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In this study, a greenhouse solar dryer with double-pass multi-hollow collector for leaf
drying was design, constructed, and evaluated. From the result, the double pass solar air
collector with multi-hollow tube is capable of increasing air temperature by 5.5°C-10.8°C
compared to ambient air temperature. Thermal efficiency of the dryer was evaluated for
passive and active modes, where 47.2% and 50% are recorded respectively. The moisture
reduction on mass basis in passive and active dryer recorded was 44% and 74%,
respectively. The specific moisture extraction rate (SMER) and specific energy

consumption (SEC) of passive dryer was determined to be 0.198 kg per kWh and 5.047
kWh per kg, and active dryer at 0.210 kg per KWh and 4.769 kWh per kg, respectively.

1. INTRODUCTION

Food preservation is an important aspect of live, where
human diet and overall health wellbeing is dependent upon.
Most importantly, food preservation is essential to ensure
adequate food supply that is capable to meet the demand of
growing population around the world. The importance of food
preservation is extended to ensure balance global food supply-
demand, by preventing post-harvest losses of the agriculture
sector thus enabling longer storage period of food
commodities. Food preservation processes also produces
value-added products, high quality food and contributes to
variation in diet. Overall, the experience of eating is highly
improved through food preservation techniques as it provides
improved nutritional values, and in some parts of the world
especially developing countries, food variation further leads to
lower reliance on staple commodities [1, 2].

As agriculture industry produces raw food materials,
inadequate management of agricultural produce can be
avoided by increasing the storage life through simple methods
of preservation. Drying is a one of the process of preservation,
which have been practiced from time immemorial. The main
mechanism of drying process is removal of excess moisture
from drying samples, which is used slow microbial growth that
causes degradation and spoilage in the first place. In
preserving food, important considerations which must be
made are (i) the desired level of quality (ii) the preservation
length (iii) the group for whom the products are preserved.
Drying is proven to be capable of meeting the aforementioned
criteria, thus it is widely applied in agricultural industry. To
date, drying is used to produce wide range of agricultural
produce, including fruits, vegetable, herbs, marine and poultry
[2-7].

Despite the high reliability of in producing good product
quality and reducing raw material losses, drying is a highly
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energy intensive process. The inherent high energy
consumption in drying process is due to overcoming the high
latent heat in removing moisture from products. In developed
countries where technology is advanced such as the US,
Germany, UK and France, drying of food products consumes
7-15% of industrial energy [8]. The value is much higher for
developing countries, where drying process consumes about
50% of the food processing sector [9]. As drying is an energy
intensive process, it leads to another concern on environmental
implication of carbon emission related to the energy
generation. Therefore, conventional energy generation
intended for drying process is undesirable in the long run.
Solar energy provides an alternative to conventional drying,
where it can supply clean energy to meet the demand for
drying process. Solar drying can be broken down into two
types; open sun drying and solar-assisted drying system. The
former is a traditional method of sun drying which is the
simplest and most cost effective, however it is also highly
unreliable as it completely depends on climate conditions.
Numerous research and efforts are now being put to develop
the latter category, where solar-assisted drying systems are
believed to be able to overcome the limitations of open sun
drying and conventional drying system. Solar-assisted dryer
systems consist of two major components; solar collector unit
and drying chamber to effectively increase drying air
temperature compared to surrounding air, thus facilitating
faster moisture removal process. Solar collector unit function
can be defined as a special energy exchanger, where it converts
solar irradiation to thermal energy of the working fluid [10]. A
typical solar collector unit is made up of an absorber plate,
transparent glazing cover, and insulation layer. Depending of
intended application and desired temperature increase, a solar
collector unit can be concentrating or flat-plate type. The
former can produce higher output temperature; commonly
used in large scale solar farms and coupled with sophisticated
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sun tracking system, additional lenses and mirrors. Meanwhile,

the latter is capable of producing moderate output temperature
and commonly used for low temperature applications such as
domestic water heating and space heating. For agricultural
drying, solar drying system with air based solar collectors have
been reviewed by Fudholi et al. [11]. Suitable designs of solar
collector unit fit this drying purpose are SDS with (i) V-groove
solar collectors, (ii) finned double-pass solar collectors, (iii)
double-pass collector containing an integrated storage system,
and (iv) photovoltaic thermal (PVT) collector [11].

