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Abstract: The solar energy research group from Solar Energy Research Institute (SERI), Universiti Kebangsaan 
Malaysia (UKM) has designed and constructed solar assisted drying systems for drying agricultural and marine 
products. This study is a review of numerous types of solar dryer systems developed by SERI, UKM. The 
classification of solar drying systems has divided by two namely air based solar collector systems and water based 
solar collector systems. Drying with solar assisted drying systems was found to be a viable option with many 
benefits such as protected drying environment, improved dried quality of products and reduces drying time 
compared with the traditional sun drying method. Therefore, SERI’s solar assisted drying system shows a great 
potential for application in drying process of agricultural and marine products. 
 
Keywords: Solar assisted drying, solar collector, solar energy, solar thermal 

 
INTRODUCTION 

 
Solar Energy Research Institute (SERI), Universiti 

Kebangsaan Malaysia (UKM) was established on 1
st
 

July 2005. It was formed out of the desire to substitute 

the use of fossil fuel, which is known to produce 

environmental pollution and global warming. Limited 

supply, rapid depletion of resources due to increase 

demand and political instability are causes of 

fluctuation in the price of fuel. 

Therefore, there is need for a source of energy 

which is long lasting, sustainable and environmental 

friendly to satisfy the requirement of mankind. 

Renewable energy such as solar has the potential to 

replace fossil fuel. To support this effort, SERI 

undertakes research and development to develop 

renewable energy technology in this challenging and 

exciting field. Figure 1 shows the research areas of 

SERI. 
In this study, we focus on solar drying systems that 

a part of solar thermal. Researchers from SERI have 
conducted research with different designs for drying 
application. SERI has developed various innovative 
designs that enable major improvement in system 
efficiencies.  

The design and performance of different types of 
solar dryers with air based solar collectors, which R and 

D in SERI, UKM were reported by Fudholi et al. 
(2013a), Sopian et al. (2013a, 2012) and Othman et al. 
(2006). It has developed four advanced solar dryers 
with air based solar collectors suitable for drying of 
various agricultural and marine products namely: 
 

• The solar dryers with V-groove solar collectors  

• The solar dryers with the double-pass solar 

collectors with fins 

• Solar dryer with the double-pass collector with 

integrated storage system  

• Solar dryer with photovoltaic thermal collector 

 

The design and performance of different types of 

solar dryers water based solar collectors, was reported 

by Sopian et al. (2013b, 2012) and Othman et al. 

(2006). 
Most agricultural and marine products that are 

intended to be stored must be dried first in an effort to 
preserve the quality of the final product. Most of the 
dried salted fish in Malaysia are dried under the open 
sun. There is requires large open space area and very 
much dependent on the availability of sunshine, 
susceptible to contamination with foreign materials 
such as litters, dusts and are exposed to rodents, insect 
and birds (Basri et al., 2015; Fudholi et al., 2013b, 
2013c). As an alternative to open sun drying, solar  
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Fig. 1: Research areas of SERI, UKM 

 

drying system is one of the most attractive and  

promising applications of solar energy systems. It is 

renewable and environmentally friendly technology, 

also economically viable in most developing countries. 

 

SOLAR ASSISTED DRYING SYSTEMS 

 

The classification of solar assisted drying systems 

has divided by two namely air based solar collector 

systems and water based solar collector systems 

(Fudholi et al., 2010a; Othman et al., 2006). The 

natural convection solar dryer, solar dryer system with 

photovoltaic (PV), solar dryer using porous medium, 

solar dryer using finned absorber, solar dryer using V-

groove absorber, solar assisted heat pump dryer with 

multifunction solar collector and solar dryer using 

Photovoltaic Thermal (PV/T) -Compound Parabolic 

Collector (CPC) and fins are used air based solar 

collector systems. The design and performance on air 

based of different types of commercial scale solar 

dryers and its prospect in Malaysia has reported by 

Fudholi et al. (2013a). On the other hand, solar assisted 

heat pump dryer with Photovoltaic Thermal (PV/T) 

water based collector, solar assisted chemical heat 

pump dryer, solar dryer using dehumidification system 

and solar assisted desiccant dryer are used water based 

solar collector systems. 

 

AIR BASED SOLAR COLLECTOR SYSTEMS 

 

Natural convection solar dryer: This dryer is 

discontinuous type solar dryer, based on natural 

convection. Figure 2 shows a natural convection solar 

dryer. It is a simple design and can be manufactured by 

farmer from local materials. It has a relatively moderate 

cost and easy to use. The dryer system consists 

essentially of a solar collector integrated to the drying 

chamber at the base and a rotary wind ventilator at the 

top of the dryer chimney. The solar collector consists of 

V-groove absorber (painted matte black), glass cover, 

insulation and frame. The rotary wind ventilator was 

built  from  moving  corrugated  vane  rotor. In  order to  

  
 

(a)                                      (b) 

 

Fig. 2: Photograph of natural convection solar dryer; (a) view 

from solar collector and (b) view from drying chamber 

 

provide air circulation in the dryer, air holes are located 

on the side of the drying chamber. The thermal 

performance and quality of products for this dryer was 

higher compared to open sun drying for the selected 

food materials. The main purpose of this dryer to 

provide protection from dust, dirt, rain, wind or prevent 

insect and animal. 

 

Solar  dryer  system with photovoltaic (PV): Ruslan 

et al. (2003) designed, constructed and tested solar 

dryer system with PV. This custom designed parallel 

flow V-groove type collector was used in this drying 

system. The air was flowed through the drying system 

by using a fan powered by PV source. To facilitate the 

air flow during the absence of PV energy source, a 

funnel with increasing diameter towards the top with 

ventilator turbine is incorporated into the system. Two 

12 V, 1.2 A DC fan attached to the intake of chimney 

were included in solar dryer. The schematic of solar 

dryer system with PV is shown in Fig. 3 and 4 shows 

the photograph of solar dryer system with PV. At 

plantation sites where the crops are harvested or 

produced, this drying system is designed with high 

efficiency and portability in mind so that it can readily 

be used. 

