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a b s t r a c t 

Char conversion is an important but also complicated step during the combustion of solid fuels ( i.e. coal 

and biomass) in chemical looping with oxygen uncoupling (CLOU). Potentially, both the lean-O 2 oxidation 

and rich-CO 2 /H 2 O gasification reactions of char contribute to the char conversion. However, the contri- 

bution degree of char gasification reaction has rarely been quantified in typical CLOU atmosphere. In 

this work, the single particle simulation is conducted to theoretically understand the effects of differ- 

ent operation conditions on the char conversion, and to identify the contribution degree of rich-CO 2 /H 2 O 

gasification in CLOU. A 10-step heterogeneous reaction mechanism is used for the gas-char reactions, and 

the random pore model is adopted to account for the evolution of porous char structure as well as its 

impact on reaction rates. The detailed conversion processes of chars with different sizes are simulated 

in various concentrations of gasification/oxidation agents and at different temperatures. The amounts of 

char consumed by lean-O 2 combustion, rich-CO 2 gasification, and rich-H 2 O gasification are assumed to 

be proportional to the amounts of surface adsorbed species generated by char reacting with O 2 , CO 2 , and 

H 2 O, and a formula to quantitatively calculate the relative contributions of the gasification reactions (both 

with CO 2 and steam) is finally proposed. The results indicate that the gasification reactions (occurring in 

the inner core of the char particle) hardly influence the oxidation reaction (dominating the heterogeneous 

reaction in the external layer of the char particle) under CLOU conditions. The CO 2 -char gasification con- 

tributes less than 3% on the char conversion, while the contribution of H 2 O-char gasification can even 

reach 2–18%. The char-H 2 O gasification contributes more significantly (18% for 0.5 vol.% O 2 , and 2% for 

4 vol.% O 2 ) under the O 2 -deficient conditions. Generally, the overall contribution of gasification reactions 

on the char conversion is between 1 and 20% in CLOU, which depends on the reaction temperature, gas 

composition, and char particle size. 

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Chemical looping combustion (CLC) has attracted a lot of atten- 

ion due to its inherent advantage of low-cost CO 2 capture, as re- 

lized by using lattice oxygen in oxygen carrier (OC) instead of O 2 

n air for fossil fuel combustion [1–3] . The development of in-situ 

asification CLC ( i G-CLC) makes the use of solid fuels in chemi- 

al looping feasible, but the slow char gasification rate limits the 

hole i G-CLC process to some extent [4] . To address this issue, an

lternative chemical looping process, as known as chemical loop- 
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ng with oxygen uncoupling (CLOU), was further proposed for solid 

uel combustion. In CLOU, metal oxides ( e.g. , CuO, Mn 2 O 3 , Co 2 O 3 ,

tc. [5–7] ) with the capability of releasing molecular oxygen under 

 2 deficient atmosphere, were selected as the potential OCs [8] . 

t was believed that the gaseous O 2 generated within CLOU could 

ventually contribute to a much higher char conversion rate, CO 2 

apture efficiency, and combustion efficiency [9] . In a typical coal- 

erived CLOU process, the coal char particles are surrounded by 

he gas atmosphere of low O 2 concentration ( < 5 vol.%) and high 

 2 O/CO 2 concentration ( e.g. , 90 vol.% or even higher), where both 

ombustion and gasification reactions could potentially contribute 

o the char conversion. It was generally believed that the coal char 

onversion in CLOU processes is dominated by the lean-O 2 com- 

ustion, while the potential contribution of the rich-CO 2 (or H 2 O) 

asification was rarely evaluated. In fact, according to the batch 
. 

https://doi.org/10.1016/j.combustflame.2021.111397
http://www.ScienceDirect.com
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uidized-bed tests [10] , when the steam concentration in the flu- 

dization agent increased from 40 vol.% to 60 vol.%, an obviously 

romoted instantaneous char conversion rate could be observed, 

ndicating the non-negligible contribution of char gasification re- 

ctions in CLOU. Therefore, the contribution of char gasification re- 

ctions in CLOU deserves to be clearly quantified. 

Up to date, the effect of the CO 2 /H 2 O gasification reaction on 

he overall char consumption rate in oxy-char combustion has 

een widely studied [11–15] . Considering the significant endother- 

ic characteristic of char reacting with CO 2 /H 2 O and the different 

hysical properties of CO 2 /H 2 O in comparison with N 2 (such as 

he heat capacity and diffusion coefficient), the gasification reac- 

ions can adversely affect the oxidation rate by reducing the reac- 

ion temperature and O 2 concentration [16 , 17] . On the other hand, 

he gasification reactions can consume part of the char and thus 

ompensate the negative effect ( i.e. , the suppressed oxidation rate) 

o some extent. However, up to now, whether the gasification re- 

ction can fully compensate its suppressing effect on the oxidation 

ate has not been determined, and there are different opinions in 

iteratures. 

With respect to the CO 2 -char gasification, Hecht et al. [18] used 

he Surface Kinetics in Porous Particles (SKIPPY) code to inves- 

igate the effect of CO 2 on oxy-combustion of pulverized coal 

har at 1724 K with three different O 2 concentrations (12 vol.%, 

4 vol.%, and 36 vol.%). Meanwhile, the pre-exponential factor for 

he CO 2 gasification reaction was assumed to be changed in sensi- 

ivity analysis. The simulation results indicated that the CO 2 gasi- 

cation can promotes the overall carbon consumption rate at a 

ow O 2 concentration (12 vol.%), but reduces the rate at a high 

 2 level (36 vol.%) by greatly lowering the particle temperature. 

he O 2 concentration of 24 vol.% was determined as a balance 

oint at which the decrease of the char oxidation rate was just 

ffset by the additional carbon consumption via the gasification 

rocess. However, in another study by Hecht et al. [19] , the car- 

on consumption rate was elevated by gasification reactions (both 

ith H 2 O and CO 2 ) and this phenomenon was independent of 

he oxygen concentration. Kim et al. [20] also concluded that the 

O 2 gasification reaction always promoted the overall char conver- 

ion rate. In an O 2 -deficient environment ( ca. 5 vol.%), the char 

urnout time would be more significantly affected by the gasifi- 

ation reaction, i.e. , the gasification reaction contributed more to 

he carbon consumption. Tolvanen et al. [21] experimentally and 

umerically studied the combustion of two coal chars in a drop- 

ube reactor. The oxygen concentrations were 12 vol.% in either 

 2 or CO 2 at 1123 K. As observed, the change from O 2 /N 2 to

 2 /CO 2 resulted in a slight decrease of char conversion rate while 

 more significant decrease in particle temperature (about 250 K). 

he differences attained from above studies may be ascribed 

o the different coal ranks [22] , experimental conditions (such 

s particle size and reaction temperature [23] ), and simulation 

odels [24] . 

