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Abstract 

A char combustion model is developed to study the effect of CO2 on the combustion of coarse char particles 

under oxy−fuel conditions in a fluidized bed (FB). It is a transient one−dimensional model, taking into account 

the heat and mass transfer from the bed to the particle and the heterogeneous combustion and gasification of 

char. The model shows good ability to predict the char temperature history measured in our previous work for 

different combinations of O2/CO2 and O2/N2 with various coal types. Simulations are carried out to establish 

the role of CO2 in oxy-fuel conversion at different O2 levels, particle sizes, and bed temperatures. The model is 

used to analyze the relative contribution of carbon in the char consumed by CO2 (gasification) and O2 

(combustion), as well as the differences of the peak temperatures and the burnout times in O2/CO2 and O2/N2 

for char particles in a commercial FB combustor. The results indicate that the conversion of coarse (mm size) 

char particles in an oxy-FB is controlled by the diffusion of O2 both in the O2/CO2 and O2/N2 case. The burn−out 

time decreases with the bed temperature also in both cases.. The lower O2 diffusion rate in CO2 compared to N2, 

is the main reason for the longer burnout time and lower peak temperature found using O2/CO2 at bed 

temperatures of 1073-1173 K. In that temperature window, the contribution of the CO2 –char gasification is 

limited, being notable only at high bed temperature in O2/CO2, e.g. 1223 K. In such high temperature conditions 

(rarely expected to be found in commercial coal FBC) the predicted burnout time of a lignite char-particle 

becomes shorter in O2/CO2 than in O2/N2.  
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Nomenclature 

Notations 
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Ar Archimedes number,- 

𝐴 /  pre−exponential factor in Eq. (15),- 

𝐴  pre−exponential factor for kinetic reaction of char,- 

𝑐  specific heat at constant pressure, 𝑘𝐽/ 𝑘𝑔 ∙ 𝐾  

𝐸 /  activation energy in Eq. (15), 𝑘𝐽/𝑚𝑜𝑙 

𝐸  activation energy for kinetic reaction of char, 𝑘𝐽/𝑚𝑜𝑙 

𝑑 diameter, 𝑚 

𝐷 molecular diffusivity, 𝑚 /𝑠 

h  heat transfer coefficient, 𝑊/ 𝑚 ∙ 𝐾  

ℎ  mass transfer coefficient, 𝑚/𝑠 

𝑘  kinetic reactivity of heterogeneous reaction, 𝑘𝑔/ 𝑚 ∙ 𝑠  

𝑀 molecular mass, 𝑚𝑜𝑙/𝑘𝑔 

𝑁𝑢 Nusselt number,- 

𝑃𝑟 Prandtl number,- 

𝑟 distance from the particle’ s center, 𝑚 

𝑅 radius of fuel particle, 𝑚 

𝑅  gas constant, 8.315 10 𝑘𝐽/ 𝑚𝑜𝑙 ∙ 𝐾  

ℜ  reaction rate, 𝑘𝑔/ 𝑚 ∙ 𝑠  

𝑠 specific surface area, 𝑚 /𝑚  

𝑆 source term in Eqs. (1) and (2), 𝑘𝑔/ 𝑚 ∙ 𝑠  

𝑆𝑐 Schmidt number,- 

𝑆ℎ Sherwood number,- 

𝑡 time, 𝑠 

𝑇 temperature, 𝐾 

𝑢  fluidizing velocity, m/s 

𝑋  carbon conversion of the particle, - 

𝑥  local carbon conversion at an internal position of the particle, - 

Xgas percentage contribution of gasification to the consumption of char, % 
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𝑌 mass fraction, - 

 

Greek letters 

𝛼 thermal diffusivity or mechanism coefficient of char combustion, 𝑚 /𝑠 or - 

𝛽 mechanism coefficient of char combustion, - 

𝛿 thicknesses of gas−film, 𝑚 

𝜀 porosity, or bed voidage,- 

𝜆 thermal conductivity, 𝑊/ 𝑚 ∙ 𝐾  

∆𝐻 heat of chemical reaction, 𝐽/𝑘𝑔 

𝜌 density, 𝑘𝑔/𝑚  

𝜎 Stephan−Boltzmann constant, 5.67×10−8 𝑊/ 𝑚 ∙ 𝐾  

𝜙 mechanism factor of char combustion,- 

𝜔 effective emissivity of the radiative exchange between bed and char particle,- 

 

Subscripts 

𝑎 ash 

𝑏 bed materials or bed particle 

𝑏𝑢𝑟𝑛 burnout 

𝑐 char 

𝑐𝑜𝑛𝑣 convection 

𝑒𝑓𝑓 effective 

𝑔 gas 

ℎ heat 

𝑖, 𝑘 component:1−O2, 2−CO2, 3−CO, 4−N2  

𝑗 heterogeneous reaction: 1−combustion, 2−gasification 

𝑚 mass 

𝑚𝑓 under minimum fluidization conditions 

𝑝 char particle 
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𝑝𝑒𝑎𝑘 maximum 

𝑟𝑎𝑑 radiation 

𝑠 particle surface 

𝑡𝑜𝑡 total 

0 initial value 

∞ under bulk conditions 

 

Important abbreviations 

AC Anthracite coal 

BC Bituminous coal 

FB Fluidized bed 

LC Lignite coal 

SBC Sub−bituminous coal 

 

1. Introduction 

Oxy−fuel combustion is considered one of the promising technologies to capture carbon dioxide from coal–

fired power plants. In this technology, air (O2/N2) is substituted by pure oxygen mixed with recycled flue gas 

(mainly consisting of CO2) before injection into a combustor. The formed flue gas with high CO2 concentration 

could be compressed for utilization or storage. Thus, the primary difference between air combustion and oxy-

fuel combustion is the high CO2 level in oxy-fuel atmosphere as a result of replacing of N2 with CO2. Recently, 

many investigations have been carried out to understand the effect of the high CO2 level on the combustion 

characteristics of pulverized coal (PC) [1]−[6]. The results indicate that the fuel-particle temperature drops 

100−200 K and that gasification accounts for 8−20% of the carbon consumption at O2 concentrations in O2/CO2 

identical to those in O2/N2 [3][5]. This behavior is a consequence of the low diffusivity of O2 in CO2 and the 

large endothermicity of the CO2-char reaction.  

