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Summary

The study explored the oxygen-enriched combustion behavior of torrefied

waste wood pellets in a fluidized bed. For biomass torrefaction, three indexes,

namely energy yield index (EY), proximate analysis-based index (PA), and

effective comprehensive combustion index (Smix), are used to present the opti-

mal conditions from each viewpoint. Four operating parameters, incorporating

torrefaction temperature, residence time and nitrogen flow rate, were taken

into consideration in this study. The signal-to-noise ratios of each parameter

were evaluated to examine the influencing impact of different factors. The

optimal results were employed in the investigation of biochar combustion

using a laboratory-scale fluidized-bed reactor with oxygen lancing. Oxygen

was injected into different zones of the fluidized bed to investigate its influence

on combustion efficiency. The parameters of biochar combustion optimization

include torrefied materials, fluidized-bed temperature, oxygen inlet position,

and oxygen concentration. The total fluidized-bed efficiency and the volatile

combustion ratio were evaluated.
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1 | INTRODUCTION

Waste-to-energy generation equipment is used to process
general or industrial waste into fuels to directly reduce
pollution, increase the calorific value of raw materials,
and convert them into electricity with an overall effi-
ciency of more than 25%.1 The advantages of using
waste-to-energy equipment include decreased quantity of
waste, superior control of odor and noise, incorporation
of heat and energy produced,2 and prevention of methane
gas production in landfills. However, commissioning an
incineration plant is expensive, and incinerators produce
smoke during the burning process, smoke which includes
acidic gases, carcinogenic dioxins, particulates, heavy
metals, and nitrogen oxide. Given the versatile

composition of municipal solid waste (MSW), incinerat-
ing MSW in a conventional furnace or incinerator may
not prevent contamination and clogging.3,4 Conse-
quently, a tailored burning process and incineration facil-
ity are required as well as an in situ monitoring and
control system to comply with emissions restrictions.

In recent years, oxygen-enriched combustion, among
other methods, has been used to improve combustion
conditions.5 Wang et al demonstrated that the combus-
tion area becomes more concentrated and the tempera-
ture inside the combustion chamber increases while the
initial oxygen concentration raises.6 Wall et al stated that
high percentages of CO2 and H2O in combustion gases
can increase gas emissivity and reduce the volume of flue
gas from a power plant by 80%.7 Moreover, a high oxygen
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concentration in the carrier gas reduces CO emission,
and as the O2 concentration increases, the total combus-
tion efficiency increases.8 However, Luo et al found that
the effect of improvement in combustion activities dimin-
ishes at oxygen concentrations exceeding 40%.9 Kayahan
et al found that at oxygen concentrations between 21%
and 30%, NO and SO2 emissions increase owing to oxy-
gen enrichment.10 Although pure oxygen combustion can
be employed in a limited number of fields, the adoption
of oxygen-enriched combustion lowers the threshold of
use conditions, reduces the volume of exhaust gases, and
weakens the heat transfer effect.11 By directly lancing
oxygen into the combustion chamber, burnout without
NO formation can be improved.12 Li et al13,14 designed a
single-pellet combustion chamber to assess the combus-
tion characteristics of coal pellets blended with biochar.
Corna and Bertulessi indicated that with the appropriate
selection of the oxygen lancing area, this method can
improve unit operation and reduce CO emissions.15

The most ordinary genres of biomass combustion sys-
tems are fixed-bed and fluidized-bed combustion sys-
tems.16,17 A fixed bed reactor, also called a packed-bed
reactor, is a reactor packed with a solid catalyst or solid
reactant to affect a heterogeneous reaction. The solid
matter is usually composed of particles of sizes 2 to
15 mm that are deposited into a bed of a certain height
(or thickness). The variety of particle sizes means that a
wide range of fuel properties are available and fewer pre-
paratory measures are required for fixed-bed combus-
tion.18 Furthermore, the particles in the bed (such as
sand) are affected by upward airflow, and when the flow
reaches a certain speed, the particles are suspended in
it. This condition is called the lowest fluidization velocity,
which varies with particle size and bed depth.19 The bed
of turbulent solid particles is fluidized to resemble a boil-
ing liquid in appearance and behavior. Because of the
liquid-like behavior of the fluidized bed, it is easy to con-
trol the bed interface and temperature. The solid fuel
enters the splash zone of the furnace at a velocity slightly
higher than the fluidization velocity, and the ascending
airflow and combustion gases emanate from the splash
zone. Strenuous movement of the bed allows the fuel to
mix quickly, be adsorbed by the hot bed material (sand,
ash, and fuel), and rapidly release fuel moisture and vola-
tiles, which raises the temperature to the point of igni-
tion. A relatively large amount of pulsating bed material
continuously exposes new surfaces of the fuel particles,
maintaining rapid combustion within the bed, which
results in good load response.20 The advantages of
fluidized-bed combustion include clean combustion with
a desulfurization rate higher than that of other
combustors,21 reduced NOx emissions,22 fuel adaptability,
especially for medium- and low-sulfur fuels, and high

combustion efficiency of up to 95% to 99%.23 Nonetheless,
some challenges evoke from the fluidized-bed combus-
tion, such as fuel segregation,24 bed agglomeration,25 and
volatile escape from the lower dense bed.26

Biomass is regarded as the worldwide and most gen-
eral renewable energy, and approximate 2.8 billion peo-
ple use biomass for cooking according to the report of
Energy Access Outlook 2017. However, owing to its low
heating value (HV), direct burning of biomass results in
poor combustion efficiency. Owing to increased levels of
environmental awareness worldwide and the worsening
of global warming, effective usage of biomass instead of
fossil fuels to reduce carbon dioxide emissions is among
the most important energy-related challenges facing
humanity. The replacement of fossil fuels with biomass
in the form of torrefied municipal waste does have a few
advantages. Biomass, similar to any other fuel, will emit
certain pollutants, such as CO2, NOx, and SOx, when it is
burned.27 With oxygen-enriched combustion, the com-
bustion efficiency of biomass could be increased in a
remunerative approach.

The present study applied oxygen-enriched combustion
to MSW in a fluidized bed. The study entailed two parts.
The first was basic research on waste treatment, using the
Taguchi method to find the optimal heat-treatment condi-
tions under different combustion indexes.4 The generated
biochar was subjected to physicochemical analysis to
design a fluidized-bed combustion experiment for refer-
ence. The second part was a study of the combustion char-
acteristics observed in the fluidized-bed combustion
experiment. To this end, a laboratory-scale fluidized bed
was designed. Raw materials with different torrefaction
levels were subjected to a batch-combustion test to observe
their combustion characteristics and pollutant emissions
as well as to optimize the operating parameters.

2 | EXPERIMENTAL APPARATUS
AND METHODS

2.1 | Biomass materials

At present, Taipei, Taichung City, and Tainan City are
home to more than 80 000, 120 000, and 300 000 alee
trees, respectively. The various genera include
Koelreuteria, Ceiba, and Eucalyptus—all hardwood trees.
Regular trimming is an important part of the mainte-
nance routine of these alee trees. The advantages of trim-
ming include improved public safety, management of
tree health, the formation of good mechanical structure
of trees, and correction of tree defects. This process, how-
ever, produces large amounts of waste wood that can be
used for other purposes.
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In this study, we shaped a mix of waste wood from all
types of hardwood alee trees into pellets, each weighing
approximately 1 g, with a diameter of 7 mm, and length
of 10 mm, as shown in Figure 1A. All materials were
sun-dried for 7 days and wood pellets were not easily
blown away due to its bulk volume. A rotary miller was
used to grind the pellets into particles of sizes 0.425 to
0.88 mm. A photograph of the pulverized pellets is shown
in Figure 1B. Regarding element analysis, alee trees con-
sist of 44.3% of C, 5.9% of H, and 49.1% of O. Proximate
analysis was employed to determine the percentages of
moisture (M), volatile matter (VM), fixed carbon (FC),
and ash (ASH). ASH is the inorganic solid residue after
complete burnout, incorporating calcium, iron, alumi-
num and silica.28 Additionally, trace amounts of potas-
sium, sodium, magnesium, and titanium could be found
in the residue. Raw alee tree material contains 3.3% M,
87% VM, 6.9% FC, and 2.3% ASH. The high heating value
(HHV) of the raw material is 18 410 MJ/kg
(4400 kcal/kg).