On the other side, the influence of H 2 O-char gasification reac- 

ion has also been extensively studied. The experimental results 

rom Li et al. [25] showed that, at the high temperature condition 

1673 K), H 2 O possessed an enhancing effect on the overall carbon 

onversion at low stoichiometric ratios (SR) of O 2 to fuel (SR < 1) 

ut had an inhibiting effect on the overall carbon conversion when 

 2 was rich (5 vol.%, and the stoichiometric ratio of O 2 to fuel is

.5). Zhou et al. [26] investigated the combustion characteristics of 

ingle coal particle in O 2 /N 2 and O 2 /H 2 O in a flow tube reactor at

073 K and 21–50 vol.% O 2 . It was found that replacing N 2 by H 2 O

ould increase the combustion rate of coal char within the investi- 

ated O 2 concentration range. Chen et al. [27] provided a compre- 

ensive review on the char conversion studies in recent years and 

ointed out that the char gasification may contribute more to the 

verall char conversion at lower O 2 concentrations. All these re- 
2 
ults suggest that the char gasification reaction is rather significant 

nder O 2 -deficient conditions. 

The low concentration of O 2 ( < 5 vol.%, e.g. , the equilibrium oxy- 

en partial pressure of the commonly used CuO/Cu 2 O OC in CLOU 

s 4.3% at 950 °C [28 , 29] ) and high concentrations of CO 2 /steam

s the typical gas atmosphere in CLOU. In our previous publication 

30] , we developed a single particle model to analyze the conver- 

ion characteristics of pulverized coal char in lean-O 2 and/or rich- 

O 2 conditions. However, to the best of our knowledge, there is 

o systematic research on the effects of gas compositions, tem- 

eratures, particle sizes, etc. , on char conversion under the CLOU 

ondition (lean O 2 and rich CO 2 /H 2 O). The relative contribution of 

O 2 /steam gasification to the overall char conversion in CLOU is 

ither ignored or lack of quantitative analysis in previous studies. 

his paper aims to reveal the char conversion characteristics and 

O 2 /H 2 O gasification contributions under the contest of CLOU. To 

his end, the particle-resolved simulation is conducted to investi- 

ate the char particle conversion in CLOU, based on the heteroge- 

eous reaction mechanism developed by Tilghman et al. [31] , and 

he homogeneous reaction mechanism extracted from GRI-Mech 

.0 [32] . 

. Model description 

In this paper, the single particle simulation is conducted to ex- 

lore the conversion process of a spherical reacting porous particle 

n details, on the basis of the existing classic models for coal char 

ombustion/gasification [19 , 31 , 33 , 34] . Heat and mass transfer in-

ide (porous media) and outside (gas phase domain) the coal char 

article are both considered. The reaction rate is described by a 

etailed chemical reaction kinetics scheme. 

.1. Governing equations 

The mass conservation equation of the gas phase is described 

s follows: 

∂ 

∂t 
(ρφY k ) + 

1 

A 

∂ 

∂r 
(ρV k A Y k ) = 

•
s k W k σr + 

•
� k W k φ (1) 

here, ρ is the density of gas phase (kg/m 

3 ); φ is the local void 

raction; Y k is the mass fraction of the k th species; A = 4 π r 2 , is the

rea normal to the radial direction (m 

2 ); V k and W k are the diffu-

ion velocity (m/s) and molar weight (kg/mol) of the k th species, 

espectively; 
•
s 
k 

is the molar production rate of the k th species per 

nit area by heterogeneous reactions (mol/(m 

2 ·s)) and 

•
� 

k 

is the 

olar production rate of the k th species per unit volume by ho- 

ogeneous reactions (mol/(m 

3 ·s)); σ r is the specific surface area 

er unit space volume (m 

2 /m 

3 ). 

The energy conservation equation is governed by: 

∂ 

∂t 
(ρφ

−
h + ρtr (1 − φ) h p ) + 

1 

A 

∂ 

∂r 

K g ∑ 

k =1 

(ρV k A Y k h k ) + 

1 

A 

∂ 

∂r 

(
−λt A 

d T 

d r 

)

= −
K g ∑ 

k =1 

•
� k W k φh k −

K tot ∑ 

k =1 

•
s k W k σk h k (2) 

here, 
−
h , h p and h k are the enthalpy (kJ/kg) of the gas mixture, 

har particle and k th species, respectively; ρtr is the true density of 

har particle (kg/m 

3 ); K g is the total number of gas-phase species; 

t = λφ+ λp (1 − φ) , is the total thermal conductivity (W/(m ·K)); λ
s the mixture-averaged gas thermal conductivity; λp is the parti- 

le thermal conductivity; K tot is the total number of the gas, bulk, 

nd surface species; It should be pointed that, the radiation source 

erm is not considered in this work, since the char particle in flu- 

dized bed reactor is almost entirely obscured by other particles 

ith nearly the same temperature [30] . 
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Table 1 

Correlation equations involved in this model. 

Consumption rate equation of solid phase: 

d ρap 

dt 
= 

•
s 

C(B) 
σr W C 

Overall effective diffusion coefficient: 
1 

D eff 
= 

1 
D km, eff 

+ 

1 
D K ,k, eff 

D K ,k, eff = 

φ
τ × 2 r pore 

3 

√ 

8 RT 
πW k 

r pore = 

2rf φ
ρap S 

Correlations of the morphology parameters: 

σr = σr , o (1 − x C ) 
√ 

1 − ψ ln (1 − x C ) 
[35] 

φ = 1 − ρap 

ρtr 
x C = 1 − ρap 

ρap , 0 

Here, ∗ρap is the apparent density of the char par- 

ticle (kg/m 

3 ); D eff is the overall effective diffusion 

coefficient; D km, eff is the effective bulk diffusion co- 

efficient. D K,k, eff is the effective Knudsen diffusion 

coefficient, τ is the tortuosity of the particle; r pore 

is the average pore radius (m); rf is the surface 

roughness factor; φ is the local void fraction; σr , 0 is 

the initial specific surface area per unit space vol- 

ume (m 

2 /m 

3 ). 

v

s

w

f

f

�

e  

c

d

(

T  

v

t

p

d

e

s

v

l

m

t

d

m

o

m

n

H

t

t

f

t

t

r

a

o

t

a

Fig. 1. Schematic view of the char particle and its external gas-phase domain. 

Table 2 

A simplified version of heterogeneous reaction kinetics of Wyodak coal char [31] . 

