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Abstract 

A simple model based on oxygen carrier kinetics has been developed for the in situ 

Gasification Chemical Looping Combustion (iG-CLC) process. Once the kinetic 

parameters for different oxygen carriers and solid fuels are known, the model allows 

easy and fast comparison of different oxygen carrier-solid fuel pairs, which is the main 

purpose of the model here presented. The comparison is based on the estimation of the 

CO2 capture efficiency value (CC) and the total oxygen demand (ΩT) as evaluating 

parameters. To show the proposed procedure for the comparison, two Fe-based oxygen 

carriers (ilmenite and Tierga ore), and five different types of solid fuels: anthracite 

(Yangquan), sub-bituminous (Tremedal), two bituminous coals (Cerrejón and 

Taldinsky) and one biomass (olive tree pruning) have been considered. The comparison 

of the calculated CO2 capture efficiency and total oxygen demand must be done 

including the effect of operating conditions such as temperature and solids circulation 

rate. A set of optimized operating conditions are given as a reference for future 

evaluations of different oxygen carrier-solid fuel pairs. This method is thought as a 

useful tool for a preliminary evaluation of new oxygen carriers for iG-CLC with 

different solid fuels. 
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1. Introduction 

The in situ Gasification Chemical Looping Combustion (iG-CLC) process allows 

combustion of solid fuels with CO2 capture at low cost [1]. In this process, the oxygen 

needed for combustion is supplied by a solid oxygen carrier (OC) so that the contact 

between fuel and air is avoided. Figure 1 shows the scheme of the iG-CLC process. The 

oxygen carrier circulates between two reactors. In the fuel reactor, the solid fuel is 

supplied and gasified in situ by steam/recirculated CO2. Once released, the volatiles 

react with the oxygen carrier particles surrounding them to produce CO2 and H2O. In 

iG-CLC, some unburnt products are usually found together with the CO2 stream and an 

oxygen polishing step would be required downstream the fuel reactor to complete the 

combustion [2]. The char is then gasified and the CO and H2 generated are also 

converted by the oxygen carrier particles to CO2 and H2O. Thus, at the fuel reactor 

outlet a CO2-concentrated stream is produced and once steam is condensed, the CO2 

stream is almost ready for capture. Char gasification is the limiting step in the iG-CLC 

process. If unconverted char leaves the fuel reactor and reaches the air reactor, it will be 

burned there and emitted to the atmosphere, therefore decreasing the CO2 capture 

efficiency. In order to avoid carbon losses to the air reactor, a carbon stripper between 

fuel and air reactors is normally used in iG-CLC systems. This device separates the 

unconverted char from the oxygen carrier particles and returns it to the fuel reactor for 

further conversion. In the fuel reactor, the oxygen carrier particles are reduced in their 

reaction with the gases generated. Then, they are regenerated in the air reactor so that 

new redox cycle can start to maintain the continuous combustion of the solid fuel.  

The main parameters to evaluate the performance of an iG-CLC system are the CO2 

capture efficiency (CC) and the total oxygen demand (ΩT) [2]. The CO2 capture 

efficiency (CC) evaluates how much of the carbon introduced with the solid fuel is 
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recovered at the fuel reactor outlet. The total oxygen demand (ΩT) evaluates the amount 

of oxygen required in the oxygen polishing step compared to the total oxygen needed to 

burn the solid fuel fed. The characteristics of the oxygen carrier (oxygen carrier 

reactivity and oxygen transport capacity, ROC) and the solid fuel used (volatile content, 

fixed carbon and char reactivity) have a relevant influence on the abovementioned 

parameters, as shown in Table 1. The oxygen carrier reactivity affects the value of total 

oxygen demand, as it determines how fast the oxygen carrier consumes the CO, H2 and 

CH4 generated during solid fuel devolatilization/gasification. The total oxygen demand 

also depends on the oxygen transport capacity of the material used as oxygen carrier. 

Higher values of ROC indicate larger availability of oxygen. The total oxygen demand is 

also influenced by the volatile matter and the char reactivity, which determines the 

composition of volatiles and the H2 and CO generation rate during gasification. On the 

other hand, the CO2 capture efficiency depends on the char reactivity, on the fixed 

carbon and on the oxygen transport capacity. Larger values of ROC lead to lower 

circulation rates between reactors, higher residence times in the fuel reactor, larger char 

conversion degree and as a result, higher CO2 capture efficiencies. 

Therefore, the development of adequate oxygen carriers for the iG-CLC process, which 

is one of the cornerstones in the advance of this technology, should consider the 

relationship between oxygen carrier characteristics and solid fuel to be used in order to 

reach a good performance of the iG-CLC system. Thorough evaluation of the 

performance of an oxygen carrier in iG-CLC has been addressed before mostly through 

the development of complex computational models [3-13]. Nevertheless, in the early 

stages of identification of new oxygen carriers, it is especially useful to count on 

different tools that allow a fast estimation of their potential for CLC. These tools would 
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facilitate the comparison and selection of new materials in order to be produced and 

tested at larger scale.  

Some examples of these simple methods for a quick estimation of the performance of a 

new oxygen carrier can be found in literature:  

 The simplest methods rely on TGA reactivity tests using mixtures of oxygen 

carrier and solid fuel. They are based on the calculation of both oxygen carrier 

and solid fuel conversion degree [14-16].  Another alternative based on TGA 

evaluation is the calculation of the so-called rate index, which is a normalized 

reaction rate at a determined fuel gas concentration and temperature [17-19]. 

 Some other methods are based on mass balances to the fuel reactor without 

fluidynamic considerations. Berguerand et al. [20] developed a model that was 

able to predict the conversion of syngas with ilmenite. Model predictions were 

compared with the results obtained in a 10 kWth iG-CLC unit using ilmenite and 

two different solid fuels, namely, a bituminous coal from South Africa and a 

petroleum coke from Mexico. Abad et al. [21] presented two theoretical 

approaches for a rapid evaluation of several Fe-based oxygen carriers and 

different types of fuel. The first approach calculates the solids inventory needed 

in the fuel reactor to reach a certain value of CO2 capture efficiency knowing the 

oxygen carrier and solid fuel properties together with the char gasification rate 

from experimental data obtained in a batch fluidized bed. The second approach 

consists of a model similar to that by [20] but more elaborated, since it predicts 

both the CO2 capture efficiency and syngas conversion. The model reproduced 

char gasification and combustion by integration of the mass balance to 

gasification products in the fuel reactor and uses data also obtained in a batch 

fluidized bed reactor.   
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Despite the simple methods available, many of them only consider the effect of the 

characteristics of the oxygen carrier on the performance of the CLC system. But the 

effect of either the solid fuel used or the operating conditions could not be evaluated by 

the described simplified method. However, experience in experimental facilities shows 

that in order to investigate CO2 capture efficiency and total oxygen demand it is 

necessary to know the pair OC-solid fuel as well as the optimum operating conditions to 

be used with each oxygen carrier [22-30].  

