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Abstract 1 

 2 

This research focuses on parametric influence on product distribution and syngas production 3 

from conventional gasification. Three experimental parameters at three different levels of 4 

temperature (700, 800 and 900 ℃), sugarcane bagasse loading (2, 3 and 4 g) and residence 5 

time (10, 20 and 30 min) were studied using horizontal axis tubular furnace. Response 6 

Surface Methodology supported by central composite design was adopted in order to 7 

investigate parameters impact on product distribution (i.e., gas, tar and char) and gaseous 8 

products (i.e., H2, CO, CO2 and CH4). The highest H2 fraction obtained was 42.88 mol% 9 

(36.91 g-H2 kg-biomass
-1

) at 3 g of sugarcane bagasse loading, 900 ℃ and 30 min reaction 10 

time. The temperature was identified as the most influential parameter followed by reaction 11 

time for H2 production and diminishing the bio-tar and char yields. An increase in sugarcane 12 

bagasse loading, on other hand, favored the production of bio-tar, CO2 and CH4 production. 13 

The statistical analysis verified temperature as most significant (p-value 0.0008) amongst the 14 

parameters investigated for sugarcane bagasse biomass gasification.  15 

 16 

Keywords: Sugarcane bagasse, Biomass gasification, parametric effect, hydrogen fuel, 17 

central composite design 18 
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 20 

 21 

22 
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1. Introduction 1 

The importance of exploring renewable and sustainable energy options have become   2 

imperative, to improve energy security, especially due to limited fossil fuel reserves and 3 

current adverse climatic changes [1]. The alternative energy options and production systems 4 

must be considered based on availability, affordability and equity. Biomass is considered a 5 

low carbon substitute to fossil fuels, in particular for low greenhouse gas emissions (GHGs). 6 

Amongst the various biomasses, agricultural waste and process biomass are viable options. 7 

Nevertheless, biomass based energy production would enable the concurrent decrease of 8 

GHGs into environment [2]. It has been anticipated that future energy utilization will have 9 

increased dependence on varied energy mix, particularly resulting from biomass. Thus, opt 10 

advancement to utilize the biomass for energy generation will have a remarkably positive 11 

impact in sustaining future energy estimates. In comparison with the utilization of dedicated 12 

crops, the application of residues as biofuel feedstock instead of their disposal would result in 13 

lower net impact and emissions. This could counterbalance fossil fuel inputs in biofuel 14 

processing [3]. The exploitation of non-edible feedstock for biofuel production also prevents 15 

impediments associated to food supply [4], which are present in first-generation biofuels.  16 

 17 

Sugarcane bagasse (SB) is the lignocellulosic fibrous leftover acquired after the sucrose-rich 18 

juice extraction. SB owns about 50 % of cellulose, 25 % of hemicellulose and 25 % of lignin 19 

[5]. In general, one ton of SC results approximately 100 kg of sugar, ~270 kg of dry bagasse 20 

and ~35 kg of molasses [6]. It is assessed that 540 million t/y of SB is generated worldwide, 21 

indicating considerable potential for commercial-scale biofuel production [7]. SB is mainly 22 

utilized in boiler for steam production; thereby generating electricity to power the sugar mills. 23 

However, the approach is challenged by lower electrical efficiency(20 %) against the 24 
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gasification process(80 %) [8, 9]. Recently, there has been increasing attention for an 1 

effective exploitation of agricultural wastes, comprising SB in an integrated industrial 2 

conversion units, [9] therefore entailing in an appropriate model of a true bio-refinery concept. 3 

Several conversion processes such as fermentation [10-13], anaerobic digestion [14-16], 4 

combustion [17-19], pyrolysis [20-22], supercritical water (SCW) gasification [5, 23, 24] 5 

have used SCB as a feedstock for development of sustainable energy systems and these 6 

include the bioethanol, methane, bio-oil and hydrogen, including other value added products 7 

[25].  8 

 9 

Of all the conversion technologies, gasification has been considered as the most promising 10 

approach on the account of its advantages such as auto-thermal ability, high carbon 11 

conversion, higher calorific value (than the combustible gases derived from pyrolysis) of the 12 

syngas [1, 26]. Generally, gasification is a process based on five discrete fundamentals 13 

namely drying, pyrolysis, combustion, cracking and reduction. It converts biomass into 14 

synthetic gas (syngas) (H2, CO, CO2 CH4 and other hydrocarbons) in the presence of oxygen 15 

or air at high temperature range (700 – 1000 ℃) [26, 27]. Syngas is a useful flammable gas 16 

which can be  used to power the gas turbines and engines, boilers, and synthesis of various 17 

value added chemicals for instance methanol, gasoline e.g., through Fishcher-Tropsch. The 18 

sufficient availability of SB makes it suitable candidate as feedstock for gasification 19 

conversion. As a result, plenty of research papers have been published on supercritical water 20 

gasification of SB,  mainly focusing on the parametric effect on H2 production and 21 

gasification efficiency. For instance, Cao et al. gasified SB in SCW at temperature ranging 22 

from 600 – 750 ℃, SB loading 3 – 12 wt.% and residence time 5 – 20 min in the presence of 23 

Raney-Ni, K2CO3 and Na2CO3. H2 yield peaked at 35.3 mol kg
-1

 at 650 ℃, SB loading 6 wt.%, 24 

residence time 15 min under Na2CO3 loading of 20 wt.% [5]. Tavasoli et al. performed 25 
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catalytic SCW gasification of SB in the presence of potassium (k) and copper (Cu). Results 1 

revealed noteworthy role of K to improve the H2 selectivity from 0.76 to 1.17 [28]. Barati et 2 

al. scrutinized the effect on H2 production from SB under un-promoted and zinc promoted 3 