Reaction A E (cal/mol) 

R1 2C(S) + H 2 O ↔ C(H) + C(OH) 2.10 × 10 16 25,095.60 

R2 C(OH) + C(S) ↔ C(O) + C(H) 4.10 × 10 15 19,141.46 

R3 C(H) + C(H) ↔ 2C(S) + H 2 1.40 × 10 15 16,013.38 

R4 C(O) + C(B) → CO + C(S) 1.55 × 10 10 59,629.54 

R5 CO 2 + C(S) ↔ C(O) + CO 3.70 × 10 09 38,479.92 

R6 C(B) + 2C(S) + O 2 → C(O) + CO + C(S) 5.00 × 10 20 35,850.86 

R7 2C(S) + O 2 → C 2 (O 2 ) 4.00 × 10 17 22,227.53 

R8 C(S) + C(B) + C(O) + O 2 → CO 2 + C(O) + C(S) 1.50 × 10 17 18,642.45 

R9 C(S) + C(B) + C(O) + O 2 → CO + 2C(O) 2.10 × 10 17 24,617.59 

R10 C(B) + C 2 (O 2 ) → CO 2 + 2C(S) 1.26 × 10 09 38,293.50 

∗The unit of A is (mol, cm, s) based. The original parameters are converted ac- 

cording to the standard format of CHEMKIN input. 
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The heterogeneous reaction mechanism used in the model in- 

olves the transformation of surface species, and the surface site 

pecies conservation equation can be expressed as [31] : 

d Z k 
dt 

= 

•
s k o k 
�

− Z k 
S 2 0 

S 

(
S 2 

S 2 
0 

− ψ 

2 

)
•
s 

C(B) 

W C (3) 

here, k is surface species; Z k is the site fraction of k th sur- 

ace species, and 

∑ K surf 
i =1 

Z i = 1 , K surf is the total number of sur- 

ace species; o k is the site number occupied by surface species k ; 

represents the site density (mol/m 

2 ); ψ is the structural param- 

ter; S is the specific surface area (m 

2 /kg); S 0 is the initial spe-

ific surface area (475 m 

2 /kg in this work); 
•
s 

C(B ) 

is the mole pro- 

uction rate of C(B) per unit area through heterogeneous reactions 

mol/(m 

2 ·s)); W C is the molar weight of the carbonaceous material. 

The other equations that used in this model are listed in 

able 1 , and more details about this model can refer to our pre-

ious publication [30] . 

The conversion process of char with O 2 , H 2 O, and CO 2 involves 

he internal and external heat and mass transfer, as well as com- 

licated homogeneous and heterogeneous reactions. In order to 

escribe the char conversion process, different models have been 

stablished in literatures. Mitchell et al. [34] developed a model to 

uccessfully predict the changes of physical properties of the pul- 

erized coal char particles during combustion. In this model, the 

umped parameter method was adopted by assuming that the ther- 

al conductivity of char particle was sufficiently large. Moreover, 

he external gas diffusion was considered only by a boundary con- 

ition using a simple correlation. Hecht et.al [19] used the SKIPPY 

odel to explore the effects of CO 2 and H 2 O gasification reactions 

n oxy-combustion of coal char. In the SKIPPY model, the heat and 

ass transfer (both internal and external diffusions) and homoge- 

eous reactions (described by GRI-3.0) have been well considered. 

owever, as both the oxidation and gasification reactions were 

reated as an adsorption-limited process, the effect of the compe- 

ition between gasification and oxidation reactions cannot be care- 

ully considered from the reaction mechanism aspect. To address 

his issue in existing models, we try to develop the present model 

o describe the competition between gasification and oxidation 

eactions, from not only the particle scale (porous structure) but 

lso the scale of reacted surface (reactive site). In fact, to the best 

f our knowledge, the developed model is the only one in litera- 

ures that can consider the competition between the gasification 

nd oxidation reactions simultaneously from the above two scales. 
3 
.2. Mesh and boundary conditions 

The schematic view of the computational domain is shown in 

ig. 1 . A spherical char particle with the initial radius of r p is di-

ided into 100 concentric annular volume elements. The external 

as-phase domain is set as 10 r p ( i.e. , 10 0 0 vol elements). 

The initial conditions ( t = 0) are set as: Y N 2 = 1 , Y other =
 ; Z C(S) = 1 ; T p = T bulk . The zero-gradient boundary condition is set 

or the particle center ( r = 0), while the boundary condition for the 

utermost concentric element is established as: T = T buik ;Y i = Y buik . 

.3. Reaction mechanism 

In this work, the reaction mechanism developed by Tilghman 

t al. [31] is adopted to describe the heterogeneous reactions in- 

olved in the char particle conversion process, as shown in Table 2 . 

(S) represents the free carbon site, C(B) denotes the carbon atom 

n solid bulk phase, C(H), C(OH), and C(O) are the adsorbed sur- 

ace species related to H, OH, and O, respectively. C 2 (O 2 ) is the O 2 

olecules adsorbed on two adjacent C(B). According to the results 

f Tilghman et al. [31] , the quantities of hydrocarbon species and 

xygen-containing hydrocarbon compounds generated in the het- 

rogeneous reactions are few, and the effect of these compounds 

n char conversion is negligible. Therefore, the heterogeneous el- 

mentary reactions containing hydrocarbon species and oxygen- 

ontaining hydrocarbon compounds are eliminated to save compu- 

ational costs in this study. Simulation results also show that this 

implification does not affect the accuracy of the model (as will 

e shown in Section 3.1 ). The homogeneous chemistry is extracted 

rom the well-known GRI-Mech 3.0 mechanism [32] , including the 

xidation reactions of flammable species (H 2 , CO) generated from 

eterogeneous and homogeneous reactions, and the water gas shift 

eaction. 
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Table 3 

Simulation cases for this study. 

Case # Gas temperature (K) Particle diameter (μm) Molar fraction of O 2 (mol%) Molar fraction of H 2 O (mol%) Molar fraction of CO 2 (mol%) 

1 1223 100 1 99 0 

2 1223 100 1 0 99 

3 1223 100 1 50 49 

4 ∗ 1223 100 1 0 0 

5 1223 100 1 10 89 

6 1223 100 1 30 69 

7 1223 100 1 70 29 

8 1223 100 1 90 9 

9 1223 100 0 50 50 

10 1223 100 0.5 50 49.5 

11 1223 100 2 50 48 

12 1223 100 3 50 47 

13 1223 100 4 50 46 

14 1173 100 1 50 49 

15 1273 100 1 50 49 

16 1223 200 1 50 49 

17 1223 300 1 50 49 

∗ N 2 is chosen as balance gas in Case 4. 
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It should be noted that for the desorption reactions (R4 and 

10), the distributed activation energy method adopted in ref. 

31] is not applicable in the CHEMKIN version that we use. Fac- 

ually, the series-type distributed activation energy distribution is 

sed to get the effective reaction rate coefficient ( k i ,eff), and k i ,eff

an be expressed as [36] : 

 i, eff = 

∫ ∞ 

0 

k i (E) f ( E ) d E (4) 

here f ( E ) is the Gaussian distribution function, and it is used to

escribe the distribution of activation energies for the adsorbed 

pecies on the carbonaceous material. 

f ( E ) = 

1 

σ
√ 

2 π
exp 

[ 

−1 

2 

( 
E − −

E 

σ
) 2 

] 

(5) 

According to the above calculations, k i ,eff at different temper- 

tures are determined. Then, the new activation energy and pre- 

xponential factor shown in Table 2 can be determined by Arrhe- 

ius fitting. 

In the real CLOU condition, the oxygen release process of the 

C will be significantly affected by its surrounding atmosphere and 

he internal diffusion of O 2 in the OC particle. However, this is 

n extremely complex process, which is beyond the scope of the 

resent study and thus will not be discussed here. 

