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A study to develop a convective eco-friendly fixed-bed solar dryer is presented in this article. The aim
of this study was to design an efficient eco-friendly fixed bed dryer using solar collector and solar
photovoltaic panel with a forced convective system. The design consists of a V-corrugated solar
collector, a centrifugal fan, a solar photovoltaic module (100 WP) and a drying unit in the mini-silo model
with five layers. The dryer performance test was conducted in September, October, and November
2017 in Malang, East Java, Indonesia. The observation showed that the temperature of the solar
collector and the first layer of the drying unit could reach 40-70°C on a sunny day and 30-50°C in
cloudy/rainy conditions. The efficiency of the daily collector varied from 20% to 50%. Based on a
multiple regression analysis, it showed that some variables (solar intensity, voltage of photovoltaic
panel, air speed around the blower, air collector velocity, collector relative humidity, ambient temperature
and relative humidity temperature) significantly influenced the collector temperature. The result of
drying simulation using red pepper showed that the design has a potential to be used as an eco-
friendly fixed bed convective drying. Based on the empirical model, the drying time needed to reach
12% of moisture content (wet basis), respectively, was 5-6 days for the first tray, 8-9 days for the

second tray and 9-10 days for the third tray in rainy season.

INTRODUCTION

Drying activitiesin agricultural products have been carried
out for centuries as an alternative processing for enhancing
shelf life, reducing volume, minimizing microbial activities,
improving flavour and increasing economic value (Prakash
& Kumar 2014, Agrawal & Savriya 2016, Naderinezhad et
al. 2016). In generd, drying is defined as a water removal
processthrough complex and simultaneous concepts of heat
and mass transfer with a high energy demand (Sebaii &
Shalaby 2012, Mujumdar 2010). It isacomplicated process
that requires the highest energy consumption compared to
other food processing technology. A drying consumes 55%
of energy intotal energy needed for food preparation, while
harvesting process needs 15%, cultivation consumes 10%,
sowing needs 10% and transportation consumes 6% (Jerald
2013). Strumillo (2006) estimated 12% on average of energy
utilized in the manufacturing process is consumed by
industrial drying.

Rural farmersin Indonesia usually use direct sunlight in
open areasto dry agricultural products. Thismethod isslow,
labour-intensive, time-consuming and requiresalarge open
space. It also dependsto alarge extent on the availability of
sunlight (Bennamoun & Belhamri 2003, Fudholi et a. 2014,
Aghbashlo et a. 2015). This process produces low quality
and quantity of dry products due to contamination by dust
and dirt. The products also have a high risk of spoiling due
to rain, wind, and moisture imbalance, so they cannot meet
the international standard quality demand (Mustayen et al.
2014). Thetotal amount of dry products can also be reduced
during the drying process due to the attack possibility by
birds, rodents, and insects (Prakash & Kumar 2013). Choucia
et a. (2014) said that the main problem in an open air-sun
drying method isthe limitation in the control of somefactors
that influence the drying process.

Therefore, research was carried out to innovate and
optimize the use of solar energy to solve problems in the
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Fig. 1: Flow diagram of the dryer design process.

natural solar drying method (Mustayen et a. 2014). A prop-
erly designed solar dryer can reduce the disadvantage of
sun drying and improve the quality of drying products
(Hossain & Bala 2005). Kaewkiew et al. (2012) made an
observation about drying models in the greenhouse for the
drying of red pepperson alarge scale (with room dimensions
of 8 x 20 x 3.5m?). It used 9 volt DC fansthat operated with
electrical energy derived from a photovoltaic module. This
method resulted in asignificant reduction in drying time as
compared to drying under the sun. The colour of the red
pepperswas al so better than the natural samplesdried in the
sun. The design disseminated to the small-scale agriculture
drying industries in Thailand.

