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Abstract: Bamboo as a lignocellulosic biomass is one of the most abundant non-timber plants of 

tropical and sub-tropical regions in the world. In-effectiveness in the utilization of conventional 

biomass in their raw form to generate electricity in the biomass thermal power plant is largely 

associated with low heating value, high moisture content, and high impurity. This study investigates 

the potential of torrefied bamboo as an enhanced biofuel for electricity generation. The objective was 

to improve the fuel properties of bamboo culms of varying ages (1, 1.5, and 2 years) to overcome the 

limitations of raw biomass in biomass thermal power plants. In this paper, three different bamboo 

culms samples were torrefied and analyzed using ultimate analysis, proximate analysis and calorific 

value (CV) of each feedstock. It was found that BBC C after torrefaction has CV of 22.59MJ/Kg 

against an initial of 16.17MJ/kg, elemental carbon of 54.8wt.% with H/C and O/C ratios of 0.10 and 

0.72 respectively The findings highlight the novelty of torrefied bamboo samples to generally have 

better fuel properties such as lower moisture content, higher elemental carbon and significantly 

improved calorific value making it suitable for use either independently or in a blend with other fuel 

types such as coal in the furnaces of power plants for the purpose of generating electricity. 

Additionally, for torrefied char applications in combustion engines, older bamboo culms are 

recommended for optimal performance.  

 

Keywords: Bamboo; Ultimate Analysis; proximate analysis; Calorific Value, Torrefaction   

1.  Introduction 

The global warming caused by the increased CO2 

concentrations has emerged as one of the most critical 

issues to be globally addressed1) and the top two sectors 

contributing to many countries emissions are forestry and 

energy, largely emissions from deforestation, and power 

generation2). With the rising energy demand arising from 

rapid industrialization and urbanisation3) the other 

renewable energy sources showcase great potentials of 

replacing fossil in their utilization for power generation4). 

In line with policy target to achieve net zero emission by 

the year 2030, biochar has shown potential of green bio-

coal candidate for power generation5). As a renewable 

energy source, biomass is the fourth largest energy source 

worldwide in terms of capacity after coal, oil and natural 

gas6) with the decline in fossil fuel7). Bamboo is an 

economically important plant group of enormous utilities 

and offers extensive genetic diversity, the plant group 

harbors approximately 1670 species representing 125 

genera and are spread across 22.0 × 106 ha of the forest 

areas across the world8). Bamboo is considered a 
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promising solution to mitigate climate change because of 

its carbon sequestration capability and versatile 

applications9). Bamboo is one of the fast-growing 

perennial herbaceous plant in south eastern Asia and it 

also possesses important fuel characteristics such as low-

ash content and alkali index10). The treated bamboo that 

used chemical treatment were improved the bonding 

strength and reduced water absorption more than 50% 

compared to the untreated bamboo11). Bamboo strips can 

be disintegrated into bamboo fiber bundles using alkali 

treatment and crushing by flat press12). The composite 

from these fiber bundles thus obtained have better 

mechanical properties13). Bamboo is highly renewable 

with better strength to weight ratio than conventional 

building materials and wood14). 

The conversion of waste biomass into bioenergy 

appears to be a workable solution to the energy crisis15). 

Solid biofuel sometimes referred to as biochar16) is one of 

the most effective strategies to attain the carbon peak by 

2030 and carbon neutrality by 2060 due to its similar 

utilization path of coal17). Production methods and 

activation conditions have high impact on biochar 

characteristics18). Renewable and bio-based materials 

conversion into commodity chemicals is a promising 

strategy to reduce society’s dependence on petrochemical-

based production19), which is expected to contribute 

significantly to the push for sustainable 

development20).Using torrefied char, or bio coal, as solid 

fuel provides an opportunity to introduce a sustainable 

feedstock into the energy market21). It seems to be a 

suitable method of introducing renewable energy to 

existing power plants22). Coal power plants provide 30 % 

of global primary energy needs23) and generate more than 

41 % of the world’s electricity24). While traditional uses of 

coal (i.e., combustion) are associated with the release of 

CO2 emissions into the atmosphere25), Co-Combustion of 

sub-bituminous coal with biomass26) /bio-coal improves 

combustion efficiency and emission of CO2 and SO2
27)

, 

hence the need to process biomass before further use as 

solid fuel need not to be overemphasized28)
. The aim of 

this work however is to assess the potentials of bamboo as 

a suitable solid fuel candidate for power generation by 

taking advantage of the baboo plant culm of different 

ages29) extensively reviewed the potential of different 

bamboo species of diverse height and thickness in energy 

generation, while30) highlighted the need for their 

continuous cultivation in Malaysia for biofuel production. 