Table 1. The advantages and disadvantages of passive
(natural) mode solar greenhouse dryer

Advantages/

disadvantages Ref.

Description

- Low cost construction.
- Simple structure.

- Easy to install and to operate especially where [14-

no electrical grid exists. 16]

- Best for low moisture content crops.
-Primitive.
The higher relative humidity was observed due
Disadvantages to poor ventilation of passive mode greenhouse [17]
system.

Advantages

Table 2. The advantages and disadvantages of active (forced)
mode solar greenhouse dryer

Advantages/ o
disadvantages Description Ref.
- Drying rate is faster than passive [16
mode. '
Advantages - Best suits for high moisture content 18]
crops.
- More complicated than passive mode.
Disadvantages - More expensive as they need fans/ [14]

blower, ventilators for air circulating
and piping loops.

Table 3. The advantages and disadvantages of hybrid solar
greenhouse dryer

Advantages/

disadvantages Ref.

Description

- Drying time, drying rate and energy
consumption were reduced.

- The drying could be operated when
adverse weather conditions exist by
using a supplementary heat source as a
back-up to solar radiation.

- May lead to fuel dependent.

- Build and maintenance costs are
expensive

[19,
Advantages

Disadvantages [21]

Greenhouse dryer system is a type of mixed-mode system,
where it combines the operation of solar collector with
greenhouse system [12]. The construction of a greenhouse
dryer combines the function of the solar collector with a
greenhouse system. The roof and wall of the dryer is made
using transparent materials, such as glass, fibre glass, UV
stabilized plastic or polycarbonate sheets. The transparent
materials are fixed on a steel frame support or pillars with bolts
and nuts and sealing to prevent humid air or rain water leaking
into the chamber other than those introduced from the inlet
opening. The working principle of a greenhouse system is
based on the greenhouse effect, where its transparent walls
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allow incoming shortwave solar radiation to be converted into
longwave radiation, thus trapping the radiation inside its
confined walls. To increase solar radiation absorption, black
surfaces should be provided within the structure. Inlet and
exhaust fans are placed at proper position within the structure
to guarantee even distribution of the drying air. If designed
properly, greenhouse dryers can allow a greater degree of
control over the drying process than the cabinet dryers and
they will be more appropriate for large scale drying.
Greenhouse dryers are observed to have various advantages
over other type of dryers; it provides the best quality, color and
taste of the dried products [13]. In literature, there has been
many studies done on solar greenhouse dryers to improve its
performance, thus leading to diverse system modifications.
Tables 1-3 shows the comparisons on the advantages and
disadvantages of various types of solar greenhouse dryer.
However, this study focusses on the evaluation of a solar
drying system to analyse energy requirement and thermal
performance of portable mixed mode greenhouse dryer with
double pass collector system by using energy analysis.

2. MATERIALS AND METHOD

Greenhouse solar dryer system constructed for this research
consists of 3 major components; solar collector unit, drying
chamber unit, and ventilation unit. The design of this dryer
also takes into account for portability, thus wheels were
installed to ease the movement of this system, as shown in
Figure 1 and Figure 2. The solar collector unit used in this
research adopts the double-pass collector design, where inlet
air will travel through two travel passages; upper and lower
channel. The components of the solar components consist of
transparent glazing, solar absorber flat plate, and insulation
layer. The outermost cover of the collector uses transparent
glazing, which in this case is tempered glass of unknown
transmissivity. The application of tempered glass is selected to
prevent material degradation due to outdoor climatic exposure.
Solar absorber flat-plat layer is constructed using aluminium
plates, with additional multi-hollow tubes on the lower
channel, as shown in Figure 2. The purpose of adding two
layers of hollow tubes as fin structure on the absorber is to
increase the effective area for heat transfer process. The design
and construction of the dryer system were done in Bengkel
Fizik, Fakulti Sains dan Teknologi, Universiti Kebangsaan
Malaysia.

