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Abstract 

Multivariate analysis was used to study the influence of the biomass 

characteristics on the gasification process. Ten lignocellulosic biomass samples (almond 

shells -AS-, chestnut sawdust -CHE-, torrefied chestnut sawdust -CHET-, cocoa 

shells -CS-, grape pomace -GP-, olive stones -OS-, pine cone leafs -PCL-, pine 

sawdust -PIN-, torrefied pine sawdust -PINT-, and pine kernel shells -PKS-) were 

gasified in a bubbling fluidized bed gasifier under an air-steam atmosphere. Statistical 

analysis was applied to the variables that described the results of the gasification 

process, i.e., gas concentration, gas production (moles), calorific value of the product 

gas, energy density, and cold gas efficiency, together with the main biomass properties, 

such as those derived from the elemental and proximate analyses, the higher heating 

value (HHV), the particle density, and the elemental composition of the ashes. 

Hierarchical cluster analysis (HCA) and principal component analysis (PCA) were 

applied to the data of biomass properties and gasification parameters in order to 

elucidate which feedstock features had a more determinant influence on the gasification 

process. Both HCA and PCA revealed a clear separation of the biomass samples into 

two main groups on the basis of the gasification results. The results indicated that PKS, 

PCL, PINT, OS and PIN biomasses were characterized by high production of 

combustible gases, such as CO and CH4, high conversion and cold gas efficiency during 

gasification. This indicated that the most important biomass properties for promoting 

the gas production, calorific value of the product gas, gasification conversion and 

energy efficiency were the C and H contents and the HHV of the biomass. However, 

biomasses CS and GP were mainly characterized by high H2 concentration and H2/CO 

molar ratio in the gas product, which was mainly related to the higher H/O ratio and 

K2O ash content of the biomass. The H2 concentration in the product gas was negatively 

                                                 
 Corresponding author. Tel.: +34 985 11 90 90 

E-mail address: victoria.gil@incar.csic.es (M. V. Gil) 



 2 

related to the O and VM contents of the biomass. Therefore, it can be concluded that the 

use of multivariate statistical techniques for analyzing gasification data facilitated to 

draw valuable conclusions about the influence of the biomass properties on the 

gasification results. 
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Abbreviations: AS, almond shells; CGE, cold gas efficiency (%); CH4: CH4 

concentration (vol.%) in the gasification gas; CHE, chestnut sawdust; CHET, torrefied 

chestnut sawdust; CO, CO concentration (vol.%) in the gasification gas; CO2: CO2 

concentration (vol.%) in the gasification gas; CS, cocoa shells; Edensity: energy density 

(MJ/kg biomass); FC, fixed carbon; GP, grape pomace; H/O, biomass H/O ratio; H2: H2 

concentration (vol.%) in the gasification gas; H2+CO: syngas concentration (vol.%) in 

the gasification gas; H2+CO+CH4: combustible gas concentration (vol.%) in the 

gasification gas; HCA: hierarchical cluster analysis; HHVbiomass: higher heating value of 

the biomass (MJ/kg); HHVgas: higher heating value of the gasification gas (MJ/Nm3); 

MC, moisture content; mol CH4: mol CH4/mol biomass; mol CO: mol CO/mol biomass; 

mol CO2: mol CO2/mol biomass; mol COMBUSTIBLE: mol (H2+CO+CH4)/mol 

biomass; mol H2: mol H2/mol biomass; mol SYNGAS: mol (H2+CO)/mol biomass; OS, 

olive stones; PC, principal component; PCA, principal component analysis; PCL, pine 

cone leafs; PIN, pine sawdust; PINT, torrefied pine sawdust; PKS, pine kernel shells; 

RSD, relative standard deviation (%); S/A, steam/air ratio; SR, stoichiometric ratio; 

VM, volatile matter; vol GAS: gas yield (Nm3/kg biomass) 

 

1. Introduction 

Nowadays biomass is considered as a carbon neutral and renewable source of 

energy production. The carbon dioxide released during the combustion of biomass is 

that which is absorbed from the atmosphere during the growth of the biomass. It 

therefore counteracts the greenhouse effect. 

Biomass has traditionally been used to produce heat by combustion, but it could 

also be used to produce biofuels by the application of thermochemical or biochemical 

processes. Of the possible thermochemical routes for the use of biomass, the 
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gasification of biomass and the reforming of the bio-oil produced from biomass 

pyrolysis have been pointed out as the most investigated pathways, which are used for 

the generation of hydrogen from renewable sources [1]. Therefore, the gasification 

process has become one of the most attractive technologies for converting biomass into 

valuable fuels in the current energy scenario. The process converts biomass into a 

combustible gaseous mixture, which consists mainly of H2 and CO (referred to as 

syngas), but also contains CH4 and CO2 and minor amounts of other components [2]. 

Many research studies in the literature focused on the effect of different operating 

variables (pressure, temperature, gasifying agent, biomass particle size, reactor 

characteristics) on the biomass gasification process [3-14]. However, few studies in the 

literature aimed at comparing the gasification performance of several biomass samples 

[15, 16], while the influence of the characteristics of the biomass samples on the 

gasification results has hardly received attention [17]. Biomass or organic residues are 

very complex materials, and the interactions between their properties are intrinsically 

complicated, making it difficult to relate the gasification results to the characteristics of 

the biomass [15]. However, gasifiers need to be flexible concerning their fuel input 

since it is useful to process in the same gasifier different biomass feedstocks, which are 

locally generated or produced. This will lead to greater operation flexibility and 

minimize the effect of seasonal fuel supply variations. 

Biomass fuels comprise all types of organic material produced in a renewable way 

and often they are derived from industrial activity residues. There is a wide range of 

biomass types, apart from the commonly used woody biomass, including industrial 

wood waste and co-products, agricultural residues, energy crops, and waste products 

from the food industry, such as fruit shells. All of these biomass materials can be used 

to produce energy. In addition, residual biomass may be less costly than wood, allowing 

the production of cheap fuels, besides being an environmentally friendly waste 

management option. 

In view of the lack of research works directed at evaluating possible relationships 

between the biomass properties and gasification parameters, an attempt to correlate 

these variables was made by our research group in a previous study, where the product 

gas composition, heating value, energy density, and cold gas efficiency of the gas 

obtained after the biomass air-steam gasification were investigated [18]. However, it is 

clear that an isolated assessment of the biomass properties cannot provide a complete 
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picture of their effect on a given thermochemical process, and that an integrated 

analysis of the different parameters would yield far more information than if every 

variable were analyzed individually. 