At mean daily radiation intensity of 800 W/m
2
, the 

efficiency was about 44% with mean air flow rate 0.16 

kg/s has   been  achieved.  Under  the  above  condition,  
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Fig. 3: Schematics of solar dryer system with photovoltaic 

(PV) 

 

 
 
Fig. 4: Photograph of solar dryer system with photovoltaic 

(PV) 

 

 
 
Fig. 5: The double-pass solar collector with porous medium 

in the second channel (Sopian et al., 2007) 

 

 
 
Fig. 6: Schematic of the solar assisted drying system (Sopian 

et al., 2007) 

46°C was the daily mean temperature of air entering the 
drying chamber. The temperature of air entering the 
drying chamber of 45°C has been measured on a bright 
sunny day with instantaneous solar intensity about 600  
W/m

2
. As the solar radiation intensity increase, the air 

flow and air temperature also increase. The 
instantaneous efficiency decreased when solar radiation 
increased in the absence of PV or in natural convection 
flow. At 570 W/m

2
 and 745 W/m

2
 of solar radiation, the 

instantaneous efficiency recorded are 35 and 27% and 
the temperatures of drying chamber are 42 and 48°C 
respectively. Thus, this dryer is suitable for drying 
agriculture products. 
 
Solar dryer using porous medium: The solar dryer 
using porous medium is designed for higher 
temperature  application  (Sopian  et  al., 2007; Yahya 
et al., 2008a; Sopian et al., 2009; Sopian et al., 1999). 
The collector used in this system is the double-pass flat 
plate with porous medium in the second channel. The 
collector width and length are 120 and 240 cm, 
respectively. The upper channel depth is 3.5 cm and the 
lower depth is 10.5 cm. The second channel is filled up 
with steel wool, which improves heat transfer from the 
collector plate to the flowing air and also acts as a 
storage medium. 

The solar collector array consists of six collectors, 
arranged as two banks of three collectors each in series. 
Air enters the inlet of the upper channel in the first 
collector and flows in the lower channel. Next, the air 
flows to the second collector. The lower channel of the 
third collector is the air outlet from the first bank. In the 
second bank, air flows in the upper channel of the sixth 
collector and the outlet air is the lower channel of the 
fourth collector. The outlet air from the third collector 
is mixed with the air outlet from the fourth collector. 
The centrifugal blower is used to induce the hot air. 
Power rating the blower is 0.11 kW, 230 V rotating at 
2520 rpm. The schematic of the solar collector with 
porous medium and solar assisted drying system is 
shown in Fig. 5 and 6, respectively. The solar collector 
array is shown in Fig. 7 and the photograph of the 
system is shown in Fig. 8. 

This solar assisted drying system has been 

evaluated for drying of oil palm fronds, which has been 

used as nutrition and commercially viable animal 

feedstock. The initial and final moisture content of the 

fronds are 70% (wet basis) and 10% (product basis), 

respectively. The drying time is about 14 h at average 

solar radiation of about 550 W/m
2
 and air flow rate 0.14 

kg/s. The average evaporated capacity of drying system 

is about of 3.80 kg/h. The drying system with 70% 

recycle may reduce drying time about 15% and 

increasing the drying efficiency about of 10%. Thermal 

efficiency and evaporative capacity depends on solar 

radiation, ambient temperature and air flow rate. The 

drying system efficiency and evaporative capacity 

increase with increasing of solar radiation and air flow 

rate. 
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Fig. 7: The collector array for the solar dryer using porous medium (Sopian et al., 2007) 

 

 
 
Fig. 8: The photograph of the system 

 

Solar dryer using finned absorber: Figure 9 shows 

the schematic diagram of the solar drying system with 

the double-pass solar collector with fins. The main 

components  of   the   drying   system   consist  of  solar  

Table 1: Specifications of the solar drying system 

Descriptions Specifications 

Collector area 11.52 m2 

Drying chamber area 4.8 m2 

Capacity of dryer 150-200 kg 

Mass flow rate 0.05-0.13 kg/s 

Average drying air temperature 40-65°C 

 

collector, auxiliary heater, blower and drying chamber. 

The size of the drying chamber is 4.8 m (length) ×1.0 m 

(width) ×0.6 m (height). Table 1 shows specifications 

of the solar drying system. The drying system has a 

total of four double-pass solar collectors
 

 
 

Fig. 9: Schematic diagram of solar assisted drying system 
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Fig. 10: The collectors arrangement for the solar drying 

system 

  

 
 

Fig. 11: The schematic double-pass solar collector with fins 

 

 
 

Fig. 12: Top view of the staggered fins absorber 

 
(Fig. 10). Each collector has a length of 480 cm and a 
width of 120 cm. The first channel depth is 3.5 cm and 
the second channel depth is 7 cm. Staggered fins made 
of angle aluminium, 0.8 mm thickness were attached to 
the bottom surface of the absorber plate. The fins acts 
as increase heat removal from first channel to the 
second channel and improved the overall efficiency of 
collector. The bottom and sides of the collector have 
been insulated with 2.5 cm thick fiberglass to minimize 
heat losses. 

Figure 11 shows the cross section of the collector 
with the fins and the top view of the staggered fins 
absorber is shown in Fig. 12. The photograph of the 
system is shown in Fig. 13. The performance of double-
pass finned collector has reported by Fudholi et al. 
(2010b, 2011a, 2011b, 2013d, 2013e). 

The solar collectors are arranged as two banks of 
two collectors each in series. Internal manifold are used 
to  connect  the  collectors.  Air  enters  through the first  

 
 
Fig. 13: Photograph of solar dryer using finned absorber 

 
channel and then through the second channel of the 
collector. The electrical auxiliary heater has been 
attached to the system in order to provide continuous 
heat as required by the drying commodity. An on/off 
controller is used to control the startup and shutdown of 
the auxiliary heater.  

This solar dryer has been tested for drying of chili 
(Fudholi et al., 2012a, 2013f, 2014a), medical herbs 
(Fudholi et al., 2012b) and seaweed (Fudholi et al., 
2011c, 2011d, 2014b). This solar dryer has been 
evaluated for drying seaweed. The initial and final 
moisture content of seaweed are 90% (wet basis) and 
10% (wet basis), respectively. The drying time is about 
of 14 h at average solar radiation of about 544 W/m

2
 

and air flow rate 0.06 kg/s. The collector, drying system 
and pick-up efficiencies were found to be 37, 27 and 
92%, respectively for 40 kg seaweed.  

