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AbstractTo make a comparison between coal gasification in molten blast furnace slag (MBFS) in different ambi-
ence and choose an appropriate agent to recover BF slag’s waste heat entirely, coal gasification with steam and CO2 in
molten blast furnace slags was studied by isothermal thermo-gravimetric analysis. The effects of temperature and addi-
tion of MBFS were studied. Carbon conversion and reaction rate increased with increasing temperature and MBFS.
Volumetric model (VM), shrinking core model (SCM), and diffusion model (DM) were applied to describe the coal
gasification behavior of FX coal. The most appropriate model describing the coal gasification was SCM in steam ambi-
ence and VM in CO2 ambience, respectively. The reaction rate constant k(T) in CO2 ambience is greater than that in
steam ambience, which means the gasification reactivity of coal in CO2 ambience is better than that in steam ambi-
ence. BF slag can effectively reduce the activation energy EA of coal gasification reaction in different ambiences. But, the
difference of activation energies is not large in different ambiences. Based on the results of kinetic analysis including
k(T) and EA calculated by the established model, CO2 was chosen to be the most appropriate agent.
Keywords: Coal Gasification, Molten Blast Furnace Slag, Heat Carrier, Kinetic Analysis, Isothermal Thermo-gravimetric

INTRODUCTION

Coal plays a vital role in China. However, the direct burning of
coal easily brings a waste of resources, pollution of the environ-
ment and other issues. Therefore, the clean use of coal is particu-
larly important. As we all know, many ways, like circulating fluidized
bed boiler combustion (CFBC), ultra-supercritical coal-fired power
generation (USC) and integrated coal gasification combined cycle
(IGCC), are about clean use of coal. And among them, coal gasifi-
cation, as a key technology for coal clean use, has attracted wide-
spread attention and further research. Numerous studies on the
intrinsic properties of coal like coal properties [1,2], coal pore struc-
ture [3-6], trace minerals in coal [7], and operating conditions like
reaction temperature [8,9], heating rate [10,11] and pressure have
been carried out.

Gasification involves a set of reactions, including the primary
reaction like incomplete coal combustion (R1: C+CO22CO),
steam decomposition reaction (R2: C+H2OCO+H2) and the
secondary reaction like water-gas shift reaction (R3: CO+H2O
CO2+H2). The total reaction of coal gasification is endothermic.
To date, most coal gasification technologies are self-heating, which
means part of coal is burned to provide the corresponding heat
for the coal gasification reaction.

To reduce fuel consumption, people began to look for other heat
sources for coal gasification. As a by-product of blast furnaces from
iron-making, blast furnace slag (BF slag) is usually a high-grade
waste heat resource with tapping temperature about 1,673-1,723 K,

which can be used as a heat carrier to provide the heat for coal
gasification. Then the technology of coal gasification using BF slag
as heat carrier was proposed and some scholars did some researches
on coal gasification with blast furnace slag.

Part of these studies focused on the catalytic properties of blast
furnace slag. The thermodynamic analysis, technology calculation
and exergy analysis of synergistic gasification process of coal with
BF slag were examined by Duan et al. [12-15]. It was found that
the BF slag can act as a heat carrier and play a catalytic role at the
same time in coal gasification reaction. The influences of reaction
temperature, heating rate and slag/coal mass ratio on CO2 gasifica-
tion of coal with the BF slag were also studied by many research-
ers [16,17]. To obtain hydrogen-rich gas hydrogen-rich syngas,
coal-steam reaction with the BF slag was studied by Duan [18].
The hydrogen fraction of syngas was higher than 63%. The cata-
lytic mechanism of coal gasification using BF slag as heat carrier
was schematically proposed [19].

Coal gasification using BF slag as heat carrier is also a way to
recover the BF slag’s waste heat by chemical method [20-24]. And
some researchers focused on the recovery process and recovery
efficiency of this method. For the purpose of recovering the waste
heat of BF slag, a thermodynamic analysis of the synergistic coal-
steam gasification process with BF slag as heat carrier was per-
formed using the Gibbs free energy minimization approach by
Duan [15], and the recovery efficiency theoretically can reach up
to 83.08%. Li and Yu [25] proposed a new heat recovery system of
BF slag that can effectively recover the waste heat of BF slag in dif-
ferent states (molten and solid states).

