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Table 5.1 Particle size distribution of the investigated low rank coal sample. 
 

Sieve 
(Mesh in ASTM) 

Average particle 
size (mm) 

Weight (g) Mass yield (%) 

8 > 2.38 15.26 0.62 
12 2.03 150.5 6.11 
18 1.34 205.12 8.33 
25 0.855 250.54 10.18 
35 0.615 575 23.36 
60 0.375 590 23.97 
80 < 0.250 675 27.42 

 



-investigation of mechanical performance and thermal behavior of de-oiled 
microalgae blended coal composites 

 

  

 
 

  

 



-investigation of mechanical performance and thermal behavior of de-oiled 
microalgae blended coal composites 

   

 

 

 

 

 



-investigation of mechanical performance and thermal behavior of de-oiled 
microalgae blended coal composites 

 

 

   

  

 

  

 

 

 

 

 

 

Level 

Factors 
Molding pressure 

(MPa), 
X1 

Average coal particle 
size(mm), X2 

 

Binder ratio (%), 
X3 

-1 39.2 0.375 10 
0 58.8 0.615 15 
1 78.5 0.855 20 
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Table 5.3 Basic fuel characteristics of investigated waste coal, microalgae, and microalgae 
blended coal composites (MBCCs). 
 

           Proximate analysis 
        (mass %) 

            Ultimate analysis 
                    (mass %) 

Raw coal 
Moisture  7.90 C 58.86 
Volatile matter  13.50 (low volatile steam 

coal)a 
H 4.53 

Fixed carbon  38.60 O 34.11 
Ash 40.0 (very low-quality ashy 

coal)a 
N <1.00 

Mineral matter  44.0b S <1.00 
Pyrite  <1.00c C/H 13 
Fuel ratio 2.86d O/C 0.58 
GCV(MJ/kg) 19.24 

 
  

De-oiled microalgae biomass (C. pyrenoidosa) 
Moisture  4.94 C 45.06 
Volatile matter  43.01 H 6.62 
Fixed carbon  34.05 O 41.20 
Ash 18.0 N 5.67 
Mineral matter  19.8 S 1.45 
Pyrite  8.30 C/H 6.81 
Fuel ratio 0.79 O/C 0.91 
GCV (MJ/kg) 18.62 

 
  

Microalgae blended coal composite (20%:80%) 
Moisture  9.50 C 56.09 
Volatile matter  20.0 H 5.01 
Fixed carbon  37.0 O 36.70 
Ash 33.50 N 1.21 
Mineral matter  36.85b S <1.00 
Pyrite  <1.00c C/H 11.2 
Fuel ratio 1.85d O/C 0.65 
GCV(MJ/kg) 19.00   

 
 
5.3.2 Optimization of process variables to maximize the mechanical performance of 
microalgae blended coal pellets  
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Table 5.4 Box- Behnken design matrix and results for microalgae blended coal composites 
(MBCCs) production. 
 

Run Molding pressure 
(MPa), 

X1 

Average coal 
particle size 

(mm), X2 

 
 

Binder ratio 
(%), X3

 

 
 

Compressive 
strength, 
(MPa), Y1 

 

Drop 
strength, (%), 

Y2 

1 58.8 (0) 0.615 (0) 15 (0) 12.0±0.1 90.85±0.23 

2 58.8 (0) 0.615 (0) 15 (0) 12.1±0.3 92.10±0.35 

3 58.8 (0) 0.615 (0) 15 (0) 12.0±0.2 92.10±0.17 

4 39.2 (-1) 0.375(-1) 15(0) 9.6±0.2 61.42±0.51 

5 39.2 (-1) 0.855(1) 15 (0) 9.6±0.3 46.11±0.55 

6 39.2 (-1) 0.615 (0) 10 (-1) 9.2±0.1 46.10±0.16 

7 39.2 (-1) 0.615 (0) 20 (1) 11.1±0.9 67.15±0.51 

8 58.8 (0) 0.855 (1) 20 (1) 12.6±0.1 93.01±0.08 

9 58.8 (0) 0.375 (-1) 20 (1) 13.5±0.3 97.75±0.42 
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Run Molding pressure 
(MPa), 

X1 

Average coal 
particle size 

(mm), X2 

 
 

Binder ratio 
(%), X3

 

 
 

Compressive 
strength, 
(MPa), Y1 

 