Oxy−fuel combustion of char in fluidized bed (FB) could differ from PC because of the larger particle size and 

the lower furnace temperature. Fundamental research about oxy−fuel combustion of coal particles in FB is 

scarce [7], in spite of the operation of pilot−scale FBs [8][9]. Brix et al. [10] studied millimeter-sized coal char 

in a laboratory−scale fixed bed at 1073 K in O2/CO2 and O2/N2 with 5−80 %vol O2 concentrations, and indicated 
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that the maximum char particle temperature decreases by 25–50 K in O2/CO2 as compared with that in O2/N2. 

Roy and Bhattacharya [11] studied oxy-fuel combustion of single coal-char particles in an FB reactor at 1153-

1198 K with 5-15 %vol O2 concentrations. The combustion rate of char particle was found to increase with 

increasing bed temperature and O2 concentration. In our previous work [12][13], devolatilization and char 

combustion of different ranks of coarse coal particles, including anthracite coal (AC), sub-bituminous coal 

(SBC), bituminous coal (BC), and lignite coal (LC), were experimentally examined in O2/N2 and O2/CO2 with 

10−40 %vol O2 concentrations in an FB at 1088 K. In each test, a single coal particle was fed into the FB to 

ensure a uniform temperature and gas concentration around the fuel particle to accurately analyze its conversion 

behavior. Measurements showed that the devolatilization characteristics do not change much, but the char 

burnout time is prolonged and the peak temperature is lower when O2/N2 is replaced by O2/CO2 as a result of 

the low diffusivity of O2 and the gasification reaction in O2/CO2. However, up to now, the quantitative effect of 

these factors on oxy-fuel FB combustion of char particles remains unclear.  

Several particle-scale reaction models of fuel particles have been developed for the understanding of the 

combustion characteristics of a fuel particle in FB under conventional conditions, including zero and one 

dimensional transient models [14]-[15]. The main aim of the present work is to quantitatively examine the effect 

of CO2 in oxy-fuel combustion of char particles in FB, including the changed diffusivity of O2 and the 

occurrence of CO2 gasification. It is considered that the size of coal-char particles used in the fluidized bed is 

large enough for the formation of heat and mass gradients inside a particle. A one-dimensional transient char 

combustion model is developed to describe the oxy-fuel combustion of a char particle in FB, implemented as a 

continuation of our already built model for coal devolatilization [16].The char combustion model accounts for 

mass and heat transfer in the gas boundary-layer during reaction (combustion and gasification) and within the 

char particle. The model is validated firstly by comparing simulations with the experimental results measured 

previously [13] and other reported data under different FB combustion conditions [17]-[20]. The model is then 

used to analyze the experimental data and clarify the effects of the low diffusivity of O2 and the gasification 

reaction on the char conversion.  

In addition, the FB boilers concerned could have an inlet oxygen concentration suitable for replacing air in 

an existing air-fired boiler (which would be a moderately higher than 21%, typically 30-35%, to compensate 

for the different properties of N2 and CO2 [13]), or the oxygen concentration could be much higher, intended for 

a newly designed boiler [21]. In both cases, the excess oxygen might not differ much from the conventional 
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value 3-4%, meaning that a fuel particle might meet a high oxygen concentration initially, but during most of 

its stay in the furnace the oxygen concentration would be lower than the inlet one. The model is also used to 

simulate the char combustion process at various O2 levels, different particle sizes and bed temperatures, which 

cover the typical operation conditions of an FB boiler, and to explain the difference between conventional and 

oxy-fuel combustion.  

2. Modeling approach 

According to the evolution of the surface temperatures of the particle measured by the thermocouple, the 

particle did not collapse before the burnout of carbon [13]. In the present work, six conservation equations inside 

the fuel particle, energy, total mass, and mass fractions of O2, CO2, CO, and N2, are taken into account to develop 

a one−dimensional, transient, char-combustion model. The interior and the exterior of the particle are connected 

by the boundary conditions at the particle’ s surface. To handle the problem analytically, the assumptions made 

are summarized as follows: 

(i) The geometry of the fuel particle is spherical; 

(ii) The shape or dimensions of the particle do not change during its conversion;  

(iii) The porosity, thermal conductivity, and heat capacity of the char particle change proportional to the 

degree of carbon conversion; 

(iv) Initially, the pore space of the particle is filled with N2 (in O2/N2) or CO2 (in O2/CO2). The gases behave 

as ideal gases; 

(v) The impact of the Knudsen effect on the diffusion coefficients is assumed negligible [22]. 

2.1 Transport equations 

The conversion of the mass fraction of each component (i) inside the particle is, 

𝑟 𝜀 𝜌 𝐷 , 𝑆 ,     (1) 

The heat conservation of the char particle is given as, 

𝜆 𝑟 ∑𝑆 ,     (2) 

The conservation of carbon in the char is given by, 

∑ℜ ,       (3) 
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The source terms in Eqs. (1) and (2) are the consumption and the generation of gas and the enthalpy of the 

chemical reactions in the char particle, respectively. The modeling of these two source terms is presented in 

Section 2.2. 

