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Abstract 

 An evaluation of the desirability of various wood feedstock derived from sawmilling wastes 

of eight Sub-Sahara African trees for an effective pyro-gasification conversion process was 

conducted. The evaluation was based solely on the characterization of the eight biomass 

samples. These characterizations were carried out using standard biomass feedstock 

characterization procedures tailored towards their use for pyro-gasification. Five fuel 

evaluators, including char reactivity, fuel ratio, energy density, NOX emission, and ash 

deposition, of the feedstock were used as yardsticks to rank the desirability of the different 

biomass feedstock as fuel for an efficient pyro-gasification process.  Under each evaluator, a 

fuel quality score between 1 – 8, with 1 being the lowest score and 8, the maximum score, 

was assigned to each biomass sample by considering the quality of its fuel property. This study 

provides relevant information to researchers to identify wood fuels prominent in Sub-Sahara 

Africa, which could serve as feedstock for the efficient pyro-gasification process. This study 

also gives an insight into the potential of using blends of biomass with distinct properties for 

effective co-pyrolysis and co-gasification and paves way for further research in bioenergy via 

thermochemical conversion of biomass. 
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Statement of Novelty 

This study has been conducted based on original data collated from actual laboratory experiments of 

eight waste wood samples carried out by the authors. The evaluation of the fuel qualities of the 

samples as potential feedstock for pyro-gasification is the first of its kind and the methodology 

employed in the ranking of the samples have never been reported in literature. The following novel 

procedures have been carried out in this study: 

1. A fuel quality evaluation of waste wood of eight invasive alien plants and tropical hardwoods 

in Sub-Sahara Africa based on experimental data collated from their characterization. 

2. A graphical presentation of the samples based on five key fuel quality evaluators for an easy 

assessment of their suitability as feedstock for pyro-gasification. 

3. A hierarchical ranking of the waste samples under each fuel evaluator. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

Biomass is any organic material derived from waste or decaying residue of plants (food crops, 

trees, algae) and animals [1]. It remains the only renewable resource that can be stored, and 

in turn, be converted to power, heat, and transport fuels. Globally, an estimated energy of 

111 EJ is generated annually from the stored energy in biomass waste. This waste resource, 

if fully harnessed, would exceed the current global bioenergy consumption of 56.5 EJ 

(comprising 70% of the share of all renewable energy sources) [2, 3]. This localized and 

universal availability of biomass buttresses its relevance as an essential renewable energy 

resource. However, the efficient and sustainable utilization of waste biomass for clean energy 

is key to maintaining an equilibrium of the global carbon cycle and preserving the 

environment from degradation caused by man's incessant energy demands by exploring fossil 

fuels. Globally, over 800 million people are estimated to generate localized energy from 

agricultural biomass wastes alone [2]. 

Research, particularly in the beneficiation of biomass waste for energy production, has been 

intensified and has gained more popularity in recent years. An increased global interest 

inspires this research in localized and sustainable bioenergy resource supplies and 

improvements in efficiencies of conversion technologies. One of such conversion 

technologies being developed is pyro-gasification. Pyro-gasification is described as a 

thermochemical process enabling the independent control of the pyrolysis (drying and 

volatilization) and gasification stages (partial oxidation and reduction) of a conventional 

gasification process to eliminate the unwanted pyrolysis product (tar) before syngas 

production is actualized. In other words, it is a hybrid or multi-stage thermochemical process 

involving a combination of two independently controlled thermochemical processes 

(pyrolysis and gasification) running consecutively. This hybrid technology enables the 

formation of tar and char as intermediate products from the pyrolysis phase but restricts tar 

from advancing to the critical stages of syngas production (i.e. the gasification phase). 

On the other hand, a carbon-rich char residue progresses as the reactant for the partial 

oxidation and reduction reactions of the gasification phase [4]. In the gasification phase, high 

char reactivity, energy density, mass, and the intermediate char's carbon-to-ash ratio are 

critical to an increased rate of partial oxidation and reduction reactions at lower 



temperatures. These char properties, in turn, contribute to the yield and fuel properties of 

the final syngas product. 

Lignocellulosic Biomass (LCB) materials, such as waste wood, are versatile types of biomasses 

used as feedstocks for thermochemical and biochemical conversion processes. The efficiency 

of these conversion processes, to a large extent, depends on the fuel and physicochemical 

properties of the biomass feedstock. In pyro-gasification, to attain an optimal conversion 

efficiency, there is a need to utilize LCB feedstocks with the potential to form a carbon-rich 

and reactive char intermediate product. Asides from the effects of other factors such as 

gasifier type and operating conditions, the properties of the raw LCB feedstock such as the 

energy density, fuel ratio, higher heating value (HHV), proximate and elemental compositions 

(which highlight their moisture and ash content as well as its NOX and SOX emissions 

potential), serve as precursors to the properties of the char intermediate and the final syngas 

product [5]. The kinetics of the entire conversion process is also greatly influenced by the 

feedstock lignocellulosic composition [6]. This influence is particularly evident in the pyrolysis 

phase of a pyro-gasification process, where the thermograms of the decomposing structural 

components of the LCB peak at different temperatures. In this phase, the correlation between 

the structural composition of a biomass feedstock and the variations in the thermal 

decomposition patterns of its structural components is observed [6–8].  

Several authors have carried out the thermochemical conversion of various biomasses and 

have analyzed the effect of the initial fuel properties of biomass on the final fuel properties 

of the char product or syngas [9–12]. In particular, Molino et al. [13] reviewed the gasification 

of biomass. The effect of biomass type, moisture content, and ash content was documented. 

Based on this review, Molino and colleagues concluded that the lignocellulosic composition 

of raw biomass significantly affects the syngas yield. Also, moisture content and the ash 

content of biomass were regarded as a negative influence on the quality of syngas produced. 

Chen et al. [14] reviewed the effect of improved biomass fuel properties on pyrolysis product. 

The torrefaction pre-treatment process was referenced as the means of upgrading biomass 

fuel. It was reported that properties such as Higher Heating Values, moisture content, and 

lignocellulosic composition, significantly affect the quality of pyrolysis product. Anukam et al. 

[15] studied the effect of the fuel properties of sugarcane bagasse on gasification efficiency. 