The present paper aims at further contributing to the development of simpler models for 

a fast evaluation in early stages of new oxygen carrier development by filling the gap 

existing in this type of models: include solid fuel characteristics in the oxygen carrier 

evaluation without increasing the complexity of the model. For that purpose, the model 

presented in this work will be based on the kinetics of the processes taking place in the 

fuel reactor, i.e fuel devolatilization and/or gasification and oxygen carrier reduction by 

the reaction with the gases generated (CO, H2 and CH4). Therefore, the kinetics of the 

gasification of the fuels considered and of the reaction between oxygen carrier with CO, 

H2 and CH4 should be determined beforehand. The kinetic parameters for one highly 

reactive iron ore [31] and a Norwegian ilmenite [32] were used to compare the 

performance of these materials as oxygen carrier. In addition, the current paper gives a 

step further including characteristics and gasification kinetics for different solid fuels, 

i.e. anthracite, bituminous and sub-bituminous coals and biomass. A simple description 

of the solid and gas flows will be included, much simpler than that already assumed by 

Cuadrat et al. [13]. After this, a quick evaluation of a pair oxygen carrier-solid fuel can 

be done by a simplified estimation of the CO2 capture efficiency (CC) and total oxygen 

demand (ΩT) as a function of the operating conditions, such as temperature, solids 

circulation rate or solids inventory. It will be also possible to analyse how the specific 
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characteristics of the oxygen carrier (reactivity and oxygen transport capacity) and of 

the solid fuel (reactivity and volatile content) will affect both performance parameters. 

The kinetic parameters of one of the most promising Fe-based minerals used as oxygen 

carrier in continuous units (Tierga ore) [23, 33] were previously presented [31]. Based 

on the new kinetic information there supplied and other kinetic studies developed by the 

authors for Fe-based materials, such as the reference material ilmenite [32], the current 

paper gives a step further and presents a simple model based on these kinetics and the 

gasification kinetics for different solid fuels. Thus, this kinetics-based method will 

facilitate the comparison of different combinations of oxygen carrier-solid fuel pairs.  

2. Model description  

The model proposed in this paper to compare different oxygen carrier-solid fuel pairs is 

based on mass balances to volatiles and gasification products in the fuel reactor and 

presents the advantage that it only requires the knowledge of the kinetic parameters for 

the reaction of oxygen carriers with the main combustion gases (H2, CO and CH4) and 

those corresponding to the steam/CO2 gasification of the char of the solid fuel used.  

Figure 2 schematizes the processes taking place in the fuel reactor that are considered in 

this model. As it can be seen, two unmixed reactive gaseous streams can be considered, 

i.e. volatiles and gasification products. Both streams react with the oxygen carrier 

particles within the fuel reactor bed but it is supposed that they are never mixed. This 

facilitates the analysis of the degree of conversion of these two main streams, since each 

of them have different combustion efficiencies [2]. Thus, once the solid fuel is 

introduced in the fuel reactor (�̇�𝑆𝐹), volatiles are released and cracked to CO, H2 and 

CH4 (Fvol) and char is gasified by reaction with the steam or CO2 present in the 

fluidizing/gasifying mixture fed to the fuel reactor (�̇�𝑐ℎ𝑎𝑟,𝑖𝑛). Thus, H2 and CO are 
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produced after char gasification. Both volatiles and char gasification products further 

react with the oxygen carrier particles; see reactions (R1-R5). 

Solid fuel     volatile matter  +  Char (R1) 

MxOy  +  volatiles (H2, CO, CH4)      MxOy-1  +  CO2 +  H2O (R2) 

Char (mainly C)  +  H2O      H2  +  CO (R3) 

Char (mainly C)  +  CO2      2 CO (R4) 

MxOy  +  gasification products (H2, CO)      MxOy-1  +  CO2 +  H2O (R5) 

Some assumptions were made in order to simplify the processes taking place in the fuel 

reactor bed. These assumptions are also schematized in Figure 2: 

i) Once volatiles are released, they are not mixed with the fluidization gas (H2O+CO2). 

They react with the oxygen carrier particles to produce CO2 and H2O. 

ii) The H2 and CO generated during devolatilization do not affect the subsequent 

gasification of the char formed 

iii) The Water-Gas-Shift (WGS) reaction (R6) is not considered to affect final CO and 

H2 concentrations. This assumption is based on previous experimental results using 

these same Fe-based material used in the present work [18]. 

CO + H2O     ↔   CO2 + H2   (R6) 

iv) The concentration of H2O+CO2 used as fluidizing/gasifying mixture is assumed 

equal to the concentration at the inlet. The H2 and CO generated during char gasification 

are mixed with this H2O+CO2 mixture. 

2.1 Volatile matter combustion  

As mentioned before, the model assumes that the volatiles released after devolatilization 

of the solid fuel are not mixed either with the gasification products or the fluidization 

gas. They directly react with oxygen carrier particles instead. Therefore, it is necessary 

to know the composition of the volatiles released. This composition will vary depending 
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mostly on the type of solid fuel which is being burned and the conditions for the 

devolatilization. In order to estimate the volatile composition, the model presented 

utilizes empirical correlations that have been already presented and explained in 

previous works from the authors. Volatiles released in coal combustion used a 

modification [4, 13] of the correlation developed by Matthesius et al. [34]. The volatiles 

released in biomass combustion were estimated as it was shown by Mendiara et al. [35] 

based on the empirical model by Neves et al. [36] for the prediction of biomass 

pyrolysis products. In both cases, the composition of the volatile matter obtained by 

these correlations comprises CH4, CO, CO2, H2 and H2O and was included in Table 2. 

The proximate and ultimate analyses of the solid fuels tested in the present work also 

appear in Table 2 together with the lower heating value (LHV) and the value of ΩSF, 

which is the oxygen required to fully convert the fuel to CO2 and H2O expressed as kg 

oxygen/ kg solid fuel. In total, four different types of coal have been evaluated: two 

bituminous coals, one from Russia (Taldinsky) and one from Colombia (Cerrejón), one 

sub-bituminous coal from Spain (Tremedal) and anthracite from China (Yangquan) 

[37]. Besides, olive tree pruning was considered as biomass [38]. 