Bamboo as described by31), differ in terms of density and 

tissue arrangement compared to other biomass, in addition 

to exhibiting structural changes while aging. Unlike other 

studies where the feedstock is used regardless of its age, 

this study investigates the properties of different age 

bamboo stems as their properties may vary, thereby 

affecting its feasibility for power generation. Thus, the 

specific objectives of this work are to determine the 

proximate, ultimate, calorific values, TGA and DTG data 

of bamboo culm of varying ages and pinpoint the bamboo 

age (whether young or older) with the best fuel property 

for power generation. The motivation of this work is the 

urgent need to mitigate global warming and achieve net 

zero emissions necessitate exploring renewable energy 

sources like bamboo, which offers significant carbon 

sequestration potential and fuel properties. Furthermore, 

improving biomass utilization through torrefaction 

addresses inefficiencies in raw biomass combustion for 

power generation. This study is novel since it uniquely 

evaluates bamboo culms of varying ages to determine the 

optimal harvest period for superior fuel properties, 

enabling its effective use as bio-coal for sustainable 

energy production.  

 

2.  Experimental 

2.1 Samples  

The feedstock used in this study, which is the Raw 

bamboo culm Dendrocalamus asper (Buluh Betung) was 

collected from a bamboo plantation in Kuala Kubu Baru, 

a domain in Malaysia. Three different sample culms of 

ages 1, 1.5, and 2 years of stem length of 9.4m, 9.45m, 

12.7m and stem mass of 7.4kg, 8.7kg and 16kg 

respectively was collected and the raw sample was later 

chopped into smaller particle size with the aid of a 

mechanical chopping machine and then stored in sample 

bags labelled A, B and C respectively and then 

subsequently used at the Materials characterization 

laboratory where the proximate and ultimate analysis as 

well as calorific value analysis  were carried out. 

Feedstocks A, B and C were dried in an oven for 24hrs at 

105oC. After this has been completed the preparatory step 

to the torrefaction experiment is concluded thereby 

making the samples easier to handle and further process. 

 

2.2 Method  

Torrefaction of Raw feedstock A, B and C was carried 

out using top lit updraft, auto thermally heated reactor, 

where about 50g of feedstock is fed in each run for period 

of 2 hours under an inert atmosphere at a temperature of 

300oC. The choice of 300°C for torrefaction was based on 

literature32) evidence that this temperature range enhances 

the thermal decomposition of hemicellulose, improves 

fuel properties such as calorific value, and minimizes 

energy losses during the process, this temperature is also 

optimal for producing bio-coal with desirable properties 

for power generation while maintaining the structural 

integrity of the biomass. 

The samples are then left to cool off for at least 60 

minutes before another run will be initiated. The process 

otherwise termed non oxidative torrefaction with the 

feedstock having no contact with air and a modification in 

the residence time of the feedstock in the reactor as well 

as the operating temperature. Proximate analysis was 

performed using Thermogravimetric Analyzer (Brand: 

Mettler Toledo and Model: TGA-DSC HT 3) for 
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simultaneous thermal analysis (TGA/DSC). Each 

feedstock was ran starting from 25oC (room temperature) 

to 105oC at a heating rate of 20K/min under nitrogen gas 

flow at 50ml/min. Further heating was discontinued, and 

the temperature was kept at 105oC under nitrogen gas at 

50ml/min for 3 minutes. The sample is now heated further 

from 105oC to 950oC at a heating rate of 50k/min under a 

nitrogen flow of 50ml/min after which the feedstock was 

left to cool off at a rate of -10k/min under nitrogen flow 

of 50ml/min until a temperature of 450oC was achieved 

where further heating will be continued at a rate of 

50k/min until a temperature of 800oC is attained under an 

Air flow of 50ml/min. The feedstock will be held at this 

temperature of 800oC under air flowing at 50ml/min for 

five minutes after which no subsequent heating will be 

continued and profile for each sample is obtained. 