Generally, considering that the OC is easily to sinter at high 

emperature while the low temperature condition is not conducive 

o the reaction rates (both for the char conversion and oxygen re- 

ease of the OC), the reasonable operation window for CLOU is 

173–1273 K. On the other hand, the O 2 concentration in CLOU 

s usually lower than 5 vol.%. The concentration range of steam 

nd/or CO 2 is relatively wide, which depends on the operation 

onditions. Moreover, in order to attain a high carbon conversion 

ate and high carbon capture efficiency, the coal/char particle size 

hould not be too large, and the size range of 10 0–30 0 μm is rea-

onable. In combination with the aforementioned considerations, 

he simulation conditions in this work are listed in Table 3 . 

.5. Relative contributions 

Based on the heterogeneous reaction mechanism, the reactions 

f O 2 and CO 2 /steam with char are initiated with the adsorption 

f oxygen and CO 2 /steam on the active sites to yield adsorbed O 

pecies (C(O)), and then generates CO through R4. For the used re- 

ction model, one can monitor the rate of R4, but cannot iden- 

ify whether the consumed C(O) is from CO /steam gasification 
2 

4 
r O 2 oxidation. Therefore, the relative contributions of gasifica- 

ion/oxidation reactions cannot be distinguished. In order to cal- 

ulate the relative contributions of CO 2 /steam gasification to the 

verall char conversion, a hypothesis is adopted in this work: the 

mounts of char consumed by O 2 , CO 2 , and steam that through 

4 are proportional to the amounts of C(O) that are generated by 

har reacting with O 2 , CO 2 , and steam, respectively. Karlström et al. 

37] confirmed that the CO desorption occurred in the same way 

egardless of whether the char carbon reacts in O 2 , CO 2 , or H 2 O,

hich provided a theoretical basis for this hypothesis. Based on 

his hypothesis, the following formula is proposed to calculate the 

elative contributions of gasification reactions: 

= 

C consumed through C(O) 

C total consumption 

× CO generated from H 2 O / C O 2 

C(O) total generation 

(6) 

All the unknown quantities in Eq. (6) can be calculated by in- 

egrating the reaction rate of heterogeneous reactions over particle 

urn-out time, as: 

 total consumption = 

∫ t b 

0 

( R 4 ,t + R 6 ,t + R 8 ,t + R 9 ,t + R 10 ,t ) d t (7) 

 consumed through C(O) = 

∫ t b 

0 

R 4 ,t d t (8) 

(O) total generation = 

∫ t b 

0 

( R 2 ,t + R 5 ,t + R 6 ,t + R 9 ,t ) d t (9) 

(O) generated from steam 

= 

∫ t b 

0 

R 2 ,t d t (10) 

(O) generated from C O 2 
= 

∫ t b 

0 

R 5 ,t d t (11) 

 i,t = 

k ∑ 

0 

r i,k,t (12) 

here i is the heterogeneous reaction number, t b is the char par- 

icle burn-out time, k is the total number of volume elements at 

ime t , and r i,k,t is the reaction rate of heterogeneous reaction i in

he volume elements k at time t (mol/s), R i,t is the overall reaction 

ate of heterogeneous reaction i at time t (mol/s). 
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Fig. 2. The char conversion rates for three different grid resolutions. d p = 100 μm, 

T gas = 1223 K, 1 vol.% O 2 /50 vol.% H 2 O/49 vol.% CO 2 . 
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Table 4 

Physical properties of the char par- 

ticle in validation for numerical 

code [34] . 

Parameters Values 

� (mol/m 

2 ) 1.08 × 10 −4 

σr , 0 (m 

2 /m 

3 ) 2.47 × 10 8 

τ (-) 3.0 

ψ (-) 3.0 

t (s) 1.0 × 10 −5 

λp (W/mK) [19] 1.33 

ρtr (kg/m 

3 ) 1333.3 

ρap , 0 (kg/m 

3 ) 1000 

Fig. 3. Model/simulation validation for the numerical code. The reference data (hol- 

low circle, hollow square and hollow triangle) is from ref. [34] . ( T gas = 1150 K, 

P O2 = 0.06atm). 

(  

c

t

f  

1

t

b

w

. Results and discussion 

.1. Grid independence analysis and model validation 

.1.1. Grid independence analysis 

In the part, three simulations with different choice of discretisa- 

ion parameter (grid number for char particle: 50, 100 or 200) are 

arried out to demonstrate that the main simulation results ( e.g. , 

har conversion X ) do not change with spatial resolution. Here, 

he char particle is spatially divided into 50, 100 or 200 concen- 

ric annular volume elements (corresponding to grid number for 

har particle of 50, 10 0, 20 0, respectively). As shown in Fig. 2 , the

har conversion rates obtained by three sets of grid system are al- 

ost overlapped with each other, which suggests that the spatial 

iscretisation parameter (100 volume elements for char particle) 

hosen in the work is sufficient and reasonable. 

.1.2. Model validation 

In order to validate the numerical code, the oxidation process 

f a char particle under typical zone II condition ( T gas = 1150 K,

 O2 = 6 vol.% or P O2 = 0.06 atm, d p = 100 μm) [34] are sim-

lated. The kinetics parameters used in the simulation are de- 

ived from ref. [34] , and Table 4 presents the physical properties 

f the char particle. The normalized diameter ( D p / D p0 ), apparent 

ensity ( ρp / ρp0 ), and specific surface area ( S gp / S gp0 ) vs. conversion
Fig. 4. Model/simulation validation for the char-H 2 O reaction mechanism. T

5 
 X ) are plotted in Fig. 3 . Generally, both the detailed profiles of

har physicochemical properties as a function of conversion and 

he macroscopic characteristic variable (such as the time required 

or the char particle to reach 90% conversion ( t 90% ), 10.8 s ([19]) vs.

1.5 s (this work)) agree well with the available simulation results. 

In order to validate the reliability of the heterogeneous reac- 

ion mechanism adopted, a series of numerical simulations have 

een conducted at different gas compositions and temperatures, 

ith the internal diffusion effect being neglected (the details about 
he reference data is from ref. [31] . (a): 10%H 2 O/N 2 , (b): 20%H 2 O/N 2 ,. 
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Fig. 5. The char conversion rate under different fluidizing agents. ( T gas = 1223 K, 

d p = 100 μm, 1 vol.% O 2 ). 

t
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F

Table 5 

Physical properties of the char 

particle in validation for hetero- 

geneous reaction mechanism [31] . 

These char parameters are also 

used in the following simulations 

in this paper. 

Parameters Values 

� (mol/m 

2 ) 1.08 × 10 −4 

σr , 0 (m 

2 /m 

3 ) 2.66 × 10 8 

τ (-) 3.0 

ψ (-) 8.0 

t (s) 1.0 × 10 −5 

λp (W/mK) [19] 1.33 

ρtr (kg/m 

3 ) 1302 

ρap , 0 (kg/m 

3 ) 560 

[

c

f

w  

d

T

g

F

t

F

r

d

he validation of numerical code have been described in our previ- 

us publication [30] ). Table 5 provides the char particle properties 

sed in this validation step. The mechanism of char reacts with 

O 2 and O 2 has been well validated in our previous work [30] . 

igure 4 compares the normalized mass loss rate available in ref. 
ig. 6. Species profiles (a), particle temperatures (b), local conversion (c), and elementar

 p is the initial particle radius, and r is the distance between the local point and the ce

 p = 100 μm, 1 vol.% O 2 ). 