The solar drying system using double-pass solar 
collector with fins has been installed at the OPF 
FELDA Kuantan, Malaysia. The system consisted of a 
drying chamber, heaters, blowers and six solar 
collectors of double-pass type with fin in the second 
pass of the collector. The length of each collector was 
4.8 m and the width was 1.2 m. the collector has a glass 
cover and the sides are insulated and painted black on 
an aluminium absorber plate. The upper channel dept is 
3.5 cm and the lower depth is 7 cm. the bottom and 
sides of the collector are installed with 2.5 cm thick 
fiberglass wool to minimize heat loss. The system has 
been evaluated for drying the oil palm fronds. For 100 
kg palm oil fronds, the drying time is about of 3 drying 
day in sunny day (without heater) from an initial 
moisture content of 60% to the final moisture content of 
10% (wet basis). A temperature of 55°C can be reached 
at a solar radiation level of 650 W/m

2
 and mass 

flowrate of 0.13 kg/s, the overall system efficiency is 
about 20% (Fudholi et al., 2012c, 2015). 
 
Solar dryer using V-groove absorber: A solar dryer 
using V-groove absorber was designed, built and its 
performance studied by Ruslan et al. (1999a, 1999b) 
and Sopian et al. (2001). The configuration of the 
system is shown in Fig. 14, the configuration of V-
groove collector is shown in Fig. 15 (Fudholi et al., 
2008) and photograph of the system is shown in Fig. 
16. Table 2 shows the specifications of the solar 
assisted drying system.  

The main components of the system were solar 
collectors, blower, drying chamber and auxiliary 
electric heater. The collector selected for this study was  
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Table 2: Specifications of the solar dryer using V-groove absorber 

System components Descriptions Specifications 

Collector Type of absorber V-groove back pass 

 Absorber material Folded aluminium sheet; SWG22: 244 cm×122 cm 
 Angle of groove 49° and height 14 cm 

 Collector area 100 cm×460 cm per unit collector  

 Total collector area 13.8 m2 
 Top cover Glass: thickness 2.5 mm; one side tempered 

 Insulator Fibreglass wool; 2.5 cm thickness, density 46.0 kg/m3 

Air circulation Two unit axial fan 2700 rpm, 85 W: 230 V (AC), single phase motor 

 Ducting 18 cm outlet diameter: PVC pipe 

 Air flow rate 6.15-17.13 m3/min 

Drying chamber Type Adjustable set of shelved frame 
 Size 1.0 m×2.5 m×2.9 m 

 

 
 
Fig. 14: Configuration of the solar dryer using V-groove 

absorber 
 

 
 
Fig. 15: Configuration of the V-groove absorber 

 

 
 
Fig. 16: Photograph of the solar dryer with V-groove solar 

collector 

 
the back pass V-groove type with dimension of 1.0 m 
(width) ×2.3 m (length) ×0.14 (height). The designed 
system consisted of six set collectors in series which 

gave total area is about 13.8 m
2
. By using two fans with 

electrical power of 85 W and 2700 rpm each, the speed 
of air can be regulate to produce 6.15- 17.13 m

3
/min of 

hot air to the drying chamber. The drying chamber was 
cabinet type with the size of 1.0 m (width) ×2.5 m 
(length) ×2.9 m (height). The chamber contains an 
adjustable rack for drying trays where the commodity to 
be dried were placed. The hot air from the collector 
entered the chamber at the bottom and exit through an 
air vent at the top. Two units of electric heater, 5.0 kW 
each, thermostat controlled were placed at the inlet of  
the chamber. For drying process with higher and 
constant temperature, auxiliary electric heaters were 
used. 

For the continuous process, the fraction of energy 
used by solar is about 24% and for the daytime drying 
process, the fraction of energy contributed by solar is 
60%. The collector efficiency is about 40-65% at solar 
radiation levels of 400-700 W/m

2
 and ambient 

temperature range of 27-30°C with air flow rate ranging 
from 6.13-16.7 m

3
/min. The drying system efficiency is 

about 20-30%. Herbal tea has been dried using this 
solar dryer. The fresh tea leaves are dried from an 
initial moisture content of 87% (wet basis) to 54% (wet 
basis) at a drying temperature of 50°C and flow rate of 
15.1 m

3
/min (Sopian et al., 2000). 

 
Solar dryer using Photovoltaic Thermal (PV/T) -
Compound Parabolic Collector (CPC) and fins: This 
solar dryer system was used double-pass collector with 
Compound Parabolic Collector (CPC) and fins as heat 
transfer enhancement devices. Othman et al. (2008a, 
2002) studied an experimental validation of theoretical 
model of various configuration of hybrid PV/T air 
collector. They observed that double-pass PV/T solar 
collector with CPC and fins give the best performance 
(Alfegi et al., 2008, 2009). Solar cells are placed at the 
upper part of the absorber plate. Hence, both heating 
and electricity production has been produced for one 
single collector. The solar cells produce DC electrical 
power to operate a DC fan for forced mode operation. 
The photograph of this system is shown in Fig. 17. This 
system can be used for drying various agricultural 
products like fruits and vegetables. 
 

Solar assisted heat pump dryer with multifunctional 

solar  collector:  The  system  was  made by three main 
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Fig. 17: Solar dryer using Photovoltaic Thermal (PV/T)

 

Fig. 18: Schematic diagram of solar assisted heat pump dryer 

 

 
Fig. 19: Photograph of solar assisted heat pump dryer 

multifunctional solar collector 

 
components; heat pump system, drying chamber and 

multifunctional solar collector (Othman 

Majid et al., 2007, 2009). The heat pump system is the 

main component with compression power of 380 to 500 
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Solar dryer using Photovoltaic Thermal (PV/T)-Compound Parabolic Collector (CPC) and fins 

 

solar assisted heat pump dryer with multifunctional solar collector 

 

Photograph of solar assisted heat pump dryer with 

components; heat pump system, drying chamber and 

multifunctional solar collector (Othman et al., 2008b; 

., 2007, 2009). The heat pump system is the 

main component with compression power of 380 to 500 

W. It will supply heat through a condenser and a 

compressor to the drying chamber. An evaporator is use 

to remove the humidity in air that was produced during 

drying process. Multifunctional solar collector is use to 

increase the heat gain from outside environment. It acts 

as a heater when the solar radiation is available and as a 

cooler during night or rainy day and also as an 

evaporator if the temperature is low enough. The solar 

collector consists of cover, cross absorber and heat 

absorber. Figure 18 shows schematic diagram of 

assisted heat pump dryer with multifunction solar 

collector and photograph of solar assisted heat pump 

dryer with multifunction solar collector

Fig. 19. 