Once the volatile composition is known, the concentration of CO, H2, CH4, CO2 and 

H2O in the volatile plume released is calculated. Then, in order to calculate the flows of 

the not burned volatiles at the fuel reactor outlet, represented by (FCO, FH2, FCH4)vol,out in 

Figure 2, it is necessary to determine the efficiency in the combustion by the oxygen 

carrier for each volatile compound (ηcomb,v,i). For this purpose, an iterative process is set 

out based on a fixed specific solids inventory (see Figure 3).  The specific solids 

inventory in the fuel reactor (mOC) is expressed as the amount of oxygen carrier in the 

fuel reactor (kg) per MWth of fuel fed into the iG-CLC system. The specific solids 
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inventory for combustion of solid fuels can be estimated through the following 

expression [32]: 

𝑚𝑂𝐶 =  𝜂𝑐𝑜𝑚𝑏,𝑣,𝑖 ·
103Ω𝑆𝐹

𝑅𝑂𝐶 · 𝐿𝐻𝑉

𝜏𝑟

Φ𝐹𝑅
 (1) 

where ROC is the oxygen transport capacity of each oxygen carrier which is defined as 

the mass fraction that can be used in the oxygen transfer, expressed as kg oxygen per kg 

oxygen carrier. 

The parameter 𝜏𝑟 is the time for complete solid conversion for the reduction reaction 

and can be obtained using the kinetic equations of each oxygen carrier. Two different 

oxygen carriers have been considered in the simulations performed in the present work. 

Their main properties have been summarized in Table 3. One of them is ilmenite 

(FeTiO3) which has been extensively used in many of the experimental CLC works 

burning coal [25, 29, 39-44]. The other one is Tierga ore, a Fe2O3-based oxygen carrier 

which has shown higher reactivity than ilmenite for processes burning coal [23]. In 

previous studies from the authors, the kinetic parameters of the reduction and oxidation 

reactions for activated ilmenite and Tierga ore were presented [31, 32]. Table 4 gathers 

the kinetic parameters reported for both ilmenite and Tierga ore. For both oxygen 

carriers, the grain model with uniform reaction in the particles has been used in the 

determination of the kinetic parameters. In the case of ilmenite, it was assumed that the 

particles were composed by spherical grains while in the case of the Tierga ore 

particles, they were composed by grains with plate-like shape. 

Spherical grain: 
𝜏 =

𝜌𝑚𝑟𝑔

�̅�𝑘𝑠𝐶𝑛̅̅̅̅
=

3(1 − 𝑋𝑟)2/3

(
𝑑𝑋𝑟

𝑑𝑡
)

 (2) 

Plate-like grain: 
𝜏 =

𝜌𝑚𝐿

�̅�𝑘𝑠𝐶𝑛̅̅̅̅
=

1

(
𝑑𝑋𝑟

𝑑𝑡
)
 (3) 



11 

 

where (dXr/dt) is the reactivity of the corresponding oxygen carrier.  

The value of 𝜏𝑟 in equation (1) is calculated for an average reactivity obtained at an 

average gas concentration in the reactor at a solid conversion of the oxygen carrier 

Xr=0. To calculate the average gas concentration (𝐶𝑛)̅̅ ̅̅ ̅, it was assumed gas plug flow in 

the fuel reactor:  

𝐶𝑛̅̅̅̅ =
Δ𝑋𝑔𝐶0

𝑛

∫ [
1+𝜀𝑔𝑋𝑔

1−𝑋𝑔
]

𝑛

𝑑𝑋𝑔
𝑋𝑔,𝑜𝑢𝑡

𝑋𝑔,𝑖𝑛

 
(4) 

The parameter g in equation (4) considers the gas expansion due to reaction. 

Considering that the concentration of volatile compounds in the gas phase will be low, it 

can be assumed that the expansion (g) in the corresponding reactions between the 

oxygen carrier and the main volatile compounds (H2, CO and CH4) is zero.  

Finally, the parameter FR in equation (1) represents the characteristic reactivity in the 

reactor and it is a function of the variation of solids conversion in the reactor (Xi) and 

the conversion of solids at the reactor inlet. The maximum value of FR corresponds to 

the case in which the conversion of solids at the reactor inlet is zero and the variation in 

the solids conversion is also close to zero (Xi≈0). Thus, in the case of particles 

constituted by spherical grains, FR will vary between 0 and 3 while in the case of 

particles constituted by plate-like grains it will oscillate between 0 and 1[45]. 

2.2 Gasification and combustion of gasification products 

Once (FCO, FH2, FCH4)vol,out have been determined, the conversion of char is addressed in 

order to determine the values of the outer flows of CO and H2 represented in Figure 2 

by (FCO, FH2,)g,out.. Thus, two conditions must be fulfilled: 

i) Pseudo-equilibrium state: the amount of H2 and CO generated should be equal to the 

amount of those gases reacted with the oxygen carrier 
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𝑟𝑔𝑎𝑠𝑖𝑓(𝐻2𝑂, 𝐶𝑂2) = 𝑟𝑂𝐶(𝐻2, 𝐶𝑂) (5) 

where rgasif represents the char gasification rate either with steam or CO2; see (R3-R4). 

In the case of the four coals used in the present work (Table 2), the gasification of char 

from the corresponding solid fuel was described by the homogeneous reaction model 

with control of chemical reaction and considering the inhibitory effect of H2 and CO, 

except in the case of anthracite. The surface reaction follows a Langmuir-Hinshelwood 

reaction model [46] and the reaction rate is constant with the char conversion. The 

gasification rate (kg C gasified/s· kg fixed carbon) is defined by the following 

equations: 

𝑟𝑔𝑎𝑠𝑖𝑓,𝐻2𝑂 =
1

𝑚𝑐ℎ𝑎𝑟
·

𝑑𝑚𝑐ℎ𝑎𝑟

𝑑𝑡
=

𝑘𝑐,𝐻2𝑂𝑃𝐻2𝑂

1 + 𝐾𝐻2𝑂𝑃𝐻2𝑂 + 𝐾𝐻2
𝑃𝐻2

 (6) 

𝑟𝑔𝑎𝑠𝑖𝑓,𝐶𝑂2
=

1

𝑚𝑐ℎ𝑎𝑟
·

𝑑𝑚𝑐ℎ𝑎𝑟

𝑑𝑡
=

𝑘𝑐,𝐶𝑂2
𝑃𝐶𝑂2

1 + 𝐾𝐶𝑂2
𝑃𝐶𝑂2

+ 𝐾𝐶𝑂𝑃𝐶𝑂
 (7) 

where 𝑘𝑐,𝑖 and 𝐾𝑖 are the kinetic constants. The values of these kinetic constants are also 

summarized in Table 2. 

On the other hand, rOC represents the rate of reaction between the oxygen carrier and the 

corresponding gas (in this case, H2 or CO), which can be calculated using the kinetic 

parameters summarized in Table 4.   

ii) Carbon balance:  The amount of fixed carbon introduced to the fuel reactor (�̇�𝑐ℎ𝑎𝑟,𝑖𝑛) 

must equal the sum of gasified carbon and non-gasified carbon (�̇�𝑐ℎ𝑎𝑟,𝑜𝑢𝑡). 