The gasification agent (steam, CO2, O2) has a great influence on
coal gasification reaction [26-29]. And it may also have an import-
ant impact on the waste heat recovery of MBFS (a high-quality, high-
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temperature heat carrier). Therefore, it is significant to explore which
gasification agent is more conducive to the gasification reaction in
MBFS and propitious to recycle BF slag’s waste heat fully. There is
no such investigation about the comparison of gasification reac-
tion in MBFS in different ambiences.

To this end, the CO2 and steam gasification of Fuxin (FX) coal
in MBFS was studied by thermo-gravimetric analyzer. And the
influence of temperature and BF slag was clarified by isothermal
thermo-gravimetric experiment method. The kinetics model of coal
gasification was established under different atmosphere in MBFS
by model fitting method. The kinetic parameters of coal gasifica-
tion under different atmosphere were obtained. Finally, the most
appropriate agent for the coal gasification with MBFS was chosen
by comparing the results of kinetic analysis.

EXPERIMENTAL

1. Samples
FX coal from Fuxin City, Liaoning Province is known as a kind

of low grade lignite, which is rich in reserves in China. The BF slag
was obtained from a local iron and steel company. The coal and
slag samples were dried at 353 K for 24 h, and then ground and
sieved using standard sieves to obtain the average particles size
about 74m.

The proximate analysis and ultimate analysis were performed
using an automatic proximate analyzer and a CHNS/O Analyzer,
respectively. At the same time, the chemical composition of slag was
performed by X-ray fluoroscopy (XRF). The results of the proxi-
mate and ultimate analyses of coal samples and the chemical com-
position of slag are shown in Table 1 and Table 2.
2. Apparatus and Procedure

In this study, coal gasification in MBFS was performed in a
thermo-gravimetric analyzer (SETSYS Evolution 18 TGA, sensi-
tivity is 0.25g). The entire experimental system, shown schemati-
cally in Fig. 1, consists of a gas supply system, a steam generator, a
thermo-gravimetric analyzer and a computer to record and ana-
lyze the experimental data.

First, coal samples of 8 mg (or mixture of BF slag and coal by
specific proportion) were weighed by an analytical balance, which

sensitivity was 0.1 mg, and then placed in a crucible with height of
4 mm and diameter of 6 mm. The crucible with samples was placed
in the thermo-gravimetric analyzer, where the sample (coal or mix-
ture of BF slag and coal by specific proportion) was heated to 1,273
K under atmospheric pressure with heating rate of 20 K min1 and
Argon flow rate of 30 ml min1, and then maintained at 1,273 K
for 30 min to make sure the coal sample fully pyrolyzed. After
pyrolysis, the analyzer was heated to design reaction temperature
at heating rate of 20 K min1 and argon flow rate of 30 ml min1,

Table 1. The proximate, ultimate analysis of coal samples

Coal
Proximate analysis (wt%) Ash melting point (K)

Moisture Volatile matter Fixed carbon Ash ST
3.13 32.78 34.79 29.30 1603

Ultimate analysis (wt%) Heating value (MJ/Kg)
C H O N S 26.65

52.27 4.204 8.796 1.09 1.210

Table 2. The chemical composition of BF slag

Slag
Chemical composition (%)

CaO MgO SiO2 Al2O3 Fe2O3 TiO2 Others
41.21 8.22 8 11.05 2.78 0.35 2.01

Fig. 1. The schematic of the SETSYS Evolution TGA experimental
system.
1. Argon cylinder 07. SETSYS evolution 18 TGA
2. CO2 cylinder 08. Crucible
3. Flow meter 09. Temperature controller
4. Steam generator 10. Computer
5. Protective gas inlet 11. Balance
6. Gasification agent portal 12. Insulation and preheating

12. device

Fig. 2. The heating program of thermo-gravimetric analyzer.
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after which argon was switched to gasification agent (steam or
CO2), and gasification reaction started. The whole experiment was
under atmospheric pressure. Argon was used as carrier gas for
steam and CO2. The partial pressure of steam/CO2 flow rate was
30.396 KPa. Steam generator and the transfer lines were main-
tained at 453 K and 423 K, respectively. Experimental data (mainly
mass change of the sample over time) output was recorded by a
computer. Heating procedure of the isothermal temperature experi-
ments in detail is shown in Fig. 2. Design reaction temperatures
for isothermal experiments were 1,573 K, 1,623 K and 1,673 K,
respectively, which covers from the temperature of BF slag main-
taining the molten state to the lowest discharge temperature of
MBFS. To investigate the effect of BF slag on gasification reaction,
all experiments were performed at two different slag/coal mass
ratios: 0 : 1 and 2 : 1. Details of the experimental conditions are
shown in Table 3.
3. Kinetic Models

