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Abstract
Present investigation focuses on the fractional conversion of low volatile weakly caking coal (LVWC) under the standard 
set of operating conditions for gasification. For this purpose, samples of LVWC of different ash content have been collected 
from Kusunda Area of Bharat Coking Coal Ltd. Gasification results were validated using Homogenous and Shrinking Core 
kinetic models and the suitability of selected samples for gasification was assessed by estimating the activation energy. The 
values of activation energy for LVWC samples were obtained in the range of 25.17–44.09 kJ/mol. Further, empirical models 
were developed to correlate the response of interest with the input variables (temperature, residence time and CO2 flow rate). 
The significance of these developed empirical models was checked using analysis of variance (ANOVA).
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1  Introduction

Among renewable and non-renewable energy resources, fos-
sil fuel is expected to maintain its contribution of 79% in the 
energy consumption even in 2050 besides 81% at present 
(IEEJ 2019). Many countries are reducing their depend-
ence on fossil fuels due to the adverse impact of emissions 
associated with it on the climate. Coal is the most abun-
dant fossil fuel as compared to oil and gas used by several 
sectors such as power generation, cement, manufacturing, 
iron, and steel industries. However, developing nations like 
India and ASEAN will be more dependent on coal by 2050 
than today as coal is the only fuel which has the potential to 
meet the energy needs of these countries, 82% of overall coal 
consumption will be rigorous in Asia by 2050 (IEEJ 2019). 
Researchers are more focused over the clean utilization of 
coal due to continuous increasing demand of coal as a fuel. 
Combustion of coal suffer from several disadvantages for 
example lower efficiency, ash formation and carbon dioxide 
emission. Thus, gasification of coal has been considered as a 

clean and a best approach to convert carbonaceous fuel into 
syngas. Syngas can be further used for synthetic natural gas, 
Fisher-Tropsch liquid and other chemicals. Coal gasification 
can consequently be regarded as Clean Coal Technology 
(CCT) along with Carbon Capture and Sequestration which 
emerge as Zero Emission Technology.

The achievable percentage of carbon conversion in coal 
gasification depends on various parameters such as rank 
of coal, gasification medium, particle size, residence time, 
temperature, pressure, mineral matter and many more. Inten-
sive studied have been done on coal gasification kinetics all 
over the world. A considerable variation in the reactivity of 
coal has been found, as the rank of the coal changes or even 
in the samples of the same rank coal. Volatile content and 
reactivity of char is associated with each other, i.e. reactiv-
ity of char increases with increase in volatile matter content 
(Beamish et al. 1998; Zhang et al. 2006; Kim et al. 2011). 
Zhang et al. (2006) have reported that lower rank coals are 
more reactive than high rank coals because lower rank coals 
have more concentration of active sites in their matrix than 
higher rank coals. Findings of Zhang et al. (2006) are in 
good agreement with the other researchers (Kim et al. 2011; 
Jenkins et al. 1973).

Gasification performance has been greatly affected by 
the size of coal particle as well, Jayaraman et al. (2015) 
investigated the effect of particle size on gasification reac-
tivity and reported that initially char conversion rate dur-
ing gasification is identical for all particle size but with 

 *	 Akanksha Mishra 
	 6akanksha2@gmail.com

1	 Department of Mechanical Engineering, Sharda School 
of Engineering and Technology, Sharda University, 
G. Noida, India

2	 Department of Fuel, Minerals and Metallurgical Engineering, 
Indian Institute of Technology (ISM), Dhanbad, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s40789-023-00587-4&domain=pdf
http://orcid.org/0000-0002-5468-2217


	 A. Mishra et al.

1 3

   25   Page 2 of 10

the time, difference in gasification rate has been observed 
between different particle sizes. Burnout time is shortened 
and coal burning rate increases with decrease in particle size 
(Matsui et al. 1987; Liu et al. 2000; Kajitani et al. 2006). 
Finer coal particles improve the gasification performance 
because smaller coal particles are favourable to ignition of 
coal particles.