2.2 | Experimental apparatus and
measurement system

The biomass was placed in a tubular furnace to conduct
torrefaction experiments. The tubular furnace was built
in house, consisting of an electric furnace, large quartz
tube, small quartz chamber, vacuum pump, and filter. A
schematic of the torrefaction system is presented in
Figure 2.

A large quartz tube with a diameter of 45 mm and a
length of 350 mm encompassed the electric heater. This
quartz tube was employed as the carrier gas channel to
separate the heating area (heating tube). A smaller quartz
tube with a stainless steel cap was placed inside the large
tube and inserted into the heater. This small quartz tube
with a diameter of 15 mm was the reaction chamber in

which the raw materials were set and heated (reaction
tube). Holes with a diameter of 1.2 mm were punched
equidistantly on both sides of the cap to allow passage of
the carrier gas to react with the biomass materials. A vac-
uum pump and pressure gauge were connected down-
stream of the reaction zone to evacuate air from the
chamber. Exhaust gas and liquids were routed to pass
through a cooling tank maintained at a constant temper-
ature of 10�C to reduce the temperature of the flue gas.
The condensable part was collected with a U-tube, and
the noncondensable part was passed through an activated
carbon filter to purify the gas emission.

For each experiment, approximately 15 g of raw pul-
verized biomass was distributed evenly in the reaction
tube. In general, one-third of the reaction tube was filled
with the biomass material. After screwing the cap onto
the reaction tube, the reaction tube was placed inside the
heating tube. The reaction tube must be inserted inside
the electric heater to ensure that all of the biomass is
heated uniformly and to the proper temperature. To this
end, the vacuum pump was employed to evacuate air
from the heating tube and ensure that the entire environ-
ment was airtight. This step was very important for this
experiment because the presence of oxygen would have
led to the combustion of the biomass rather than

FIGURE 1 Photo of raw biomass: A, alee tree pellets; B, pulverized alee tree pellets [Colour figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 2 Schematic of the torrefaction system [Colour

figure can be viewed at wileyonlinelibrary.com]
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torrefaction. After ensuring that the entire equipment
was sealed, N2 was introduced into the heating tube as
the carrier gas in the torrefaction experiment. The N2

flow rate was controlled with a rotameter. In addition, an
electric heater with a proportional-integral-derivative
(PID) controller was employed to govern the torrefaction
temperature.

Thermogravimetric analysis (TGA) is performed to
detect weight changes in a material as a function of tem-
perature or time. Thermogravimetric measurements pro-
vide information with regard to the physical and
chemical properties of materials29; for example, chemi-
sorption, devolatilization, decomposition, and solid-gas
phase reactions (such as oxidation or reduction). A
PerkinElmer STA8000 was used for TGA measurement
in this study. The sensitivity of the scale was 0.1 μg, and
the maximum heating range was 1500�C. The
PerkinElmer STA 8000 features with precise temperature
and gas control, a balance with microgram sensitivity,
and software to expedite and automate the analysis. The
sample crucible and the empty reference crucible were
placed in two separate but similar electric heating fur-
naces. The two furnaces must be heated or cooled line-
arly at any time. When the samples absorb or release
heat, the temperature difference between the sample cru-
cible and reference crucible increases, at which point the
TGA computer system adjusts the electric power input to
maintain both sides of the balance in isothermal equilib-
rium. A temperature graph was plotted in accordance
with the current value of power consumed. A differential
scanning calorimetry heat flow graph illustrating the heat
released or absorbed by the sample during the chemical
reaction was plotted. For a single experiment, approxi-
mately 7 to 10 mg of ground material (particle size
<0.075 mm) was consumed. In addition, TGA enables to
conduct combustion experiments, where the materials were
heated from 30 to 1030�C at a heating rate of 20�C/min in
an air environment.

A calorimeter is used to measure the calorific value of
a material. It can be used to measure chemical reactions
and thermal changes in physical processes or to deter-
mine the heat capacity of a material. A Parr 6200 series
calorimeter was employed to gauge the HVs of distinct
torrefied biochar samples. First, a certain quantity of sub-
stance (approximately 1 g) was placed in the crucible.
Then, the crucible was placed in a stainless steel bomb,
filled with O2, and sealed thoroughly. Thereafter, the
stainless steel cylinder was placed in a well-insulated sink
filled with 2 L of water, and the substance was ignited
after 15 seconds. By measuring the increase in the tem-
perature of the calorimeter and of the water inside the
sink, the total heat released by the substance upon com-
bustion can be computed. Because some moisture

condenses in the inner part of the stainless steel sleeve,
the obtained HV is the high HV (HHV).

A laboratory-scale fluidized-bed combustor was
designed and fabricated. The fluidized bed consisted of
three parts: upper and lower stainless steel caps and a
1000-mm long stainless steel pipe. A schematic of this
combustor is shown in Figure 3. The inner diameter was
50 mm uniformly. The carrier gas was delivered through
a 2-inch. hole on the lower cap. This carrier gas was
made to pass through a 400-mm long rectification zone,
50-mm long silica sand bed zone, and 550-mm long free-
board zone. Thereafter, the flue gas left the fluidized bed
through a 2-inch hole on the upper cap. The flue gas was
then channeled into two washing bottles filled with water
for preliminary filtration, after which it was passed
through activated carbon for deodorization and second-
ary filtration. A U-tube stuffed with cotton was placed at
the end to ensure that no particles or solid unburnt car-
bon remained in the flue gas. Clean flue gas was pumped
into the Vario Plus Industrial gas analyzer (MRU Instru-
ments Inc.) for evaluation of its composition in terms of
CO, CO2, NOx, and unburnt hydrocarbon (equivalent to
CH4 content).

Four k-type thermocouples measuring 4.8 mm in
diameter and 55 mm in length of the fluidized-bed com-
bustor were used to surveil the temperature distribution
inside the fluidized bed. From the bottom, the first ther-
mocouple was located at 385 mm, below the air distribu-
tion board and silica sand bed but above the rectifier
section. The temperature detected by this thermocouple
would not be affected by the combustion in the bed zone,
but it still represents the temperature of the bed zone.
The purpose of this thermocouple was to provide feed-
back to the PID controller of the electric power supply
used to control the heat flux output. The second thermo-
couple was inserted at 420 mm, at the center of the silica
sand bed zone, and it was employed to track the bed tem-
perature in real time. The third thermocouple was
attached at 590 mm, at the center of the freeboard area,
in which the flame appears. However, owing to flame
instability, the temperature measured by this thermocou-
ple was not stable either. The last thermocouple was
located at 900 mm, and it was used to measure the flue
gas temperature.

