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Abstract
Waste in the form of bark and wood from branches of Acacia mangium and Falcataria moluc-

cana trees is abundant in forest plantations in Indonesia. It is challenging to use these branches 
due to their high water content. Open sun drying (OSD) takes a long time and the resulting 
moisture content of 10–15 % reached still leaves the wood susceptible to microorganism attack. 
The objectives of this study were 1) to compare the performance of a modified YSD-UNIB mixed-
mode solar dryer (MSD) with that of an earlier model and 2) to compare moisture content and 
drying time of bark and wood chips of A. mangium and F. moluccana branches in OSD and the 
MSD. MSD was 10 °C hotter and 14 % drier than the original YSD-UNIB model. MSD reduced the 
moisture content of wood and bark samples of A. mangium (to 4.52 % and 5.40 %, respectively) 
and F. moluccana (to 3.81 % and 5.38 %, respectively), significantly more than OSD (10.41 % and 
12.11 % for A. mangium wood and bark samples, respectively, and 10.42 % and 11.82 % for F. 
moluccana wood and bark samples, respectively). OSD also took longer (10 days) to dry samples 
of both species than did MSD (20 h for A. mangium and 12 h for F. moluccana). The regression 
equations fitted to the drying curves for A. mangium (y = -8.746∙ln(x) + 32.49) and F. moluccana 
(y = -4.7∙ln(x) + 16.441) wood chips in MSD, estimated that air-dry moisture content of 10.4 % 
was achieved in 12 h for A. mangium and only 5.43 h for F. moluccana. For chipped bark samples 
of both species, the regression equation y = -8.322∙ln(x) + 31.874 and y = -4.57∙ln(x) + 18.517, 
respectively, estimated that A. mangium also took longer (11.12 h) than F. moluccana (6.79 h) to 
reach air-dry moisture content (of 12.11 % and 11.82 %, respectively).
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Introduction

Acacia mangium Willd. and Falcataria 
moluccana (Miq.) Barneby & J.W.Grimes 
are two fast-growing species recommend-
ed and widely planted in industrial forest 
plantation programs in Indonesia (Mar-
bun et al. 2019, Rahmawati et al. 2019, 
Yahya et al. 2020a). Harvesting timber of 
fast-growing species such as both leaves 
a lot of unutilised branches on site (Alam-
syah et al. 2020). While branch trimmings 
of several timber species have been used 
as firewood (Reina et al. 2016, Ben et al. 
2017), bark is still underutilised resource 
and has a great potential for energy pro-
duction (Wang et al. 2018). Bark compris-
es 2 % to 10 % of the stem (Sette et al. 
2020). The smaller the size of the trunk 
or branch, the greater the percentage of 
bark.

Conversion of branch wood and bark 
waste to charcoal can increase its calo-
rific value. One of the obstacles in using 
the waste as a raw material for charcoal 
is its high moisture content. The calorific 
value of a product is inversely related to 
the moisture content of the raw materials 
(Verma et al. 2017), including charcoal 
production.

Solar radiation is received in abun-
dance by the earth. In the context of sus-
tainable development, solar energy is effi-
cient and effective. The use of convention-
al energy from fossil fuels and natural gas 
can be replaced by solar energy (Lingayat 
et al. 2020).

Generally, open sun drying (OSD) of 
biomaterials will only reach 10 % to 15 % 
air-dried moisture content and takes more 
than a week depending on on-site drying 
conditions. The attack of microorganisms 
occurs on biomaterials with a moisture 
content greater than 10  % (Sulaiman 
et al. 2013). Technically, the best meth-

od to achieve quick drying to a targeted 
moisture content is by using a kiln dryer, 
which controls temperature, humidity and 
air flow. The drawback is the relatively 
expensive price of the equipment. There-
fore, it is necessary to look for other drying 
alternatives.

The University of Bengkulu in the last 
decade developed a mixed-mode solar 
dryer called YSD-UNIB. It consists of a 
drying chamber, two heat collectors, a 
chimney equipped with an air outlet and 
inlet and a pair of doors. The dryer has 
successfully dried red pepper, mustard 
greens and cassava leaves (Yuwana and 
Silvia 2012), cassava (Silvia and Yuwana 
2012) and catfish (Yuwana et al. 2017).

To improve its performance, the rect-
angular chimney running lengthwise to 
the dryer was replaced with a square, cen-
tered chimney, producing a modified YSD-
UNIB solar dryer (hereafter referred to as 
MSD). The consequently smaller chim-
ney (Fig. 1) was designed to concentrate 
the hot air in the chimney into a smaller 
space so that the hot air would be better 
distributed throughout the drying rack. 
Initial measurements show that chimney 
reached temperatures of up to 80 °C.