Effect of gasification temperature has also been inves-
tigated by several researchers. Xiao et al. (2006) reported 
that enhancement in carbon conversion during gasification 
reaction by oxidation has been observed with increase in bed 
temperature and almost linear relationship has been shown 
by Boudourd and water gas shift reaction. Results of Xiao 
et al. (2006) are in good agreement with the other authors 
(Kim et al. 2011; Liu et al. 2008). Corella et al. (2006) have 
reported that high throughput and low tar content in prod-
uct gases and high gasification temperature (850–900 °C) 
is required for the high carbon conversion and enhanced 
gasification rate. But apart from this it has been observed 
that above 750 °C product gases contain less than 20% by 
volume CO2, when gasifier operates at atmospheric pressure, 
therefore there is no CO2 capture. Various kinetic models 
have been used in literature to carry out gasification kinetic 
analysis by fitting their experimental results into kinetic 
models (Ye et al. 1998; Tanner and Bhattacharya 2016; 
Xu et al. 2019, 2021). Gasification behaviour for variety of 
Indian coal has been available in the literature (Jayanti et al. 
2007; Baruah and Khare 2007; Mahapatro and Mahanta 
2020; Chavan et al. 2012; Rajput et al. 2021; Mandapati 
and Ghodke 2020; Paul et al. 2021) but study on gasification 
of Low Volatile Weakly Caking coal (LVWC) has not been 
available in the literature. Therefore, gasification behaviour 
of LVWC has been studied in the present investigation. In 
order to identify the interactional effect of different operating 
parameters on LVWC gasification, empirical models have 
also been developed.

2 � Materials and methods

Low Volatile Weakly Caking coal (LVWC) has been selected 
for carrying out gasification experiments. Caking property of 
the LVWC makes it suitable to form coke which has appli-
cation in steel making industries. The samples of LVWC 
used in this study have been collected from Kusunda Area of 
Bharat Coking Coal Ltd., Jharkhand. LVWC has extremely 
variable composition and physical characteristics. LVWC 
samples of 36.13% and 42.09% ash have been selected to 
carry out gasification experiments. Coal samples have been 
prepared to the size of − 212 µm for carrying out the experi-
ments. Five grams of each sample has been taken to perform 
gasification experiments. Some preliminary tests have been 
carried out to eliminate the effect of sample size and sample 

amount. Coal samples are subjected to proximate and ulti-
mate analysis, the obtained results are tabulated in Tables 1 
and 2, respectively. Calculated values of hardgrove grind-
ing index (HGI), low temperature grey king assay (LTGK), 
caking index of LVWC have also been reported in Table 3.

3 � Experimental procedure

A vertical tube furnace has been used to carry out gasifi-
cation experiments in the present investigation. Schematic 
diagram of vertical tube furnace is shown in Fig. 1. It is a 
type of thermogravimetric analyser (TGA). Thermogravi-
metric analyser is used for the physical and chemical analy-
sis of coal sample as a function of temperature with constant 
time or function of time with constant temperature. Usually, 
weight loss of the coal sample against temperature change 
is measured in this furnace under controlled conditions. It 
consists of high precision balance and sample holder. Preci-
sion balance of the apparatus is 0.1 gm. Test samples are 
kept in the sample holder which is located in the furnace. 
An inert gas is used to control and purge the environment. 
An electronic weight balance is attached at the top of the 
furnace for continuous recording of weight loss. Continu-
ous recording of the weight loss by gradually increase in the 
temperature was done. Vertical tube furnace has been oper-
ated at maximum temperature of 1473 K (1200 °C), 5.3 m3 
is the maximum operating capacity of gasification chamber 
and maximum 5 gm sample can be used for the continuous 
recording of weight loss. The electronic weighing balance 
is attached at the top of the furnace.

