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Abstract: Stepwise multiple regression technique was used to develop logarithmic and quadratic models for
estimating charcoal yield from a 25-year-old Eucalyptus camaldulensis plantation in the semi-arid region in
northeastern Nigeria. Forty-eight (48) mean trees were clear-felled and immediately separated into components:
bole, branches and twigs. The green weights of three replicate wood discs were measured and were thereafter
dried in the oven until constant weight was attained. The fresh : dry weight ratio of the samples were used to
estimate the dry biomass of the mean trees. Charcoal yield was determined by carbonizing the oven-dried wood
samples (of known weights) at 350°C for 3 hours. The total charcoal production per tree ranged from 82.62 to
290.07 kg (average; 145.86±7.43 kg). The mean contribution by tree components to total yield were: bole,
84.75±4.59 kg; branches, 45.42±2.39 kg; and twigs, 15.59±0.93 kg (i.e. 58.1%, 31.1% and 10.7%, respectively).
Total charcoal per tree increased as the dbh of the trees increased. The same trend was observed in the yeild
from both boles and branches but it was slightly different from that of twigs. The total aboveground biomass
production per hectare (256,245.2 kg) culminated into 128,940.2 kg of charcoal. Simple linear, quadratic, semi-log
and double log equations were fitted as appropriate, for total charcoal, bole charcoal, branch charcoal and twig
charcoal as dependent variables, but the best-fit models found were semi-log and double log and quadratic
models that incorporated diameter at breast height (dbh), dbh , dbh H, and the product of dbh and2  2

merchantable height [(dbh)MH] as independent variables. Results of residual analysis showed that the models
satisfied all the assumptions of regression analysis.
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INTRODUCTION Wood, and by implication charcoal, can be considered as

The  dependence of developing economies  on than consumption [2].
woody  biomass  is  well  known.  Worldwide, the An overriding concern of the nations of the world is
evolving energy situation is placing new emphasis on that  the small but crucial supplies of commercial energy
every possible energy option, especially derivatives of as well as the noncommercial energy required for food
renewable resources such as charcoal, biogas and other production, and domestic processes must be supplied.
distillates of wood. As the world’s population increases Although most fuelwood and charcoal supplies presently
and natural resources dwindle further, it could become meet the basic energy requirements of rural energy
vital for many people to substitute charcoal, and other systems, forestlands must still be sustainably managed in
more convenient non-wood fuels for firewood. The the context of national energy policies, and energy
preference of charcoal over fuelwood observed in general systems that balances fuel efficiency with socioeconomic
is determined in part by the comparatively little amount of needs of populations [4]. Several studies [5-9] have
volatiles released, intensity of heat released, slowness of shown, with reference to Nigeria's dry belt, that fuelwood
burn and its apparent greater efficiency in cooking, which as an energy source is the pivot on which the domestic
is due to its comparatively higher heating value [1, 2]. life  and to an extent, the economy of the people revolve.

renewable energy sources, only if production is higher
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Deforestation is extensive in this part of the country, MATERIALS AND METHODS
characterized by marginal areas with low biological
primary  production.  FAO [10]  asserted  that  there is Study site: The assessment took place within a 25 year
now no feasible alternative to sustainable managed old Eucalyptus camaldulensis plantation located in
forests as an energy source in areas as such, where the Northeastern Nigeria. It is situated between latitudes 7°
rate of consumption could sometimes be many times the and 11° N of the equator and longitudes 11° and 14°E of
rate of regeneration. the  Greenwich  meridian. Sunshine hours range from

The available information on producing and using 2500-3000  hrs/annum,  relative  humidity  range  from 27
biofuels  for  energy needs to be substantially improved to 79, temperature range from 18.1°C to 39.6°C, and mean
to include enhanced information on current resources and annual rainfall is 910 mm [25]. The soil is predominantly
potential supply, including wood residues, derivatives of vertisol of ferruginous origin, derived from the basement
woody biomass and energy value of biofuels. Accurate complex in most places, and in other places, from
information such as could be generated with well-modeled sandstones, shale and alluviums, which show a marked
mathematical functions, should form the basis for differentiation  of  horizons  and  an abundance of free
planning future developments and identifying and iron  oxides,  usually  deposited as red or yellow mottles
formulating programmes and projects that would ensure or concretions [26]. Due to indiscriminate logging
adequate biofuel supply for many years without observed  at  some  parts, the plantation was stratified
significantly increasing environmental burdens. The need into three: heavily disturbed, disturbed and undisturbed.
for  this  type of quantification is particularly dire, when Using a sampling intensity of 30%, twelve sample plots
the focus is on charcoal yield and the estimation of the (0.0625 ha each) were randomly selected for assessment
energy value of planted forests. within the undisturbed area (8.67 ha). 

