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Abstract
This work reports the combustion characteristics of two high ash Indian coal, petroleum coke, rice husk, and their blends 
to assess the effect of rice husk and petroleum coke blending on combustion characteristics of high ash Indian coals. Based 
on the combustion data obtained from the thermogravimetric analysis, various burning profile parameters such as ignition 
temperature, burnout temperature, activation energy, and combustion efficiency were analyzed to identify the impacts of 
petroleum coke and rice husk blending on coal combustion. Results show that petroleum coke having 8602 kcal/kg gross 
calorific value but inferior combustion properties compared to coal and rice husk. For coal A blends with 10% petroleum 
coke, with the increase in rice husk content in blends from 10 to 40%, ignition temperature decreased from 409 to  270OC, 
burnout temperature dropped from 506 to  502OC, inferring significant improvements in combustion properties compared 
to coal and petroleum coke. For coal B blends with 10% petroleum coke, at  300OC with the increase in rice husk in blends 
from 10 to 40%, combustion efficiency increased from 4.84 to 19.21%. For 20% petroleum coke of coal B blends, with the 
increase in rice husk in blends from 10 to 30%, activation energy decreased from 82.54 to 57.69 kJ/mol. Synergistic analysis 
infers that blending of higher biomass promotes synergistic due to catalytic effect. Analysis of changes in enthalpy, Gibbs 
free energy and entropy implied that individual combustion of both coal and petroleum coke is difficult compared to rice 
husk, whereas blending of rice husk makes the combustion process significantly favorable.

Keywords Petroleum coke · Low-rank coal · Rice husk · Co-combustion · Activation energy · Thermodynamic parameters

1 Introduction

Indian thermal power plants contribute about 60–65% 
of national energy needs by burning high ash coal [1]. 
Jharkhand, West Bengal, Chhattisgarh, Odisha and Madhya 
Pradesh are the major coal-producing states in India. Due to 
the complex distribution of combustibles and mineral matter 
in coal, ash content of coal varied widely across the mines. 
In many mines, coal ash varied significantly across different 
seams. As a result, thermal power plants faced difficulties 
during combustion of coal, in particular high ash coal. Com-
bustion of high ash coal in power plant boilers causes many 
operational difficulties such as furnace slagging, fouling 
and low system output [2]. After studying the combustion 

behavior of high ash coal, Sahu et al. [3] and Deng et al. [4] 
found that such coal having ignition and burnout difficulty 
due to low volatile matter (VM) and higher mineral mat-
ter (MM). Jyanti et al. [5] reported that high ash coal hav-
ing a lower  O2 diffusion rate and reactivity due to high ash 
thickness. Behera et al. [1] observed that high ash coal has 
inferior burning profile and GCV compare to low VM coal. 
To reduce the impact of ash layer formed during combus-
tion, improving VM and gross calorific value (GCV), sci-
entists recommended blending high ash coal with high VM 
coal, biomass or similar feedstock [6–8]. Sung et al. [9] and 
Singh et al. [10] reported that biomass has better ignition 
and combustion properties than coal due to the presence of 
higher VM and highly reactive hydrocarbons. Aich et al. [7] 
conveyed that blending of high VM coal improved the com-
bustion of low VM coal. Konwar et al. [11] and Vamvuka 
et al. [12] informed that the addition of biomass with coal 
improves the reactivity and activation energy (AE) of coal 
blends. Aich et al. [13] reported that sal leaves improved the 
burning profile, combustion efficiency and AE of high ash 
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Indian coal. Recently petroleum coke (PC) has appeared to 
be an efficient alternative fuel to improve the GCV of coal 
blends. PC is a refinery waste material having GCV of about 
8000–9000 kcal/kg [14]. In the Indian context, high ash coal, 
PC and biomass in a suitable blend ratio may be a promising 
option to solve the specific drawbacks of individual fuels. As 
per a recent study, about 750 million metric tonnes of bio-
mass are available per year in India [15]. Rice straw, sugar 
cane, fallen tree leaves, rice husk, etc. are the major bio-
mass used as energy sources in India. Large quantities of 
RH are generated in India as agricultural waste material and 
are burned in agricultural land. These RH can be blended 
with high ash coal and PC to reduce environmental pollution 
and meet the national energy needs [6]. In this context, the 
present work investigates the effect of RH and PC blending 
on the combustion characteristics of high ash Indian coals. 
Based on combustion studies using thermogravimetric 
analysis (TGA), burning profile parameters, performance 
indices, improvements in combustion efficiency, AE and 
thermodynamic parameters were analyzed to identify RH 
and PC blending impact on coal combustion. The results 
obtained in this work shall be helpful to get the pathways 
towards the combustion of ternary blends of coal, PC and 
RH for thermal utilities.

2  Experimental methods

Two different coal (namely coal A and coal B) of about 80 kg 
each were collected from different seams of the Bhatgaon coal 
mine, Chattisgarh, India. Individual coal samples were crushed 
to -50 mm size, -3 mm size and later pulverized to -75 μm and 
-212 μm following standard coal sample preparation method 
as required for various characterizations [7]. 50 kg of powder 
PC (-75 μm) was collected from the crude oil refinery. About 
30 kg of RH was collected from the nearby rice mill of Dhan-
bad. RH was dried at  60OC for 24 h, shredded to -1 mm and 
pulverized to -212 μm. All the fuels were characterized by 
proximate analysis (ASTM D3173), ultimate analysis (EL-III, 
Vario) and GCV determination (AC-350; LECO). Functional 
groups present in different fuels were determined by FTIR 
analysis (Spectra 2; Perkin Elmer). The surface morphology 
of fuels was assessed using FESEM (Mono CL4; Supra’55). 
The surface characterization was carried out using the BET 
gas sorption analyzer (3FLEX 3500; Micromeritics Instrument 
Corporation). The ash composition of individual fuels was 
analyzed using X-ray fluorescence (XRF) (S8 Tiger; Burker). 
Combustion experiments of individual fuel and blended fuels 
were carried out using TGA (STA 449 F3 Jupiter; NETZCH) 
by heating the fuel from 30 to  700OC with a heating rate of 
10 OC/min with the oxygen  (O2) flow rate of 60 ml/min. Each 
experiment was repeated three times for the reliability of data. 
For combustion experiments, a uniform fuel particle size of 

-75 μm was used. To assess the impact of blending of PC 
and RH on coal combustion, experiments were carried out 
with varying weight fractions of individual coal, PC and RH 
named as CA8-PC1-RH1 (80% coal A, 10% PC, 10% RH), 
CA5-PC3-RH2 (50% coal A, 30% PC, 20% RH), CB8-PC1-
RH1 (80% coal B, 10% PC, 10% RH), CB5-PC3-RH2 (50% 
coal B, 30% PC, 20% RH), etc. Characteristics temperatures 
were determined based on the differential thermogravimetric 
analysis (DTG) profile. Ignition temperature  (Ti), where the 
weight loss rate is just more than 1%/min. peak temperature 
 (Tmax), where weight loss rate is maximum ( DTGmax ). Burnout 
temperature  (TF), where the weight loss rate reaches below 1%/
min indicating completion of combustion [1, 7]. Details of all 
such burning profile parameters were obtained from MS Excel 
datasheet generated from TGA instrument software. Further 
ignition index ( IIX ), combustion characteristics index ( CIX ), 
heat intensity index ( HIX ), and combustion efficiency 

(

ηc
)

 were 
estimated using Eq. (1–4) [6, 16].