Torrefied and un-torrefied sugarcane bagasse, having different fuel properties, were used as 

feedstock for the gasification simulation. From the results obtained, Anukam and colleagues 



concluded that biomass/char with better initial fuel properties significantly increases the 

efficiency of the thermochemical conversion process. Tian et al. [16] studied the effect of 

biomass partial hydro-pyrolysis to produce high-quality syngas and tar. This study showed 

that the increase in the hydrogen content of biomass due to the partial hydro-pyrolysis 

process promoted the hydrogenation cracking reaction of the aromatic compounds, leading 

to more methane gas during the gasification process. Subsequently, the authors suggested 

that the alkali and alkaline earth metals significantly affect the tar oil produced during 

pyrolysis as it aids secondary hydrocracking. ALNouss et al. [17] carried out a study on the 

production of syngas using blends of various biomass. The idea of this study originated from 

the established knowledge that the variation of the fuel properties of different biomass 

feedstocks affects the quality of gas produced during the gasification process. ALNouss and 

colleagues suggested that the gasification of biomass blends is the way forward to utilize all 

kinds of biomass of different fuel qualities efficiently. Therefore, mixing biomass with low and 

high fuel qualities rather than regarding low-quality biomass as unusable during the 

thermochemical conversion process is more sustainable. Having established the significant 

effect of biomass types on achieving an effective pyro-gasification process, the identification 

and ranking of various biomass types based on their initial fuel quality are lacking in the 

literature.   

Therefore, this study aims at the preliminary identification and ranking of some raw LCB 

feedstocks dominant in the Sub-Saharan African region, suitable for the formation of an ideal 

char intermediate in the pyrolysis phase and the subsequent efficient production of syngas in 

the gasification phase. The ranking technique used in this study can be applied to other types 

of LCBs.  This study does not include the fuel analysis of the final syngas produced. However, 

the identification of raw LCBs with high-quality fuel properties will translate to the production 

of high-quality fuel syngas as established in the literature. This study would inform industry 

stakeholders, policymakers and researchers for future studies and commercialization of 

thermochemical conversion of these biomass samples and similar ones. Moreover, identifying 

ideal wood species would create opportunities for blending them with less suitable wood 

species to serve as feedstock in times of seasonal shortages in supply. 

An evaluation of eight waste wood samples based on the experimental data obtained from 

their characterization was carried out. The waste wood samples were sourced from four 

Invasive Alien Plants (IAPs) mechanically controlled to curb their rapid invasion and impact on 



the environment in Southern Africa. They include the Jacaranda, Eucalyptus, Bugweed and 

Poplar. Additionally, four samples were sourced from sawmill waste of four tropical 

hardwoods common in Central and West Africa – African oil bean, African mesquite, African 

Mahogany and Opepe.  Firstly, the samples were characterized for their structural 

composition, proximate compositions, ultimate compositions, higher heating value, bulk 

density, and char reactivity. Other fuel properties, such as their fuel ratios and energy 

densities, were derived from calculations using the experimental results. Finally, a fuel 

evaluation of the eight wood samples was carried out, based on the following evaluators: char 

reactivity, fuel ratio, energy density, nitrogen compounds emission and ash deposition.  

2. Materials and methods 

In preparation for the experiments, some wood lumps, due to their hardness, were first sawn 

into smaller blocks using a vertical band saw (Mössner Rekord SSF 520), from which sawdust 

produced during sawing was carefully collected in plastic sampling bags to avoid 

contamination. The collected sawdust was then sieved through a Sigma-Aldrich no. 40 mesh 

sieve with a nominal opening of 0.420 mm as used and described elsewhere [18], air-dried 

and stored in a desiccator to keep the samples dehydrated.  

The characterization of the eight wood samples was carried out using standard procedures 

and equipment as listed in Table 1. To ensure the accuracy of the results, each analysis was 

carried out in triplicate, and average values with the standard deviations were reported. 

Table 1: Characterization procedures carried out on the LCB samples 

 Analysis Equipment Materials Reference 

1. Structural 

analysis 

Weighing balance (Mettler Toledo PB1502-

S, USA); GESTER 250°C Lab Drying Oven GT-

BM10A (China); 35L Automatic LCD Display 

Vertical Pressure Steam Autoclave VA-SD35 

(China); FOSS XDS NIR spectrophotometer 

(Ireland) 

Acetone, 

NaOH, 

Deionized 

water 

[64, 135, 

136] 

 

2. Proximate 

analysis 

Q600 SDT thermal analyzer (TA 

Instruments, USA); Universal V4.5A TA 

Instruments Data Analysis software 

Nitrogen, 

Oxygen 

[141–143] 

3.  Ultimate 

analysis 

Flash 2000 analyzer (Thermofisher 

Scientific, USA) 

Helium  

4. HHV Drycal Modular Oxygen Bomb Calorimeter Oxygen  



5. Bulk density Absolute Digmatic electronic vernier 

calliper; Radwag PS 750.R2 weighing scale 

 [18, 24] 

 

6. Thermal 

reactivity 

(TGA) 

Q600 SDT thermal analyzer (TA 

Instruments, USA); Universal V4.5A TA 

Instruments Data Analysis software 

Nitrogen, 

Oxygen 

 

 

2.1 Structural Analysis 

In determining the structural composition of the wood samples, a Soxhlet extraction was 

carried out on the raw sawdust of known weight, thereby leaving behind an extractives-free 

sample composing of hemicellulose, cellulose, and lignin. The details of the procedure 

adopted in this study for determining the composition of each structural component in each 

sample have been reported in the literature [19]. The procedure is as summarized in Figure 

1. 

 

Figure 1: Structural analysis process adapted from [18]  



2.2 Proximate and Ultimate Analysis 

The proximate analysis was carried out on each sample by adopting standard procedures 

described in ASTM E1756-08, ASTM E872-82 and ASTM E1755-01 [13–15]. The fixed carbon 

(FC) composition was derived using Equation 1: 

%𝐹𝐶 = 100 − %(𝑀𝐶 + 𝑉𝑀 + 𝐴𝑠ℎ) (1) 

Where FC = fixed carbon; MC = moisture content; and VM = volatile matter content. 

The ultimate analysis was carried out on a Flash 2000 analyzer (Thermofisher Scientific, USA) 

connected to oxygen gas (for combustion) and helium gas (the carrier gas). This analysis was 

used to determine the percentage composition of C, H, N and S. The oxygen composition was 

derived using Equation 2: 

%𝑂 = 100 − %(𝐶 + 𝐻 + 𝑁 + 𝑆) (2) 

C = Carbon; H = Hydrogen; N = Nitrogen; S = Sulfur; O = Oxygen 

2.3 Fuel Ratio 

The fuel ratio (FR) of an LCB is expressed as the ratio of its fixed carbon (FC) to its volatile 

matter (VM) content as obtained from its proximate analysis. 

2.4 Higher Heating Value 

The Higher Heating Value (HHV) of an LCB refers to the quantitative energy content of its 

combustible material. The HHV of the raw wood samples were determined experimentally on 

a Drycal Modular Oxygen Bomb Calorimeter.  

