preferred. Maintaining this value would ensure the hotspot region or the flame profile of the new
coal to mimic the ‘designed coal’. In addition to this, several other factors such as combustion
stability, coal particle trajectory trend and etc. have to be assessed as well. Please note that for coal-
fired boiler applications, coal that has higher combustibility index (as compared to the designed coal)
would potentially generate flame hotspots near the burner, while coal with a lower combustibility
index would stretch the flame further downstream. The former usually leads to slag build-up at the
radiation zone while the latter would increase the risk of secondary flame and related issues.
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Fig. 1. Thermogravimetric data analysis (the blue and orange lines indicate the weight and
rate of change of weight respectively)

dW/dt(max) x dW/dt(mean)

Combustibility Index, Si [33] = (1)

Ti2 x Tb
where
‘Z—V: (max) = max rate of change of weight (mg/min)
Z—V: (mean) = mean rate of change of weight (mg/min)
Ti = Ignition temperature (°C)
Tb = Burnout temperature (°C)

2.1.2 CHNSO analyser

The main elemental components of the coal under investigation are determined using a CHNSO
analyser. This information is important in determining the stoichiometry ratio of air and
fuel, AFRstoichiometry t0 achieve complete combustion using Eq. (2).

m .
AFRecr i = Dsair 2
Stoichiometry ms,fuel ( )
The ratio is then used to determine both mass flow rates of air and fuel for the combustion
testing. Note that the excess air of 10 % (ER = 1.1) is used for all combustion tests reported in this
study. The equivalence ratio is then determined using the following definition.

Equivalent Ratio (ER) = —2 RActual (3)

AFRStoichiometry
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To ensure a reasonable comparison between one sample to another, the mass flowrate of coal
(Mg fuer) is fixed at 10 kg/hr. The air-to-fuel ratio and air mass flowrate are determined using Eq. (4)
and Eq. (5) respectively.

AFRpctua = el (4)

ma,fuel
ma,air = ER X AFRStoichiometry X ma,fuel
2.2 Combustion Test

Figure 2 shows the schematic diagram of the 150 kW combustion test rig used for the combustion
analysis. The combustion test rig is equipped with a single swirl burner that has a fuel feed capacity
of 10 — 40 kg/ hour, slagging and fouling probes, K-type thermocouples at combustor sections as well
as a flue gas analyser. The combustor main sections consist of the air and fuel inlet, main combustion
section, heat exchanger and cyclone. The rig is also equipped with high temperature glass window to
allow observation on the flame profile and measurement of heat and temperature using thermal
camera. The facility is capable of carrying out complete combustion tests that enable temperature
profiles/ flame structure, ash deposition formation and flue gas emission analyses to be measured.
The combustor is arranged in an L-shape configuration to mimic a real boiler configuration, whereby
the radiation (high temperature furnace/ flame zone) and convection zones could be differentiated.
In addition, both radiation and convection zones are equipped with slagging and fouling probes to
collect the deposited ash at the probe surface once combustor temperature is cooled below 50 °C
after the combustion test is completed.

Primary air is used as a medium to transport the solid fuel sample while the secondary air acts as
an oxidising agent for the combustion process. Based on this analysis, prediction of flame behaviour
such as combustion delay can be determined and the thermal properties from thermogravimetric
analysis can be justified.

Coal +
Primary air +
Secondary air

Furnace Flue gas

Slagging | /%"

Burner

High Temp.
glass windows

Fig. 2. Schematic diagram of a combustion test rig [34]

To ensure the combustion testing results are meaningful and comparable, the swirl burner angle,
fuel feed rate and air to fuel ratio (A/F) for each test were maintained at 7.5°, 10 kg/hr and 10 %
excess air respectively. Details of the combustion test parameters for this work is shown in Table 1.
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Table 1

