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Bamboo can be used to produce solid, gaseous, and liquid fuels, as well as to generate heat and biofuels for transport 
and electricity. The main objective of this study was to investigate the physical and fuel properties of Bambusa vulgaris in 
three ecological zones for their utilization potential for the production of biofuels. Thirty-six samples of Bambusa vulgaris 
culms from 3 ecological zones in Ghana were milled to powder to assess the physical and fuel properties. The physical 
properties; moisture content, high heating values, bulk density, density, and ash content were investigated. The fuel 
properties were based on ultimate analysis, carbon, hydrogen nitrogen, and oxygen. The mean moisture content (MC) for 
the green bamboo ranged from 68.8% (dead culm) to 148% (mature culm) and 168% (juvenile culm). The MC for dried 
samples ranged from 9.09 to 13.06%. The results showed that the % MC of the samples increased with decreasing values 
of high heating and ash content. The mean density of the matured bamboo culms varied from 616.84 to 641.68 kg·m–3 
and dead bamboo culms from 609.01 to 632.72 kg·m–3. Marginal reduction in density was observed in dead bamboo culms 
across the three ecological zones as compared to the mature bamboo culms. This implies that when B. vulgaris overgrows, 
its density decreases. High heating values ranged from 16.12 to 18.14 MJ·kg–1. Bulk density determines the transportation 
and storage of biomass; it ranged from 0.12 to 0.52 g·m–3. The ash contents were within the threshold (≥3%) of European 
standard. The mean values for the ultimate analysis of carbon (48.46 to 53.31%), hydrogen (5.60 to 6.56%), nitrogen (0.58 
to 0.61%), and oxygen (39.73 to 41.35) were higher. Fuel properties of Bambusa vulgaris are comparable to some wood 
types, lower to denser wood types, but higher than most of the herbaceous energy crops and agricultural residues. This 
means that Bambusa vulgaris may be a good feedstock for the production of bioenergy in terms of heat, charcoal, biogas, 
bio-power, and transportation fuel.
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Abstract

INTRODUCTION

The world demand for petroleum-based fuels has 
increased as a result of increasing industrialization and 
motorization (Agarwal 2007). Resources like gasoline, coal, 
natural gas, diesel and other products derived from fossil 
fuels are non-renewable (Brown 2003) because they cannot 
be regenerated once used. Many researchers reported that 
the burning of fossil fuels emits extensive greenhouse gases, 
such as carbon dioxide, into the atmosphere, which are 

the sources of some other severe environmental problems 
(Davis and Caldeira 2010, Street and Yu 2011). The intensive 
use of fossil fuels and other natural resources accumulate 
greenhouse gases which cause heat over the Earth’s surface, 
resulting in changes in temperature and other climatic 
processes (Koutsoyiannis et al. 2009). These emissions among 
others have brought about climate change such as global 
warming, flooding (World Bank 2009), droughts, famines, 
water shortages, extreme heat (Koutsoyiannis et al. 2009, 
Riché et al. 2009), and desertification (World Bank 2009). 
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Global wood charcoal production rose from 17.3 to 53.1 
million tons between 1964 and 2014. Sixty-one percent of 
the present global production of charcoal occurs in Africa 
to satisfy the cooking demand from urban households 
(Doggart and Meshack 2017). World Health Organization 
(WHO) revealed that over 75 percent of rural households 
and around 20 percent of urban households depend 
primarily on wood fuel for cooking in low- and medium-
income countries (WHO 2016). A shift from fossil fuel-based 
energies to dependence on renewable energy had been 
discussed by many researchers (Demirbas and Arin 2002, 
Prins 2005, White 2010). Several researchers have proposed 
the use of these renewable energies as substitutes for 
fossil fuels; solar, wind, hydro, ocean thermal energy, and 
biomass. Among the renewable energy sources mentioned 
above, biomass is the only carbon-based sustainable energy 
(Sathre and O’Connor 2010). Biomass can be burned to 
produce heat and electricity; changed to gas-like fuels such 
as methane, hydrogen, and carbon monoxide, or changed to 
liquid fuel. Liquid fuels, also called biofuels, include mainly 
two forms of alcohol: ethanol and methanol (Demirbas 
2010).  

Wood and energy crops were the main biomass 
substrate for the production of biofuels (Demirbas and 
Arin 2002, Filho and Badr 2004), agricultural and forestry 
residues, animal wastes, (Demirbas and Arin 2002, 
Bridgwater 2004) municipal solid wastes, manufacturing 
wastes, and vegetable oils (Filho and Badr 2004). Trees 
and crops can always be grown and waste will always exist 
(The NEED Project 2011). By nature, biomass materials 
vary depending on geographical location, variety, climate 
conditions, and harvest methods (Clarke and Preto 2011). 
The demand for biofuel was insatiable; as a result, many 
researchers around the world have delved into using 
lignocellulose materials such as wood, crops, and agricultural 
wastes to produce biofuels (IEA 2010). Between 2000 and 
2010, global biofuel production grew from 16 billion liters to 
100 billion liters (IEA 2011). However, frequent use of woody 
biomass for bioenergy (electricity, gas, or heat) production 
is expected to have some ripple effects in the forest and 
agriculture sectors. Increased use of the mill and forest 
residues for bioenergy will likely decrease the production of 
oriented strand boards, bark mulch recycles soil nutrients, 
and improve micro-climate site conditions (White 2010). 
Countries like Brazil, Canada, and the USA are using 
sugar cane, wheat, corn, or soya respectively to produce 
bioethanol (Koh and Wilcove 2008). Food crops used for 
biofuels have adverse effects on the food supply to humans, 
poultry, and farm animals and increase food prices (Sun and 
Cheng 2002). Bamboo was seen by many researchers as 
the most promising energy source to mitigate greenhouse 
gas emissions (Demirbas 2010, Preto 2010). Bamboo has 
a very wide variety of energy needs, including generating 
electricity (Demirbas 2010, Preto 2010), high heating homes 
(Preto 2010), fuelling vehicles (Bain 2010), and providing 
process heat for industrial facilities (Preto 2010). Bamboo is 
a sustainable, fast-growing plant that takes 3 to 4 years to 
mature (INBAR and BARADEP 2003). Bambusa vulgaris is the 
most common type of bamboo, which covers about 95% of 
the total growing area in the southern part of Ghana (Oteng-
Amoako et al. 2005). 