The initial conditions of the fuel particle are, 

𝑎𝑡 𝑡 0:   0 r R, T T , 𝜌 𝜌 , , 𝜀 𝜀 ,      (4) 

Because of symmetry at the center of the particle,  

𝑎𝑡 𝑟 0:    0     (5) 

At the particle surface, the mass and heat transfer between the particle and the bed are interpreted by,   

𝑎𝑡 𝑟 𝑅: 𝐷 ℎ , 𝑌 , 𝑌 ,     (6) 

𝑎𝑡 𝑟 𝑅: λ h , T T     (7) 

Moreover, the sum of the mass fractions of all species inside the char particle should be unity, 

∑𝑌 1       (8) 

The effective diffusivity of the gas species in the solid is estimated, considering the influence of the porous 

structure of the particle [23][24], 

𝐷 , 𝐷 𝜀  𝐷       (9) 

Here, 𝐷  is the pseudo-diffusion coefficient of species i in the gas mixture, calculated from the binary 

diffusion coefficients Dik as [25], 

 𝐷 1 𝑌 /∑ 𝑋  /𝐷      (10) 

In FB, the char particle is exposed to a surrounding of hot inert bed material, whose particles are smaller 

than those of char. The maximum values of the empirical relationships proposed by Palchonok [25] give the 

heat (ℎ , ) and mass (h ) transfer coefficients of the active particle, whose size is much larger than that of 

the inert bed particle in line with the experimental conditions used in the presented work. 

𝑁𝑢 ℎ ,  𝑑 /𝜆 0.85𝐴𝑟 . 0.006𝐴𝑟 . 𝑃𝑟 .    (11) 

𝑆ℎ , ℎ ,  𝑑 /𝐷 0.09𝐴𝑟 . 𝑆𝑐 .      (12) 

Where, Ar  is the Archimedes number of inert (bed) particles, Ar 𝑔𝑑 𝜌 𝜌 𝜈 𝜌 . 

The total heat transfer coefficient (h , ) includes the components of convective and radiative heat transfer,  

h , h , h       (13) 
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h 𝜎𝜔 T T 𝑇 𝑇      (14) 

2.2 Kinetics of the heterogeneous reactions 

The char is assumed to be converted by CO2 (gasification) and O2 (combustion) simultaneously [3][6][26] 

so the following heterogeneous reactions are considered, 

𝐶 𝑂 → 𝐶𝑂 𝐶𝑂    (Reaction 1) 

𝐶 𝐶𝑂 → 2𝐶𝑂     (Reaction 2) 

The homogeneous reaction of CO, taking place outside of the particle, is not considered in the present 

model. Reaction 1 is exothermic, whereas Reaction 2 is endothermic. 𝛼 and 𝛽 are mechanism coefficients: 𝛼

0 means that CO2 is the primary product of combustion, whereas CO is the primary combustion product when 

𝛽 0 [27]. Arthur [28] proposed a kinetic equation to estimate the produced ratio of 𝐶𝑂/𝐶𝑂 , which has been 

commonly used in modeling of the combustion of char particles [3][29],  

𝐴 / exp /      (15) 

Reaction 2 accounts for the effect of CO2 gasification on the conversion of the char particle, which is one 

of the main objectives studied in the present work. 

The rates of the combustion and gasification reactions are modeled as global reactions [22][30],  

ℜ , ∙ 𝐴 , 𝑒𝑥𝑝
, ∙ 𝑠 ∙ 𝑌     (16) 

ℜ , 𝐴 , 𝑒𝑥𝑝
, ∙ 𝑠 ∙ 𝑌      (17) 

In Eqs. (16) and (17), s is the available specific surface area, changing with the degree of local carbon 

conversion (xC) and assumed to follow the random pore model [31]. The available specific surface area at zero 

carbon burn-off is s . 

𝑠 𝑠 1 𝑥 1 Ψln 1 𝑥      (18) 

Where, 𝑥 1 m 𝑚⁄ , 𝑚  and m  are the mass of carbon contained at initial time t  and time t. Ψ is a 

structural parameter, obtained by fitting experimental results, yielding various values of Ψ from 0.2 to 10 for 

different types of char. Here, the average value of 2.5 is selected for the different chars, as recommended in 

Refs. [32]-[33]. 
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The corresponding source term (𝑆 ) in Eq. (1) of each species during the conversion of a char particle can 

be calculated for the gas species, 𝑖 1 𝑂 , 𝑖 2 𝐶𝑂 , 𝑖 3 𝐶𝑂 , and 𝑖 4 𝑁 ,  

𝑆 , ℜ ,       (19) 

𝑆 , ℜ , ℜ ,      (20) 

𝑆 , ℜ , 2ℜ ,      (21) 

𝑆 , 0       (22) 

The source of heat in Eq. (2), ∑𝑆 ,  is the sum of the enthalpies of the combustion j 1  and gasification 

j 2  reactions, 

∑𝑆 , ℜ , ∆𝐻 ℜ , ∆𝐻      (23) 

Table 1 lists the kinetic parameters for the char reactions.  

Table 1 Kinetic parameters for chemical reactions 

Name Value Unit Application Source 
𝐴 /  2512 - 790𝐾 𝑇 1690𝐾 [28] 
𝐸 /  51.88  𝑘𝐽/𝑚𝑜𝑙 790𝐾 𝑇 1690𝐾 [28] 
𝐴 ,  140 kg/ 𝑚 ∙ 𝑠  AC−char [34] 
𝐸 ,  99 𝑘𝐽/𝑚𝑜𝑙 AC−char [34] 
𝐴 ,  1.67×104 kg/ 𝑚 ∙ 𝑠  AC−char [34] 
𝐸 ,  157 𝑘𝐽/𝑚𝑜𝑙 AC−char [34] 
𝐴 ,  10 kg/ 𝑚 ∙ 𝑠  BC−char [34] 
𝐸 ,  58 𝑘𝐽/𝑚𝑜𝑙 BC−char [34] 
𝐴 ,  3.8×103 kg/ 𝑚 ∙ 𝑠  BC−char [34] 
𝐸 ,  120 𝑘𝐽/𝑚𝑜𝑙 BC−char [34] 
𝐴 ,  9.5×103 kg/ 𝑚 ∙ 𝑠  SBC−char [34] 
𝐸 ,  108 𝑘𝐽/𝑚𝑜𝑙 SBC−char [34] 
𝐴 ,  7.5×105 kg/ 𝑚 ∙ 𝑠  SBC−char [34] 
𝐸 ,  148 𝑘𝐽/𝑚𝑜𝑙 SBC−char [34] 
𝐴 ,  35 kg/ 𝑚 ∙ 𝑠  LC−char [30] 
𝐸 ,  181 𝑘𝐽/𝑚𝑜𝑙 LC−char [30] 
𝐴 ,  4.4×103 kg/ 𝑚 ∙ 𝑠  LC−char [30] 
𝐸 ,  248 𝑘𝐽/𝑚𝑜𝑙 LC−char [30] 
∆𝐻  2𝛼