Figure 1. Photograph of greenhouse dryer consisting of solar
collector attached to the drying chamber
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Figure 2. Schematic of greenhouse dryer consisting of solar
collector attached to the drying chamber

Figure 3 shows the four steps are the order of experimental
procedure to study the energy analysis of the greenhouse solar
dryer. Prior to the experimental start-up, instruments and
electrical connections were put in place.

(i) Greenhouse solar dryer in passive mode without any load
is placed in the open field at 11AM — 4PM.

(i) Data for ambient and system variables are recorded at
every 2-minute interval from beginning to the end of
experiment. Solar irradiation was recorded using pyranometer
integrated with data logger. System variables recorded were
temperature of solar collector unit i.e. glass glazing and hollow
tubes, outlet air from collector, outlet air from chamber, and
inside chamber temperature.

(iii) The experiment is repeated in active mode, where
ventilation unit is installed to the collector unit. With similar
set-up, the fans are activated to create faster airflow. For active
mode, the mass flow rate of air is adjusted and kept constant
at 0.056 kg/s.

(iv) Step 1 — 3 are repeated with drying samples. 500 grams
of Ficus carica L. leaves are placed on the drying tray. The
samples are left in the drying chamber for 6 hours before the
dryer was turned off at 4PM. The final weight of the samples
is recorded to determine the moisture reduction mass.

Start
Passive (natural) mode solar
greenhouse dryer

Data record: solar irradiance, ambient
temperature, fan velocity, weight of
the samples and temperatures of solar
collector i.e. glass glazing and hollow
tubes, outlet air from collector, outlet
air from chamber, and inside chamber
temperature.

Energy analysis for
passive greenhouse
dryer with load (Ficus

carica L. Leaves)

Energy analysis for
active greenhouse
dryer with load (Ficus

carica L. Leaves)

| Finish |

Figure 3. Flowchart of experimental procedure to study the
energy analysis of the greenhouse solar dryer
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The thermal efficiency of a solar collector is defined as the
ratio of heat gained by air passing through the collector to the
energy gained from solar irradiation, expressed as a percentage
[22-24].

_ mC(Tout B Tin)

= x 1009
Ne Al %o

(1)

Another indicator commonly used in energetic analysis is
the thermal efficiency of solar dryers, n,. Essentially, n, is the
ratio of energy required to evaporate product’s moisture to the
energy consumed for the drying process. In short, thermal
efficiency of the drying system is the ratio of the energy used
for moisture evaporation to the energy input to the drying
system.

The drying efficiency of solar dryer, n, is another measure
widely used in energetic analysis, which it is the ratio of the
energy needed to evaporate the moisture in a commodity to the
energy consumed during the drying process. In a nutshell, the
drying system's thermal efficiency is the ratio of the energy
used for moisture evaporation to the energy supply.

Eevap

Na = 2)

Einput

The energy input through electrical fans or blowers is taken
into account in passive convection dryers, while active dryers
take into account the energy input through electrical fans or
blowers, which is provided by respectively [25, 26]. The
energy consumed for the drying process will need to account
for all sources of energy produced in the system, depending on
the type of solar drying system. In hybrid systems, such as
photovoltaic-thermal (PVT) hybrid dryers, the solar collector's
electrical efficiency is measured as the device converts
electricity into energy [27-30].

= mly, ©)
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The relationship between the amount of water evaporated
and the amount of energy input to the solar dryer can also be
used to describe the dryer's efficiency and to compare the
performance of different dryers. The specific moisture
extraction rate (SMER) in kg kW/h refers to the amount of
moisture that can be extracted per unit of energy. SMER stands
for SDS effectiveness, which is described as the amount of
energy needed to extract 1 kg of water. The reversal effect on
real energy consumption is also expressed in this variable
(SEC). Specifically, specific energy consumption (SEC) is the
reciprocal of SMER in kWh/kg units [27-31].

