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The comparative assessment of direct solar dryer system (DSDS) and closed loop heat 
pump dryer (CLHPD) for drying of banana has been investigated.  This study was carried 
out with 3 drying methods including DSDS, CLHPD without preheating and CLHPD with 
preheating for 30 minutes to determine the performance and drying characteristics of 
banana dryer from the initial mass of 8 kg to evaporate of moisture content of 3.2 kg. 
The results showed that the drying time of banana using CLHPD with preheating (30 
minutes), CLHPD without preheating and DSDS are 255 minutes, 305 minutes and 720 
minutes, respectively. The CLHPD drying time with pre-heating was faster than CLHPD 
without pre-heating and it was the fastest compare to DSDS.  The higher value of 
Specific Moisture Extraction Rate (SMER) of banana using CLHPD with preheating (30 
minutes), CLHPD without preheating and DSDS were 1.29 kg/kWh, 1.18 kg/kWh and 
0.35 kg/kWh, respectively. The SMER of CLHPD with pre-heating was higher than that 
CLHPD without pre-heating and it was the highest compared to DSDS. The CLHPD with 
preheating showed a better performance in comparison with CLHPD without 
preheating and it was the best performance compared to DSDS.  
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1. Introduction 
 

Drying is a process of dehumidification in which moisture is removed from a solid using thermal 
energy [1]. The use of sunlight in open space for drying has been existed since ancient times. But it 
has not been widely integrated in home or the industrial sector.  In principle, the drying process 
involves the process of heat and mass transfer that occurs simultaneously, in most cases will change 
products properties. First, the heat must be transferred from the heating medium to the material. 
And then, after water evaporation occurs, the moisture content must be moved through the material 
structure to the surrounding medium. This process involves fluid flow where the water content must 
be transferred through the material structure during the drying process. The length of drying time 
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process depends on the material being dried and the method of heating used [2-5]. Drying is one of 
the most common ways to extend the storage time of agricultural products including fisheries and 
other food products. The process of drying product after post-harvest is important so that the growth 
of bacteria or micro-organisms that caused decay stops growth and the product can be stored in 
longer time before consumption [6].   

The energy as heat for drying supplied in various sources (solar energy, natural gas, fossil fuel, 
biomass etc.). Although solar dryers are used for drying various commodities, it has not yet been 
widely commercialized because of high investment cost, time-consuming operation, human habit 
etc. [7]. The evaluation and review on the use of solar dryer for drying of various commodities   have 
been presented by many researchers [2,4,8-12]. Kumar et al., [3] reported a review of solar dryer in 
various types namely, direct solar dryers, indirect solar dryers, hybrid solar dryers and their drying 
applications for various commodities. Hedge et al., [13] reported design and fabrication of solar dryer 
and performance evaluation of solar dryer for banana and reported their performance for banana 
drying. They found that the drying rate increase when wooden skewers were used instead of 
conventional trays. The total difference is found to be 3.1% for moisture content which is 
considerable knowing that the rate of drying drastically decreases with time at the end of the day. 

Many dryer technologies have been developed over the past years such as freeze drying, vacuum 
drying, hot air drying, heat pump dryer etc. Many researchers found that the quality of the dried 
product is strongly dependent on the processes and methods of drying involved because drying is a 
complex operation and could be degraded during operation [14]. Heat pump technology has been 
used in residential, domestic and industrial sectors in most developed countries for cooling space 
using air conditioning.  However, heat pump technology for drying of commodities like food, fruits 
and vegetables has been largely unexploited in Indonesia.  Very little literature studies about heat 
pump technology conducted in Indonesia [15-17]. Fayose et al., [18] Reported that heat pump 
technology for drying of fruits and vegetables had been used in domestic and industrial sectors in 
Sub Sahara Africa including South Africa. Several studies of heat pump technology have been 
performed by many researchers, including applying heat recovery process [19,20] and drying 
technology [21-23]. Liu et al., [24] conducted the design and thermal analysis of an air source heat 
pump dryer for food drying. Their results showed that the open and semi-open heat pump dryers 
were greatly affected by ambient temperature and humidity. The closed heat pump drying system 
was greatly affected by the bypass air rate.  Heat pump dryer uses a closed loop and fully recovers 
energy. The amount of heat recovered in a heat pump dryer depends on heat transfer area, 
refrigerant properties and moist air recirculation.  

