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Nowadays, our global population is on a notable rise, coupled with an annual surge in 
energy consumption. The prevailing reliance on fossil fuels, especially in electricity 
generation, has significantly contributed to environmental pollution and exacerbated 
global warming. The circulating fluidized bed, distinguished for its continuous 
operation and effective heat transfer in the combustion chamber, emerges as a 
prominent boiler type. Furthermore, the use of biomass fuel, recognized for its 
renewable and environmentally friendly characteristics, presents an attractive option. 
Hence, exploring a co-firing system incorporating both coal and biomass as fuel feeds 
for the boiler holds promise, necessitating optimization for efficient energy production 
and reduced gas emissions. This study employs computational fluid dynamics to 
simulate the intricate interactions of solid fuel and flue gas reactions within the boiler, 
utilizing the two-fluid method for multiphase flow simulation. The circulating fluidized 
bed boiler in focus employs subbituminous coal, woodchips as biomass sources, and 
sand as the bed material. Model validation against operational data, including bed 
temperature, flue gas velocity outlet, and carbon dioxide mass fraction, indicates 
minimal deviation. Examination of the biomass ratio's impact on fuel feed reveals a 
reduction in sulfur dioxide emissions with an increasing biomass ratio, attributed to 
the lower sulfur content in woodchips compared to coal. However, a heightened 
woodchip blending ratio results in diminished boiler efficiency due to the altered 
heating value of the mixed solid fuel. The optimized biomass-to-coal ratio in fuel 
feeding is determined as 59.15%, achieving a maximized boiler efficiency of 82.84% 
and minimized pollution gas emissions of sulfur oxide and nitrogen oxide in accordance 
with industrial standards. 
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1. Introduction 
 

Nowadays, there is a substantial increase in the global population, accompanied by a noticeable 
upward trend in energy consumption.  According to a report covering energy consumption between 
2000 and 2021 [1], there has been an approximate 49 percent rise in energy consumption. 
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Consequently, the emissions of gases produced from energy production processes are increasing 
dramatically. The primary sources of energy are fossil fuels and renewable energy sources. Electricity 
is a crucial source of energy for humankind, and various processes are involved in its production. One 
such process is the boiler, a conventional method that includes the thermal conversion of fuel to 
produce flue gas containing energy. This energy is then exchanged with water in a heat exchanger to 
generate steam.  Finally, the steam is fed into a steam turbine for electrical production in the 
generator. 

There are two main types of conventional boilers:  fixed beds and fluidized beds.  In this study, a 
fluidized bed boiler was chosen due to its continuous operation and its superior heat and mass 
transfer compared to a fixed bed boiler.  However, there are drawbacks to this technology; erosion 
likely occurs in the reactor due to the motion of solids [2]. Regarding fuel feeding, two common types 
of fuel are used:  coal and biomass.  Due to global warming and the serious air pollution problems 
worldwide, emissions causing air pollution, such as sulfur dioxide resulting from the oxidation 
reaction due to sulfur content in coal fuel, must be managed.  To address this, biomass is added to 
the fuel feed to reduce emissions. However, during the design phase, careful consideration must be 
given to the heating value of the fuel after combustion to maintain boiler efficiency, as investigated 
in several studies [3-5]. Additionally, the nature of biomass fuel, such as woodchips, includes a lower 
content of carbon and sulfur compared to coal [ 6] .  This reduction in carbon and sulfur content 
contributes to a lesser impact on the environmental scope when biomass is used in combustion 
processes.   The fuel feeding ratio of coal and biomass was conducted in Kim et al. , [7]  They found 
that when the ratio of biomass increased in the fuel feeding of a laminar flow reactor, the amount of 
carbon monoxide increased along the tube due to volatile combustion. The trend of unburned carbon 
(%UBC)  decreased due to the volatile component being higher in the large ratio of biomass to coal 
feeding. Consequently, the char combustion, which produces carbon monoxide, was influenced. Xie 
et al., [4] found that as municipal solid waste (MSW) increased, the concentration of nitrogen oxide 
increased, but the concentration of sulfur dioxide decreased.  Moreover, Nussbaumer et al. , [ 8] 
investigated the effect of co-combustion, revealing that sulfur dioxide emissions decreased when the 
ratio of biomass increased due to the small amount of sulfur element in the biomass. In addition, the 
effect of co-firing biomass on furnace efficiency was investigated by Wang et al., [9]. The increase in 
biomass co-firing level resulted in a decrease in furnace efficiency, as the content of unburned carbon 
rose after combustion. 