Drop 
strength, (%), 

Y2 

10 58.8 (0) 0.855 (1) 10 (-1) 9.9±0.4 82.50±0.29 

11 58.8 (0) 0.375 (-1) 10 (-1) 10.3±0.4 88.10±0.31 

12 78.5 (1) 0.615 (0) 20 (1) 14.7±0.2 95.10±0.17 
13 78.5 (1) 0.375 (-1) 15 (0) 12.4±0.2 91.50±0.52 
14 78.5 (1) 0.855 (1) 15 (0) 12.5±0.4 91.82±0.27 

15 78.5 (1) 0.615 (0) 10 (-1) 10.9±0.1 91.84±0.24 
Y1 and Y2 are the mean values of duplicates with standard deviation (mean ±SD). 
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5.3.3 Pelletizing process variables optimization to maximize the individual response 
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Table 5.6 Quadratic polynomial equations for the compressive and drop strength of 
microalgae blended coal composites (MBCCs) production. 
 
Coded term:  

Y1  = 12.03 + 1.41 X1  - 0.15 X2   + 1.45 X3 - 0.55 X1
2 - 0.47 X2

2   + 0.003 X3
2 

+ 0.02X1X2+ 0.45X1X3 - 0.16 X2X3 
Y2 = 91.71 + 18.69 X1 - 3.17 X2 + 5.56 X3+ 17.15 X1

2 - 1.85 X2 
2   + 0.48 X3

2+ 3.91X1X2  - 4.45 X1 X3   + 0.22 X2 X3 
Uncoded term: 
 

 

Y1 = -1.19 + 0.169 X1 + 11.15 X2 + 0.096 X3  0.001 X1
2  8.15 X2

2 + 0.0001 
X3

2 + 0.004 X1 X2 + 0.004 X1 X3  0.133 X2 X3    
Y2 = - 143.40 + 6.368 X1  25.15 X2 + 3.092 X3  0.044 X1

2  32.18 X2
2 + 

0.0193 X3
2 +0.8302 X1 X2  0.045 X1 X3 + 0.179 X2 X3   

X1 : molding pressure; X2 : average coal particle size; X3 : binder ratio. 
 
Table 5.7 Model coefficient estimate by multiple regression analysis for compressive 
strength and drop strength of microalgae blended coal composites (MBCCs) production. 
 

Model 
term 

Compressive strength (MPa) 
 

Drop strength (%) 

Coeff. SE t value p value Coeff. SE 
t 
value 

p value 

Constant 12.03 0.140 87.10 < 0.001 

 

91.71 0.37 246.48 < 0.001 
X1 1.41 0.085 16.71 < 0.001 18.69 0.23 82.01 < 0.001 
X2 -0.15 0.085 -1.77 0.090 -3.17 0.23 -13.90 < 0.001 
X3 1.45 0.085 17.10 < 0.001 5.56 0.23 24.40 < 0.001 
X1

2 -0.55 0.130 -4.43 < 0.001 17.15 0.34 -51.12 < 0.001 
X2

2 -0.47 0.130 -3.77 0.001 -1.85 0.34 -5.53 < 0.001 
X3

2 0.003 0.130 0.02 0.980 0.48 0.34 1.44 0.170 
X1X2 0.02 0.120 0.17 0.870 3.91 0.32 12.13 < 0.001 
X1X3 0.45 0.120 3.78 0.001 -4.45 0.32 -13.80 < 0.001 
X2X3 -0.16 0.120 -1.34 0.190 0.22 0.32 0.67 0.510 

X1: Molding pressure; X2 : Average coal particle size; X3 : Binder ratio; Coeff: coefficient; SE: Standard error; 
Compressive strength model: R2= 96.89%; Drop strength model: R2= 99.81%. 
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Table 5.8 Analysis of variance for different responses (compressive strength and drop 
strength). 
 

Source df 
Compressive strength 

 
Drop strength 

SS MS F 
value 

p 
value 

SS MS F value  p value 

Model 9 71.30 7.92 69.19 < 0.001 

 

8719.92 968.88 1166.40 < 0.001 
Linear 3 65.81 21.94 191.58 < 0.001 6240.87 2080.29 2504.38 < 0.001 
Square 3 3.65 1.22 10.62 < 0.001 2198.29 732.76 882.15 < 0.001 
Interaction 3 1.85 0.62 5.37 0.007 280.76 93.59 112.67 < 0.001 
Residual 
error 

20 2.29 0.11   20 16.61 0.83  

Lack-of-fit 3 0.49 0.16 1.53 0.243 10.81 3.60 10.57 0.087 
Pure error 17 1.80 0.17   5.80 0.34   
Total 29 73.59    8736.53    

df : degree of freedom; SS : sum of squares; MS : mean square. 