Ru/g-Al2O3 nano-catalysts. The highest H2 yield of 15.6 mol kg
-1

 was reported [29]. Similarly, 4 

another researcher investigated the effect of biomass loading, water density on SCW of SB in 5 

the presence of Ru/C and Ru/TiO2 catalyst. The complete gasification of SB into CH4, CO2 6 

and H2 over Ru/C and Ru/TiO2 catalyst was achieved at 400 ℃ [30].  7 

 8 

However, on the basis of our knowledge, none of previous research has highlighted the 9 

conventional gasification (dry gasification) behavior of SB. Also, there has not been any 10 

systematic approach for the parametric optimization of the SB dry gasification towards higher 11 

H2 production. The optimization and simulation of experimental parameters (such as 12 

temperature, biomass loading, reaction time, etc.) will help to achieve satisfactory levels of 13 

operating conditions towards the desired responses, where they will not be affected by 14 

variations in the factor setting. Therefore, it is crucial to optimize the operating conditions via 15 

a systematic experimental method such as response surface methodology (RSM) with the aid 16 

of central composite design (CCD). RSM-CCD is a scientific experimental design which has 17 

been effectively used for biomasses other than SB to optimize/observe the effect of multiple 18 

gasification experimental parameters on desired products and other associated multifactor 19 

findings [31, 32]. The major advantage of employing RSM-CCD is to acquire concise set of 20 

data and to determine the optimum conditions for required products with a low number of 21 

runs. Therefore, current study explores the SB conventional gasification for syngas 22 

production via RSM-CCD design. The multifactor parametric influence (i.e., temperature, SB 23 

loading, and residence time) on gaseous products, tar and char is studied in detail. 24 

 25 
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2. Materials and methods  1 

2.1 Biomass and characterization  2 

SB was obtained from a SC juice shop at Hyderabad Pakistan. The sample was sun dried 3 

from a week and chopped to reduce the particle size (PS). The PS was measured to be ~100 4 

µm to 1 mm. The proximate analysis (i.e., such as moisture, volatile matter, fixed carbon and 5 

ash contents) of SB was performed by standard method as reported by Varma and Monal, 6 

2016 [33]. The ultimate analysis such as carbon, hydrogen, nitrogen and sulfur contents of 7 

SB were evaluated via CHNS elemental analyzer (Elementar Vario EL III model). The 8 

oxygen content was evaluated by difference. The comparison of proximate and ultimate 9 

analysis of SB sample with earlier research work is presented in Table 1. 10 

Table 1. Biomass characteristics  11 

Biomass 

characterization 

Composition 

(wt %) 

Doumer el al. 

[34] 

Balasundram et al. 

[35] 

Proximate analysis     

Moisture  5.4±0.3 6.3 4.99±0.1 

Volatile matter  81.3±0.2 83.03±0.67 73.50±0.99 

Fixed carbon 10.2±0.4 12.97±0.58 19±0.17 

Ash 3.1±0.3 4.00±0.18 2.34±0.8 

Ultimate analysis   

C 45.98±0.8 45.52±0.22 44.32±0.51 

H 6.2±0.3 6.26±0.01 6.04±0.46 

N 0.4±0.2 0.24±0.03 0.53±0.02 

S 0.07±0.01 0.00 0.24±0.03 

O
*
 47.35±3.5 43.83±0.38 48.87±0.59 

HHV
**

 (MJ kg
-1

) 16±0.4 17.27±0.49 18.6±0.44 
*
O = 100% - C – H – N – S = O 12 

**
 HHV = 33.86*C +144.4* (H-O/8) + 9.428*S [36] 13 

 14 

2.2. Experimental procedure 15 

Fig. 1 details the reactor configuration used for the gasification of SB biomass experiments. 16 

The reaction tube has a diameter of 14 mm. The experimental setup mainly comprises of 17 

reactor, gas cleaning section (moisture trap containing silica gel) and clean gas collection via 18 

sampling bag and analysis. The study was conducted by investigating dissimilar experimental 19 
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parameters; temperature (700, 800 and 900 ℃), SB loading (2, 3 and 4 g) and residence time 1 

(10, 20 and 30 min). The experimental parameters were preset to facilitate smooth operation 2 

of reactor. During the experiment, the SB sample was placed in a quartz sampling boat and 3 

heated to desired temperature at constant heating rate of 10 ℃ min
-1

 for each run. Oxygen 4 

(5% O2/Ar) with argon was introduced into reactor with the constant flow rate of 20 mL min
-1

. 5 

After the temperature program started, gasifying agent was introduced into the reactor. The 6 

starting point of the temperature program was set to be 50 ºC. The produced gas was then 7 

passed through a gas cooling system filled of wool (this allows produced gas to be cooled 8 

down) followed by a moisture trap section filled with silica gel (to absorb the moisture). The 9 

sampling bag was used to collect the gas flowing out of moisture trap section. The gas sample 10 

was collected once the temperature of 100 ℃ was attained. A manual gas chromatography 11 

(GC) (model: 6890 Agilent) connected with two columns namely Varian capillary (HP-12 

PLOT/Q) and molecular sieve (HP-MOLSIV) and a thermal conductivity detector was used 13 

for detailed analysis of the gaseous products. 0.25 mL of the gas sample was injected into the 14 

column at 60 ℃.  Firstly, CO2 was stripped in the HP-PLOT/Q followed by the fractionation 15 

of H2, CO and CH4 in the HP-MOLSIV through a synchronized dual valve injection system. 16 