Ultimate Analysis was carried out using the CHNS 

Analyzer (Thermo flash EA1112), here the combustion of 

weighed feedstock under a controlled /inert condition 

followed by the analysis of its gaseous products. During 

the combustion carbon is converted to CO2, Sulphur to 

SO2, hydrogen to H2O and Nitrogen to NOX. The products 

of combustion are then passed out of the combustion 

chamber through heated copper of high purity which can 

remove any oxygen reduce NOx to N2. Finally, the 

contents of Carbon, hydrogen, Nitrogen and Sulphur are 

detected through the release of CO2, H2O, N2 and SO2. The 

resulting data obtained gives the quantitative values of C, 

H, N and S values of each feedstock  

Calorific value of feedstocks was detected using the 

oxygen bomb calorimeter (IKA C 2000) where feedstock 

in each sample run was fed in crucible with a thread to aid 

ignition of the sample which later filled with oxygen and 

then subsequently heated under Nitrogen gas for about 15-

25 minutes depending on sample after which the calorific 

value will be displayed, and sample ejected from the 

chamber. This process is replicated for each feedstock age 

and the resulting Heating value is obtained and recorded 

as a key parameter to evaluate solid fuel quality and 

potential performance. 

 
Table 1. Proximate and ultimate analysis of raw bamboo and torrefied bamboo at 300oC. 

Ultimate Analysis Atomic Ratio Proximate Analysis 
Calorific Value 

(MJ/Kg) 

 C H N S O H/C  O/C  VM FC AC MC CV 

RBS A 8.64 9.98 0.33 0.34 81.37 1.16 9.42 12.69 6.36 9.78 71.17 16.50 

RBS B 9.16 9.83 0.36 0.40 80.98 1.07 8.84 16.76 9.89 27.67 45.68 16.10 

RBS C 11.53 9.71 0.37 0.70 78.44 0.84 6.80 20.41 7.17 15.96 56.46 16.17 

BBC A 54.87 5.50 0.18 0.10 39.35 0.10 0.72 89.17 1.96 1.82 7.05 18.59 

BBC B 51.42 5.30 0.41 0.11 42.76 0.10 0.83 52.73 13.93 28.51 4.83 19.36 

BBC C 54.81 5.26 0.62 0.12 39.19 0.10 0.72 52.80 1.69 40.12 5.39 22.59 

Lignite33) 66.10 4.70 0.73 0.31 30.10 0.85 0.07 0.46 47.00 3.83 13.40 14.0 

Bituminous33) 83.5 4.95 1.90 0.90 8.01 0.71 0.06 0.10 60.30 5.10 1.70 30.20 

Oxygen calculated by difference in ultimate analysis, 

(dry ash free basis). Proximate analysis on dry basis: 

Volatile matter, Fixed carbon, this study. 

Atomic Mass Used: 

H=1 

C=12  

O=16  

Note:  

 

O (wt.%) = 100wt%− C (wt.%) – H (wt.%) – N 

(wt.%) – S (wt.%)      (1)

  

FC (wt.%) = 100wt%− AC (wt.%) – VM (wt.%) – 

MC (wt.%)                 (2) 

 

In Table 1 above Ultimate analysis data are presented 

which entails the Carbon, hydrogen, Nitrogen, and 

Sulphur contents of each feed stock on dry ash free basis. 

However, the oxygen content in the respective bamboo 

samples and resulting torrefied feedstock are obtained by 

subtracting the values of the respective constituents from 

100wt.% as illustrated by equation 1 above. This is also 

reported by34). Notable increase is seen in Carbon values 

from the least aged feed stock 8.64% carbon to 11.53% 

carbon in the oldest unprocessed feedstock. A similar 

pattern is observed in the decreasing oxygen content from 

81.37% in RBS A to 80.98% oxygen content in RBS B 

with the least oxygen content in the raw samples seen in 

RBS C. Decrease in hydrogen content for non-torrefied 

samples is also observed from 9.98% in the least aged 

feedstock to 9.71% in RBS C, further affirming decrease 

in moisture content with increase in age consistent with 

decreased oxygen and hydrogen contents with increased 

age in non-torrefied feedstocks above. An increase in 

Nitrogen and Sulphur Contents from 0.33% to 0.37% as 

well as 0.34% to 0.70% respectively in RBS A and RBS C 

are also noted with increase in age of the feedstock similar 

to the findings of35). After torrefaction has taken place the 

carbon content in the oldest feedstock improved 

significantly to 54.81% with least hydrogen contents of 

5.26% as well as oxygen contents of 39.19% and the 

highest Nitrogen and sulfur contents of 0.62% and 0.12% 

respectively, thus indicating that devolatilization as well 

as dehydration that accompanies the torrefaction process 

is evident consistent with the findings in36).  