The three-dimensional surface diagrams revealed the interactive effects of process 

variables in the X-Y axis against the desired response on the Z axis by fixing the remaining 

variable at the center level for each plot (Fig. 5.3a f). Increasing molding pressure 

(39.23 78.45 MPa), and decreasing particle size (0.855 0.375mm) indicated a sharp 

uptrend in both responses (compressive strength and drop strength) as shown in (Fig. 5.3a 

and d). The findings of Zhang et al. (2020) also confirm molding pressure's positive 

influence on compressive strength.  
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Regression equations (Table 5.6) were utilized to predict the maximum desirable 

outputs, drop strength and compressive strength (Fig. 5.4). Projected optimal level of 

molding pressure, binder ratio and average particle size to maximize compressive strength 

and drop strength showed optimal desirability (>0.99). The maximum compressive strength 

for individual optimization was determined as 14.8 MPa at optimized process variables 

(78.5MPa molding pressure, 20% binder ratio and 0.539 mm average particle size) as 

represented in Fig. 5.4a. Similarly, individual optimization showed maximum drop strength 

as 100% at optimized process variables (66.2 MPa drop strength, 20% binder ratio and 

0.520 mm average particle size) (Fig. 5.4b).  
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Fig. 5.3 Three-dimensional response surface plot of compressive strength (a-c) and drop 
strength (d-f) for microalgae blended coal composite (MBCC) production with varying 
molding pressure (MPa) vs average particle size (mm), molding pressure (MPa) vs binder 
ratio (%), average particle size (mm) vs binder ratio (%) respectively; the third variable was 
kept at central value. 
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Fig. 5.4 Individual optimization plot to maximize (a) compressive strength (b) drop 
strength for microalgae blended coal composite (MBCC) production. 

5.3.4 Multi-response optimization analysis  
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Fig. 5.5 Multi-objective optimization plot to maximize compressive strength and drop 
strength for microalgae. 
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Fig. 5.6 Contour plot for cumulative maximization of responses with varying variables, (a) 
molding pressure (MPa) vs binder ratio (%) (b) average particle size (mm) vs binder ratio 
(%) (c) molding pressure (MPa) vs average particle size(mm); the third variable was kept 
at central value. 

5.3.5   Model validation 

Experiments were performed to measure the compressive strength, drop strength, 

and WRI at the predicted optimal value of process variables to validate the developed 

models for single and multi-optimized responses. Assessments of all parameters from 

individual and multi-response optimization, along with initial conditions, are summarized 

in Table 5.9. Compressive strength, in multi-objective optimization, reached 14.6 MPa 

compared to 12.0 MPa at initial conditions; similarly, drop strength reached up to 97.8% 

(92.0% at the initial condition). Further, WRI was also examined with a value of 79.0% at 

multi-response optimization compared to initial conditions (71.0%).  

Therefore, multi-objective optimization was more significant than a single response 

to improve compressive strength and drop strength simultaneously with 21.7% and 6.3%, 
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respectively (compared with initial conditions). These conditions also significantly enhance 

WRI (11.3% more than the initial conditions). A previous study by Gaqa and Watts (2018) 

reported 81.3% WRI of coal-algae pellets (80:20), which is very near to the current study. 

Polyvinyl alcohol blended lignite briquette is reported with a drop strength of 98.72%, 

which is very close to 97.8% (drop strength of current study) (Guo et al., 2020). This data 

indicates the close similarity of microalgae with these synthetic binders. The compressive 

strength of wheat straw pellets (10.38 MPa) (Zhang et al., 2020), pine needles (7.05 MPa) 

(Mandal et al., 2019), carbonized water hyacinth (1.87 MPa) (Carnaje et al., 2018), and 

coal-molasses-pitch (9 MPa) (Manyuchi et al., 2018) is lower than MBCCs of the current 

study (14.6 MPa).  

Therefore, the enhanced mechanical performance of MBCCs shows the 

effectiveness of microalgae as a binder for coal densification. Considering the application 

aspect, these blended solid fuels provide additional strength to minimize mass loss during 

the transfer from conveyor belts to bins, hoppers, feeders, and off-trucks to the final 

destination.  