In addition, tar and char were collected after the reactor was cooled down to atmospheric 17 

temperature. Tar contents were determined via weight difference of the reactor tube before 18 

and after each run. Similar approach was adopted for all runs. The reactor, tubing, gas 19 

cooling system and sampling bags were purged with nitrogen to eradicate trapped gas 20 

molecules prior to each run.  21 



8 

 

Gas Sampling 

Bag

Gas Cooling 

System

Temperature Indicator 

and Controller 

Moisture Trap

Gas Flow Controller 

Tubular Furnace 

M
ix

tu
re

 o
f 

g
a

s
 (

5
%

 

O
2
/A

rg
o

n
) 

Quartz 

sampling 

boat 

1 
Fig. 1. Schematic diagram of experimental setup 2 

2.3. Experimental approach  3 

CCD is a scientific response surface methodology used study to determine the optimize levels 4 

of temperature, SB loading and residence time as independent variables for desired response 5 

variables. RSM-CCD method was used to design the experiments based on aforementioned 6 

operating parameters and four responses by using Design of Expert software (DX v. 10), 7 

while face centered mode (alpha = 1) was used which is without repeating the center point 8 

resulting in 15 different runs. The gas, bio-tar and char were dependent variables. Results 9 

were statically analyzed via the Statistica software (Statsoft, v.8.0). The influence of each 10 

parameter was identified to understand how the response of a combination of experimental 11 

parameters could results in the highest H2 production. The experimental design and desired 12 

responses for SB gasification are shown in Table 2. The overall gas yield (wt.%) was 13 

determined by analyzing the char and tar products weight percent of the biomass loaded as 14 

indicated in eq (1). The initial biomass loading and final products (such as tar and char) were 15 

weighed using Apollo Precision Taploading Balance (Model: GX-4002a) with 4200 g 16 

maximum capacity and 0.01 g minimum readability. The lower heating value of gas was 17 

determined using eq (2) based on the species with combustion value [37].  18 

 19 

Total gas (wt.%) = 100 wt. % - tar (wt.%) – char (wt.%)  (1) 20 

LHV (MJ N m
-3

) = (H2 (vol %) × 107.98 + CO (vol %) × 126.36 + CH4 (vol %) × 358.18) 21 

/1000           (2) 22 
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The same method for determination of total gas has been reported by other researches [38, 1 

39]. 2 

  3 
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Table 2. Experimental design matrix and results. The data presented is the average values of 2 repeats. 1 

 Temp. 

(ºC) 

SB load 

(g) 

RT 

(min) 

 H2 actual and predicted values 

(mol %) 

H2 (g kg-

biomass
-1

) 

 Other response variables 

(mol %) 

LHV MJ Nm
-3

 

  Actual Predicted Residual   CO CO2 CH4  

1 700 (-1) 2 (-1) 10 (-1)  27.28 28.62 -1.34 16.30  19.80 33.95 18.97 12.24 

2 700 (-1) 2 (-1) 30 (1)  28.48 28.61 -0.13 18.28  21.69 28.97 20.86 13.28 

3 700 (-1) 3 (0) 20 (0)  37.57 35.96 1.60 28.19  23.83 22.86 15.74 12.70 

4 700 (-1) 4 (1) 10 (-1)  25.12 25.07 0.04 14.64  20.24 34.97 19.67 12.31 

5 700 (-1) 4 (1) 30 (1)  32.25 32.41 -0.16 21.96  23.12 27.21 17.42 12.64 

6 800 (0) 2 (-1) 20 (0)  41.23 39.25 1.97 34.23  17.85 22.92 18.00 13.15 

7 800 (0) 3 (0) 10 (-1)  41.12 39.51 1.60 33.48  16.37 23.63 18.88 13.27 

8 800 (0) 3 (0) 20 (0)  41.59 44.02 -2.43 34.34  20.22 22.64 15.55 12.61 

9 800 (0) 3 (0) 30 (1)  42.23 42.61 -0.38 36.01  20.43 20.98 16.36 13.00 

10 800 (0) 4 (1) 20 (0)  39.42 40.17 -0.75 30.59  19.11 25.14 16.33 12.52 

11 900 (1) 2 (-1) 10 (-1)  35.58 35.71 -0.13 25.56  18.86 30.12 15.44 11.75 

12 900 (1) 2 (-1) 30 (1)  34.21 34.56 -0.35 26.12  20.54 25.37 19.88 13.41 

13 900 (1) 3 (0) 20 (0)  42.88 43.26 -0.38 36.91  22.66 20.34 14.12 12.55 

14 900 (1) 4 (1) 10 (-1)  33.57 33.73 -0.16 24.25  21.28 26.10 19.05 13.13 

15 900 (1) 4 (1) 30 (1)  40.98 39.93 1.04 35.24  23.00 19.13 16.89 13.38 
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3. Results and Discussion 1 

3.1 Analysis of product distribution  2 

 3 

Fig. 2 shows the fractions of reaction products during the SB biomass gasification at different 4 

experimental conditions reported in Table 2. Typically, the gas is the major product produced 5 

during the gasification of biomass. Meanwhile, some amount of the biomass could be converted 6 

to the tar and char by-products of biomass gasification process. Generally, bio-tar is considered 7 

as an undesired by-product and it can result in many serious obstacles for instance blockage of 8 

gasifier due to condensation, development of tar aerosols and metal corrosion etc. Whilst, char is 9 

mainly resulted during the pyrolysis stage [40, 41]. As shown in Fig. 2, the gas was significantly 10 

higher than tar and char within experimental parameters range examined. Conversely, tar was 11 

found to be the second highest product, particularly at lower temperatures and shorter residence 12 

time. In current study, the obtained yields of gas, tar and char peaked from 71.91 to 79.33 wt.% 13 