Chemometric data analysis can be a powerful tool for evaluating large sets of 

experimental data, as it gives an integrated appraisal of the data making it easier to draw 

conclusions. Conventional univariate statistics are too limited for this objective. In 

contrast, a multivariate analysis takes into account many variables which are analyzed 

simultaneously and yields much more information about the characteristics of a process, 

as it is able to deal with a large number of intercorrelated variables [19, 20]. In short, the 

study of a number of properties using multivariate analytical methods is essential for a 

more comprehensive understanding of chemical processes, offering new possibilities for 

scientific research. Two of the most widely used multivariate techniques are hierarchical 

cluster analysis (HCA) and principal component analysis (PCA). 

In general, chemometric methods are not the most commonly used tools in energy 

research for interpreting the results. However, in recent years, a few works have been 

published on the use of multivariate analytical techniques in order to facilitate an 

integrated analysis of data sets related to gasification research. Thus, Mirmoshtaghi et 

al. [21] applied multivariate statistical analysis (PCA and partial least squares 

regression, PLS-R) to study the influence of gasification parameters in circulating 

fluidized bed gasifiers using literature-based data and found that temperature, 

equivalence ratio (ER) and biomass particle size were the most influential parameters in 

carbon conversion. Đurišić-Mladenović et al. [22] compared by PCA different co-

gasification conditions using the syngases obtained and concluded that the temperature 

had a primary effect on the CO concentrations and syngas yields, whereas the air ratio 

played only a secondary role. 

Škrbić et al. [23] compared the syngases obtained by gasification of biomass, 

polyethylene, waste tire and coal by applying PCA to literature-derived data, and they 

found that syngases from coal and waste tire gasification had the highest H2 content and 

H2/CO values. Chemometric studies by using PCA and HCA were also applied to 

determine the influence of fuel ash composition on the steam co-gasification of coal and 

biomass, which showed that higher total gas and hydrogen volumes were associated 

with the catalytic effects of biomass ash-derived metal oxides, mainly K2O [24, 25]. 
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HCA has also been applied in the selection of the optimal operating parameters for 

biowaste utilization in co-gasification with bituminous coal and lignite [26, 27]. 

Dellavedova et al. [17] also used PCA to study the gasification process, including 

in their analysis certain biomass characteristics together with the gasification conditions 

and the gas properties. These authors used a set of data gathered from studies in the 

literature, and they concluded that multivariate analysis did not provide strong evidence 

of correlations between the syngas composition and biomass characteristics, since the 

most important variables were those associated to the gasification process conditions. 

The studies mentioned mainly analyzed data gathered from previous research 

works published in the literature, and therefore obtained under different gasification 

conditions, since they focused on evaluating the influence of the operating parameters 

upon the quality of the syngas produced. In the present work, in order to prevent the 

influence of the biomass properties on the process performance being masked by 

variations in the operating conditions of the process, which could have a very 

pronounced effect on the results, the gasification conditions were excluded from the 

analysis. Establishing the main correlations between the biomass characteristics and the 

gasification results will be useful for the design and operation of biomass gasifiers. The 

use of multivariate analysis for an overall and more complete assessment of the effect of 

the biomass properties upon the gasification process is then proposed. 

Ten biomass samples of different characteristics and origin, including woody 

biomass, forest, and food industry wastes, were gasified under identical conditions for 

comparison. The multivariate methods employed to evaluate the data were HCA and 

PCA. HCA forms groups of samples according to their similarity, which are represented 

in the form of dendrograms, whereas PCA represents the samples in the space formed 

by linear combinations of the original variables that explain most of the information 

contained in them. These techniques are able to analyze simultaneously a large number 

of parameters, thereby facilitating the interpretation of the results. These methods take 

into account the correlation between different variables, reducing and simplifying large 

sets of data. The aim of this study was to compare biomass samples on the basis of their 

gasification performance in order to determine which biomass properties had the 

greatest influence on the gasification results. 

 

 

https://www.sciencedirect.com/topics/engineering/bituminous-coal
https://www.sciencedirect.com/topics/engineering/lignite
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2. Material and methods 

2.1. Biomass characterization 

Ten lignocellulosic biomass samples were selected to study the air-steam 

gasification process. Four woody materials were used: a softwood biomass, pine 

sawdust (PIN), and a hardwood biomass, chestnut sawdust (CHE), together with their 

torrefied products (PINT and CHET, respectively). Torrefaction was performed by 

heating the sample at 280 ºC for 1 h in a Nabertherm RSR horizontal tubular rotary 

furnace. In addition, five seasonal wastes, supplied by local Spanish food industries, 

were selected: almond shells (AS), cocoa shells (CS), grape pomace (GP), olive stones 

(OS) and pine kernel shells (PKS). Finally, a forest waste, pine cone leaf (PCL), 

traditionally employed as a source of heating in heaths and stoves in rural environments 

in Northern Spain, was also tested. 

The samples were air-dried at room temperature for 72 h, ground using a Retsch 

SM 2000 cutting mill and sieved to a particle size of 0.1-1 mm. Ultimate (C, N, H, S 

and O contents) and proximate (ash, volatile matter (VM) and fixed carbon (FC) 

contents) analyses were carried out, and their H/O ratio, higher heating value 

(HHVbiomass), and biomass particle density [18] were determined for the characterization 

of the biomasses. The O and FC contents were calculated by difference. The biomass 

properties used in the multivariate statistical analysis in the present work are shown in 

Table 1. The ash elemental composition of the samples, expressed in the form of 

metallic oxides, was determined by X-Ray fluorescence (XRF) in a SRS 3000 Bruker 

XRF spectrometer and the results obtained are presented in Table 2. 

 

Table 1. List of the biomass properties used in the multivariate analysis 

Parameter AS CHE CHET CS GP OS PCL PIN PINT PKS 

C (wt.%, db) 49.44 50.22 51.30 47.96 45.50 51.21 52.89 51.02 54.52 52.32 
N (wt.%, db) 0.31 0.34 0.40 2.74 1.82 0.29 0.44 0.27 0.39 0.62 

H (wt.%, db) 5.85 5.55 5.40 5.93 5.05 6.01 6.06 6.04 5.66 6.21 

S (wt.%, db) 0.05 0.01 0.02 0.21 0.17 0.03 0.03 0.02 0.02 0.05 
O (wt.%, db) 42.90 43.41 42.59 35.26 34.73 41.88 39.46 42.23 39.01 38.99 

MC (wt.%) 6.5 8.4 8.2 6.7 11.6 4.3 10.1 9.6 6.4 9.4 

Ash (wt.%, db) 1.45 0.47 0.29 7.90 12.73 0.58 1.12 0.42 0.40 1.81 
VM (wt.%, db) 78.93 81.22 80.01 70.43 67.59 81.49 76.52 85.05 78.62 78.41 