During each experimental run, the weight of the sample and
the time were saved automatically in a data log file. Considering
the weight loss of BF slag, there are two expressions of carbon con-
version (X) in this experiment. When the sample was coal only,
carbon conversion (X) was calculated as follows:

(1)

where, w0 is initial mass of the char, mg; wt is mass of the char at a
particular time, mg and wash is mass of the ash, mg. However,
when the coal was gasified in the thermo-gravimetric analyzer
with BF slag, the mass loss included both the mass change of coal
and BF slag. To obtain the mass change of coal only, it is neces-
sary to eliminate the influence of the mass change of BF slag. So,
when the sample is mixture of coal and BF slag, carbon conver-
sion (X) is calculated as:

(2)

where, wc0 is initial mass of the char with BF slag, mg; wct is mass

of the char with BF slag at a particular time, mg; wc is final mass
of the mixture of char and BF slag, mg; ws0 is initial mass of BF
slag, mg; wst is mass of BF slag at particular time, mg; ws is final
mass of BF slag at a termination of the program, mg; m is the ratio
of BF slag to char. The ws0, wst and ws is obtained by a blank run
(only BF slag without coal).

According to the general rate law for gas-solid reaction, the
reaction rate also can be expressed as the product of two indepen-
dent functions of the independent variables’ temperature and car-
bon conversion under isobaric consideration [28]. The apparent
reaction rate is expressed as:

(3)

where, k(T) is the rate constant. f(X) is a function of the solid sur-
face and usually associated with the carbon conversion. The acti-
vation of char with oxidizing gas is a heterogeneous gas-solid
reaction where pore structure and surface area of particle are chang-
ing due to the reaction. In the function, structural variations and
other phenomena film mass transfer, pore diffusion, and chemi-
cal reaction have to be considered [16]. Therefore, many different
mechanism functions were established. In this study, the single-
step gas-solid kinetic models [30-34], volumetric model (VM),
shrinking core model (SCM) and diffusion model (DM), were
applied to the kinetics analysis. Details are shown in Table 4.

The partial pressure of gasification agent is constant in the gas-
ification process in this study. Solving the first-order differential of
Eq. (3), the gasification reaction time was a constant for a particu-
lar carbon conversion:

(4)

(5)

where, G(X) is the integrated form of mechanism function. Details
of the integrated form of mechanism function about these three
models are shown in Table 4. On the right side of Eq. (5), k(T) is
constant because of isothermal method. So, there should be linear
relationship between G(X) and t. The linear correlation coefficient
(R2) could be calculated by linear fitting of the mechanism func-
tion. The most appropriate mechanism function f(X) was chosen
by comparing the linear correlation coefficient (R2) of different
mechanism functions. The slope of G(X) (the integrated form of
most appropriate mechanism function)-t curves at different reac-
tion temperatures can be used to evaluate the reaction rate con-
stant k(T). The model showing the best linear fitting was chosen
as the most appropriate model.

X t    
w0  wt

w0   wash
-------------------- 100%

X t    
wc0   wct 
wc0   wc 
-------------------------   

ws0   wst 
ws0   ws 
------------------------- m

m 1
------------ 1 m 100%

r  
dX
dt
-------  k T f X 

G X    
dX

f X 
----------  k T dt  k T t

0

tc

0

Xc



G X    k T t

Table 3. The experimental conditions
Temperature

(K)
Slag/Coal
mass ratio

Gasification
agent

Pressure
(KPa)

Carrier
gas

1573 1 : 0
1623 0 : 1 Steam/CO2 101.325 Argon
1673 2 : 1

Table 4. Differential and integral expressions of mechanism functions
Logogram Model name Differential form f(X) Integral form G(X)
VM Volumetric model 2(1X)[ ln(1X)]1/2 [ ln(1X)]1/2

SCM Shrinking core model 2(1X)1/2 1 (1X)1/2

DM1
Diffusion model

1/2 X1 X2

DM2 [ ln(1X)]1 X+(1X)ln(1X)
DM3 3/2(1+X)2/3[(1+X)1/31]1 [(1+X)1/31]2
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The rate constant (k(T)) is described by Arrhenius equation;
the empirical formula is given by:

(6)

where, k0 is pre-exponential factor, min1; EA is the activation
energy, kJmol1; R is the ideal gas law constant, kJmol1K1, and T
is the absolute temperature, K.