Some researchers worked with photovoltaic solar
technology dryers. They proposed ideas to drive the fan in
the forced convection drying system. The model will allow
a convective dryer to be used in remote areas that have no
connection to the electricity grid. The result showed that
greenhouse drying under forced convection using
photovoltaics were more suitable for crops with high
moisture content (e.g. vegetablesand fruits) and greenhouse
drying under natural convection was better for crops with
low moisture content (Prakash & Kumar 2014, Hossain &
Bala2005, Banout et al. 2011, Bala2005, Chen et al. 2010).
Chouichaet al. (2013) using ahybrid photovoltaic and solar
thermal dryer to support abetter drying system. Theelectrical
energy generated from the photovoltaic modules used to
turn on the heaters when the solar intensity decreases.

Due to our knowledge, the design of a fixed bed dryer
model for horticultural products with a forced convective

system that uses a solar collector and a photovoltaic panel
to produce good quality dry productswith an efficient drying
time is not popular yet. Aghbashlo et al. (2015) stated that
a deep/fixed bed drying technology is one of the most used
for thedrying of the heterogeneousbiological material. This
technique places the materials in a fixed bed of more than
20 cm thick.

A research development based on a combination of solar
and photovoltaic collectors on agricultural products is
important to do, to support solar energy development in
Indonesia mainly to solve the high damage of horticultural
products problem and the difficulty of electricity and fuel
access in some remote areas of Indonesia. As a tropical
country, Indonesia receives abundant solar radiation (16
MJday) (Batubaraet al. 2017). Handayani & Ariyanti (2012)
said that the average daily radiation in most areasin Indo-
nesiais about 4 KWH/m?. Optimizing the use of solar en-
ergy isagood option to solve post-harvest problems, mainly
for perishable crops.

Small farmers need adequate information on the use of
solar energy such as heat and energy resources to get high
quality dry agricultural products. The aim of this study was
to design an efficient and eco-friendly fixed bed dryer using
solar collector and solar photovoltaic panel with a forced
convective system. Thiswork will support the devel opment
and strengthen the use of solar energy asan environmentally
friendly resource of renewable energy for farmersin rural
aress.

MATERIALS AND METHODS

Design consideration: The design concept developed in
this study is based on an eco-friendly fixed bed dryer on a
combination of solar collectors and photovoltaic solar
panels. The dryer is expected to produce high quality dry
agricultural products. The developed technology isaforced
convective fixed bed dryer which uses solar collectors and
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Fig. 2: Concept and principle of operation of the fixed bed respectful
with the environment through solar collector solar photovoltaic
(adopted and modified by Akpinar & Bicer 2008).
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Fig. 3: Schematic view of eco-friendly forced convective fixed bed
dryer using solar collector and solar photovoltaic.

Part No.|Part Name QTY |Material
1|Chamber 1|Stainless steel
2|Feet A 1|Steel
3|FeetB 1|Steel
4|Glasswool isolatg 1| Glasswaol
5|Sheet Isolator 1| Alumuninm Sheet
6|Heat Absorber 1|Iron Sheet
7|Rubber protector 4|Rubber
8|Glass panel 2|Glass
9|Polley Trolley 4

Fig. 4: Schematic view of solar collector.

photovoltaic modules. The design process was carried out
through some steps, as shown in Fig. 1.

The variables measured to figure the dryer function
are ambient temperature, relative humidity of the
environment, collector temperature, relative humidity of the
collector, inlet temperature of drying, relative humidity of
the drying inlet, solar intensity, electrical energy generated

by the photovoltaic and air drying speed. Fig. 2 shows the
concept and operating principle of the dryer designed in
this study.

Fig. 2 shows that the basic principle of the dryer is a
process of heating the air in the collector, moved by a blower
supported by the electricity resulted from the photovoltaic
panel. The heated air with acertain speed will passthelayers
of the product in the drying column with afixed bed concept.

Instrumentation: The dryer consists of four parts:. a
collector, a solar photovoltaic panel, adrying unit in asilo
model and ablower. The measuring tools used in this study
were athermometer, hygrometer, lux meter, wind meter, and
digital balance.