Computational fluid dynamics (CFD)  is a numerical calculation method employed to study fluid 
behavior with considerations for momentum, energy, and mass conservation.  This widely used 
simulation method spans various disciplines such as chemical engineering, mechanical engineering, 
and biomedical engineering [10] .  Notably, prior studies on CFD simulation of combustion models 
often overlooked the devolatilized reaction of solid fuel [11,12]. If the devolatilized reaction of solid 
fuel is included, it will affect the volatile gases that release from the solid fuel. Then, the effect of the 
devolatilized reaction makes the model realistic.  

Given these considerations, this study investigates the fuel feeding ratio in co-firing power plants 
using computational fluid dynamics to assess its impact on boiler operating conditions. Optimization 
of flue gas emissions post-combustion is also a critical aspect. The study's challenge lies in simulating 
fuel as a solid phase and incorporating the devolatilization reaction to govern this phenomenon. 
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2. Governing Equation 
 

The system of the boiler that is considered in this study is the fluidized bed with combustion 
chemical reactions.  Here, the two- fluid model, or Eulerian- Eulerian, together with kinetic theory of 
granular flow is used for the simulation of fluidized beds which successfully used in several studies 
[5,13].  The momentum conservation, energy conservation, and mass conservation for a multiphase 
system with species transport are shown in the equation (1) - (7)  [14]  in Table 1.  The conservation 
equations (equations (1) – (4)) contain the accumulation term for solving the dynamic behaviour, the 
diffusion and convection terms for addressing spatial problems, and the source term or additional 
sources of force, energy, and mass for momentum, energy, and species transport, respectively. 

  
Table 1  
Governing equation for co-firing boiler combustion CFD simulation 
 Description  Equation  

(1) Mass 
conservation 

 𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞) + ∇ ∙ (𝛼𝑞𝜌𝑞�⃗�𝑞) = 0  

 
(2) Species 

conservation 
 𝜕

𝜕𝑡
(𝜌𝑞𝛼𝑞𝑌𝑖

𝑞
) + ∇ ∙ (𝜌𝑞𝛼𝑞�⃗�𝑞𝑌𝑖

𝑞
) = 𝛼𝑞𝑅𝑖

𝑞
+ ℛ  

 
(3) Energy 

conservation 
 𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞ℎ𝑞) + ∇ ∙ (𝛼𝑞𝜌𝑞�⃗�𝑞ℎ𝑞) = 𝛼𝑞

𝜕𝑝𝑞

𝜕𝑡
+ 𝜏�̿�: ∇�⃗�𝑞 − ∇ ∙ �⃗�𝑞  

(4) Momentum 
conservation 

 𝜕

𝜕𝑡
(𝛼𝑞𝜌𝑞�⃗�𝑞) + ∇ ∙ (𝛼𝑞𝜌𝑞�⃗�𝑞�⃗�𝑞) = −𝛼𝑞∇𝑝 + ∇ ∙ 𝜏�̿� + 𝛼𝑞𝜌𝑞�⃗� + 𝐾𝑝𝑞(�⃗�𝑞 − �⃗�𝑝)  

 
(5) Gidaspow drag 

model 
 

𝐾𝑝𝑞 = {

3

4
𝐶𝐷

𝛼𝑝𝛼𝑞𝜌𝑞|�⃗⃗�𝑝−�⃗⃗�𝑞|

𝑑𝑝
𝛼𝑞

−2.65 ;  𝛼𝑞 > 0.8

150
𝛼𝑝(1−𝛼𝑞)𝜇𝑞

𝛼𝑞𝑑𝑝
2 + 1.75

𝜌𝑞𝛼𝑝|�⃗⃗�𝑝−�⃗⃗�𝑞|

𝑑𝑝
;  𝛼𝑞 ≤ 0.8

  

 
(6) Drag coefficient  𝐶𝐷 =

24

𝛼𝑞𝑅𝑒𝑝
(1 + 0.15(𝛼𝑞𝑅𝑒𝑝)

0.687
)  