2.5 Bulk and Energy Density 

To determine the bulk density of the samples, lumps of the wood samples were first sawn 

into cubes and cuboids of known shapes. The dimensions of the woodblocks were measured 

using an Absolute Digmatic electronic vernier calliper to calculate their volumes. The masses 

of the woodblocks were determined on a Radwag PS 750.R2 weighing scale, and their bulk 

density was then calculated using Equation 3 [18, 24]. 

𝜚𝐵 =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑤𝑜𝑜𝑑 𝑏𝑙𝑜𝑐𝑘 (𝑔)

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑤𝑜𝑜𝑑 𝑏𝑙𝑜𝑐𝑘 (𝑐𝑚3)
 (3) 

Where 𝝔𝑩 = Bulk density (g/cm3). 



The energy density (ED) is the energy contained in a unit volume of combustible material. This 

was calculated for each wood sample using Equation (4): 

𝐸𝐷 =  𝜚𝐵  × 𝐻𝐻𝑉 (4) 

Where ED = Energy density (GJ/m3); 𝝔𝑩 = the Bulk density (g/cm3); and HHV = Higher Heating 

Value (MJ/kg). 

2.6 Char reactivity  

By subjecting the individual wood samples to a thermal treatment, the thermogravimetric 

analysis (TGA) was conducted and used to obtain critical information about their thermal 

decomposition and the Derivative Thermogravimetry (DTG). 

The procedure was carried out by loading 10 mg of each sample onto an alumina sampling 

cup and placed into the furnace of a Q600 SDT thermal analyzer (TA Instruments, USA). For 

each run, the equipment, purged with nitrogen flowing at 10 mL/min, was set at a heating 

rate of 10 °C/min. The process was set to run from an initial temperature of 25°C to a final 

temperature of 800°C and held for 30 minutes. The results obtained from the thermal 

analyzer were plotted and analyzed using the Universal V4.5A TA Instruments Data Analysis 

software. 



The values of the char reactivity of the individual samples were determined with the aid of 

their DTG results (Table 3). The char reactivity of the samples is regarded as the peak rate of 

thermal decomposition of the char in the passive pyrolysis stage, as depicted in Figure 2.   

Other thermogravimetric data, such as the initial decomposition temperature (IDT), were also 

derived from the wood samples' derivative thermogravimetry DTG profiles. The maximum 

char yield temperature and final char decomposition temperature were estimated from the 

weight loss profiles of the wood samples. 

2.7 Fuel evaluation exercise 

The experimental results were used in the fuel evaluation exercise to inform the five key 

evaluators used for this study: char reactivity, fuel ratio, energy density, Nitrogen compounds 

emissions, and ash deposition. These evaluators were classified as either desirable and 

undesirable to pyro-gasification for simplicity (see Figure 3). 

Figure 2: The thermal decomposition thermograms of Poplar its char reactivity in the passive 
pyrolysis stage (i.e. the char gasification phase of a pyro-gasification process) 



Figure 3: Classification of the evaluators  

In the fuel evaluation, the following rules were employed:  

 Firstly, a relevance factor (RF) was assigned to each evaluator in a hierarchy of 1 to 3 

based on the number of selected contributing biomass properties listed in Figure 4. 

For instance, the char reactivity evaluator having the highest number of contributing 

biomass properties was assigned an RF of 3. Meanwhile, an RF of 2 was shared by the 

fuel ratio, energy density and NOx emission having an equal number of contributing 

biomass properties. The least RF was assigned to the ash deposition evaluator having 

the least number of contributing biomass properties.  

 Furthermore, a hierarchy was established among the wood samples according to the 

quality they exhibit under each evaluator. A primary fuel quality rank (PFQR) ranging 

from 1 (worst rank) to 8 (best rank) was assigned to each of the eight samples based 

on their selected biomass properties (listed in Figure 4), that contribute to an 

evaluator.  

 Finally, by multiplying the PFQR of a particular wood sample with the RF of an 

evaluator, a secondary fuel quality score (SFQS) was calculated for the individual 

samples under that evaluator (see Eq. 5). 

Wood sample A SFQS for the char reactivity evaluation: 

SFQS sample A = PFQR sample A x RF evaluator (5) 

Where SFQS = Secondary Fuel Quality Score; PFQR = Primary Fuel Quality Rank; RF =  



 

 

3. Results and discussion 

3.1 Sample Characterization  

Table 2 shows the results of the analyses carried out on the biomass samples. The average 

values of the analyses carried out on each sample in triplicate are reported, with the standard 

deviations in brackets. The standard deviation shows that the results are repeatable.   

3.1.1 Structural analysis 

The lignocellulosic composition of an LCB and its secondary cell wall structure is one of the 

primary contributors to its physical and chemical characteristics, distinguishing it as an ideal 

feedstock for conversion to specific biofuels either by biochemical or thermochemical 

conversion process [25].  

Figure 5 compares the lignocellulosic compositions of the biomass species investigated in this 

study. The Bug weed biomass exhibit the highest cellulose composition of 31.31 wt. % and a 

total holocellulose (cellulose and hemicellulose) composition of 67.31 wt. %.  This is closely 

followed by the Jacaranda (65.21 wt. % holocellulose). The lignin composition of the samples 

Figure 4: The five pyro-gasificaton feedstock evaluators and their respective contributing 
LCB fuel and physicochemical properties. 



ranges from 26.67 wt. % to 43.33 wt. %. Considering its higher holocellulose and lower lignin 

composition, the Bug weed exhibits high char reactivity. This observation is due to the high 

rates of thermal decomposition typically exhibited by holocellulose. However, the Bug weed's 

high holocellulose and low lignin composition may also classify it as an ideal feedstock for 

biochemical conversion processes. 

 

Figure 5: A comparison of the structural compositions of the eight wood samples 

Conversely, the lignin composition is generally higher in the hardwoods – Eucalyptus and 

Poplar. The contribution of lignin to wood, such as mechanical strength, hydrophobicity and 

resistance to pest and microbial attack, further underlines its importance [19, 20]. In some 

instances, high lignin composition can be found in softwoods, particularly those with thicker 

barks due to the high amounts of lignin contained in barks of trees. In this study, however, 

the sawdust samples were sourced from the sapwood and heartwood of the tree trunk. 

As reported, lignin exhibits higher heating values than holocellulose due to its lower rate of 

oxidation or decomposition [20, 21]. In most cases, the average difference between the HHV 

of hardwoods and softwoods is basically due to the difference in their lignin composition. This 

observation corroborates with the results of the samples investigated in this study, as seen in 

Table 2. 