 

W. It will supply heat through a condenser and a 

compressor to the drying chamber. An evaporator is use 

to remove the humidity in air that was produced during 

rying process. Multifunctional solar collector is use to 

increase the heat gain from outside environment. It acts 

as a heater when the solar radiation is available and as a 

cooler during night or rainy day and also as an 

w enough. The solar 

collector consists of cover, cross absorber and heat 

schematic diagram of solar 

with multifunction solar 

and photograph of solar assisted heat pump 

lar collector are shown in 
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The result indicated that the multifunctional solar 
collector could provide energy to the heat pump dryer 
during drying process with producing heat 8% when 
function as a cooler, 96% as a heater during open cycle 
and 98% as a heater during close cycle. The entire 
process can provide 50% of heat that required by the 
system in drying process. The result also shows that the 
multifunctional solar collector can be used to obtain 
heat not mainly from the solar radiation as a heater but 
also as a cooler or evaporator from the low ambient air 
temperature. The operation time can be increased, 
hence will increase solar collector’s efficiency. This 
dryer is suitable for high quality of drying herbs and 
other agriculture products. 
 

WATER BASED SOLAR COLLECTOR 

SYSTEMS 
 

Solar assisted heat pump dryer with Photovoltaic 
Thermal (PV/T) water based collector: Daghigh et al. 
(2009a, 2009b) designed a solar assisted heat pump 
dryer with PV/T water based collector. A novel solar 
assisted heat pump system for space cooling, drying, 
water heating, dehumidification, electricity production 
and Building Integrated Photovoltaic Thermal (BIPVT) 
application using (water-working fluid) based PV/T 
collectors is proposed in this invention. The system 
comprised of PV/T, air source heat pump system 
(compressor, evaporator, condenser, expansion valve), 

 

Fig. 20: Schematic diagram of solar assisted heat pump dryer with PV/T water based collector 

 

 
 

Fig. 21: Configuration of solar assisted heat pump dryer with PV/T water based collector 
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Fig. 22: Photograph of solar assisted heat pump dryer with 

PV/T water based collector 

 

water-cooled condenser, storage tank, heat 

expansion valves, drying chamber auxiliary heater and 

dehumidifier. Schematic diagram of solar assisted 

pump dryer with PV/T water based collector as shown

in Fig. 20. Figure 21 shows the configuration of solar 

assisted heat pump dryer with PV/T water based 

collector and photograph of solar assisted 

dryer  with  PV/T  water  based  collector

in Fig. 22. 

The system operation for cooling (air conditioner 

mode), heating (drying mode) and dehumidification air 

comprises of four separate modes: a cooling mode, a 

heating mode, a dehumidification mode and in a 

multipurpose mode. In the cooling mode the valve 

means direct refrigerant to the evaporator of heat pump 

a way to absorb heat by refrigerant (working fluid) 

from conditioning air in the evaporator, in the heating 

mode the valve means direct refrigerant to the air

condenser of heat pump a way to reject heat to the air 

from refrigerant in the condenser. In the

dehumidification mode the air at the dryer exit, direct to 

dehumidifier   to   enable  the  recovery 
 

 

Fig. 23: Schematic diagram of solar assisted chemical heat pump dryer (Ibrahim 
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heat pump dryer with 

cooled condenser, storage tank, heat exchangers, 

expansion valves, drying chamber auxiliary heater and 

solar assisted heat 

pump dryer with PV/T water based collector as shown 

Figure 21 shows the configuration of solar 

h PV/T water based 

and photograph of solar assisted heat pump 

collector  are  shown  

g (air conditioner 

mode), heating (drying mode) and dehumidification air 

comprises of four separate modes: a cooling mode, a 

heating mode, a dehumidification mode and in a 

multipurpose mode. In the cooling mode the valve 

porator of heat pump 

a way to absorb heat by refrigerant (working fluid) 

from conditioning air in the evaporator, in the heating 

mode the valve means direct refrigerant to the air-based 

condenser of heat pump a way to reject heat to the air 

the condenser. In the 

dehumidification mode the air at the dryer exit, direct to 

recovery  of  the  thermal  

energy carried by the air, which would otherwise be 

wasted. In the multipurpose mode the system can serve 

more than one function, simultaneously. 
A system for heating water and electricity 

production is also considered in this system. PV/T 
collectors collect and convert energy from the sun into 
electric energy and thermal energy simultaneously. Th
hot air for drying purpose has been forced to flow in the 
water to air heat exchanger. The hot water tank acts as 
heat storage of the solar drying system. I
preheat the air before going into drying chamber, the 
hot water and air which leave air-cooled condenser will 
direct into one shell and tube heat exchanger and then 
after transferring the heat to air, water again will go 
inside storage tank. 

Further heating of the air is occurred inside heat 
exchanger. The incoming air from air
into heat exchanger (shell and tube heat exchanger after 
air condenser) is more heated using hot water which is 
already produce in PV/T collector and hav
in storage tank. If for a particular application more 
heating of air requires, the auxiliary heater will do this 
job. The drying chamber contains multiple trays to hold 
the drying material and expose it to the air flow. 

The air leaving the dryer is cooled and 
dehumidified to get rid of the moisture absorbed in the 
dryer, a rejection of sensible and latent heat occurs at 
the dehumidifier (dehumidifier mode). Subsequently, 
this heat is available at the air cooled condenser for the 
reprocessing of the air for the next cycle. The cycle 
repeats until the required moisture level of the drying 
material is attained. When dehumidifier is not in 
service, the air leaving the dryer will vent to the 
atmosphere. 

olar assisted chemical heat pump dryer (Ibrahim et al., 2008) 

energy carried by the air, which would otherwise be 

wasted. In the multipurpose mode the system can serve 

more than one function, simultaneously.  
A system for heating water and electricity 

production is also considered in this system. PV/T 
collect and convert energy from the sun into 

electric energy and thermal energy simultaneously. The 
hot air for drying purpose has been forced to flow in the 
water to air heat exchanger. The hot water tank acts as 
heat storage of the solar drying system. In order to 
preheat the air before going into drying chamber, the 

cooled condenser will 
direct into one shell and tube heat exchanger and then 
after transferring the heat to air, water again will go 

ther heating of the air is occurred inside heat 
exchanger. The incoming air from air-cooled condenser 
into heat exchanger (shell and tube heat exchanger after  
air condenser) is more heated using hot water which is 
already produce in PV/T collector and have been stored 
in storage tank. If for a particular application more 
heating of air requires, the auxiliary heater will do this 
job. The drying chamber contains multiple trays to hold 
the drying material and expose it to the air flow.  