�̇�𝑐ℎ𝑎𝑟,𝑖𝑛 − �̇�𝑐ℎ𝑎𝑟,𝑔𝑎𝑠𝑖𝑓 =  �̇�𝑐ℎ𝑎𝑟,𝑜𝑢𝑡 (8) 

The amount of gasified char is calculated from the char gasification rates: 

�̇�𝑐ℎ𝑎𝑟,𝑔𝑎𝑠𝑖𝑓 =  (𝑟𝑔𝑎𝑠𝑖𝑓,𝐻2
+ 𝑟𝑔𝑎𝑠𝑖𝑓,𝐶𝑂) · 𝑚𝑐ℎ𝑎𝑟 ·

1000

𝑀𝐶
 (9) 
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 where mchar is the mass of non-gasified char remaining in the fuel reactor and it can be 

estimated as: 

where fchar is the fraction of char in the fuel reactor bed. 

The amount of non-gasified char leaving the fuel reactor can be calculated as a function 

of the solids circulation rate between reactors (�̇�𝑂𝐶), fchar and the efficiency of the 

carbon carbon stripper (𝜂𝐶𝑆) located between fuel and air reactors, see Figure 1. Note 

that the purpose of this carbon stripper is to separate the unconverted char at the fuel 

reactor outlet from the reduced oxygen carrier particles and return the char particles to 

the fuel reactor for further conversion. 

�̇�𝑐ℎ𝑎𝑟,𝑜𝑢𝑡 =
�̇�𝑂𝐶

1 − 𝑓𝑐ℎ𝑎𝑟
· 𝑓𝑐ℎ𝑎𝑟 ·  (1 − 𝜂𝐶𝑆) ·

1000

𝑀𝐶
 (11) 

2.3. Calculation procedure 

Some operating values should be introduced to the model in order to perform the 

calculations. These variables are: i) temperature in the fuel reactor (T) ii) specific solids 

inventory in the fuel reactor (𝑚𝑂𝐶) iii) the efficiency of the carbon stripper (𝜂𝐶𝑆) iv) the 

ratio Gas/fixed carbon v) the ratio H2O/(H2O+CO2) in the fluidizing/gasifying mixture 

and vi) the oxygen carrier to fuel ratio (). The value of  represents the availability of 

oxygen in the solids circulation stream relative to the oxygen required to fully convert 

the fuel to CO2 and H2O. 

𝜙 =
𝑅𝑂𝐶 · �̇�𝑂𝐶

Ω𝑆𝐹
 (12) 

Note that all the calculations were done taking 1 MWth as a basis. Figure 3 schematizes 

the iterative process used to determine the values of (FCO, FH2, FCH4)vol,out as well as 

(FCO, FH2)g and Ṅchar,gasif. The iterative process in Figure 3 begins with the calculation 

𝑚𝑐ℎ𝑎𝑟 =
𝑚𝑂𝐶

1 − 𝑓𝑐ℎ𝑎𝑟
· 𝑓𝑐ℎ𝑎𝑟 (10) 
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of the volatile composition from the proximate and ultimate analyses of the coal used. 

This allows to estimate the initial concentration of each of the components in the 

volatile mixture (Fi,vol). Then, initial values both for the characteristic reactivity (FR,0) 

and the combustion efficiency of H2, CO an CH4 in volatiles (ηcomb,v,i) are assumed, 

where ηcomb,v,i are calculated as: 

𝜂comb,v,i =
𝐹𝑖,𝑣𝑜𝑙 − 𝐹𝑖,𝑣𝑜𝑙,𝑜𝑢𝑡

F𝑖,𝑣𝑜𝑙
 (13) 

With the initial concentration of each of these gases, an average concentration in the 

fuel reactor can be estimated from equation (4) and thus, a value of . Once all the 

parameters in Eq.(1) are known, the corresponding specific solids inventory is 

calculated. If this calculated value is the same as the initially fixed (mOC,0) then, the 

values of ηcomb,v,i are considered and the values of (FCO, FH2, FCH4)vol,out calculated using 

Eq.(13). If not, new values for the combustion efficiency of the volatiles are assumed 

and the process described before is repeated until the convergence is reached.  

Once this first iteration is finished, a second iterative process begins. The values of the 

fraction of char in the fuel reactor bed (fchar), as well as the concentration of H2 and CO 

(FH2,g and FCO,g) in the fuel reactor produced by char gasification are assumed. If the 

identity in equation (5) is true then, the carbon balance represented in Eq. (8) is 

checked. Other, new FH2,g and FCO,g values are assumed. If the carbon balance is not 

fulfilled, a new value of fchar is considered and the process is repeated until the carbon 

balance is fulfilled. Then, the degree of oxygen carrier conversion is estimated in order 

to calculate the corresponding value of FR. Should this FR value coincide with the 

initially assumed (FR,0), the iterative process is finished and the capture efficiency 

(CC) and total oxygen demand (ΩT) for the corresponding oxygen carrier-coal pair 

estimated as it is shown in the following equations: 
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If not, a new value FR is considered and the whole iterative process repeated. 

3. Results and Discussion 

The model previously described was used in this paper to assess the performance of 

ilmenite and Tierga ore as oxygen carriers with the different types of fossil fuels 

presented in Table 2. As it was mentioned before, this model was developed to facilitate 

the screening of potential new oxygen carriers and also to evaluate the best operating 

conditions for each of them by calculating the values of CO2 capture efficiency and total 

oxygen demand for different specific solids inventories. Nevertheless, it should be 

always considered that these values are only intended for comparison purposes and 

should not be taken as an estimation of the values that would be obtained in the 

operation of a real CLC plant. Examples of the different types of analyses that the 

model allows to carry out will be presented next. 