5.3.6   Fourier transform infrared analysis 

FTIR spectroscopic analysis of raw coal, de-oiled microalgae biomass, and 

microalgae-blended coal composites, MBCC-1 (prepared at single-optimized response 

conditions for compressive strength), MBCC-2 (prepared at single-optimized response 

conditions for drop strength), and MBCC-3 (prepared at multi-optimized response 

conditions) were carried out to examine their structural features and impact of microalgae-

coal interaction (Fig. 5.7).  
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Table 5.9 Comparison of mechanical performance of prepared composites in initial, 
individual and multi-objective optimized conditions. 
 

Control 
condition 

Molding 
Pressure 
(MPa) 

Average 
particle 
size 
(mm) 

Binder 
ratio 
(%) 

Mechanical 
characteristics* 

% Improvement 
in mechanical 
characteristics 

(compare to 
initial condition) 

CS 

(MPa) 
DS 

(%) 
WRI 
(%) 

 CS DS WRI 

Initial 58.8 0.62 15 12.0 92.00 71  - - - 
Individual response optimization     
Compressive 
Strength 

78.5 0.54 20 14.8 95.22 77 
 

23.3 3.5 8.5 

Drop 
strength 

66.2 0.52 20 13.3 100.00 78 10.8 8.7 9.8 

Multi-
objective 
optimization 

74.5 0.55 20 14.6 97.8 79  21.7 6.3 11.3 

CS: Compressive strength; DS; Drop strength; WRI: Water resistance index. *All-observed values of 
responses were mean values of duplicates and standard deviation less than 3%. 
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Fig. 5.7 FTIR spectra of microalgae, raw coal, individual optimized and multi-objective 
optimized microalgae blended coal composite (MBCC): MBCC1 (for compressive strength 
optimization), MBCC2 (for drop strength optimization), MBCC3 (for multi-objective 
optimization). 
 
 
Table 5.10 Summary of FTIR characterization of low rank coal, de-oiled microalgae 
biomass, and MBCCs (MBCC1, MBCC2, and MBCC3). 

SI. 
No. 

Sample Wavenumber (cm-1) Band assignment 

1. Coal 3600 - 3000 Presence of O-H groups stretching vibration 
  3000-2800 Aliphatic C-H group with stretching vibration for 

CH4 (2959 cm-1), CH3 (2864 cm-1) and CH2 
(2921cm-1) 

  1800-1000 Multiple peaks assigned to oxygen containing, 
esters and carboxylic acids with keto group (1350 
cm-1) and aromatic C=C (1586 cm-1) 

  1150-1033 Multiple peaks assigned to C-O (1150 cm-1), 
ether (1150 cm-1) and alcohol (1033 cm-1) 

  Below 1000 Aromatic C-H group with deformation vibration 
of benzene ring (900-700 cm-1), presence of 
quartz and kaolinite (500- 1100 cm-1) and Si-O 
bending vibration (471 cm-1) 

  876-776 Presence of aromatic C-H group 
    
2. De-oiled 

Microalgae 
3300 
 

Presence of (O-H) and (N-H) groups of water, 
protein and carbohydrate  
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MBCCs: De-oiled microalgae blended coal composites. 

5.3.7   Thermogravimetric analysis 

The qualitative and quantitative thermal decomposition behavior of any solid fuel 

can be determined by using thermogravimetric methods. The TGA-DTG-DTA of the low 

rank coal, de-oiled microalgae biomass and MBCCs, and their morphological appearance 

are represented in Fig. 5.8a f. Curves were analyzed in three stages: 21 200 °C (stage 1), 

200 600 °C (stage 2), and 600 1000 °C (stage 3). During the initial stage (21 200 °C) of 

weight loss, the dehydration process occurred to release free and inherent moisture with 

mass loss rates of 6%, 8%, 15%, 7%, and 8% in raw coal, microalgae, and MBCC-1, 

MBCC-2, and MBCC-3, respectively. Similar results are reported in the literature for C. 

vulgaris (Azizi et al., 2017). The different intensity and width of first-stage DTG peaks 

were observed in coal and microalgae, including the irregular weight loss pattern in 

MBCCs due to non-uniform mass transfer effects (compared to coal and microalgae) (Chen 

et al., 2012). In assertive agreement with Sun et al. (2014), the current study showed 

heterogeneous and irregular combustion in coal with a higher fuel ratio of 2.86. Conversely, 

homogeneous and smooth combustion can be observed in microalgae (fuel ratio 0.79). 