FC (wt.%, db) 19.62 18.31 19.70 21.67 19.68 17.93 22.36 14.53 20.98 19.78 

HHVbiomass (MJ/kg, db) 19.565 19.109 19.588 19.067 18.682 20.511 20.976 19.904 21.568 20.767 
H/O ratio 2.16 2.03 2.01 2.67 2.31 2.28 2.44 2.27 2.30 2.53 

Biomass density (g/cm3) 1.252 1.268 1.275 1.156 1.210 1.241 1.234 1.241 1.257 1.221 

db: dry basis; MC: moisture content; VM: volatile matter; FC: fixed carbon; HHV: higher heating value 
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Table 2. List of the biomass ash elemental composition parameters used in the multivariate analysis 

Parameter AS CHE CHET CS GP OS PCL PIN PINT PKS 

Na2O (wt.%, db) 0.8 0.6 0.6 0.0 3.4 1.2 1.8 1.2 1.2 1.4 

MgO (wt.%, db) 2.6 5.9 5.9 8.8 3.4 2.9 8.8 11.1 11.1 5.5 

Al2O3 (wt.%, db) 17.4 3.4 3.4 2.1 6.5 1.1 3.7 3.0 3.0 0.8 
SiO2 (wt.%, db) 7.0 17.6 17.6 16.6 29.8 4.9 19.7 19.7 19.7 66.4 

P2O5 (wt.%, db) 3.2 3.1 3.1 16.5 4.4 4.0 6.0 3.7 3.7 1.9 

K2O (wt.%, db) 36.7 7.4 7.4 45.1 31.9 37.9 34.4 16.3 16.3 18.3 
CaO (wt.%, db) 12.3 55.3 55.3 6.3 10.8 19.0 8.3 36.7 36.7 3.5 

TiO2 (wt.%, db) 0.1 0.3 0.3 0.2 0.3 0.1 0.1 0.2 0.2 0.0 

Fe2O3 (wt.%, db) 1.8 2.2 2.2 1.2 3.0 1.6 0.6 3.2 3.2 0.5 
SO3 (wt.%, db) 0.7 1.8 1.8 2.0 1.5 1.7 0.0 2.9 2.9 0.1 

MnO (wt.%, db) 0.1 n.d. n.d. 0.1 0.1 0.1 0.2 n.d. n.d. 0.1 

db: dry basis; n.d.: not detected 

 

2.2. Biomass gasification 

The gasification plant (PID Eng&Tech) used in this work consists of an 

atmospheric pressure bubbling fluidized bed reactor and comprises a double-hopper 

feeding system, a pre-heated gas inlet, a gasification reactor with a freeboard, an outlet 

gas double cyclone cleaning system, a tar trap and condenser, as well as control and 

measuring systems. The plant has been described in detail elsewhere [18]. Briefly, the 

gasification reactor is a SS310 cylinder with a height of 1 m and an inner diameter of 77 

mm, which ends in a 59.2 cm long and 133 mm diameter freeboard. These components 

are surrounded by three independent electrical furnaces that allow the temperature of the 

reactor wall to increase up to 950 ºC. The bed material used in the fluidized bed reactor 

consisted of 1 kg of coal ash (212-710 µm). The fuel feeding system includes a main 

storage hopper (10 L), which is connected by an auger (Ø = 20 mm) to a smaller 

secondary one. Another water-cooled secondary auger (Ø = 20 mm) directly introduces 

the fuel sample into the fluidized bed reactor at a point approximately 6 cm above the 

bottom of the reactor. A fixed stream of 1.0 NL/min of N2 is fed into the main hopper 

by a Bronkhorst High-Tech mass flow controller. The air required for the process is 

supplied directly to the reactor by a flow controller that can provide up to 200 NL/min 

of overall gas. A Wilson 307 piston pump feeds in the required mass flow of liquid 

water to the reactor. Once the fly ashes and solid particles are retained in a cyclone and 

in a 100 μm pore diameter ceramic filter, the outlet stream is directed to a heat 

exchanger where the water and heavy tars condense. The lighter tars are captured by a 

cold trap and the cleaned gases are then sent to the gas analyzers. 

The biomass samples were gasified at 900 ºC, using a steam/air ratio (S/A) of 

70/30, as defined by Eq. (1), and stoichiometric ratios (SR) of 0.13 and 0.25, as defined 

by Eq. (2): 
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S/A=
Total water supplied (

g
min⁄ )

Total air supplied (
g

min⁄ )
  (1) 

SR=
(
Oxygen

fuel
⁄ )

used

(
Oxygen

fuel
⁄ )

stoichiometric

  (2) 

The composition of the product gas after gasification was calculated on a 

nitrogen-free and dry basis. The gas flow rates of the species generated during the 

experiments were then calculated by means of a nitrogen balance, since the amount of 

nitrogen fed in and the composition of the nitrogen evolved are known. The H2/CO 

molar ratio was calculated. From the results of the gaseous emissions, the gas yield (vol 

GAS), the HHV of the gas obtained (HHVgas), the energy density (Edensity) and the cold-

gas efficiency (CGE) were determined as defined by Eqs. (3)-(6), respectively: 

vol GAS (
Nm3

gas

kg
biomass

⁄ ) =
Q̇outlet-gas

ṁ biomass
 (3) 

HHVgas (MJ
Nm3⁄ ) = (11.76·xCO+11.882·xH2

+37.024·xCH4
)·10/1000 (4) 

Edensity (MJ
kg

biomass
⁄ ) = vol GAS·HHVgas (5) 

CGE (%) = vol GAS·
HHVgas

HHVbiomass
 (6) 

where Q̇
outlet-gas

 is the volumetric flow of the outlet gas (Nm3/h), obtained by applying a 

balance to the inert gas (N2), ṁ biomass is the biomass inlet mass flow on a dry basis 

(kg/h), xi (vol.%) represents the volumetric percentage of each component in the dry 

product gas, and HHVbiomass is the higher heating value of the raw biomass (MJ/kg). The 

gasification procedure has been explained in more detail in a previous work by our 

research group [18]. The data obtained for SR=0.13 and SR=0.25 in that study were 

subjected to analysis by multivariate methods in the present study. The variables studied 

were: H2, CO, CH4, CO2, syngas (H2+CO) and combustible gas (H2+CO+CH4) 

concentrations (vol.%); H2/CO ratio; mol of H2, CO, CH4, CO2, syngas and combustible 

gas per mol of biomass (mol H2, mol CO, mol CH4, mol CO2, mol SYNGAS and mol 

COMBUSTIBLE, respectively); and vol GAS, HHVgas, Edensity and CGE. The biomass 

gasification parameters used in the multivariate analysis are summarized in Table 3. The 

main descriptive statistics (average, median, minimum and maximum values and 

relative standard deviation (RSD)) of the data set analyzed are also shown in Table 3. 
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RSD was calculated as the ratio of the standard deviation to the average and multiplied 

by 100 to obtain the percentage. 