𝛼 2𝛽
∙ 9.2 10  

2𝛽
𝛼 2𝛽

∙ 3.273 10   

𝑘𝐽/𝑘𝑔  [35] 

∆𝐻  1.439 10  𝑘𝐽/𝑘𝑔  [36] 
𝑠  
𝑠  
𝑠  
𝑠  

1.0 10  
2.0 10  
3.0 10  
1.5 10  

𝑚 /𝑚  
𝑚 /𝑚  

𝑚 /𝑚  

𝑚 /𝑚  

AC−char 
BC−char 
SBC−char 
LC−char  

[37] 
[37] 
[38] 
[37] 

Ψ 2.5 - coal−char [32][33] 
2.3 Physico-chemical parameters for the model  
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The parameters used in the present model are summarized in Tab. 2. The coal particles were carved to a 

nearly spherical form [12] and it was experimentally verified that the coal particles (for all types investigated in 

[13]) kept their skeleton during conversion, and so, roughly its initial spherical shape and size. The bulk density 

of the pyrolyzed chars was estimated by multiplying the percentage of the carbon and ash mass contents with 

the density of the raw fuels determined experimentally. Gan et al. [39] measured the porosity of different ranks 

of coal (AC to LC) and found that for most tested coals it was approximately 0.1, so the same porosity was 

assumed here. The initial porosity of the char (𝜀 , ) calculated from the changed densities of the char (see Tab. 

2), agrees well with the corresponding data on raw coal given in [40]-[42].  

Table 2 Parameters of the model 

Name Value Unit Application Source 
𝑑  6 mm fuel [13] 
𝑑   0.3 mm bed [13] 
𝜌 ,  1370 𝑘𝑔/𝑚  AC [12] 
𝜌 ,  1380 𝑘𝑔/𝑚  BC [12] 
𝜌 ,   1230 𝑘𝑔/𝑚  SBC [12] 
𝜌 ,   680 𝑘𝑔/𝑚  LC [12] 
𝜌   2600 𝑘𝑔/𝑚  quartz sand - 
𝜀 ,  0.18 - AC [12]  
𝜀 ,   0.21 - BC [12] 
𝜀 ,   0.34 - SBC [12] 
𝜀 ,   0.59 - LC [12] 
𝜀  0.85 - coal−char [43] 
𝜀  𝜀 , 𝜀 𝜀 , 𝑋  - coal−char [44] 

𝑐  1458 1 𝜀  𝐽/ 𝑘𝑔 ∙ 𝐾  coal−char [44] 

𝜆  1.891 1 𝜀  𝑊/ 𝑚 ∙ 𝐾  coal−char [44] 

𝜔 0.85 - coal−char [44]  
𝐷  2.2×10−4 𝑇 1023⁄

.
 (O2) 𝑚 /𝑠 in N2 [45][46] 

𝐷   2.2×10−4 𝑇 1023⁄
.

 (CO) 𝑚 /𝑠 in N2 [45][46] 

𝐷   1.65×10−4 𝑇 1023⁄
.

 (CO2)  𝑚 /𝑠 in N2 [45][46] 

𝐷   1.7×10−4 𝑇 1023⁄
.

 (O2) 𝑚 /𝑠 in CO2 [45][46] 

𝐷   1.7×10−4 𝑇 1023⁄
.

 (CO) 𝑚 /𝑠 in CO2 [45][46] 

𝑢   0.28 m/s bed [13] 
𝜀   0.4 - bed - 

2.4 Numerical solution  

An implicit integral−finite volume method [47] was employed to solve the conservation equations with 

their initial and boundary conditions. The discretized equation of each grid point is presented as a set of linear 

algebraic equations for a control volume through the central difference method. An integrated C++ code was 

developed to solve the discretized equations using the Tri−Diagonal Matrix Algorithm with the convergence 
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criterion of 10-3. To obtain grid and time−step independence, the fuel particle was divided into 300 cells in the 

radial direction, and the time−step was 1×10−6 s. 

3. Results and discussion 

3.1 Comparison of model results with experiments 

The experimental data of char combustion measured by the present authors [13] and data reported in other 

publications [17]-[20] are compared with the results predicted by the proposed char conversion model. The 

experimental data were obtained using various techniques under different operational conditions, covering a 

variety of coal ranks. Table 3 gives the outline of each operation. 
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Table 3 Experimental conditions for studying coal combustion 1 

Reference Reactor type  Reactor 
dimension, mm 

Operation condition  Measurement Fuel, 
particle size, mm 

Observations 

[13] FB  200 × 20 × 400  Tb = 1088 K,  
u/umf = 1.8,  
O2/CO2 and O2/N2,  
O2 : 10, 21, 30, 40 %vol. 

thermocouple, 
CCD camera. 

AC, BC, SBC, 
LC, 
dp = 6,db=0.3 

particle temperature,  
ignition delay time, 
devolatilization time, 
burnout time. 

[17]  FB 100 (diameter) × 450  Tb = 1023, 1173 K,  
u/umf = 2.3, 
O2/N2, 
O2 : 2, 5, 8 %vol. 

camera, 
mass balance. 

LC, 
dp = 1.65−3.28, 
db=0.2 

particle mass, 
devolatilization time, 
burnout time. 