  2920-2850 Symmetrical (2850) and asymmetrical (2920) 
stretching of methylene groups (CH2) of lipids 

  1744 Symmetrical stretching of C=O of ester 
functional group from lipids and fatty acids 

  1647 C=O stretching related to amide-I bonds 
  1542 C-N stretching related to amide-II bonds 
  1480- 1350                      Assigned for lipid content 
  1200-900 Asymmetrical stretch of C-O-C of 

polysaccharides 
  1077 Asymmetrical stretch of C-O-C of triglycerides, 

cholesterol esters, and ethers. 
    
3. MBCCs 3500 O-H groups stretching related to presence of 

water 
  3100-2800 CH4 evolution, C-H stretching 
  1800-1100  C-H stretching, C-N stretching and O-H bending 

to form new bonds 
  1647 Presence of amide-I bonds (Absent in coal) 
  1350 Assigned for lipid content (Absent in coal) 
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Additionally, coal rank, particle size, volatile matter content, and microalgae 

blending ratio are vital factors that affect combustion behavior (Sun et al., 2014). In the 

second stage (200 600 °C), a strong DTG peak contributed to the main decomposition 

stage with a decomposition rate (DTGmax

The thermal reactivity 

of C. pyrenoidosa with DTGmax 

Tetraselmis suecica (Tahmasebi et al., 2013) and S. platensis  

(Gai et al., 2015). In this stage, microalgae with maximum weight reduction (68%) 

exhibited a strong peak at 312 °C corresponding to the combustion of protein and 

carbohydrates (Kang et al., 2019). The DTG profile of C. pyrenoidosa in the current study 

showed multiple short peaks, which is very similar to C. vulgaris (Azizi et al., 2017) 

(Fig. 5.8b).  

Coal and its composites with more stable aliphatic hydrocarbons, alkyl naphthalene, 

alkyl benzenes, and oxygen bearing heterocycle groups were decomposed at 350 600 °C 

(Jankovic et al., 2020). This region liberated volatile matter and covalent bonds as ether 

and methylene groups to release hydrogen, carbon monoxide, and lighter hydrocarbon (Qi 

et al., 2017). In opposite to coal with one sharp DTG peak (DTGmax at 464°C) in the second 

stage; MBCCs showed two peaks (one short at 260 280°C, and one sharp with DTGmax at 

458 462°C). Further, the third, terminating stage (600 1000°C), showed very less weight 

reduction in microalgae compared to coal and MBCCs. (Fig. 5.8b). 

In microalgae combustion, most organic matter was decomposed in the main 

pyrolysis stage (second) and carbonaceous residue in the third stage. Characteristic 

temperatures, i.e., ignition temperature (Ti), peak temperature (Tp), and burnout 

temperature (Tb), are summarized in Table 5.11. 
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Fig. 5.8 TGA-DTG-DTA plot of (a) raw coal (b) microalgae (C. pyrenoidosa) (c) 
individual optimized MBCC1 (for compressive strength optimization) (d) individual 
optimized MBCC2 (for drop strength optimization) (e) multi-objective optimized MBCC3 
(f) morphological appearance of raw coal, microalgae, and MBCCs. 
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Table 5.11 Combustion characteristics of the low rank coal, de-oiled microalgae biomass 
and MBCCs at different optimization conditions. 
 

Samples 
(Heating 

rate-
10°C/min) 

Weight loss (%) 
Residual 

mass 
(%) 

Characteristic 
temperature 
points (°C) 

 

DTA characteristics 

Stage-I Stage-
II 

Stage-
III 

Ti  Tp Tb 
Peak 

temperature 
(°C) 

Area 
covered 

 
Raw coal 6 22 21 51 335 464 803  650 3189 

Microalgae 9 68 5 18 240 311 474  620 1049 
MBCC1 15 28 16 41 298 461 850  645 3310 
MBCC2 7 28 23 42 301 460 885  635 3363 
MBCC3 8 26 26 40 299 462 875  630 3305 

Ti: Ignition temperature; Tp: Peak temperature; Tb : Burnout temperature; MBCCs: Microalgae blended 
coal composites; MBCC1: MBCCs at compressive strength optimization condition; MBCC2: MBCCs drop 
strength optimization condition; MBCC3: MBCCs at multi-objective optimized condition. 
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Table 5.12 Comparative performance assessment of different coal-biomass densification 
studies.  