(see run 1 and 12 in Fig. 2), 10.1 to 15.23 wt.% (see run 13 and 1 in Fig. 2), and 9.85 to 12.86 14 

wt.% (see run 12 and 1 in Fig. 2), respectively, which indicates that gasification of SB own a 15 

great potential for gaseous production.  16 

 17 

Fig. 3 (a – f) shows the combine effect of experimental parameters (i.e. temperature, SB loading 18 

and residence time) on composition of products (gas, tar and char) from the gasification of SB 19 

biomass. It can be observed from the experimental results (Fig. 3 a – f) that gasification product 20 

distribution was considerably influenced by the reactor temperature followed by residence time. 21 

According to Fig. 3 a and b, the increased reactor temperature and residence time promote the 22 
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increased production of gas mainly from conversion of bio-tar (Fig. 3 c and d), whereas minimal 1 

impact of SB on gas production could be seen (Fig. 3 a). 2 
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Fig. 2. Product distribution of SB biomass gasification under three different experimental 4 

conditions, temperature (700 – 900 ℃), SB loading (2 – 4 g) and residence time (10 – 30 min). 5 

 6 

By varying the reactor temperature from 700 to 900 ºC, the gas yield increased considerably 7 

from 71.91 to 79.33 wt.%, whilst the bio-tar decreased sharply from 15.23 to 10.1 wt.%. In case 8 

of char, although it was decreased with increase in reactor temperature and residence time but 9 

not as bio-tar and is possibly converted into gas. The increment in gaseous yield could be 10 

ascribed to the conversion of bio-tar/vapors and char with respect to growing heating carrier 11 

temperature, subsequently higher bio-tar and char can be possibly altered into gas via thermal 12 

cracking reaction and Boudouard reaction, respectively [42]. The higher amounts of bio-tar and 13 
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char production were mainly supported by SB loading at lower temperature and residence time 1 

(Fig. 3 e and f). Yahaya et al. conducted the gasification two biomasses (coconut and palm 2 

kernel shell) and reported the thermal decomposition of tar and char with respect to increasing 3 

reactor temperature, leading to higher gas yield [43]. On the other hand, higher temperatures may 4 

facilitate the breakdown of C-C and C-O band, resulting in lower the particles size and 5 

encourage the probability of transforming them into reduced gas particles [25]. In general, bio-6 

tar and char conversion into gaseous product is an endothermic process supported by tar cracking 7 

and Boudourad reactions [43]. Thus, an enhanced reactor temperature would thermodynamically 8 

favor the tar and char conversion into gas, thereby decrease the fractions of bio-tar and char in 9 

product distribution. These findings are similar with other studies reported [42, 44]. Luo et al. 10 

presented a novel concept to investigate the reliability of heat recovery from blast furnace (BF) 11 

slag as thermal media for gasification using a continuous moving-bed reactor. The results show 12 

that the increasing temperature from 800 – 1200 ℃ significantly enhanced the total gas yield, 13 

whilst tar and char were decreased. This phenomenon was attributed to the decomposition of tar 14 

and char via Boudourad and thermal cracking reactions at higher temperature [42]. Hu et al. 15 

explored the effect of reactor temperature on tar reduction from co-gasification of wet sewage 16 

and sawdust in a bench scale reactor. The results showed that the reactor temperature ranging 17 

from 600 to 900 ℃ not only considerably increased the gas yield from 63.43 wt.% to 80.58 wt.% 18 

but diminished tar (i.e. 15.34 to 2.19 wt.%) and char (i.e. 21.23 to 17.23 wt.%) yields [44]. The 19 

pyrolysis at low temperature (300 ℃) transforms up to 90 wt. % of the original organic solids to 20 

char due to high vapour residence time [45]. The bio-oil yields increases causing to a decline in 21 

char at moderate temperature (500 ℃). Beyond 500 ℃, the bio-oil declines with upsurge in 22 

temperature due to the thermal cracking (i.e., secondary tar reaction of the volatiles) [46], 23 
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resulting to increase in gas yield [47].  Thus, depending on the various parameters such as 1 

biomass composition, biomass particle size, heating rate and reactor temperature as well as the 2 

residence time, bio-tar and char could be altered into gaseous products comprising of H2, CO, 3 

CO2 and CH4 [25]. Table 3 shows the analysis of variance (ANOVA) to construct the empirical 4 

prediction models and the significance of experimental parameters on gas, tar and char. Both 5 

linear and square effects with respect to experimental parameters were studied, including their 6 

interactions, on the product distribution. Typically, a mathematical model is considered as 7 

suitable when its ANOVA attains high statistical significance, with P-values <0.05, which shows 8 

a 95% confidence level. In addition, the P-value verifies the comparative rank of specific 9 

parameters. The smaller the P-value for a parameter, the more significant the parameter. For 10 

instance, for reaction products, the P-value (0.000) of reactor temperature was smaller than those 11 

of residence time (0.008), whereas SB loading had P-value of 0.392 (non-significant). This 12 

implies that the reactor temperature exhibited more contribution to the fitted model than 13 

residence time. The coefficient (R
2
) and adjusted coefficient (R

2
) corresponding to the gas, tar 14 

and char were found to be R
2
 = 0.98, 0.99 and 0.97 and 0.97, 0.97 and 0.92, respectively. 15 
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Fig. 3. Three-dimensional response plots (a-f) of gas, bio-tar and char: combined effect of 2 

temperature (700 – 900 ℃), SB loading (2 – 4 g) and residence time (10 – 30 min).3 
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1 