4 � Results and discussion

4.1 � Effect of residence time and temperature 
on fractional gasification

Experiments have been performed to study the progress 
of the gasification reactions with residence time at differ-
ent temperatures for the samples of LVWC. The results 
obtained at five different temperatures (1173, 1223, 
1273, 1323 and 1373 K) for different gasification time 
(5–50 min) have been reported in Table 4. The results 

Table 1   Proximate analysis of LVWC (air dried basis)

Sample Fixed carbon (%) Volatile 
matter 
(%)

Moisture (%) Ash (%)

LVWC—I 48.63 14.23 1.01 36.13
LVWC—II 43.22 13.70 0.99 42.09
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show that with the increase in residence time, fractional 
conversion increases which is because of increase in 
contact time between coal samples and CO2 gas. Frac-
tional conversion increases with the increase in gasifica-
tion temperature because higher bed temperature accel-
erates the chemical reactions between carbon and CO2 
gas. Highest degree of fractional conversion has been 
obtained at 1373 K. Maximum gasification is achieved at 
40–50 min. Further increase in residence time has practi-
cally no effect on fractional conversion of coal samples.

The results reported in Table 4 at 1373 K have been plot-
ted in Fig. 2. This figure shows slightly higher fractional 
conversion in LVWC-I. This shows that rate of gasification 
in case of LVWC- I is slightly higher than LVWC-II. This 
figure supports our earlier finding that with increase in ash 
content the fractional conversion decreases. It means higher 
carbon content results into faster rate of gasification. Higher 
amount of carbon results into higher concentration of reac-
tant (carbon) in contact with CO2 gas which is the reason for 
the faster rate of reaction between carbon and CO2. Thus, 
higher carbon content results into faster rate of gasification. 
Other temperatures (1173, 1223 and 1273 K) have also 
shown similar trends. In case of high ash, carbon particles 

supposed to be locked in the matrix of mineral matter which 
offers hinderance in the path of CO2 gas penetration into 

Table 2   Ultimate analysis of 
LVWC

Sample C (%) O (%) H (%) N (%) S (%) Ash (%)

LVWC-I 52.57 5.58 3.14 1.56 1.02 36.13
LVWC-II 46.33 6.11 3.02 1.44 1.01 42.09

Table 3   Caking index, HGI and LTGK of LVWC

Coal HGI LTGK Caking index

LVWC-I 79 D 7
LVWC-II 75 C 4

Fig. 1   Line diagram of vertical tube gasification furnace

Table 4   Fractional conversion versus residence time for LVWC

Time (min) Fractional conversion

1173 K 1223 K 1273 K 1323 K 1373 K

LVWC I
5 0.163 0.182 0.252 0.282 0.402
10 0.295 0.372 0.410 0.502 0.609
15 0.423 0.521 0.550 0.699 0.799
20 0.567 0.652 0.664 0.825 0.916
25 0.689 0.749 0.763 0.885 0.964
30 0.800 0.853 0.862 0.931 0.986
35 0.869 0.905 0.925 0.955 0.995
40 0.910 0.938 0.950 0.967 0.993
45 0.940 0.950 0.960 0.975 0.997
50 0.952 0.960 0.968 0.982 0.999
LVWC II
5 0.182 0.242 0.289 0.332 0.336
10 0.344 0.399 0.456 0.553 0.56
15 0.479 0.548 0.600 0.682 0.75
20 0.603 0.662 0.748 0.815 0.88
25 0.726 0.785 0.852 0.883 0.95
30 0.811 0.880 0.910 0.942 0.97
35 0.893 0.932 0.952 0.969 0.99
40 0.936 0.962 0.973 0.982 0.997
45 0.955 0.975 0.982 0.982 0.997
50 0.964 0.981 0.983 0.983 0.997
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Fig. 2   Plot between fractional conversion (X) and residence time at 
1373 K for LVWC samples
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carbon particles whereas CO2 gas easily penetrates into car-
bon particles in case of low ash coal samples.