 
(7) Gunn interphase 

heat transfer 
model 

 
𝑁𝑢𝑝 = (7 − 10𝛼𝑞 + 5𝛼𝑞) (1 + 0.7𝑅𝑒𝑝

0.2𝑃𝑟
1
3) + (1.33 − 2.4𝛼𝑞 + 1.2𝛼𝑞

2)𝑅𝑒𝑝
0.7𝑃𝑟

1
3 

𝛼𝑞                           Volume fraction for phase q  (-) �⃗�𝑞 heat flux (W/m2) 

𝜌𝑞           Density for phase q (kg/m3) �⃗�          Gravitational acceleration (m/s2) 

�⃗�𝑞           Velocity for phase q (m/s) 𝐾𝑝𝑞 Drag force (N) 

𝑌𝑖
𝑞

          Mass fraction of species i for phase q (-) 𝑑𝑝        Diameter of solid (m) 

𝑅𝑖
𝑞

          Rate of reaction of species i for phase q (kmol/m3s) 𝐶𝐷 Drag coefficient (-) 

ℛ            Rate of heterogeneous reaction (kmol/m3s) 𝑅𝑒𝑝 Reynolds number (-) 

𝑝𝑞           Pressure for phase q (Pa) 𝑁𝑢𝑝 Nusselt number for phase q (-) 

𝜏�̿�           Shear-stress tensor (Pa) 𝑃𝑟 Prandtl number (-) 

 

The finite volume numerical method is used for solving differential equations by using 
commercial software, ANSYS Fluent 2023 R1, as a CFD solver.  For species transport, the kinetic 
reaction for fuel combustion is based on the Arrhenius equation that is followed by Xie et al., [13]. In 
this study, 9 chemical reactions are employed, which are shown in Table 2.  R1, R2, and R5 are 
heterogeneous reactions for coal and biomass devolatilization, and char combustion, respectively. 
The rest of the reaction is oxidation in the gas phase, which was obtained from Xie et al., and Miltner 
et al., [4,15]. 
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Table 2  
Chemical reaction in this study  
 Reaction equation Rate of reaction Kinetics constant 

R1 Woodchip → C + CH4 + H2 +
CO2 + CO + HCN + H2S + HCl +
ASH  

𝑟1 = 𝑘1𝐶𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒   𝑘1 = 1.901 × 104exp (−
5.882×107

𝑅𝑇
)  

R2 Coal → C + CH4 + H2 + CO2 +
CO + HCN + H2S + ASH  

𝑟2 = 𝑘2𝐶𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒   𝑘2 = 8.276 × 104exp (−
7.3×107

𝑅𝑇
)  

R3 H2 + 0.5O2 → H2O  𝑟3 = 𝑘3𝐶𝑂2
𝐶𝐻2

1.5  𝑘3 = 5.159 × 1015exp (−
28517

𝑅𝑇
) 𝑇−1.5  

R4 CH4 + 2O2 → CO2 + 2H2O  𝑟4 = 𝑘4𝐶𝐶𝐻4
𝐶𝑂2

  𝑘4 = 3.552 × 1014exp (−
130530

𝑅𝑇
) 𝑇−1  

R5 C + O2 → CO2  𝑟5 = 𝑘5𝐶𝐶𝐶𝑂2
  

𝑘5 = 0.002exp (−
7.9 × 107

𝑅𝑇
) 

R6 CO + 0.5O2 → CO2  𝑟6 = 𝑘6𝐶𝐶𝑂𝐶𝑂2
0.5  𝑘6 = 1.0 × 1015exp (−

133024

𝑅𝑇
)  

R7 H2S + 1.5O2 → SO2 + H2O  𝑟7 = 𝑘7𝐶𝐻2𝑆𝐶𝑂2
  𝑘7 = 5.2 × 108exp (−

19300

𝑅𝑇
)  

R8 HCN + O2 → NO + CO + 0.5H2  𝑟8 = 𝑘8𝐶𝐻𝐶𝑁𝐶𝑂2
  𝑘8 = 1.0 × 1010exp (−

280282

𝑅𝑇
)  

R9 HCN + NO → N2 + CO + 0.5H2  𝑟9 = 𝑘9𝐶𝐻𝐶𝑁𝐶𝑁𝑂  𝑘9 = 3.0 × 1012exp (−
250983

𝑅𝑇
)  