In this study, closed loop heat pump dryer (CLHPD) compared to direct solar dryer system (DSDS) 
for banana drying was designed, constructed and tested. The experimental result was performed on 
the system to determine the optimum performance and drying characteristic between CLHPD and 
DSDS. This study was carried out with 3 drying methods namely DSDS, CLHPD without preheating and 
CLHPD with preheating for 30 minutes from the initial mass of 8 kg to evaporate of moisture content 
of around 3.2 kg. 
 
2. Methodology  
 

The experimental apparatus of closed loop heat pump dryer (CLHPD) and direct solar dryer 
system (DSDS) were designed, constructed and tested at the Thermal Engineering Laboratory (Faculty 
of Engineering, Universitas Riau) as shown in Figure 1 and 2, respectively.  CLHPD apparatus consists 
of heat pump system and dryer room. Table 1 shows the specifications of the heat pump used in this 
study that modified from a split type of residential air conditioning.  
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CLHPD has dimension of dryer room with size 1500 mm x 750 mm x 1800 mm (length x width x 
height) and heat pump dryer package has dimension size 730 mm x 600 mm x 550 mm (length x width 
x height), where net volume of dryer volume is 1.78 m3. DSDS has volume 1.5 m3 and dimension size 
970 mm x 1000 mm x 1030 mm (length x width x height)  with slope angle 45o and consist of V type 
corrugated black aluminum absorber plate with 0.4 mm thick and 1.344 m2, glass cover 0.5 mm, 
isolator 17 mm plywood, fan for air circulation with power  4W from solar cell. 

 

 
Fig. 1. The schematic of Closed Loop Heat Pump Dryer (CLHPD) apparatus 

 

 
Fig. 2. The schematic of Direct Solar Dryer System (DSDS) apparatus 
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Table 1 
Specification of heat pump 
Characteristics Technical Description 

Type     Split Unit 
Volt/Phases/Hz                            220V/1/50 Hz 
Power (averaged) 305 W 
Nominal Ampere                   1.3 A 
Cooling Capacity                   1465 W 
Refrigerant/mass 
Pipe size, Liquid/Gas  

R22/320 g 
06.35 mm / 9.53 mm 

Dimension of indoor unit                 770 mm x 260 mm x 320 mm  
Dimension of outdoor unit                 790 mm x 340 mm x 490 mm   

 
K-type thermocouple with data acquisition was used for measurement of temperatures from 

apparatus with accuracy 0.2% (± 0.5oC) and resolution 0.1oC. The electric current input and voltage 
input (Hioki DT4211) were measured by ampere-meter (accuracy ± 2.0 percent and 3 digits) and 
voltmeter (accuracy ± 1.0 percent and 3 digits), respectively. The mass of banana was measured by 
digital weight scale (HY12 weighing indicator) with accuracy ±10 gram using type-S Load cell. The 
intensity of direct solar radiation measured by solar power meter (Tenmars TM-206) with resolution 
0.1 W/m2 and accuracy 10 W/m2 or ± 5.0 percent. 

The experimental drying data of banana was analyzed using the moisture ratio, where the 
moisture ratio (MR) is the amount of water content remaining in the banana sample compare to the 
initial water content of banana [5,17,25]. Where m, mo and me are the mass of the banana dried at 
measured time, at initial time and at equilibrium, respectively. It was calculated using Eq. (1). 
 

𝑀𝑅 =
𝑚−𝑚𝑒

𝑚𝑜−𝑚𝑒
              (1) 

                                     
Specific moisture extraction rate (SMER) was used in this study as drying performance of CLHPD, 
which defined as number of water content removed from the banana dried per unit consumption of 
energy [5,17,25,26].  SMER is indicated as energy effectiveness use in drying banana. Thus, SMER 
[kg/kWh] is calculated using Eq. (2). 
 

 𝑆𝑀𝐸𝑅 =  
∆𝑚

𝑊𝑖𝑛̇ ×∆𝑡
             (2)                                                        

           
where ∆𝑚 (kg) total of water content removed from the banana during the drying time, Win the 
power consumption (kW) and ∆𝑡 is the drying time (h).  