To investigate the effect of oxygen lancing on biomass
combustion, two holes measuring 3 mm in diameter were
drilled on the side of the fluidized bed. The first hole was
located at 450 mm, just above the bed zone. The second
hole was located at 550 mm, at the center of the free-
board zone, in which the flame burns. Two 1500 W ring
heaters were assembled with the fluidized-bed reactor to
heat the carrier gas and silica bed to their designated
temperatures. With a diameter of 55 mm and a height of

LI AND KUO 7419



200 mm, the two heaters encompassed both the rectifier
section and the bed section. The electric heater was
powered with a 220 V power supply with a maximum
current of 20 A. The maximum temperature of 850�C was
recorded in the bed zone. The entire fluidized bed was
shielded with 30-mm thick high-temperature cotton insu-
lation to diminish heat loss from the bed walls and main-
tain the bed temperature. It is noted that the
measurement uncertainty of all equipment used in this
study is less than 5%.

2.3 | Optimization method

The Taguchi method was proposed by Dr. Taguchi Yuichi
in the 1950s. The method employs a common orthogonal
table experimental design and simple art analysis.30 By
applying the Taguchi method to a small amount of exper-
imental data, one can significantly meliorate product
quality. Finding the objective function that best expresses
the quality characteristics is the core of optimization.
Taguchi defined quality as the total cost of the product in
its lifecycle, which is called quality loss. The smaller the
quality loss, the higher the product quality is. The quality
characteristic is measured using the quality loss function
of a quadratic curve. When the quality characteristic fully
meets the target value m, the quality loss is 0; when the
quality characteristic deviates from the target value m,
the quality loss increases with the speed of the quadratic
curve. If there are n products, the total quality loss is

Total quality loss =
Xn
i=1

k yi−mð Þ2, ð1Þ

where yi is the actual value, and k is a quality loss
constant.

The average quality loss (Q) can be written as

Q=k

Pn
i=1

yi−mð Þ2

n
= k �y−mð Þ2 + σ2

� �
, ð2Þ

where σ2 denotes the variance of the actual value, and �y
denotes the average actual value.

The quality characteristic can be categorized into
one of three forms: larger-the-better, smaller-the-better,
and nominal-the-best. For larger-the-better, the quality
characteristic is usually the desired output; for exam-
ple, the HV of torrefied biochar. For smaller-the-better,
the quality characteristic is usually an unwanted out-
put; for example, unwanted byproducts or side effects.
For nominal-the-best, the quality characteristic is usu-
ally a nominal output, such as a ratio of chemicals or
mixtures.

An orthogonal array is presented as La(b
c × de), which

means that in total, there are “a” group of experiments
that accommodate up to c levels of b factors and e levels
of d factors. L is taken from Latin square. Taking
L18(2

1 × 37) as an example, the experimental matrix com-
prises one factor (F1) with two levels and seven factors
(F2-F8) with three levels. With all the factors and levels,
the entire experiment includes 21 × 37 = 4373 experiment
sets. It is not feasible to search for and fulfill the optimal
condition with an enormous number of experiments.
With the Taguchi method, the experiment can be shrunk
to 18 experiment sets, which are Exp. 1 to 18 in Table 1,
but one can still explore the effects of all factors. Take
experiment No. 7 as an example.

90 – Thermocouple 4 

59 – Thermocouple 3

42 – Thermocouple 2
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55 – O2 inlet 2

45 - O2 inlet 2
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FIGURE 3 Schematic of lab-scale

fluidized-bed combustor [Colour figure

can be viewed at

wileyonlinelibrary.com]
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2.4 | Experimental procedure

The primary objective of this research was to explore the
combustion characteristics of a fluidized bed under differ-
ent optimal torrefaction conditions and bed temperatures
and the oxygen lancing technique under oxygen-enriched
conditions. The entire study can be divided into two
parts, namely biomass characteristic optimization and
fluidized-bed combustion behavior optimization. In the
flow diagram in Figure 4, the green and blue parts denote
the biomass characteristic optimization part and the
fluidized-bed combustion behavior optimization part,
respectively. The procedure of the first part started with
the construction of an orthogonal array (18 sets of experi-
ments) for investigating biomass torrefaction. After com-
pletion of the 18 experiments, the results were analyzed
in terms of the signal-to-noise (S/N) ratio to obtain the
optimal results. We used the results obtained from
the previous optimization procedure in the second part of
the experiment to investigate another factor. In the sec-
ond part of the experiment, we constructed an orthogonal
array according to the selected factor and level. An L9
orthogonal array was constructed, and nine sets of experi-
ments were created. After completion of these experi-
ments, we calculated the S/N ratio of each experiment to
obtain the optimal combustion behaviors. The study

outcomes provide advice for industrial use or in further
studies on biomass combustion.

3 | OPTIMIZATION OF BIOMASS
CHARACTERISTIC

3.1 | Index selection

To optimize the biomass characteristic after torrefaction,
the accuracy and reliability of the optimization are con-
tingent on the proper selection of the optimal index in
the Taguchi method. Many aspects of combustion can be
considered. For example, fuels with high HVs release
large amounts of heat, high FC content in biofuels pro-
long combustion time, and the presence of a high propor-
tion of VM in a biofuel reduces ignition temperature. By
choosing a combined index in the Taguchi method rather
than a simple index, one can explore a greater number of
aspects of combustion. In this study, three aspects of
combustion were considered in the optimization, namely
energy stored in biochar, material analysis of biochar,
and the combustion feature of biochar.

TABLE 1 L18 orthogonal array

Exp.\Factor F1 F2 F3 F4 F5 F6 F7 F8

1 1 1 1 1 1 1 1 1

2 1 1 2 2 2 2 2 2

3 1 1 3 3 3 3 3 3

4 1 2 1 1 2 2 3 3

5 1 2 2 2 3 3 1 1

6 1 2 3 3 1 1 2 2

7 1 3 1 2 1 3 2 3

8 1 3 2 3 2 1 3 1

9 1 3 3 1 3 2 1 2

10 2 1 1 3 3 2 2 1

11 2 1 2 1 1 3 3 2

12 2 1 3 2 2 1 1 3

13 2 2 1 2 3 1 3 2

14 2 2 2 3 1 2 1 3

15 2 2 3 1 2 3 2 1

16 2 3 1 3 2 3 1 2

17 2 3 2 1 3 1 2 3

18 2 3 3 2 1 2 3 1

FIGURE 4 Experimental flow diagram [Colour figure can be

viewed at wileyonlinelibrary.com]
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3.1.1 | Energy yield

Energy yield (EY) refers to the total energy obtained from
harvesting an energy source. It is the fraction of the original
energy in the biomass remained after thermal degradation,
such as torrefaction. To determine the EY, both the weight
and the HV of the biomass before and after torrefaction
were considered. The variation trends in weight and HV
were different. With a higher degree of torrefaction, the
weight of the final biochar would be low but HV would be
high. Both phenomena are important and must be consid-
ered, so we included the EY in the Taguchi method. Conse-
quently, the total energy stored in the biomass before and
after torrefaction was required. The energy stored in the
biomass can be determined as the product of mass and the
HV of the product. EY can then be expressed as

EY=
mass of product×HVof product

mass of biomass feed×HVof biomass feed
× 100%:

ð3Þ

3.1.2 | Effective comprehensive
combustion index

In solid fuel combustion, two major factors, namely igni-
tion feature and burning performance, are vital for out-
lining the combustion characteristics and efficiencies.31,32

The comprehensive combustion characteristic index
(S index) was used to provide a straightforward method
for assessing solid fuel combustion.14 This index con-
siders ignition temperature, burnout temperature, mean
weight loss rate, and maximum weight loss rate. A high
value of the S index indicates a better combustion reac-
tion.33 The S index is expressed as follows:

S=
dW
dτ

� �
max � dW

dτ

� �
mean

Ti
2 ×Tb

, ð4Þ

where dW
dτ

� �
max is the maximum weight loss rate,

dW
dτ

� �
mean the average weight loss rate, Ti the ignition tem-

perature, and Tb the burnout temperature.
Blue lines in Figure 5 denote the curves of TG, and

meanwhile green lines denote the curves of differential
thermogravimetric (DTG). Under the circumstances of
oxidation, Ti was obtained using the cross method.14 As
shown in Figure 5A, auxiliary lines extend from the two
points on the weight loss curve, namely the end of mois-
ture evaporation and the maximum weight loss. Tb

denotes the burnout temperature when the fuel conver-
sion rate (α) reached 99%.34

α=
Wi−W
Wi−W f

× 100%, ð5Þ

where Wi and Wf are the initial and final weights of the
biomass, respectively.