6 
31] with the simulation results of this work under different H 2 O 

ompositions and reaction temperatures. Generally, the small dif- 

erence between the two sets of data (the simulation data in this 

ork vs . the reference data in ref. [31] ) is acceptable, and the slight

ifference is ascribed to the different model and simulation details. 

herefore, it can be concluded that the numerical code and hetero- 

eneous reaction mechanism are reasonable in this work. 

It is noticed that the apparent density profile in Fig. 3 is jagged. 

actually, this phenomenon has nothing to do with the resolu- 

ion in time domain. In this paper, the particle diameter evolution 
y surface reaction rates (d) as a function of normalized radial distance at t = 8 s. 

nter of the particle, and r / r p = 1 corresponds to the char surface. ( T gas = 1223 K, 
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Fig. 7. Char conversion characteristics at different O 2 concentrations at t = 2.5 s. ( T gas = 1223 K, d p = 100 μm, 50 vol.% H 2 O, CO 2 as balance gas). 
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uring the char particle conversion process is considered. To 

chieve this goal, the char particle is divided into 100 vol elements. 

nd when the local conversion reaches 99.5%, the solid volume el- 

ment is converted into gas phase element at the next time step. 

n other words, there is a step drop in the particle diameter and 

eight while the outmost volume element dismisses. In the mean- 

hile, there is no zig-zag for the apparent density and conversion 

ate (see the following figures) for overall conversions up to about 

.35 because in this stage the particle size does not decrease. There 

re two ways to dismiss or weaken the zig-zags: (1) elevate the 

hreshold value for volume conversion; (2) divide the particle into 

ore volume elements. 

.2. The effects of gasification reactions on char conversion 

In this section, the char conversion characteristics under the 

onditions with different fluidizing gas agents (1 vol.% of O 2 to- 

ether with rich CO 2 , rich H 2 O, hybrid CO 2 /H 2 O or N 2 as balance

as) are firstly simulated to reveal the effects of gasification re- 

ctions on char conversion. As shown in Fig. 5 , it can be found

hat the existence of gasification agents ( i.e. , steam and/or CO 2 ) 

an accelerate the char consumption in comparison with the case 

1 vol.% O + 99 vol.% N ”. Due to the higher chemical activity of
2 2 

7 
 2 O than CO 2 towards char, the char conversion rate is obviously 

romoted with the increase of steam concentration. 

The main species profiles and particle temperatures at t = 8 s 

nder the above simulation conditions (as shown in Fig. 5 ) are 

lotted in Fig. 6 . According to previous studies, it is generally be- 

ieved that the gasification reaction affects the oxidation reaction 

n two aspects: reducing the particle temperature and affecting the 

xternal diffusivity of O 2 [11] . With respect to the char particle 

emperature, due to the exothermic nature of the reaction of O 2 

ith char, the particle temperature will slightly increase in con- 

rast to ambient temperature. But the existence of gasification re- 

ction (in the case “1 vol.% O 2 + 50 vol.% H 2 O + 49 vol.% CO 2 ”) leads

o a decrease of about 1 K in the particle temperature ( Fig. 6 b) in

omparison with that in the case “1 vol.% O 2 + 99 vol.% N 2 ”. While

or the O 2 concentration at the particle surface and in the bulk at- 

osphere, no obvious difference is found for the two simulation 

ases, indicating that the influence of different gasification agents 

n the external diffusion of O 2 is not significant for the conditions 

tudied. In fact, O 2 has different diffusion coefficients in different 

edia. For example, the O 2 diffusion coefficient is 2.26 cm 

2 /s in N 2 

hile it is 1.90 cm 

2 /s in CO 2 at 1200 K [38] . To some extent, the

ocal O 2 concentration at the particle surface (not the solid phase 

ut the gas-phase zones close to char particle) depends on not only 

he O 2 diffusion from the bulk atmosphere to the particle surface 
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Fig. 8. Char conversion characteristics at different steam concentrations at t = 8 s. ( T gas = 1223 K, d p = 100 μm, 1 vol.% O 2 , CO 2 as balance gas). 
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ut also the consumption by the oxidation of char/combustible gas 

pecies (H 2 , CO, etc. ). In this study, the overall oxidation reaction is 

ardly affected by external effect due to the relatively low reaction 

emperature and relatively small particle size. Based on the above 

nalysis, it can be concluded that the influence of gasification re- 

ctions on oxidation reaction is minimal and can be ignored un- 

er the CLOU conditions. In addition, we notice that both CO 2 and 

 2 O maintain relatively high concentrations in the particle center 

s shown in Fig. 6 a, which indicates that the influence of internal 

iffusion for these two species on gasification reaction is not sig- 

ificant under the investigated reaction temperature range. 

Due to the higher chemical activity and lower concentration, O 2 

s rapidly consumed at the particle surface and the O 2 concentra- 

ion is close to 0 inside the particle, which indicates that the oxi- 

ation occurs mainly within the particle. Therefore, the conversion 

f char particle mainly takes place at the surface of the particle at 

hese conditions, and the conversion inside the particle is close to 

 when gasification agent does not exist in the bulk gas phase, as 

hown in Fig. 6 c (the local conversion of char particle at t = 8 s).

hen both lean-O 2 combustion and rich CO 2 /H 2 O gasification re- 

ctions are present, the local char conversion inside the particle is 

bviously improved. But at the surface of the particle, there is no 

bvious difference in the local conversion between the two condi- 

ions. This indicates that the gasification reaction mainly occurs in 

he interior of the particle, while the oxidation reaction mainly oc- 

urs at the exterior of the particle. Figure 6 d presents the elemen- 

ary surface reaction rates at t = 8 s, which are helpful to further 

nderstand the char conversion characteristics. All the reactions in- 
f

8 
olving O 2 occur only at the surface (0.5 r p < r ≤r p ). According to our

revious analysis [30] , O 2 can preferentially occupy the active sites 

t the char particle surface, which inhibits the gasification reaction. 

nside the char particle (0 ≤ r < 0.5 r p ), the rates of R6 - R10 (related

o oxidation reaction) are close to 0 (because the O 2 concentration 

s close to 0), indicating that the conversion inside the particle is 

ainly contributed by the gasification reactions. And it should be 

oted that the rate of R4 (desorption of C(O)) almost equals to that 

f R2 (generation of C(O) by H 2 O gasification), indicating that H 2 O 

asification reaction dominates the gasification process inside the 

har particle (because H 2 O is more reactive than CO 2 [39] ). 

In the following part, a series of numerical simulations are con- 

ucted to understand the effects of O 2 concentration, steam con- 

entration, reaction temperature, and particle size on char conver- 

ion by the single factor analysis. 