Table 3. ANOVA results for product distribution (Gas, Tar and Char). 2 

 Gas (wt. %)  Tar (wt. %)  Char (wt. %) 

Response variables SS DF P  SS DF P  SS DF P 

Linear          

T
*
 65.99 1 <0.001  28.32 1 <0.001  7.84 1 <0.001 

SB
**

 0.17 1 0.392  0.00 1 0.94  0.19 1 0.138 

RT
***

 8.63 1 <0.001  3.63 1 <0.001  1.06 1 <0.008 

Square            

T
2
 3.49 1 <0.008  5.81 1 <0.001  0.29 1 0.079 

SB
2
 1.92 1 <0.025  1.58 1 <0.010  0.16 1 0.621 

RT
2
 1.38 1 <0.044  0.73 1 <0.041  0.10 1 0.249 

Combined 

interaction 
           

T × SB 1.55 1 <0.037  0.03 1 0.584  1.13 1 <0.007 

T × RT 0.01 1 0.791  0.08 1 0.399  0.02 1 0.531 

SB × RT 0.94 1 0.079  0.38 1 0.104  0.12 1 0.216 

Error / Lack of fit 0.98 5   0.49 5   0.30 5  

Total 93.78 14   49.89 14   11.02 14  

R
2
 0.98    0.99    0.97   

Adj-R
2
 0.97    0.97    0.92   

*
T = Temperature; 

**
SB = Sugarcane bagasse loading; 

***
RT = Reaction time 3 
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3.2. Analysis of gaseous products 1 

The gasification was performed under varying conditions of temperature, SB loading and 2 

residence time. Regarding the selection of the well-fit model, as listed in Table S1, the 3 

quadratic model was suggested amongst all models, i.e. linear, 2FI, quadratic, and cubic 4 

(presented by DX-10 software) due to the minimum sequential P-value, and almost higher 5 

integrated values for Adjusted R
2
 and Predicted R

2
. Table S2 and Table 4 presents the gas 6 

constituents, such as H2 (includes actual, predicted and residual values), CO, CO2 and CH4 as 7 

well as their lower heating value (LHV). During the tests, the H2 and CO2 were seen to be the 8 

main gases produced from gasification of SB.  9 

 10 

As shown in Table S2, for all responses (i.e., H2, CO, CO2, and CH4) the amount of p-value 11 

less than 0.05 confirms that all models are significant. However, the value of some statistical 12 

terms, such as the difference of adjusted R
2
 and predicted R

2
 which should be <0.2, was not 13 

desirable to prove the suitability of the models based on the experimental data and predicted 14 

values. The list and values of unmodified models are reported in Table S2. As listed in Table 15 

S2, undesirable statistical values (defined in the following) might cause a large block 16 

influence or a probable issue with the model and/or data. The possible way that should be 17 

taken into account are model reduction by eliminating insignificant terms, response 18 

transformation, outliers, etc. Additionally, according to the fundamental of the design 19 

method, it is possible to remove insignificant terms (holding p-value > 0.05) to simplify the 20 

model, and consequently, improve the statistical terms representing the accuracy and 21 

reliability of the model to predict the behavior of the system and/or mechanism (DX-10 [48]. 22 

Fermoso et al. studied the combined effect of operating variables such as temperature (900 - 23 

1000℃), steam (25 – 55 vol.%) and oxygen (5 – 15 vol.%) concentration via response surface 24 

methodology for H2 rich gas production from coal in high pressure fixed bed gasifier. They 25 
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performed ANOVA to examine the significance of quadratic model to the experimental data. 1 

The model terms were assessed by means of the p-value at a 95% confidence level. The 2 

insignificant terms (p-value > 0.05) from the models were removed to improve the model 3 

fitting [31]. Therefore, in the current study the insignificant terms for all responses (i.e., H2, 4 

CO, CO2 and CH4) were eliminated to enhance the statistical terms of developed models as 5 

detailed in Table 4. 6 
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Table 4. ANOVA results for gaseous products 1 

Responses 

Gas production 

(mol%) 

Final equations in 

terms of coded factors 

Significant 

model terms 

F-value P-value R
2
 Ajd R

2
 Pred R

2
 Adeq. 

Precision 

Std. 

Dev. 

Mean C.V.

% 

H2 +43.18 +3.65 A +0.46 

B +1.55 C +1.84 BC -

5.26 A
2
 -5.16 B

2
 

Quadratic 

model: 

 

A, BC, A², B² 

13.50 

 

0.0008 

 

(<0.08%) 

0.91 

 

0.84 

 

0.71 

 

11.65 

 

2.33 

 

36.23 

 

6.43 

 

CO +19.73 -0.23 A +0.80 B 

+1.22 C +3.64 A
2
 -1.13 

B
2
 -1.21 C

2
 

Quadratic 

model: 

 

B, C, A², B², 

C² 

18.89 

 

0.0003 

 

(<0.03%) 

0.93 

 

0.88 

 

0.75 

 

13.11 

 

0.70 

 

20.60 

 

3.42 

 

CO2 +20.66 -2.69 A -0.88 B 

-2.71 C +1.44 A
2
 +3.87 

B
2
 +2.14 C

2
 

Quadratic 

model: 