0 10 20 30 40 50

Cellulose

Hemicellulose

Lignin

% Composition in Biomass

African oil bean

African mahogany

Opepe

African mesquite

Eucalyptus

Poplar

Jacaranda

Bug weed



Table 2: Experimental analysis of the eight wood samples 

Analysis 

BIOMASS 
Recommendations for 

wood fuels 

Eucalyptus Bugweed Poplar Jacaranda 
African  

mesquite 
Opepe 

African  
mahogany 

African 
oil bean 

Austria  
ONORM 
M7135 

German 
DIN51731 
/DINplus 

Lignocellulosic analysis 

% 

Cellulose 
21.68 

(±0.27) 

41.31 

(±0.28) 

30.84 

(±0.61) 

38.54 

(±0.54) 

25.69 

(±0.40) 

38.05 

(±0.25) 

30.40 

(±0.45) 

26.71 

(±0.31) 
  

Hemicellulose 
26.51 

(±0.49) 

26.00 

(±0.29) 

27.01 

(±0.62) 

26.67 

(±0.21) 

25.67 

(±0.56) 

21.00 

(±0.56) 

28.67 

(±0.69) 

28.33 

(±0.21) 
  

Lignin 
43.33 

(±0.57) 

26.67 

(±0.66) 

33.33 

(±0.96) 

26.67 

(±0.91) 

40.00 

(±0.94) 

35.20 

(±0.21) 

33.33 

(±0.28) 

36.67 

(±0.16) 
  

Extractives 
8.48 

(±0.93) 

6.02 

(±0.47) 

8.82 

(±0.29) 

8.12 

(±0.42) 

8.64 

(±0.23) 

5.75 

(±0.49) 

7.60 

(±0.49) 

8.29 

(±0.36) 
  

Proximate  

analysis 

% 

MC 
9.13 

(±0.52) 

8.93 

(±0.30) 

12.21 

(±0.36) 

9.12 

(±0.10) 

9.61 

(±0.73) 

7.16 

(±0.74) 

7.21 

(±0.40) 

8.56 

(±0.15) 
  

VM 
49.88 

(±0.80) 

54.92 

(±0.33) 

56.56 

(±0.52) 

57.91 

(±0.45) 

43.29 

(±0.38) 

58.65 

(±0.41) 

52.12 

(±0.57) 

51.01 

(±0.33) 
  

FC* 39.98 34.44 30.20 30.76 47.11 33.17 40.36 39.86   

Ash 
1.01 

(±0.36) 

1.74 

(±0.12) 

1.04 

(±0.18) 

2.21 

(±0.29) 

0.10 

(±0.05) 

1.02 

(±0.08) 

0.40 

(±0.31) 

0.58 

(±0.09) 
≤0.5 <1.5/<0.5 

Ultimate  

analysis 

% 

C 
47.82 

(±0.94) 

43.33 

(±0.91) 

42.34 

(±0.14) 

44.23 

(±0.70) 

50.49 

(±0.45) 

48.62 

(±0.22) 

48.42 

(±0.18) 

45.64 

(±1.02) 
  

H 
5.37 

(±0.07) 

5.66 

(±0.81) 

5.82 

(±0.18) 

5.73 

(±0.31) 

5.63 

(±0.22) 

6.02 

(±0.40) 

5.81 

(±0.22) 

5.81 

(±0.27) 
  



 
 

* by difference.  Standard deviation in bracket. MC=moisture content; VM= Volatile Matter, FC= Fixed Carbon; C= Carbon; H = Hydrogen;  

N = Nitrogen; S = Sulfur; O = Oxygen.

N 
0.08 

(±0.02) 

0.40 

(±0.09) 

0.27 

(±0.02) 

0.18 

(±0.04) 

0.26 

(±1.16) 

0.37 

(±0.06) 

0.19 

(±0.04) 

0.40 

(±0.05) 
<0.3 <0.3 

S 0 0 0 0 0.01 0 0 0 <0.04 <0.08/0.04 

O* 46.73 50.75 51.58 49.87 43.61 44.99 45.59 48.16   

HHV (MJ/kg)   
18.84 

(±0.38) 

17.58 

(±0.29) 

18.80 

(±0.31) 

18.43 

(±0.21) 

20.72 

(±0.33) 

18.90 

(±0.25) 

19.34 

(±0.29) 

19.15 

(±0.25) 
>18.0 

17.5 - 19.5/ 

>18 

Bulk density (g/cm3) ϱB 
1.01 

(±0.12) 

0.40 

(±0.04) 

0.50 

(±0.01) 

0.51 

(±0.02) 

1.05 

(±0.03) 

0.67 

(±0.02) 

0.66 

(±0.04) 

0.95 

(±0.02) 
  

Energy density (GJ/m3) ED 19.03 7.03 9.40 9.40 21.76 12.66 12.76 18.19   

Fuel Ratio FC/VM FR 0.80 0.63 0.53 0.53 1.08 0.60 0.80 0.80     



 
 

The structural components also contribute primarily to the mass of the char intermediate 

formed in the pyrolysis phase. A greater char mass may be expected from tree species such 

as the Eucalyptus and the African mesquite, exhibiting relatively higher amounts of lignin – 

43.33 wt. % and 40 wt. % respectively. Conversely, low char mass may be expected from 

species such as the Bug weed and Jacaranda due to their very low lignin compositions of 26.67 

wt. %. However, this may not necessarily be the case.  Yu et al. [29] reported on the 

complexity of the biomass pyrolysis process, whereby the three components (cellulose, xylan 

(hemicellulose), and lignin) show overlapping decomposition thermograms. Despite the lignin 

decomposition contributing primarily to char formation, hemicellulose also acted as a 

secondary contributor to char formation. This is so because while hemicellulose attains its 

peak rate of decomposition at a much lower temperature than the other components, it is 

observed to achieve thermal stability around 400°C. Hemicellulose decomposition is 

therefore extended beyond the active pyrolysis zone and into the passive pyrolysis zone, 

following a decomposition trend like that of lignin. In this passive zone, only the char 

intermediate is left to decompose. This passive pyrolysis zone also represents the gasification 

phase of a pyro-gasification process (see Figure 2). 

Table 3 shows the thermal properties of the biomass samples as analysed using a 

Thermogravimetric Analyzer. As seen in Tables 2 and 3, it may be concluded that the high char 

reactivity of the Bug weed is attributed to the high hemicellulose fraction in its intermediate 

char product. This implies that larger composition of hemicellulose favours a high gasification 

conversion rate of the intermediate char product. However, high amounts of hemicellulose 

in the Bug weed, Poplar, and Jacaranda also indicate their potential to produce high quantities 

of tar-forming volatiles during pyro-gasification. Furthermore, biomass species such as 

African Mesquite and Eucalyptus exhibit low biomass reactivity of 0.87 and 1.19 %/min, 

respectively. These observations can be attributed to the fact that the hemicellulose to lignin 

ratio in their intermediate char product may be lower. However, Jacaranda biomass has low 

lignin fractional composition and low reactivity.  