3.1 Effect of the temperature in the fuel reactor 

Figure 4 presents the results obtained for the two oxygen carriers considered, i.e. 

ilmenite and Tierga ore, for different fuel reactor temperatures. Figures 4(A) and 4(C) 

correspond to ilmenite and Figures 4(B) and 4(D) to Tierga ore. In both cases, the effect 

of the fuel reactor temperature on the CO2 capture efficiency (CC) and total oxygen 

demand (ΩT) was analysed in the absence of a carbon stripper in the iG-CLC system in 

order to better observe the possible differences. The trend observed for the different 

fuels is the same for both carriers. An increase in the fuel reactor temperature enhances 

char gasification and therefore increases the CO2 capture efficiency and also favours the 

reaction between oxygen carrier and the combustion gases, therefore decreasing the 

𝜂𝐶𝐶 =
(𝐹𝐶𝑂 + 𝐹𝐶𝐻4

+ 𝐹𝐶𝑂2
)

𝑣𝑜𝑙,𝑜𝑢𝑡
+  �̇�𝑐ℎ𝑎𝑟,𝑔𝑎𝑠𝑖𝑓

(𝐹𝐶𝑂 + 𝐹𝐶𝐻4
+ 𝐹𝐶𝑂2

)
𝑣𝑜𝑙,𝑜𝑢𝑡

+ �̇�𝑐ℎ𝑎𝑟,𝑖𝑛

 (14) 

Ω𝑇 =
[(1 − 𝜂𝑐𝑜𝑚𝑏,𝐶𝑂) · 𝐹𝐶𝑂,𝑣𝑜𝑙 + 𝐹𝐶𝑂,𝑔]

𝑜𝑢𝑡
+ 4 · (1 − 𝜂𝑐𝑜𝑚𝑏,𝐶𝐻4

) · 𝐹𝐶𝐻4,𝑣𝑜𝑙,𝑜𝑢𝑡 + [(1 − 𝜂𝑐𝑜𝑚𝑏,𝐻2
) · 𝐹𝐻2,𝑣𝑜𝑙 + 𝐹𝐻2,𝑔]

𝑜𝑢𝑡

�̇�𝑆𝐹 · Ω𝑆𝐹 ·
1000

𝑀𝑂

 (15) 
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total oxygen demand values. Moreover, while CO2 capture efficiencies for biomass are 

always the highest, in the case of coal, a correlation between coal rank and CO2 capture 

efficiency is observed, especially at fuel reactor temperatures lower than 1050ºC. The 

lowest-ranked coals present higher CO2 capture efficiencies. While these trends have 

been previously reported in numerous studies both theoretical and experimental [2], it 

proves that the model can reproduce real iG-CLC system results. It should be noted the 

rapid sharp increase in the curve corresponding to the CO2 capture efficiency using 

anthracite as fuel. This sharp profile at high temperatures could be attributed to the fact 

that the kinetic parameters considered for anthracite char gasification did not consider 

the hydrogen inhibition effect. Figure 5 shows an example of how the model can be 

used to compare different oxygen carrier-solid fuel pairs. In Figure 5, the CO2 capture 

efficiency and total oxygen demand for ilmenite and Tierga ore are compared when 

anthracite or sub-bituminous coal are used as fuels. In Figure 5(A), the effect of the 

oxygen transport capacity of the oxygen carrier (ROC) on the CO2 capture efficiency can 

be appreciated. Independently of the coal used and the fuel reactor temperature 

considered, the values of CO2 capture efficiency are always higher for ilmenite than for 

Tierga ore. The slightly higher oxygen transport capacity of the activated ilmenite 

considered (ROC = 3.3%) compared to that of Tierga ore (ROC = 2.8%) would justify the 

difference. A higher oxygen transport capacity allows lower solids circulation rate 

between fuel and air reactors in order to supply the same amount of oxygen in the fuel 

reactor, represented by the value of . A lower solids circulation rate favours CO2 

capture efficiency, as the residence time of char particles in the fuel reactor is larger and 

thus the extent of gasification. On the other hand, the effect of the reactivity of the 

oxygen carrier on the total oxygen demand can be observed in Figure 5(B). Two 

different temperature ranges can be considered in the results with both coals. At 
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temperatures lower than 950ºC-1000ºC, the values of total oxygen demand reached for 

any fuel reactor temperature and coal used are lower for ilmenite. At temperatures 

higher than 1000ºC and up to 1150ºC, the reactivity of the Tierga ore slightly increases 

and the total oxygen demand obtained with this carrier is always lower than using 

ilmenite. Therefore, it can be concluded that the choice between ilmenite and Tierga ore 

will depend on the operating temperature in the fuel reactor. Temperatures around 

950ºC would be advisable for ilmenite while Tierga ore gives better total oxygen 

demand values at fuel reactor temperatures higher than 1000ºC.  

3.2 Effect of the presence of a carbon stripper 

The analysis shown in Figures 4 and 5 is complemented with the analysis shown in 

Figure 6. In this Figure, the effect of incorporating a carbon stripper to the iG-CLC 

system is analysed. Only results corresponding to coals are shown, as the values of CO2 

capture efficiency obtained with biomass were already high without the presence of a 

carbon stripper and therefore the effect of its incorporation would not be as clearly 

appreciated as in the case of coals. In the analysis, different efficiencies of the carbon 

stripper (CS) are considered. The temperature in the fuel reactor is also set to 1000 ºC 

as it is an intermediate temperature where both ilmenite and Tierga ore present similar 

reactivity (see Figure 4(B)). As it has been reported before, the incorporation of a 

carbon stripper to an iG-CLC system improves the CO2 capture efficiency regardless 

the coal used, as it is shown in Figures 6(A) and (B). However, a more efficient carbon 

stripper hardly affects the value of the total oxygen demand at the specific solids 

inventory considered in the simulations (500 kg/MWth), see Figures 6(C) and (D). The 

slight increase observed at the highest carbon stripper efficiencies can be attributed to 

the larger volume of CO and H2 generated in the fuel reactor when more unconverted 

char is recirculated. As a conclusion, it can be said that the value of carbon stripper 
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efficiency considered for the evaluation of an oxygen carrier-solid fuel pair would 

depend on the parameter to the evaluated. Although it is not realistic, the advisable 

value to compare the performance regarding CO2 capture efficiency (CC) would be CS 

= 0 because the differences observed for each oxygen carrier-solid fuel pair are the 

largest. In case that the performance is compared considering the total oxygen demand 

value, the carbon stripper efficiency to be considered would then be CS = 90%, similar 

to those values already reported in literature [2]. 

3.3 Effect of the solids circulation rate 

Figure 7 shows the effect on CO2 capture efficiency (CC) and the total oxygen demand 

(ΩT) of the solids circulation rate between fuel and air reactors, which is linked with the 

oxygen carrier to fuel ratio (). High solids circulation rates between reactors represent 

large values of oxygen carrier to fuel ratio. Nevertheless, high solids circulation rates 

also imply shorter residence time of the particles in the fuel reactor. If the residence 

time is decreased (or the solids circulation rate is increased), more unconverted char 

leaves the fuel reactor, therefore decreasing the CO2 capture efficiency. This effect is 

shown Figure 7(A) for both ilmenite and Tierga ore using sub-bituminous coal 

(Tremedal) as fuel. The curves for both oxygen carriers are overlapped, showing that it 

is the residence time the most influencing parameter on the CO2 capture efficiency. 