However, the maximum weight loss of biomass usu-
ally occurs at the stage of VM combustion, and the VM is
ignited at the ignition temperature. It seems, therefore,
that the performance of VM combustion is dominant. In
other words, the effect of FC combustion on the overall
combustion feature is negligible. However, the results of
the weight loss curve exhibit two stages of decline with
increasing environmental temperature. The two seg-
ments of the decline in the weight loss curve are shown

FIGURE 5 (A) Method for defining ignition temperature, and

(B) determination of volatile matter reaction stage and fixed carbon

reaction stage. Note: Blue line denotes the curve of

thermogravimetry and green line denotes the curve of DTG [Colour

figure can be viewed at wileyonlinelibrary.com]
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in Figure 5B. The comprehensive combustion character-
istic index was divided into two portions, namely the VM
reaction stage (S1) and the FC reaction stage (S2). How-
ever, the Ti value obtained with the cross method cannot
represent the ignition temperature of biochar because the
slopes of the two segments (denoted S1 and S2 in
Figure 5B) would introduce measurement bias and
uncertainty in the determination of the ignition tempera-
ture with the cross method. Ti1 and Ti2 shown in
Figure 5B refer to the ignition temperature of biochar
during S1 and S2 periods. For accurate determination
with the cross method, the two segment slots on the
weight loss plot must be considered individually. Conse-
quently, a modified method for calculation of the S index
was proposed.

Notably, the ignition temperature and the maximum
and average DTG values correspond to the respective
stages. The value of burnout temperature, however, is
independent to the variation of TG signal. The burnout
temperature was determined while it comes to 99% fuel
conversion rate. Then, based on the weight loss percent-
age in each stage, an effective comprehensive combustion
characteristic index can be obtained as follows,

Smix = S1 ×
W 1

W 1 +W 2
+ S2 ×

W 2

W 1 +W 2
ð6Þ

where W1 and W2 denote weight loss percentages during
S1 and S2 periods, respectively.

3.1.3 | Proximate analysis-based index

Proximate analysis is one of the major methods for ana-
lyzing the chemical properties of substances. Through
proximate analysis, M, ASH, VM, FC can be determined.
For proximate analysis, in this study, the sample was
undertaken for 1 hour of heating with 105�C inert atmo-
sphere. This heating stage facilitated the removal of the
M content in the fuel. The weight loss of the sample is
equivalent to the M percentage in the fuel. Sequentially,
the sample was conducted for 7 minutes of heating with
950�C inert atmosphere, leading to the release of VM due
to the pyrolysis reaction. The VM percentage of the fuel
can be examined on the basis of the change in the weight
of the fuel. Once the diluent gas was changed from nitro-
gen to air, a combustion reaction commenced. Ulti-
mately, ASH remained in the residue. The total program
is drawn in Figure 6. The ASH content of a fuel sample is
the retained weight percentage of the sample after it is
placed in a furnace and heated to 750�C at a heating rate
of 20�C/min. The FC content can be determined by sub-
tracting the sum of M, VM, and ASH from 100%:

FC %ð Þ=100− M +VM+ASHð Þ: ð7Þ
In this study, the proximate analysis was conducted

with TGA. The temperature graph is denoted by the red
line in Figure 6. The initial conditions of the experiment
were ambient temperature of 30�C and nitrogen atmo-
sphere. The heating program was as follows: heat from
30�C to 107�C, hold at 107�C for 20 minutes, heat again
from 107�C to 950�C, and hold at 950�C for 20 minutes.
After fulfillment of the above procedure, the inert gas
was replaced with air. Heating for 20 minutes in air
would burn out all combustible gases in the product, but
ASH would remain.

Different contents of proximate analysis differently
influence combustion characteristics. Biomass with a
high VM content has a significantly low ignition tem-
perature. The HHV of a biofuel is contingent on its FC
content. Contrariwise, M content absorbs exothermic
heat, and ASH affects radiative heat transfer and may
cause corrosion.35 Moisture content and ASH content
are unfavorable for combustion, but VM and FC con-
tents are favorable. The proximate-analysis-based index
was developed in an attempt to anticipate the combus-
tion behavior of a fuel on the basis of the observations
made in the proximate analysis. Therefore, the pro-
posed index for the Taguchi method is the fraction of
the product of VM and FC to the product of M and
ASH.14

PA=
VM×FC
M ×Ash

: ð8Þ

FIGURE 6 Determination of temperature program and

percentage of proximate analysis [Colour figure can be viewed at

wileyonlinelibrary.com]
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3.2 | Taguchi method optimization

To scrutinize the optimum condition for torrefaction, we
used the Taguchi method.14,36 This method employs S/N
ratio as the quality characteristic of selection. The S/N
ratio is applied as a measurable value instead of a SD37

and expressed as follows, where n is the number of total
experiments, and yi is the value to be analyzed, for exam-
ple, the values of EY, PA, and Smix:

S=N= −10log
1
n

Xn
i = 1

1
yi2

" #
: ð9Þ

In selecting the parameters to create the orthogonal
array, we focused on the influence of temperature.
According to Reference 38, temperature is the most domi-
nant parameter influencing torrefaction, followed by resi-
dence time and carrier gas flow rate. The torrefaction
temperature ranges from 200 to 300�C, and six temperature
values from this range were used in the optimization
herein: 200, 220, 240, 260, 280, and 300�C. The general resi-
dence time for torrefaction was set to 10 to 60 minutes,38

and the residence times of 20, 40, and 60 minutes were
selected for optimization. The flow rate of nitrogen gas was
calculated as the rate of passage of N2 through the biomass.

The total length of the tubular high-temperature furnace
was 30 cm, and its cross-sectional area was 10.75 cm2. The
heating rate of the tubular furnace was 20�C/min. The parti-
cle weight of biomass was 15 ± 1 g with particle size ranging
from 425 to 880 μm. Thus, three flow rates were selected for
the optimization, 30, 50, and 70 mL/min, respectively. Each
of the three parameters, incorporating temperature, resi-
dence time, and nitrogen gas flow rate, had three levels,
resulting in the following orthogonal array: L18(6

1 × 36). The
18-experiment matrix is shown in Table 2.

Once all experiments were completed, the S/N ratios of
the results were determined. Then, we obtained the average
effects of the parameters at different levels, that is, averag-
ing the S/N ratio of each parameter at each level. The maxi-
mum value represented the best level for the corresponding
parameter. The rank represents the effect of different
parameters on the indexes, which was calculated as the
maximum value minus the minimum value. The greater
the difference was, the stronger the influence was.