IIX represents ignition characteristics of fuel, how rapidly or 
slowly any fuel gets ignited. Its value should be higher for bet-
ter ignition performance [13].  CIX indicates how fuels behave 
during combustion with higher value reflects better combus-
tion [6].  HIX signifies reaction stability between fuel and  O2 
gas with lower  HIX values expressing better reaction stability 
[13]. Combustion efficiency (ηc) infers the percentage of mate-
rial combusted from the total combustible matter presence in 
fuel at a given temperature. Its value should be higher for bet-
ter combustibility [6]. AE of combustion was determined using 
Coats Redfern (CR) method using Eq. (5) widely used in coal 
combustion [17, 18].

Thermodynamic parameters such as enthalpy ( ΔH) , 
Gibbs free energy (ΔG) and entropy (ΔS) were assessed 
using the following Eq. (6–8) [6].
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DTGmax

T2
i
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ΔH signifies reaction nature (endothermic or exothermic) 
during combustion. A higher value of ΔH indicates more 
endothermic energy is required for combustion [19]. ΔG 
infers decomposition complexity of fuel during combustion 
[20]. A higher value of ΔG signifies that higher decomposi-
tion energy is needed for complete combustion. ΔS indicates 
the combustion reactivity of fuel. The higher value of ΔS 
infers combustion reactivity is favorable [6].

3  Results and discussions

3.1  Characterization of individual fuel

Results obtained from the proximate analysis, ultimate 
analysis and GCV determinations on as received basis 
of coal A, coal B, PC and RH are shown in Table 1. It 
is observed from Table 1 that coal A has 79.64% ash, 
10.35% VM and 1024 kcal/kg GCV compared to 49.41% 
ash, 19.58% VM and 3761 kcal/kg GCV for coal B. In this 
context PC has 0.35% ash, 12.33% VM and very high GCV 

(6)ΔH = AE − R × T

(7)ΔG = AE + R × T × ln

(

γ × T

ρ × f

)

(8)ΔS =
ΔH − ΔG

T

of 8602 kcal/kg compared to coals and RH. Typically coal 
similar to coal B is used as feed coal in Indian pulverized 
coal fired thermal power plants and coal A is used in flu-
idized bed combustor units. RH has a significantly higher 
VM (68.26%) and intermediate GCV (4304 kcal/kg) com-
pare to other individual fuels. Among all the fuels, PC has 
highest sulfur (7.66%) and fixed carbon (FC), while coal 
A has the lowest FC (7.70%). Hence, a smaller quantity of 
PC may be blended with coal and RH to improve the lower 
GCV of coal. Higher VM present in RH shall be helpful to 
improve the overall VM of blended fuel and combustion. 
Table 2 shows the ash composition of all the fuels obtained 
from XRF analysis. It is observed from Table 2 that,  SiO2 
is the major compound present in coal A (63.01%), coal 
B (60.96%) and RH (74.64%). Both coals have a higher 
quantity of  Al2O3 compared to PC and RH. CaO and  SO3 
are present in higher amounts in PC compared to coals and 
RH.  Fe2O3,  TiO2,  Na2O,  K2O, MgO,  P2O5, and MnO are 
present in smaller amounts in all the fuels. The presence of 
different oxides significantly affects the combustion char-
acteristics of individual fuel by modifying the ash layer 
properties, slagging and fouling tendency. Alkali oxides 
such as  Fe2O3, CaO, MgO,  Na2O,  K2O present in such 
fuels have catalytic effects on combustion and improve the 
heat transfer across the fuel [21]. As a result, the presence 
of alkali oxides improves the thermal devolatilization of 
hydrocarbons increases and thus, fuel ignites easily [21]. 
Based on the ash composition, base acid fraction ( BAF), 
slagging index (SGI), slagging viscosity  (Sv), fouling 
index  (FI) and ash fusion temperature index (AFTI) were 
estimated using the following Eq. (9–13) [22, 23].

Table 1  Characterization results of coals, PC and RH on as received basis

Fuel Ash (%) M (%) VM (%) FC (%) C (%) H (%) N (%) S (%) O (%) GCV (kcal/kg) BET-Surface 
area  (m2/g)