Nevertheless, it should be pointed that the same value of solids circulation rate 

corresponds to different values of oxygen carrier to fuel ratios () because of the 

different oxygen transport capacity (ROC) of ilmenite and Tierga ore, slightly larger for 

ilmenite. This fact influences the values of total oxygen demand showed for both 

carriers in Figure 5(B). Additional X-axes were included in this figure to show the 

values of  for each oxygen carrier that would correspond to a certain value of solids 

circulation rate. Two different regions can be observed. For low values of solids 
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circulation rate (about 5 kg/s in the conditions considered for this simulation), the total 

oxygen demand reached is always higher for Tierga ore. However, under these 

conditions, the values of  for Tierga ore remain very close to 1 (stoichiometric 

conditions), closer than in the case of ilmenite. Therefore, there is not as much excess 

oxygen as in the case of ilmenite to burn the gases in the fuel reactor atmosphere and 

larger values of total oxygen demand are obtained. For high values of solids circulation 

rate (high  values), the differences become smaller and both oxygen carriers behave 

similarly. With the increase in the value of , less volume of gasification products is 

generated and the supply of oxygen from the oxygen carrier is larger. Therefore and in 

order to compare different oxygen carrier-solid fuel pairs and determine their 

differences with respect to the total oxygen demand reached, intermediate values of the 

parameter  would be advisable. 

3.4 Effect of the specific solids inventory 

Finally, the effect of the specific solids inventory (mOC) on the CO2 capture efficiency 

(CC) and total oxygen demand (ΩT) is evaluated in Figure 8 considering two fuels, 

anthracite and sub-bituminous coal (Tremedal). In any case, the oxygen transport 

capacity of the oxygen carrier affects the CO2 capture efficiency reached. As it can be 

observed in Figure 8(A) there is a threshold value of the specific solids inventory above 

which the increase in the specific solids inventory reports little improvements on the 

CO2 capture efficiency value. Thus, in order to compare the effect of the specific solids 

inventory on the CO2 capture reached by different oxygen carrier-solid fuel pairs it 

would be preferable to use less than 1000 kg/MWth. This value of specific solids 

inventory would also be advisable for the comparison of oxygen carrier-solid fuel pairs 

regarding the total oxygen demand reached, see Figure 8 (B). At lower specific solids 

inventory the differences in the reactivity of the oxygen carriers can be evaluated. 
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However, larger specific solids inventory ensure a larger supply of oxygen in the fuel 

reactor bed and then differences are attenuated, as it can be observed in the figure. 

3.4 Reference for comparison 

As mentioned before, the objective of the model presented in this paper was to facilitate 

the comparison of potential oxygen carrier-solid fuel pairs based on the knowledge of 

kinetics for both char gasification and oxygen carrier reactions. The example analyses 

showed previously in Figures 4 to 8 aimed at determining the conditions where the 

largest differences in the behaviour of both oxygen carriers (namely ilmenite and Tierga 

ore) could be observed. After these analyses it can be concluded that the selection of 

one of these oxygen carriers would depend on the conditions of the process where they 

would be used, both operating conditions and fuel used. Fuel reactor temperature (lower 

or higher than 1000ºC) and solids circulation rate ( values close to or larger than 1) 

strongly influence the selection. Besides and in line with the objective of this paper, 

Table 5 presents the predicted values of CO2 capture efficiency (CC) and total oxygen 

demand (ΩT) for the most adequate operating conditions for ilmenite and for Tierga ore, 

respectively, that were determined in this work, i.e. those conditions where higher CO2 

capture efficiencies and/or total oxygen demand values could be reached according to 

the analyses here presented. Taking into account the conclusions reached after the 

discussions in the previous sections, the conditions selected in Table 5 for the 

comparison are the following. For ilmenite, fuel reactor temperature TFR=950 ºC; 

mOC=500 kg/MWth; CS=0 or 90%. For Tierga ore, fuel reactor temperature TFR=1050 

ºC; mOC=500 kg/MWth; CS=0 or 90%. In all cases, it was considered an oxygen carrier 

to fuel ratio  = 1.2, gas/fixed carbon = 1 and H2O / (H2O+CO2) = 1. These values can 

be considered as a reference in order to assess the performance of other new oxygen 

carrier-solid fuel pairs.  
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4. Conclusions 

A simple model to facilitate the comparison of the performance of different oxygen 

carrier-solid fuel pairs in an iG-CLC system has been developed. The model uses the 

kinetic parameters both for char gasification and the reaction between oxygen carrier 

and combustion gases to calculate the CO2 capture efficiency (CC) and the total oxygen 

demand (ΩT) as parameters for comparison purposes. To illustrate the use of the model, 

two Fe-based oxygen carriers (ilmenite and Tierga ore) were used in this paper, together 

with five different types of solid fuels: anthracite, sub-bituminous coal, two bituminous 

coals and a biomass (olive tree pruning).  

The model was able to reproduce some of the main results previously reported in 

literature: 

• An increase in the fuel reactor temperature increased the CO2 capture efficiency 

and decreased the total oxygen demand values. Higher CO2 capture efficiencies were 

observed for lower rank coals. 

• Independently of the coal used and the fuel reactor temperature considered, the 

values of CO2 capture efficiency were always higher for the oxygen carrier with the 

highest oxygen transport capacity. 

• At temperatures higher than 1000ºC and up to 1150ºC, the reactivity of the 

Tierga ore increased and the total oxygen demand was lower than using ilmenite 

• The incorporation of a carbon stripper to an iG-CLC system improved the CO2 

capture efficiency regardless the coal used. 

• High solids circulation rates between fuel and air reactors represent large values 

of oxygen carrier to fuel ratio but also shorter residence time of the particles in the fuel 

reactor. This contributed to the decrease of the CO2 capture efficiency but also of the 

total oxygen demand. 
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• There is a threshold value of the specific solids inventory above which the 

increase in the specific solids inventory reports little improvements on the CO2 capture 

efficiency and the total oxygen demand values. 

The simulations performed with the model confirmed that for a good evaluation of the 

potential of an oxygen carrier-solid fuel pair, the most influencing variables are the fuel 

reactor temperature and the solids circulation rate between fuel and air reactors. The 

temperature interval selected for the oxygen carrier operation is determining and should 

be considered in order to select the most reactive material under those conditions so that 

both CO2 capture efficiency and the total oxygen demand are optimized. Moreover, the 

value of the solids circulation rate should be chosen taking into account the oxygen 

transport capacity of the oxygen carrier used. For the same circulation rate, higher 

values of the oxygen transport capacity are linked to higher oxygen carrier to fuel ratio 

values () and therefore, lower values of total oxygen demand can be reached in this 

case. Besides, the use of this model also led to the conclusion that the differences in the 

reactivity of the oxygen carriers can be better evaluated at low specific solids 

inventories. Finally, the value of carbon stripper efficiency considered for the evaluation 

of an oxygen carrier-solid fuel pair would depend on the parameter to the evaluated. In 

order to compare the performance regarding CO2 capture efficiency (CC), CS = 0% is 

recommended while CS = 90% is advised regarding the total oxygen demand (ΩT). 
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Nomenclature 

�̅�  Stoichiometric coefficient for reaction of solid 

Ci  Concentration of gas i (mol·m
3
) 

𝐶𝑛̅̅̅̅   Average concentration of gas (mol·m
3
) 

Dpl   Effective diffusivity in the product layer (m
2
 s

-1
). 