3.3 | Optimization results

3.3.1 | Energy yield

The analysis results for EY are shown in Table 3.
Torrefaction reduces product weight but increases the

HV. The product of the ratio of weight change and the
change in HV before and after torrefaction is smaller
than 1. This means the total inherent energy of the bio-
mass decreased after thermal degradation. However,
there are two kinds of densities, that is, apparent density
and bulk density. The apparent density was determined
as the ratio of the pellet mass to its volume; whereas the
bulk density was determined as the ratio of the mass to
the volume. It is worth noting that the apparent energy
density and bulk energy density of torrified feedstocks
can be either higher or lower than that of untreated ones,
depending on the nature of the properties of the parent
feedstock, as experimentally demonstrated by Brachi
et al.39 Furthermore, its energy density increased, mean-
ing that the energy per unit weight of biochar increased.
The reduced weight of the biochar makes it easy to trans-
port and store. From the results, EY decreased as the
torrefaction temperature increased. The optimal tempera-
ture for maximizing EY was 200�C, as indicated by item
number 3 in Table 3. This set of experiments yielded the
largest value of the EY index, which corresponds to the
lowest operating temperature. Residence time and carrier
gas flow rate did not exhibit noteworthy trends.

The S/N ratio of each parameter at each level was
determined by averaging the S/N ratios obtained for that
parameter. For example, the S/N ratio at 200�C was com-
puted by averaging the S/N ratios obtained in the

TABLE 2 Experimental layout using L18 orthogonal array

No.
Temperature
(�C)

Residence time
(minutes)

N2 flow rate
(mL/min)

1 200 20 30

2 200 40 50

3 200 60 70

4 220 20 30

5 220 40 50

6 220 60 70

7 240 20 50

8 240 40 70

9 240 60 30

10 260 20 70

11 260 40 30

12 260 60 50

13 280 20 50

14 280 40 70

15 280 60 30

16 300 20 70

17 300 40 30

18 300 60 50
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experiments conducted at 200�C, namely numbers 1, 2,
and 3 in Table 3. By averaging −0.83, −0.65, and −0.66,
we obtained the value of −0.713, which is the S/N value
of the level 1 torrefaction temperature, as given in
Table 4. As for the S/N ratio of the residence time of
20 minutes, the S/N ratio values corresponding to num-
bers 1, 4, 7, 10, 13, and 16 were averaged. In Table 4, the
maximum S/N of temperature is −0.65 at 220�C, which is

different from the experimental results obtained herein.
This discrepancy was ascribed to the fact that none of the
above experimental results are identical to the theoreti-
cally optimal results. The maximum value of torrefaction
residence time was located at L3, as indicated in Table 4,
and the value was 60 minutes. In terms of the nitrogen
carrier gas flow rate, level 2 yielded the best result of
50 mL/min. The difference in S/N was determined by

TABLE 3 Experimental results and signal-to-noise (S/N) ratio based on EY index

NO. Initial weight (g) Final weight (g) Heating value (kM/kg) EY × 100 (%) (S/N)EY (−)

1 16.12 14.84 18 188.56 93.32 −0.83

2 15.77 14.52 18 569.22 94.68 −0.65

3 13.63 12.62 18 441.06 95.70 −0.66

4 15.04 13.69 18 793.90 95.07 −0.65

5 13.97 12.48 19 067.99 94.21 −0.68

6 14.49 13.24 18 773.23 94.95 −0.62

7 15.36 13.35 19 163.72 92.83 −0.88

8 15.55 13.30 19 483.21 92.25 −0.87

9 14.65 12.57 19 770.61 93.99 −0.72

10 15.55 12.66 19 837.18 87.66 −1.14

11 13.11 9.96 20 245.2 83.43 −1.57

12 14.32 10.77 21 487.48 87.67 −1.14

13 14.11 9.86 21 467.60 81.38 −1.79

14 15.03 10.20 21 447.14 78.98 −2.05

15 13.20 9.24 21 665.55 82.30 −1.69

16 15.36 9.02 23 872.27 76.11 −2.37

17 15.51 8.77 24 297.79 74.56 −2.55

18 15.22 8.56 25 296.21 77.21 −2.25

TABLE 4 Signal-to-noise (S/N) ratio for each level based on EY index

(S/N)EY

Temperature Res. time N2 flow rate

L1 −0.71 −2.55 −2.67

L2 −0.65 −2.79 −2.46

L3 −0.82 −2.36 −2.57

L4 −1.29 — —

L5 −1.84 — —

L6 −2.39 — —

Max value −0.65 −2.36 −2.46

Min value −2.39 −2.79 −2.67

S/N difference 1.74 0.43 0.21

Ideal condition 220 (�C) 60 (minutes) 50 (mL/min)
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subtracting the maximum S/N from the minimum
S/N. Taking temperature as an example, the S/N differ-
ence is the maximum value −0.65 minus the minimum
value −2.39, and it is equal to 1.74. Because torrefaction
temperature has the largest S/N difference, it is the domi-
nant factor among the factors considered in the analysis.
Residence time is the second most important factor, and
N2 flow rate is the least important factor. The ideal
torrefaction parameters are torrefaction temperature of
220�C, the residence time of 60 minutes, and N2 flow rate
of 50 mL/min. Because the ideal torrefaction conditions
(torrefaction temperature of 200�C, the residence time of
60 minutes, and N2 flow rate of 50 mL/min) do not match
any set of experimental parameters, a confirmation experi-
ment should be conducted to validate the theoretical and
experimental outcomes.

To confirm the accuracy of the optimal parameters, a
confirmation experiment was conducted according to the
parameters to compare the results. The theoretical S/N
value was −0.313, which means that the EY was 96.46. In
the confirmation experiment, the EY was 99.09, which
was higher than the values obtained in all experiments.
The theoretical and experimental outcomes of EY dif-
fered by 2.64%, but the difference was suitably small for
assuming that the optimal result was correct.

3.3.2 | Effective comprehensive
combustion index

The weight percentages in stages 1 and 2 are complemen-
tary, accounting for approximately 92% of the entire
amount of material. The decrease in VM was not evident
at low torrefaction temperatures, but as the temperature
increased to 260�C and higher, VM decreased exponen-
tially. The decrease of VM resulted in the increase of the
FC content, which is the main component governing heat
generation. Even though the VM content of the biochar
torrefied at 300�C was considerably lower than that of
raw biomass, the VM percentage was similar or even
marginally higher than that of coal. The ASH content
was considerably lower than that of coal, which means
fewer cleaning processes would be required after combus-
tion. The maximum weight loss and average weight loss
in both stages exhibited no obvious trends. The ignition
temperature in stage 1 increased as the torrefaction tem-
perature increased because the VM content decreased
after thermal treatment. However, the ignition tempera-
ture of the FC varied from 353 to 486�C. In addition, the
burnout temperature was affected by the torrefaction
temperature, and it exhibited a gradual rising trend in
Table 5. Overall, the Smix index showed better results

when the torrefaction temperature was moderate because
the ignition temperature accounts for a square in the
index, as shown in Table 5. At very high torrefaction tem-
peratures, the ignition temperature would increase,
which is unfavorable for ignition of biomass during com-
bustion. The trend of burnout temperature increased as
well, accounting for a cause Smix index decrease.

The S/N ratios corresponding to each level are shown
in Table 6. According to these values, temperature had
the strongest influence. The differences among the low
torrefaction temperatures were not significant, and the
maximum value corresponding to level three was 240�C.
However, as the torrefaction temperature increased to
260�C and beyond, this index worsened. Residence time
had the weakest effect on the S index, meaning that the
S/N ratios corresponding to the various levels were very
similar. The optimal temperature, residence time, and N2

flow rate were 240�C, 60 minutes, and 70 mL/min,
respectively, as shown in Table 6. Confirmation experi-
ments were conducted to examine the accuracy of the
optimal condition. The theoretically optimal S/N ratio
was 30.46, and the corresponding S index was 33.33. The
experimental S/N value of the parameters was 28.17,
which is marginally lower than the theoretical value but
higher than all orthogonal array results.