In the present investigation, Homogenous model (Eq. (1)) 
and shrinking core model (Eq. (2)) have been used by con-
sidering the fact of simplicity and accuracy of these models 
to describe experimental data. The results shown in Table 4 
have been analysed by using both the models,

where X is carbon fractional conversion, k is rate constant 
for first order reaction kinetics, kc is rate constant for shrink 
core model and t is residence time.

The results of both the modes have been plotted in 
Figs. 3, 4, 5, 6, which shows straight line relationship 
throughout the gasification process of LVWC-I and 
LVWC-II. The obtained experimental results for the 

(1)− ln (1 − X) = kt

(2)1 − (1 − X)1∕3 = k
c
t

samples have been well described by homogenous and 
shrinking core model. At different temperatures, reaction 
rate constant k and kc has been calculated by the slop of 
straight line, which is given in the Table 5.

The obtained values of ln k and ln kc have been plot-
ted against 1/T in Figs. 7 and 8 to estimate the activa-
tion energy of gasification for both the coal samples. The 
well-known Arrhenius equation k = A e−

E

RT has been use to 
estimate activation energy:

Fig. 3   Graph of −ln(1−X) versus residence time for LWVC-I

Fig. 4   Graph of − ln(1 − X) versus residence time for LWVC-II

Fig. 5   Graph of 1 − (1 − X)1/3 versus residence time for LWVC-I

Fig. 6   Graph of 1 − (1 − X)1/3 versus residence time LWVC-II

Table 5   Reaction rate constant k and kc at different temperatures

Temp. (K) Reaction rate constant k Reaction rate constant kc

LVWC-I LVWC-II LVWC-I LVWC-II

1173 0.0637 0.0750 0.0142 0.0150
1223 0.0722 0.0880 0.0139 0.0164
1273 0.0767 0.0969 0.0140 0.0177
1323 0.0847 0.1057 0.0184 0.0188
1373 0.1360 0.1490 0.0219 0.0225
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where A is pre-exponential factor, E is activation energy, R 
is universal gas constant (8.314 J/mol K) and T is reaction 
temperature (K).

The obtained values of activation energy for homo-
geneous and shrinking core models are in the range of 
29.98–44.09 and 25.17–41.26 kJ/mol for LVWC-I and 
LVWC-II, respectively.

(3)ln k = lnA −
E

RT

4.2 � Full factorial design

The statistical design of experiments has been used to iden-
tify the effect of independent variables and their interac-
tional effect in comparatively smaller number of experi-
ments. Mathematical and statistical techniques are combined 
by Response surface methodology (RSM). Modelling and 
analysis of the problems in which response of interest is 
affect by various independent variables can be easily done by 
such techniques (Tan et al. 2008; Fermoso et al. 2010; Hat-
tingh et al. 2011). In this study, RSM using 2n full factorial 
design has been used to develop regression equation between 
the gasification of LWVC and independent variables. The 
variable parameters and their selected range with actual and 
coded values have been tabulated in Table 6.

Following first order regression equation has been used 
to develop empirical models for LVWC:

where X1 is coded form of gasification temperature, X2 is 
coded form of residence time, X3 is coded form of flow rate.

Relation between actual and coded values of parameters 
are given as follows:

Average value of gasification results has been estimated 
by regression coefficient a

o
. Effect of gasification tempera-

ture, residence time and CO2 flow rate has been shown by 
regression coefficients a1, a2 and a3, respectively. Interac-
tional effect of two and three variable has been shown by 
coefficients a12, a23, a13, and a123, respectively.