Coal A 79.64
 ± 0.52

2.31
 ± 0.08

10.35
 ± 0.09

7.70
 ± 0.15

12.13
 ± 0.13

0.59
 ± 0.02

1.49
 ± 0.03

0.49
 ± 0.01

5.66
 ± 0.2

1024
 ± 13

6.92

Coal B 49.41
 ± 0.48

2.17
 ± 0.05

19.58
 ± 0.11

28.84
 ± 0.17

33.99
 ± 0.18

2.44
 ± 0.04

1.04
 ± 0.02

0.42
 ± 0.03

12.74
 ± 0.20

3761
 ± 19

8.71

PC 0.35
 ± 0.04

0.31
 ± 0.02

12.33
 ± 0.15

87.01
 ± 0.21

85.11
 ± 0.28

3.19
 ± 0.06

1.09
 ± 0.07

7.66
 ± 0.06

2.60
 ± 0.41

8602
 ± 24

9.11

RH 16.98
 ± 0.10

4.64
 ± 0.10

68.26
 ± 0.48

10.12
 ± 0.50

38.96
 ± 0.21

5.54
 ± 0.04

1.43
 ± 0.03

0.32
 ± 0.01

36.77
 ± 0.23

4304
 ± 22

29.16

Table 2  Ash composition of 
coals, PC and RH

Fuel SiO2 Al2O3 Fe2O3 TiO2 CaO Na2O K2O MgO P2O5 MnO SO3

Coal A 63.01 27.58 3.21 1.48 0.24 0.11 2.84 1 0.1 0.04 0.1
Coal B 60.96 31.71 2.36 1.59 0.27 0.06 1.71 0.73 0.13 0.03 0.06
PC 24.66 18.37 7.17 1.16 22.15 2.08 2.58 2.36 3.55 0.79 15.11
RH 74.64 1.52 2.49 0.1 1.05 0.13 4.77 2.75 7.63 0.27 0.06
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BAF represents the ash deposition characteristics of any 
fuel with a higher BAF value signify a higher slagging ten-
dency. Generally, the BAF value < 0.5 implies low slag for-
mation, 0.5–1.0 medium slag formation and BAF > 1 implies 
high slagging characteristics [22]. SGI values < 0.6 infers 
less slagging, 0.6–2.0 represents medium and > 2 represents 
high slagging [22].Sv value > 78 infers low deposition ten-
dency, 66–78 represents medium deposition tendency and 
Sv < 66 indicate high deposition [22]. FI ≤ 0.6 shows low 
fouling and 0.6–40 infers high fouling tendency [23]. AFTI 
infers ash fusion characteristics of fuel and its value should 
be on the lower side [22]. Based on the calculated values, it 
was observed from Table 3 that PC has higher BAF (0.823), 
SGI (6.30),Sv (43.70),  FI (3.836) inferring high slag dep-
osition tendency compared to coal A [BAF (0.081), SGI 
(0.039),Sv (93.40),  FI (0.237)], coal B [BAF (0.0.036), SGI 
(0.0152), Sv (94.8),  FI (0.0642)] and RH [BAF (0.0.147), 
SGI (0.047), Sv (92.31),  FI (0.719)]. AFTI of coal B is 
higher (62.80), intermediate for RH (22.91) and lower for 
PC (1.27). BAF, SGI, Sv and  FI values for all the blends are 
near to values of coal. While AFTI values of blends are on 
the lower side. With the increase in PC in blended fuel, BAF, 
SGI, Sv and  FI moves away from desirable values of coal. 
PC's weight in the blended fuel should be on the lower side 
to keep slagging and fouling within permissible limits. With 
the increase in RH weight in the blend, all the indices value 
reaches their permissible limits. Hence, RH can be blended 
with coal and PC to overcome the deposition characteristics 
in the boiler wall.

Figure 1 shows the surface morphology of coal A, coal B, 
PC and RH. It is observed from Fig. 1 that coal A is almost 
non-porous, while coal B and PC have some porosity and 
RH surface is highly porous. RH shows clear fibrous and 
more macropore structure resulting in more longitudinal 
cracks appearing on the surface and thinner skeleton wall. 
As the porous structure is helpful for higher gas adsorption 
and better combustion reaction, it is expected that coal A 
will be problematic to burn while RH will be easy to burn. 

(9)BAF =

(

Fe2O3 + CaO + MgO + Na2O + K2O
)

SiO2 + Al2O3 + TiO2

(10)SGI = BAF × s (%)

(11)Sv =
SiO2

(

SiO2 + Fe2O3 + CaO +MgO
) × 100

(12)FI = BAF × (Na2O + K2O)

(13)AFTI =
(SiO2 + K2O + P2O5)

CaO +MgO

Results obtained from BET-analysis (Table 1) also indicate 
a similar pattern. Table 1 shows that coal A has inferior sur-
face area (6.92  m2/g) and RH has higher surface area (29.16 
 m2/g), while PC and coal B have intermediate surface area.

FTIR analysis provides insight of different chemical 
bonds such as -CH, C = C, C-O, Si–O present in fuels. All 
such bonds indirectly represent different types of hydro-
carbons and their relative weight percentage through peak 
intensity. As combustion of aliphatic, aromatic, cyclic etc. 
functional group present in fuel are different, fuel's over-
all combustion characteristics also depend on such bonds. 
It is observed from Fig.  2 that, FTIR-spectra of both 
coal samples is almost similar. Peak between 3900 and 
3400  cm−1 for coals is due to –OH functional groups such 
as crystalliferous water, alcohols, phenols and carboxylic 
acid [17]. Peak at 3650–3350  cm−1 present in coal, PC 
and RH corresponds to –OH functional groups such as 
alcohols, phenols and carboxylic acid [24]. Broad peak 
at 3412  cm−1 present in RH corresponds to –OH group 
infers higher amounts of oxygen and hydrogen compared 
to other fuels. Peak at 2925–2850  cm−1 corresponds to 
aliphatic –CH2, -CH3, and –CH stretch are present in all 
the fuels [1]. However, for RH peak is broader, signifying 
the presence of more volatile hydrocarbons compounds. 
Peak at 1610–1630  cm−1 in coals and PC corresponds 
to aromatic C = C bond, indicating the higher amount 

Table 3  Deposition indices of coals, PC, RH and their blends

Fuel BAF SGI S
V

F
I

AFTI

Coal A 0.081 0.039 93.40 0.237 53.18
Coal B 0.036 0.0152 94.8 0.0642 62.80
PC 0.822 6.243 43.70 3.836 1.27
RH 0.147 0.047 92.31 0.719 22.91
CA8-PC1-RH1 0.124 0.147 89.13 0.413 16.88
CA7-PC1-RH2 0.132 0.153 89.07 0.461 16.33
CA6-PC1-RH3 0.138 0.159 89.02 0.513 15.86
CA5-PC1-RH4 0.146 0.165 88.97 0.569 15.43
CA7-PC2-RH1 0.168 0.317 84.86 0.585 9.92
CA6-PC2-RH2 0.176 0.329 84.89 0.647 9.85
CA5-PC2-RH3 0.184 0.343 84.91 0.714 9.79
CA6-PC3-RH1 0.216 0.563 80.44 0.791 6.78
CA5-PC3-RH2 0.226 0.584 80.56 0.871 6.82
CB8-PC1- RH1 0.101 0.114 90.05 0.240 17.07
CB7-PC1- RH2 0.110 0.123 89.85 0.296 16.47
CB6-PC1-RH3 0.120 0.133 89.66 0.361 15.95
CB5-PC1-RH4 0.130 0.142 89.50 0.431 15.49
CB7-PC2-RH1 0.145 0.268 85.53 0.387 9.83
CB6-PC2-RH2 0.156 0.286 85.45 0.464 9.77
CB5-PC2-RH3 0.167 0.305 85.37 0.550 9.73
CB6-PC3- RH1 0.195 0.499 80.89 0.575 6.67
CB5-PC3-RH2 0.208 0.529 80.31 0.678 6.74
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of aromatic hydrocarbons in coal and PC [25]. Peak at 
1420  cm−1 in PC is assigned to aliphatic –CH bending. 
Peak around 1030–1060   cm−1 corresponds to C–O–C 
groups are present in coals and RH, signifying the pres-
ence of hemicellulose and cellulose in them [25]. Peaks 
below 1000  cm−1 for all the fuels are assigned to clay 
minerals such as quartz, kaolinite, montmorillonite, and 
illite groups [25].

3.2  TGA‑DTG of coal A, coal B, PC and RH

Figure 3a–b shows distinct weight-loss trends representing 
individual combustion characteristics of coal A, coal B, 
PC and RH obtained from TGA and DTG. Individual TGA 
curves infer that with an increase in temperature ranges 
up to  200OC, about 1–5% weight loss occurs for differ-
ent fuels, attributed to the release of inherent moisture. 
Minor weight gain was observed in 200–380OC tempera-
ture range for PC due to the adsorption of oxygen gas in 
porous structures [17]. For RH, rapid weight loss started 
after  240OC, indicating the initiation of the combustion 
process. For coal A and coal B, such rapid weight loss 
started after  310OC and after  380OC for PC. Theoretically, 
this temperature is considered ignition temperature ( Ti ), 
where the rate of weight loss is above 1%/min [17, 26]. 
Later, rate of weight loss reaches peak value (~  300OC 
for RH and 450-460OC for coal A, coal B and PC) cor-
responding to Tmax and DTGmax . After  520OC, weight loss 
reduces to below 1%/min, signifying combustible com-
pletion and achieving  TF [26]. Details of all such burning 
profile parameters were obtained from MS Excel datasheet 
generated from TGA instrument software are summarized 
in Table 4. It is observed from Table 4 that RH has a lower 
Ti of  242OC, compared to coal B  (383OC), PC  (383OC) and 
coal A  (427OC). Coal A and PC shows higher Tmax com-
pared to coal B and RH as they have lower VM. Similarly, 
PC shows highest DTGmax (16.31 wt%/min) compared to 
coal A (1.67 wt%/min), coal B (4.29 wt%/min), and RH 