In Northeastern Nigeria, many energy plantations are
extensively stocked with Eucalyptus camaldulensis, a Data Collection
species in the family Myrtaceae, which is native to Production of Charcoal and Estimation of Percentage
Australia, and has been successfully grown in most parts Yield: The total number of trees in each plot were counted
of the planet [11]. The species is fast growing, adapts to and basic tree growth variables (diameter at breast height,
various environmental conditions, and could have total height and merchantable height) were measured. In
significant impact on energy supplies where sustainably addition, all the trees in each of the sample plots were
managed.  Sustainable management in this regard is distributed into four basal area (BA) classes using a
largely dependent on both quantitative and qualitative uniform class interval, and therafter the mean tree of each
assessments. Management plans that are based on BA class was identified and used for the assessment
accurate  estimator  functions and predictive tools, such (thus four mean trees were assessed for each sample plot,
as mathematical models, would ensure that current resulting in 48 mean trees). Each mean tree was clear-felled
inventories and projections are accomplished with minimal and weighed on the field according to its components:
destruction of the growing stock, especially in marginal bole, branches and twigs. Wood discs (each 2.5 cm in
areas such as the study area. The acquisition of such diameter), were extracted in three replicates from the base,
efficient management tools is of high importance, because middle and top of the bole, and from the top and bottom
of the need to develop effective means of budgeting the of branches, and were also weighed on the field along
quantity of fuel (as wood, charcoal and heat energy) that with samples taken from five randomly selected twigs
is obtainable from specific forest areas that are stocked (each 15 cm long). All the samples were dried in an electric
with bioenergy species. oven at 103±2°C until constant weight was attained. The

Several  authors  [12-24]  have established the green-weight to dry-weight ratios were computed and
efficacy of allometric equations in estimating and used to estimate the dry biomass (anhydrous) of the trees
predicting the biomass of various species, including in the plots. Each of the oven-dried samples were weighed
Eucalyptus camaldulensis. However, there still exists the again and they were carbonized in individual crucibles in
need  to  have information on the use of such equations a muffle furnace at 350°C for 3 hours. After this, they were
in estimating and predicting charcoal yield and energy put inside glass desiccators to cool down before they
value of growing stock in energy plantations, particularly were weighed again to determine charcoal production
since most of the woody biomass extracted in developing from the wood samples. Charcoal yield was estimated
Nations is used as fuel. using the relationship, Eqn. 1 below [1]: 
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Eqn. 1 variables was used, we computed a correction factor (CF)

%Y = Charcoal yield from ovendry samples (%)C

W = initial weight of ovendry samples (g) Eqn. 60

W = final weight (g)1

Estimates of charcoal yield from study plots was modeled using transformed variables with those that did
obtained by multiplying the percentage charcoal yield not involve transformed variables, Furnival’s index (FI)
from samples with the dry biomass (earlier estimated) of was computed and used as a standard of comparison
the respective tree components and corresponding (Eqn. 7):
biomass estimates from plots. 