By taking the logarithm of Eq. (6), Eq. (7) could be obtained:

(7)

In this work, linearized or linear regression of logarithm expres-
sion was used to obtain EA and k0. EA and k0 were estimated through
the correlation of data (K and T) at different reaction tempera-
tures in an alternative form of Arrhenius equation.

RESULTS AND DISCUSSION

1. Effects of the Temperature and MBFS on Carbon Conversion
As shown in Fig. 3(a), carbon conversion increases with time.

Within the same reaction time, carbon conversion increases with

temperature in steam ambience and experiment temperature range,
especially from 1,623 K to 1,673 K. Fig. 3(b) shows that carbon
conversion increases steeply during first 20 min and then gradu-
ally slows, and seems to reach a plateau. Within the same reaction
time, carbon conversion of FX coal at 1,573 K is higher than that
at 1,623 K and 1,673 K at the first 10 min in CO2 ambience with-
out MBFS. Then, it gradually increases with temperature after 20
min. This is because these reaction temperatures are relatively close
to the FX coal ash melting point temperature, which is 1,603 K, as
shown in Table 1. The coal gasification process is affected by the
ash melting state of coal. This phenomenon was also found in
Liu’s research [35,36], that the reaction rate of the char with low
fusion temperature leveled off, or even decreased a little as tem-
perature increased. It indicates that the reactivity of coal is affected
by the ash fusion temperature.

As shown in Fig. 3(a) and Fig. 3(b), because of the addition of
BF slag, carbon conversion at the same temperature increases and
the completion time of gasification reaction in different ambience
is shortened. It indicates that the MBFS has a positive effect on
coal gasification. As can be seen from Table 2, BF slag contains a
large amount of CaO, about 41%, while calcium oxide is an active
ingredient in calcium-containing ores and plays an important cat-

k T   k0e


EA

RT
-------

K   k0  
EA

R
------lnln 1

T
---

Fig. 3. Carbon conversion versus time curves for the gasification of
FX coal under (a) Steam and (b) CO2.

Fig. 4. Reaction rate versus carbon conversion curves for the gasifi-
cation of FX coal under (a) Steam and (b) CO2.
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alytic role in coal gasification [37]. Due to the addition of MBFS,
some specific reactions occurred. It helps to improve carbon con-
version and reaction rate [14,38,39].

CaO+1/2O2CaO2

CaO2+CCaO+CO

Besides, BF slag contains other elements like alkali earth metal
Mg and transition metal Fe, which have been proved to have a
catalytic effect on coal gasification by many researchers [40,41].

Comparing the carbon conversion curves in different ambi-
ence, the completion time of the reaction in CO2 ambience is shorter
than that in steam ambience. Fig. 4 shows that the CO2 gasifica-
tion rate of coal is higher than the corresponding steam gasifica-
tion rate. It indicates that the gasification reactivity in CO2 ambience
is better than that in steam ambience in the higher temperature
range. This is contrary to the common understanding. Because, in
general, the reactivity of coal gasification in steam ambience is
higher than that in CO2 ambience. Most of this conclusion is based
on the results obtained in the temperature range of 973 K to 1,373 K
[26,27,29,37]. Therefore, it is possible that high temperature may
be one of the reasons for better gasification reactivity of coal-CO2

gasification than the corresponding steam-coal gasification. Some
published researches imply similar results [42,43]. In Ren’s research
[42], the gasification reactivity of five kinds of low-rank coal, a
kind of mid-rank coal and three kinds of high-rank coal were
investigated in the temperature range 1,273-1,873 K and different
ambience under atmospheric pressure. For low-rank coals and
mid-rank coals, the CO2 gasification rate is higher than the steam
reaction rate, which is consistent with our results. But for some
kinds of high-rank coals and pet coke, the steam gasification rate
is still higher than the CO2 reaction rate. Therefore, the coal prop-
erties may be another reason for better gasification reactivity of
coal-CO2 gasification than the corresponding steam-coal gasifica-
tion. The properties including coal structure and AAEMs (alkali
and alkaline earth metals) in coals especially the catalytic effect of
AAEMs should be a key factor. It has been reported that the AAEMs
is more active for the CO2-gasification than that for the steam-gasifi-
cation [44]. The low-rank coal contains relatively high amounts of
AAEMs, while the high-rank coal contains little AAEMs. With the
aid of AAEMs the gasification reactivity of coal in CO2 may be
higher than that in steam at high temperature.