Fig. 1  FESEM image of a coal 
A, b coal B, c PC, and d RH
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Fig. 2  FTIR spectrum of coals, PC and RH
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(8.47 and 2.53 wt%/min). It can be observed from DTG 
profile that only one wide and main peak was found in 
450-470OC for coal A, coal B and PC compared to mul-
tiple peaks for RH. The presence of two peaks in RH was 
due to two-step combustion. The first peak at  299OC is due 
to the combustion of cellulose, hemicellulose, and lignin; 
while the second peak at  418OC is due to the combus-
tion of solid carbon and remaining lignin. It is also seen 
from Table 4 that,  IIX and  CIX for RH (14.83 wt/min OC2, 
38.63  wt2/min2 OC3) is higher compared to coal A (0.92 
wt/min OC2, 0.61  wt2/min2 OC3), coal B (3.10 wt/min OC2, 
4.57  wt2/min2 OC3) and PC (11.12 wt/minOC2, 25.44  wt2/
min2 OC3). Higher values of  IIX and  CIX for RH infers that 
the combustion performance of RH is better than other 
fuels due to higher porosity and the presence of easily 
combustible cellulose, hemicellulose and lignin in RH. 
Lower  HIX value for RH (0.31OC) compared to coal A 
(1.84OC), coal B (1.33OC) and PC (0.38OC) indicate the 
rate of heat release is better for RH. Overall, combustion 
indices analysis infers that biomass having good combus-
tion performance compared to poor performance for coal 
A and coal B while PC having intermediate combustion 
performance.

3.3  TGA‑DTG of coal B–PC and coal B‑RH blends

Results obtained from combustion studies of coal B –PC 
and coal B-RH blends are shown in Fig. 4a–b. Associated 
burning profile parameters are summarized in Table 5. It can 
be observed from Fig. 4a that coal-PC blended fuel exhib-
its single-stage weight loss profile. With the increase in PC 
from 10 to 20%, DTG curves shift towards the right side 
and the intensity of peak decreases, Ti and TF increased sug-
gesting inferior combustion of the blend. In contrast, RH 
blended fuel exhibits two-stage weight loss profile. With 
the increase in RH from 10 to 20%, DTG curves shifted 
towards the left side and the intensity of the first peak 
increased, indicating a reduction in Ti and TF as RH content 
increased. From Table 5, Ti decreased from 286 to  255OC 
as RH increased from 10 to 20% compared to individual Ti 
of coal B  (384OC). For PC blend,  Ti and  TF increased from 
384 and 515 to  385OC and  517OC, respectively, compared 
to coal B  (384OC and  512OC).  IIX and  CIX values of RH 
blends improved from 4.27 to 4.70 wt/min OC2 and 6.02 to 
7.23  wt2/  min2 OC3, respectively, compared to  IIX and  CIX 
values for PC blends. Such improvements in Ti ,  IIX and  CIX 
of RH blends infer a significant improvement in ignition 
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Fig. 3  a TGA and b DTG profile of coal A, coal B, PC and RH

Table 4  Burning profile parameters and performance indices of coals, PC and RH

Fuel Ti(OC) Tmax1(OC) Tmax2(OC) DGTmax1(wt%/min) DGTmax2(wt%/min) TF(OC) IIXx10-

5(wt/
minOC2)

CIXx10-8(wt2/
min2 OC3)

HIX (OC)

Coal A 427 ± 2 - 470 ± 1 1.67 ± 0.013 - 495 ± 1 0.92 0.61 1.84
Coal B 384 ± 1 - 454 ± 1 4.29 ± 0.018 - 512 ± 1 3.10 4.57 1.33
PC 383 ± 1 - 461 ± 1 16.31 ± 0.023 - 507 ± 1 11.12 25.44 0.38
RH 239 ± 1 299 ± 1 418 ± 1 8.47 ± 0.015 2.53 ± 0.020 453 ± 2 14.83 38.63 0.31
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characteristics of coal due to easy decomposition of bio-
mass, presence of abundant VM and alkali rich oxides such 
as  Fe2O3, CaO,  K2O,  Na2O, and MgO (Table 2). Whereas 
ignition and combustion properties of PC blends reduces due 
to low VM content, inferior surface area and porosity and 
huge content of solid carbon. Therefore, blending of PC and 
RH with coal can improve the combustion behavior of PC 
and low GCV problem of RH and coal.

3.4  TGA‑DTG of coal‑RH‑PC blends

Results obtained from combustion studies of different fuel 
blends are shown in Fig. 5a–d. Corresponding DTG curves 
are shown in insets of individual TGA curves and burning 
profile parameters are summarized in Tables 6 and 7. It can 
be observed from Fig. 5a that all the blended fuel exhib-
its two-stage weight loss profile irrespective of increase in 
RH content from 10 to 40%. DTG curves shifts towards 
the left side and the intensity of first peak increased, infer-
ring a decrease in Ti , Tmax and TF as RH content increased 
from 10 to 40%. Ti decreased from 409 to  270OC as RH 
increased from 10 to 40% compared to individual Ti of 
coal A  (427OC) and PC  (383OC).  IIX and  CIX values also 
improved from 1.81 to 4.01 wt/min OC2 and 1.76 to 5.93 

 wt2/  min2 OC3, respectively, compared to  IIX and  CIX values 
for coals. Such improvements in Ti ,  IIX and  CIX signify a 
significant improvement in ignition characteristics of coal 
due to increase in alkali rich oxides such as  Fe2O3,  K2O, 
 Na2O and MgO from 8.16 to 9.05% and easy decomposition 
of biomass, presence of abundant VM along with increase 
in FC from PC. Light and easily decomposable hydrocar-
bons present in RH ignites at lower temperature and provides 
necessary heat and AE for coal and PC. As a result, entire 
blend ignites and burned at lower temperature compared to 
individual coal and PC. Insignificant changes in the sec-
ond peak,  TF and  HIX values inferred no major changes in 
burnout characteristics of coal in spite of 10% PC blend-
ing. Similar phenomena were observed for TGA-DTG plots 
shown in Fig. 5b for 20% PC and 30% PC blends with coal 
A. As observed from Table 6 that with an increase in PC 
from 10% (CA7-PC1-RH2) to 30% (CA5-PC3-RH2) with 
constant RH (20%), burning profile parameters does not 
vary significantly. Such insignificant variations in burning 
profile parameters inferred that coal A could be replaced 
with PC without altering the combustion profile. However, 
with the increase in RH from 10 to 30%, Ti decreased from 
273 to  249OC with a constant 20% PC. It is observed from 
Table 7 that for 10% PC, with the increase in RH from 10 
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Fig. 4  a TGA and b DTG profile of coal B, PC and RH binary blends