Development of Models: A data set (stand growth Eqn. 7
variables both in their original and transformed forms)
referred to as the calibration set, was subjected to
stepwise regression analysis. Afterwards, an independent
set of the same variables was obtained from the study CF = Correction factor, 
area (validation  set)  to  test the predictive accuracy of FI = Furnival’s Index
the equations. The independent variables measured to n = Number of Observations
develop  the models were; diameter at breast height LnY = Log transformed dependent variable
(DBH),  basal  area  (BA), merchantable height (MHt), RMSE = Standard error of regression estimate
total height (THt), and the number of large branches
(NTBr). The  dependent variables were: total charcoal The best prediction models were selected based on
(TC), bole charcoal (BC), branch charcoal (BrC) and twig their Adjusted coefficients of determination (Adj. R ),
charcoal (TwC). The regression option of the Statistical Root Mean Square Error (RMSE), F-ratio from the
Package for Social Sciences, SPSS 11.0 for Windows [27] regression Analysis of Variance (ANOVA) and the
was used to fit the equations. Some of the variables were outcome of Residual Analysis. To validate the equations,
used  in  their  basic forms while some were transformed the predicted values were compared with the observed
as it became necessary. Several models: simple linear values (validation set) by using the student t-test for
(Eqn. 2), quadratic (Eqn. 3), semi-log (Eqn. 4) and double paired means, to check for significant difference between
log (Eqn. 5) forms were fitted as appropriate to make the two sets. The differences (residuals) between
estimates for the whole tree and the various components predicted and observed values were expressed as
of Eucalyptus camaldulensis. They were of the following percentages of the observed values, to give the
general forms: percentage bias. Models that were based on data sets that

    Y = a + bx Eqn. 2 as valid. 

    Y = a + bx Eqn. 3 RESULTSe

    lnY = a + bx Eqn. 4 Charcoal Production: Mean stand parameters that were

    lnY = a + blnx Eqn. 5 29.05±0.53 cm; total height, 11.82±0.09 m; merchantable

Y = Dependent variable, number of trees per hectare, 884±4.91. In addition, the
X = independent variable mean woody biomass of 268.41 kg resulted in the
a & b = regression parameterst production of 145.86 kg charcoal per tree (range: 82.62 to
e = quadratic function 290.07 kg). An overview of charcoal production in the
lnY = Log-transformed dependent variable Eucalyptus camaldulensis plantation is presented in
lnx = Log-transformed independent variable Table 1. Mean  contribution of the bole to total charcoal

For each regression equation in which transformed

to correct the bias in biomass estimation due to the
logarithmic transformation, (Eqn. 6):

In order to compare the equations that were

2

exhibited no significant difference (P$0.05) were accepted

measured before charcoal production are as follows: dbh,

height, 8.31±0.11 m; number of trees per plot, 65±1.29;
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Table 1: Charcoal Yield of 25 year old E. camaldulensis at Namtari Forest Reserve, Nigeria

Parameters Yield (kg) % of Tree

Yield from the Mean Tree Components (kg treeG )1

Charcoal production from Bole  84.75±4.59 58.08

Charcoal production from Branches  45.42±2.39 30.99

Charcoal production from Twigs  15.59±0.93 10.93

Total Aboveground Yield

Mean production per Tree (kg treeG )  145.86±7.431

Mean production per Plot (kg plotG )  9,454.25±183.391

Mean production per Hectare (kg haG )  128,577.81±718.281

Table 2: Best-fit Models for Estimating Charcoal Yield of E. camaldulensis at Namtari Forest Reserve, Nigeria

                 Regression Summary

-----------------------------------------------------------------------------------------------------------------

* Equation Adj. R RMSE F-Ratio CF Pr > | t |2

ln TC = 3.5231 + 0.0009 Dbh + 0.0013 (Dbh)MH 0.84 0.13  98.75 1.009 0.00012 

ln BC = - 4.8296 + 2.7336 ln Dbh 0.78 0.16 127.20 1.013 0.0001

ln BrC = 2.9460 + 0.0073 (Dbh ) MH - 0.142 MH 0.81 0.13  81.97 1.009 0.00012

TwC = - 8.4752 + 0.0522 Dbh - 0.0021(Dbh )H 0.77 2.71  56.78 - 0.00012  2

* TC = total charcoal, BC = bole charcoal, BrC = branches charcoal and TwC = twigs charcoal

Table 3: Validation Results for best-fit Models for estimating the yield of charcoal