Solar-based drying for agro-products 
is quicker than wood (Simo-Tagne et al. 
2020) because agricultural products are 
generally thinner and smaller. Because 
the waste size is relatively small, one of 
the recommended product sizes for en-
ergy production is in the form of chips 
(Moskalik and Gendek 2019). The thick-
ness of the wood is directly proportional to 
the energy required for drying (Bentayeb 
et al. 2008). In our study, the bark and 
wood from waste branches were dried 
and subsequently used to produce char-
coal (reported separately).

The novelty of this work is anticipated 
that MSD will dry the bark and wood chips 



	 Improved Performance of a Modified YSD-UNIB Solar Dryer in Drying Waste ...	 207

from branches more quickly than OSD. 
MSD is also expected to reach a higher 
temperature and lower humidity than oth-
er mixed-mode solar dryers, in which case 
it could be recommended for drying green 
wood for producing charcoal. Because the 
levels of chemical components that make 
up wood and bark from A. mangium and 
F. moluccana are different (Nawawi et al. 
2018), and differing levels of chemical 
components in wood and bark may affect 
the quality of the resulting product (Park 
et al. 2017, Yahya et al. 2017), our study 
also aims at to compare moisture con-
tents of the bark and wood of A. mangium 
and F. moluccana branches.

Material and Methods

Sample preparation

A 3–8 cm diameter branch was taken from 
each of twenty A. mangium and F. moluc-
cana trees that had been randomly select-
ed from a forest plantation in Bengkulu, 
Indonesia. Branches were immediately 

placed into polyethylene bags and brought 
to the laboratory. They were debarked and 
chips measuring 25×21×3  mm (length × 
width × thickness) were cut from the de-
barked branch and the bark itself. The 
thickness of bark chips varied according 
to bark thickness, which was in the range 
of 2.5–3.5 mm.

Drying methods

The bark and wood chips were dried in 
two ways namely OSD and MSD (Fig. 1). 
The working mechanism of the mixed-
mode solar dryer including MSD is as fol-
lows. As long as sun rays strike the struc-
ture of the dryer, the drying chamber ac-
cumulates solar energy directly from the 
sun rays passing through its roof and the 
wall while the heat collector gathers solar 
energy from the sun rays passing through 
its roof and striking the upper surface 
plate. Solar energy obtained in the drying 
chamber increases the drying air while the 
absorbed energy by the surface plate es-
calates its temperature and uses it to heat 
the entering fresh air from the inlet and 

Fig. 1. Schematic diagram of modified YSD-UNIB solar dryer.
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the heated air flows into the drying cham-
ber and further increases the drying air in 
it. Due to the enclosed system of drying 
air in the structure of the dryer, there is a 
pressure gradient between a point in the 
lower end of heat collector and a point in 
the upper end of chimney, then creates a 
continues flow of the drying air from the in-
let passing through the trays to the outlet. 
The passing drying air heats the samples 
on the trays and evaporates its moisture 
content, and its content decreases during 
the drying process (Yuwana et al. 2017).

Samples of chips weighing 150 g per 
replicate were spread out on paper trays 
measuring 23×15  cm, with 20 replicates 
per treatment for a total of 80 samples. 
Samples were arranged in a nested de-
sign under the sun and in the drying 
chamber of solar dryer and were left to dry 
from 8 a.m. to 4 p.m. daily until a constant 
weight was reached (Montgomery 2013). 
Samples in the solar dyer were weighed 
every 4 h during the drying period but if 
rain was forecast, samples were weighed 
every 2  h. OSD samples were weighed 
once at the end of the day’s drying period, 
i.e. at 4 p.m. daily. Drying the chips with 
OSD and MSD was carried out until the 
chips gained a constant weight. Temper-
ature and humidity were recorded outside 
and inside the solar dryer throughout the 
experiment.

Five chips from each replicate sample 
that had reached constant weight with 
OSD and the solar dryer were measured 
their weight (IW), and further oven-dried 
to constant weight (ODW) to determine 
final sun- and solar dryer-dried moisture 
content (MC). MC was calculated accord-
ing to the formula (1):

	 100IW ODWMC
IW
−

= ⋅  , %	  (1)

Volume of the oven-dried chips was 
measured using the water displacement 

method (Fan et al. 2012). The oven-dried 
density was determined as weight of the 
oven-dried chips divided by its volume.