 
 

 

Table 3: Thermal properties of wood samples 

Biomass Initial 

decomposition 

temp. 

Char 

reactivity 

Burnout 

temp. 

 °C %/min °C  

Bug weed 179 3.13 475 

Jacaranda 170 0.95 785 

Poplar 185 2.87 510 

Eucalyptus 171 1.19 795 

Opepe 180 1.37 660 

African oil bean 198 3.07 515 

African mahogany 202 1.70 640 

African mesquite 183 0.87 >800 

 

Furthermore, as shown in Tables 2 and 3, it can be observed that the wood samples with high 

lignin content have very high burnout temperatures. This observation implies that higher 

energy input is required to gasify an LCB with high lignin composition. However, this does not 

render biomass with high lignin content inefficient for the thermochemical conversion 

process as lignin also contributes to the energy density of biomass. Therefore, from these 

observations, a clear conclusion on which biomass species is most favourable for pyro-

gasification cannot be made. However, a combination of other fuel properties can provide a 

scientific conclusion.  

3.1.2 Proximate analysis 

The proximate analysis of eight biomass species is reported in Table 2. One of the limitations 

of biomass for effective thermochemical conversion is its moisture content [30]. This is 

observed to be high in Poplar (12.21 wt. %). The presence of high moisture content in biomass 

would reduce the efficiency of a pyro-gasification process. This is because some of the heat 

supplied in the gasification phase eliminates the water content in biomass rather than 



 
 

produce syngas. Also, high moisture in biomass contaminates the tar oil produced in the 

pyrolysis phase, thereby requiring further refining. However, pre-treatment processes such 

as torrefaction and solvolysis methods have proved to address these drawbacks. Another 

negative impact of high moisture content in biomass is the cost of transportation of biomass. 

When biomass with high moisture content is transported, a fraction of the transport fuel is 

used to transport water, thereby adding to transportation costs. 

Al-Zareer et al. [31] studied the effect of some gasification parameters and biomass type on 

the syngas composition. With the aid of a gasification simulation process, volatile matter of 

biomass was observed to favour the production of hydrogen-rich syngas. Based on this 

observation, biomass species such as Opepe with a relatively high volatile matter may favor 

the production of hydrogen-rich syngas. However, rather than considering volatile matter 

alone, the fuel ratio (fixed carbon/volatile matter) is used to determine the desirability of 

wood fuel for an effective pyro-gasification. Good wood fuel is considered as one with a high 

fuel ratio [32]. Hence, it is required that a good fuel possess a volatile matter content that is 

significantly less than the fixed carbon. As seen from Table 1, only the African mesquite has 

its fixed carbon higher than its volatile matter. This suggests that raw African mesquite can 

serve as a suitable feedstock for an effective pyro-gasification process. However, the fuel ratio 

of the biomass species studied can be improved using pre-treatment processes such as 

torrefaction and solvolysis [32, 33].  

Hernández et al. [34] carried out the techno-economic analysis of using biomass in power 

plants. The result shows that biomass ash content significantly reduces the heating value of 

the fuel. As seen from Table 2, according to the Austria ONORM M7135 and German 

DIN51731/DINplus, a recommended wood fuel for the thermochemical conversion process 

should have an ash content of less than 0.5 wt. %. Only African mesquite and African 

mahogany satisfy this requirement.  In this study, the effect of high ash content is also 

observed with the Jacaranda. The Jacaranda, with the highest ash content (2.21%), is 

observed to exhibit a very low char reactivity of 0.95 %/min (see Table 3), despite its high 

holocelluse composition. A common occurrence in the gasification of biomass which is also 

expected in pyro-gasification is the deposition of layers of ash residues containing reaction-

inhibiting silicone particles on the char surface. These ash layers block char pores and inhibit 

the free transfer of hot oxidizing gases into their inner carbon particles. This thereby 



 
 

minimizes the rate of char partial oxidation and conversion of the inner carbon particles [35–

37]. Therefore, despite exhibiting fuel properties favourable for pyro-gasification, an LCB with 

a high ash content could exhibit low char conversion in the gasification phase. Table 4 

compares the fuel ratios derived from the volatile matter and fixed carbon values of the 

samples in this study with other LCB materials reported in the literature. The ash content of 

other LCBs reported in the literature is also listed in Table 5.  

Table 4: A comparison of the fuel ratio of samples in this study with those derived from 
literature. 

WOOD AND WOODY 

BIOMASS  

VM 

% 

FC 

% 

FUEL RATIO REFERENCE 

Eucalyptus 48.88 39.98 0.8 This study 

Bugweed 54.92 34.44 0.63 This study 

Poplar 56.56 30.2 0.53 This study 

Jacaranda 57.91 30.76 0.53 This study 

African mesquite 43.29 47.11 1.08 This study 

Opepe 58.65 33.17 0.60 This study 

African mahogany 52.12 40.36 0.80 This study 

African oilbean  51.01 39.86 0.80 This study 

Poplar bark 73.6 16 0.22 [49, 156] 

Tamarack bark 63.7 24.1 0.38 [49, 156] 

Spruce bark 67.3 21.4 0.32 [49, 156] 

Pine bark 70.2 23.3 0.33 [49, 156] 

Elm bark 67 17.2 0.26 [49, 156] 

Maple bark 70.1 17.8 0.25 [49, 156] 

Balsam bark 70.9 18.3 0.26 [49, 156] 

Beech bark 65 23.9 0.25 [49, 156] 

Birch bark 71.7 17.8 0.25 [49, 156] 
Eucalyptus bark  68.7 15.1 0.22 [40] 
Hemlock bark 65.9 23.4 0.36 [49, 156] 
Oak wood  77.6 21.9 0.28 [49, 158] 

 Olive wood 74.3 16.1 0.22 [49, 159] 
Pine wood 76.50 14.45 0.19 [43] 

Spruce wood 71.0 14.4 0.20 [43] 
Willow wood  74.2 14.3 0.19 [49, 161] 
Alder-fir wood 36.3 9.1 0.25 [49, 162] 

Poplar wood 79.7 11.5 0.14 [49, 162] 
Hybrid Poplar wood 78.97 11.63 0.15 [45] 
Christmas tree wood 46.02 12.93 0.28 [49, 162] 
Red oak wood 76.35 11.92 0.16 [45] 
Beech wood 82.5 17.0 0.21 [41] 

 



 
 

Despite the samples in this study exhibiting high volatile matter contents comparable to those 

of other woody biomass samples reported in the literature, their fixed carbon contents were, 

however, observed to be higher than those of most other biomass. This disparity may be 

attributed to variations in moisture contents and ash contents common with biomass due to 

growth conditions, storage, and handling. Moreover, as previously mentioned, moisture and 

ash content may vary between wood samples of the same species. This is possible if both 

samples were harvested in different geographical and climatic locations or harvested from 

different parts of the same tree.  The wood samples evaluated in this study were harvested 

from the trunks of trees and stem in the case of the Bug weed. As reported in a study by 

Duruaku et al. [18], comparing the fuel properties of the main branches and trunks of 11 

tropical trees, wood samples harvested from the trunks exhibited better fuel properties than 

their counterparts sourced from the main branches of the same tree. 