 
3. Results  
 

Figure 3, 4 and 5 show the moisture ratio, average temperature of drying chamber (Tin) and 
surrounding temperature (Tout) during drying time (minutes) of banana at CLHPD without 
preheating, with preheating (30 minutes) and DSDS, respectively. During the drying process at CLHPD 
as shown in Figure 4 and 5 the temperature of the drying chamber during drying process increase 
with the enhancement of drying time. This is because of the effect of the closed loop heat pump 
(CLHPD). Heat rejection from condenser was used for heating air in the drying chamber so that the 
water content of banana will be reduced because of evaporation. The temperature distribution of 
the drying chamber with DSDS reaches the maximum temperature 57.1oC at 360 minutes then 
continues to decrease gradually following the daily solar radiation pattern in the form of a parabolic 
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curve with time. The hot air was circulated back through the evaporator and condenser until the 
evaporation of water content evaporation achieved 3.2 kg. 

 

 
Fig. 3. Moisture Ratio, average temperature of drying chamber (Tin) and 
surrounding temperature (Tout) in drying time (minutes) of CLHPD 
without preheating 
 

 
Fig. 4. Moisture Ratio, temperature average of drying chamber (Tin) and 
surrounding temperature (Tout) in drying time (minutes) of CLHPD with 30 
minutes preheating 

 
CLHPD with preheating 30 minutes is faster than CLHPD without preheating around 55 minutes, 

because average temperature of CLHPD with preheating higher than average temperature without 
preheating. The average drying temperature of CLHPD with preheating 30 minutes and without 
preheating is around 47oC and 44.5oC respectively, where average drying temperature of DSDS is 
around 43.8oC. The CLHPD with preheating provides the highest average temperature.  

In the drying process, moisture ratio (MR) decreases with increasing temperature of drying 
chamber, where the temperature drop using CLHPD with or without preheating, faster than using 
DSDS. Banana drying using CLHPD with preheater 30 minutes requires 255 minutes while CLHPD 
without preheating requires 305 minutes and DSDS requires 720 minutes. The results show that 
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banana drying when viewed on MR and drying time using CLHPD with 30 minutes preheater was 
better than using CLHPD without preheater and DSDS. 

 

 
Fig. 5. Moisture Ratio, temperature average of drying chamber (Tin) and 
surrounding temperature (Tout) in drying time (minutes) of DSDS 

 
Figure 6 shows the solar radiation intensity (W/m2) and collector efficiency (%) of DSDS. The 

highest radiation intensity achieved after 360 minutes (at 2.00 PM) from starting time (at 8.00 AM) 
similar to collector efficiency around 38.4% at 2.00 PM (360 minutes). As shown in Figure 6, the 
highest solar radiation intensity of DSDS, the highest the collector efficiency.  
Figure 7 shows the mass reduction of banana drying versus drying time comparison using DSDS, 
CLHPD without preheating, with preheating 30 minutes. It can be seen in Figure 7, that the mass 
reduction of banana that dried directly using CLHPD preheating of drying chamber 30 minutes faster 
than CLHPD without preheating and DSDS. This is because the temperature average of drying 
chamber using CLHPD with preheating 30 minutes highest than CLHPD without preheating and DSDS.  
The DSDS need around three times drying time for mass reduction of banana (lowest value) 
compared to CLHPD with and without preheating. 
 

 
Fig. 6. Solar radiation intensity (W/m2) and collector efficiency (%) in time (minutes) 
of DSDS  
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Fig. 7. Mass reduction of banana versus drying time comparison using CLHPD 
without preheating, with preheating 30 minutes and DSDS 

 
The variation of Specific moisture extraction rate (SMER) of banana with drying time comparison 

of CLHPD without preheating, with preheating 30 minutes and DSDS is shown in Figure 8. As shown 
in Figure 8 the SMER value in this study using a heat pump (CLHPD) is higher than the test using a 
solar dryer (DSDS). The highest SMER value in the heat pump (CLHPD) without preheating is 1.18 
kg/kWh and the lowest SMER is 0.83 kg/kWh. The highest SMER value with preheating 30 minutes is 
1.29 kg/kWh and the lowest SMER is 0.87 kg/kWh. The highest SMER value in the solar dryer is 0.35 
kg/kWh and the lowest SMER is 0.21 kg/kWh. This result was showed that time required for banana 
drying is faster using a heat pump (CLHPD with preheating 30 minutes) when compared to banana 
drying using a solar dryer (DSDS). 