The knowledge of utilizing bamboo for the production 
of biofuels is increasing, but most of the studies dealt with 
only studied mature culms (Choy et al. 2005), neglecting 
the potency of the shoot, young and dead culms, branches, 
and leaves. Scurlock et al. (2000) studied nine bamboo ages 
from 1 to 5 years, i.e. juvenile and mature culms. However, 
they did not consider ecological zones, shoots, over-grown 
or dead culms for fuel properties. Again, little is known 
about the characteristics of bamboo as a feedstock for 
the production of biofuel in West Africa. This study aims 
to determine the physical and fuel properties of Bambusa 
vulgaris Schrader ex Wend land var. vulgaris (Bamboo) age 
groups: shoots, juvenile, mature, dead, or overgrown. The 
tested hypothesis of the study is to determine the physical 
and fuel properties such as density, bulk density, and high 
heating value of Bambusa vulgaris age group culms. The 
results imply utilizing these bamboo parts for energy 
production.

MATERIALS AND METHODS

The Study Areas
The samples of bamboo were collected in their natural 

stands from three ecological zones in Ghana. These areas 
were dry semi-deciduous zone (DSD), moist semi-deciduous 
(MSD), and moist evergreen deciduous (MED). The DSD zone 
is located in the transitional zone between Ghana’s forest 
and Savanna regions (FAO 2005). The area covered a forest 
near Techiman in the Brong East Region of Ghana, which is 
between 7°35' N latitude and 1°48' W longitude. The mean 
annual rainfall ranges from 1300 to 1400 mm (Obiri and 
Oteng-Amoako 2007). The highest annual temperature is 
33°C (Duku et al. 2011). The next area of study was Owabi 
forest reserve, near Kumasi, which is positioned between 
6°46' N latitude and 2°3' W longitude in Ashanti Region. The 
forest is located in the moist semi-deciduous (MSD) forest 
zone (Hall and Swaine 1981). The average annual rainfall 
ranges from 1400 to 1750 mm (Obiri and Oteng-Amoako 
2007) and the highest annual temperature is 31°C (Duku et 
al. 2011). The last investigated area was Bonsa River Forest 
Reserve in the moist evergreen – deciduous (MED) zone. The 
reserve is located between the coordinates of 5°15' latitude 
and 2°45' W longitude in the Western region of Ghana. The 
mean annual rainfall ranges from 1700 to 2800 mm (Obiri 
and Oteng-Amoako 2007).

Preparation of the Samples
Four age groups of Bambusa vulgaris, shoot, juvenile, 

mature and dead culms, were used for the experiment. 
The juvenile, mature and dead bamboos were measured at 
300 mm intervals each. Mature branches (green and dry) 
and leaves (green and dry) were characterized in terms 
of moisture content, basic density, ultimate composition, 
high heating values, and ash content. The samples were 
oven-dried at 103±2°C and pulverized to fine powder by 
using a Wiley mill (Scurlock et al. 2000, Templeton et al. 
2009). The milled samples were mixed toughly to obtain 
homogenization in a sieve shaker to pass through a 425 
µm mesh sieve but retained on a 250 µm mesh sieve. The 
powder obtained was oven-dried again for the fuel analysis. 
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Determining the Moisture Content 
Two grams of each powdered sample were weighed 

on an analytical balance and placed in different crucibles. 
The crucibles were then labelled and placed in the oven 
which was kept at a temperature of 105˚C. Each crucible and 
sample were taken out of the oven regularly and weighed. 
Gradual decreases in weight were observed and the drying 
and weighing continued until there was no observed change 
in the weights after several weighing.  The calculation is as 
follows:

             % Moisture Content (MC) = (M - Mo/ Mo) × 100      (1)

where M is the mass of the test piece before drying, and Mo 
is the mass of the test piece after drying. 

Determining Bulk Density Measurement
Bulk density is also called volumetric or apparent 

density. This is where the properties of powders, granules, 
and other divided solids are compacted or tapped 
in volume. Bulk density increases with compaction 
and tends to increase with depth. The measurement 
of bulk density was based on ASTM E873 (2013).  
The powdered bamboo sample was sieved to a 60-mesh 
screen (250 microns). The fresh sample was weighed (W1, 
dry at 105oC for 2 days), and weighed again (W2). The 
calculation is as follows:

                                                  
                 Bulk density = W2/V (g ·cm–3)                          (2)

         Water content (Theta) = (W1 – W2)/V (cm3·cm–3)        (3)
 
Determining Dry Density

The density of solid bamboo was determined by using 
ISO 3131 (1975) standard. The dry density is the ratio of 
the density of a test specimen to its volume. The density 
was used to report the natural moisture content of the 
test specimen. Here the mass is taken as the oven-dried 
mass and only the volume is taken at the natural moisture 
content of the specimen. The density of each test sample is 
calculated by using Equation 4: 

                                        D = m/v (106)                                      (4)

where D is density in kg·m–3, m is the oven-dried mass in 
grams of the test specimens, and V is the oven-dried volume 
of the test specimens in mm3.