 

2.3. Multivariate statistical data analysis 

The multivariate data analysis was conducted by hierarchical cluster analysis, 

HCA, and principal component analysis, PCA, to evaluate the relationships between the 

biomass properties and the gasification performance parameters. Thus, the parameters 

shown in Tables 1-3 were studied by pattern recognition of the data. HCA and PCA 

were firstly applied to the data matrix generated with the gasification parameters shown 

in Table 3 (17×10) using the variables (shown in the rows) and the ten biomass samples 

or objects studied. Afterwards, PCA was applied to the data matrix formed with all the 

biomass properties together with the gasification results shown in Tables 1-3 (40x10), 

which indicated that some variables were not significant for grouping the samples. PCA 

and HCA were then applied using only the variables that resulted significant in the 

previous analysis (29x10). Finally, PCA was applied to the data matrix only formed 

with the biomass properties found to be significant in the previous analyses (13x10, 

9x10). The number of variables in the data matrix evaluated is represented by “n” along 

the manuscript, e. g., n=17. 

The initial variable values were standardized, mean centered and autoscaled to 

variance 1 prior to analysis to avoid any influence by the different scale of the units with 

which they were measured. 

HCA is a technique used for classifying objects characterized by the values of a 

set of variables into different groups. The clusters are formed by grouping objects 

according to their similarity and the results are represented in the form of two-

dimensional charts called dendrograms, which allow the distances between objects to be 

visualized. The data were clustered by the between-groups linkage technique, which 

defines the distance between two clusters as the average of all the pairs of distances 

between elements of both clusters [28]. Similarities and dissimilarities were quantified 

by Square Euclidean distance measurements between the samples. 
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Table 3. List of the biomass gasification parameters used in the multivariate analysis and main descriptive statistics of the data set 
analyzed 

Parameter Average Median Minimum Maximum RSD (%) 

 SR=0.13     

H2 (vol.%) 26.93 27.00 16.68 36.76 24.08 

CO (vol.%) 28.74 29.35 14.75 39.09 24.63 
CH4 (vol.%) 9.63 9.61 6.80 12.06 15.61 

CO2 (vol.%) 34.70 34.06 31.07 41.69 8.48 

H2+CO (vol.%) 73.07 73.01 63.24 83.32 8.88 
H2+CO+CH4 (vol.%) 63.44 63.01 56.45 71.54 8.63 

H2/CO 1.32 1.17 0.83 2.83 43.38 

mol H2 (mol/mol biomass) 1.13 1.14 0.91 1.35 11.64 
mol CO (mol/mol biomass) 1.34 1.32 0.44 2.14 45.95 

mol CH4 (mol/mol biomass) 0.44 0.43 0.20 0.71 37.80 
mol CO2 (mol/mol biomass) 1.52 1.52 0.97 2.06 24.27 

mol SYNGAS (mol/mol biomass) 2.86 2.84 1.68 4.03 33.50 

mol COMBUSTIBLE (mol/mol biomass) 3.30 3.27 1.89 4.59 33.76 
vol GAS (Nm3/kg biomass) 0.99 1.00 0.66 1.33 26.27 

HHVgas (MJ/Nm3) 11.07 11.05 9.21 12.82 9.68 

Edensity (MJ/kg biomass) 11.21 11.08 6.15 16.11 34.38 
CGE (%) 55.65 54.59 32.25 78.97 31.75 

 SR=0.25     

H2 (vol.%) 31.62 31.61 21.99 40.66 24.30 

CO (vol.%) 26.21 27.51 14.11 35.81 29.03 
CH4 (vol.%) 8.65 8.63 6.70 11.16 14.53 

CO2 (vol.%) 33.52 33.34 29.57 38.53 7.30 

H2+CO (vol.%) 68.38 68.39 59.34 78.01 11.24 
H2+CO+CH4 (vol.%) 59.73 59.15 52.24 68.08 11.34 

H2/CO 1.42 1.17 0.90 2.73 40.79 

mol H2 (mol/mol biomass) 1.56 1.60 1.30 1.76 10.09 
mol CO (mol/mol biomass) 1.44 1.32 0.61 2.32 49.13 

mol CH4 (mol/mol biomass) 0.46 0.42 0.29 0.72 35.73 

mol CO2 (mol/mol biomass) 1.74 1.78 1.09 2.43 25.14 
mol SYNGAS (mol/mol biomass) 3.18 3.05 1.99 4.75 34.91 

mol COMBUSTIBLE (mol/mol biomass) 3.64 3.47 2.29 5.37 34.70 

vol GAS (Nm3/kg biomass) 1.17 1.14 0.83 1.59 24.77 
HHVgas (MJ/Nm3) 10.27 10.27 8.72 11.72 11.30 

Edensity (MJ/kg biomass) 12.23 11.56 7.73 17.76 34.59 

CGE (%) 60.54 56.70 41.35 82.36 30.82 

 

PCA is used in order to reduce the initial data set by means of linear combinations 

of the original variables. PCA decomposes the matrix of the initial data, X, so that it can 

be expressed in the form of a least-square model [29], shown by Eq. (7): 

X = A · F + U (7) 

where X is the original data matrix, A is the matrix of loadings of the original variables 

in the new reduced space, F is the matrix of scores of objects (or samples), and U is the 

matrix of residuals. The aim of PCA is to reduce the original set of variables into a 

reduced number of dimensions, i.e., into a smaller set of non-correlated components 

which represent most of the information found in the original variables. The new 

calculated variables are called “principal components” (PCs), and are mutually 

orthogonal and not correlated. Only the first few PCs in descending order explain the 

highest portion of the total variance in the data [30]. The first PC (PC1) explains the 

highest portion of the data variation, the second PC (PC2) explains the second highest 

variation in the data, and so forth. As the relevant portion of information is explained by 
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the first few PCs, it is sufficient to retain only the first few components to account for a 

large percentage of the total data variance [22]. The eigenvalue-one criterion was used 

to estimate the number of principal components, which is based on the fact that the 

average eigenvalue of autoscaled data is just one and only PCs with eigenvalues greater 

than 1 are considered significant. Varimax normalized rotation of the PCs coordinate 

system was applied. 

PCA allows the whole data set to be represented in a way that is easier to visualize 

and interpret. The interrelationships among variables may be studied through the 

loading plots of the first few PCs. Likewise, the score plots of the first PCs may be used 

to investigate the interrelationships between samples, as they allow clusters of objects to 

be observed. Loading plots and their respective score plots allow the variables and 

samples to be compared, since they reveal the relationships between the samples and the 

variables, and hence indicate which samples might be related to high or low levels of 

the different initial variables studied. Thus, a higher loading of a variable for a PC 

means that it contributes more to the sample grouping along this particular PC which is 

shown by the score plot. Likewise, loadings near to the origin of the coordinates 

represent unimportant features that do not contribute significantly to the model. 