 

A, C, B² 

9.04 

 

0.0033 

(<0.33%) 

0.87 0.78 

 

0.51 

 

9.81 

 

2.23 

 

25.62 

 

8.72 

 

CH4 +15.95 -0.73 A -0.38 B 

-0.06 C -1.34 BC +2.39 

C
2
 

Quadratic 

model: 

 

BC, C² 

5.31 

 

0.0152 

 

(1.52%) 

0.75 

 

0.61 

 

0.34 

 

7.07 

 

1.23 

 

17.54 

 

7.03 

 

 2 

 3 

 4 
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To be specific, an F-test is a statistical test that is often used to compare statistical 1 

correlations fitted to a set of data, in order to determine whether the correlation fits the data 2 

collection [49]. Briefly, the F-value of > 0.90 indicates that model is significant, and the 3 

desirable percentage of the P-value < 0.05% reveals only 0.05% probability for an F-value 4 

with that amount to occur because of noise (DX-10 [48]). For example, in the case of H2 5 

model shown in Table 4, F-value of 13.50 and desirable P-value percentage of <0.08% show 6 

the significance of quadratic model. In this work, due to the reliability and stability of 7 

machine and accuracy of results, the experiments were not repeated in the center point for 8 

several times, else another statistical term named Lack of Fit could be another good reference 9 

to show if a model fits the data or not [50]. 10 

The comparison of predicted R
2
 and adjusted R

2
 reveals the degree of the reasonable 11 

agreement between them. In the case of all developed models, the elimination of insignificant 12 

terms improved the statistical values, so that the predicted R² corresponding to all responses 13 

is in reasonable agreement with the adjusted R² with a difference less than 0.20, except CH4. 14 

From the ANOVA analysis, the determination coefficient (R
2
) and the adjusted determination 15 

(Adj. R
2
) values for response variables (H2, CO, CO2 and CH4) are sufficiently high, so that 16 

the suitability among the experimental and the predicted results are confirmed by desirable 17 

difference of adjusted R
2
 and predicted R

2
 (<0.2). Moreover, adequate precision is another 18 

measurement to depict the signal-to-noise ratio, which compares the range of predicted 19 

values at various operating conditions (the design points) to the average prediction error 20 

(DX-10 [48]). In fact, the adequate precision provides another way to evaluate the adequacy 21 

of a model for predictive purposes. The desirable ratio of aadequate precision is >4 which 22 

indicate adequate model discrimination [51]. According to the values listed in the Table 4, all 23 

developed models have adequate precision values >7 confirming their desirable amount. 24 

Furthermore, the coefficient of variance (C.V.%) is another term that is the ratio of estimated 25 
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standard error to the mean value of the response. In fact, C.V. < 10% indicates the high 1 

accuracy, reproducibility and dependability of the experiments [50-52]. According to the 2 

C.V. values presented in Table 4, all models possess a C.V. < 9.0% showing the great 3 

precision, reliability and dependability of the experimental data acquired and associated 4 

models for four above-mentioned responses. Nevertheless, in Table 4, the final equations are 5 

presented in coded factors, which can be applied to predict the effectiveness for specific level 6 

of each factor based on the coded amounts. The factors coded with +1 represent high level 7 

and factors coded with -1 are considered as the low level. The coded factors enable to 8 

identify the comparative influence of the any specific factor on response variable and its 9 

interactions by comparing the factors coefficients (DX-10 [48]). The ranges of the gas 10 

products composition were 25.12 – 42.88 mol% for H2, 16.37 – 23.83 mol% for CO, 19.13 – 11 

34.97 mol% for CO2 and 14.12 – 20.86 mol% for CH4. According to Table 2, the H2 fraction 12 

of 42.88 mol% (36.91 g kg-biomass
-1

) was obtained when experiment was conducted at 13 

900 ℃ with 3 g of SB loading for 20 min of residence time. The lower H2 of 25.12 mol% 14 

(14.64 g kg-biomass
-1

) was attained at lower temperature (700 ℃), higher SB loading (4 g) 15 

and lower residence time (10 min). Similar results were found from other studies [5]. 16 

According to Fig. 2 (a, b) pertaining to H2 production, a slightly higher H2 can be also 17 

produced under other operating conditions with lower temperature (~800 °C), equal SB 18 

amount (~3 gr), but higher retention time (~30 min). The exact optimum point in terms of 19 

highest H2 production can be calculated by developed model for H2 generation (shown in 20 

Table 4), in order to be nominated as the optimum experimental point in terms of lower 21 

energy consumption while higher energy generation. Nonetheless, the syngas LHV varied 22 

from 11.75 – 13.41 MJ Nm
-3

. The syngas LHV of 14.92 MJ Nm
-3

 has been regarded 23 

appropriate for dissimilar industrial usages for instance gas engines, boilers and methanol 24 

[37].  25 
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The combined effect and variations of experimental parameters on syn-gas and by-products 1 

are shown in Fig. 4. The three-dimensional (3D) surface responses in Fig. 4 (a-h) display the 2 

H2, CO, CO2 and CH4 production. According to Fig. 4 a and b, it can be observed that 3 

increasing reactor temperature and residence time are highly favorable experimental 4 

parameters to support the continuous H2 production followed by SB loading. In Fig. 4 c and d, 5 