Figure 9 shows the drying chamber temperature versus drying time comparison of heat pump 
(CLHPD) without preheating, with preheating 30 minutes and solar dryer (DSDS). Drying temperature 
in the drying chamber with a heat pump (CLHPD) is higher than the drying temperature using a solar 
dryer (DSDS), but CLHPD with preheating 30 minutes drying temperature was highest than CLHPD 
without preheating. This condition similar to the drying temperature chamber, where temperature 
of CLHPD higher than DSDS. 
 

 
Fig. 8. SMER of banana versus drying time comparison of CLHPD without 
preheating, with preheating 30 minutes and DSDS 
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Fig. 9. Drying chamber temperature versus drying time comparison of CLHPD 
without preheating, with preheating 30 minutes and DSDS 

 
4. Conclusions 
 

The performance and drying characteristic of 3 drying methods including direct solar drying 
system (DSDS), closed loop heat pump dryer (CLHPD) without preheating and CLHPD with preheating 
for 30 minutes of banana dryer from the initial mass of 8 kg to evaporate of moisture content of 3.2 
kg have been reported.  The drying time of banana drying using CLHPD with preheater 30 minutes 
requires 255 minutes while CLHPD without preheating requires 305 minutes then DSDS requires 720 
minutes. The results were showed that banana drying of MR and drying time using CLHPD with 30 
minutes preheater was better than using DSDS and CLHPD without preheater. The highest SMER 
value is 1.18 kg/kWh in the heat pump (CLHPD) without preheating while the lowest SMER value is 
0.21 kg/kWh in the DSDS. It was concluded that the time required for banana drying is faster using a 
heat pump (CLHPD) when compared to a solar dryer (DSDS). 
 
References  
[1] Hawlader, M.N.A. Drying of food products under inert atmosphere using heat pump, in Processing and drying of 

foods, vegetables and fruits, Ed. Hii, C.L., Jangam, S.V., Chiang, C.L., Mujumdar, A.S. 2013, ISBN – 978-981-07-7312-
0, Published in Singapore, pp. 69-82. 

[2] Maia, Cristiana Brasil, André Guimarães Ferreira, Luben Cabezas-Gómez, Janaína de Oliveira Castro Silva, and Sérgio 
de Morais Hanriot. "Thermodynamic analysis of the drying process of bananas in a small-scale solar updraft tower 
in Brazil." Renewable Energy 114 (2017): 1005-1012.  

[3] Kumar, Mahesh, Sunil Kumar Sansaniwal, and Pankaj Khatak. "Progress in solar dryers for drying various 
commodities." Renewable and Sustainable Energy Reviews 55 (2016): 346-360. 

[4] Fudholi, Ahmad, Kamaruzzaman Sopian, B. Bakhtyar, Mohamed Gabbasa, Mohd Yusof Othman, and Mohd Hafidz 
Ruslan. "Review of solar drying systems with air based solar collectors in Malaysia." Renewable and Sustainable 
Energy Reviews 51 (2015): 1191-1204. 

[5] Islam, Md Raisul, and Arun S. Mujumdar. "Heat pump-assisted drying." Drying technologies in food processing 
(2008): 190-224.  

[6] Norton, Brian. "Characteristics of Different Systems for the Solar Drying of Crops." In Solar Drying Technology, 
pp. 69-88. Springer, Singapore, 2017. 

[7] Lingayat, Abhay, V. P. Chandramohan, and V. R. K. Raju. "Design, development and performance of indirect type 
solar dryer for banana drying." Energy Procedia 109 (2017): 409-416. 

[8] Chapchaimoh, Khanuengnit, Nattapol Poomsa-ad, Lamul Wiset, and John Morris. "Thermal characteristics of heat 
pump dryer for ginger drying." Applied Thermal Engineering 95 (2016): 491-498. 

[9] Tiwari, Sumit, G. N. Tiwari, and I. M. Al-Helal. "Development and recent trends in greenhouse dryer: a review." 
Renewable and Sustainable Energy Reviews 65 (2016): 1048-1064. 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 66, Issue 2 (2020) 136-144 

 

144 
 

[10] Singh, Pushpendra, Vipin Shrivastava, and Anil Kumar. "Recent developments in greenhouse solar drying: a review." 
Renewable and sustainable energy reviews 82 (2018): 3250-3262. 

[11] Mustayen, A. G. M. B., S. Mekhilef, and R. Saidur. "Performance study of different solar dryers: A review." 
Renewable and Sustainable Energy Reviews 34 (2014): 463-470. 