An ANOVA of nested design, with spe-
cies as the whole plots and branch com-
ponents as subplots, was used to deter-
mine effect of species, branch component, 
moisture content level, and their interac-
tions, on moisture content. Fisher Least 
Significant Difference (LSD) Method was 
used to compare treatment means at the 
5  % significance level. The relationships 
between drying time and moisture content 
of wood and bark chips dried in the solar 
dryer were calculated using simple regres-
sion. The regression equations were used 
to predict the drying time needed by wood 
and bark chips to reach final air-dried (con-
stant-weight) moisture content.

Results and Discussion

Moisture content of branch 
components in relation to tree species

The moisture content of bark and wood 
samples from MSD was significantly low-
er than that from OSD and of green wood 
(Table 1).

Table 1. Effect of interaction between 
branch component and moisture content 

level by ANOVA.

Interaction between branch 
componentand moisture 

content level

Average 
moisture 

content, %
Bark, wet basis (initial) 55.11a
Wood, wet basis (initial) 40.25b

Bark, air dry OSD 11.97c
Wood, air dry OSD 10.41c

Wood, dried in MSD 5.39d
Bark, dried in MSD 4.16d

Note: Post hoc Fisher’s LSD significant 
differences at the 0.05 level are indicated with 
different letters.
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Taken freshly harvested branches (wet 
basis), the moisture content of bark was 
significantly higher than that of wood (Ta-
ble 1). The higher levels of extractives in 
the bark as compared with the wood may 
explain the differences in their initial mois-
ture content. Nawawi et al. (2018) report-
ed that hot water solubility of A. mangium 
wood and bark was 7.31 % and 16.41 % 
respectively, sodium hydroxide solubility 
was 20.60  % and 42.24  % respective-
ly, and ethanol-benzene solubility was 
8.01 % and 14.92 %, respectively; while 
for F. moluccana wood and bark, hot wa-
ter solubility was 5.75  % and 12.68  % 
respectively, sodium hydroxide solubility 
was 17.26  % and 32.43  %, respective-
ly, and ethanol-benzene solubility was 
5.83 % and 8.01 %, respectively. The dep-
osition of extractive substances in the pit 
prevents the release of water from the bio-
material in the drying process (Jankowska 
et al. 2017).

Comparing the two drying methods

MSD reduced the moisture content of 
the wood and bark chip samples of both 

A. mangium and F. moluccana, which 
was significantly lower than that of OSD 
(Table 2). OSD also took longer time (10 
days) to dry the samples of A. mangium 
and F. moluccana to final constant mois-
ture content than did MSD (20 h and 12 h, 
respectively). This result could be attribut-
ed to the very hot and dry conditions within 
MSD drying chamber. Mean temperature 
and humidity in the drying chamber were 
52.8 ±1.5 °C and 21 ±4.4 % respectively, 
while 32.1 ±1.6  °C and 69.5 ±5.6  % re-
spectively, outside. 

With the modified smaller, centered 
chimney, MSD was also hotter and drier 
than the original YSD-UNIB solar dry-
er. The latter drying chamber reached 
mean temperature and humidity values of 
43 ±2.8 °C and 35.3 ±2.7 % respectively, 
while it was 33.3 ±1.5 °C and 58.8 ±2.9 % 
outside (Yuwana et al. 2017). Reducing 
the chimney size appears to have in-
creased MSD drying chamber tempera-
ture by 10  °C and reduced the humidity 
by 14 % compared with the original YSD-
UNIB solar dryer.

MSD also performed better than oth-
er mixed-mode solar dryers. Ugwu et al. 

Table 2. Moisture content and drying time of chipped branch components dried under 
OSD and MSD.

Branch 
component

Drying 
method

Moisture content, % Drying 
timeInitial 

(wet)
At constant (dry) 

weight Difference

A. mangium
Wood OSD 41.73 10.41 31.32 10 days

MSD 41.73 4.52** 37.21 20 h
Bark OSD 51.70 12.11 39.59 10 days

MSD 51.70 5.40** 46.30 20 h
F. moluccana

Wood OSD 38.77 10.42 28.35 10 days
MSD 38.77 3.81** 34.96 12 h

Bark OSD 58.52 11.82 46.70 10 days
MSD 58.52 5.38** 53.14 12 h

Note: ** – significantly different at the 0.01 level.
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(2015) reported temperature and humidity 
values of 44–50 °C and 32–35 % respec-
tively for their wood-drying solar dryer. 
Sulaiman et al. (2013) reported that the 
temperature in their mixed-mode dryer 
reached 35.86–45.22  °C. Efficient drying 
is driven by high temperature and low 
humidity in the dryer (Lingayat et al. 2020) 

and our results for MSD indicate good po-
tential for efficiently removing moisture in 
green wood chips in the process of car-
bonisation (Verma et al. 2017). The heat-
ing value is inversely proportional to the 
moisture content of a material (Moham-
med et al. 2019) thus the well-dried chips 
from MSD are suitable for producing char-
coal with good burning quality. Additional-
ly, the dried chips are resistant to attack 
by microorganisms, which need moisture 
levels above 10 % to actively deteriorate 
biomaterial (Sulaiman et al. 2013).