3.3.3 | Proximate analysis-based index

The proximate analysis-based index (PA) depends on the
ratio of the product of VM and FC to the product of M
and ASH. The experimental results are shown in Table 7.
The index is larger when the product of VM and FC is
larger and the product of M and ASH is smaller. As a
result, M varied from 1% to 3%, and ASH varied from 1%
to 3%. These two proportions did not change consider-
ably, thus implying that the index was mostly contingent
on the product of VM and FC. Mathematically, under the
circumstances of the same sum, if maximizing the multi-
plication of two numbers, those numbers should be quite
equal. For raw alee trees, VM accounted for almost 95%
of the raw biomass by weight, which left an FC of only
2%. The gap between VM and FC was certainly large,
resulting in a small product. As the degree of torrefaction
increased, the proportion of VM decreased gradually.
However, even at the torrefaction temperature of 300�C,
VM accounted for approximately 60% of the raw biomass
by weight. However, the difference between VM and FC
decreased. As a result, the PA index yielded a higher
degree of torrefaction.

According to the calculated S/N ratios at each level,
as shown in Table 8, temperature has a stronger
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influence than residence time and carrier gas flow rate.
However, in this case, the impact of residence time was
more important than that of N2 flow rate. The optimized
outcome was torrefaction temperature of 300�C, resi-
dence time of 60 minutes, and carrier gas flow rate of
70 mL/min. The results of the confirmation experiments
were only 2% superior to the results of the 17th experi-
ment. Even so, the theoretically calculated results repre-
sent the optimal operating parameters.

4 | OPTIMIZATION OF
COMBUSTION BEHAVIOR

4.1 | Taguchi method optimization

4.1.1 | Parameter selection and setting

All parameters pertaining to the optimization of
fluidized-bed combustion were selected from the

TABLE 5 Experimental results and signal-to-noise (S/N) ratio-based Smix index

Number
Ignition
1 (�C)

Ignition
2 (�C)

Burnout
(�C)

Weight
W1 (%)

Weight
W2 (%)

Max
S1 (−)

Max
S2 (−)

Mean
S1 (−)

Mean
S2 (−)

Smix

(−)
(S/N)S
mix (−)

1 288.16 443.29 563.03 64.93 28.63 20.08 4.88 4.73 288.16 14.53 23.24

2 285.61 369.29 533.43 66.19 28.30 20.30 5.05 5.82 285.61 19.86 25.96

3 281.50 437.16 534.09 64.91 28.01 19.28 4.89 5.99 281.50 19.62 25.85

4 293.91 353.81 539.29 63.97 29.76 19.37 4.96 5.93 293.91 17.78 25.00

5 283.61 448.81 547.48 63.92 29.83 19.56 4.76 5.38 283.61 16.82 24.52

6 294.12 436.16 535.55 62.13 31.52 20.49 5.12 6.15 294.12 18.72 25.44

7 303.31 448.90 563.42 64.42 29.75 22.92 4.56 5.67 303.31 17.62 24.92

8 300.84 438.36 543.73 64.65 30.63 24.35 5.07 5.66 300.84 19.68 25.88

9 302.20 458.72 567.07 61.87 32.80 23.75 4.83 8.85 302.20 27.07 28.65

10 310.66 476.46 581.66 62.51 33.37 24.07 4.81 5.17 310.66 14.94 23.49

11 315.54 466.50 604.31 57.74 37.62 23.73 4.96 4.83 315.54 12.12 21.67

12 315.90 467.51 603.53 57.45 38.25 23.86 5.07 4.87 315.90 12.18 21.71

13 315.64 472.48 615.29 52.68 43.56 21.86 5.47 5.38 315.64 11.25 21.02

14 312.11 468.42 627.42 47.64 47.38 20.19 5.31 4.91 312.11 8.91 19.00

15 315.23 477.37 634.00 49.43 45.53 20.32 5.22 4.99 315.23 9.07 19.16

16 309.10 463.16 677.55 30.99 64.28 12.25 5.58 3.59 309.10 2.91 9.27

17 305.97 486.25 694.25 28.02 67.17 10.35 5.84 3.51 305.97 2.70 8.63

18 307.44 457.45 690.85 26.95 67.49 9.62 5.76 2.08 307.44 2.07 6.33

TABLE 6 Signal-to-noise (S/N) ratio for each level based on Smix index

(S/N) Smix

Temperature Res. Time N2 flow rate

L1 25.02 42.31 42.12

L2 24.99 41.89 41.49

L3 26.48 42.38 42.98

L4 22.29 — —

L5 19.73 — —

L6 8.08 — —

Max value 26.48 42.38 42.98

Min value 8.08 41.89 41.49

S/N difference 18.40 0.49 1.49

Ideal condition 240 (�C) 60 (minutes) 70 (mL/min)
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experimental testing results. The first parameter was the
height of the bed zone. There is a certain range of ideal
bed height; if the bed is too deep, the slugging phenome-
non will occur, which is undesirable with respect to uni-
form mixing. The occurrence of slugging depends on the
ratio of bed height to bed diameter. Usually, when this
ratio is large, slugging can be observed. Because the
diameter of the fluidized bed was 55 mm, silica sand, the
volume and weight of which were 190 mL and 180 g,
respectively, was filled into the fluidized bed up to
50 mm as the bed material. The second parameter was

the fluidization velocity. Fluidization velocity is usually
several times the minimum fluidization speed. The ideal
fluidization velocity should be 1.5 times higher than the
minimum fluidization speed.40 In the visualization exper-
iments, when air was introduced at a superficial gas
velocity of approximately 0.018 m/s, air bubbles began to
be generated in the sand bed, which can be defined as
the minimum fluidization. Because the minimum gas
velocity of fluidization was 0.018 m/s, the best fluidiza-
tion velocity was approximately 0.028 m/s (0.018 × 1.5).
The third parameter was the thermocouple position.

TABLE 7 Experimental results

and signal-to-noise (S/N ratio) based on

proximate analysis-based index (PA)

Number M (%) Ash (%) VM (%) FC (%) PA (%) (S/N)PA (−)

1 2.54 1.43 94.15 1.88 48.81 33.77

2 1.87 2.44 91.61 4.08 80.62 38.13

3 2.92 1.74 90.73 4.61 82.62 38.34

4 1.49 1.56 92.47 4.48 179.10 45.06

5 2.44 2.29 88.47 6.80 107.24 40.61

6 1.66 1.53 91.64 5.17 187.55 45.46

7 1.85 2.68 81.97 13.50 222.69 46.95

8 1.83 2.20 82.81 13.16 269.90 48.62

9 1.84 2.25 81.01 14.90 291.61 49.30

10 1.02 1.73 87.02 10.23 503.57 54.04

11 1.27 2.89 76.08 19.76 409.08 52.24

12 1.00 2.02 75.77 21.21 792.26 57.98

13 1.30 3.21 74.54 20.95 374.46 51.47

14 0.76 2.15 69.13 27.96 1186.79 61.49

15 1.09 2.15 70.87 25.89 785.87 57.91

16 1.01 2.59 63.95 32.45 793.16 57.99

17 0.74 2.55 60.22 36.49 1172.00 61.38

18 0.93 1.67 73.11 24. 1143.73 61.17

TABLE 8 Signal-to-noise (S/N) ratio for each level based on proximate analysis-based index (PA)

(S/N)PA

Temperature Res. time N2 flow rate

L1 36.75 96.43 99.89

L2 43.71 100.82 98.77

L3 48.29 103.39 101.98

L4 54.75 — —

L5 56.96 — —

L6 60.18 — —

Max value 60.18 103.39 101.98

Min value 36.75 96.43 98.77

S/N difference 23.43 6.96 3.21

Ideal condition 300 (�C) 60 (minutes) 70 (mL/min)
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4.1.2 | Orthogonal array construction