Table 5: A comparison of the ash content of the samples in this study with those reported in 
the literature. 

WOOD AND WOODY BIOMASS  ASH CONTENT REFERENCE 

 wt%  

Bugweed  1.74 This study 

Eucalyptus 1.01 This study 

Poplar 1.04 This study 

Jacaranda 2.21 This study 

African mesquite 0.01 This study 

Opepe 1.02 This study 

African mahogany 0.08 This study 

African oil bean 0.58 This study 

Poplar bark 2.0 [38, 39] 

Tamarack bark 3.8 [38, 39] 

Spruce bark 2.9 [38, 39] 

Pine bark 1.8 [49, 156] 

Elm bark 7.4 [49, 156] 

Maple bark 3.7 [49, 156] 

Balsam bark 2.4 [49, 156] 

Beech bark 7.1 [49, 156] 

Birch bark 1.9 [49, 156] 

Eucalyptus bark  4.2 [40] 

Hemlock bark 2.3 [49, 156] 



 
 

Oakwood  0.5 [49, 158] 

 Olive wood 3.0 [49, 159] 

Pinewood 5.5 [49, 160] 

Spruce wood 0.5 [49, 160] 

Willow wood  1.4 [49, 160] 

Alder-fir wood 2.0 [49, 159] 

Poplar wood 2.0 [49, 161] 

Hybrid Poplar wood 0.04 [45] 

Christmas tree wood 0.3 [49, 161] 

Red oak wood 0.3 [45] 

Beech wood 0.5 [41] 

 

3.1.3 Ultimate analysis 

The ultimate analysis, also known as the elemental biomass composition, greatly determines 

its suitability as a raw material for syngas production. Biomass species with a low hydrogen-

to-carbon ratio and low oxygen-to-carbon ratio could be considered efficient as feedstock for 

thermochemical conversion processes [47]. Research efforts made by Nhuchhen and Afzal 

[48] on predicting the heating value of biomass via its ultimate analysis suggested that the 

carbon content of biomass positively affects the heating value while oxygen negatively affects 

the heating value of biomass. Hence, scientifically, good wood fuel is considered as one which 

has a low oxygen-to-carbon ratio. As seen in Table 2, Bug weed, Poplar, Jacaranda, and African 

oil bean biomass species have oxygen-to-carbon ratios greater than 1. This implies that these 

biomass species lack the attribute of a good fuel in terms of its ultimate analysis. However, 

these fuel properties can be improved through pre-treatment processes.  

Table 6 shows similarities in the nitrogen contents of the samples in this study with those 

reported in the literature. Likewise, other biomass properties, the nitrogen content of a 

particular plant or variety of plants may vary depending on factors such as the type of soil, 

the climatic conditions and the proximity of a nitrogen compounds emitting factory to the 

location where the biomass is grown. 

 

 



 
 

Table 6: A comparison of the nitrogen content of the samples in this study with those of other 
LCBs reported in the literature 

WOOD AND WOODY BIOMASS  NITROGEN CONTENT LITERATURE 

Bugweed  0.4 This study 

Eucalyptus 0.08 This study 

Poplar 0.27 This study 

Jacaranda 0.18 This study 

African mesquite 0.26 This study 

Opepe 0.37 This study 

African mahogany 0.19 This study 

African oil bean 0.40 This study 

Poplar bark 0.6 [49, 156] 

Tamarack bark 0.7 [49, 156] 

Spruce bark 0.1 [49, 156] 

Pine bark 0.3 [49, 156] 

Elm bark 0.7 [49, 156] 

Maple bark 0.4 [49, 156] 

Balsam bark 0.2 [49, 156] 

Beech bark 0.7 [49, 156] 

Birchbark 0.5 [49, 156] 

Eucalyptus bark  0.3 [40] 

Hemlock bark 0.2 [49, 156] 

Oakwood  0.3 [49, 158] 

Olive wood 0.7 [49, 159]  

Pinewood 0.5 [49, 159] 

Spruce wood 0.3 [49, 159] 

Willow wood  0.6 [49, 161] 

Alder-fir wood 0.5 [49, 162] 

Poplar wood 0.6 [49, 162] 

Hybrid Poplar wood 0.04 [45] 

Christmas tree wood 0.3 [49, 162] 

Red oak wood 0.03 [45] 

Beech wood 0.4 [41] 

 

3.1.4 Energy content 

The higher heating value (HHV) of any wood fuel is a critical fuel property that determines its 

suitability for an effective thermochemical conversion process. Although other operating 



 
 

conditions affect the energy content of the final syngas, the initial energy content of the wood 

fuel significantly affects the final higher heating value of the syngas. According to the German 

DIN51731, a good fuel is considered as one whose HHV is greater than 17.5 MJ/kg (see Table 

2). All the biomass HHVs exceed this value and are close to the recommended values by the 

Austria ONORM M7135 and the German DINplus. Therefore, these samples may be 

considered suitable for their high energy content. The energy density captures the energy 

content present in one cubic meter of wood. This parameter is usually critical when 

considering the palletization of biomass for cooking or heating homes. Unlike other 

physicochemical properties of biomass, the higher heating values of the wood samples used 

for this study are more predictable and consistent with those reported in the literature (see 

Table 7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Table 7: A comparison of the Higher Heating Values of wood samples in this study and other 
studies. 

BIOMASS HHV 

 

REFERENCE 

 (MJ/kg)  

Bug weed  17.58 This study 

16.9 [46] 

Jacaranda  18.43 This study 

-  

Poplar  18.80 This study 

19.38 [27] 

 18.57 [43] 

Eucalyptus 18.84 This study 

18.64 [49] 

Opepe  18.90 This study 

21.44 [18] 

African oil bean  19.15 This study 

20.06 [18] 

African mahogany  19.34 This study 

20.79 [18] 

African mesquite  20.72 This study 

22.41 [18] 

Hog wood 20.95 [45] 

Hybrid Poplar 18.95 [45] 

Willow tree 18.79 [43] 

Pine tree 19.38 [43] 

Birch tree 19.34 [43] 

 

3.2 Uncertainty analysis 

3.2.1 Absolute uncertainty 

The absolute uncertainty (standard deviation) of each experimental measurement was calculated 

using the three values obtained when each experiment was carried out in triplicate, as reported in 

Table 2. These values are presented in brackets and assigned the "±" sign. The reported standard 



 
 

deviations were low, indicating minimal and acceptable errors. However, a relative uncertainty 

analysis is required to compare the magnitude of the standard deviations with its measured values to 

ensure the accuracy of the experiments. As shown in Table 2, some fuel properties were calculated 

using some measured values. To carry out the relative uncertainty analysis (Eq. 8) of the measured 

and calculated fuel properties, their corresponding absolute errors were calculated. The absolute 

error values for the calculated fuel properties were derived using the propagation of error analysis as 

described below. Whereas, the absolute errors for the measured fuel properties are represented by 

their standard deviation presented in Table 2. 