Design-Expert Software has been used for the regression 
analysis of experimental data. Results obtained after ana-
lysing the individual and interactional effect of variables 

(4)
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Fig. 7   Arrhenius plot for LVWC-I
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Fig. 8   Arrhenius plot for LVWC-II

Table 6   Parameters range and 
their codes

Level Temp. (K) X1 Residence time 
(min)

X2 CO2 flow rate (l/
min)

X3

Base 1273 0 30 0 1 0
Lower 1173 − 1 20 − 1 0.5 − 1
Upper 1373 + 1 40 + 1 1.5 + 1
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on response have been interpreted by Analysis of Variance 
(ANOVA). Significance and consistency of the developed 
model can be evaluated by three types of test i.e. signifi-
cance of terms, regression model and lack of fit. Effective-
ness of the variables has been determined by significance 
of terms. Effectives of variables depend on the F-value and 
probability value (p-value). Probability value describes the 
proximity of results attainment to the actual experimental 
results. Effect of variables on response has been identified 
by F-value. If the variable has smaller p-value (< 0.05) and 
higher F-value then the variable has considerable effect on 
the response. Precision of experimental data has been evalu-
ated using regression model which depends on the regres-
sion coefficient (R2) and adjusted regression coefficient (Adj-
R2) values.

4.3 � Empirical model for LVWC gasification

The 23 full factorial design matrix and results showing 
degree of gasification for the two samples of LVWC are 
represented in Table 7. The results of ANOVA analysis for 
the degree of gasification of both the samples of LVWC are 
shown in Tables 8 and 9.

The empirical model in terms of coded values of process 
variables using ANNOVA analysis for both the samples of 
LVWC are as follows:

LVWC-I:

(5)
Y = 80.65 + 10.36X

1
+ 10.24X

2
+ 4.56X

3

− 7.09X
1
X
2
+ 0.74X

1
X
3
+ 0.51X

2
X
3

Table 7   23 full factorial design 
matrix and gasification results 
of LVWC

Experi-
ment No.

X1 X2 X3 X1X2 X2X3 X1X3 X1X2X3 % Gasification 
LVWC-I

% Gasi-
fication 
LVWC-II

1 + 1 + 1 + 1 + 1 + 1 + 1 + 1 99.6 99.31
2 + 1 − 1 + 1 − 1 − 1 + 1 − 1 93.1 88.22
3 + 1 + 1 − 1 + 1 − 1 − 1 − 1 88.8 86.52
4 + 1 − 1 − 1 − 1 + 1 − 1 + 1 82.7 81.33
5 − 1 + 1 + 1 − 1 + 1 − 1 − 1 92.4 91.7
6 − 1 − 1 + 1 + 1 − 1 − 1 + 1 55.9 55.5
7 − 1 + 1 − 1 − 1 − 1 + 1  + 1 82.9 81.5
8 − 1 − 1 − 1 + 1 + 1 + 1 − 1 50.1 50.12
9 0 0 0 80.3 78
10 0 0 0 80.5 78.5
11 0 0 0 80.8 78.3

Table 8   ANNOVA analysis of LVWC− I gasification

Source Degree of freedom Some of squares Mean square p-value F-value Remark

Model 6 2272.35 378.72  < 0.0001 983.85 Significant
A-Gasification temperature 1 859.05 859.05  < 0.0001 2231.63
B-Residence time 1 838.45 838.45  < 0.0001 2178.12
C-Flow rate 1 166.53 166.53  < 0.0001 432.61
AB 1 401.86 401.86  < 0.0001 1043.95
AC 1 4.35 4.35 0.0283 11.30
BC 1 2.10 2.10 0.0797 5.46
Residual 4 1.54 0.3849
Lack of fit 2 1.41 0.7066 0.0823 11.16 Not significant
Pure error 2 0.1267 0.0633  < 0.0001
Total 10 2273.89  < 0.0001
R2 0.9993
Adj R2 0.9983
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LVWC-II:

p-value and higher F-values of developed models (Eqs. (5) 
and (6)) for the LVWC-I and LVWC-II have been reported 
in Tables 8 and 9, respectively. p-values lower than 0.0001 
and higher F-values validate the implication of both the 
models to estimate the gasification behaviour of LVWC-I 
and LVWC-II. Further, the accuracy and fitting of experi-
mental data in both the models were additionally confirmed 
by R2 and Adj-R2 values. R2 values for Eqs. (5), (6) were 
found to be 0.9993 and 0.999 for LVWC-I and LVWC-II, 
respectively. Adj-R2 values for Eqs. (5), (6) were found to be 
0.9983 and 0.998 for LVWC-I and LVWC-II, respectively. 
R2 and Adj-R2 values for LVWC-I and LVWC-II are close to 
unity and are in reasonable agreement, which confirms the 
precision in experiments.