[18] Convective 
flow 
furnace 

80 (diameter) × 150  Tr = 900−1200 K, 
Rep = 63−126, 
O2/N2, 
O2 : 4.5−21 %vol. 

mass balance. 
 

BC, SBC, LC, 
dp = 5.3−9.9.  

particle mass, 
ignition delay time, 
devolatilization time, 
burnout time. 

[19]  FB 80 (diameter) × 600 Tb = 863, 983 K,  
u/umf = 2.3−3.5,  
air. 

thermocouple, 
gas analyzer. 

LC, 
dp = 5-10, 
db=0.25 

particle temperature, 
gas concentration. 

[20] FB 120 (diameter) × 1700 Tb = 1130−1200 K,  
u = 0.75 m/s,  
O2/N2, 
O2 : 5−8 %vol. 

fiber−optic 
two−color 
optical 
pyrometry, 
gas analyzer. 

SBC, 
dp = 2, db=1.6  

particle temperature, 
gas concentration. 

2 
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In our experiments [13], the temperatures of the particle center and ‘ surface’  (there was a 1 mm gap 

between the thermocouple and the particle surface) were measured continuously during the conversion process. 

Figure 1 compares the evolution of measured and predicted center and surface temperatures with time of LC 

particles in O2/N2 and O2/CO2 at different O2 levels (only the temperatures higher than 800 K are plotted, the 

evolution of temperature lower than 800 K (the period of  devolatilization) was presented and discussed in 

previous work [14]). The predictions match reasonably well the measurements, although the particle’ s center 

temperature is overestimated at the final stage of conversion, which is particularly notable at the highest O2 

concentration. This overestimation probably originates from the physico-chemical parameters establishing the 

evolution of heat transfer properties with time, especially the correlations used to predict their variation with 

conversion during the last stages [47]-[49]. For future work, measuring the structure properties of the char 

particles as a function of the conversion stage, would improve the present heat transport model.  
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Fig. 1 Comparison of the evolution with time of measured [13] and predicted center and surface 

temperatures of an LC particle in O2/N2 and O2/CO2, (a) 10 %vol O2, (b) 21 % vol O2, (c) 30 % vol O2, (d) 

40 % vol O2. 𝑑 6 mm, 𝑇 1088 K, 𝑢/𝑢 1.8. (Note the different horizontal scales.)  

The predicted evolution of the temperature with time for other coal chars (AC, BC, SBC) was also 

examined and summarized in Fig. 2, which presents the time-history profiles for AC, BC, SBC at 

30%O2/70%CO2. In the figure, the predicted and measured surface and center temperatures of the particle 

increase simultaneously with the char conversion until a certain temperature, at which the surface temperature 

starts decreasing steadily, whereas the center temperature keeps increasing until the attainment of the peak 

temperature, and then it falls to the bed temperature. This behavior of the particle temperature suggests a 

combustion mode typical of a coarse particle, where a reaction front moves gradually from the surface to the 

interior of the particle, while the fuel particle remains at constant size. Figure 5 explains this conversion behavior 

in detail in the light of the calculated internal species, temperature, and conversion profiles.  

 

Fig. 2 Comparison of the evolution with time of measured [13] and predicted center and surface 

temperatures of AC, BC and SBC particles in 30%O2/70%CO2, 𝑑 6 mm, 𝑇 1088 K, 𝑢/𝑢 1.8. 

Two important conversion characteristics of a fuel particle in an FB are obtained from the temperature 

history of the particle [13][17][18] and from the gas profile at the outlet of the reactor [19][20]: the burnout time 

and the peak temperature of the particle [50]. The peak temperature is the maximum temperature of the char 

particle during its conversion. The burnout time is the period of time from the coal addition to the time at which 

the difference of temperature between the particle center and the bed is 1 % (after having passed the peak 

temperature) or to the moment when the measured O2 concentration at the outlet of the reactor is 99.9% of the 

inlet value. Figure 3 compares both predicted parameters with the measured ones, showing that the model 



15 
 

predicts reasonably well the burnout time and the peak temperature, since 90% of the experimental data points 

are within ±15 % and ±20 % deviation, respectively.  

  

Fig. 3 Comparison of measured [13][17]-[20] and predicted burnout times (a) and peak temperatures (b) 

under various conditions. The error bars represent the standard deviation. Background data are summarized in 

Tab. 3. 

3.2 Analysis and interpretation of the behavior of char with the model  

The main objective of the present work is to quantitatively examine the role of diffusion of O2 and 

gasification during conversion of coarse char particles in O2/CO2. Here, the LC particle is selected as a fuel for 

the analysis of these factors. Simulated results of the evolution of the surface temperature with time and the 

degree of carbon conversion of a 6 mm char particle at 10 and 40 %vol O2 concentrations and 1088 K are shown 

in Fig. 4 for both O2/N2 and O2/CO2. The gasification reaction is turned on and off in the model to assess its 

effect in O2/CO2.  

Figure 4(a), comparing the computed particle surface temperatures in O2/N2 and O2/CO2 (without 

gasification) in 10 %vol and 40 %vol O2 concentrations, shows that the decrease of the particle’ s heating rate is 

notable in O2/CO2. This is due to the lower diffusivity of O2 in CO2 than in N2, resulting in lower combustion 

rate, and consequently, lower heat release in O2/CO2 conditions. When the gasification reaction is accounted 

for in the calculation of carbon consumption in the O2/CO2 atmosphere, the heating rate of the particle almost 

does not change, meaning that the endothermic gasification reaction has a very small effect on the particle 

temperature. The negligible influence of gasification is confirmed by comparing the conversion vs time with 

and without the gasification reaction in 10%O2/90%CO2 and 40%O2/60%CO2 in Fig. 4(b). Due to the low 

combustion rate of char in O2/CO2, Fig. 4(b) shows that the burnout time is prolonged by 300 s (without 
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gasification) in 10%O2/90%CO2 compared to that in 10%O2/90%N2, and the time is only shortened by 20 s 

when the gasification reaction is included in the model.  