Amount of moisture evaporated W

SMER = —— (6
Energy input to the dryer P, (6)
Energy input to the dryer P,
SEC = gy P! 4 ==
Amount of moisture evaporated w



3. RESULTS AND DISCUSSION

Weather parameters i.e. ambient temperature and solar
irradiation were recorded to determine its variation on the
performance of the dryer. These data measurements are done
using three thermocouples that were attached to the air inlet of
the collector unit. Figure 4a corresponds to a typically day with
few cloud interferences, while Figure 4b shows the profile of
a cloudier days, which eventually resulted in rain. Figure 4c
on the other hand indicates sunny day with clear sky.

During the experimentation, thirteen thermocouples were
attached on the glass cover, aluminum collector plate, air inlet
into the chamber, inside the chamber, and around air outlet.
The temperature data are plotted in respect to solar irradiance
reading, as shown in Figure 5.

As for the temperature increase of air from collector, the
double pass with multi-hollow tube is shown to be able to
increase air temperature between 5.5°C-10.8°C compare to the
ambient air temperature. The highest temperature recorded for
Trial 1 and Trial 2 were 51.9°C and 53.1°C, respectively. This
range of values shows that the system can provide the
optimum drying temperature for leaf drying, which is 40-60°C,
where 50°C is known to cause minimal loss of quality [32].
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Figure 4. Weather pattern using ambient temperature and
solar irradiance on days of experimentation a) 5 March b) 6
March c) 8 March
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Under two ventilation modes i.e. active and passive,
different temperature profile is obtained. Active mode refers
to forced convection, where fans were used to facilitate air
movement. Passive mode on the other hand relies completely
on the natural movement of air. Figure 5a shows that the inlet
air temperature into the dryer is much higher compared to
ambient air and air at outlet and inside chamber. It can be
observed here that passive mode contributes to steeper
temperature gradient between hot air entering the chamber to
other temperature points in the system. In active ventilation
mode, the temperature profile shows readings of similar values
throughout measurement points of the system. This indicates
that the heat distribution in active dryers is more uniform
compared to passive dryers. Despite the difference, the
temperature profile also shows similarities in fluctuations
throughout the day. Both ventilation modes show similar
relationship between solar irradiance and temperature readings.
The change in solar irradiance resulted in almost instantaneous
temperature change. In the findings by Wang et al. [33], it is
explained that when irradiance changes rapidly in a short time
the instantaneous heat remains stable, due to the collector has
a certain heat capacity. Hence, when the solar radiation sharply
fluctuates the solar collector can provide a constant heat.
Therefore, the temperature profile of this dryer indicates that
the system is very sensitive to solar irradiance change. This is
likely due to inefficient insulation system, and the absence of
energy storage system.

Average Temperature Profile

a)

1111

Figure 5. Temperature profile of the inside of drying
chamber in a) passive and b) active condition

Table 4. Solar collector efficiency for double pass multi
hollow tube collector unit

Trial 1 Trial 2
Time IrradianceCollector Efficiency IrradianceCollector Efficiency
(W/m?) (%) (W/m?) (%)
11 AM 581.3 48.2 516.3 446
12PM 685.9 51.5 838.2 41.9
1PM 6650 58.7 816.1 46.5
2PM 739.8 53.0 977.0 415
3PM 6834 54.6 992.5 451
4PM 5299 63.2 630.0 73.2




Solar collector efficiency is the heat gain by drying air over
heat available at solar collector. In this experiment, a couple
of trials were performed to determine the solar collector
efficiency. The thermal performance of the solar collector has
been analysed with a stable mass flow rate of air of 0.056 kg/s.
The results obtained are summarized in Table 4. The collector
efficiencies are calculated in respect to hourly average solar
irradiance value. This way the hourly efficiency for each
drying day is plotted, as shown in Figure 6. From the
experimentation, the solar collector efficiency calculated
ranges from 41.9% to 73.2%, while the solar irradiance ranges
from 516.3 to 992.5 W/m?, Overall, the solar collector shows
adequate heating capacity as the collector efficiency calculated
is in the range of values reported in literature, where most solar
collector operates at 33-56% [11]. As for the temperature
increase provided by the collector, the double pass with multi-
hollow tube is shown to be able to increase air temperature

between 5.5°C-10.8°C compare to the ambient air temperature.