Table 5  Burning profile parameters and performance indices of binary blends of coal B, PC and RH

Fuel Ti (OC) Tmax1 (OC) Tmax2 (OC) DTGmax1(wt%/min) DTGmax2(wt%/min) TF(OC) IIXx10-5(wt/
minOC2)

CIXx10-8(wt2/
min>2 OC3)

HIX (OC)

CB9-PC1 384 ± 1 - 468 ± 1 - 5.17 ± 0.14 515 ± 1 3.50 5.03 1.31
CB8-PC2 385 ± 1 - 466 ± 2 - 5.11 ± 0.08 517 ± 1 3.44 5.13 1.17
CB9-RH1 286 ± 2 296 ± 1 448 ± 1 1.09 ± 0.03 3.54 ± 0.12 510 ± 1 4.27 6.02 1.19
CB8-RH2 255 ± 1 286 ± 2 448 ± 2 2.06 ± 0.07 3.12 ± 0.10 506 ± 1 4.70 7.23 1.04
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to 40%, Ti decreased from 356 to  252OC,  TF decreased from 
513 to  510OC,  IIX improved from 3.89 to 7.07 wt/min OC2, 

Fig. 5  a–b TGA-DTG profile of coal A, PC and RH blends, c–d TGA-DTG profile of coal B, PC and RH blends

Table 6  Burning profile parameters, performance indices of coal A blends

Fuel Ti (OC) Tmax1 (OC) Tmax2 (OC) DTGmax1(wt%/min) DTGmax2(wt%/min) TF(OC) IIXx10-5(wt/
minOC2)

CIXx10-

8(wt2/min>2 

OC3)

HIX (OC)

CA8-PC1-RH1 409 ± 1 - 480 ± 1 - 3.03 ± 0.018 506 ± 2 1.81 1.76 1.56
CA7-PC1-RH2 280 ± 1 297 ± 1 481 ± 1 1.52 ± 0.011 3.12 ± 0.09 504 ± 1 3.98 4.67 1.49
CA6-PC1-RH3 273 ± 2 306 ± 1 483 ± 1 2.12 ± 0.013 2.83 ± 0.01 503 ± 1 3.79 4.49 1.52
CA5-PC1-RH4 270 ± 1 299 ± 1 489 ± 2 2.90 ± 0.016 2.92 ± 0.07 502 ± 1 4.01 5.93 1.49
CA7-PC2- RH1 400 ± 2 - 485 ± 1 - 4.90 ± 0.015 505 ± 1 3.06 3.73 1.15
CA6-PC2- RH2 278 ± 1 299 ± 1 482 ± 1 1.55 ± 0.016 4.55 ± 0.008 509 ± 2 5.89 8.51 1.16
CA5-PC2- RH3 278 ± 1 306 ± 2 485 ± 1 1.76 ± 0.018 5.12 ± 0.014 507 ± 1 6.62 10.08 1.12
CA6-PC3-RH1 391 ± 1 - 478 ± 1 - 5.14 ± 0.016 507 ± 1 3.36 4.61 1.17
CA5-PC3-RH2 283 ± 2 302 ± 1 478 ± 1 1.31 ± 0.014 5.08 ± 0.012 511 ± 1 6.43 9.72 1.11
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 CIX enhanced from 6.67 to 13.52  wt2/min2 OC3, compared 
to individual values of coal B. However, with the increase 
in PC from 10% (CB7-PC1-RH2) to 30% (CB5-PC3-RH2) 
with constant RH (20%), burning profile parameters does not 
vary significantly. Such observation inferred that RH mainly 
contributes towards alternation of combustion profile while 
PC improved the heat release rate.

3.5  Effect of blending on combustion efficiency

Based on the TGA data, combustion efficiency or amount of 
combustible material burned at any time was estimated using 
Eq. 4. Figure 6a and b shows that variations of ηc at  300OC, 
 350OC,  400OC,  450OC and  500OC for coal A and coal B 
blends. It is observed from Fig. 6a that RH has better ηc at all 
temperatures compared to coal A, coal B and PC due to the 
availability of more VM and lower ash compared to PC and 
coal. With the increase in temperature from 300 to  500OC, 

ηc surged to 97.06% for PC, 100% for coal A, 96.76% for 
coal B and 100% for RH. For coal A blends, ηc of CA8-PC1-
RH1 is 26.13% at  400OC compared to coal A (17.80%) and 
PC (3.14%). At  450OC, ηc improves from 50.69 to 70.79% 
as RH increase from 10 to 40% with a constant PC of 10%. 
For 20% PC, at  450OC ηc increase from 41.27 to 53.54% as 
RH increased from 10 to 30%. Such an increase in ηc with 
RH is due to an increase of hydrogen and VM [6, 13]. For 
constant RH of 10%, ηc at  350OC decrease from 12.32% to 
7.92% with an increase PC from 10 to 30%. For constant RH 
of 20%, ηc at  400OC reduces from 31.16 to 28.16% as PC 
increase from 10 to 30%. Such reduction in ηc with increased 
PC was due to reduction of VM and overall porosity blends. 
Such results inferred that RH improves the ηc of blends sig-
nificantly while increasing PC creates obstacles in proper 
combustion. Similar phenomena were observed for coal 
B blends. At  450OC, ηc improves from 52.74% to 63.04% 
as RH increase from 10 to 40% with a constant 10% PC. 

Table 7  Burning profile parameters, performance indices of coal B blends

Fuel Ti (OC) Tmax1 (OC) Tmax2 (OC) DTGmax1(wt%/min) DTGmax2(wt%/min) TF(OC) IIXx10-5(wt/
minOC2)

CIXx10-

8(wt2/min>2 

OC3)

HIX (OC)

CB8-PC1- RH1 356 ± 1 - 469 ± 1 - 4.93 ± 0.08 513 ± 2 3.89 6.67 1.37
CB7-PC1- RH2 277 ± 1 296 ± 1 460 ± 1 1.39 ± 0.07 4.60 ± 0.06 513 ± 1 5.91 10.47 1.35
CB6-PC1-RH3 268 ± 1 296 ± 1 475 ± 2 2.26 ± 0.05 4.28 ± 0.07 511 ± 1 5.91 11.22 1.31
CB5-PC1-RH4 252 ± 1 284 ± 1 484 ± 1 2.44 ± 0.09 4.49 ± 0.10 510 ± 1 7.07 13.52 1.29
CB7-PC2-RH1 356 ± 1 - 472 ± 1 - 5.85 ± 0.07 512 ± 1 4.62 8.32 1.22
CB6-PC2-RH2 279 ± 1 298 ± 2 477 ± 1 1.45 ± 0.02 5.85 ± 0.03 510 ± 2 7.52 14.52 1.21
CB5-PC2-RH3 270 ± 2 297 ± 1 479 ± 1 2.34 ± 0.08 5.23 ± 0.08 512 ± 1 7.17 14.77 1.21
CB6-PC3- RH1 360 ± 1 - 479 ± 1 - 7.35 ± 0.02 512 ± 1 5.67 11.18 1.08
CB5-PC3-RH2 281 ± 1 299 ± 2 477 ± 1 1.36 6.77 ± 0.04 513 ± 1 8.64 18.85 1.07
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Overall, ηc at any temperature is higher for coal A blends due 
to higher ash in coal B. Based on the present study, it can be 
concluded that desirable ηc may be achieved by varying the 
PC and RH based on the coal properties.