ryer is cooled and 
dehumidified to get rid of the moisture absorbed in the 
dryer, a rejection of sensible and latent heat occurs at 
the dehumidifier (dehumidifier mode). Subsequently, 
this heat is available at the air cooled condenser for the 

of the air for the next cycle. The cycle 
repeats until the required moisture level of the drying 
material is attained. When dehumidifier is not in 
service, the air leaving the dryer will vent to the 
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Fig. 24: Schematic diagram of solar assisted dehumidification system

 

The results of experimental and simulation study 
indicated that improved quality control, reduced energy 
consumption, high coefficient of performance and high 
thermal efficiency of the dryer can be achieved in this 
system. A wide range of drying conditions typically 
to 100°C (with auxiliary heating) and relative humidity 
15 to 80% (with humidification sys
generated. Furthermore, color and aroma qualities of 
dried agricultural products using this heat pump dryer 
system are better than those products using 
conventional hot air dryers. 
 
Solar assisted chemical heat pump dryer:
heat pump is proposed as one of the potentially 
significant technologies for effective energy utilization
in drying. The solar assisted chemical heat pump dryer
has been constructed and tested by Ibrahim 
(2008). The schematic diagram of s
chemical heat pump dryer is shown in Fig. 23. The
system consists of four main components; evacuated 
tubes solar collector, storage tank, solid
heat pump and drying chamber. A solid
heat pump consists of reactor, condenser and 
evaporator. The drying chamber contains multiple trays 
to hold the drying material and expose it to the air flow. 
The general working of chemical heat pump occurs in 
two stages: adsorption and desorption. 
drying chamber temperature of 55°C and air at rela
humidity of 20-30% has been achieved. The total 
energy required to maintain a drying temperature of 
55°C is 60 kWh. The system contributed 51 kWh and 
contributed approximately 85% of the overall energy 
requirement and the rest of 15% energy provided b
auxiliary heater (Fadhel et al., 2010). 
 
Solar dryer using dehumidification system: 
dryer using dehumidification system has been designed, 
fabricated and evaluated (Yahya et al., 2008b, 
2001). The schematic diagram of solar assisted 
dehumidification system is shown in Fig. 24 and 
photograph of the system is shown in Fig. 25. 
system   was   superior   compared  to  conventional
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tubes solar collector, storage tank, solid-gas chemical 
heat pump and drying chamber. A solid-gas chemical 
heat pump consists of reactor, condenser and 

The drying chamber contains multiple trays 
to hold the drying material and expose it to the air flow. 
The general working of chemical heat pump occurs in 
two stages: adsorption and desorption. An average 
drying chamber temperature of 55°C and air at relative 

30% has been achieved. The total 
energy required to maintain a drying temperature of 
55°C is 60 kWh. The system contributed 51 kWh and 
contributed approximately 85% of the overall energy 
requirement and the rest of 15% energy provided by 

Solar dryer using dehumidification system: A solar 
dryer using dehumidification system has been designed, 

., 2008b, 2008c, 
schematic diagram of solar assisted 

is shown in Fig. 24 and 
photograph of the system is shown in Fig. 25. This 

conventional  air  

 

Fig. 25: Photograph of solar dryer using dehumidification 

system 

 
based solar dryers because of low operating 
temperature and relative humidity. This system will be 
suitable for drying medical herbs or heat sensitive 
agricultural produce. The main components of the 
drying system consist of solar collectors, water
heat exchangers and adsorber columns, drying chamber, 
pump and blower. The solar collectors were used 60 
evacuated heat pipes tube arranged in parallel with total 
area of 6 m

2
. The area of absorber in tube each 

individual was 0.1 m
2
 and distance bet

was 7.1 cm. The pump electrical capacity was 0.1 kW 
and was used to circulate water from the water tank to 
the solar collectors. The water was circulated to the 
solar collector at velocities of 0.39 and 0.6 m/s. The 
water tank with diameter of 45 cm and height of 85 cm 
was made from stainless steel and insulated using glass 
wool and foam rubber. Two units of cross flow type 
heat exchanger have been used. This system has two 
adsorber columns with dimension of 25 cm (width) ×25 
cm (length) ×100 cm (height). The columns were filled 
up with silica gel to a height of 85 cm. The drying 
chamber was of the cabinet type with the size of 1.0 m 
(width) ×1.0 m (length) ×2.5 m (height). The chamber 
contains the drying trays with adjustable racks to place 
the medical herbs. The dry air from adsorber columns 
entered the drying chamber at the bottom and exit 
through an air vent at the top. The dry air was circulated 
by using blower with electrical capacity of 0.75 kW 
with air velocities of 1.75 m/s and 3.25 m/

Pegaga leaf which contains active medical 
ingredients such as madecassoside and 

 

 

solar dryer using dehumidification 

based solar dryers because of low operating 
temperature and relative humidity. This system will be 
suitable for drying medical herbs or heat sensitive 
agricultural produce. The main components of the 
drying system consist of solar collectors, water tank, 
heat exchangers and adsorber columns, drying chamber, 
pump and blower. The solar collectors were used 60 
evacuated heat pipes tube arranged in parallel with total 

. The area of absorber in tube each 
and distance between the tubes 

was 7.1 cm. The pump electrical capacity was 0.1 kW 
and was used to circulate water from the water tank to 
the solar collectors. The water was circulated to the 
solar collector at velocities of 0.39 and 0.6 m/s. The 

of 45 cm and height of 85 cm 
was made from stainless steel and insulated using glass 
wool and foam rubber. Two units of cross flow type 
heat exchanger have been used. This system has two 
adsorber columns with dimension of 25 cm (width) ×25 

cm (height). The columns were filled 
up with silica gel to a height of 85 cm. The drying 
chamber was of the cabinet type with the size of 1.0 m 
(width) ×1.0 m (length) ×2.5 m (height). The chamber 
contains the drying trays with adjustable racks to place 
he medical herbs. The dry air from adsorber columns 
entered the drying chamber at the bottom and exit 
through an air vent at the top. The dry air was circulated 
by using blower with electrical capacity of 0.75 kW 
with air velocities of 1.75 m/s and 3.25 m/s.  