3.2.2 Propagation of error analysis 

Propagation of error analysis helps to check the effect of the variables’ uncertainties on the 

uncertainty of a calculated figure or function based on those variables. For each function type, there 

are different ways of carrying out this analysis. For example, this analysis provides the absolute errors 

of the calculated fuel properties: % Oxygen content, energy density, fixed carbon content, and the fuel 

ratio.  

For calculated fuel properties involving additions and subtractions, Equation 6 is used to calculate their 

absolute errors. Whereas, Equation 7 was used for the functions involving multiplications and 

divisions.  

 
∆𝑌 =  ∆𝑋1  +  ∆𝑋2  +  ∆𝑋3 + . . . + ∆𝑋𝑛       (6) 

∆𝑌

𝑌
 =  

∆𝑋1

𝑋1
 + 

∆𝑋2

𝑋2
 +  

∆𝑋3

𝑋3
 + . . . +

∆𝑋𝑛

𝑋𝑛
          (7) 

3.2.3 Relative uncertainty analysis 

Since some experimental runs were done to arrive at the ranking decisions, it is paramount to see the 

uncertainty in the experimental measurement compared to the actual measured values [50, 51]. 

Therefore, this analysis provides a basis to show the reliability of the measured values and 

subsequently the ranking of the different biomass which is based on their fuel properties. Equation 8 

was used to carry out this analysis. The relative uncertainties are reported in Table 8.  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 =   𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑒𝑟𝑟𝑜𝑟
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒⁄     (8) 

 

As seen in Table 8, the measured fuel properties of the biomass samples obtained during the 

experiments exhibited relatively low relative uncertainty of less than 20% except for ash having a 

relative uncertainty of 40%, 50%, and 80% for Eucalyptus, African mesquite, and African mahogany. 



 
 

This shows the difficulty in quantifying the actual ash content in biomass. However, the average of the 

three values for each biomass was used for further analysis to reduce the uncertainty influence on the 

ranking. Furthermore, the uncertainty in the calculated values derived by propagating the variables' 

uncertainties was relatively low, with a maximum of 14% for the energy density of the Eucalyptus 

biomass.  

Having carried out the uncertainty analysis of these experimental measurements, it can be concluded 

that these results are dependable. Hence, validating the biomass ranking.  

 



 
 

 

Table 8: The relative uncertainty of the measured and calculated fuel properties of the eight biomass samples. 

Analysis 
Eucalyptus Bugweed Poplar Jacaranda African mesquite    Opepe African mahogany  

African oil 
bean 

Lignocellulosic 
analysis   

%  

Cellulose 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01 

Hemicellulose 0.01 0.01 0.02 0.01 0.02 0.03 0.02 0.01 

Lignin 0.01 0.02 0.03 0.03 0.02 0.01 0.01 0.01 

Extractives 0.11 0.08 0.03 0.05 0.03 0.09 0.06 0.04 

Proximate analysis         
% 

MC 0.06 0.03 0.03 0.01 0.08 0.10 0.06 0.02 

VM 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

FC 0.04 0.02 0.04 0.03 0.02 0.04 0.03 0.01 

Ash 0.40 0.07 0.17 0.13 0.50 0.08 0.80 0.16 

Ultimate analysis            
% 

C 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.02 

H 0.01 0.14 0.03 0.05 0.04 0.07 0.04 0.05 

N 0.20 0.20 0.06 0.20 0.12 0.15 0.20 0.12 

S - - - - - - - - 

O 0.02 0.04 0.01 0.02 0.04 0.02 0.01 0.03 

HHV (MJ/kg)   0.02 0.02 0.02 0.01 0.02 0.01 0.02 0.01 

Bulk density (g/cm3) ϱB 0.12 0.10 0.02 0.04 0.03 0.03 0.06 0.02 

Energy density 
(GJ/m3) 

ED 
0.14 0.12 0.04 0.05 0.04 0.04 0.08 0.03 

Fuel ratio (-) FR 0.06 0.03 0.04 0.04 0.04 0.05 0.04 0.03 

 



 
 



 
 

3.3 Fuel Quality Evaluation 

Figures 6 a and b are graphical summaries of the SFQS of the eight waste wood samples under 

each feedstock evaluator. These charts are clear and concise representations of the scale at 

which the fuel properties of the different wood species are suitable for pyro-gasification. A 

hierarchy of the wood samples under each evaluator is also represented in Fig. 7. These would 

aid stakeholders and policymakers engage in quick and informed decisions to select suitable 

feedstock for pyro-gasification. A wood species could be selected to be pyro-gasified 

individually or as a blend of two or more species exhibiting contrasting properties in suitable 

mix ratios. By so doing, the effect of seasonal shortages in the supply of a particular feedstock 

could be minimized. 

Figure 6: A graphical representation of the (a.) Southern Africa invasive alien wood samples, and (b.) West and 
Central Africa Tropical hardwoods, based on their Secondary Fuel Quality Score under each evaluator 
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The char reactivity of the wood samples is an important yardstick for the feedstock evaluation 

of the wood samples for pyro-gasification due to its direct influence on the gasification phase 

reactions, as earlier discussed. High biomass reactivity permits early syngas production by 

aiding the activation of the gasification reactions at lower gasification temperatures, thereby 

requiring less energy input. A low biomass char reactivity as observed with the African 

mesquite could lead to poor, inadequate or incomplete conversion of the char intermediate's 

carbon component, particularly at low temperatures in the gasification phase of a pyro-

gasification process. Therefore, a higher activation energy and energy input would be 

required to trigger a complete conversion of the char to syngas. This could also influence the 

syngas composition and yield.  