.3. The effects of O 2 concentration on char conversion rate 

Firstly, the influence of oxygen concentration is analyzed. 

igure 7 a compares the total reaction rates of various O 2 con- 

entration levels in the range 0–4 vol.% at a gas temperature of 

223 K, and the char particle size is 100 μm. As expected, the 

har conversion rate is significantly promoted with the increase 

f O 2 concentration. In comparison with the pure gasification 

ondition (0 vol.% O 2 ), even only 0.5 vol.% of O 2 is present in

he reactive atmosphere, the conversion rate of char can still be 

reatly enhanced, indicating that CLOU is indeed a good solution 

or the rate-limiting step (char conversion) existing in i G-CLC. 
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Fig. 9. Char conversion characteristics at different particle size at t = 8 s. ( T gas 1223 K, 1 vol.% O 2 , 50 vol.% H 2 O, 49 vol.% CO 2 ). 
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The influences of the O 2 concentration on the gasification re- 

ction and char conversion inside the particle are also revealed. At 

 higher O 2 concentration, the oxidation reaction rate is faster and 

he heat generated from the exothermic oxidation reaction results 

n a higher particle temperature, as shown in Fig. 7 b. However, 

ven when the O 2 concentration reaches 4 vol.%, the reaction 

emperature is only 10 K higher than the ambient temperature. 

herefore, it can be deduced that the influence of exothermic 

xidation reaction on the particle temperature is limited under the 

nvestigated oxygen concentration range. As shown in Fig. 7 c, for 

he same reaction time ( t = 2.5 s), the local conversion of the in-

er region of the char particle at a high O 2 concentration is almost 

he same as that at a low O 2 concentration. This demonstrates 

hat the increase of O 2 concentration does not accelerate the gasi- 

cation reaction rate significantly from the aspect of increasing 

he char particle temperature. On the other side, with the increase 

f O 2 concentration, the penetration distance of O 2 increases 

 Fig. 7 d). Nevertheless, the O 2 concentrations are still close to 0 

nside most of the char particle. To sum up, the increase of O 2 

oncentration contributes little to the conversion of interior char, 

lthough it will undoubtedly accelerate the conversion of exterior 

har. As for the conditions studied in Fig. 7 d, the penetration 

epth of O 2 can reach 0.2 r p , and in this part of the solid domain,

he pore surface area is hundreds of times of the particle external 

urface area. Therefore, it is reasonable to conclude that the con- 
9 
ribution of the external surface to the heterogeneous reactions is 

eak. 

.4. The effects of steam concentration on char conversion rate 

Figure 8 summarizes the results of a series of simulations, in 

hich the concentrations of steam is varied over a wide range 

10–99 vol.%) at a fixed O 2 concentration (1 vol.%) and using CO 2 

s balance gas with char particle size of 100 μm at 1223 K. As 

he concentration of steam increases (CO 2 concentration decreases 

imultaneously), the conversion rate of char particle increases 

 Fig. 8 a), and the particle temperature decreases slightly (about 

 K, not shown). Figure 8 b shows the local conversion of char 

article at t = 8 s. It can be found that the local conversion 

nside the char particle is gradually improved with the increase of 

team concentration. However, at the particle surface, gasification 

eactions do not significantly improve the local conversion of coal 

har, which is mainly due to the relatively high O 2 concentration 

n this region as shown in Fig. 8 c (main species distribution). 

Another noteworthy point is the direction of CO 2 gasification 

eaction (R5: CO 2 + C (S) ↔ C(O) + CO). Figure 8 d shows the overall

eaction rates of R5 (mol ∗ s −1 ) at t = 8 s under different H 2 O

oncentrations. With the increase of H 2 O concentration (or the de- 

rease of CO 2 concentration), the overall reaction rate of R5 de- 

reases. However, when the H O concentration reaches 70 vol.% 
2 
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Fig. 10. Char conversion characteristics at different reaction temperature at t = 5.5 s. ( d p = 100 μm, 1 vol.% O 2 , 50 vol.% H 2 O, 49 vol.% CO 2 ). 
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CO 2 : 29 vol.%), the equilibrium of R5 shifts to the left side due 

o the increase of CO concentration (see Fig. 8 c) and the decrease 

f CO 2 concentration. Consequently, the overall reaction rate of R5 

ecomes negative. The negative reaction rate of R5 will be further 

nalyzed in Section 3.8 . 

.5. The effects of particle size on char conversion rate 

Simulations are also conducted for the conversion of char 

article with different sizes. As shown in Fig. 9 a, it is clear that

he smaller char particle demonstrates a higher conversion rate. 

ctually, the char particle size can significantly affect the internal 

iffusion resistance of the reactants and products. For the smaller 

article, the penetration depth of O 2 is relatively closer to the 

article center as shown in Fig. 9 b, which means that a higher pro-

ortion of the particle are dominated by the faster oxidation reac- 

ion, thus resulting in a higher conversion rate. In the meanwhile, 

he concentrations of steam and CO 2 (reactants) in the center of 

maller char particle are higher (meaning a higher char gasification 

ate), while the concentrations of products (such as H 2 and CO) 

re lower due to the lower diffusion resistance. With the increase 

f particle diameter from 100 to 300 μm, the O 2 concentration at 

har particle surface only decrease from 0.959% to 0.857%, which 

an be explained by the fact that the carbon consumption rate 

mol C per second) of large particle is higher than that of fine par-

icle. Eventually, O 2 is consumed at a faster rate and resulting in a 

oncentration gradient. The small difference of O concentration at 
2 

10 
article surface between the two particle sizes (0.959% for 100 μm 

nd 0.857% for 300 μm) indicates that the impact of external diffu- 

ion on oxygen concentration is not significant. Figure 9 c plots the 

ocal conversion at t = 8 s. At the exterior of the particle, the local

onversion of bigger particle is much lower than that of smaller 

article, which is mainly due to its low local O 2 concentration 

then a lower oxidation rate). While inside the larger particle, the 

ocal conversion is still lower due to the shorter O 2 penetration 

epth (weaker oxidation) and the lower CO 2 /H 2 O concentration 

weaker gasification). Meanwhile, the higher concentrations of H 2 

nd CO in the interior of larger particle (see Fig. 9 b) have certain

nhibiting effects on the gasification reaction [40] . In Fig. 9 d, the 

eaction rates of R2 (steam-char gasification) and R5 (CO 2 -char 

asification) are plotted. It can be found that the gasification 

eactions in the particle center are faster for the smaller particle. 

actually, along the radial direction, the H 2 (or CO) concentration 

s decreasing and the inhibition effect on steam-char gasification 

or CO 2 -char gasification) is weakened. Therefore, the gasification 

ates increase first from the inside to the outside of the char 

article. However, when closing to the particle surface, the pres- 

nce of O 2 inhibits the gasification reaction and slows down the 

asification rate. 

.6. The effects of temperature on char conversion rate 

Reaction temperature is also an important factor to affect the 

onversion rate of char. As can be anticipated, the char conver- 
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Fig. 11. The char conversion characteristics under varied pre-exponential factor of R1. d p = 100 μm, T gas = 1223 K, 1 vol.% O 2 /50 vol.% H 2 O/49 vol.% CO 2 . The data in (b) and 

(c) correspond to t = 8 s. 
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ion rate increases significantly with the environment temperature 

 Fig. 10 a). The internal and external local conversions of char parti- 

le both increase at a higher temperature, which indicate that the 

ncrease of temperature promotes the reaction rates of both gasi- 

cation and oxidation. However, it should be noted that with the 

ncrease of gas temperature (from 1173 K to 1223 K), the local char 

onversion inside the particle (due to gasification reactions) is in- 

reased by 6 times, while the local char conversion in the external 

ayer of the particle (due to oxidation) is only doubled, which in- 

icates that gas temperature has a more significant effect on the 

asification reaction rate. To be more specific, as the reaction tem- 

erature increases, the H 2 O-char gasification is greatly accelerated, 

hile the CO 2 -char gasification rate is only slightly increased (see 

ig. 10 c). As shown in Fig. 10 d, with the increase of gas temper-

ture from 1173 to 1273 K, the O 2 concentration at char particle 

urface decreases from 0.967% to 0.947%. Therefore, it can be con- 

luded that the gas temperature does not play an important role 

n the external diffusion effect under the investigated conditions. 