Study detail Processing 
material 

Binder Mechanical 
performance 

Thermal 
properties  

Reference 

Production of 
low rank coal 
fines nodules 
 
 

 

Coal 
samples 
from the 
Konya 
coalfield, 
India 

Carboxy 
methyl 
cellulose 
(10%) with 
lime (10%) 

CS: 376  448 N 
 

CV: 25.15 
MJ/kg 
Ti :336   
Tp :452   
Tb :527   
 

(Das et 
al., 2015) 
 

Bituminous 
coal briquette 
production 

Bituminous 
coal, 
Mezino I 
coal field, 
Iran 

Beet pulp 
(20% 
Tar (10%) 

CS: 0.401- 0.816 
MPa 
WRI: 73.45- 
90.44% 

CV 27.82 MJ/kg 
 
 

(Azizi et 
al., 2017) 
 
 
 

Pelletising of 
Coal- algae 
(Scenedesmus) 

Bituminous 
coal, South 
Africa 

Scenedesmus- 
Microalgae 
(10%-20%) 

CS: 6.86 - 17.64 
MPa 
WRI: 65.5- 88.9 
% 
 

CV 24 MJ/kg 
 
 

(Kan et 
al., 2016) 

Briquettes of 
coal slime 
blended with 
waste 
feedstock 
 

Coal slime, 
compressor 
oil/ straw/ 
sawdust/ 
peat  

Starch (5%) Mass retention 
78 -98% 
DS 1.3-4.3 (out 
of 15) 

Ti :350-  
Tb :1019-

 

(
 

 
 

Wheat 
straw, rice 
husk and 
cow dung 

Molasses 
(0 100%) 

Durability 50  
97% 
 

CV 14.97 MJ/kg  
Energy density 
19627 MJ/m3 

(

 

De-oiled 
microalgae 
biomass (C. 
pyrenoidosa) 
blended low 
rank coal 
composites 

Low rank 
coal fines, 
Amelia 
coal block, 
Singrauli 
coalfield, 
India 

C. 
pyrenoidosa 
 (10  20%) 

Bulk density 
1100 kg/m3 
CS: 9.2  14.7 
MPa 
DS: 46.1  
97.75% 
WRI 71  79% 

CV 18.62 MJ/kg 
Ti: 298   
Tp: 460   
Tb: 850   
Heat involved: 
3305  3363 
µVs/mg 
 

Present 
study 

CS: Compressive strength; DS: Drop strength; WRI: Water resistance index; CV: Calorific value; Ti : Ignition 
temperature; Tp:Peak temperature; Tb: Burnout temperature. 
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5.3.8   Artificial neural network simulation 

The complexity of thermal analysis enhances with biomass blending due to 

heterogeneous combustion. In this direction, artificial intelligence, different machine 

learning tools, provides a realistic interpretation of heterogeneous combustion without 

undergoing rigorous modeling approaches (Rasool et al., 2021). ANN models were 

developed to predict and validate the thermal decomposition analysis of raw feedstocks 

(coal/microalgae) and multi-optimized MBCCs.  

The ANN performance plots for coal, microalgae and composites were shown for 

training, validation, and testing stages (Fig 5.9). The R2 value for all feedstocks was close 

to 1, indicating excellent agreement between model-predicted and experimental data. To 

achieve the best performance of the model, sufficient iterations were executed. According 

to Fig. 5.10 a c, the minimum value of mean squared error is near 0 (10 4 10 8) for coal, 

microalgae, and composites at different iterations (330 1000). Further, the error histogram 

plots for coal, microalgae and composite are shown (Fig. 5.11a c). The non-significant 

2 to 0.31 × 10 2 3 to 

0.07 × 10 3) and composites 4 to 0.22 × 10 4).  

Overall, the developed model accurately predicts the thermal decomposition of 

microalgae-coal-blended solid fuels. A similar level of accuracy is also observed in the 

thermal decomposition of C. vulgaris blended peanut shell mixture at different heating 

rates (Bong et al., 2020).  This study suggests that the developed ANN model (2 × 18 × 1) 

might be used to establish the relationship between input-output data, error analysis and 

output prediction of thermal decomposition of blended fuel feedstocks.  
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Fig. 5.9 ANN Regression plots of training, validation and testing stages (a) coal (b) de-
oiled microalgae (c) multi-objective optimized microalgae blended coal composite, 
respectively.  
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Fig. 5.10 Validation performance of mean square error (MSE) for TGA data at a heating 
rate of 10 ºC/min and 18 neuron numbers (a) coal (b) microalgae (C. pyrenoidosa) (c) multi-
objective optimized microalgae blended coal composite. 
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Fig. 5.11 Error histogram for TGA data at a heating rate of 10 ºC/min and 18 neuron 
numbers (a) coal (b) microalgae (C. pyrenoidosa) (c) multi-objective optimized microalgae 
blended coal composite. 

 

5.4 Conclusion 
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