	  
Determining High Heating Value (HHV)

The powdered bamboo sample was pelleted and oven-
dried to constant weight at 80°C. It was then burned in an 
oxygen bomb calorimeter calibrated by burning benzoic acid 
in the same way as the sample (Technical Support Document 
2007). The calculations were as follows: 

Heat capacity of the system

                               Ccal = Q / ΔT· c                                     (5)

where Ccal is heat capacity of the calorimeter, Q is heat 
capacity of the object, ΔT is change in temperature and c is 
specific heat capacity;

                                     Q = m/ΔH                                        (6)

where ΔH is molar combustion enthalpy of benzoic acid =  
− 3231.5 kJ/mol and m is molar mass of Benzoic acid.

Determining the Percentage (%) Weight of Ash Content 
in the Bamboo Age Groups

The ash content of the bamboo was determined 
by ASTM D 1102 (2008). Two grams of the powdered 
bamboo sample were oven-dried in an electric furnace at a 
temperature of 600˚C for four hours. The percentage of the 
ash content was calculated as follows:

            
                       Ash content (%)= 

Mash

Moven-dry
 X 100                     (7)

where Mash is the mass of the ash and Moven-dry is the mass of 
the oven-dried sample.

Determining the Percentage (%) Weight of Carbon
Carbon in the bamboo was determined by using Walkley 

– black wet oxidation method (Nelson and Sommers 1982). 
The percentage of carbon (C) was calculated as:

                    % C =  N x (Vbl-Vs) x 0.003 x 1.33 x 100
g               (8)                                                                                                

where N is Normality of ferrous sulphate = 0.5  N, Vbl is 
liter value of the blank solution, Vs is liter value of sample 
solution, g is mass of sample taken, 0.003 is milliliter 
equivalent weight of C in grams (12/4000), 1.33 is correction 
factor used to convert the wet combustion C value to true 
C value since the wet combustion method is about 75% 
efficient in estimating the C value (100/75).

Determining the Percentage (%) Weight of Hydrogen
The hydrogen content was determined using the 

exchangeable acidity titrimetric method (Mclean 1965). The 
following calculation was used: 

                               V*0.05*100
W  = V*                                  (9)

where V is titre volume of NaOH used (ml); normality of 
NaOH = 0.05N and W is weight of sample used (1.0 g).

The Percentage (%) of Nitrogen
The Kjeldahl method was used to determine nitrogen in 

chemical substances (Motsara and Roy 2008). The weight of 
N was calculated as: 14 g of contained in one mile-equivalent 
weight of NH3:

The weight of N in the sample =  14 x (A-B) x concentration of acid
1000    (10)

where A is volume of standard HCl used in the sample titration 
and B is volume of standard Cl used in the blank titration. 

The percentage of nitrogen in the sample is calculated as:

                % N = 14 x (A-B) x concentration of acid
1000               (11)

Determining Nitrogen (Kjeldahl Method) 
One gram of the shell/nib was weighed and transferred 

into a 500 ml digestion flask and 30 ml of H2SO4 was added. 

http://dx.doi.org/10.1007/s11187-003-6463-7
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The digestion flask with the mixture was heated in the DK20 
high heating digester block starting at a temperature of 
80oC and then the temperature was raised to 350oC. The 
content of the digestion flasks was heated until the volume 
was reduced to 3 to 4  ml. The content of the digestion 
flasks was cooled and the volume made up to 100  ml in 
volumetric flasks. The volumetric flasks were labelled 
accordingly. Ten millilitres of sample digest were transferred 
using a pipette into a Kjeldahl distillation apparatus after 
the addition of 20  ml of 40% NaOH. The distillate was 
collected over 10  ml of 4% boric acid and three drops of 
mixed indicator in a 250  ml conical flask for 5 minutes.  
The presence of nitrogen gave a light blue colour. 200  ml 
of the distillate was titrated with 0.1  N HCl till the colour 
changed from light blue to grey and suddenly flashed to 
pink. A blank was carried out with the solution sample. The 
weight of N was calculated as 14  g of N contained in one 
mile-equivalent weight of NH3. 

RESULTS

Moisture Content 
In green conditions, the moisture content of Bambusa 

vulgaris varies with the age and height of the culm and the 
geographical location of the bamboo (Figure 1). The moisture 

Figure 1. Variation of moisture content with bamboo age groups: a) Dry semi-deciduous; b) Moist semi-deciduous; c) Moist evergreen; 
d) Variation of moisture content with bamboo type.

content decreases from the shoot to the over-grown (dead) 
culm and also from the bottom or base of the culm to the 
top in all three ecological zones. Among the bamboo culms 
sampled from the three ecological zones, those from the moist 
evergreen ecological zone had the highest average moisture 
content of 157% (juvenile), 148% (mature), and 68.8% (dead).  

One-way ANOVA test showed that at 5% level 
of significance the average moisture content of the 
shoot (F-statistic=11.04, p-value=0.010), juvenile 
culms (F-statistic=5.58, p-value=0.043), mature culms 
(F-statistic=22.03, p-value=0.002) and over-mature culms 
(F-statistic=48.62, p-value=0.001) sampled from the three 
ecological zones differed significantly. The coefficient of 
variation of the shoot culms, juvenile culms, mature culms, 
and the over-mature culms were 5%, 6%, 10%, and 11% 
respectively. 