Biomass fuel ratio affects the properties of the pyrolysis phase products, which in turn affect 

the quality, composition and yield of the final syngas produced [27, 28]. The high amounts of 

VM and relatively low FC of solid biomass fuels makes them more reactive and less energy-

dense than coal [54]. Since high volatile matter content in biomass is a desirable property for 

a quick ignition when blended with coal for combustion, higher amounts of fixed carbon are 

Figure 7: A hierarchy of the wood samples under each evaluator 
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most desired to promote syngas yield in the gasification phase. In this phase, triggering a quick 

ignition would lead to absolute combustion of the char in the presence of the oxidizer. 

Moreover, as previously mentioned, the presence of tar-forming volatiles generated by 

biomass affect syngas quality and limit its end use for downstream applications [55]. 

Therefore, samples with higher fuel ratios (i.e. Higher FC and lower VM) are considered most 

desirable for pyro-gasification. 
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Table 9: Fuel evaluation scores of wood samples 

PARAMETER RF 

BIOMASS 

Bug weed Eucalyptus Jacaranda Poplar 
African 

mesquite 

African       

oil bean 

African 

mahogany 
Opepe 

PFQR SFQS PFQR SFQS PFQR SFQS PFQR SFQS PFQR SFQS PFQR SFQS PFQR SFQS PFQR SFQS 

Char Reactivity 3 8 24 3 9 2 6 6 18 1 3 7 21 5 15 4 12 

Fuel Ratio 2 6 12 7 14 4 8 4 8 8 16 7 14 7 14 5 10 

Energy Density 2 2 4 7 14 3 6 3 6 8 16 6 12 5 10 4 8 

Nitrogen compds 2 8 16 2 4 3 6 6 12 5 10 8 16 4 8 7 14 

Ash content 1 7 7 4 4 8 8 6 6 1 1 3 3 2 2 5 5 

RF (Relevance Factor of evaluator); PFQR (Primary Fuel Quality Rank); SFQS (Secondary Fuel Quality Score). 
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Biomass containing low values of elemental nitrogen and sulfur contents are desirable for 

pyro-gasification and other thermochemical conversion processes [56]. Incombustible 

nitrogen compounds – N2, NOX (NO, NO2), N2O are formed during thermochemical processes 

and are emitted into the atmosphere, while NH3 and HCN are undesirable for syngas 

downstream applications. However, due to the small quantity of sawdust tested, the effects 

of the nitrogen composition of the samples was not significant. Within the scope of this study, 

any gaseous nitrogen compounds present in the syngas was not detected. Meanwhile, as 

earlier observed, the sulfur content of the samples evaluated was negligible, and therefore 

sulfur composition was not considered as part of the evaluation. Asides from the negative 

impacts caused by emitting nitrogen compounds, wood nitrogen content were more 

important in this study as plant biomass is often known to contain significant amounts of 

nitrogen, particularly when grown on agricultural-active soils. Naturally, soils contain an 

adequate amount of nitrogen, supplied naturally by a nitrogen fixation process in a nitrogen 

cycle. However, in most cases, the increased use of fertilizers for soil rehabilitation in 

agriculture increases soil nitrogen concentration which exceeds the usable nitrogen 

composition of the soil. While the extra nitrogen concentration in the soil is attractive for 

agriculture, it impacts the nitrogen balance of the ecosystem. Therefore, plants are left to 

take up and store the excess soil nitrogen, thereby making them less ideal biomass feedstock 

for energy production. The nitrogen content of most wood samples evaluated was below the 

maximum allowable limits of 0.3%, except for those of the Bugweed (0.4% N), Opepe (0.37 % 

N) and the African oil bean (0.4% N). Despite the slightly greater composition of nitrogen in 

these samples, their nitrogen compositions were still comparably much lower than those of 

coals.  

The ash content is a key factor in selecting any solid fuel as a feedstock for thermochemical 

processes because its deposition is known to accelerate the corrosion of internal reactor 

components. During thermochemical processes such as combustion, gasification and pyro-

gasification, biomass and coal deposits of ash residue layers containing reaction-inhibiting 

silicone particles on the char surface. These layers of ash block the char pores and inhibit the 

free transfer of hot oxidizing gases into the inner carbon particles. This phenomenon 

minimizes the rate of char partial oxidation and conversion of the inner carbon particles [33–
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35]. Therefore, char oxidation rates and gasifier temperature are reduced [4, 57]. Operational 

issues such as the deactivation of catalysts due to fouling by ash, agglomeration due to the 

low melting point of biomass ash, the low conversion efficiency of the biomass, sintering, 

aggregation, deposition, leading to corrosion of the gasifier, may arise as a result of high 

amounts of ash in the feedstock [4]. Moreover, ash in high amounts reduces the calorific value 

of the feedstock and thus result in a reduced syngas calorific value [35–37]. It is worthy of 

note that high char yield does not necessarily translate to a high concentration of fixed carbon 

present in the char. High ash composition in the raw biomass contributes to a high yield of 

the intermediate char product since char is primarily made up of fixed carbon and ash 

particles. In such a situation, the gasification phase reactions will be greatly hindered by the 

huge presence of ash residue. Unlike coal, the lower ash composition of woody biomass may 

be insignificant if used for combustion. However, this may not be the case if considerable 

deposits of ash are formed during pyro-gasification. 

4. Conclusion 

This study evaluated the fuel properties of eight important waste wood samples as potential 

feedstocks for pyro-gasification. Based on previous studies reported in the literature, five key 

feedstock evaluators were developed to ascertain the extent to which related biomass fuel 

properties affect the efficiency of a pyro-gasification process and the quality of the syngas 

product. A hierarchy of the eight samples was established under the five evaluators: char 

reactivity, energy density, fuel ratio, NOX emission, and ash deposition.  

The hierarchy reveals that no individual wood species is completely efficient as feedstock for 

pyro-gasification. This is due to the contrasts in the fuel properties of one wood species from 

the other. For example, despite the low ranking of the Bugweed in the energy density 

evaluation, its high char reactivity to a large extent could promote the production of syngas 

at low temperatures. This observation highlights the importance of blending the Bugweed 

with wood species such as the African mesquite ranked highly for its high energy density, high 

fuel ratio and low ash deposition potential, but lowly in terms of char reactivity. By blending, 

feedstock with the right balance in fuel properties can be achieved.  

Across the board, the Jacaranda was the least ranked wood species due to its low char 

reactivity, low energy density, low fuel ratio, high NOX emissions, and ash deposition 
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potentials. However, its low char reactivity may be due to its high ash content and other 

impurities accumulated during its handling and storage. Therefore, this necessitates the need 

for further studies on biomass with similar fuel properties to the Jacaranda.  

This study provides relevant data in terms of ranking these wood species based on their 

suitability for pyro-gasification. It also provides knowledge on the criteria for blending wood 

species for effective pyro-gasification processes. This study paves the way for further 

exploration of the thermochemical conversion of various waste wood species, which will 

further reduce the exploration of fossil fuels.   
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