On the other hand, proximate analysis data reveals 
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information such as moisture content, volatile matter, 

fixed carbon, and ash content which can be evaluated 

mathematically by equation 2. For the non-torrefied set of 

data RBS C has a meager fixed carbon content of 7.17% 

compared to RBS A that has a fixed carbon content of 

6.36%. the highest moisture content value was seen the 

youngest feedstock consistent with the decreasing 

hydrogen and oxygen content observed with increasing 

age earlier revealed by the ultimate analysis values. After 

torrefaction has taken place, fixed carbon content is 

increased to 13.93% in BBC B with a moisture content 

that has been significantly reduced to 4.83% and volatile 

matter at 52.73%. This is also reported in37).  

Considering38) the H/C and O/C ratios it can be seen that 

when the feedstock was not torrefied, it exhibited high 

ratios in relation to carbon which is greater than 1, with 

the highest ratios of 1.  
16 and 9.42 seen in RBS A further affirming 

hydrophilicity, however RBC C has a relatively lower 

hydrophilicity due to its age with ratios of 0.84 and 6.80 

as H/C and O/C ratios respectively. After torrefaction the 

materials has been transformed to relatively hydrophobic 

materials with ratios less than 1, as seen in BBC C with 

H/C and O/C ratio of 0.10 and 0.72 respectively with 0.10 

and 0.83 for BBC B.  

There is an evident increase in the calorific value of 

non-torrefied feedstock with increase in age from RBS A 

to RBS C. There is an increasing calorific value of 

torrefied feedstock with increased in age as it is seen from 

approximately 18.6MJ/Kg in the torrefied youngest 

feedstock to 19.40MJ/Kg in BBC B and lastly to the oldest 

torrefied which is BBC C at approximately 22.60 MJ/Kg. 

the heating value obtained for the feedstock suggests that 

it supersedes lignite in terms of its energy content and can 

compete favorably with sub bituminous coal in terms of 

its overall energy content thus suggesting its use for 

complete replacement of coal or blending with  

 

3.  Results and Discussion 

Figure 1 shows the TGA and DTG of Raw samples A, 

B and C. TGA Shows the percent weight loss with 

increase in temperature while the DTG is indicative of the 

rate of weight loss with increase in temperature. For the 

raw samples A, it can be observed that the weight loss is 

in three regimes like its rate, the first loss observer from 

room temperature to 105oC is linked directly to the 

moisture content of the sample. The loss is a physical 

change where moisture is stripped from the feedstock 

consistent with the values obtained in Table 1 above and 

reported by38). The second weight loss was observed after 

heating from 105oC to 950oC which is attributed to the 

volatile matter presence in the feedstock. The third weight 

loss regime is indicative of the fixed carbon content of the 

material while the residue that was gotten is perceived to 

be the Ash content found therein, similar to reports in39). 

 
Fig. 1: TGA and DTG of raw feedstock A. 

 

Similar weight loss regimes exist for Fig. 2 below, 

where its moisture content, volatile matter, fixed carbon, 

and ash content were evaluated like that of A as shown in 

Table 1 above, the rapid rate of loss is usually seen during 

the moisture content loss between 25oC to 105oC and the 

least is observed during the fixed carbon evaluation 

regime for raw sample that has not been treated. The 

feedstock is wet/hydrophilic, however the devolatilization 

stage shows less weight loss on the TGA plots as well as 

slow rates of loss on the DTG. This finding is consistent 

with that reported by40).  

 

 
Fig. 2: TGA and DTG of raw feedstock B  
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Observation of similarity was also seen in Fig. 3 below; 

where the weight loss profile in the first instance lasted 

less longer compared to that seen in RBS A and RBS B 

which can be attributed to the feedstock less amount of 

moisture in relation to the two other feedstock as 

supported by values in Table 1 above, however, the sample 

C tends to have a relatively high fixed carbon content and 

the highest elemental carbon level among the three 

feedstocks used in this study similar to39). This is 

indicative that it exhibits a relatively fair solid fuel 

property prior to its processing41).  
Atomic Ratio (O/C, H/C) of the feed stock A, B and C 

is indicative that bamboo is highly hydrophilic in its raw 

form because of the visible greater than one ratio seen in 

the raw feedstock suggesting the dominance of hydrogen 

and oxygen over carbon in several folds. However, after 

treatment, it was found that the hydrophobicity of bamboo 

was greatly improved with H/C ratios of as low as 0.10 

and O/C ratio 0.72 found in BBC C compared to the 

highest H/C and O/C found in RBS A of 1.16 and 9.42 

respectively which indicative of lower solid fuel stability 

in this form. However, the solid fuel is more stable after 

torrefaction as show by atomic ratio parameter in Table 1. 