Moreover, the +/- sign of a loading value indicates whether the variable has positive or 

negative correlation with the PC [23]. Data analysis was carried out using IBM SPSS 

Statistic 25 software. 

 

3. Results and discussion 

3.1. HCA and PCA of the gasification results 

As mentioned above, data from the gasification of the biomass samples using 

stoichiometric ratios of 0.13 and 0.25 were used for the statistical study. In a previous 

work by our research group [18], it was concluded that an increase in the SR value from 

0.13 to 0.25 only slightly decreased the concentration of combustible gases due to the 

higher extent of the combustion reaction caused by the presence of more oxygen in the 

gasifying atmosphere. This in turn led to an increase in process efficiency as a 

consequence of the higher biomass conversion into gaseous combustible products. 

However, the gasification behaviors of the different biomasses studied in relation to the 

stoichiometric ratio were similar. Therefore, both sets of gasification results (Table 3) 
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were evaluated by HCA and PCA in order to compare the biomass groups formed on 

the basis of the gasification performance. 

HCA was applied using all the gasification parameters analyzed (n=17). Fig. 1a 

and b show the dendrograms corresponding to the analyses of the data from gasification 

at SR=0.13 and SR=0.25, respectively. For both SR values, the dendrograms show a 

clear separation of the biomass samples into two clusters. Thus, the PINT, PKS, PCL, 

OS and PIN biomasses can be classified into one group, whereas CHE, CHET, AS, GP 

and CS are grouped in another group, although sample CS clearly stands apart from the 

other biomasses within this group. 

 

Fig. 1. Dendrograms obtained by HCA applied to the gasification data for experiments with a SR=0.13 

(a) and a SR=0.25 (b). 

 

PCA was also applied to the gasification results data (n=17). Due to loadings near 

to the origin of the coordinates in PCA plots represent unimportant features, the variable 

“mol CO2” can be excluded from the analysis, as it does not contribute to the model. 

PCA was then repeated without this variable (n=16). PCA results in the projection of 

the data into smaller matrices from the original data matrix. The scores matrix shows 

the distribution of the objects or samples, whereas the loadings matrix shows the 

importance of the variables. Thus, PCA results in two- or three-dimensional graphs of 

scores or loadings [31]. Fig. 2 shows the PCA graphs for the first two principal 

components (PC1 and PC2) for data from SR=0.13 (Fig. 2a and b) and SR=0.25 (Fig. 2c 

and d). They account for 96.0% of the total variance (66.4% PC1 and 29.6% PC2) for 

the SR=0.13 data, and 96.9% of the total variance (72.1% PC1 and 24.8% PC2) for the 

SR=0.25 data. The points mainly associated with PC1 and PC2 have been marked in 

a) b)
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blue and green, respectively. PC1 separates the biomass samples into two groups similar 

to those observed by HCA (Fig. 2b and d). Samples PINT, PKS, PCL, OS and PIN have 

positive loadings on this axis, while samples CHE, CHET, AS, GP and CS have 

negative loadings. PC2 mainly separates the CS sample from the other samples, which 

has a highly negative loading on the Y axis (Fig. 2b and d). 

 

Fig. 2. Plots obtained by PCA applied to the gasification data: (a) loading plot for experiments with a 

SR=0.13, (b) score plot for experiments with a SR=0.13, (c) loading plot for experiments with a SR=0.25 

and (d) score plot for experiments with a SR=0.25. Points associated with PC1 or PC2 have been marked 

in blue or green, respectively, for an easier interpretation. 

 

If the object graphs (Fig. 2b and d) and the component loadings of the different 

variables (Fig. 2a and c) are analyzed together, the importance of the different variables 

for the discrimination of the samples can be deduced. As can be seen, most of the 

variables show high positive loadings on the PC1 axis (Fig. 2a and c), similar to the 

group of samples formed by PINT, PKS, PCL, OS and PIN (Fig. 2b and d). This 

indicates that these samples form a group because they present the highest values of the 

AS_0.25

CHE_0.25

CHET_0.25

CS_0.25

GP_0.25

OS_0.25

PCL_0.25

PIN_0.25

PINT_0.25

PKS_0.25

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

-2.0 -1.0 0.0 1.0 2.0

P
C

 2
_

S
R

=
0

.2
5

PC 1_SR=0.25

AS_0.13

CHE_0.13

CHET_0.13

CS_0.13

GP_0.13

OS_0.13

PCL_0.13

PIN_0.13

PINT_0.13

PKS_0.13

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

-2.0 -1.0 0.0 1.0 2.0

P
C

 2
_

S
R

=
0

.1
3

PC 1_SR=0.13

mol H₂

mol COMBUSTIBLE

mol 
SYNGASvol GAS

Edensity

H₂+CO

CGE

mol CO

CO₂

H₂+CO+CH₄

mol CH₄
HHVgas

CO

H₂
H₂/CO

CH₄

-1.0

-0.5

0.0

0.5

1.0

-1 -0.5 0 0.5 1

P
C

 2
_
S

R
=

0
.1

3

PC 1_SR=0.13

a) b)

mol H₂

vol GAS
mol COMBUSTIBLE

mol SYNGAS

Edensity

CGEmol CO

H₂+CO

H₂+CO+CH₄

CO₂

mol CH₄

HHVgas

CO

H₂

H₂/CO

CH₄

-1.0

-0.5

0.0

0.5

1.0

-1 -0.5 0 0.5 1

P
C

 2
_
S

R
=

0
.2

5

PC 1_SR=0.25

c) d)



 14 

main gasification variables studied, i.e., the CO and CH4 gas concentrations, gas 

production, energy density and cold gas efficiency, which are also located in the upper 

right-hand quadrant. It should be pointed out that the H2 concentration in the 

gasification gas is not included in this group. A low value for the CO2 concentration is 

also associated with these samples, given the negative loading of this variable in PC1. 

The gasification results previously reported by González-Vázquez et al. [18] also 

showed an opposite trend for the values of the CO and CO2 concentrations. Likewise, 

the CHE, CHET, AS, GP and CS samples are associated with lower values of the 

gasification variables mentioned above. On the other hand, the H2 concentration and 

H2/CO ratio have high negative loadings on the PC2 axis (Fig. 2a and c), which means 

that the CS sample stands apart mainly because it provided the greatest value of H2 

concentration during gasification. Their CH4 concentration would in turn be low due to 

its opposite position in the plot, which shows an opposite relationship between the CH4 

and H2 concentrations. Dispersion of the biomass samples along PC2 would mainly be a 

result of the variability in the H2 concentrations in the outlet gas, which fluctuated 

between 31.1 vol.% (for OS) and 41.7 vol% (for CS) in the case of SR=0.13, and 

between 29.6 vol.% (for CHE) and 38.5 vol.% (for CS) in the case of SR=0.25. 