3.6  Synergistic interaction during combustion

Synergic influences between coal A/ coal B, PC and RH 
during the combustion were investigated by comparing the 
experimental weight loss profile and calculated weight loss 
profile for blends using Eqs. (14–15) [21].

ΔM value close to zero (~ ± 1%) infers negligible inter-
action between raw fuels in the blend. Negative ΔM signi-
fies the profitable interaction, while positive ΔM indicates 
non-beneficial interaction among the fuels [21]. Figure 7a–b 
presents the fluctuations of ΔM for coal A blends and coal 
B blends. It can be observed from Fig. 7a–b that the syner-
gic effect deviated with temperature in three zones. In zone 
I, negligible deviations was observed, signifying no active 
interaction between raw fuels in the blend. Larger deviations 
were seen in zone II, which is the primary combustion range, 
indicating a major synergistic effect among fuels. At zone 
III, ΔM remains constant. ΔM in zone I fluctuated between 
-1.0% and 1.0% for coal A blends (upto  300OC) and coal B 
blends (upto  290OC). Such inferior synergy effect may be 
due to moisture evaporation and release of lighter hydrocar-
bon, raw fuel properties dominant the weight loss profile. 

(14)MBlend
Cal

=
∑

Xi×Mi

(15)ΔM(%) =
MBlend

Exp
−MBlend

Cal

MBlend
Cal

× 100

For coal A blends, zone II varied from 300 to  520OC. For 
coal A blends, ΔM values are mainly positive, signifying 
non-profitable interaction between individual fuels. Such a 
positive deviation infers that the non-catalytic reaction hap-
pens in blends and higher ash thickness of coal A reduces 
the beneficial combustion interaction among individual 
fuels [21]. For coal B blends, higher weight content of RH 
show negative ΔM values indicating that higher RH weight 
and low ash resistance of coal B in blends improves the 
interaction between fuels. Such results infer that synergistic 
effect at higher RH content improved due to reduction in 
ash thickness and increase in cellulose, hemicellulose, lignin 
and alkali earth metal in blends. In zone III, all the blends 
show constant ΔM values due to the complete combustion of 
combustible matter. Hence, synergistic investigation infers 
that blending of higher RH with lower ash coal is profitable 
during co-combustion of coal, PC and RH.

3.7  Kinetic analysis of raw fuels and tri fuel blends

Table 8 summarizes the calculated values of AE and fre-
quency factor (f) estimated using CR method (Eq. 5). It 
can be observed from Table 8 that AE for coal A, coal B, 
PC and RH were 81.42, 87.59, 182.11, and 60.09 kJ/mol, 
respectively. RH shows the lowest AE due to highest VM 
(68.26%) and lower ash compared to VM lean PC (12.35%), 
coal A and coal B. Overall, AE of both coals are lower than 
the typical high ash Indian coal AE of 90–150 kJ/mol [17], 
probably due to lower FC present in coals. PC shows the 
highest AE values due to very high carbon (87.28%) and 
insufficient VM (12.37%). Also, the presence of basic oxides 
in RH lowers the ignition temperature and AE [21]. It can 
also be observed from Table 8 that AE for blends are lower 
than for individual coal. For coal A blends with 10% PC, 
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AE decrease from 72.99 to 56.58 kJ/mol as RH increase 
from 10 to 40%. Such reduction in AE with the increase 
in RH is due to the lighter hydrocarbon presence in bio-
mass. Similar phenomena were also seen for coal B blends. 
For 10% PC, AE reduces from 78.59 kJ/mol to 54.27 kJ/
mol when RH increases 10% to 40%. It can also be seen 
from Table 8 that, with the increase in PC in blends, AE 
increases. For coal A blends with 10% RH, AE increase 
from 72.99 to 89.11 kJ/mol as PC increase from 10 to 30%. 
For coal B blends with 20% RH, AE increase from 70.12 to 
70.63 kJ/mol as PC increase from 10 to 20%. An increase in 
AE with PC indicates difficulty in the combustion of blends, 
which may be due to scarcity of VM, non-porous structure 
and high ignition temperature of PC. Overall, experimen-
tal results showed that, addition of RH reduces the AE of 
blends while addition of PC increased AE. Hence RH and 
PC weight percentage may be selected based on desirable 
AE for good combustion and with GCV enhancement by PC 
in blended fuel. From Table 8 it can be observed that f of 
RH is the highest (2.38 ×  1015  s−1) among individual fuels 
signifying the fastest combustion reactivity due to the pres-
ence of abundant lighter hydrocarbon, higher alkali earth 

metal and porous skeleton compared to PC, coal A and coal 
B. Overall, it can be seen that RH improves the combustion 
performance of blends while PC reduces it. Hence, a suitable 
blend ratio must be chosen by altering PC and RH with coal 
to get the blended fuel with desirable AE and combustion 
characteristics.

3.8  Thermodynamic analysis

Calculated values of various thermodynamic parameters 
such as ΔH, ΔG and ΔS for coal A, coal B, PC, RH and their 
blends are summarized in Table 9. It can be observed from 
Table 9 that PC has the highest ΔH (176.01 kJ/mol) followed 
by coal A (75.24 kJ/mol), coal B (79.86 kJ/mol) and RH 
(54.34 kJ/mol). Lowest ΔH for RH signifies better decom-
position characteristics due to easy decomposable aliphatic 
hydrocarbons in RH compared to aromatic, rich hydrocar-
bons in coal and PC [27]. For coal A blends with 10% PC, 
with an increase in RH from 10 to 40%, ΔH reduce from 
66.73 to 50.24 kJ/mol. Similarly, for coal B, for 20% PC with 
an increase in RH from 10 to 30% ΔH reduce from 77.31 
to 53.17 kJ/mol. A similar observation was seen for other 

Table 8  Kinetic parameters of 
coals, PC, RH and their blends

Fuel AE (kJ/mol) f  (s−1) Fuel AE (kJ/mol) f  (s−1)