The Percentage Dry Moisture Content of Bambusa 
vulgaris Across the Three Ecological Zones

The mean moisture content of the dry bamboo samples 
increased from dry semi-deciduous zone to moist evergreen 
deciduous zone among the age groups. Table 10 shows the 
moisture content (dry bamboo); the shoots ranged from 
9.09% to 9.19%, juvenile scored 13.24% to 13.31%, mature 
culm obtained 12.93% to 13.06% and dead culm recorded 
11.02% to 11.06%. It could be observed from Table 1 that 
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(Table 3). The mean values increased from dry semi-
deciduous, moist semi-deciduous to the moist evergreen 
zone. The mean bulk density of shoot ranged from 0.13 
to 0.17  g·m–3, juvenile from 0.17 to 0.28  g·m–3, mature 
ranged from 0.28 to 0.32 g·m–3 and dead recorded 0.32 
to 0.52  g·m–3. On the whole, the samples from moist 
evergreen recorded the highest values. On the contrary, 
the samples from dry semi-deciduous got the lowest 
values. The mean values of the juvenile and dead culms 
were statistically significant.

The High Heating Values of the Bambusa vulgaris Across 
the Three Ecological Zones

The average high heating value ranged from 16.12 
to 18.14  MJ·kg–1. The results showed a consistent rise of 
values from MED upstream to MSD in the middle belt, then 
to DSD transitional zone between the forest and savanna 
regions. It could be observed from Table 4 that the highest 
average high heating value amongst the culms of the three 
zones was recorded at the dead culms (18.14 MJ·kg–1) from 
dry semi-deciduous (DSD).

there were statistically significant differences among the 
shoot, matured and the dead culm mean diameters for all 
the ecological zones. The test for juvenile shows positive 
results for shoot (p-value=0.055, juvenile (p-value˂0.000), 
matured (p=0.002) and dead samples (p-value˂0.000).

The Density of Bambusa vulgaris Across the Three 
Ecological Zones

Mature culms of the green Bambusa vulgaris have 
marginal increases in the density of the samples from the 
three ecological zones, ranging from 616.84 kg·m–3 (DSD) to 
628.12 kg·m–3 (MSD), and 641.68 kg·m–3 (MED). A marginal 
decrease in density was observed for dead bamboos across 
the three ecological zones (Table 2). The mean values for the 
dead culm range from 609.01 kg·m–3 (DSD) to 620.21 kg·m–3 
(MSD) and 635.72 kg·m–3 (MED).

Bulk Density of the Bambusa vulgaris Across the Three 
Ecological Zones

The mean bulk density exhibited a more definite 
pattern of variation within and between all the zones 

Items
Ecological zone ANOVA

DSD MSD MED F-value p-value

Shoot 9.09± 0.074 9.19± 0.006 9.19± 0.010 4.868 0.055

Juvenile 13.24± 0.006 13.27± 0.006 13.31 ± 0.006 94.333 0.000

Mature 12.93± 0.025 13.04±0.031 13.06± 0.030 19.257 0.002

Dead 11.02± 11.057 11.06± 0.006 11.05± 0.006 55.500 0.000

Table 1. Mean and standard deviations on the percentage moisture content (dry) of B. vulgaris age groups at different ecological 
zones (DSD - dry semi-deciduous zone, MSD - moist semi-deciduous, and MED - moist evergreen deciduous). 

Items
Ecological zone ANOVA

DSD MSD MED F-value p-value

Shoot 0.13± 0.031 0.16± 0.010 0.17± 0.025 2.480 0.164

Juvenile 0.17± 0.045 0.21± 0.036 0.28± 0.045 5.832 0.039

Mature 0.28± 0.030 0.24± 0.044 0.32± 0.030 3.892 0.082

Dead 0.32± 0.036 0.38± 0.032 0.52± 0.021 32.783 0.001

Table 3. Bulk density (g·m–3) of the shoot, juvenile, mature and dead culms of B. vulgaris at different ecological zones (DSD - dry semi-
deciduous zone, MSD - moist semi-deciduous, and MED - moist evergreen deciduous). 

Items
Ecological zone ANOVA

DSD MSD MED F-value p-value

Shoot 300.77a± 5.74 303.10±7.97 313.20± 13.16 6.228 0.034

Juvenile 464.78 ± 10.43 466.62±15.27 472.42 ±10.54 0.342 0.723

Mature 616.84 ± 15.91 628.12 ±5.27 641.68 ±14.50 0.222 0.808

Dead 609.01 ± 10.67 620.21±13.74 635.72 ± 13.44 2.630 0.151

Table 2. Mean and standard deviations on density (kg·m–3) of the shoot, juvenile, mature and dead culms of B. vulgaris at different 
ecological zones (DSD - dry semi-deciduous zone, MSD - moist semi-deciduous, and MED - moist evergreen deciduous). 
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Means in the row with different letters indicate a 
significant difference at the 5 percent probability. Significant 
differences were found in the mature and dead bamboo 
culms sampled from the three zones in respect to high 
heating values. Culms sampled from both the dry semi-
deciduous and moist evergreen had significantly higher high 
heating values than those from the moist semi-deciduous 
zone. 

The Percentage (%) of Ash Content of the Bambusa 
vulgaris Samples

The values of the mean ash contents across the three 
ecological zones are presented in Table 5. The shoot 
exhibited values ranging from 1.51% (moist evergreen) to 
1.72% (moist semi-deciduous zone). The average weight 
of ash in the juvenile samples was from 1.71% (moist 
evergreen) to 2.01% (moist semi-deciduous zone). The 
mature samples ranged from 0.93% (moist evergreen) to 
1.83% (dry semi-deciduous zone). The values of the dead 
bamboo samples recorded were as follows: the lowest 
average value recorded in the moist semi-deciduous zone 

was 1.15% and the highest was 2.17% located in the moist 
evergreen zone.