MSD can reduce the cost of transport-
ing of these raw materials to charcoal-pro-
ducing facilities. These transportation 
costs need to be considered particularly 
for A. mangium and F. moluccana because 
the charcoal kilns are typically far from for-
est plantations (Yahya et al. 2020b). Dry-
ing branch logs using MSD before trans-
portation could reduce overall production 
costs. The energy required to dry wood in 
the wood processing industry can reach 
70 % of the total production cost (Blanche 
et al. 2016) thus solar drying is beneficial 
because it reduces weight, transporta-
tion costs and packaging problems, and 
improves product stability (Chandramo-
han 2016, Bekkioui et al. 2020). Another 
advantage of using MSD is that the solar 
collector can reduce CO2 emissions. The 
solar collector of an indirect hybrid solar 
dryer in Morocco helped to reduce annu-
al CO2 emissions by 34 % (Lamrani et al. 
2019).

An alternative way to help reduce trans-

portation costs could be siting the charcoal 
kiln with MSD to directly produce charcoal 
after drying the chips. The resulting char-
coal will have a low moisture content that 
is relatively constant and stable because 
charcoal is hydrophobic (Leal et al. 2019) 
thus minimising transportation costs.

Predicted drying times of wood  
and bark chips in the solar dryer

It was predicted that A. mangium wood 
(equation y = -8.746∙ln(x) + 32.49, Fig. 2a) 
would require longer (12 h) to reach the 
air dry moisture content (10.41 %), where-
as F. moluccana wood was predicted 
(equation y = -4.7∙ln(x) + 16.441, Fig.2b) 
to require only 5.43  h to reach air dry 
moisture content (10.42 %). Bark from the 
branches of the two species also required 
different drying times. Using the equa-
tions for the bark in figures 2c and 2d, A. 
mangium bark samples were predicted 
to take 11.12 h to reach the air dry mois-
ture content (12.11 %) with OSD, while F. 
moluccana bark would only take 6.79 h to 
reach air dry moisture content (11.82 %) 
with OSD.

Extractive content and cell wall thick-
ness is thought to influence drying time. 
The extractive content of bark and wood of 
A. mangium was higher than that of bark 
and wood of F. moluccana, respectively 
(Nawawi et al. 2018). The longer drying 
time for bark and the added production 
cost of debarking are factors that need 
to be considered when including bark in 
producing energy from A. mangium and F. 
moluccana branches.

Results of present study showed that 
the density of A. mangium wood (0.48 
±0.05  g∙cm-3) was significantly greater  
(p < 0.05) than the density of F. moluccana 
wood (0.36 ±0.03 g∙cm-3, Table 3). For A. 
mangium and F. moluccana density of the 
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bark is also higher than that of the wood. 
The density of wood is directly proportion-
al to the cell wall thickness (Werdin et al. 
2020). The thickness of the cell wall is di-

rectly proportional to the amount of bound 
water in the wood, and the bound water 
takes a longer time than free water in the 
drying process (Penvern et al. 2020).
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Fig. 2. Relationship between moisture content and drying time using the modified  

YSD-UNIB solar dryer for wood of: a) A. mangium; (b) F. moluccana and bark  
of (c) A. mangium; (d) F. moluccana branches.
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Table 3. Density of wood and bark of A. 
mangium and F. moluccana branches.

No Variables
Den-
sity, 

g∙cm-3

1
Branchwood of A. mangium 0.48*

Branchwood of F. moluccana 0.36

2
Bark of A. mangium branches 0.62ns

Bark of F. moluccana branches 0.61

3
Branchwood of A. mangium 0.48
Bark of A. mangium branches 0.62*

4
Branchwood of F. moluccana 0.36
Bark of F. moluccana branches 0.61**

Note: ** – significantly different at the 0.01 
level, * – at the 0.05 level, ns – no significantly 
different.

Conclusions

MSD was 10 °C hotter and 14 % drier than 
the original YSD-UNIB model. Its ability to 
dry wood chips to 10 % moisture content 
in 12 h and 5.43 h for A. mangium and F. 
moluccana wood respectively, while OSD 
took 10 days demonstrates its potential 
in pre-processing waste A. mangium and 
F. moluccana branches for subsequent 
charcoal production.
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