 
3. Methodology 
3.1 Computational Domain Construction 
 

The co-firing power plant in the riser part of the boiler is investigated in this study, which is based 
on the industrial power plant as shown in Figure 1. The boiler contains three main parts: the fuel and 
air feeding zone at the bottom of the chamber, the heat exchanger zone at the middle of the chamber 
height, and the 4 of flue gas outlet at the top of the chamber.  For fuel and air feeding zones, there 
are 6 inlets of fuel feeding, 16 inlets of primary air (PA)  at the lower level, 10 inlets of secondary air 
(SA) at the lower level, 10 inlets of SA at the upper level, and 2 inlet of ash recirculation. In the case 
of the heat exchanger zone, there are two parts of the heat exchanger:  the reheater and the 
superheater for steam production by heat transfer.  The reheater contains 20 racks of steam pipe, 
and the superheater contains 40 racks of steam pipe.  

This 3-dimensional computational domain is constructed by ANSYS design modeler 2023 R1. The 
fuel and air are fed at the bottom of the chamber; the operating conditions of the air and fuel and 
the properties of the solid phase are shown in Table 3.  According to the circulating fluidized bed 
operation of this boiler, the bed is sand with 65 tons in the chamber at the initial stage of operation. 
After the geometry construction, this model has been discretized for numerical calculation by ANSYS 
meshing with a tetrahedral grid.  The authors have separated the number of grid elements into 3 
cases: fine grid, medium grid, and coarse grid, for the grid-independent test. The grid-independency 
test is an evaluation to find the optimal grid element that is appropriate for model calculation and to 
obtain the accuracy of the solution with the minimum resource of processor calculations.  

The assumptions of this study are that the devolatilization of coal and woodchip follows R1 and 
R2, the unburned solid is treated as the ASH component, and the char component is treated as solid 
carbon.  Additionally, NO emission is considered as the NOx component, and SO2 emission is 
considered as the SOx component. 
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Table 3  
Operating condition of air, solid fuel, and sand 
Condition Value Unit  Condition Value Unit 

Primary air at bottom 68.09 Nm3/s  Solid fuel mass flowrate 4.02 kg/s 
Primary air lower level 18.24 Nm3/s  Woodchip to coal ratio 0.486 - 
Secondary air lower level 18.21 Nm3/s  Solid fuel average diameter 0.014 m 
Secondary air upper level 16.37 Nm3/s  Woodchip density 413 kg/m3 
Primary air temperature 479 K  Coal density 1,019 kg/m3 
Secondary air temperature 492 K  Sand average diameter 139 µm 
    Sand density 2,650 kg/m3 

 

 
Fig. 1. The overview of boiler configuration in oblique-view, side-
view, and front-view of boiler  

 
3.2 Simulation Setup 
 

The model of a co- firing boiler contains three phases:  the gas phase as a primary or continuous 
phase, the sand phase as an inert phase, and the solid phase as a solid fuel to represent the woodchip, 
coal, char, and ash components.  The gas phase consists of 12 components of gas species:  carbon 
dioxide (CO2) , water (H2O) , oxygen (O2) , methane (CH4) , hydrogen (H2) , carbon monoxide (CO) , 
hydrogen sulfide (H2S), sulfur dioxide (SO2), hydrogen chloride (HCl), nitrogen oxide (NO), hydrogen 
cyanide (HCN), and nitrogen (N2). The properties of gas, for example, density, viscosity and enthalpy 
of formation are based on the ANSYS Fluent 2023 R1 database [ 14] .  According to the Reynolds 
number calculation, the value of 85,000 is in the turbulent regime [ 16] .  In this study, the k- ε 
turbulence model is then used to simulate the fluctuation of the fluid. This model is calculated based 
on transport equation for turbulence kinetic energy (k) and turbulence dissipation (ε). This model is 
economy and reasonable for wide range of turbulent flows explain its popularity in industrial flow 
and heat transfer simulation [14]. 