 

Fig. 4 Simulated evolution with time of the surface temperature of the LC particle (a) and the carbon 

conversion in O2/N2 and O2/CO2 (with and without gasification) (b) at 10 and 40 %vol O2 concentrations, 𝑑

6 mm, 𝑇 1088 K. 

In order to get a deeper insight into the char conversion in O2/N2 and O2/CO2, the radial profiles of 

temperature, local carbon conversion (𝑥 ), as well as O2 and CO2 mass fractions, are plotted in Fig. 5 as a 

function of the overall carbon conversion (XC) for LC at 10 %vol O2 concentration (the gas−film 𝛿  is 

approximately 1.5 mm, quantified by assuming the film theory, i.e. 𝛿 𝑑 / 𝑁𝑢 2  [51]). Figure 5(a) points 

out that the particle temperatures are higher in O2/N2 than in O2/CO2, due to the slower combustion rate in the 

latter, although similar temperature trends are established in both atmospheres. Figure 5(b) reveals that there is 

a front of reaction, visualized by the change in local conversion, going from zero to unity in a short reaction 

thickness (front), which advances inwards leaving behind an ash layer, whose thickness increases with 

conversion. As seen in Fig.5 (a) the temperature is uniform in the unreacted core (to the left of the reaction 

front), whereas it drops from the core to the surface throughout the ash layer, and with a negligible gradient in 
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the gas film. This thermal profile is explained by the lower thermal conductivity of the ash compared to that of 

the fresh char (the core). This demonstrates that the peak temperature in the particle is governed by the thermal 

conductivity of the ash (whose thickness increases with time, and so does its resistance to heat transport).  

The insignificant contribution of gasification to the overall carbon converted in the char is further 

confirmed by noting the negligible difference between the profiles marked with filled (10%O2/90%N2) and 

empty symbols (10%O2/90%CO2) for a given degree of total carbon conversion (XC). 

Figure 5(c) shows that, at the initial stage of the carbon conversion (XC = 0.05), the oxygen concentration 

drops to zero in the external layer of the gas film and the reaction front is located at the particle’ s surface in 

both O2/CO2 and O2/N2 (filled vs empty symbols). As reaction proceeds, the reaction front moves into the 

particle and the gradients of the O2 concentration become significant in the ash−layer too. At high conversion 

(XC = 0.95) the combustion process is controlled by O2 diffusion both in the porous ash−layer and in the gas−film.  

Figure 5(d) shows that the CO2 concentration at the reaction front is a little bit higher than in the bulk gas 

both in O2/CO2 and O2/N2, indicating that the amount of CO2 released from the combustion (Reaction R1) is 

larger than that consumed by gasification (Reaction R2). 

The analysis of Fig. 5 was made for 10%O2,, i.e. 10%O2/90%N2 and 10%O2/90%CO2, but similar behavior 

was verified for other %O2 both in N2 and CO2 atmospheres.  

Overall, the rate of conversion of char particles, and so the conversion time and peak temperature,  during 

FB combustion both in O2/CO2 and O2/N2 is governed by the rate of transport of O2 in the external gas−film and 

ash layer as well as by the heat transport through the ash layer formed during conversion. This behavior allows 

simplification of the model developed in the previous section by considering only these main resistances. The 

resulting model is the so-called non−isothermal sharp interface model (SIM) [52], providing analytical solutions 

for the burnout time and peak temperature. The application of SIM can be very useful to simplify computational 

fluid-dynamics (CFD) simulations of char combustion in FB. 
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Fig. 5 Simulated particle temperature (a), local carbon conversion (xC) (b), O2 fraction (c), CO2 fraction 

(d) along the radius at different degrees of total carbon (XC) conversion in O2/N2 and O2/CO2 for 10 %vol O2 

concentration, LC particle 𝑑 6 mm, 𝑇 1088 K.  



19 
 

3.3 Sensitivity analysis: influence of model parameters 

Several input parameters were estimated in the model, such as initial properties of the char, including 

thermal conductivity of the particle 𝜆 , , particle porosity 𝜀 , , particle thermal capacity 𝑐 ,  and particle 

density 𝜌 , , the effective particle-gas heat and mass transfer coefficients ℎ ,  , ℎ , , and the reactivity of 

gasification ℜ , . A sensitivity analysis was carried out to study the relative influence of these factors on the 

burnout time and the peak surface temperature of the particle. Figure 6 shows the results obtained by decreasing 

and increasing one parameter at the time by 30 %, with the exception of ℜ , , while maintaining the other 

parameters constant, for an LC particle in 10%O2/90%CO2. The sensitivity of the gasification reaction rate is 

investigated by decreasing and increasing ℜ ,  one order of magnitude, because this variation takes into account 

the differences between the char gasification kinetics reported in the literature. 

 

Fig. 6 Sensitivity analysis of the model parameters, (a) variation of the burnout time and (b) variation of 

the peak surface temperature. LC, 𝑑 6 mm, 𝑇 1088 K, 10%O2/90%CO2. (Note the different vertical 

scales.) 

As shown in Fig. 6(a), ℎ , , 𝜀 , , and 𝜌 ,  are three main parameters influencing the burnout time, which 

apparently decreases with the increase of ℎ ,  and 𝜀 , , but with a decrease of 𝜌 , . The parameters 𝜆 , , 
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ℎ , , 𝑐 , , and ℎ ,  have a very limited effect on the burnout time of the fuel particle. Thus, the longer 

burnout time in O2/CO2 than in O2/N2 for a given coal, observed in experiments [13], is mainly attributed to the 

lower ℎ ,  in CO2 as compared to N2. The lower the rank of coal, the higher is 𝜀 ,  and the lower 𝜆 , , leading 

to shorter burnout time. Meanwhile, Figure 6(b) shows that 𝜀 , , 𝜆 ,  and ℎ ,  are the major factors affecting 

the peak temperature of the particle. The small variation of the peak temperature with the change of ℎ , , 𝑐 , , 

𝜌 , , and ℎ , explains the similar peak temperatures measured for the different types of fuel in 10%O2/90%N2 

and 10%O2/90%CO2 [13].  