The parameters used to construct the orthogonal array used
in Taguchi method optimization were selected. In this opti-
mization experiment, four parameters were considered,
namely operating bed temperature, torrefied materials, oxy-
gen concentration, and second oxygen inlet position. In
most industrial applications, the temperature of the fluid-
ized bed is maintained in the range of 750 to 1000�C, but
the biomass briquettes yield volatile gas while the bed tem-
perature of fluidized-bed reactor ranges from 200 to 700�C.
For combusting biomass, we set a lower temperature to
avoid bed agglomeration. According to the visualization
experiments, the waste wood pellets ignited at the bed tem-
perature of 535�C. Because biomass can be ignited at a
lower temperature, 550 and 650�C were selected to investi-
gate whether lower temperatures are feasible for
combusting biomass in a fluidized bed. The typical fluid-
ized bed operating temperature was set to 750�C. For
oxygen-enriched combustion, Wu et al found that as the
oxygen concentration was raised from 21% to 30%, the fuel
consumption reduced by 26%,41 and Huynh and Kong dis-
cussed the combustion and NOx emission of biomass-
derived syngas with 21%, 30%, and 40% oxygen-enrichment
levels.42 It implies that the presence of oxygen-enrichment
can facilitate the combustion of biomass-derived syngas
and hydrocarbon fuels. In the present study, we investi-
gated three points in this range of oxygen concentrations,
which were 23%, 27%, and 30%. As for the different degrees
of torrefaction of the biomaterial, EY optimization, Smix

index optimization (SI), and PA optimization were selected.
The parameter of oxygen inlet position was selected on the
basis of the reasons mentioned in the previous paragraph.
Each parameter had three levels, so an L9 (3

4) orthogonal
array was constructed, as shown in Table 9.

4.1.3 | Optimization parameters

Combustion consists of four stages: water evaporation,
pyrolysis (devolatilization), volatile burning, and char
combustion. When fuel is fed into a combustion
chamber, its moisture content is first evaporated.
Then, large complex hydrocarbon molecules are bro-
ken down into smaller molecules such as CO, H2, and
CH4 due to the high temperature in the bed zone,
which is the process of pyrolysis. As the temperature
reaches the ignition temperature, flames appear, and
volatile combustion commences. The combustion of
volatile gases provides adequate heat to trigger char
combustion. The char combustion stage accounts for
most of the combustion time.

4.1.4 | Total fluidized bed efficiency

In terms of combustion efficiency, many aspects can be
defined and explored. In this research, the total efficiency
of the fluidized bed was investigated. The Poisson index
is designed to represent the condition of the boiler. The
ratio has been proved to be a reliable indicator of burner
health. It uses the composition of the flue gas to deter-
mine whether a burner is in good condition or needs to
be repaired or overhauled. The index is expressed mathe-
matically in Equation (11) as the ratio CO:CO2. The
values of this index for a clean boiler, a boiler that needs
cleaning, and a boiler that needs an overhaul will be less
than 0.4%, between 0.4% and 0.8%, and greater than 0.8%,
respectively.

PI%=100× CO=CO2

� �
: ð11Þ

TABLE 9 Orthogonal array for optimizing combustion

Bed temperature (�C) Materials (−) Oxygen position (cm) Oxygen concentration (v%)

1 550 EY 0 23

2 550 SI 45 27

3 550 PA 55 30

4 650 EY 45 30

5 650 SI 55 23

6 650 PA 0 27

7 750 EY 55 27

8 750 SI 0 30

9 750 PA 45 23
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4.1.5 | Volatile combustion ratio

However, the combustion process of biomass fuels can be
classified into two phases: the volatile combustion phase
(phase 1) and char combustion phase (phase 2). The
water evaporation stage and pyrolysis stage are included
in the volatile phase because the time required for each
of these stages is short and the two stages overlap each
other. The demarcation point between phases 1 and 2 is
the point at which the flame goes out. The volatile com-
bustion ratio (V-CR) equation is expressed as follows.

V−CR%=100× CO+CH4ð Þ= CO+CO2 +CH4ð Þ: ð12Þ

4.2 | Optimization results

4.2.1 | Total fluidized bed efficiency

To determine the total combustion efficiency of the fluid-
ized bed, the overall emissions of CO and CO2 were cal-
culated by integrating the corresponding data curves. The
calculated total values of CO and CO2 in each experiment
are shown in columns 1 and 2 of Table 10. The value of
CO indicates that the oxygen inlet position significantly

influenced the generation of CO. CO concentration
decreased when oxygen was injected with the carrier gas
from the bottom of the fluidized bed. This is because the
oxygen passed through the bed zone, where most of it
was consumed. Placement of the oxygen inlet after the
bed zone was less effective in combusting the generated
CO, resulting in a higher concentration of CO in the
exhaust gas. Bed temperature and the difference in tor-
refied materials had rather weak effects on total combus-
tion efficiency of the fluidized bed. By examining the CO2

values, it is evident that the trend of change in CO2 was
similar to that of CO. As the amount of CO increased, so
did the amount of CO2. This is because when a greater
amount of CO was generated, it was burned downstream
to form CO2. However, under certain conditions, the con-
centration of CO2 was high but that of CO was low. This
phenomenon was observed in experiment number 3 and
may be ascribed to the fact that the oxygen inlet was in
the flame zone and the O2 concentration was higher,
which enhanced the volatile combustion.

The high amount of CO may be ascribed to a more
severe pyrolysis reaction or to weak combustion in the
freeboard zone. Thus, observing only the change in either
CO concentration or CO2 concentration is inadequate,
and the result may be misleading. By dividing CO with
CO2 to obtain the Poisson index, the trend can be

TABLE 10 Experimental results

and signal-to-noise (S/N) ratio based on

PI index

NO. CO (ppm-min) CO2 (ppm-min) PI (%-min) (S/N)PI (−)

1 1 288 021 645 0.199693 −13.99274

2 1 494 872 945.8 0.158054 −16.02391

3 1 176 454 1216.4 0.096716 −20.29003

4 1 862 043 815.1 0.228444 −12.82442

5 2 202 569 942.7 0.233645 −12.62888

6 1 012 813 679.4 0.149075 −16.53193

7 1 010 427 652.8 0.154784 −16.20550

8 692 784 321.3 0.215619 −13.32626

9 1 951 594 1078.9 0.180887 −14.85183

TABLE 11 Signal-to-noise (S/N) ratio for each level based on PI index

(S/N)PI

Bed temperature Materials Oxygen position Oxygen concentration

L1 −16.77 −14.34 −14.62 −13.82

L2 −13.99 −13.99 −14.57 −16.25

L3 −14.79 −17.23 −16.38 −15.48

Max value −13.99 −13.99 −14.57 −13.82

Min value −16.77 −17.23 −16.38 −16.25

S/N difference 2.78 3.24 1.81 2.43
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visualized more clearly. The results of the Poisson index
and the S/N ratios are shown in Table 10. In the analysis
of this set with the Taguchi method, the smaller-the-
better characteristic was adopted because the generation
of a smaller amount of CO and a larger amount of CO2

indicates cleaner combustion. Based on the experimental
results, the conditions associated with experiment num-
ber 3, which had the lowest Poisson index and the
smallest S/N ratio (= −20.29), appear to be the best con-
ditions. The optimal experimental conditions were a bed
temperature of 550�C, torrefied materials according to
the PA, an oxygen inlet position at freeboard area, and an
oxygen concentration of 30%.