Solar collector: A solar collector isthe most important part
of an active solar drying system (Fig. 4). The solar collector
will gather solar energy, transform its radiation into heat
and transfer heat through the fluid inside the collector
(Hematian et al. 2012). In this investigation, the solar
absorber collector wasaV-grooveiron plate (0.55 mm thick),
painted in black and mounted in a box made in the same
area. The lower part of the absorber was insulated with 19
mm thick glass wool. To create a greenhouse effect, a
transparent glass sheet of a4 mm thick layer was placed on
the absorber. The total length, width, and height of the solar
collector are 1500, 800 and 200 mm, respectively.
According to Sebaii & Shalaby (2012), the V-groove
collector had an efficiency of 7-12% higher than aflat plate
collector.

Solar photovoltaic module: The photovoltaic solar mod-
uleused inthisstudy was polycrystallinewith 72 cellsequal
to 100 WP. It converts solar energy into electricity to sup-
port the centrifugal fan. The dimension of the photovoltaic
panel is 1020 mm x 670 mm x 30 mm. The photovoltaic
panel produces 16-18 volts, respectively, according to the
solar intensity. The photovoltaic module has been certified
by the Agency for the Evaluation and Application of Tech-
nology, Republic of Indonesia (certificate number:
2016079).

Blower: Thecentrifugal blower (ORIX-FO107) used inthis
study has the following specification: motor diameter: 7.7
cm, length: 30.5, blower diameter: 7.3 cm, total fan wings:
26, maximum voltage: 24 volts and maximum speed: 5 m/s.

The drying unit: The drying unit adopted a silo model,
with 30 cm in diameter and 7 cm in height for each layer/
tray (Fig. 5). It consists of 5 trays. The total volume of each
tray is537.075 cm?®, itisequal to 1-1.5 kg of red pepper. The
drying trays were constructed with fine mesh for the drying
air that passes through the elements of the material. Hot air
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Fig. 5: Schematic view of drying coloumn.
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passes through the trays directly from the solar collector.

Performance evaluation of thesolar dryer: Theprinciple
that governs the transfer of heat within a solar collector is
the greenhouse effect. It occurred when solar radiation passes
the transparent cover of the collector and is absorbed by
the V-shaped plate inside. The plate will return the radia-
tion to theinner side of the cover, where it will return to the
plate. During this process, the fluid between the plate and
the cover will absorb the energy. Almiron & Lara (2016)
said that the thermal efficiency of the solar collector is
affected by solar intensity, fluid density, heat capacity and
fluid velocity. In order to determine the performance of the
dryer, including the thermal efficiency of the collector, an
experimental study was conducted in September, October
and November 2017.

During the performance test process, thetemperature and
relative humidity of the environment, internal collector and
air inlet to the drying unit were measured with a standard
digital thermometer and hygrometer. The device was
calibrated using a wet mercury bulb laboratory thermom-
eter. The solar intensity was measured with alux meter, with
aone-hour interval between 07:00 am. and 16. 00 p.m. at
thelocal time. The airspeed around the blower and the out-
let collector arealinlet drying unit were measured by awind
meter. The data were collected in September, October and
November 2017. It was the beginning of the rainy season in
September and peak season in November.

Theefficiency of the solar collector istheratio of useful
energy in the solar collector to the solar energy arrived on
the surface of the solar collector (Hematian et al. 2012).

Referred from Bennamoun (2012), collector efficiency in
this convective solar drying system supported by solar ther-
mal collector and solar photovoltaic panel was
determined by the following equation:

_ Quseful
n= Qsc+Qpv x 100 (1)
Where, Qsc is the energy gained by solar collector and

Qpv is the energy gained by solar photovoltaic panel. The

useful energy is determined by the following equation:

Quseful =m. Cp- (Tc - Ta) (Watt) (2

Where, Cp isthe specific heat capacity of the air at con-
stant pressure (Jkg/°C) and (Tc-Ta) is the temperature dif-
ference of ambient and solar collector output. misthe mass
of the air flow, and is determined by the following equa-
tion:

m=p AV (kg/s) (3

Where, p isthe fluid density/moist air density, A isthe
collector absorber surface and V isthe air velocity.