The highest temperature recorded for Trial 1 and Trial 2 were
51.9°C and 53.1°C, respectively.

From Figure 5, the collector efficiency records low values
at Hour 1 (11AM) and Hour 6 (4PM), while it fluctuates in
between. During evening, the efficiency is much lower despite
having the highest solar irradiance reading. This trend is
observed for both Trial 1 and 2. This trend is unexpected, as

the efficiency normally increases with solar irradiance reading.

—@—Trial 1 =@=Trial2 =@=Temperatureincrease ==@==Temperature Increase 2

Efficiency %
N .
3

Irradiance (W/m2)

11AM 12PM 1PM 2m 3PM aPM

Figure 6. Solar collector efficiency and solar irradiance over
time of the day
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Figure 7. Dryer thermal efficiency of solar dryer in passive
and active mode

Dryer efficiency of solar dryer system is also known as the
thermal efficiency. The calculation for this performance
indicator can be made for both of dryer mode of operation;
active and passive air circulation. The thermal efficiency of

solar dryer is evaluated as the amount of energy needed to
vaporize moisture over the energy made available to the dryer.
In both of these energy analyses, 500 gram of Ficus carica L.
leaves were used as drying sample. Active dryer evaporated a
total mass of 370 g of water, resulting in 74% mass reduction
of the sample. Whereas passive dryer recorded 44% mass
reduction, where 220 g of water was evaporated. Figure 7
shows the bar chart of the thermal efficiency calculated for
both ventilation modes. The active mode records a thermal
efficiency of 50%, while the passive is at 47.2%. From these
values, passive mode has 5% lower efficiency compared to
active. Under similar weather conditions, active dryer shown
to be more effective than passive dryer.

Specific moisture extraction rate (SMER) is one of the
indicators used to define the performance of a dryer. It refers
to the amount of moisture extracted per kwh of energy. The
reciprocal of SMER is known as specific energy consumption
(SEC), defined as energy required to evaporate 1 kg of
moisture. The values of SMER and SEC is given in Table 5.
For this dryer system, the SMER value is calculated to be
0.210 and 0.198 kg water per kwWh of energy consumed for
active and passive dryer, respectively. The SEC of this dryer
was determined at 4.769 and 5.047 kWh per 1 kg of moisture
evaporated. Active dryer is shown to be more energy efficient,
with 5.52% for higher SMER and lower SEC than passive
dryer.

Table 5. Parameters and calculations for SMER and SEC of
the greenhouse dryers

Parameter Active  Passive
Mass of water (kg) 0.37 0.22
Energy for moisture evaporated (kwh)  1.764  1.110
SMER (kg/kWh) 0.210  0.198
SEC (kWh/kg) 4.769  5.047

4. CONCLUSIONS

Based on field trials, the double pass solar air collector with
multi-hollow tube is capable of increasing air temperature by
5.5°C-10.8°C compared to ambient air temperature. The
highest chamber temperature recorded by this dryer system
was 51.9°C and 53.1°C, in passive and active mode
respectively. The thermal efficiency of solar collector was
determined to be 419 to 73.2% at corresponding solar
irradiance of 516.3 to 992.5 W/m?2. However, there is a weak
correlation between the thermal efficiency and solar
irradiance, where efficiency fluctuates with changing solar
intensity. This can be explained by inadequate thermal
insulation and the absence of energy storage system. Thermal
efficiency of the dryer was evaluated for passive and active
modes, where 47.2% and 50% are recorded respectively. The
moisture reduction on mass basis in passive and active dryer
recorded was 44% and 74%, respectively. The SMER and SEC
of passive dryer was determined to be 0.198 kg per kWh and
5.047 kWh per kg, and active dryer at 0.210 kg per kWh and
4.769 kWh per kg, respectively.
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