Further, substantial effect is indicated by positive sign 
and inconsistent effect is indicated by negative sign in Eqs. 
(5) and (6). It has been observed from the Eq. (5) that effect 
of gasification temperature has leading and subsequently 
followed by residence time and CO2 flow rate. In contrast 
to the gasification of LVWC-I, it has been observed from 
Eq. (6) that residence time has leading effect on gasification 
than temperature and flow rate of carbon dioxide for gasifi-
cation of LVWC-II. The variations in the results of regres-
sion Eqs. (5) and (6) have been shown due difference in 
fixed carbon and ash content in both the samples of LVWC, 
the effect of ash content and fixed carbon has already been 
discussed in earlier section. Three-dimensional surface 
graphs have been plotted in Figs. 9 and 10 for LVWC-I and 

(6)
Y = 79 + 9.57X

1
+ 10.48X

2
+ 4.41X

3

− 6.41X
1
X
2
+ 0.51X

1
X
3
+ 1.34X

2
X
3

LVWC-II, respectively to show the interactional effect of 
gasification operating variables on the degree of gasifica-
tion. It has been observed from the Figs. 9a and 10a that 
with the increase in residence time and gasification tem-
perature, rate of gasification has been increased for both the 
coal samples. Figures 9b and 10b represents the combined 
effect of flow rate and residence time on gasification i.e. 
with the increase in flow rate and residence time, rate of 
gasification has been increased. Similarly, Figs. 9c and 10c 
have been shown that with the increase in flow rate & gasi-
fication temperature, rate of gasification has been increased 
for both the coal samples.

5 � Conclusions

Present investigation on gasification kinetics of LVWC is 
useful to understand the gasification behaviour of LVWC 
samples with variable ash content and its suitability for gasi-
fication. Fractional carbon conversion during gasification of 
LVWC increases with increase in residence time and gasifi-
cation temperature. Gasification rate in case of LVWC-I is 
slightly higher than that of LVWC-II due to lower ash con-
tent in LVWC-I than that of LVWC-II. Homogenous model 
and Shrinking Core model validated the results obtained 
for LVWC gasification. Activation energy for gasification 
of LVWC samples are in the range of 25.17–44.09 kJ/mol. 
Empirical model of LVWC-I indicates gasification tempera-
ture has upmost effect on gasification followed by residence 
time and CO2 flow rate. While empirical model of LVWC-II 
indicates that residence time has the uppermost effect on 
gasification followed by temperature and CO2 flow rate.

Table 9   ANNOVA analysis of LVWC II gasification

Source Degree of 
freedom

Some of squares Mean square p-value F-value Remark

Model 6 2112.58 352.10  < 0.0001 565.43 Significant
A-Gasification temperature 1 732.68 732.68  < 0.0001 1176.62
B-Residence time 1 879.06 879.06  < 0.0001 1411.69
C-Flow rate 1 155.41 155.41  < 0.0001 249.57
AB 1 328.96 328.96  < 0.0001 528.28
AC 1 2.10 2.10 0.1401 3.37
BC 1 14.36 14.36 0.0086 23.07
Residual 4 2.49 0.6227
Lack of fit 2 2.36 1.18 0.0509 18.66 Not significant
Pure error 2 0.1267 0.0633
Total 10 2115.07
R2 0.999
Adj R2 0.998
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Fig. 9   3-D surface plot of LVWC-I gasification versus a Residence time and gasification temperature b Flow rate and residence time and c Flow 
rate and gasification temperature
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Fig. 10   3-D surface plot of LVWC-II gasification versus a Residence time and gasification temperature b Flow rate and residence time and c 
Flow rate and gasification temperature
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