Qsc is determined by the following equation :

Qsc=1.Ac (Watt) ..(4)

Where, | isthe global solar intensity (W/m?) and Ac is
solar collector width, Q pv is determined by:

Qpv = Vpv xicurrent (Watt) ...(5)

According to the photovoltaic guidanceinformation the
rates of | current is 5.69 Ampere. The lost energy in the
collector and photovoltaic panel was ignored.
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Fig. 6: Drier temperature performance rates in various weather condition.

To predict the fitted model and the most influential fac-
tor of the dryer performance, amultiple regression analysis
was done. The solar collector temperature was the depend-
ent variable and solar intensity, voltage photovoltaic, air-
speed around the blower, air collector velocity, collector
relative humidity, ambient temperature and rel ative humid-
ity temperature were independent variables. Zhu & Chen
(2013) reported the using of regression analysis based on
experimental data as a simplified method for thermal re-
sponsive performance of passive solar house in
China. Kicsiny (2014) proposed a multiple linear regression
based model for solar collectors. The result of the study
showed that MR based model has a good precision and can
be easily applied to many collectors in practice.

The data in this study were tested by collinearity,
heteroscedasticity, autocorrelation, and residual normality

test to make sure that they fit to be analysed by multiple
regressions.

Dryingimplementation: Drying implementation was done
on red pepper on 8-10 October 2017. The drying time was
6 hours/day (between 7.00-14.00), two hours shorter than
the targeted time due to the inappropriate weather in the
afternoon. Fresh red peppersfrom thelocal market were used
as the simulation drying product. The main parameter ob-
served was the decrease of moisture content.

RESULTS AND DISCUSSION

The schematic view: The schematic view of the dryer can
be seen in Fig. 3. It shows that the dryer has some important
parts : solar collector, solar photovoltaic panel, blower and
drying column. The solar dryer was designed and produced

Nature Environment and Pollution Technology @ Vol. 18, No. 1, 2019
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Fig. 7: Relative humidity of solar dryers in various weather condition.

in the Agricultural Engineering Laboratory of Brawijaya
Malang, Indonesia. It is an ecological solar dryer that con-
verts solar energy into thermal energy through a solar col-
lector and electricity through a polycrystalline photovoltaic
module to support the blower. The designing and building
process was taken 4 months from May to August 2017. The
air was moved by a centrifugal fan (DC 24 V) and air passed
the surface of the solar collector to the drying column. The
air was forced to move using the fan powered by photo-
voltaic electricity, to accelerate the drying process.

Solar Dryer Performance

Temperature: The outlet air temperature of the collector
and the inlet air temperature of the drying unit were rela
tively higher than the ambient temperature. On sunny days,

the temperature of thefirst tray can reach 70°C. It happened
at 10.00-12.00 when the solar intensity was > 1000 W/m?2,
The solar intensity gradually increased from 465.6 W/m?in
the morning to 1131 W/m? at 10.00-12.00. It gradually
decreased to 161. 99 W/m?2at 16.00 p.m.

The performance test of the solar dryer was also con-
ducted in rainy/cloudy circumstances, occurred in the after-
noon. Thetemperature of the solar collector and theinlet air
temperature to drying unit decreased aong with the de-
crease of solar intensity due to the cloud and the rain
condition. Fig 6 shows that, in general, temperature of the
solar collector and inlet drying area was relatively higher
than environmental temperature both in sunny day or hos-
tile condition. According to Sharma et al. (1993) and
Mustayen et al. (2014), an indirect-type solar dryer using
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Fig. 8: Daily solar radiation and solar collector efficiency in various weather conditions.

active solar collector is till capable of giving good output
under bad weather condition. Wulandani and Oscar (2009)
justified that the drying of the solar-powered greenhouse
with forced convection system has a more stable tempera-
ture performance than the greenhouse drying system with
natural convection.