This phenomenon can be explained from the thermodynamic
point of view. Table 5 lists the Gibbs free energy of the main reac-
tions of CO2 and steam gasification (R1 and R2) and water-gas
shift reaction (R3). The Gibbs free energy of water-gas shift reac-
tion is greater than 0 at a temperature above 1,173 K, which means
the water-gas reaction does not occur when the temperature exceeds
1,173 K. It shows that the coal-CO2 gasification reaction is more
favorable than coal-steam gasification reaction in the higher tem-
perature range.
2. Effects of the Temperature and Slag/Coal Mole Ratio on
Reaction Rate

The reaction rate is obtained by Eq. (3) based on the carbon
conversion data. The reaction rate curves for the coal-steam and
coal-CO2 gasification at different temperature conditions and slag/
coal mass ratios are shown in Fig. 4, respectively. Fig. 4(a) shows
that the reaction rate increases sharply and reaches the maximum
value at conversion of 0-10%, and then decreases at conversion of
10-20%. The reaction rate peak occurs at the carbon conversion of
0.1. The peak value increases with temperature. Fig. 4(b) shows
that the reaction rate increases first and then decreases in CO2

ambience. Simultaneously, because of the addition of BF slag, reac-
tion rate is improved in both ambiences.

Comparing the reaction rate versus carbon conversion curves
of FX coal gasification in different ambience, the main change of
reaction rate occurs at a narrow conversion range of 0-20%, but, in
CO2 ambience, the main change of reaction rate occurs at a wide
conversion range of 0-100%. In other words, the reaction rate var-
ied more gently in CO2 ambience than that in steam ambience.
But, the reaction rate of FX coal gasification in CO2 ambience is
greater than that in steam ambience. It means that the gasification
reactivity in CO2 ambience is better than that in steam ambience.
The reason has been discussed in the previous section.
3. Modeling and Kinetic Parameter Calculation

Various mechanism functions (as shown in Table 4) are used to
fit the experiment results above. Based on Eqs. (3), (4) and (5), the
most appropriate mechanism function f(X) can be obtained by
analyzing the linear relationship between G(X) and t. Therefore,
the linear correlation coefficient (R2) in all experiment conditions
was adopted in kinetic analysis to find an appropriate mechanism
function to describe coal gasification in different ambience. The
reaction rate constants k(T) is obtained by calculating the slope of
G(X) (the integrated form of most appropriate mechanism func-
tion)-t curves at reaction temperatures. Based on the established
mechanism function, the reaction activation energy (EA) and pre-
exponential factor (k0) will be obtained by Eqs. (6) and (7).

The R2 for all experiment conditions in different ambience are
shown in Fig. 5 and Fig. 6. It can be seen from Fig. 5 that SCM is
better than other reaction model in steam ambience. At the mean-
while, as can be seen from Fig. 6, VM is better than other reac-
tion model in CO2 ambience.

It can be seen from Table 6 that k(T) increases with tempera-
ture. It also indicates that the addition of BF slag increases the
reaction rate constants k(T) effectively. Comparing the reaction
rate constants k(T) in different ambience, the reaction rate con-
stant k(T) in CO2 ambience is greater than that in steam ambience.
It is consistent with the changes of reaction rate with temperature,

Table 5. Gibbs free energy of R1, R2 and R3 at different tempera-
ture

T(K)
Gibbs free energy (kJmol1)

Gm-R1 Gm-R2 Gm-R3 Gm-RGm-R2

1073 17.526 18.041 0.515 00.515
1173 34.943 32.371 2.571 02.572
1273 52.268 46.693 5.576 05.575
1373 69.506 60.998 8.508 08.508
1473 86.660 75.283 11.377 11.377
1573 103.734 89.544 14.190 14.190
1673 120.732 103.778 16.953 16.954
1773 137.656 117.984 19.672 19.672
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Fig. 5. The linearized expressions of different models for FX coal in steam ambience.
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ambience and Slag/Coal mass ratio, and shows that the gasifica-
tion reactivity in CO2 ambience is better than that in steam ambi-
ence.