For the boundary conditions, the fuel inlet is set as mass flow rate boundary conditions, and the 
air inlet, both primary and secondary air, is set as velocity inlet boundary conditions, based on Table 
3.  In addition, the outlet of flue gas is set as pressure outlet boundary conditions with a value of -
0.26 kPa obtained from the operating data.  The wall of the riser part is treated with a no- slip wall 
boundary condition, which sets the velocity at the wall surface to zero.  In the model, there are 2 
zones of heat exchangers:  the reheater and the superheater, both set into the convection heat 
transfer of the wall boundary condition. 
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For the multiphase interaction, the drag model used in this study is the Gidaspow drag model, as 
shown in equation (5), combines Wen and Yu for the dilute phase behavior and the Ergun drag model 
for the dense phase behaviour [ 14] .  The heat transfer between the granular and gas phases is 
calculated using the Gunn model, as shown in the equation (7), to determine the Nusselt number for 
interphase heat transfer between gas-solid fuel and gas-sand [17].  
 
4. Results and Discussion 
4.1 Grid Independency Test 
 

From the grid construction, there are 3 element numbers and their statistical parameters which 
are in the criteria of recommendation for CFD simulation [18], as shown in Table 4. The aspect ratio 
represents the relationship between the longest and shortest lengths, while skewness denotes the 
ratio of deviation between the ideal and actual cell. Furthermore, it is advised to use an aspect ratio 
of 10 and a skewness of 0.25 for CFD simulation, with the selected element sizes falling within this 
specified range.  Here, both the aspect ratio and skewness values are according to the appropriate 
values.  Besides, the grid- independency test is conducted with the air flow in the riser case using a 
constant velocity magnitude of 2.5 m/s. From the result in Figure 2 which shows the averaged velocity 
magnitude in gas phase at the outlet window, 0.4 m of element size is used for further simulation. 
According to this element size, it can calculate the obtained velocity value as close as the fine grid, 
0.3 m of element size.  In addition, the cross-sectional view of grid element in each case is shown in 
Figure 3.  The number of elements in the red circle increased when the element size decreased, as 
the fineness of grid elements can predict the accuracy of simulation results. 

        
Table 4  
Statistical parameters for each grid element size 

Element size  
(m) 

Aspect ratio Skewness 
Element number 

average average 

0.5 (coarse) 1.998 0.252 577,485 

0.4 (medium) 1.947 0.244 715,381 

0.3 (fine) 1.909 0.236 1,065,875 

 

 
Fig. 2. Velocity magnitude at the outlet window for each grid 
element size 
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Fig. 3. The number of grid element following by the element size for (a) 0.5 m, (b) 0.4 m, and (c) 0.3 m 

 
4.2 Model Validation 

 
The model is validated with the operating data of industrial power plant.  From Figure 4, the 

results of CO2 concentration and flue gas temperature over time indicate that this system reached a 
steady state at 50 seconds.  The results are shown in Figure 5.  Flue gas velocity, CO2 percentage by 
weight, bed temperature, and flue gas temperature are selected for model validation, The velocity 
of flue gas, amount of CO2, and flue gas temperature are measured by using a probe at the outlet, 
and the bed temperature is measured at the temperature probe at the bed level. From Figure 5, the 
model validation result has a small relative error between the operating data and simulation results, 
with the error of 6.8%, 2.7%, 9.1%, and 3.6% for flue gas velocity, carbon dioxide percentages, bed 
temperature, and flue gas temperature, respectively. 

 

 
Fig.  4.  The time independence test of carbon dioxide 
percentages and flue gas temperature  

 
Figure 6 displays the contour of flue gas velocity, mass fraction of CO2, and gas temperature. 

Observably, the flue gas velocity is higher at the inlet air and subsequently diminishes with the boiler 
reactor height.  The concentration of CO2 is dense at the bottom due to the devolatilization of solid 
fuel around the inlet fuel and the oxidation reaction of the volatile component.  As the height of the 
boiler increases, the CO2 concentration decreases due to occurring side reactions, expanding the 
volume of the reactor by 40% , thereby slightly diluting the CO2 concentration.  Regarding the 
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temperature contour, it illustrates the impact of the heat exchanger, wherein the energy of the flue 
gas is transferred into water, resulting in a reduction of gas temperature within the heat exchanger 
zone. 