Parameters for combustion test

Parameters Coal X Coal A Coal B Coal C
Fuel

Flowrate (kg/hr) 10 10 10 10
Swirl Burner

Swirl Angle (°) 7.5 7.5 7.5 7.5
Primary Air

Temperature (°C) 27 27 27 27
Flowrate (m3/hr) 5.5 5.5 5.5 5.5
Secondary Air

Temperature (°C) 250 250 250 250
Flowrate (m3/hr) 82.2 77.8 95.3 77.0
Air to fuel ratio

Equivalent Ratio 11 1.1 1.1 1.1

2.3 Coal Samples

In this study, coal gravimetric analysis and combustion test is carried out on 4 different coal types,
namely Coal A, Coal B, Coal C and Coal X. The power plant boiler has a 700 MW capacity, adopting
tangential-firing system. It is designed to fire specific range of coals. During operation, Coal A is
preferred due to its impressive combustion performance. Coal B is less preferable due to extremely
high combustion gas temperature and high ash deposition. On the other hand, Coal C produces low
combustion gas temperature that will lead to high coal consumption for similar output. In this work,
Coal A is used as a designed coal while Coal B and Coal C (used as limiting values) are considered as
the bad coals due to extreme high and low temperature generated at power plant. Coal X is a newly
introduced, sub-bituminuous coal, yet to be fired in the same power plant boiler furnace. However,
due to the unknown effect and boiler response to this coal, detail analysis and combustion test needs
to be carried out to ensure that it does not have a negative implication to the existing boiler.

The results of analytical tests (i.e. proximate and ultimate analyses) are used to prepare and
illustrate the combustion behaviour of four different coal samples, while the temperature profiles
obtained from the combustion tests are used to further analyse the actual combustion behaviour of
the samples. The global stoichiometry of each fuel and the amount of air needed in terms of volume
flow rate is calculated using the ultimate analysis (as-determined) as presented in Table 2. The
secondary air flow rate for each coal are different to maintain approximately 15-20 % excess air in all
coal combustion cases.

3. Results and Discussions
3.1 Analytical Test Results

Results from the analytical tests are tabulated in Table 2 Comparing between different coals, it
was noted that the most of the properties are in closed range except for a few significant differences
for some parameters. Based on the results obtained, Coal X is expected to give combustion delay due
to its lower volatile matter and higher ignition temperature as compared to Coal A. Besides, higher
fixed carbon is found for Coal X as compared to the designed coal i.e. Coal A indicates a higher energy
released and higher temperature generated during combustion process. However, these
assumptions are insufficient without supporting information, hence combustion test analysis is
required to justify the assumptions mentioned. Ash content for Coal X is higher than the designed
coal which could lead to a higher ash deposition propensity. In addition, high ash content could also
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lead to a low flame temperature generated during firing due to low combustible elements. Study of
the flame profile resulting from this coal was beyond the scope of this paper. Please note that all the
analytical tests are conducted repetitively to obtain a reliable and consistent data.

Table 2
Analytical test results
Properties Sample Type
(Air dried basis) X A B C
K% Moisture (Inherent) % 9.63 13.30 6.55 13.45
r_% Volatile Matter % 39.41 43.80 40.98 42.30
S Fixed Carbon % 44.14 41.25 45.32 40.50
% Ash Content % 6.83 1.65 7.16 3.75
£ Tignition °C  379.33 343.10 384.80 340.10
’é Tbhurnout °C  938.93 938.80 940.05 939.70
o Combustibility index, Si (10°) °C  1.63 1.69 1.70 1.55
Carbon (C) % 63.00 61.80 73.45 60.80
% 2 Hydrogen (H) % 6.00 5.63 5.76 5.62
£ = Nitrogen (N) % 1.74 1.09 1.46 0.95
5 & Oxygen(0) %  11.97 16.26 5.10 15.31
Sulphur (S) % 0.83 0.27 0.53 0.11