Pegaga leaf which contains active medical 
and asiaticoside was  
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Fig. 26: Schematic diagram of solar desiccant dryer system 

 

 
 

Fig. 27: Photograph of solar desiccant dryer system 

 

dried in the system. The solar collector efficiency has 
been found to be 57% at solar irradiance intensity 
average of 696 W/m

2
 and water velocity 0.6 m/s. The 

quality of the products, before and after 
dehumidification process has been measured using a 
High Performance Liquid Chromatographic (HPLC). 
The results indicated that there were no missing active 
ingredients of pegaga leaf during dehumidification 
process. The color of drying products was measured 
using a chromameter. The results indicated that the 
drying color was brighter than pegaga leaf dried in the 
conventional hot air dryer. 
 
Solar assisted desiccant dryer: Solar assisted 
desiccant dryer system has been designed and 
fabricated for the production of dried food products 
(Suyono et al., 2011). The schematic diagram of solar 
desiccant dryer system is shown in Fig. 26 and 
photograph of the system is shown in Fig. 27. The use 
of desiccant wheel for absorbing the moisture in the 
dryer system is appropriate because not only the air 
becomes drier, but it also becomes hotter due to 
isotherms process. The system is able to provide 
suitable drying temperature, humidity and flow rate for 
home industry with capacity in accordance to the 

characteristics of the material. This system consists of 
heat pipe evacuated tube collectors with total area of 
13.32 m

2
, cross flow heat exchanger for regeneration 

and to heat the air after dehumidification, desiccant 
wheel with model no. 770 WSG produced by 
NOVELAIRE having operating system 1:1 and 
maximum flow rate of 1500 cfm, water pump with 
maximum capacity of 12 L/m, water tank with capacity 
of 230 liters, drying chamber and electrical heater for 
continuous operation and more effective temperature 
control. 

Performance of the collectors were determined 
with water flow rate of 8 L/m. Experiment were 
conducted with two modes (1) heat exchanger to heat 
the air in the regeneration process and (2) heat 
exchanger to heat the air after the dehumidification 
process, while the regeneration process utilized an 
electrical heater. At average solar radiation of 505 
W/m

2
, mean water temperature and efficiency were 

76.6°C and 68.3%, respectively. At average solar 
radiation of 624 W/m

2
, mean water temperature and 

efficiency were 78.8°C and 69.6% respectively. 
Experiment on the desiccant wheel of mode (1) showed 
that the average effectiveness of sensible 
dehumidification, sensible regeneration, latent 
dehumidification and latent regeneration were 72.6, 
82.1, 79.3 and 78.9%, respectively. In mode (2), the 
average effectiveness of sensible dehumidification, 
sensible regeneration, latent dehumidification and latent 
regeneration were 71.4, 72.0, 67.0 and 72.8%, 
respectively. Mode (1) was better than mode (2) with 
mean drying air temperature and absolute humidity was 
58°C and 0.0167 kg(H2O)/kg(dry air). The system was able 
to evaporate 10.8 kg(H2O)/hr of water in the materials at 
pick up efficiency of 55%. 
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CONCLUSION 
 

The Solar Energy Research Institute (SERI) has 
successfully establish, designed and conducted several 
applications of solar assisted drying systems with high 
performance. Hence, SERI has developed environment 
friendly products for a sustainable and carbon free 
future. These solar assisted drying systems have the 
advantages of heat storage, auxiliary energy source, 
integrated structure control system and can be use for a 
wide range of agricultural and marine produce. 
Furthermore, these innovations of green technology can 
improve the quality of drying agricultural and marine 
products. 

 

ACKNOWLEDGMENT 

 

The authors would like to thanks the Universiti 

Kebangsaan Malaysia for funding GGPM-2014-029, 

Ministry of Higher Education and Ministry of Science, 

Technology and Innovation for support this study. 

 

REFERENCES 

 

Alfegi, E.M.A., K. Sopian, M.Y. Othman and B. 

Yatim, 2008. Experimental investigation of single-

pass, double duct photovoltaic thermal (PVT) air 

collector with CPC and fins. Am. J. Appl. Sci., 

5(7): 866-871. 

Alfegi, E.M.A., K. Sopian, M.Y. Othman and B. 

Yatim, 2009. The effect of flow rates on the 

performance of finned single-pass, double duct 

photovoltaic thermal solar air heaters. Eur. J. Sci. 

Res., 25(4): 339-344. 

Basri, D.F., N.F.A. Bakar, A. Fudholi, M.H. Ruslan 

and I. Saroeun, 2015. Comparison of selected 

metals content in cambodian striped snakehead 

fish (Channa striata) using solar drying system 

and open sun drying. J. Environ. Public Health, 

2015: 1-6, Article ID 470968. 

Daghigh, R., M.H. Ruslan, M.A. Alghoul, A. Zaharim 

and K. Sopian, 2009a. Design of nomogram to 

predict performance of heat pump dryer. 

Proceeding of the 3rd WSEAS International 

Conference on Renewable Energy Sources (RES). 

University of La Laguna, Tenerife, Canary Islands, 

Spain, July 1-3, pp: 347-351. 

Daghigh, R., K. Sopian, M.H. Ruslan, M.A. Alghoul, 

L.C. Haw, S. Mat, B. Ali, M. Yahya, A. Zaharim 

and M.Y. Sulaiman, 2009b. Survey of hybrid solar 

heat pump drying systems. Proceeding of the 4th 

IASME/WSEAS International Conference on 

Energy and Environment (EE). Cambridge, UK, 

February 21-26, pp: 411-418. 

Fadhel, M.I., K. Sopian and W.R.W. Daud, 2010. 

Performance analysis of solar-assisted chemical 

heat-pump dryer. Sol. Energy, 84: 1920-1928. 

Fudholi, A., K. Sopian, M.Y. Othman, M.H. Ruslan, 

M.A. AlGhoul, A. Zaharim and R. Zulkifly, 2008. 

Heat transfer correlation for the V-groove solar 

collector. Proceeding of the 8th WSEAS 

International Conference on Simulation, Modelling 

and Optimization (SMO). Santander, Cantabria, 

Spain, September 23-25, pp: 177-182. 

Fudholi, A., K. Sopian, M.H. Ruslan, M.A. AlGoul and 

M.Y. Sulaiman, 2010a. Review of solar dryers for 

agricultural and marine products. Renew. Sust. 

Energ. Rev., 14: 1-30. 