Furthermore, the CHE and CHET samples are located in the upper left-hand quadrant 

(Fig. 2c and d) because they are characterized by the lowest concentrations of all the 

gases produced by gasification compared to the other biomasses. 

 

3.2. PCA of the biomass properties together with the gasification results 

From the preliminary PCA analyses of all the variables studied (n=40), i.e., all 

data in Tables 1-3, it was deduced that some variables (mol CO2, MC, FC, Na2O, MgO, 

Al2O3, SiO2, TiO2, Fe2O3, SO3 and MnO) are not significant for the discrimination of 

groups since they showed loadings near to the origin of the coordinates when the most 

important PCs were retained. They were therefore excluded from the subsequent 

analyses and the results of the application of PCA to the analysis of the relevant 

gasification variables together with the biomass properties (n=29) are shown in Table 4. 

It shows that the first three PCs account for 91.2 and 90.3% of the variance in the data 

from the gasification experiments at SR of 0.13 and 0.25, respectively. The first 

principal component (PC1) accounts for 50.0% and 56.3% of the total variance for the 

SR=0.13 and SR=0.25 data, respectively. The second principal component (PC2) and 
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third principal component (PC3) account for 29.9% and 11.3% of the variance, 

respectively, for the SR=0.13 data, while they account for 28.5% and 5.5% of the 

variance, respectively, for the SR=0.25 data. The loading values of the variables for the 

three PCs are also shown in Table 4. 

Table 4. PCA component loadings for gasification variables and biomass properties (numbers in bold indicate the PC with the 
highest loading for a given parameter). 

Parameter SR=0.13    SR=0.25   

 PC1 PC2 PC3  PC1 PC2 PC3 

Explained variance (%) 50.011 29.912 11.316  56.335 28.473 5.470 
Cumulative variance (%) 50.011 79.923 91.239  56.335 84.808 90.278 

H2 (vol.%) -0.446 0.819 0.204  -0.162 0.905 -0.080 

CO (vol.%) 0.862 -0.429 0.207  0.920 -0.309 0.028 
CH4 (vol.%) 0.819 -0.394 -0.343  0.701 -0.407 0.134 

CO2 (vol.%) -0.929 0.188 -0.239  -0.975 0.084 -0.025 

H2+CO (vol.%) 0.875 -0.114 0.377  0.975 -0.020 0.003 
H2+CO+CH4 (vol.%) 0.929 -0.188 0.239  0.975 -0.084 0.025 

H2/CO -0.679 0.698 -0.020  -0.745 0.612 0.050 

mol H2 (mol/mol biomass) 0.886 0.160 0.343  0.921 0.295 -0.072 
mol CO (mol/mol biomass) 0.948 -0.184 0.248  0.992 -0.096 -0.016 

mol CH4 (mol/mol biomass) 0.968 -0.156 0.025  0.952 -0.086 0.055 

mol SYNGAS (mol/mol biomass) 0.959 -0.071 0.254  0.996 0.037 -0.027 
mol COMBUSTIBLE (mol/mol biomass) 0.948 -0.056 0.291  0.994 0.055 -0.038 

vol GAS (Nm3/kg biomass) 0.953 -0.047 0.242  0.980 0.082 -0.034 

HHVgas (MJ/Nm3) 0.950 -0.271 0.049  0.949 -0.174 0.055 
Edensity (MJ/kg biomass) 0.969 -0.092 0.200  0.994 0.011 -0.009 

CGE (%) 0.984 -0.088 0.110  0.990 0.013 0.025 

C (wt.%, db) 0.346 -0.426 0.812  0.780 -0.356 -0.042 
N (wt.%, db) -0.427 0.858 -0.212  -0.476 0.836 -0.089 

H (wt.%, db) 0.524 0.200 0.637  0.626 0.160 0.667 

S (wt.%, db) -0.347 0.867 -0.342  -0.507 0.840 -0.061 
O (wt.%, db) 0.123 -0.861 0.131  0.123 -0.907 0.384 

Ash (wt.%, db) -0.257 0.700 -0.599  -0.517 0.700 -0.299 

VM (wt.%, db) 0.408 -0.727 0.314  0.486 -0.748 0.378 
HHVbiomass (MJ kg-1, db) 0.553 -0.144 0.716  0.890 -0.054 -0.096 

H/O ratio 0.211 0.908 0.311  0.276 0.912 0.158 

Biomass density (g/cm3) 0.073 -0.977 0.060  0.164 -0.943 -0.178 
P2O5 (wt.%, db) -0.335 0.767 0.138  -0.264 0.727 0.336 

K2O (wt.%, db) 0.296 0.706 -0.207  -0.027 0.663 0.593 

CaO (wt.%, db) -0.529 -0.745 0.084  -0.228 -0.721 -0.418 

 

Fig. 3 shows the PCA plots corresponding to the analysis of the data from 

gasification at SR=0.13. Fig. 3a and b show the loading and score plots, respectively, 

for the first two principal components, i.e., PC1 and PC2. Fig. 3c and d show the 

loading and score plots, respectively, for PC1 and PC3. Likewise, Fig. 4 shows the PCA 

plots for the analysis of the data from gasification at SR=0.25. The points associated 

with PC1, PC2 and PC3 in these plots are marked in blue, red and green, respectively. A 

principal component mainly explains the data variance by those variables which have 

high loadings for that PC (variables with loadings >0.5 are usually considered 

representative). As shown in Table 4, and as can also be seen in Figs. 3 and 4 (blue 

points), PC1 is mainly associated with the gasification parameters, i.e., with the gas 

concentrations (vol.%) of CO, CH4, CO2, syngas (H2+CO) and combustible gas 

(H2+CO+CH4), with the mol production (mol/mol biomass) of H2, CO, CH4, syngas and 
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combustible gas, and also with vol GAS, HHVgas, Edensity and CGE. All of these 

variables show positive loading values, except the CO2 concentration, which is 

inversely correlated to the rest of the parameters as one would expect since the CO2 

concentration will be lower when H2, CO and CH4, and hence syngas and combustible 

gas, are higher. 