Observed Predicted Pearson

Estimate Mean Mean % Bias Correlation t Statistic Sig.#

Total Charcoal Yield 142.20 161.80 11.32 0.970 -2.359 NS

Charcoal from Bole 84.41 95.56 11.67 0.965 -2.172 NS

Charcoal from Branches 39.48 39.04  1.13 0.553  0.103 NS

Charcoal from Twigs 14.97 17.21 13.02 0.848 -2.108 NS

 t- critical (two tail) = 2.365; NS = Not Significant (p<0.01)#

Fig. 1: Relationship between diameter at breast height (Dbh) and charcoal production from various
(Dbh), total aboveground biomass and charcoal components of Eucalyptus camaldulensis trees
production from Eucalyptus camaldulensis trees

production was 84.75 kg (range: 45.58 to 170.88 kg), while charcoal  production  per  plot  (size, 0.0625ha; spacing,
the mean contribution by the branches was 45.42 kg 2.5 X 3.0 m) was 9,432.28 kg, while the  total production
(range:  14.7  to  91.77  kg).  Average charcoal production per  hectare was 128,940.2 kg (Table 1). The charcoal yield

Fig. 2: Relationship between diameter at breast height

 from twigs was 15.59 kg (range: 6.63 to 40.5 kg). The total
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Fig. 3: Results of residual analysis for the best-fit models found for Estimating Charcoal yield of Eucalyptus
camaldulensis in Namtari Forest Reserve, Nigeria: (a) total charcoal, (b) bole charcoal, (c) branches charcoal and
(d) twigs charcoal

from the various tree components and the proportional for use as biofuel due to the results obtained from the
yield  from  the  entire  woody  biomass is depicted in carbonization of the wood. The percentage charcoal yield
Figs. 1 & 2. The yields from the bole, branches and the from wood was over 50%. The total aboveground
twigs were 58.1 , 31.1 and 10.7%, respectively. Generally, biomass production per hectare (250,216.2 kg), culminated
charcoal production increased as the dbh of the trees into 128,940.2 kg of charcoal. This finding indicates that
increased: the same trend with biomass yield (Fig. 1). The production of charcoal from this species could help in
trend shown was similar for both bole and branches but decreasing energy demand in developing economies.
slightly different for twigs (Fig. 2). Charcoal production would play a major  role among

Regression  Models: The regression models developed more efficient energy systems [4, 28]. This assertion is
for estimating the charcoal yield of Eucalyptus particularly possible because of the high yield (quantity
camaldulensis  are presented in Table 2, while the residual of charcoal obtained from unit quantity of wood)
plots are presented in Fig.  2. The best-fit models found observed in this study (Table 1). The values obtained
for estimating charcoal yield were of the semi log, double compared well with reports from some past studies
log and quadratic forms. Their adjusted R  ranged involving some other species: Fuwape [1] reported 51.6%2

between  0.77   and  0.84,  while  their   Regression  Mean yield for Gliricidia sepium, while Fuwape and Akindele
Square Error (RMSE) ranged from 0.13 to 2.71 (Table 2). [14]  reported  42%  yield  for Leucaena leucocephala.
Table 3 shows the t-test results for validating the models The contribution of the branches and twigs to total
that  were  selected.  For  the  total charcoal obtainable, charcoal yield shown in Table 1 and Fig. 2, was very high
the mean of the observed values was 142.2 kg while the (41.8% of total charcoal). 
mean of the predicted values was 161.8 kg. This gave a Our opinion is that for E. camaldulensis, the
bias of 11.32%, and a correlation coefficient of 0.97. The branchwood and twigs should not be ignored during
bias of predicted values from observed values for charcoal production. Plantations whose management
charcoal obtainable from the bole, branches and twigs objective  is  the  production  of timber and poles, could
were 11.67, 1.13 and 13.02%, respectively. The correlation be viable options for energy production, even if charcoal
coefficients ranged from 0.55 to 0.97 (Table 3). is produced only from branchwood and twigs at rotations.