Fudholi, A., M.H. Ruslan, M.Y. Othman, M. Yahya, A. 
Zaharim and K. Sopian, 2010b. Experimental 
study of the double-pass solar air collector with 
staggered fins. Proceeding of the 9th WSEAS 
International Conference on System Science and 
Simulation in Engineering (ICOSSSE). Iwate 
Prefectural University, Japan, October 4-6, pp: 
410-414. 

Fudholi, A., K. Sopian, M.H. Ruslan, M.Y. Othman 
and M. Yahya, 2011a. Analytical and experimental 
studies on the thermal efficiency of double-pass 
solar collector with finned absorber. Am. J. Appl. 
Sci., 8(7): 716-723. 

Fudholi, A., K. Sopian, M.H. Ruslan, M.Y. Othman 
and M. Yahya, 2011b. Thermal efficiency of 
double pass solar collector with longitudinal fins 
absorbers. Am. J. Appl. Sci., 8(3): 254-260. 

Fudholi, A., M.Y. Othman, M.H. Ruslan, M. Yahya, A. 
Zaharim and K. Sopian, 2011c. Design and testing 
of solar dryer for drying kinetics of seaweed in 
Malaysia. Proceeding of the 5th International 
Conference on Energy and Development-
Environment-Biomedicine (EDEB). Corfu Island, 
Greece, July 14-16, pp: 119-124. 

Fudholi, A., M.Y. Othman, M.H. Ruslan, M. Yahya, A. 

Zaharim and K. Sopian, 2011d. Technoeconomic 

analysis of solar drying system for seaweed in 

Malaysia. Proceeding of the 7th IASME/WSEAS 

International Conference on Energy, Environment, 

Ecosystems and Sustainable Development 

(EEESD). Angers, France, November 17-19, pp: 

89-95. 

Fudholi, A., M.H. Ruslan, M.Y. Othman and K. 

Sopian, 2012a. Performance of solar drying for 

Malaysian Capsicum annum L. (chili Bangi). 

Proceeding of the 10th WSEAS International 

Conference on Environment, Ecosystem and 

Development (EED). Montreux, Switzerland, 

December 29-31, pp: 126-131. 

Fudholi, A., M.H. Ruslan, M.Y. Othman, O. Saadatian, 

A. Zaharim and K. Sopian, 2012b. Investigation of 

medical herbs moisture in solar drying. Proceeding 

of the 1st WSEAS International Conference on 

Energy and Environment Technologies and 

Equipment (EEETE). Tomas Bata University in 

Zlin,  Czech  Republic,  September  20-22, pp: 

127-131. 



 

 

Res. J. Appl. Sci. Eng. Technol., 11(7): 701-714, 2015 

 

713 

Fudholi, A., M.H. Ruslan, M.Y. Othman, M.S. Azmi, 

A. Zaharim and K. Sopian, 2012c. Drying of palm 

oil fronds in solar dryer with finned double-pass 

solar collectors. WSEAS T. Heat Mass Transf., 

4(7): 105-114. 

Fudholi, A., M.Y. Othman, M.H. Ruslan, S. Mat and 

K. Sopian, 2013a. Prospect and future of solar 

dryer for agricultural and marine product: 

Perspective Malaysia. Proceeding of the 7th 

WSEAS International Conference on Renewable 

Energy Sources (RES). Kuala Lumpur, Malaysia, 

pp: 141-149. 

Fudholi, A., M.H. Ruslan, M.Y. Othman and K. 

Sopian, 2013b. Energy consumption of Hybrid 

Solar Drying System (HSDS) with rotating rack 

for salted silver jewfish. Proceeding of the 7th 

WSEAS International Conference on Renewable 

Energy Sources (RES). Kuala Lumpur, Malaysia, 

pp: 294-298. 

Fudholi, A., M.H. Ruslan, M.Y. Othman, A. Zaharim 

and K. Sopian, 2013c. Drying curve modeling of 

salted silver jewfish under open and solar drying. 

Proceeding of the 7th WSEAS International 

Conference on Renewable Energy Sources (RES). 

Kuala Lumpur, Malaysia, pp: 299-303. 

Fudholi, A., K. Sopian, M.H. Ruslan and M.Y. 

Othman, 2013d. Performance and cost benefits 

analysis of double-pass solar collector with and 

without fins. Energ. Convers. Manage., 76: 8-19. 

Fudholi, A., K. Sopian, M.H. Ruslan and M.Y. Othman 

and B. Bakhtyar, 2013e. Energy analysis and 

improvement potential of finned double-pass solar 

collector. Energ. Convers. Manage., 75: 234-240.  

Fudholi, A., M.Y. Othman, M.H. Ruslan and K. 

Sopian, 2013f. Drying of Malaysian Capsicum 

annuum L. (red chili) dried by open and solar 

drying. Int. J. Photoenergy, 2013: 1-9, Article ID 

167895. 

Fudholi, A., K. Sopian, M.H. Yazdi, M.H. Ruslan, M. 

Gabbasa and H.A. Kazem, 2014a. Performance 

analysis of solar drying system for red chili. Sol. 

Energy, 99: 47-54. 

Fudholi, A., K. Sopian, M.Y. Othman and M.H. 

Ruslan, 2014b. Energy and exergy analyses of 

solar drying system for red seaweed. Energ. 

Buildings, 68: 121-129. 

Fudholi, A., K. Sopian, M.A. Alghoul, M.H. Ruslan 

and M.Y. Othman, 2015. Performances and 

improvement potential of solar drying system for 

palm oil fronds. Renew. Energ., 78: 561-565. 

Ibrahim, M., K. Sopian, W.R.W. Daud, M. Yahya, 

M.A. Alghoul and A. Zaharim, 2008. Performance 

predication of solar assisted chemical heat pump 

drying system in tropical region. Proceeding of the 

2nd WSEAS/IASME International Conference on 

Renewable Energy Sources (RES). Corfu, Greece, 

October 26-28, pp: 122-126. 

Majid, Z.A.A., M.Y. Othman, M.H. Ruslan and K. 

Sopian, 2007. Development of a close loop solar 

assisted heat pump dryer using multifunctional 

solar thermal collector. Proceeding of the Regional 

Conference on Engineering Mathematics, 

Mechanics, Manufacturing and Architecture 

(EM3ARC), Mathematical Sciences in 

Engineering, pp: 48-53. 
Majid, Z.A.A., M.Y. Othman, M.H. Ruslan, S. Mat, B. 