 

Fig. 3. Plots obtained by PCA applied to the gasification data together with the biomass properties for 

experiments with a SR=0.13: (a) loading plot for PC1 and PC2, (b) score plot for PC1 and PC2, (c) 

loading plot for PC1 and PC3, and (d) score plot for PC1 and PC3. Points associated with PC1, PC2 or 

PC3 have been marked in blue, red or green, respectively, for an easier interpretation. 
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Fig. 4. Plots obtained by PCA applied to the gasification data together with the biomass properties for 

experiments with a SR=0.25: (a) loading plot for PC1 and PC2, (b) score plot for PC1 and PC2, (c) 

loading plot for PC1 and PC3, and (d) score plot for PC1 and PC3. Points associated with PC1, PC2 or 

PC3 have been marked in blue, red or green, respectively, for an easier interpretation. 
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(physic nut and palm shell) to a high H content in the blend due to the addition of 

glycerol. On the other hand, Mirmoshtaghi et al. [21] reported that biomass samples 

with high oxygen and volatile matter contents showed a high concentration of CH4 in 

the product gas, mainly produced during the devolatilization step. This can be also 

deduced in the present study, since the VM and O contents of the biomass are quite 

close to the CH4 concentration in the loading plots. This would also confirm the positive 

correlation between the VM content of the biomass and the CO and combustible gas 

concentration suggested in the previous gasification study by our research group [18]. In 

addition, the multivariate statistical analysis has shown the relevance of the parallel 

negative correlation between the biomass VM content and the H2 concentration in the 

present study. 

In contrast, the H2 concentration and H2/CO ratio produced by gasification are 

positively associated with PC2 together with the ash content and the P2O5 and K2O ash 

contents, but negatively associated with the CaO ash content (Figs. 3a and 4a). 

Likewise, CS is the biomass sample with the highest positive value for PC2 (Figs. 3b 

and 4b). As shown in Table 1 of the present study, sample CS has a much higher P ash 

content than the other biomasses, and this was probably the reason why the P2O5 

variable is positively associated with PC2. The higher contents of N and S in the CS and 

GP samples compared to the rest of samples also explain why the content of these 

elements is positively associated with PC2 in the present work. 

Some of the variables associated with the PC2 component, such as K2O, P2O5 and 

CaO ash contents, have been related to the sample reactivity, which seems to be 

associated with its elemental ash composition. In fact, differences in reactivity between 

biomass samples have been commonly attributed to the presence of catalytic alkaline 

and alkaline-earth metals [33-35]. In a previous work by our research group on the 

kinetic analysis of the gasification process [36], the steam gasification reactivity of 

some of the biomass samples studied was measured by means of a reactivity index at 

900 ºC, and a positive effect of the K ash content, but negative effects of the Ca ash 

contents, upon reactivity were detected. Thus, CS sample showed the highest reactivity 

value, followed by sample GP. These samples also had the highest ash contents (12.7 

and 7.9 wt.%, respectively). The high reactivity of these samples was attributed to their 

significant K ash contents. Howaniec and Smoliński [24] reported that the K2O content 

in the biomass had a significant influence on the coal co-gasification results due to its 
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catalytic effect. This catalytic effect has also been reported in several other gasification 

studies in the literature [35, 37-39]. In contrast, CHE had a low reactivity, which was 

attributed to its very high Ca content [36]. P ash content has been reported to have an 

inhibiting effect on the gasification reaction in literature [37, 38], which has not been 

shown in the present study since the CS biomass had the highest gasification reactivity 

and the highest P2O5 ash content, as shown by the location of this variable in the PCA 

plots. Therefore, the results of the present study seem to indicate that the variables that 

increase reactivity might also favor the concentration of H2 in the gasification gas. 

Likewise, it seems that a lower biomass particle density could be related to the 

promotion of the steam gasification/reforming reactions which generate H2 [18]. 

Finally, it can be seen from the gasification results at SR=0.13, that PC3 is 

associated with the following biomass properties: C and H contents, and HHVbiomass 

(Fig. 3c). These variables show positive loading values on the PC3 axis. If the 

gasification data for SR=0.25 are considered, only the H content shows a high positive 

loading for PC3, while the C content and HHVbiomass show higher loadings for PC1 (Fig. 

4c). Figs. 3a and 4a show that in both cases these three biomass properties are located in 

the same place on the plot as all the other variables with high PC1 loadings (in fact the 

three biomass properties also have high loadings for PC1), which means that they are 

very closely related to the gasification variables associated with PC1. This indicates that 

these variables have a positive effect on the calorific value of the product gas, as well as 

on the gas and energy yields. 

It can be concluded therefore that the variables associated with PC1 comprise all 

the gasification parameters (except for the H2 concentration) together with the C and H 

contents, and the HHV of the biomass. In fact, high C and H contents in the biomass 

imply a high biomass heating value [40], which could promote the gasification reaction 

as a result of the release of a greater amount of energy. Dellavedova et al. [17] also 

found correlations between the CO and CH4 concentrations in the gasification gas and 

the C content of the biomass, although in general the correlations were rather weak due 

to the fact that the gasification operating parameters were more relevant in determining 

the composition of the syngas. Mirmoshtaghi et al. [21] also pointed out the importance 

of the carbon content in the biomass as a parameter that influenced the output of the 

gasifier. 
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Figs. 3b, 3d, 4b and 4d show the score plots for the biomass samples, which can 

be used to study the interrelationships between samples as well as the correspondences 

of the samples with the variables by the simultaneous analysis with their respective 

variable plots. These plots indicate a clear separation of the biomass samples into two 

groups, which are similar to those observed by HCA and PCA when studying the 

gasification parameters, i.e., with negative score values in the PC1 axis for CHET, 

CHE, CS, AS and GP, and positive score values in the same axis for PCL, PINT, PKS, 

OS and PIN. This means that the biomass samples with positive score values for PC1 

are characterized by high values of the gasification variables associated with PC1 (high 

positive loadings), i.e., mainly high values of CO and CH4 concentrations, and high 

conversion and cold gas efficiency values during gasification. 

As mentioned above, in relation to PC2 (Figs. 3b and 4b), the CS sample shows a 

very high positive score value, followed by the GP sample, indicating that they are 

characterized by high H2 concentrations in the gasification outlet gas. In contrast, 

samples CHE and CHET produced the lowest gas H2 concentrations. Biomasses CS and 

GP had the highest N, S and ash contents, but the lowest O and VM contents and 

particle density. As mentioned above, it can be deduced from these results that the high 

ash contents together with the high K ash contents of CS and GP may have favored the 

conversion of biomass to H2, while the high CaO ash content of CHE may have had the 

opposite effect. 

In relation to PC3 (Figs. 3d and 4d), the very high negative score value of sample 

GP was due to this biomass having the lowest C and H contents and HHV value among 

all the biomass studied. As mentioned above, the parameters associated with PC3 also 

showed significant positive loadings for PC1. From these results, it can be deduced that 

the C and H contents and the HHV of the biomass were the most relevant biomass 

characteristics influencing the gasification results in terms of production of combustible 

gas, conversion and efficiency. 