Significant differences were found for the shoot 
(F=7.892, p=0.021) and the mature (F=2.318, p= 0.002) 
sampled from the three zones in respect of ash content.

Percentage (%) Weight of Carbon Concentrations in 
Bambusa vulgaris Across the Three Zones 

The mean highest carbon values rose from the dry semi-
deciduous to the moist evergreen zone. The mean shoot 
varied a little from 49.74% in moist evergreen, 49.67% in 
moist semi-deciduous, and 48.46% in dry semi-deciduous 
zone (Table 6). The percentages of the juvenile culms were 
generally higher at moist evergreen (53.31%), dry semi-
deciduous recorded 50.10%, while moist semi-deciduous 
zone had 52.24%. The mature culms obtained the following 
values: 48.58% in the dry semi-deciduous region, 50.84% in 
moist evergreen, and 52.82% in the moist semi-deciduous 
zone. Meanwhile, the dead bamboo culms have the 
following values: 52.14% for dry semi-deciduous, 52.75% for 
moist semi-deciduous, and 53.01% for moist evergreen zone.

Items
Ecological zone ANOVA

DSD MSD MED F-value p-value

Shoot 1.59 ± 0.50 1.72 ± 0.12 1.51 ± 0.06 7.892 0.021

Juvenile 1.79 ± 0.01 2.01 ± 0.18 1.71 ± 0.11 2.073 0.207

Mature 1.83 ± 0.64 1.52 ± 0.64 0.93 ± 0.15 2.318 0.002

Dead 1.98 ± 0.27 1.54 ± 0.54 2.11 ± 0.06 2.177 0.195

Table 5. Variation of ash content (mean ±SD) with bamboo type and ecological zone (DSD - dry semi-deciduous zone, MSD - moist 
semi-deciduous, and MED - moist evergreen deciduous).

Items
Ecological zone ANOVA

DSD MSD MED F-value p-value

Shoot 16.59a±0.79* 16.19ab±0.09 16.12b±0.10 4.208 0.022

Juvenile 17.61a ± 0.57 17.54 b± 0.09 17.30a ± 1.17 7.222 0.002

Mature 17.74 a± 0.42 17.12b± 0.71 17.08c ± 0.08 9.848 0.001

Dead 18.14a ± 0.66 17.50b ± 0.72 17.29 a± 0.10 66.372 0.001

Table 4. High heating values (MJ·kg–1) of the shoot, juvenile, mature and dead culms of B. vulgaris at different ecological zones (DSD 
- dry semi-deciduous zone, MSD - moist semi-deciduous, and MED - moist evergreen deciduous).

*Mean standard deviation

Items
Ecological zone ANOVA

DSD MSD MED F-value p-value

Shoot 48.46±2.42 49.67±0.19 49.74±0.22 0.574 0.591

Juvenile 50.10±1.44 52.24±0.17 53.31±2.78 1.566 0.284

Mature 48.58±1.26 50.84±1.81 52.82±0.10 5.993 0.037

Dead 52.14±1.64 52.75±1.93 53.01±0.54 9.253 0.015

Foliage 48.92±1.48 48.16 ± 2.09 52.16 ± 0.54 0.007 0.939

Branches 45.10± 0.59 36.56± 1.16 46.58 ± 1.17 0.163 0.901

Table 6. The mean percentage of the carbon content of bamboo types and ecological zones (DSD - dry semi-deciduous zone, MSD - 
moist semi-deciduous, and MED - moist evergreen deciduous).
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Table 6 shows the one-way ANOVA test for the mean 
carbon content of Bambusa vulgaris in three ecological 
zones. Only the mature (F=5.993, p=0.037) and the dead 
(F=9.253, p=0.015) culms were statistically significant. 

Percentage (%) Weight of Hydrogen Content in Bambusa 
vulgaris Across the Three Ecological Zones

From the results in Table 7, shoot recorded the mean 
values of 6.27% (dry semi-deciduous zone) to 7.04% (moist 
evergreen zone). The mean percentage weight of hydrogen 
in juvenile samples decreases marginally from dry semi-
deciduous (6.17%) to moist evergreen zone (6.13%). 
The lowest mean percentage of hydrogen (6.34%) was 
recorded in the dry semi-deciduous zone and the moist 
semi-deciduous zone recorded the highest value of 6.56%. 
Meanwhile, the average hydrogen weight of dead bamboo 
samples ranged from 5.60% in dry semi-deciduous to 
6.22% in the moist evergreen zone. The hydrogen level rose 
from a dry semi-deciduous to a moist evergreen zone. The 
highest value was recorded at the shoot (7.04%) from moist 
evergreen and the lowest was found in the dead (5.60%) 
located in a dry semi-deciduous zone. 

Table 7 shows a one-way ANOVA test for the mean 
percentage hydrogen content in Bambusa vulgaris across 
three zones in Ghana. Only the shoot was statistically 
significant (F=15.571). Nonetheless, there were no 
significant differences among the groups.

Percentage (%) Weight of Nitrogen Concentrations in 
Bambusa vulgaris Across the Three Ecological Zones

The shoot from the moist evergreen zone recorded the 
lowest mean nitrogen content at (0.65%) and the highest 
at 2.52% in the dry semi-deciduous zone (Table 8). Juvenile 
samples from moist semi-deciduous recorded the lowest value 
of nitrogen of 0.61% and dry semi-deciduous recorded 0.79%. 
The nitrogen concentration in juveniles was higher than that 
of the rest of the culms. The percentage weight of nitrogen for 
mature bamboo varies from 0.58% (moist evergreen) to 0.61% 
(dry semi-deciduous), and the dead samples ranged from 
0.32% (moist semi-deciduous) to 0.58% (moist evergreen).