Ec  Activation energy (kJ·mol
-1

) 

Ech  Activation energy of the chemical reaction rate constant (J mol
-1

) 

Epl Activation energy for effective diffusivity in the product layer (J mol
-1

) 

Ex  Activation energy for the decay constant for the diffusion in the product 

layer (J mol
-1

) 

Ep  Activation energy (kJ·mol
-1

) 

Er  Activation energy (kJ·mol
-1

) 

fchar Fraction of char in the fuel reactor bed 

Fi,vol Molar flow of volatile i after devolatilization 
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Fi,g Molar flow of gasification product i after char gasification 

Fi,in Molar flow of gasifying/fluidizing agent i at the fuel reactor inlet 

Fi,vol,out  Molar flow of volatile i at the fuel reactor outlet 

Fi,g,out Molar flow of gasification product i at the fuel reactor outlet 

Fvol  Total molar flow of volatiles after devolatilization 

kc,i   Kinetic constant in equations (6)-(7) (s
-1

atm
-1

) 

Ki  Kinetic constant in equations (6)-(7) (atm
-1

) 

ks  Chemical reaction kinetic constant (mol
1-n

 m
3n-2

 s
-1

) 

ks,0 Pre-exponential factor for chemical kinetic constant (mol
1-n

 m
3n-2

 s
-1

). 

kx,0  Preexponential factor of the decay constant for the diffusion in the 

product layer (-) 

L  Characteristic length of the grain (m) 

mchar   Mass of non-gasified char (kg) 

mOC  Mass of oxygen carrier in fuel/air reactors per MWth of fuel 

�̇�𝑆𝐹  Mass flow of solid fuel fed to the fuel reactor (kg/s) 

�̇�𝑂𝐶  Solids circulation rate between reactors (kg/s) 

MC  Molecular weight of carbon (12 g mol
-1

) 

MO  Molecular weight of oxygen (16 g mol
-1

) 

�̇�𝑐ℎ𝑎𝑟,𝑔𝑎𝑠𝑖𝑓 Molar flow of carbon gasified (mol/s) 

�̇�𝑐ℎ𝑎𝑟,𝑖𝑛 Molar flow of carbon in the char introduced (mol/s) 

�̇�𝑐ℎ𝑎𝑟,𝑜𝑢𝑡 Molar flow of non-gasified carbon (mol/s) 

n  Reaction order (-) 

rg  Grain radius (m) 

rgasif (i)  Char gasification reaction rate to produce i (s
-1

) 

rOC (i)  Rate of reaction of i with the oxygen carrier (s
-1

) 

OCR   Oxygen transport capacity (-) 

Xg  Gas conversion (-) 

Xr  Oxygen carrier reduction conversion (-) 

 

Symbols 

CC CO2 capture efficiency

comb,v,i combustion efficiency of the volatile compound i 

CS carbon stripper efficiency

 oxygen carrier to fuel ratio 

m Molar density of reacting compound (mol m
-3

) 

r Time for complete reduction (s) 

Xi Variation of the solid conversion in the reactor for the reaction i 

g coefficient of expansion of the gas mixture 

FR characteristic reactivity in the reactor 

ΩT Total oxygen demand 

ΩSF Oxygen required to fully convert the fuel to CO2 and H2O (kg oxygen/ kg 

solid fuel) 

 

Acronyms 

LHV = lower heating value of the solid fuel (kJ/kg) 

WGS = Water-Gas-Shift 

VC= volatile content 
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Figure 8. Effect of the specific solids inventory (mOC) on (A) CO2 efficiency (CC) and 

(B) total oxygen demand (ΩT) considering ilmenite and Tierga ore as oxygen oxygen 

carriers and anthracite (Yangquan) and sub-bituminous coal (Tremedal) as coals. 

Conditions: Fuel reactor temperature: TFR=1000 ºC; carbon stripper efficiency 

(CS=90%);  = 1.2; Gas/fixed carbon = 1; H2O / (H2O+CO2) = 1 
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Figure 1. Scheme of the iG-CLC process 
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Figure 2. Scheme of the fuel reactor bed considered in the development of the model 
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Figure 3. Scheme of the iterative process used in the calculations performed by the model 
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Figure 4. Effect of fuel reactor temperature on CO2 capture efficiency (CC) and total 

oxygen demand (ΩT) considering ilmenite (A)-(C) and Tierga ore (B)-(D) oxygen 

carriers. Conditions: mOC=500 kg/MWth; carbon stripper efficiency (CS=0);  = 1.2; 

Gas/fixed carbon = 1; H2O / (H2O+CO2) = 1 
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Figure 5. Effect of fuel reactor temperature on (A) CO2 capture efficiency (CC) and 

(B) total oxygen demand (ΩT) considering ilmenite and Tierga ore as oxygen oxygen 

carriers and anthracite (Yangquan) and sub-bituminous coal (Tremedal) as coals. 

Conditions: mOC=500 kg/MWth; carbon stripper efficiency (CS=0);  = 1.2; Gas/fixed 

carbon = 1; H2O / (H2O+CO2) = 1 
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Figure 6. Effect of the carbon stripper efficiency (CS) on CO2 capture efficiency (CC) 

and total oxygen demand (ΩT) considering ilmenite (A)-(C) and Tierga ore (B)-(D) 

oxygen carriers. Conditions: Fuel reactor temperature TFR=1000 ºC; mOC=500 kg/MWth; 

 = 1.2; Gas/fixed carbon = 1; H2O / (H2O+CO2) = 1 
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Figure 7. Effect of oxygen carrier to fuel ratio () on (A) CO2 capture efficiency (CC) 

and (B) total oxygen demand (ΩT) considering ilmenite and Tierga ore as oxygen 

oxygen carriers and the sub-bituminous coal (Tremedal). Conditions: Fuel reactor 

temperature TFR=1000 ºC; mOC=500 kg/MWth; carbon stripper efficiency (CS=0); 

Gas/fixed carbon = 1; H2O / (H2O+CO2) = 1 
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Figure 8. Effect of the specific solids inventory (mOC) on (A) CO2 efficiency (CC) and 

(B) total oxygen demand (ΩT) considering ilmenite and Tierga ore as oxygen oxygen 

carriers and anthracite (Yangquan) and sub-bituminous coal (Tremedal) as coals. 