Ali and K. Sopian, 2009. Multifunctional solar 
thermal collector for heat pump application. 
Proceeding of the 3rd WSEAS International 
Conference on Renewable Energy Sources (RES). 
University of La Laguna, Tenerife, Canary Islands, 
Spain, July 1-3, pp: 342-346. 

Othman, M.Y., B. Yatim, K. Sopian and M.N.A. 
Bakar, 2002. The development of hybrid 
photovoltaic-thermal (PV/T) solar air heater 
systems. Proceeding of the World Renewable 
Energy Congress VII. Cologne, Germany. 

Othman, M.Y, K. Sopian, B. Yatim and W.R.W. Daud, 
2006. Development of advanced solar assisted 
drying systems. Renew. Energ., 31: 703-709.  

Othman, M.Y., B. Yatim, K. Sopian, A. Zaharim and 
M.N.A. Bakar, 2008a. Studies of a photovoltaic-
thermal solar drying system for rural applications. 
Proceeding of the 2nd WSEAS/IASME 
International Conference on Renewable Energy 
Sources (RES). Corfu Island, Greece, October 26-
28, pp: 132-136. 

Othman, M.Y., M.H. Ruslan, K. Sopian and Z.A.A. 
Majid, 2008b. Heat pump dryer multifunctional 
solar thermal collector. Proceeding of the World 
Renewable Energy Congress X and Exhibition, pp: 
1665-1670. 

Ruslan, M.H., M.Y. Othman, M.M. Salleh and K. 
Sopian, 1999a. Design an indoor testing of the V-
groove back pass solar collector. Renew. Energ., 
16: 2118-2122. 

Ruslan, M.H., M.Y. Othman and B. Yatim, 1999b. 
Preliminary results of a V-groove back-pass solar 
collector. Renew. Energ., 2: 622-625. 

Ruslan, M.H., M.Y. Othman, B. Yatim, K. Sopian, 
M.I. Ali and Z. Ibarahim, 2003. Photovoltaic 
assisted solar drying system. Proceeding of the 
International Symposium on Renewable Energy, 
pp: 681-687. 

Sopian, K., W.R.W. Supranto, B.Y. Daud and M.Y. 
Othman, 1999. Thermal performance of the 
double-pass solar collector with and without 
porous media. Renew. Energ., 18(4): 557-564. 

Sopian, K., M.Y. Othman, B. Yatim and M.H. Ruslan, 
2000. Experimental studies on a solar assisted 
drying system for herbal tea. Proceeding of the 
World Renewable Energy Congress-VI. Brighton, 
UK, pp: 1139-1142. 

Sopian, K., M.Y. Othman, M.H. Ruslan and B. Yatim, 
2001. Performance of solar assisted drying system 
for  chillies.  Int.  J.  Renew. Energ. Eng., 3(1): 
268-272. 



 

 

Res. J. Appl. Sci. Eng. Technol., 11(7): 701-714, 2015 

 

714 

Sopian, K., M.Y. Supranto, W.R.W. Othman, W.R.W. 
Daud and B. Yatim, 2007. Double-pass solar 
collectors with porous media suitable for higher-
temperature solar-assisted drying systems. J. 
Energ. Eng., 133(1): 1-18. 

Sopian, K., M.A. Alghoul, E.M. Alfegi, M.Y. Sulaiman 
and E.A. Musa, 2009. Evaluation of thermal 
efficiency of double-pass solar collector with 
porous-nonporous media. Renew. Energ., 34(3): 
640-645. 

Sopian, K, M.Y. Othman, S.H. Zaidi and N. Amin, 
2012. Advanced solar assisted drying systems for 
marine and agricultural products. J. Mech. Eng., 
42(1): 9-14. 

Sopian, K., A. Fudholi, M.Y. Othman, M.H. Ruslan 
and S. Mat, 2013a. R&D of advanced solar dryers 
in Malaysia: (1) air based solar collectors. 
Proceeding of the 7th WSEAS International 
Conference on Renewable Energy Sources (RES). 
Kuala Lumpur, Malaysia, pp: 238-246. 

Sopian, K., A. Fudholi, M.Y. Othman, M.H. Ruslan 
and S. Mat, 2013b. R&D of advanced solar dryers 
in Malaysia: (2) water based solar collectors. 
Proceeding of the 7th WSEAS International 
Conference on Renewable Energy Sources (RES). 
Kuala Lumpur, Malaysia, pp: 247-254. 

Suyono, T., S. Mat, M. Yahya, M.H. Ruslan, A. 
Zaharim and K. Sopian, 2011. Theoretical and 
experimental analysis of desiccant wheel 
performance for low humidity drying system. 
Proceeding of the 10th WSEAS International 
Conference on System Science and Simulation in 
Engineering (ICOSSSE). Malaysia, pp: 132-137. 

Yahya, M., K. Sopian, B. Yatim, M.Y. Othman and 

W.R.W. Daud, 2001. Design of a solar assisted 

dehumidification system for medical herbs. 

Proceeding of the 2nd Asian Oceania Drying 

Conference. Batu Feringhi, Pulau Pinang, 

Malaysia, August 20-22, pp: 383-392. 

Yahya, M., K. Sopian, M.Y. Theeran, M.Y. Othman, 

M.A. Alghoul and M.H. Ruslan, 2008a. 

Experimental and theoretical thermal performance 

of double pass solar air heater with porous media. 

Proceeding of the 7th WSEAS International 

Conference on System Science and Simulation in 

Engineering (ICOSSSE). Venice, Italy, November 

21-23, pp: 335-340. 

Yahya, M., K. Sopian, W.R.W. Daud, M.Y. Othman 

and B. Yatim, 2008b. Performance of a solar 

assisted dehumidification system for Centella 

Asiatica L. Proceeding of the 8th WSEAS 

International Conference on Power Systems (PS). 

Santander, Cantabria, Spain, September 23-25, pp: 

306-312. 

Yahya, M., K. Sopian, W.R.W. Daud, M.Y. Othman, 

B. Yatim, M.A. AlGhoul and A. Zaharim, 2008c. 

Experimental and theoretical performance of a 

solar assisted dehumidification system for drying 

Centella Asiatica L. Proceeding of the 8th WSEAS 

International Conference on System Science and 

Simulation in Engineering (ICOSSSE). Venice, 

Italy, November 21-23, pp: 335-340. 

 

 

 