The decrease of ℜ ,  by ten times has a minimal impact on burnout time and peak temperature, (Fig. 6), 

which was expected, since the rate of the gasification reaction was slow already in the base case. However, 10 

times magnification of ℜ ,  decreases the burnout time by 10% (which is still within the accuracy of the 

developed model), whereas the peak temperature does not change much. Several cases with even 100 times 

higher ℜ ,  were also simulated, but the evolution of the predicted particle temperature with time was not 

consistent with the measurements, so that it is not presented in Fig. 6. In addition, since the gasification reactivity 

decreases with the rank of the coal, the sensitivity analysis of ℜ ,  made for LC (which has the highest 

reactivity), enables extending the conclusions to other ranks of coal tested in the experiments presented in [13]. 

3.4 Influence of operating conditions on oxy-fuel FB boiler operation 

In the present work, extended simulations in O2/CO2, including comparison with O2/N2, are carried out in 

order to study the combustion behavior of the char in a commercial FB supplying some basics data and 

information for the effective implementation of oxy-fuel FB. In a commercial FB combustor, char particles 

could be exposed on an average to 3−7 %vol O2 with a particle size ranging from 1 to 10 mm at bed temperatures 

of 1073 to 1173 K [53]. In this section, although only LC is adopted for further analysis, most results can be 

generalized to other ranks of fuel. 

3.4.1 Effect of O2 concentration 

Figure 7(a) presents the simulated evolution of the peak surface temperature (𝑇 ) and burnout time 

𝑡  of the LC in O2/N2 and O2/CO2 at O2 concentrations from 5 to 60 %vol at 1088 K with the particle size 

𝑑  of 6 mm. The experimental data points of LC measured in our previous work [13] are also plotted. The 

burnout time 𝑡  decreases with the increase of O2 concentration both in O2/N2 and O2/CO2, and the simulated 

trend of the 𝑡  with O2 concentration fits well the experiments. Besides, it is noticed that the decrease of 
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burnout time with O2 levels off at high % O2 because the O2 mass diffusion (both in the gas film and ash layer) 

controls the combustion process and the driving force of O2 decreases at high O2 concentration as a consequence 

of its low diffusivity in the ash layer. The simulated 𝑇  reflects qualitatively the increasing tendency with O2 

concentration that was also detected in the measurements. Simulations predict a linear increase of the peak 

temperature, whereas the measured 𝑇  levels off at high O2 concentration. This is consistent with the failure 

of the model at high conversion (where the peak temperature is reached) as was discussed in connection to Fig. 

1.  

   

(a) the peak surface temperature and the burnout time 

 
(b) the percentage of LC char consumed by CO2 gasification (𝑋 ) in O2/CO2; the peak surface 

temperature difference (𝑇 , 𝑇 , ) and the burnout time difference (𝑡 , 𝑡 , )  
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Figure 7 Simulated results of the effect of O2 concentrations on LC combustion characteristics. 𝑑 6 mm, 

𝑇 1088 K. 

To assess the effect of CO2 on char conversion and the role of gasification, the percentage contribution of 

CO2-char gasification to the consumption of LC char (𝑋 ) in the oxy−fuel mode, the peak surface temperature 

difference (𝑇 , 𝑇 , ), and the burnout time difference (𝑡 , 𝑡 , ) for O2/CO2 and O2/N2 

are plotted in Fig. 7(b) under the same condition as in Fig. 7(a). The contribution of gasification (Xgas) is only 

0.6−1.3 % of the total char converted. As the O2 concentration increases, Xgas decreases until reaching a 

minimum value of 0.6% at 21 %vol O2, and then it increases again due to the transition of the ratio of the increased 

particle temperature to the decreased CO2 concentration [5], in agreement with previous measurements [6]. It 

was concluded from the analysis made before that the peak temperature of the particle in O2/CO2 is always 

lower than that in O2/N2 for the same %O2, so the difference between the two peak temperatures is positive. In 

Fig. 7(b) this difference is plotted as a function of O2, showing that not only the difference is positive, but that 

the difference increases linearly with O2, which is consistent with the negligible contribution of gasification to 

the carbon converted. From 5 to 20 %vol O2, the difference of the burnout time decreases rapidly from 560 s to 

140 s. With further increase of the O2, the difference in burnout time decreases gradually because the mass 

transfer of O2 controls the combustion process of the char particle as mentioned before. 

3.4.2 Effect of coal particle size 

The evolution of the calculated 𝑇  and 𝑡  of LC with particle diameter in 5%O2/95%N2 and 

5%O2/90%CO2 at 1088 K is plotted in Fig. 8(a). The larger the particle size, the longer the predicted 𝑡 . The 

peak temperature 𝑇  increases with particle size mainly due to the decreased heat-transfer coefficient.  
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(a) the peak surface temperature and the burnout time 

 

(b) the percentage of LC char consumed by CO2 gasification (𝑋 ) in O2/CO2; the peak surface 

temperature difference (𝑇 , 𝑇 , ) and the burnout time difference (𝑡 , 𝑡 , ) 

Figure 8 Simulated results of the effect of particle size on LC combustion characteristics. O2 concentration 

5%, 𝑇 1088 K. 

Figure 8(b) shows the evolution with particle size of 𝑋 , 𝑡 , 𝑡 , ), and 𝑇 ,

𝑇 ,  of an LC particle. 𝑋  increases with the particle size to its maximal value of 2.3% at 10 mm due to 

the increased burnout time and particle temperature. Because O2 diffusion controls the combustion process, the 

relative burnout time difference (𝑡 , 𝑡 , ) between O2/CO2 and O2/N2 increases with the particle 

size, attaining a maximum value of 750 s. The peak temperature difference (𝑇 , 𝑇 , ) of the particle 

does not change much (5 K) with the particle size, because the peak temperature is controlled by the thermal 

conductivities of char and ash, and it is insignificantly influenced by the different atmospheres (note that the 

peak temperature increases during the increase of the particle size from 6 to 10 mm, as shown in Fig. 8a).  