Coal A 81.42 1.86 ×  109 Coal B 87.59 1.77 ×  109

PC 182.11 9.91 ×  109 RH 60.09 2.38 ×  1015

CA8-PC1-RH1 72.99 2.59 ×  1011 CB8-PC1- RH1 78.59 5.25 ×  1011

CA7-PC1-RH2 62.59 3.21 ×  1011 CB7-PC1- RH2 70.12 8.20 ×  1011

CA6-PC1-RH3 59.87 7.34 ×  1012 CB6-PC1-RH3 57.39 6.19 ×  1012

CA5-PC1-RH4 56.58 1.98 ×  1013 CB5-PC1-RH4 54.27 7.91 ×  1012

CA7-PC2- RH1 82.53 1.90 ×  1010 CB7-PC2-RH1 82.54 4.25 ×  1010

CA6-PC2- RH2 67.21 2.24 ×  1011 CB6-PC2-RH2 70.63 4.74 ×  1011

CA5-PC2- RH3 63.29 6.27 ×  1011 CB5-PC2-RH3 57.69 4.83 ×  1012

CA6-PC3-RH1 89.11 1.31 ×  1010 CB6-PC3- RH1 84.70 3.27 ×  1010

CA5-PC3-RH2 72.22 1.67 ×  1011 CB5-PC3-RH2 74.89 3.89 ×  1011

Table 9  Thermodynamic 
parameters of coals, PC, RH 
and their blends

Fuel ΔH (kJ/mol) ΔG
(kJ/mol)

ΔS
(J/mol.K)

Fuel ΔH (kJ/mol) ΔG
(kJ/mol)

ΔS
(J/molK)

Coal A 75.24 137.19 -83.36 Coal B 79.86 136.48 -86.21
PC 176.01 226.92 -69.35 RH 54.34 30.74 39.07
CA8-PC1-RH1 66.73 98.68 -42.43 CB8-PC1- RH1 73.36 95.42 -35.06
CA7-PC1-RH2 56.32 86.98 -40.66 CB7-PC1- RH2 65.55 82.18 -30.24
CA6-PC1-RH3 53.58 64.67 -14.66 CB6-PC1-RH3 52.89 60.08 -13.29
CA5-PC1-RH4 50.24 55.18 -6.47 CB5-PC1-RH4 49.90 55.68 -11.01
CA7-PC2- RH1 76.23 124.90 -64.21 CB7-PC2-RH1 77.31 112.52 -55.96
CA6-PC2- RH2 60.93 93.90 -43.66 CB6-PC2-RH2 66.04 85.27 -34.83
CA5-PC2- RH3 56.99 83.62 -35.14 CB5-PC2-RH3 53.17 61.27 -15.39
CA6-PC3-RH1 82.86 133.36 -67.22 CB6-PC3- RH1 79.44 116.28 -58.19
CA5-PC3-RH2 65.98 100.57 -46.06 CB5-PC3-RH2 70.28 90.51 -36.49
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blends with 20% and 30% PC. Reduction in enthalpy with 
the increase in RH is due to the combustion of VM, which 
are rich in hemicelluloses and cellulose present in RH. It 
is also seen from Table 9 that, for coal A blends with 10% 
RH, with an increase in PC from 10 to 30%, ΔH increased 
from 66.73 to 82.86 kJ/mol. For coal B blends with 10% 
RH, with an increase in PC from 10 to 30%, ΔH increased 
from 73.36 to 79.44 kJ/mol. Such results indicate that the 
addition of PC increases the difficulty for combustion due to 
reduction in active pores, aromatic, rich hydrocarbons and 
scarcity of VM in the blend. Analysis of ΔG for different 
fuels inferred that, PC had the highest ΔG (226.92 kJ/mol) 
followed by coal A (137.19 kJ/mol), coal B (136.48 kJ/mol) 
and RH (30.74 kJ/mol). Higher ΔG values for PC indicate 
the difficulty of combustion. For coal A blends with 10% 
PC with an increase in RH from 10 to 40%, ΔG reduce from 
98.68 to 55.18 kJ/mol. Similar observation was seen for 20% 
and 30% PC and coal B blends. Such reduction in ΔG with 
increase in RH inferred that addition of RH in blends eases 
the combustion process. For coal A blends with 10% RH, 
with an increase in PC from 10 to 30%, ΔG increased from 
98.68 to 133.36 kJ/mol. For coal B blends with 10% RH with 
an increase in PC from 10 to 30%, ΔG increased from 95.42 
to 116.28 kJ/mol. Such increase in ΔG with PC indicates dif-
ficulty during combustion. Among the individual fuels, coal 
B having minimum ΔS (-86.21 J/mol.K) followed by coal 
A (-83.36 J/mol.K), PC (-69.35 J/mol.K) and RH (39.07 J/
mol.K). Lower ΔS values for PC and coals were due to an 
increase in ash layer thickness over the unburned fuel parti-
cle as combustion proceeds and inferred difficulty in com-
bustion. For coal A blends with 10% PC with an increase 
in RH from 10 to 40%, ΔS increase from -42.43 to -6.47 J/
mol.K. Improvement in entropy with the increase in RH was 
due to the availability of higher VM, hemicelluloses, cellu-
lose and lignin in blends inferring enhancement of reactivity 
of blends. For coal B blends at 20% RH with an increase in 
PC from 10 to 30%, ΔS decreased from -30.24 to -36.23 J/
mol.K. Reduction in entropy with the increase in PC indi-
cates the reduction in reactivity of blends.

3.9  Comparison of present work with a literature

Table 10 summarizes the comparison of the present work 
with similar work on co-combustion of coal and biomass 
blends. It can be observed from Table 10 that RH, pine saw-
dust (PS), hardwood (HW), corncob (CC), cornstalk (CS), 
sugarcane bagasse (SB), wood sawdust (WS) and petroleum 
coke (PC) are the major alternative fuel or that has been 
blended with coal with a weight ratio of 70–80% coal and 
remaining alternative fuel. However, most of the work was 
reported with lower ash (9.36–37.50%) coal. Aich et al. [26] 
have only used reject coal (57% ash) with eucalyptus leaves. 
Yuzbasi et al. [28] reported that PC has inferior burning 

profile  (Ti: 469 and  TF:  867OC) along with higher GCV 
(7935 kcal/kg) compared to coal. Typically, combustion of 
low ash coal is easy due to less ash layer resistance and 
availability of higher combustible matter. In this context, the 
present work reports the utilization of high ash coal (49.41% 
and 79.64%). It is observed from Table 10 that most of the 
work reports coal-biomass blends with a significant reduc-
tion in Ti and other combustion-related parameters. Similar 
improvement in  Ti and other combustion parameters has 
also been observed for coal B-RH blends. While combustion 
properties for coal B-PC blend is inferior. AE for coal-PC-
RH blend is similar to the values reported in coal-biomass 
blends as reported in the literature. In this context, the pre-
sent work suggests that PC also can be blended in a suitable 
weight ratio along with coal and RH to improve the GCV 
of the blend without affecting the natural reductions of Ti 
and other combustion properties. Thus, co-combustion of 
coal, PC and RH may be used in thermal power generation 
to reduce the dependency on low ash coal.