There were significant effects of the amount of nitrogen 
on shoots (F=17.577, p˂0.05) and the dead culm (F=9.056, 
p˂0.05) of the bamboo.

The Mean Percentage Weight of Oxygen by Calculation 
The mean percentage value of oxygen and standard 

deviation of the shoot was 40.20±2.45, the juvenile was 
39.43±1.79, mature was 41.04±2.43 and dead culm was 
41.35±4.05.

Fuel Characteristics of Bambusa vulgaris Across the 
Three Ecological Zones

The fuel characteristics of Bambusa vulgaris in terms of 
ultimate analysis, basic density, moisture content, and high 
heating values were investigated (Table 9).

Items
Ecological zone ANOVA

DSD MSD MED F-value p-value

Shoot 6.27±0.23 6.39±0.09 7.04±0.16 15.571 0.004
Juvenile 6.17±0.10 6.15±0.15 6.13±0.27 0.020 0.980
Mature 6.34±0.34 6.56±0.36 6.52±0.26 0.299 0.752
Dead 5.60 ± 0.51 6.20±0.51 6.22±0.02 2.028 0.212

Table 7. The mean percentage of the hydrogen content of bamboo types and ecological zones (DSD - dry semi-deciduous zone, MSD 
- moist semi-deciduous, and MED - moist evergreen deciduous).

Items
Ecological zone ANOVA

DSD MSD MED F-value p-value

Shoot 2.52±0.65 0.93±0.24 0.65±0.18 17.577 0.003
Juvenile 0.79±0.06 0.61±0.05 0.63±0.12 4.611 0.061
Mature 0.61±0.09 0.61±0.34 0.58±0.05 0.020 0.980
Dead 0.48 ± 0.08 0.32±0.06 0.58±0.05 9.056 0.015

Table 8. Percentage of the nitrogen content of bamboo types and ecological zones (DSD - dry semi-deciduous zone, MSD - moist 
semi-deciduous, and MED - moist evergreen deciduous).

Table 9. Fuel characteristics of Bambusa vulgaris.
Ultimate analysis 

(%) Ash
(%)    

Density
(kg·m–3)  

BD 
(g·m–3)   

HHV
(MJ·kg–1)      

C H N O

Shoot 49.29±1.50 6.56±0.38   1.37±0.90 40.20±2.45 1.30±2.52 413±13.16 0.16±0.01 16.31±0.49

Juvenile 51.38±2.18 6.15±0.18 0.67±0.18 39.43±1.79 1.81±0.99 666±10.54    0.22±0.04     17.19±0.86

Mature 50.75±2.15   6.47±0.33 0.17±0.03 41.04±2.43 1.41±0.70 722±14.50    0.28±0.03     16.98±0.82

Dead 49.97±3.24 6.06±0.37 0.14±0.02 41.35±4.05 1.88±1.35 715±13.40    0.40±0.09     16.59±1.14

C – carbon, H - hydrogen, N - nitrogen O - oxygen, BD - basic density,  HHV - high heating value
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The mature culms exhibited the highest fuel yield, 
followed by dead culms in all the zones. The yardstick was 
based on positive attributes such as large carbon, hydrogen, 
high heating value, and high basic density. These were 
followed by the relatively low amount of moisture content, 
oxygen, nitrogen, and ash content which seem to decrease 
the fuel content in a substrate. The third and the fourth age 
groups were shoots and juvenile culms all based on the 
positive and negative attributes of fuel properties. 

Relationships Among the Fuel Properties of Bambusa 
vulgaris Culms or Stems

Combustion analysis is part of a process intended 
to improve fuel economy, reduce undesirable exhaust 
emissions and improve the safety of fuel-burning equipment 
(TSI Incorporated 2004). The negative effects of some fuel 
properties will depend on the simultaneous presence of 
others. For example, the higher the moisture contents of 
fuel, the lower the high heating values (Montano 2014). 

Table 10 shows that the correlation between the high 
heating value and hydrogen was very strong and positive 
(r=0.755). The relationship between high heating value and 
carbon was significant (r=0.724 and p=0.05). There was an 
intermediate negative correlation between the high heating 
value and the ash content (r=-0.603; p>0.05). There was a 
negative correlation between ash content and the carbon 
content (r=-0.872; p>0.05). 

The relationship between moisture content of wet and 
dried bamboo have strong positive correlation (r=0.727; 
p>0.05). There was a positive relationship between moisture 
content (dry basis) and the high heating value (r=0.059 and 
p>0.05). However, % moisture content of the wet bamboo is 
negatively related to high heating value (r=-0.188; p 0.05). 
There was negative correlation between moisture content 
(wet) and the ash content (r=-0.064 and p>0.05), whilst the 
dry bamboo is positively related to ash content (r=0.289 and 
p>0.05). Nitrogen is negatively related to basic density (r=-
0.604 and p=0.05). There was a positive correlation between 
moisture content (wet bamboo) and basic density (r=0.145 
and p>0.05). 

DISCUSSIONS 

Moisture Content in Bambusa vulgaris Across the Three 
Ecological Zones in Ghana 

Moisture content varies from the bottom to the top of 
the fresh bamboo samples. The moisture content from the 
moist evergreen forest exhibited higher values than those 
from moist semi-deciduous and dry semi-deciduous zones in 
Ghana. The average moisture content of the fresh bamboo 
ranges from 52.43 (dead or over-mature) to 168% of the 
bamboo culms. 