The reaction rate equation (including EA and k0) of coal gasifi-
cation was established and shown in Table 7. It can be seen from
Table 7 that the activation energy of FX coal reduced from 46.1 to
19.4 kJmol1 in steam ambience and from 48.3 to 42.7 kJmol1 in
CO2 ambience because of the addition of BF slag. It indicates that
gasification reactions occur more easily in MBFS. No matter if

there is MBFS or not, the difference of activation energies are not
large in different ambience. Therefore, CO2 is the most appropri-
ate agent by comparing the results of kinetic analysis including
reaction rate constants k(T) and the activation energy EA calcu-
lated by the established model.

The activation energy EA values reduce accompanied by a simul-
taneous reduce of the pre-exponential factor k0 by addition of MBFS.
The corresponding change of EA, k0 is so-called “compensation
effect” [45].

Fig. 5. Continued.

Fig. 6. The linearized expressions of different models for FX coal in CO2 ambience.
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Comparisons between the experimental data and calculated val-
ues got by the established model have been shown in Fig. 8. It is
shown that the calculated values of the established model have a
high consistency with the experimental data when the gasification
reaction occurs in the molten blast furnace slags.

CONCLUSION

A kinetic study of steam gasification of FX coal with MBFS as
heat carrier was performed by isothermal thermo-gravimetric experi-
ment. The results demonstrated that BFS presented an important

Fig. 6. Continued.

Table 6. The reaction rate constants in different temperature and slag/coal mass ratio conditions
Steam CO2

Slag/Coal 1573 K 1623 K 1673 K Slag/Coal 1573 K 1623 K 1673 K
0 : 1 0.00976 0.01088 0.01205 0 : 1 0.08848 0.09915 0.11035
2 : 1 0.01355 0.01419 0.01481 2 : 1 0.09882 0.10928 0.12013
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role in coal gasification, not only as a heat carrier but also an effec-
tive catalyst. The carbon conversion and reaction rate increased
with increasing temperature and addition of MBFS. The most ap-
propriate model describing the coal gasification was SCM in steam
ambience and VM in CO2 ambience, respectively. The reaction
rate constant k(T) in CO2 ambience is greater than that in steam
ambience. It indicated that gasification reactivity in CO2 ambience
is better than that in steam ambience. The addition of BF slag
effectively reduced the activation energy of coal gasification reac-
tion in different ambiences. The difference of activation energies
was not large in different ambience. Therefore, CO2 is the most

appropriate agent, which is determined by the results of kinetic
analysis including reaction rate constants k(T) and the activation
energy EA calculated by the established model.
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Fig. 7. Linear fitting for the calculation of the activation energy and pre-exponential factor with the appropriate mechanism function: (a)
Steam gasification; (b) CO2 gasification.

Table 7. The established model and kinetic parameters
Gasification agent Steam CO2

Slag/Coal 0 : 1 2 : 1 0 : 1 2 : 1

The established model
SCM VM

EA, kJmol1 46.1 19.4 48.3 42.7
k0, min1 0.332 0.059 3.559 2.590

dx
dt
------   2k0e

EA

RT
---------

1  x 1/2 dx
dt
------  2k0e

EA

RT
---------

1  x    1  x ln 1/2

Fig. 8. Comparison between experimental data and calculate values by the established model: (a) Steam gasification; (b) CO2 gasification.
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NOMENCLATURE

Symbols
EA : the activation energy [kJmol1]
f(x) : differential mechanism function
k(T) : rate constant is the function of temperature
k0 : pre-exponential factor [min1]
m : mass ratio of BF slag to char
r : reaction rate [min1]
R : ideal gas law constant [kJmol1K1]
R2 : the coefficient of determination
T : the absolute temperature [K]
w0 : initial mass of the char [mg]
wt : mass of the char at a particular time [mg]
wash : mass of the ash [mg]
wc0 : initial mass of the char with BF slag [mg]
wct : mass of the char with BF slag at a particular time [mg]
wc : final mass of the mixture of char and BF slag [mg]
ws0 : final mass of BF slag at a termination of the program [mg]
wst : wst is mass of BF slag at particular time [mg]
ws : final mass of BF slag at a termination of the program [mg]
X : carbon conversion [%]
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