This is in conformity with the work36). Further processing 

by torrefaction for its candidature as a solid fuel is 

however justifiable, considering its poor parameters in its 

raw form suggesting the treatment will improve its solid 

fuel essentials such as increased calorific value, elemental 

and fixed carbon and reduced moisture and volatile matter 

content. 

 

 
Fig. 3: TGA and DTG of raw feedstock C. 

 

After torrefaction was carried out at 300oC, the weight 

loss against temperature as well as the rate of weight loss 

in relation to temperature which are the TGA and DTG 

plot is represented by Fig 4, 5 and 6 below respectively.  

For the three feedstocks, however a distinctive variation 

was observed in TGA, DTG, Calorific value and CHNS 

parameters which are powerful tools for the measurement 

of thermal stability of materials. Firstly, in BBC A as 

shown by Fig. 4, transformation in the carbon hydrogen, 

Nitrogen, sulfur, and oxygen contents was observed with 

elemental carbon standing at 54.87wt.% against an initial 

8.64 wt.% in RBS A. Calorific value increased 

significantly from 16.50MJ/kg to 18.59MJ/kg indicating 

positive improvement in solid fuel parameter consistent 

with TGA and DTG plots  as observed by34), which shows 

a lower moisture content and overall decrease in the rate 

of weight loss in the DTG plot as seen in Fig. 4 Below. 

In Figure 5 there is also an  improved calorific from 

16.10 MJ/Kg in RBS B to 19.36MJ/Kg due to torrefaction 

effect as well as increased elemental carbon composition 

from 9.16wt.% in RBS B to 51.42wt.% in BBC B. TGA 

shows minimal drop in the first weight loss regime as a 

pointer to moisture content which implies a drop in 

moisture content with increased fixed carbon contents  

and the DTG plots also affirms by reduced rate of weight 

loss seen simultaneously with the loss of weight in TGA 

AS Show in Fig. 2 for BBC B. This was similarly reported 

in the work of42) 

 

 
Fig. 4: TGA and DTG of torrefied feedstock A. 
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Fig. 5: TGA and DTG of torrefied feedstock B. 

 

TGA and DTG Plots shown in Fig. 6 for BBC C shows 

a reduced drop in weight as well as the rate of loss of 

weight in comparison with RBS C TGA and DTG plots in 

Fig. 1 with moisture content lower than that of lignite coal 

as shown in Table 1. CHNS Values also appreciated 

significantly with torrefaction with an elemental carbon 

content of 54.81wt.% against an initial 11.53wt.% in RBS 

C consistent with the findings of43). Consequential 

increase in calorific value as a precursor for higher energy 

content was observed as BBC C has a CV of 22.59MJ/Kg 

against an initial 16.17MJ/kg before the torrefaction of the 

feedstock at 300 oC. 

 

 
Fig. 6: TGA and DTG of torrefied feedstock C. 

4.  Conclusion 

Bamboo is highly hydrophilic in its raw form with high 

H/C and O/C ratios, it also has low calorific value, high 

moisture content, low elemental, and fixed carbon 

respectively. Torrefaction of the RBS A, B and C to 

produce BBC A, B, C at 300oC has greatly improved the 

feedstock into a solid fuel which is relatively hydrophobic 

with calorific value as high as 22.59MJ/Kg greater than 

that of lignite coal, better elemental and fixed carbon 

contents was similarly observed. In a note shell the older 

bamboo sample RBS C which was torrefied to BBC C 

tend to exhibit better fuel property prior to and after 

treatment among the three samples hence implying that 

torrefaction is a suitable technique to produce solid fuel 

from biomass. In view of that, the older the bamboo culm, 

the better the fuel property and ability to serve as biofuel 

in power combustion engines. While this study focused on 

evaluating the fuel properties of bamboo culms of varying 

ages for power generation, future studies should explore 

the technoeconomic feasibility of utilizing torrefied 

bamboo for large-scale applications. Investigating 

production costs, scalability, and market integration 

would provide valuable insights into its practical 

implementation and economic viability. 
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Nomenclature 

TGA -Thermogravimetric Analysis 

DTG -Differential Thermogravimetric Analysis 

CV -Calorific Value  

MC -Moisture Content  

VM -Volatile Matter  

FC -Fixed Carbon  

AC -Ash Content  

Wt.% -Weight Percent  

MJ/Kg -Mega Joule/ Kilogram 

RBS -Raw Bamboo Sample 

BBC -Bamboo Bio Coal 
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