The higher the moisture contents of bamboo samples, 
the lower the high heating values. Efficiency is reduced 
because large parts of the energy available in the bamboo 
itself were used to heat up and evaporate this moisture. 
One way to increase efficiency would be to dry the fuel 
on-site. Higher moisture content increases both the cost 
of production and transportation of biofuel feedstock. High 
heating bamboos with more moisture content produce 
more smoke, which contains more volatile materials. The 
volatiles consist of minor and heavy metals such as arsenic, 
lead and sulphur, which are injurious to human health. The 
more moisture in the bamboo the less ash is produced. 
Probably most of the minerals and fixed carbon in the 
bamboo were evaporated in the form of smoke and steam. 
On the contrary, the lower the moisture content is, the more 
ash is produced. However, dense dried bamboo produces 
more low ash content than less dense bamboo.

Bulk Density of Bambusa vulgaris Across the Three 
Ecological Zones 

The bulk density is in line with the research conducted 
by earlier researchers (0.13 to 0.52 kg·m–3) on bamboo and 
some seasoned or dried wood such as: Alder 0.4 to 0.7; 
Afromosia 0.71; Agba 0.65; Apple 0.65 to 0.85; Ash, white 
0.54; Ash, black 0.54; Ash, European 0.71; Bamboo 0.30 to 
0.40; Mahogany, Africa 0.50 to 0.85; Teak, Africa, 0.98; Utile 
0.66; Walnut 0.65 to 0.7 (Engineers’ Toolbox n.d). Qisheng 
et al. (2002) also reported bulk density values from 0.40 to 
0.90 kg·m–3 of Phyllostachys pubescence.

Culm/Stem Ash
(%wt)

High heating val.
(MJ·kg-1)

Basic density
(kg·m-1)

Bulk density
(kg·m-1)

MC wet  
(%wt)

MC dry  
(%wt)

Carbon
(%wt)

Hydrogen 
(%wt)

High heating val. -.603*

Basic density -.305 .154

Bulk density -.354 .149 .362*

MC wet %wt -.064 -.239 -.527 -.173

MC dry %wt .289 .059* -.604 -.096 .727*

Carbon %wt -.0872* -.724* .032 .119 .260 .078

Hydrogen %wt -.154 .755* -.264 -.025 .429 .428 -.049

Nitrogen %wt .149 -.228 -.604* -.349 .368 .253 -.052 .072

*Correlation is significant at the 0.05 level (2-tailed)

Table 10. Pearson’s correlation test (p<0.01 and 0.05) among Bambusa vulgaris, ash content, basic density, bulk density, moisture 
content (wet), moisture content (dry), and ultimate elemental properties.
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The Density of Bambusa vulgaris Across the Ecological 
Zones 

The mean density of matured Bambusa vulgaris 
samples ranged from 616.84 kg·m–3 (DSD), to 628.12 kg·m–3 
(MSD), and 641.68  kg·m–3 (MED). The results were in line 
with the results recorded by former authors in Ghana. For 
example, the basic density values ranging from 371.35 kg·m–

3 to 684.00  kg·m–3 were reported by Tekpetey (2011). 
Ebanyenle and Oteng-Amoako (2007) recorded the basic 
density of Bambusa vulgaris in Ghana as 577.00  kg·m–3 in 
wet evergreen forest type and 684.00 kg·m–3 in moist semi-
deciduous forest type. The data were collected in the rainy 
season. 

The High Heating Values of Bambusa vulgaris Across the 
Three Ecological Zones

The average high heating values for the three zones 
were 16.12 MJ·kg–1 (juvenile) to 18.14 MJ·kg–1 (dead culm). 
It could be observed that the high heating value at the shoot 
and juvenile ages of bamboo in the net high heating value of 
bamboo is comparable to or higher than other wood species 
like the beach, spruce, eucalyptus, and poplars, which range 
from 16.02 to 18.25 MJ·kg–1 (Amoah and Cremer 2017).

Bamboo has low ash content, low alkali index, and 
lower high heating value. However, the high heating values 
of bamboo are higher than most agricultural residues, 
grasses, and straws. Meanwhile, it is lower than many 
woody biomasses (Scurlock et al. 2000).

The Ash Content in Bambusa vulgaris Across the Three 
Ecological Zones

The values recorded for the ash concentrations of the 
bamboo culms or stems range from 0.93 to 2.11%. The 
results obtained were similar to that reported by previous 
researchers. For example, Ota (1976) reported that bamboo 
ash ranged from 1.7 to 5.0%. Scurlock et al. (2000) also 
reported considerable variation of less than 1% for three 
Phyllostachys of bamboo investigated. The shoots were 
within the range of 1.91% to 4.99% of five other bamboo 
species reported by Dannenmann et al. (2007). Ratner 
(2011) studied the proximate analysis of wood chips and 
compared it with that of coal. The wood ash was 2.24 wt 
%, while coal was 10.6 wt %. Ash content from switchgrass 
(dry basis) ranged from 4.4 wt % to 9.2 wt % (Benson and 
Laumb 2010). 

Carbon Concentrations in Bambusa vulgaris
The mean percentage of carbon concentrations in 

mature culm varied from 48.46 to 53.31%. The findings fell 
within the range of 48.5% to 50% on a dry basis for bamboo 
(Choy et al. 2005), 45 to 55% (Ganesh 2003, Vessia 2006), 
and carbon contents in three bamboos based on their age (1 
year to 5 years) ranged from 51.39 to 51.84 (Scurlock et al. 
1999). Higher carbon content leads to a higher high heating 
value (Clarke and Preto 2011). 