 

 
Fig. 5. Validation results with industrial power plant data: Flue gas velocity, 
%CO2, Flue gas and bed temperature  

 

 
Fig. 6. Contour results of gas velocity, CO2 mass fraction, and gas temperature 

 
4.3 Effect of biomass to coal feeding ratio 

 
Variation of biomass fuel feeding ratio from 33% to 86.6% by weight is investigated based on 

records of real operating data.  The results are shown in Figure 7.  When the woodchip percentage 
increasing, the amount of CO2 decreased due to the effect of volatile combustion [7], and the amount 
of volatile components in biomass structure was higher than coal [6] .  The amount of SOx has in the 
same trend as the amount of CO2 because the sulfur component in the woodchip is lower than coal. 
For this reason, the SOx emission, that came from oxidation reaction of hydrogen sulfide, in the high 
blending biomass feeding ratio is also small.  In contrast, the amount of NOx emissions is increasing 
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while the ratio of woodchips in the fuel feed is increasing.  This is because the higher ratio of coal 
contains a higher amount of carbon element that affects the amount of O2 for the oxidation reaction 
[4]. NOx formation, that came from the oxidation reaction of hydrogen cyanide, is decreasing as more 
O2 is consumed in CO2 formation.  So that, the NOx is slightly increasing when the woodchip ratio of 
fuel feeding increased.  

For the boiler efficiency (𝜂) , which is calculated following by equation (8) , where 𝑄𝑙𝑜𝑠𝑠,𝐹𝐺  is the 

heat loss with flue gas ( J/ s) , 𝑚𝐹𝐺  is flue gas mass flowrate (kg/ s) , ℎ𝐹𝐺  is mass enthalpy of flue gas 
(J/kg), 𝑚𝑓𝑢𝑒𝑙 is fuel mass flowrate (kg/s), and 𝐻𝑓𝑢𝑒𝑙 is heating value of solid fuel (J/kg). If the ratio of 

biomass increases, the boiler efficiency trend decreases due to the total heating value of co- firing 
solid fuel.  The heating value of woodchip and coal are equal to 2,075 kcal/ kg, and 4,681 kcal/ kg 
respectively. If the woodchip blending ratio increased, the heating value of solid fuel decreased.  

 

𝜂 = 1 −
𝑄𝑙𝑜𝑠𝑠,𝐹𝐺

𝑚𝑓𝑢𝑒𝑙𝐻𝑓𝑢𝑒𝑙
= 1 −

Δ(𝑚𝐹𝐺ℎ𝐹𝐺)

𝑚𝑓𝑢𝑒𝑙𝐻𝑓𝑢𝑒𝑙
                       (8) 

 
For the optimized operating condition, the objective function is set to minimize the pollution 

emission, NOx should be lower than 150 ppm and SOx should be lower than 200 ppm, based on Scala 
et al. , [19] , and to maximize boiler efficiency within the range of 33% to 86.6% of woodchip fuel 
feeding.  The result found that the optimized woodchip percentage is 59.15% , which produces NOx 
and SOx at 123 ppm and 200 ppm, respectively, and the boiler efficiency is 82.84%.  The simulated 
boiler efficiency is relevant to the typical coal and biomass feed boiler [20].  

 

 
Fig. 7. Effect of %Woodchip to %CO2, composition of NOx and SOx, and boiler efficiency 

 
5. Conclusion 
 

Currently, global energy consumption has experienced a significant increase, and biomass stands 
out as a preferable option for renewable energy.  Electricity, a crucial form of energy, can be 
generated from power plants. Typically, coal serves as the primary fuel in boiler feed, but considering 
pollution concerns, biomass is introduced to create a blended fuel ratio with coal. Consequently, the 
impact of the biomass fuel feeding ratio is scrutinized through computational fluid dynamics 
simulation.  The domain construction is three- dimensional, and it has been discretized with an 
appropriate number of grid elements. Subsequently, the model undergoes validation using operating 
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data, revealing minimal errors.  Regarding the effect of biomass blending ratios, an increase in the 
woodchip ratio in the feed results in a decrease in sulfur oxide emissions, attributed to coal being the 
primary sulfur source. However, this change leads to a decline in boiler efficiency due to the reduced 
heating value of the fuel mixture. Finally, the optimized woodchip ratio is determined to be 59.15%, 
with nitrogen oxide and sulfur oxide emissions at 123 and 200 ppm, respectively, and a boiler 
efficiency of 82.84%.  Still, the limitations of this study are the uniform size of solid fuel, and the 
variation of solid fuel and air flowrate are neglected and keep constant in this study. 
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