.7. Sensitivity analysis 

The assessment of parametric sensitivity (including reaction 

echanisms like reaction rate constant of R5 and char structural 

arameters like porosity) is essential for model accuracy validation, 

redictive power, and scientific finding inherent to simulation re- 

ults. In this part, the sensitivity analyses of main heterogeneous 
11 
eaction kinetics parameters and char particle physical properties 

re conducted, where the Wyodak coal char is simulated with the 

eterogeneous reaction kinetics in Table. 2 and the physical prop- 

rties in Table. 5 for a reference case. All the simulations in this 

ection are conducted at 1223 K, with 1% O 2 /49% H 2 O/49 CO 2 , and

 p = 100 μm. 

.7.1. The sensitivity assessment of kinetics parameters of 

eterogeneous reactions 

Firstly, to determine the effects of the H 2 O gasification reac- 

ion (R1, the adsorption step of H 2 O gasification) on the char con- 

ersion, other heterogeneous reaction and product distribution, its 

ctivation energy ( E 1 ) is fixed and the pre-exponential factor, A 1 , 

or the char gasification steps are varied in separate simulations. 

he results are shown in Fig. 11 . With the increase of A 1 , the char

onversion is slightly accelerated. However, the increment of con- 

ersion rate is not obvious while A 1 is magnified from five times 

o ten times. As shown in Fig. 11 b, however the reaction rate of 

2 ( r 2) is greatly enhanced, while the reaction rate of R5 ( r 5) is

lightly decreased (which suggests that the CO 2 gasification is in- 

ibited). It may be contributed to the fact that the enhanced H 2 O 

eaction increases the CO concentration as shown in Fig. 11 c. It is 

oted that, along the direction of the radius, this inhibitive effect 

f H 2 O adsorption on the CO 2 gasification is weakening, which cor- 

esponds to the trends of CO concentration. 
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Fig. 12. The char conversion characteristics under varied pre-exponential factor of R5. d p = 100 μm, T gas = 1223 K, 1 vol.% O 2 /50 vol.% H 2 O/49 vol.% CO 2 . The data in (b) 

and (c) correspond to t = 8 s. 
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The same treatment is applied to the sensitivity analysis of R5 

the adsorption step of CO 2 gasification), and the results are shown 

n Fig. 12 . It seems that the CO 2 gasification has little effect on the

har conversion as the pre-exponential factor of R5 ( A 5 ) changes. 

long the direction of the radius, the reaction rate of R5 ( r 5) firstly

ncreases, which is ascribed to the lower CO concentration. While 

t the oxidation zone ( r/r p > 0.7), the fraction of surface species, 

(O), is greatly increased, which facilitate the reverse reaction of 

5. While approaching to the char particle surface ( r/r p = 1), the 

O concentration is close to zero due to the oxidation reaction by 

 2 , therefore r 5 increases again. 

Note that the equilibrium constant of the reversible reaction R5 

emains the same, although the pre-exponential factor is changed 

ere. So, while we enlarge the pre-exponential factor several times 

 e.g., β times), both the forward reaction rate of R5 ( r 5 + ) and

ts reverse reaction rate ( r 5 −) are enhanced to β × r 5 + and

× r 5 − respectively. Therefore the overall reaction rate of R5 

 r 5 = β × r 5 + −β × r 5 −), which is either positive ( r/ r p ∈ [0 , 0 . 77] ∪
0 . 96 , 1] ) or negative ( r/ r p ∈ [0 . 77 , 0 . 96] ), is also increased β times,

s demonstrated in Fig. 12 b. 

.7.2. The sensitivity assessment of char particle physical properties 

The effects of the change of char particle porosity are exam- 

ned and the simulation results are shown in Fig. 13 . With the in-

rease of char particle porosity, the conversion rate is slightly en- 

anced. For a higher porosity, the internal diffusion resistance of 

eactants is smaller, therefore the effectiveness factor is larger (see 

ig. 13 b). In this work, the pore size is calculated by: r pore = 

2 rf φ
ρap S 

=
2 rf φ

ρtrue (1 −φ) S 
. It can be deduced that the pore size is increased with 
12 
he increase of porosity, which is helpful for the internal diffusion 

f the reactants. 

The effects of the initial specific surface area ( S 0 ) on char con- 

ersion characteristics are examined and the simulation results are 

hown in Fig. 14 . With the initial specific surface area S 0 halved, 

enerally the char conversion rate is decreased. From Fig. 14 b, it 

an be found that at the zone of 0.4 ≤ r/r p ≤ 0.8, the local conver- 

ion is higher for the case “0.5 S 0 ”. This is because the O 2 concen-

ration for the case “0.5 S 0 ” is higher than that for the case “S 0 ” at

his zone, as shown in Fig. 14 d. Combined with Fig. 14 c, it can be

ound that under a smaller initial specific surface area, the gasifi- 

ation reaction inside the char particle is inhibited by the lean-O 2 

xidation reaction over a larger regime. 

The effects of the active site density ( Г) on char conversion 

haracteristics are also examined and the simulation results are 

hown in Fig. 15 . Since the active site density can affect the ad- 

orption of reactant molecules on the surface of char, the conver- 

ion rate of char decreases with the decrease of the active site 

ensity. Both the char oxidation reaction and gasification reaction 

ates slow down, as shown in Fig. 15 c. And due to the lower oxi-

ation reaction rate, the O 2 concentration inside the char particle 

s slighter higher for a smaller active site density. 

.8. Relative contributions to carbon consumption by steam 

asification and CO 2 gasification 

The relative contributions of CO 2 and steam gasification to the 

verall carbon conversion are plotted in Fig. 16 . With the increase 

f O 2 concentration, the relative contributions of gasification reac- 

ions are reduced. According to the results shown in Fig. 7 b, the 
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Fig. 13. The char conversion characteristics for three different porosity. d p = 100 μm, T gas = 1223 K, 1 vol.% O 2 /50 vol.% H 2 O/49 vol.% CO 2 . The true density is 1302 kg/m 

3 for 

all three cases. 