Hydrogen Concentrations in Bambusa vulgaris 
The mean percentages of hydrogen recorded in the 

bamboo culms of the age groups were between 5.60 
and 6.56%. These were similar to other researchers who 

reported that the hydrogen content of bamboo culms varies 
from 4.8 to 6.7% (Ganesh 2003), 6% (Jenkins 1998) and 6.0 
to 6.5% (Choy et al. 2005). However, Scurlock et al. (1999) 
recorded the hydrogen content in three bamboos based on 
their age as 1 year (4.90 to 5.21%), 2 years (5.00 to 5.29%), 
and 4 to 5 years (4.51 to 5.40%). Higher hydrogen content 
leads to a higher high heating value (Clarke and Preto 2011). 
Hydrogen is a reducing gas and the cracking of biomass in 
the presence of hydrogen can reduce the oxygen content for 
example in bio-oil (Zhou et al. 2013). 

Nitrogen Concentrations in Bambusa vulgaris Across the 
Three Ecological Zones 

Nitrogen also had a mean percentage weight between 
0.32 and 2.52%. The percentage of 2.52% was recorded 
in the shoot. The shoot is not recommended for fuel 
production because its values were above the threshold 
set by the European standard EN 15104 (2011) according 
to which nitrogen should be above 1% in biomass for fuel 
production. Apart from the shoot, the other samples were 
similar to the earlier studies; from 0.2% to more than 1% 
(Jenkins et al. 1998); 0.4 to 1.3% (Ganesh 2003), and 0.3% 
(Choy et al. 2005). The results of experiments by Scurlock et 
al. (1999) show that the nitrogen contents in three bamboos 
based on their age were 1 year (0.4 to 0.59%), 2 years (0.29 
to 0.6%), and 4 to 5 years (0.21 to 0.38%). Oxides of nitrogen 
(NOx) cause ozone, smog, and respiratory problems. Wood 
and fuel oil combustion have similar levels of NOx emissions 
(Maker 2004). Nitrogen in fuel feedstock is responsible 
for most nitrogen oxide (NOx) emissions produced from 
biomass combustion. Lower nitrogen content in the fuel 
should lead to lower NOx emissions (Clarke and Preto 2011). 

The Relationships Between the Physical and Fuel 
Properties of the Bamboo (Bambusa vulgaris)

The Relationship Between Wet and Dry Moisture Content 
The relationship between wet moisture content and dry 

moisture content has a strong positive correlation, r=0.609; 
p>0.05. The moisture content of fresh bamboo increases the 
weight of the bamboo. The wetter the bamboo the heavier 
it will be. Wet wood or bamboo produces more smoke 
(volatile matters), which is ineffective.

The Relationship Between Moisture Content and High 
Heating Values

There was a positive relationship between moisture 
content in dried bamboo and the high heating value (r=0.059 
and p>0.05). Moisture content in wet bamboo relates 
negatively with high heating value (r=-0.188 and p>0.05). 
This means that dried bamboo produces more heat than 
wet bamboo. The study shows that the high heating value in 
the bamboo samples decreases with high moisture content. 
High moisture content reduces the heat in the bamboo and 
reduces boiler efficiency (Lyngfelt et al. 2001). 

The Relationships Between Moisture Content and Ash 
Content of The Bamboo  

There were variations between moisture contents (wet 
and dry bases of the bamboo) and ash content. There was 
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a negative correlation between the moisture content of wet 
bamboo and the ash content (r=-0.064 and p>0.05), whilst 
the dry bamboo relates positively with ash content (r=0.330 
and p>0.05). These imply that more moisture in the bamboo 
produces less ash content. It is most likely that the minerals 
in the bamboo are evaporated in the form of smoke and 
steam. 

The Relationships Between Moisture Content and Density of 
the Bamboo  

There was a positive correlation between the moisture 
content of wet or fresh bamboo and basic density (r=0.145 
and p>0.05). This shows that fresh bamboo is heavier than 
the similar dried type. 

The Relationship Between High Heating Value and Hydrogen 
and Carbon Contents 

The correlation between the high heating value and 
hydrogen was very strong and positive (r=0.755). A high 
percentage of hydrogen in the bamboo gives high heating 
values. This points out that higher hydrogen content is 
desired in bamboos to increase the high heating values. The 
relationship between high heating value and carbon was 
significant (r=0.724 and p=0.05). Carbon is one of the main 
components of biomass, which increases the high heating 
value. Therefore, high carbon content is needed in biofuels.

The Relationship Between High Heating Value and Ash 
Content 

There was an intermediate negative correlation 
between the high heating value and the ash content (r=-
0.603 and p>0.05). The bamboo sample which has less 
ash content produces more heat than bamboo with high 
ash content. There was a negative correlation between 
carbon content and the ash content (r=-0.872 and p>0.05). 
The higher the percentage of carbon contents in the fuel, 
the lower the ash content. In biofuel production lower ash 

content is required, so that ash content will not produce 
slag, foul, and also corrode the conversion plant.  

CONCLUSION 

The moisture content of fresh bamboo increases the 
weight of the bamboo. High moisture content reduces the 
heat value in the bamboo and reduces boiler efficiency. 
Therefore, fresh bamboos produce more smoke (volatile 
matters), which may be injurious to human health. Carbon, 
hydrogen, and oxygen are the main components of biomass 
that increase the high heating value. Therefore, high carbon, 
hydrogen, oxygen, and lower ash content recorded in 
the study predict its suitability as a biofuel material. Fuel 
properties of Bambusa vulgaris are comparable to some 
wood types, lower to denser wood types, but higher than 
most of the herbaceous energy crops and agricultural 
residues. This means that Bambusa vulgaris may be a good 
feedstock for the production of bioenergy in terms of heat, 
charcoal, biogas, bio-power, and transportation fuel.
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