Table 11 shows the calculated S/N ratios of each fac-
tor at each level. The minimum value of each factor rep-
resents the theoretically optimal operating conditions. In
terms of bed temperature, lower temperatures seem to
result in performance superior to higher temperatures, so
the optimal result is 550�C. In terms of the fed materials,
a higher degree of torrefaction, namely the PA, yields the
best results. Superior results were achieved when oxygen
was injected into the freeboard downstream of the fluid-
ized bed at a concentration of 27%. Because the optimal
results differ from the results of the nine sets of experi-
ments listed in the orthogonal array, confirmation

experiments should be conducted to verify the authentic-
ity of the optimization procedure. We operated the exper-
iment with theoretically optimal parameters and
obtained a Poisson index of 0.095%, which is smaller than
that obtained in experiment number 3. The S/N ratio was
−20.43, meaning that the optimal results were correct
and this set of Taguchi method optimization could be
implemented.

4.2.2 | Volatile combustion ratio

The volatile combustion and char combustion stages
were demarcated on the basis of the existence of a flame
in the combustion zone. Although the fluidized bed was
made of stainless steel and it was not possible to see the
flame directly, the existence of the flame was detected
with T3, which was located at the center of the freeboard
zone. When the flame appeared, the thermocouple read-
ing increased instantly, and when the flame disappeared,
the thermocouple reading decreased instantly. When
compared with the timeline of flue gas, take experiment
number 1, which is shown in Table 8, as an example: the
curve matches the CO2 trend, which is reasonable
because carbon dioxide was generated mostly because of
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volatile combustion. Therefore, the point distinguishing
the two stages was the maximum temperature reading of
T3, which represented the maximum CO2 concentration
as well.

The generation of CO and CH4 exhibited the same
trends and peaks along the timeline, as shown in
Figure 7. Based on this result, it can be speculated that
both CO and CH4 were generated by the pyrolysis reac-
tion. The experimental results are shown in Table 12. Dif-
ferent degrees of torrefied materials had a major
influence in this experiment. Materials with a lower
degree of torrefaction contained more volatile matter and
were easier to devolatilize. Oxygen concentration was
important as well because pyrolysis often occurs under
low oxygen concentrations in the carrier gas. The CO2

curve was marginally delayed compared to the CO and
CH4 curves, but its peak corresponded to the temperature
reading of T3. Oxygen inlet position had the strongest
influence on CO2 generation. The CO2 concentration
increased when oxygen was injected downstream of the
combustion chamber. One can surmise that the extra
oxygen in the freeboard zone enhances the burning
process.

In terms of the optimization of the results of each fac-
tor, Table 13 shows that at lower bed temperatures, the

volatile combustion ratio is smaller; it is superior
according to our definition because less unburnt carbons
were in the flue gas. For the biomaterials considered
herein, the PA degree of torrefaction was the best. The
ratio of oxygen concentration was higher at the oxygen
concentration of 23%, but it was lower at the oxygen con-
centrations of 27% and 30%. There was no obvious differ-
ence between 27% and 30%, which means that an oxygen
concentration above 27% was enough.

The optimal experimental and theoretical results were
identical. For bed temperature, 550�C was the most effec-
tive. The PA was superior in terms of the volatile com-
bustion ratio. The optimal oxygen inlet position was in
the freeboard zone, which was at a height of 55 cm. A
higher oxygen concentration, 30% in this study, yielded
the best results.

5 | CONCLUSION

The primary purpose of this study was to optimize the
combustion efficiency of a fluidized bed fed with torrefied
biomass. The Taguchi method was adopted as the optimi-
zation approach because of its high accuracy and effi-
ciency. Torrefied biochar was used as the biomass

TABLE 12 Experimental results and signal-to-noise (S/N) ratio based on V-CR index

NO. CO (ppm-min) CO2 (%-min) CH4 (%-min) CO + CH4/CO + CH4 + CO2 (−) (S/N)V-CR (−)

1 675 605 121.7 15.231 0.115594778 −18.74124

2 580 849 147.6 11.868 0.077781559 −22.18247

3 232 708 213.5 7.521 0.035044421 −29.10762

4 823 620 163.9 25.246 0.137230469 −17.25099

5 1 016 494 209.4 53.335 0.206070848 −13.71967

6 255 522 77.9 5.739 0.07145308 −22.91958

7 416 718 149 17.672 0.108258165 −19.31079

8 327 723 63 7.271 0.107632584 −19.36112

9 698 365 112.1 30.009 0.21502648 −13.35016

TABLE 13 Signal-to-noise (S/N) ratio for each level based on Volatile combustion ratio (V-CR) index

(S/N)V-CR

Bed temperature Materials Oxygen position Oxygen concentration

L1 −23.34 −18.43 −20.34 −15.27

L2 −17.96 −18.42 −17.60 −21.47

L3 −17.34 −21.79 −20.71 −21.91

Max value −17.34 −18.42 −17.60 −15.27

Min value −23.34 −21.79 −20.71 −21.91

S/N difference 6.00 3.37 3.11 6.64
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material to explore the effect of thermal pretreatment on
combustion characteristics in a fluidized-bed reactor. Dif-
ferent percentages of oxygen were injected into the com-
bustion chamber at different positions to investigate
oxygen-enriched lancing.

The first half of this research focused on optimization
of the biomass in terms of the energy stored in biochar
(EY), material analysis of biochar (PA), and combustion
behavior of biochar (Smix). Three parameters were con-
trolled, namely torrefaction temperature, torrefaction res-
idence time, and N2 carrier gas flow rate. Overall,
torrefaction temperature was dominant in this set of
Taguchi method optimization experiments. The residence
time exhibited the same trend whereby a longer
torrefaction time, 60 minutes in this study, was more
effective for converting raw biomass into biochar. The N2

flow rate had no significant impact on the conversion of
biochar. The optimal results of each index were carried
forward into the second part of this research.

The second part of this study involved the optimiza-
tion of the combustion efficiency of the fluidized bed.
Four parameters, namely the temperature of the fluidized
bed, different degrees of biochar torrefaction, different
oxygen concentrations, and different positions of the sec-
ond oxygen injection, were incorporated into the con-
structed Taguchi orthogonal array to obtain the optimal
results from aspects of two ratios, the ratio of CO to CO2

(Poisson index) and the ratio of unburnt carbon (CO and
CH4) to total flue gas (CO, CH4, and CO2), respectively.
In terms of the total combustion efficiency of the fluid-
ized bed, the degree of torrefaction of the biomaterials
had the strongest influence, and bed temperature and
oxygen concentration were equally important. Oxygen
inlet position had the weakest influence on combustion
efficiency. In terms of the volatile combustion ratio, bed
temperature and oxygen concentration were important,
and degree of torrefaction of the biomaterials and oxygen
inlet position were less important. The optimal results for
both total fluidized-bed combustion efficiency and vola-
tile combustion ratio were mostly the same, differing
marginally in terms of the oxygen concentration. From
an analysis of the S/N values, 27% is the most effective
concentration for boiler efficiency, and 30% is the most
effective for volatile combustion. In sum, compared with
the experiments without oxygen enrichment, superior
results were achieved with oxygen enrichment.
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NOMENCLATURE
ASH Ash
dW
dτ

� �
max Maximum weight loss rate

dW
dτ

� �
mean Average weight loss rate

EY Energy yield index
FC Fixed carbon
HV Heating value
k Quality loss constant
M Moisture
m Target value
PA Proximate analysis-based index
PI Poison index
Q Average quality loss
S Combustion comprehensive index
S1 Stage one of Smix

S2 Stage two of Smix

Smix Effective combustion comprehensive index
Tb Burnout temperature
Ti Ignition temperature
V-CR Volatile combustion ratio
VM Volatile matter
Wi Initial weight
Wf Final weight
yi;�y Actual value; average actual value
α Fuel conversion rate
σ2 Variance of the actual value
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