3.4.3 Effect of bed temperature 

Figure 9(a) shows how 𝑇  increases and 𝑡  decreases with the bed temperature 𝑇  for 6 mm LC-

char particles in 5%O2/95%N2 and 5%O2/90%CO2. The tendencies of 𝑡  are not the same in O2/N2 as in 

O2/CO2. In O2/N2, the combustion process is mainly controlled by O2 diffusion, which is hardly sensitive to 

temperature. However, when N2 is replaced by CO2, gasification accounts for a significant part of the total 
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carbon consumed in the char (at high temperature) and then  𝑡  is also influenced by the rate of gasification. 

At low bed temperature, the rate of gasification is so low that its influence on 𝑡  is negligible. However, the 

sensitivity of the gasification reaction is high (high activation energy), and a further increase of temperature 

results in a significant reduction of 𝑡 . As seen by the shaded region in Fig. 9(a), at bed temperatures above 

1173 K, the burnout time in O2/CO2 decreases below the value in O2/N2. This is in the upper range of feasible 

operation temperature of a commercial FBC boiler. 

The evolution of 𝑋 , 𝑡 , 𝑡 , , and 𝑇 , 𝑇 , of an LC particle (𝑑 6 mm) with 

bed temperature is plotted in Fig. 9(b). As expected, the higher the bed temperature, the larger is the contribution 

of gasification, 𝑋 . Consequently, as shown in Fig. 9(b), 𝑡 , 𝑡 ,  and 𝑇 , 𝑇 ,  

decrease with the bed temperature because of the enhanced carbon conversion by gasification, consuming heat. 

When the bed temperature attains 1223 K, 𝑋  is 14 % and cannot be ignored, the peak temperature in O2/CO2 

is higher and the burnout time shorter than in O2/N2. This combustion behavior has been experimentally 

confirmed by Saucedo et al. [54] using an LC in FB. 𝑋  is much smaller at the commercial operation 

temperature of the FB (see the shaded region in Fig. 9(b)). For other coal ranks 𝑋  is even less, because the 

gasification reactivity decreases with coal rank. 

 

(a) the peak surface temperature and the burnout time 
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(b) the percentage of LC char consumed by CO2 gasification (𝑋 ) in O2/CO2; the peak surface 

temperature difference (𝑇 , 𝑇 , ) and the burnout time difference (𝑡 , 𝑡 , ) 

Figure 9 Simulated results of the effect of bed temperature on LC combustion characteristics. O2 

concentration 5%,  𝑑 6  mm. The shaded region represents results under commercial FB combustor 

conditions. 

Overall, when O2/N2 is replaced by O2/CO2, the O2 concentration, the particle size, and the bed temperature 

have notable effects on the burnout time of a char particle; for the peak temperature, the O2 concentration and 

the bed temperature show a larger influence than that of the particle size; the CO2 gasification is mainly affected 

by the bed temperature, whereas the changes in the O2 concentration and the particle size show negligible effects. 

For retrofit of existing FB boilers, increasing inlet O2 concentration and the bed temperature in the O2/CO2 mode 

can achieve similar combustion characteristics as in air. However, the efficiency of the FB plant is decreased as 

result of the increased cost for pure O2 production. Increasing the bed temperature (e.g. 1173 K) could be a good 

option which should be further experimentally validated in pilot scale FB.  

In addition, in a commercial FB reactor, the bed temperature and the O2 and CO2 concentrations around a 

char particle are not constant during its conversion. Furthermore, the ash layer could be removed from the 

particle by collision between the particles at high velocity, decreasing the size of the particle. Therefore, 𝑇  

and 𝑡  reported in the present work could vary, and further studies are still needed to take these factors into 

account. 

4. Conclusion 



26 
 

A model of a single char particle for oxy-fuel combustion was developed to study the effect of CO2 in oxy-

fuel combustion of coal char-particles in FB. The model was compared with past measurements and showed a 

good ability to predict the main combustion characteristics of coarse fuel particles in FB, both in O2/N2 and 

O2/CO2 atmospheres. The model reproduces the evolution of char temperature with time for various coal types 

and operating conditions except at the latest stage of conversion, when the existing correlations selected to 

model the variation of thermal conductivity with the porous structure seem not to be accurate enough. The 

accuracy of the model for the prediction of the burnout time and the peak temperature is within ±15 % and ± 

20 %, respectively. 

The model was then used to study the performance of a commercial oxy-fuel FB operating with different 

O2 levels, particle sizes, and bed temperatures. These were compared with a conventional air-based FB 

combustor. The results from the study reveal that: 

  The rate of conversion of mm-size char particles, and so the conversion time and peak temperature, 

during FB combustion, both in O2/CO2 and O2/N2, is governed by the rate of transport of O2 in the 

external gas−film and within the ash layer formed, as well as by the rate of heat flow through this ash 

layer. The difference between combustion in O2/N2 and O2/CO2 is essentially due to the lower O2 

diffusion rate in CO2 than that in N2.  

  The effect of gasification on the char particle-temperature and the burn-out times is limited at the 

usual bed temperature of FB boilers (up to 1173 K), but it shows a considerable effect on the burnout 

time at higher bed temperature (above 1223 K). 

  Sensitivity analysis using the model showed that the diffusivity of O2, porosity, thermal conductivity, 

and density of the fuel particle are the main parameters influencing the rate of combustion of the fuel 

particle, explaining the experimental findings found in the previous part of this work [13].  

  The conversion of char under the conditions investigated could be reasonably well described by a 

simplified version of the model developed here, the so-called non-isothermal sharp-interface model, 

allowing to greatly simplify the computation in reactor simulations.  
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