CO yields were also considerably supported by increasing reactor temperature, whereas 6 

increasing residence time and SB loading do not favor CO production. On the other hand, the 7 

increase in reactor temperature and residence time significantly decreased the CO2 and CH4 8 

production (Fig. 4 f and h). This considerable increase in H2 and CO production indicates 9 

temperature as the most important parameter during the biomass gasification. According to 10 

the Le Chatelier principles, higher reaction temperatures support reactants in endothermic 11 

reactions [5]. Therefore, endothermic reactions for instance waster-gas reaction (C + H2O ↔ 12 

CO + H2) [53, 54], reverse Boudoard reaction [C (char) + CO2  ↔ 2CO)] [55] and reforming 13 

reaction (CH4 + CO2 ↔ 2CO  + 2H2) [56, 57] are the key dynamics behind the upsurge of H2 14 

and CO production and the decline of CO2 and CH4. Also, secondary reactions, for instance 15 

tar cracking and reforming may also promoted to an upsurge in H2 and CO production 16 

[43].Thus, the simultaneous reactions and tar conversion (see Table 2 and Fig. 4 c and d) are 17 

the responsible for the upsurge of H2 at higher temperature, lower SB loading and higher 18 

residence time. Furthermore, positive effect of residence time on H2 production can be 19 

attributed to the heat transfer phenomenon, where longer residence time led to higher thermal 20 

decomposition of biomass into gas. Fermoso et al. gasified coal in fixed bed gasifier and 21 

reported significant increase in H2 production via endothermic gasification reactions 22 

supported by increasing reaction temperature [31]. In addition, the heavy hydrocarbons at 23 

elevated temperatures favor H2 production via the carbonization reaction (CnHm →nC + 24 

m/2H2), thereby decreasing the tar content with increasing temperature [56]. Cao et al. 25 
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reported the decreasing trend of H2 production with increase in SB biomass from 3 to 12 1 

wt.%, while the molar fractions of CH4 and CO2 exhibited an escalating trend [5, 58]. 2 

However, in this study, compared to reactor temperature and residence time, SB showed 3 

negligible positive effect on H2 production, which could be because of more reactive groups 4 

per unit volume to change the equilibrium of the water-gas shift reaction (CO + H2O ↔ CO2  5 

+ H2) to the right [58, 59]. This could also be the reason of decreasing H2 production that 6 

increasing SB loading would decrease the moisture content (moisture contained in biomass) 7 

in the reactor which in turn would suppress the steam reforming reaction (CH4 + H2O ↔ CO 8 

+ 3H2). Furthermore, increased biomass loading may cause less contact time per volume of 9 

oxidizing agent and thereby fewer oxygen interaction with feedstock [60]. Therefore, 10 

biomass loading increment caused less volatiles and consequently reduced the gasification 11 

process. As a result, the SB biomass sample remained partly gasified as reported in Fig. 2.  12 

 13 

As shown in Fig. 4 e and f, an increase in temperature significantly decreases the fraction of 14 

CO2 likely due to occurrence of the endothermic nature of the reactions such as Boudourad 15 

(C + CO2 ↔ 2CO) and reverse water gas reaction (CO2 + H2 ↔ CO + H2O) those are favored 16 

at high temperature, whereas steam methane reforming reactions (CH4 + H2O ↔ CO + 3H2) 17 

decreased CH4 fraction (Fig. 4 g and h). However, overall, more fraction of CO2 than CO 18 

was observed in this study, where the ratio of CO/CO2 ranged between 0.57 (see Table 2, run 19 

= 4 and 1.2 (see Table 2, run = 15).  20 

 21 

Another noteworthy phenomenon could be that the WGS reaction (CO + H2O ↔ CO2 + H2) 22 

performs a crucial role during biomass gasification to promote the H2 fraction in gaseous 23 

products, where CO in the presence of moisture (contained in cellular structure of biomass) 24 

will be converted into H2 and CO2. As a results, CO fraction in current study was  reduced as 25 
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shown in Table 2 and Fig. 4 c and d. Cao et al. and others reported the similar trend, 1 

indicating that the promotion of H2 and CO fractions regarding reactor temperature was 2 

eased through endothermic nature of the primary gasification and the secondary reactions [5, 3 

61]. On the whole, a higher temperature, a lower SB loading and a longer residence time 4 

supported the gasification of SB, leading to a higher H2 production in gaseous products. 5 

6 
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Fig. 4. Three-dimensional response plots (a-h) of H2, CO, CO2 and CH4 production: 2 

combined effect of temperature (700 – 900 ℃), SB loading (2 – 4 g) and residence time (10 – 3 

30 min). 4 

3.3. Statistical optimization of gaseous product 5 

The results from the CCD were tested via statistical analysis to ascertain the significant 6 

process parameters that influence the production of gas constituents. According to analysis, 7 

the H2 production estimation can be achieved via a quadratic regression model: 8 

 9 

H2 concentration  10 

= 3.65 x1 – 5.65 x1
2
 – 5.16 x2

2
 + 1.84 x2 x3 + 1.55 x3 + 0.4560 x2  11 
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 1 

Where x1, x2 and x3 indicate the reactor temperature, SB loading and residence time. The 2 

standardized Pareto chart in Fig. 5, shows the simplified influence of each experimental 3 

parameters on H2 production. As mentioned, Design Expert (DX v. 10) was used to 4 

accomplish the analysis of variance (ANOVA) and the corresponding effects are given in 5 