 

3.3. HCA of the biomass properties together with the gasification results 

HCA was also applied to the data from the gasification variables together with the 

biomass properties (n=29) and the dendrograms obtained are shown in Fig. 5a and b for 

the data from gasification at SR=0.13 and SR=0.25, respectively. 
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Fig. 5. Dendrograms obtained by HCA applied to the gasification data together with biomass properties 

for experiments with a SR=0.13 (a) and a SR=0.25 (b). 
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biomass volatile matter content, C content and HHV on the CO and combustible gas 

a) b)

A

B

A1

A2

A

B

A1

A2

mol COMBUSTIBLE

mol SYNGAS

Edensity

vol GAS

mol CO

mol CH₄

CGE

H₂+CO+CH₄

H₂+CO

CO

HHVgas

mol H₂

CH₄

C

HHVbiomass

H

O

VM

DENSITYbiomass

CaO

H/O

K₂O

N

S

Ash

H₂

H₂/CO

P₂O₅

CO₂

mol COMBUSTIBLE

mol SYNGAS

CGE

Edensity

vol GAS

mol CO

mol CH₄

H₂+CO+CH₄

H₂+CO

CO

HHVgas

mol H₂

C

HHVbiomass

CH₄

H

O

VM

DENSITYbiomass

CaO

N

S

Ash

H₂/CO

H₂

H/O

P₂O₅

K₂O

CO₂



 22 

contents were inferred [18]. However, the multivariate techniques applied in the present 

study overcame the drawback that an individual biomass property is unable to explain a 

gasification parameter on its own by providing a broader understanding of the data via 

an integrated analysis of all the variables. 

 

3.4. PCA of the most influential biomass properties 

Finally, PCA was applied to the biomass properties that had been found to be 

relevant in the previous analyses (n=13) with the aim of finding possible clusters of 

biomass samples characterized by similar properties. Fig. 6a and b show the results of 

this analysis. It was found that the two first PCs explained 82.3% of the total data 

variance. PC1 (blue points) and PC2 (green points) accounted for 42.6% and 39.7% of 

the variance, respectively. As can be seen, PC1 is mainly associated positively with the 

H/O ratio and P2O5 and K2O ash contents, but negatively with the O content, particle 

density and CaO ash content of the biomass. Some of these biomass properties were 

found to influence the H2 concentration in the gasification gas. On the other hand, PC2 

is associated positively with the C, H and VM contents, and HHV of the biomass, i.e., 

with the biomass properties mainly related to the production of combustible gas, gas 

heating value, biomass conversion, and cold gas efficiency. However, PC2 is associated 

negatively with the N, S and ash contents of the biomass. 

From Fig. 6b it can be deduced that the sample dispersion along the PC1 axis can 

be related to the H2 concentration in the gasification gas, since the biomass properties 

that explain PC1 are those found to influence the H2 concentration, as mentioned above. 

Thus, sample CS showed the highest value for this parameter. Likewise, the dispersion 

of the biomass samples along the PC2 axis can be associated with the rest of the 

gasification results, with samples PKS, PCL, OS, PIN and PINT showing the highest 

values. Sample GP again stands apart from the other samples, with a high negative 

score for PC2. This indicates that the isolated position of GP is due to the high N, S and 

ash contents of this biomass sample, as well as to low C, O and VM contents, as shown 

in Table 1. In fact, the CS and GP samples have much higher N, S and ash content 

values than all the other biomasses. In addition, sample CS has an extremely high P2O5 

ash content compared to the other samples. These data could explain the position in the 

lower right-hand quadrant of both biomass samples. 
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Fig. 6. Plots obtained by PCA applied to the data of biomass properties: (a) loading plot for n=13, (b) 

score plot for n=13, (c) loading plot for n=9 and (b) score plot for n=9. Points associated with PC1 or PC2 

have been marked in blue or green, respectively, for an easier interpretation. 
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respectively. The results show that PC1 is associated positively with the O content, 

particle density and CaO ash content of the biomass, but negatively with the H/O ratio 

and K2O ash content of the biomass, i.e., the biomass properties related to the H2 

concentration in the gasification gas. On the other hand, PC2 is associated positively 

with the C, H and VM contents, and HHV of the biomass, i.e., the biomass properties 

related to the production of combustible gas, biomass conversion and cold gas 

efficiency. From Fig. 6d, it can be seen that the grouping of samples is similar to that 

found in the previous analysis, which indicates that the separation of the CS and GP 

samples was not exclusively due to their high N, S and ash contents or the P2O5 ash 

content. The dispersion of the biomass samples along the PC1 axis according to the H2 

concentration, and that along the PC2 axis according to the other gasification results, 

can again be seen. It can be concluded therefore that there is a clear correspondence 

between the separation of the biomass samples on the basis of their properties and their 

grouping together according to the gasification results, which made it possible to 

establish the most relevant biomass characteristics that influenced the gasification 

process of this type of organic samples. Thus, the C, H, O and VM contents, the H/O 

ratio, HHV value, biomass particle density, and finally the K2O and CaO ash contents of 

the samples, seem to be important properties influencing the gasification process of 

biomass. 

 

4. Conclusions 

The use of multivariate statistical methods helped to draw valuable conclusions 

about the influence of the biomass characteristics upon the gasification process. 

Hierarchical cluster analysis (HCA) and principal component analysis (PCA) clearly 

served to differentiate groups of biomass samples, both as a function of the gasification 

results and on the basis of the biomass properties, by means of an integrated evaluation 

of a large number of experimental variables. The use of these techniques resulted in the 

separation of the samples into two main groups. Biomasses PCL, PINT, PKS, OS and 

PIN were mainly characterized by a higher production of combustible gases, such as 

CO and CH4, and by higher conversion and cold gas efficiency during gasification, 

whereas the CS and GP biomasses were characterized by a higher production of H2 and 

a higher H2/CO ratio value. 
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From the results, it can be inferred that a high H/O ratio in the biomass is 

associated with a higher concentration of H2 and a higher H2/CO ratio in the gasification 

outlet gas. The H2 concentration in the product gas was also positively related to the ash 

content of the biomass, but negatively to the O and VM contents of the biomass. 

Moreover, the results suggest a possible relationship between the H2 concentration in 

the gasification gas and the biomass components associated with its reactivity, since the 

K2O ash content was detected to have a positive effect on this parameter, whereas the 

CaO ash content had a negative effect. 

Finally, the most important biomass properties for promoting the concentrations 

of CO and combustible gas, the calorific value of the product gas, the energy density, 

the gasification conversion and cold gas efficiency were found to be the C and H 

contents and the HHV of the biomass, although the VM content also showed a positive 

effect. 
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