3.2 Temperature Profiles and Flame Behaviour of Different Coals

Comparison of temperature measurement at four different combustor sections (refer Figure 2)
for different coal samples are shown in Figure 3. All coals under test show almost the same
temperature profiles as temperature is measured from sector 1 just downstream of the burner to
sector 4, just before the 90° turns towards the heat exchanger. Coal B gives the highest temperature
consistently throughout the sectors except for sector 1 (due to higher secondary air flowrate which
indicates the flame hotspot for Coal B is located further downstream inside the combustor as
compared to Coal X) and this could be attributes to the fact that this coal possesses the highest fixed
carbon as compared to other coal samples. On the other hand, Coal C was found to give the lowest
temperature throughout combustor sectors due to its lowest fixed carbon content. In addition, the
inherent moisture for this coal is the highest and this could also yield lowest temperature as energy
produced were given up to overcome the enthalpy of vaporization of the moisture. A low
temperature at sector 4 for all coals indicate that most of the combustible elements within the coal
particle are consumed at the upstream sections.

When a new coal (Coal X) is introduced to be used together with other design coal, it was found
that the thermal performance is comparable. It was noted, however that the temperature recorded
at sector 1 for Coal X is the highest. Also, the temperature profile is also found to be consistent as
combustion gas travels downstream towards the combustor exit. This behaviour is also in comparison
to other design coals. Higher temperature generated by Coal X at sector 1 was found not to be an
issue as the value decreases downstream of the flow. The high temperature recorded closed to
burner region demonstrates one of its thermal properties, i.e. higher ignition temperature and this
does not affect the flame structure in terms of combustion delay and stability near the burner
proximity. The surrounding temperature near the burner is high enough to ‘self-ignite’ Coal X. A low
temperature region at sector 4 for all coals indicates that most combustible elements within the coal
particle are consumed at the burner upstream sections. Please note that the combustion test is
conducted once for each coal types due to the cost of experiment, however the combustion test
results are proven to be reliable after validation with the analytical test results. Based on these
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observations, it can be said that Coal X is a viable alternative coal to be used in an existing power
plant boiler furnace.

Temperature Profiles
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Fig. 3. Comparison of temperature profiles for different coal samples

4. Conclusions

Thermogravimetric analysis and combustion test of four different coals have been performed
with the objective to determine suitability of a newly introduced coal to be fired in an existing boiler
furnace firing only manufacturer’s recommended coals. The combustion test was carried out in a
scaled down combustor test facility available at TNB Research Sdn. Bhd. Based on the investigation,
the following conclusions can be withdrawn.

i.  Analytical test result shows comparable properties of the new coal (Coal X) as compared to
other design coals (Coals A, B and C), except for the percentage of volatile matter, which
was the lowest for this coal.

ii.  The higher ash content of Coal X indicates a lower number of combustible elements as
compared to the designed coal. Besides, the ash deposition propensity is expected to be
high.

iii.  The general temperature profiles for all tested coals show an identical profile with
maximum temperature recorded at Sector 3 and minimum at Sector 4.

iv.  Design Coal B gives the highest temperature in all sectors measured (due to the highest
fixed carbon content) except for Sector 1 due to the shifted flame hotspot location towards
the burner downstream region.

v. Design Coal C gives the lowest temperature in all sectors measured due to its lowest fixed
carbon content. In addition, the low temperature can also be attributed to the highest
amount of inherent moisture possessed by this coal. Heat released is expected to be used to
overcome the enthalpy of evaporation of the moisture.

vi.  Combustion performance of Coal X is also found to be comparable to other design coals
even though it was noted that it gives higher peak temperature just downstream of the
burner region. Further downstream, the temperature was reduced and within the range of
other design coal temperature, thus it can be said Coal X is safe to be fired in the boiler.
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Temperature assessment of the new coal has been successfully performed. However, further
works need to be executed e.g. analyses of ash deposition propensity and flue gas emissions in order
to have a much reliable assessment output of a new coal.
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