Overall based on the experimental studies, it can be 
observed that addition of PC with coal improves the GCV 
of blend and addition of RH improves the combustion per-
formance of blends. For power plant application, optimum 
coal-PC-RH blend ratio is identified by compatibility analy-
sis of blends with the existing design of boiler. Any boiler 
is designed for particular types of coal with some variations 
in (about ± 2%) in proximate analysis, ultimate analysis and 
other additive coal properties. As combustion characteristics 
are non-additive, typically ± 10 OC variation in ignition tem-
perature and burnout temperature from designed/ideal coal 
and blended fuel is permitted. Any higher deviations from 
designed values lead to combustion issues such as delayed 
or early ignition, unburned carbon in ash, and hydrocarbons 
in the flue gas. For example, if any power plant is designed 
for coal reported by Behera et al. [1] (49.1% ash; GCV: 
3741 kcal/kg;  Ti: 377,  Tmax: 473 OC,  TF: 516 OC) may be 
replaced by CA6-PC3-RH1 fuel blend (Ash: 49.58, GCV: 
3625 kcal/kg;  Ti: 391 OC,  Tmax: 478,  TF: 507 OC). However, 
in actual plant practice, other non-additive parameters such 
as ash fusion temperature, grindability index, swilling index 
etc., also should be matched apart from combustion param-
eters compatibility. The present study inferred that suitable 
blend ratio of coal-PC-RH may be selected based on power 
plant design to reduce ignition problems, unburned carbon 
in ash and hydrocarbons in flue gas.

4  Conclusion

In this work, the effect of PC and RH blending on combus-
tion characteristics of two high ash Indian coal was studied. 
Overall characterization studies inferred that PC has the 
highest GCV (8602 kcal/kg) compared to coal and RH. RH 
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contains higher VM (68.26%) and acceptable slagging char-
acteristics over PC. The presence of higher alkali-rich min-
erals/oxides such as  K2O,  Na2O, MgO and  Fe2O3 improved 
the combustion characteristics of RH. Analysis of burning 
profile parameters inferred that PC having inferior combus-
tion properties compared to coal and RH. At 10% PC of coal 
B blends, with the increase in RH content in blends from 
10 to 40%, Ti reduced from 356 to  252OC,  TF decreased 
from 513 to  510OC, inferring significant improvements in 
combustion properties compared to coal and PC. Synergistic 
analysis infers that ash thickness creates hurdles in combus-
tion interaction, while higher biomass promotes synergistic 
due to catalytic effect. For coal A blends with 20% PC, at 
 400OC, with the increase in RH content in blends from 10 to 
30%, combustion efficiency increased from 16.29 to 31.56%. 
The kinetic analysis shows that PC having higher AE 

(182.11 kJ/mol) over both coal and RH (60.09 kJ/mol). For 
coal A blends with 20% PC, with the increase in RH con-
tent in blends from 10 to 30%, AE decreased from 82.53 to 
63.29 kJ/mol. For coal B blends with 30% PC, AE decreased 
from 84.70 to 74.89 kJ/mol, with the increase in RH con-
tent in blends from 10 to 20%. Analysis of ΔH , ΔG and ΔS 
inferred that individual combustion of both coal and PC is 
difficult compared to RH. The blending of RH with coal 
and PC makes the overall combustion process significantly 
favorable. Overall current work implied that the addition of 
PC with coal is helpful to improve GCV values significantly, 
whereas blending of RH improved the slagging, ignition, 
and combustion behavior of blends.

Abbreviations and Nomenclatures MBlend
Exp

: Experimental weight loss 
profile for blend; MBlend

Cal
: Calculated weight loss profile for blend; �c

Table 10  Comparison of 
blended fuel performance with 
literature results

Fuel Ash(%) �
�
(OC) �

�
(OC) GCV (kcal/kg) AE (kJ/mol) Ref

Lignite Coal (LC) 17.56 284 668 1516 - Yuzbasi et al. [28]
Petroleum coke (PC) 3.77 469 867 7935 -
LC: PC-70:30 - 312 663 - -
Coal 9.36 360 504 5877.9 153.7 Wang et al. [25]
Rice husk(RH) 15.41 242 455 3767.9 155.2
Pine sawdust (PS) 1.78 260 462 4265.6 167.7
Coal:RH-80:20 - 301 499 - 148.7
Coal:PS-80:20 - 310 502 - 143.1
Bituminous coal (BC) 29.16 415 547 4648.3 53.63 Liu et al. [29]
Hardwood(HW) 0.91 287 468 4464.1 142.53
Corncob(CC) 2.70 250 473 4153.1 164.51
BC:HW-80:20 - 291 546 - 158.06
BC:CC-80:20 - 270 547 - 140.12
Reject coal (RC) 57.0 449 567 3105 206 Aich et al. [26]
Eucalyptus leaves(EC) 2.90 210 489 6985 24
RC:EC-80:20 - 425 552 - 110
Coal 13.59 470 590 5964.1 92.98 Luo et al. [30]
Cornstalk (CS) 15.74 255 500 2873.4 43.42
Coal: CS-80:20 - 260 570 - 43.95
Coal 37.50 382 601 4500 - Galina et al. [31]
Sugarcane Bagasse(SB) 6.90 285 479 4146 -
Coal:SB-75:25 - 286 566 - -
Coal 28.98 317 552 3566 - Namkung et al. [32]
Wood sawdust (WS) 14.44 275 495 3457 -
Coal:WS-85:15 - 304 507 - -
CB8-PC2 39.59 385 517 4729 - Present work
CB8-RH2 42.92 255 506 3869 -
Coal A 79.64 427 495 1024 81.42
Coal B 49.41 384 512 3761 87.59
Petroleum coke(PC) 0.35 383 507 8602 182.11
Rice husk(RH) 16.98 239 453 4304 60.09
CA7-PC1-RH2 - 280 504 2449 62.59
CB7-PC1-RH2 - 279 513 4353 70.12

13077



Biomass Conversion and Biorefinery (2023) 13:13065–13079 

1 3

:  Combustion efficiency (%); AE:  Activation energy (kJ/mol); 
BAF: Base acid fraction; CIX: Combustion characteristics index  (wt2/
min2 OC3); CR: Coats-Redfern method; DTG: Differential thermo-
gravimetry; DTGmax: Peak combustion rate (weight%/min) correspond-
ing to  Tmax.; DTGmean: Mean combustion rate (weight%/min); f: Fre-
quency factor  (s−1); FI: Fouling index; G(α): Mechanism function; 
GCV: Gross calorific value (kcal/kg); HIX: Heat intensity index (OC); 
IIX: Ignition index (wt/min OC2); Mi: Weight loss profile of raw fuel; 
MS:  Microsoft; PC:  Petroleum coke; R:  Universal gas constant 
(8.314 J/mol. K); RH: Rice husk; SGI: Slagging index; Sv: Slagging 
viscosity; TF: Burnout temperature (OC); TGA : Thermogravimetric 
analysis; Ti: Ignition temperature (OC); Tmax: Peak temperature (OC); 
W110: Weight (%) at  110OC; WEN: Weight (%) at burnout temperature; 
WIT: Weight (%) at any temperature; Xi: Weight fraction in the blend; 
α:  Conversion; β:  Heating rate (OC/min); γ:  Boltzmann constant 
(1.3806 ×  10–23  m2  kg/  s2 K); ΔG:  Gibbs free energy (kJ/mol); 
ΔH: Enthalpy (kJ/mol); ΔM: Deviation (%) in synergy; ΔS: Entropy 
(J/mol. K); ΔT1/2:  Temperature interval of DTG/DTGmax = 0.5; 
ρ: Planck constant (6.626 ×  10–34  m2 kg/ s
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