Fig. 14. The char conversion characteristics for different initial specific surface areas. d p = 100 μm, T gas = 1223 K, 1 vol.% O 2 /50 vol.% H 2 O/49 vol.% CO 2 . 

e

W

t

c

w

t

r

t

a

9

c

s

d

r

i

ffect of O 2 concentration on the particle temperature is minimal. 

ith the increase of O 2 concentration, the char particle burn-out 

ime decreases significantly, but the gasification rate does not in- 

rease too much due to the slight increase of particle temperature, 

hich results in the decrease of the gasification contribution. Fur- 

hermore, a higher O 2 concentration may inhibit the gasification 

eaction over a larger area. To sum up, these effects make the con- 

ribution of gasification reaction less at higher O concentrations. 
2 

13 
Figure 16 b shows the relative contributions of gasification re- 

ctions when varying the steam concentration between 10 and 

9 vol.% (CO 2 as balance gas). With the increase of steam con- 

entration (accordingly the CO 2 concentration decrease in these 

imulations), the contribution of H 2 O increases but that of CO 2 

ecreases as expected. However, when the steam concentration 

eaches 70 vol.%, the reaction rate of R5 is negative (as analyzed 

n Fig. 8 d), which results in a negative value for the contribution 
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Fig. 15. The char conversion characteristics for different active site density. d p = 100 μm, T gas = 1223 K, 1 vol.% O 2 /50 vol.% H 2 O/49 vol.% CO 2 . 

Fig. 16. Relative contribution degree of gasification reactions to the overall carbon consumption under different O 2 (a) and steam (b) concentrations. The total gasification 

contribution is the sum of H 2 O and CO 2 gasification contributions. 
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f char-CO 2 gasification according to the calculation Eq. (6) . When 

alculating the relative contributions of CO 2 /steam gasification to 

he overall char conversion, we first calculate the amounts of C(O) 

enerated by char reacting with CO 2 (R5) and steam (R2). However, 

oth R2 and R5 are reversible reactions, which means that C(O) 

ay be generated as a result of normal char gasification reaction 

r be consumed as the result of the reverse reaction. In the sim- 
14 
lation, both the normal gasification and its reverse reaction work 

utomatically. At 70 vol.% of steam concentration, the reverse re- 

ction (C(O) + CO → CO 2 + C(S)) prevails over the normal CO 2 -char 

asification (CO 2 + C(S) → C(O) + CO)). As a result, the amount of 

(O) generated through R5 will be negative and the relative con- 

ribution of CO 2 -char gasification becomes negative. Nevertheless, 

t is worth noting that the presence of CO is still conducive to 
2 
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Fig. 17. Relative contributions of oxidation and gasification reactions to the overall carbon consumption under different particle sizes (a) and temperatures (b). The total 

gasification contribution is the sum of H 2 O and CO 2 gasification contributions. 
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he conversion of coal char to some extent, by reducing the re- 

erse reaction rate of R5 (which cannot be quantified in this work). 

ith the increase of O 2 concentration, the same phenomenon oc- 

urs (negative value for the rate of R5), mainly because more CO 

nd C(O) are produced inside the particle (at 1223 K, oxidation re- 

ction also produces CO 2 , but mainly CO). 

Figure 17 presents the contributions of gasification reactions 

nder different ambient temperatures and particle sizes. The 

hanges in the relative contributions for both gasification agents 

CO 2 and H 2 O) have the same tendency at different particle sizes, 

nd generally the CO 2 and H 2 O gasification reactions play a more 

mportant role for larger char particles ( Fig. 17 a) [41] . As discussed

bove, due to the high reactivity of O 2 towards carbon matrix, O 2 

ould preferentially adsorb at the active sites and occupy the sites 

as described by kinetics parameters of heterogeneous reactions), 

hus inhibiting the gasification reactions. Therefore, gasification re- 

ctions mainly occur in the zone where the O 2 concentration is 

lose to 0. For the char particle with different sizes, the penetra- 

ion depth of O 2 is nearly the same (in fact, it is slightly deeper for

maller particle), which allows the larger particle to have a bigger 

asification area (as can be seen in Fig. 9 b), and so as to attain a

igher gasification contribution. 

As the gas temperature increases, both oxidation and gasifica- 

ion reactions are facilitated. However, according to the results of 

he local char conversion shown in Fig. 10 b, it can be inferred that

he improvement of gasification reaction is higher than that of 

he oxidation reaction (more specifically, the rate of the CO 2 /H 2 O 

asification reaction is more sensitive to temperature than the 

xidation rate due to the higher activation energy). Therefore, the 

elative contributions of both gasification agents increase with the 

ncrease of reaction temperature, especially for the contribution of 

team gasification ( Fig. 17 b). 

In this work, the coal selected in this work is the Wyodak coal, 

 low-ash, sub-bituminous coal from Wyoming. If a high rank coal 

har ( e.g. anthracite) is used in this study, the simulation results 

ill be different quantitatively as the pore structure and chemical 

eactivity of coal char with O 2 /H 2 O/CO 2 are greatly different (even 

n the same conditions). The parametric sensitivity analysis shown 

n Section 3.7 also provide the information more or less. It can 

e expected that the decreased reactivity and porosity of the 

igh rank coal char will result in a decreased gasification relative 

ontribution, because the overall reaction rate of gasification 

s more sensitive to the porosity in comparison to that of the 
xidation. 
g

15 
. Conclusions 

In this work, the particle-resolved simulation is conducted to 

nvestigate the effects of temperatures, char sizes, and gas compo- 

itions on char conversion characteristics under typical CLOU con- 

itions (low O 2 concentration and high CO 2 /steam concentration). 

ased on the detailed heterogeneous and homogeneous reaction 

echanism, the contributions of H 2 O/CO 2 gasification to the over- 

ll char conversion are analyzed. The following conclusions can be 

rawn from this study: 

(1) The existence of gasification reactions will only reduce the 

char particle temperature at a very small degree (about 1 K) 

and shows a weak influence on the external diffusion of O 2 . 

Therefore, it can be concluded that the influence of gasifica- 

tion on oxidation under CLOU conditions are minimal. 

(2) O 2 can preferentially occupy the active sites at the surface 

of char particle, which inhibits the exterior gasification re- 

action. Consequently, the gasification reactions mainly occur 

inside the particle, where the oxidation reaction is almost 

negligible. 

(3) The gasification reaction inside the char particle is mainly 

dominated by steam gasification. The contribution of CO 2 to 

overall char conversion is mainly reflected by inhibiting the 

reverse reaction of char-CO 2 gasification, rather than directly 

participating in the conversion of char particle (consuming 

C(B) and generating C(O)). 

(4) The total contribution of gasification reactions to the over- 

all char conversion is between 1 and 20% for the conditions 

studied and the char selected in this paper, which depends 

on the ambient temperature, gas composition, and particle 

size. And with the increase of O 2 concentration or the de- 

crease of gasification agent concentration, temperature and 

char size, the contribution of the gasification reactions will 

decrease significantly. 

In the current simulation, some simplifications have been made 

n the aspect of the conversion environment of char particle. In- 

eed, such simplifications constitute the weakness of the model. 

or example, the effects of fragmentation and attrition caused by 

ollisions between particle and particle/wall in fluidized beds are 

ot considered. Furthermore, as the char particle is considered as 

n ash-free carbon particle, the potential effects of the ash layer 

dhering on the char particle surface to affect the resistance of 

as diffusion are not taken into account. Therefore, future work 
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ation applicable model based on the particle-resolved simulations 
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