DISCUSSION twigs, for a wide diameter range. The import of this is that

Charcoal Yield: The results of this study show that from the pruning of twigs alone. This possibility has good
Eucalyptus camaldulensis is a highly promising species implications  for areas where land is scarce, and the same

viable energy options that arise out of the need to design

Figure 2 also shows a slightly even charcoal yield from

between rotations, a lot of charcoal could be obtained
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forest estate is expected to meet various classes of estimation of charcoal yield and the energy value of
domestic, industrial and environmental needs. charcoal, is probably due to the bark that was burnt off

Furthermore, charcoal made from this species could during carbonization: although diameter overbark was
even show much greater fuel value, as it is expected to used in building the models, the effective diameter was
have better fuel value than wood [1]. Greater advantages underbark; hence the probable greater influence of height.
of charcoal use are because it is more convenient and Overall, an examination of residual results for all the
more efficient than firewood. A comparatively little models selected (Fig. 3), show well defined randomness
amount of smoke is released and sustenance of heat of and normality, having a horizontal spread between +2 and
burn is higher in charcoal [27, 28]. In the northern part of -2 on the Y axis, while the models themselves all have low
Nigeria, small- scale industries use firewood in local RMSE and high adjusted R  (Table 2). This indicates that
energy generation, especially for the hope of generating reliable estimates and predictions could be expected from
charcoal  as a by-product after the initial burning [29]. them [37, 23] over the entire range of diameter classes
This prospect, opined by Thulin [28], show that largely, used in this study.
the positive physical and chemical properties of charcoal
made from Eucalypts depend on the original wood, from CONCLUSIONS 
which it is made, though influenced by the conditions of
the carbonization process. Eucalypts are rated as a source The results of this study have shown that in both
of efficient, good quality charcoal that that is very quantitative and qualitative terms, Eucalyptus
convenient to use [28]. camaldulensis trees in the study area are highly desirable

Regression Equations: Considering the result of both dry biomass and charcoal. A large proportion of
validation tests, the models developed in this study are TAGB was stored in the woody tree components, and
likely  to  be  very appropriate for estimating charcoal thus is of great potential for wood and energy production
yeild across a wide range of diameter classes. This using this species. The obvious implication is that over
corroborates successful use of allometric models for 90%  of  each standing tree could readily be converted to
biomass  estimation   in   many   parts   of    the   world fuel, and over 80% (stored in the bole and branches) to
[32, 33, 14, 34, 18, 23]. The adjusted coefficient of make charcoal. The contribution of the branches and
determination  (R ), the root mean square error (RMSE), twigs to total charcoal yield was very high, indicating that2

the regression significance and the F-ratio of allometric for E. camaldulensis, the branchwood and twigs should
regression equations developed for estimating the not be ignored during charcoal production. 
biomass  yield and charcoal (Table 3) and the depiction of All the models developed in this study had ‘good fit’.
the residual (Fig. 3) show that the models are reliable. The The R , RMSE and F-ratio values, results of residual
best-fit models found for charcoal estimation were semi analysis and the outcome of the validation test, all
log and double log models. Diameter at breast height indicated  that the  models  developed are good and
(Dbh) as an independent variable, when used in its useful  for  estimating  biomass,  charcoal yield and
quadratic form (Dbh ) proved to be a very good estimator energy value. For charcoal  yield  from  Eucalyptus2

of charcoal yield, especially when combined with camaldulensis in the study area, Dbh and merchantable
merchantable  height. Charcoal production responded well height  explained  most of the variations observed in
to increase in diameter, both for the whole tree and its yield. All dependent variables  responded  well  to
components. increase in diameter, both for the whole tree and its

Other  independent  variables (total height, number of components. Models used for estimating charcoal yield,
large branches and basal area) were tried in various should use the square of diameter at breast height (dbh )
combinations both in their original forms and when instead of dbh, while the extra effort needed for height
transformed, but none of them seemed to explain a measurement should be made, in order to take advantage
significant portion of the variation observed in biomass of the significant contribution it made to the efficacy of
yield, as much as diameter at breast height and the  models. After wood is harvested for fuel, further
merchantable height did. The efficiency of these variables effort should be made to produce charcoal, making use  of
corroborates the successful use of height as an additional both branchwood and twigs along with the bole. It should
variable in many studies involving Eucalyptus be noted  that  in  E.  camaldulensis energy plantations,
camaldulensis [24, 35, 36]. The significant contributions a lot of charcoal could be obtained from the pruning of
made by total height and merchantable height in the twigs alone. 

2

for energy production,  indicated by the high yield of

2

2
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