Table 4. ANOVA analysis confirms the statistical importance of the variables and 6 

appropriateness of the model. The values of p<0.05 specify that the model parameters are 7 

significant. Thus, amongst the three experimental parameters, temperature (T) was observed 8 

as the most significant parameter with p-value of <0.0011. This is followed by residence time, 9 

which has supported H2 production with p-value of 0.0689. However, SB loading did not 10 

support H2 production. Cao et al. and Rashidi et al. reported temperature as the most 11 

significant experimental parameter when gasifying SB followed by residence time, whereas 12 

increasing SB loading decreased H2 concentration in gaseous products [5, 62]. This infers 13 

that the reaction temperature and residence time are the most crucial parameters that support 14 

the total gas and H2 yield in SB gasification. Furthermore, considerably square and 15 

interaction/combined model terms for syngas (H2 and CO) production are: T
2
, SB

2
, SB × RT 16 

and T
2
, SB

2
, RT

2
 with p-value of 0.0054, 0.0060, 0.0562 and <0.0001, 0.0333, and 0.0251, 17 

respectively.  18 

 19 

The effectiveness of the selected model was further validated based on the correlation co-20 

efficient value. From the ANOVA analysis, the very high amount for determination 21 

coefficient (R
2
) and the adjusted determination (Adj. R

2
) values for response variables (H2, 22 

CO, CO2 and CH4) are sufficiently high, so that the suitability among the experimental and 23 

the predicted results are confirmed by desirable difference of adjusted R
2
 and predicted R

2
 24 
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(<0.2). Moreover, it also indicates that the experimental results and the predicted values are 1 

in good agreement as shown in Table 2.  2 

P= .05

-ve

+ve

A: Temp.

A2

C2

AB

AC

B2

BC

P value

C: Res. time

B: Bagas. load

 3 

Fig. 5. Standardized Pareto char for H2 production from SB biomass gasification. Amongst 4 

the parameters studied, temperature is the highly significant parameter to support H2 5 

production in product gas. +ve signs shows synergistic effect and –ve sign shows 6 

antagonistic effect of specific parameters on desired product.  7 

3.4 Diagnostics of Response Models 8 

The validation of developed models for the production of H2, CO, CO2, and CH4 can be 9 

verified considering few diagnostic plots, namely normal probability vs residual plot, 10 

residual vs experimental data plot and residual vs predicted plot. Generally, aforementioned 11 

plots are used in order to confirm the residual analysis of the RSM-CCD and to certify the 12 

analysis data fit with the aid of statistical assumptions. To be specific, normal probability plot 13 

helps to determine whether the experimental results follow a normal distribution [51]. 14 

Regarding normal probability vs. residual plot, the model normalcy assumption is regarded 15 
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as satisfied if the residual plot stays on a straight line [52, 63]. Various major plots have been 1 

shown in Fig. 6, Fig. 7 and Fig. S1, consequently. As shown in Fig. 6, all the points are lying 2 

very near to the straight line of 45-degree without any kurtosis or skewness in the sample 3 

distribution, indicating that the normal distribution of the standard deviations between the 4 

actual and the predicted values [64, 65]. 5 

 6 

Fig. 6. Normal probability vs. residuals for H2 production.  7 

Additionally, the plots (i.e., externally standardized residuals) considered for representing 8 

residuals vs. experimental data and residuals vs. predicted are capable and accessible 9 

approaches in order to identify the outlier results for each actual data and predicted values, 10 

respectively [51, 66].  11 

In terms of residual vs. predicted plot of responses, the suggested models maybe used, when 12 

most of points corresponding to empirical data are arbitrarily distributed in constant range of 13 

residuals across the plot (i.e., surrounded by the horizontal lines possessing a spectrum of 14 
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±delta [67]. Thus, as elucidated in Fig. 7 (a and b), the discrepancies within results and 1 

potentially influencing outliers were identified neither for the empirical data nor predicted 2 

values.  3 

4 
Fig. 7. The plots of (a) residuals vs. experiments and (b) residuals vs. predicted values for H2 5 

production.  6 

Fig. S1 Shows the models authentication by removing (a) CO, (b) CO2 and (c) CH4 7 

production with the help of normal probability vs. residual, residual vs. run and residual vs. 8 

predicted plots. As depicted in Fig. S1, most of the respective points are near the straight line 9 

of 45-degree without any kurtosis or skewness in the sample distribution, indicating the 10 

normal distribution of empirical data. Furthermore, the plots of superficially standardized 11 

residuals exercised for showing residuals vs. experimental and residuals vs. predicted are 12 

effective and obtainable approaches to identify the outlier data for each actual experimental 13 

data and predicted values, respectively.  So, as demonstrated in Fig. SI (a - c), the 14 

contradictories result and influencing outliers were identified neither for the empirical data 15 

nor predicted values. 16 

17 
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4. Conclusion 1 

The gasification of SB biomass was performed using central composite design. The statistical 2 

analysis conducted in order to study the effect of experimental parameters on responses (H2, 3 

CO, CO2, and CH4). The development of interaction amongst the experimental parameters 4 

stipulated constructive statistics in relation to the SB gasification process that would not have 5 

been known, by means of the conventional manual experimental methods. Based on the 6 

response plots referring to the models and the ANOVA results, reactor temperature was the 7 

most influential parameter followed by residence time. An upsurge in the reactor temperature 8 

and influential considerably decreased the production of bio-tar, CO2 and CH4 fractions. 9 

Optimum conditions to obtained highest yield of H2 include a temperature of 900 ºC, the SB 10 

loading of 3 g and the residence time of 20 min. Overall, it was incurred that an elevated 11 

reaction temperature, a lower SB loading and extended reaction time support the gasification 12 

of SB, leading to a hydrogen-rich gas production. 13 

 14 
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