Relative humidity: Fig. 7 showed that relative humidity of
the solar collector and air inlet in clear sky day was stable at
10%, after one-hour drying in sunny days condition. It
remained stablefor 5.5 hoursforward. Therelative humidity
began to increase in the afternoon (after 15.00 pm). Low
relative humidity (10%) is the best condition in a drying
process. It can be said that this dryer had sufficient relative
humidity to support a drying process. In cloudy/rainy
condition, relative humidity in inlet drying seemed unsta-

ble. It seemed that, although it is possible to carry out a
drying process on cloudy days according to theinlet drying
temperature, which was higher than ambient temperature, it
was not supported by the relative humidity of the collector
and the drying unit.

Solar collector efficiency: Thermal collector efficiency
dependson thetype of collector absorber, covered material,
air velocity and collector width (Hematian et al. 2012).
Based on the data which were taken on 28 September, 4
October, 8-12 October 2017 and equations 1-6, solar
collector efficiency is shown in Fig. 8. The efficiency in
cloudy/rainy dayswas higher than the efficiency in the sunny
days. It can happen because the collector has a good
function as an energy saving, so while the solar intensity
decreases, it still keepsthe energy gained before the cloudy/

Nature Environment and Pollution Technology @ Vol. 18, No. 1, 2019
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rainy conditions. Hermatian et al. (2012) in his study showed
that the efficiency of convective solar collector has
ascending tendency until the evening (theresearch was done
from 09.00-20.00). It is similar with the result of this study,
where the ascending tendency happened in 28th September
2017 when the weather is in a good condition (clear sky
with alight cloudy). Hii & Law (2012) and Batubara et al.
(2017) stated that the higher the intensity of solar energy
received in the solar collector, the solar collector efficiency
also will be higher in a norma weather condition. In the
daysof unstableweather (4th October, 8th October and 10th
October 2017), the trend of efficiency cannot be predicted
properly.

Rates of daily energy collected from the solar collector
and solar photovoltaic panel compared with useful energy
are shown in Fig. 9. Rates of daily efficiency of the collec-
tor varied from 36-44%, depending on solar intensity rates
and the weather. Total energy gained in clear sky days is
higher than that in unstable weather days.

Regression and correlation of solar intensity, photovoltaic
voltage, air flow, temperature and relative humidity:
Based on the data taken on 12-15 November 2017 a
multivariate regression analysis was done. It aimed to find

Table 1: Regression statistical result.

the most influenced variablesfor collector performance. The
residual normality test that was done using Anderson-Dar-
ling Statistic Test (Razali & Wah 2011) showed a normal
result. The weather on the observation days was mid cloudy
before noon, and heavy cloudy followed by rain after mid-
noon. Solar intensity observed was 75-790 W/m?, ambient
humidity was 44%-77%, the ambient temperature was 27.1-
34.10, collector humidity variation was 11-54% and
collector temperature variation was 31-57°C. Dependent
variable determined in the analysis was the collector
temperature. The independent variables were solar intensity,
voltage photovoltaic panel, airspeed around the blower, air
collector velocity, collector relative humidity, ambient
temperature and relative humidity.

The heteroscedasticity test showed an appropriate re-
sult for the data of variables to be analysed by multivariate
regression. The data were also non-multicollinear and non-
autocorrelation. The regression statistic result is given in
Table 1.

Based ontheinformation from Table 1, the linear model
to simplify the relationship of a dependent variable
(collector temperature) and independent variables is
described in the following equation :

Y = 13854 + 0.011x; — 1.81x, — 2.273x3 +
7.45x, — 0.44x5 — 1.13xg — 0.34x,

Where, Y: collector temperature, x1: solar intensity, x2:
voltage photovoltaic, x3: velocity around the blower, x4:
collector velocity, x5: collector relative humidity, x6: am-
bient temperature, and x7 is ambient relative humidity. The
model isfitted with the data, shown by the value of adjusted
R? (0,93). Thisvalue meansthat 93% of thevariationsin the
collector temperature changes can be explained by depend-
ent variables in this investigation (x -x,) and the other 7%
depends on the other variables excluded in this investiga-
tion.