Conditions: Fuel reactor temperature: TFR=1000 ºC; carbon stripper efficiency 

(CS=90%);  = 1.2; Gas/fixed carbon = 1; H2O / (H2O+CO2) = 1 
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Tables 

Table 1. Influence of the characteristics of the oxygen carrier and the solid fuel on the 

CO2 capture efficiency (CC) and total oxygen demand (ΩT) 

  SOLID FUEL 

 

 
Volatile content 

(VC) 

Fixed 

carbon 

Char reactivity  

(rgasif) 

OXYGEN 

CARRIER 

OC reactivity 

(rOC) 

ΩT 

 

- 

ΩT 

CC 

ROC ΩT  CC - 
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Table 2. Proximate, ultimate analysis and kinetic constants for char gasification 

according Langmuir-Hinshelwood reaction model of the solid fuels used in this work  

 
Taldinsky 

[26] 

Cerrejón 

[4] 

Tremedal 

[10] 

Yangquan 

[37] 

Olive tree 

pruning [38] 

Proximate analysis (wt%) 

Moisture 5.8 7.5 4.2 3.0 8.1 

Ash 10.1 8.6 25.6 21.4 5.0 

Volatile matter 32.0 34.0 29.7 9.2 78.8 

Fixed carbon 52.1 49.9 40.5 66.5 16.3 

Ultimate analysis (wt%) 

C 65.8 70.8 51.4 68.6 47.2 

H 4.0 3.9 5.6 2.6 6.4 

N 2.0 1.7 0.4 0.7 1.0 

S 0.5 0.5 5.4 1.3 0.1 

O 11.9 7.0 7.4 2.5 32.3 

LHV (kJ/kg) 26640 25880 21990 28000 19080 

ΩSF (kg oxygen/kg fuel) 2.0 2.1 1.8 2.0 1.5 

Volatile composition (g / 100 g biomass)  

CH4 5.7 8.1 6.3 2.3 15.8 

CO 21.2 33.8 13.3 0.2 35.6 

CO2 1.2 1.2 1.7 0.8 8.9 

H2 2.3 3.1 3.8 1.5 1.3 

H2O 4.5 0.0 2.5 5.1 18.8 

Kinetic parameters 

Steam 

𝑘𝑐,𝐻2𝑂  (s
-1

atm
-1

) 1.08·10
3
 5.26·10

1
 1.67·10

2
 1.05·10

8
 1.22·10

5 

Ec (kJ/mol) 119.8 95.1 93.6 255.0 137.0 

𝐾𝐻2𝑂 (atm
-1

) 4.13·10
-4

 2.81·10
-6

 8.40·10
-2

 - 6.27·10
-1

 

Er (kJ/mol) -88.2 -135.1 -37.6 - -22.9 

𝐾𝐻2
 (atm

-1
) 7.87·10

-6
 8.10·10

-9
 1.80·10

-3
 - 2.97 

Ep (kJ/mol) -154.5 -218.5 -73.6 - -24.1 

CO2 

𝑘𝑐,𝐶𝑂2
  (s

-1
atm

-1
) 2.10·10

3
 4.53·10

3
 4.00·10

3
 - 7.18·10

11
 

Ec (kJ/mol) 146.0 160.1 130.0 - 286.0 

𝐾𝐶𝑂2
 (atm

-1
) 1.76·10

-4
 3.28·10

-7
 1.20·10

-1
 - 2.06·10

8
 

Er (kJ/mol) -98.3 -158.5 -14.6 - 152.0 

𝐾𝐶𝑂 (atm
-1

) 4.09·10
-6

 1.84·10
-6

 3.30·10
-3

 - 3.87·10
-5

 

Ep (kJ/mol) -151.7 -157.6 -66.5 - -120.2 
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Table 3. Main physical and chemical characteristics of ilmenite and Tierga ore particles 

 Activated ilmenite Tierga ore
 

XRD main phases Fe2TiO5, Fe2O3, TiO2 Fe2O3, SiO2 

MxOy (wt.%)
 a
 

22.0 (Fe2O3) 

38.5 (Fe2TiO5) 

83.5 

(Fe2O3)
 

Oxygen transport capacity, ROC, (%) 3.3 [32] 2.8 

a
 Determined by reduction in TGA with 15 vol.% H2 at 1223 K 
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Table 4. Kinetic parameters determined for reduction and oxidation reactions of 

activated ilmenite [32] and Tierga iron ore [31] 

Activated ilmenite 

 H2 CO CH4 O2 

n (-) 1.0 0.8 1.0 1.0 

,0sk
 (mol

1-n
m

3n-2
s

-1
) 6.2·10

-2
 1.0·10

-1
 9.8 1.9·10

-3
 

Ech (kJ/mol) 65.0 80.7 135.2 25.5 

Tierga ore 

 H2 CO CH4 O2 

n (-) 0.9 0.7 0.8 1.0 

,0sk
 (mol

1-n
m

3n-2
s

-1
) 1.26·10

-1
 3.61·10

-1
 1.86·10

4
 1.61·10

-4
 

Ech (kJ/mol) 70.8 87.8 222.9 10.3 

Dpl (m
2
s

-1
)
 

5.55·10
-3

 1.85·10
-17

 5.17·10
10

 -- 

Epl (kJ/mol) 148.6 -132.9 497.4 -- 

kx,0 (-) 4.0 3.8·10
-4

 3.0 -- 

Ex (kJ/mol) 0 -80.6 0 -- 
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Table 5. Reference values for comparison of different oxygen carrier-pairs. Conditions: 

mOC=500 kg/MWth; oxygen carrier to fuel ratio,  = 1.2; Gas/fixed carbon = 1; H2O / 

(H2O+CO2) = 1 

 
Ilmenite Tierga ore 

 TFR = 950 ºC TFR = 1050 ºC 

 CS=0% CS=90% CS=0% CS=90% 

 

CC 

(%) 

ΩT 

(%) 

CC 

(%) 

ΩT 

(%) 

CC 

(%) 

ΩT 

(%) 

CC 

(%) 

ΩT 

(%) 

Anthracite (Yangquan) 22.6 1.9 71.5 4.1 59.8 1.2 93.5 1.9 

Sub-bituminous (Tremedal) 51.7 5.7 89.1 6.9 66.2 1.4 94.5 1.8 

Bituminous (Cerrejón) 44.8 4.6 80.2 5.9 60.9 0.7 92.1 1.1 

Bituminous (Taldinsky) 44.3 4.0 83.5 5.6 66.7 0.9 94.6 1.4 

Biomass (Olive tree pruning) 94.4 5.8 99.3 5.8 97.7 0.6 99.8 0.6 

 

 