The probability value showed that solar intensity, volt-
age photovoltaic panel, air collector velocity, collector

Regression statistic Coefficient P-value
Multiple R 0,9764 Intercept 138.54 0,0164
R Square 0,953357 Solar Intensity (watt/cm2 0.011 0,005911*
Adjusted R Square 0,930036 Voltage Photovoltaic -1.81 0,028666*
Standard Error 1,969358 Velocity around the blower -2.27 0,808388
Observations 22 Air collector velocity 7.45 0,033206*
Significance F model 2,92815E-08 collector humidity -0.44 9,92E-05*
Significance F heteroscesdasticity 2,62E-16 Ambient Temperature -1.12 0,172443
Ambient Humidity -0.34 0,002383*

*significant (p<0.05)
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Fig. 10: Drying rates of red pepper using eco-friendly fixed bed dryer based on a combination of solar collector
and solar photovoltaic panel (8-10 October 2017).

humidity and ambient humidity gave a significant influ-
ence to the solar collector temperature (p<0,05). In rainy
condition, it seems that ambient temperature did not give a
significant influence on the rates of collector
temperature. Afriyie et al. (2013) reported that the relative
humidity of the environment greatly affectsthe drying proc-
ess with solar energy. Batubara et a. (2017) said that the
inside collector temperature is strongly influenced by solar
intensity.

Dryingimplementation: In afixed bed drying process, the
product is filled in thick layers so that the drying column can
be supposed as porous media (Bennamoun 2012). Fig. 10
showed that drying rates of the red pepper in the first trays
were the fastest, and the drying rates of the fourth and fifth
trayswere the lowest.

Statistically, there is no significant difference on drying
rates based on ANOVA test (p<0,05). The drying rates were
varied between 2.96 % moisture content/hour and 1.51 %
moisture content/hour. Although the final moisture content
of the pepper was not adequate yet, the model can be used
to predict thetime needed to dry hot pepper inarainy season
using the eco-friendly fixed bed dryer based on a combina-
tion of solar collector and solar photovoltaic panel.

Based on the exponential empirical model, the drying
time needed to reach 12% of moisture content (wet basis),

respectively, was 33,72 hours (5-6 days) for thefirst tray (0-
7 cmthick), 49.61 (6-7 days) hoursfor the second tray (7-14
cm thick) and 65.37 hoursfor thethird tray. It seemsthat in
the rainy seasons, the drying is only possible to do in the
first and second tray. It is not suggested using the higher
trays due to the longer drying time.

CONCLUSIONS

This research developed a design of an eco-friendly con-
vective fixed bed dryer with a combination of solar collec-
tor and solar photovoltaic panel. Collector efficiency was
measured as a representative of the dryer performance. A
multiple regression analysis was done to decide the most
important variablesinfluencing the performance. Theresult
showed that the collector temperature can reach 70°C in
sunny days and 50°C in cloudy/rainy conditions, the
efficiency of solar collector varied from 30-50%, and the
collector hasarelatively stable performancein cloudy/rainy
conditions. The multiple regression analysis showed that
solar intensity, voltage of photovoltaic panel, air collector
velocity, collector humidity and ambient humidity signifi-
cantly influence the solar collector temperature in the dry-
ing system. The result of drying implementation using red
pepper as the drying product showed that the drying time
needed to reach 12% of moisture content (wet basis), re-
spectively, was 5-6 daysfor thefirst tray (0-7 cm thick), 8-9
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daysfor the second trays (7-14 cm thick) and 9-10 days for
the third tray in rainy season.
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