[12] Pirasteh, G., R. Saidur, S. M. A. Rahman, and N. A. Rahim. "A review on development of solar drying applications." 
Renewable and Sustainable Energy Reviews 31 (2014): 133-148. 

[13] Hegde, Vinay Narayan, Viraj Shrikanth Hosur, Samyukthkumar K. Rathod, Puneet A. Harsoor, and K. Badari 
Narayana. "Design, fabrication and performance evaluation of solar dryer for banana." Energy, sustainability and 
Society 5, no. 1 (2015): 23.  

[14] Suji P.V., Dr. Jeoju M Issac, Shidin K., Abdul Salam C.A. "Experimental Analysis through Heat Pump Assisted Dryer." 
International Research Journal of Engineering and Technology 5, no. 4 (2018): 167 -171. 

[15] Aziz, Azridjal, Rahmat Iman Mainil, Afdhal Kurniawan Mainil, and Hendra Listiono. "Effect of water temperature 
and air stream velocity on performance of direct evaporative air cooler for thermal comfort." In AIP Conference 
Proceedings, vol. 1788, no. 1, p. 030024. AIP Publishing LLC, 2017. 

[16] Ambarita, H., D. M. Nasution, S. Gunawan, and A. H. Nasution. "Performance and characteristics of heat pump 
clothes drier." In IOP Conference Series: Materials Science and Engineering, vol. 180, no. 1, p. 012027. IOP 
Publishing, 2017. 

[17] Aziz, Azridjal, Rahmat Iman Mainil, Afdhal Kurniawan Mainil, and Eko Saputra. "Experimental evaluation on the use 
of capillary tube and thermostatic expansion valve with heat recovery hot spot water heater in air source 
refrigeration system." In AIP Conference Proceedings, vol. 1788, no. 1, p. 030023. AIP Publishing LLC, 2017. 

[18] Fayose, Folasayo, and Zhongjie Huan. "Heat pump drying of fruits and vegetables: principles and potential for sub 
Sahara Africa." ANNALS of Faculty Engineering Hunedoara-International Journal of Engineering 14, no. 1 (2016): 
207-214. 

[19] Wessapan, Teerapot, and Borirak Theerapong. "An Experimental Study on Banana Drying using a Combined 
Rejected Heat from Split-type Air Conditioner and Solar Energy." In Applied Mechanics and Materials, vol. 110, pp. 
2170-2176. Trans Tech Publications Ltd, 2012. 

[20] Yamankaradeniz, Nurettin, Furkan K. Sokmen, Salih Coskun, Omer Kaynakli, and Bilsay Pastakkaya. "Performance 
analysis of a re-circulating heat pump dryer." Thermal Science 20, no. 1 (2016): 267-277.  

[21] Yang, Zhao, Zongsheng Zhu, and Feng Zhao. "Simultaneous control of drying temperature and superheat for a 
closed-loop heat pump dryer." Applied Thermal Engineering 93 (2016): 571-579. 

[22] Coşkun, Salih, Ibrahim Doymaz, Cüneyt Tunçkal, and Seçil Erdoğan. "Investigation of drying kinetics of tomato slices 
dried by using a closed loop heat pump dryer." Heat and Mass transfer 53, no. 6 (2017): 1863-1871. 

[23] Zlatanović, Ivan, Mirko Komatina, and Dragi Antonijević. "Experimental investigation of the efficiency of heat pump 
drying system with full air recirculation." Journal of Food Process Engineering 40, no. 1 (2017): 1-9. 

[24] Liu, Haolu, Khurram Yousaf, Kunjie Chen, Rui Fan, Jiaxin Liu, and Shakeel Ahmed Soomro. "Design and Thermal 
Analysis of an Air Source Heat Pump Dryer for Food Drying." Sustainability 10, no. 9 (2018): 1-17. 

[25] Mahlia, Teuku Meurah Indra, C. G. Hor, Haji Hassan Masjuki, M. Husnawan, M. Varman, and Saad Mekhilef. "Clothes 
drying from room air conditioning waste heat: thermodynamics investigation." Arabian Journal for Science and 
Engineering 35, no. 1B (2009): 339-351. 

[26] Ambarita, Himsar, Abdul Halim Nasution, Nelson M. Siahaan, and Hideki Kawai. "Performance of a clothes drying 
cabinet by utilizing waste heat from a split-type residential air conditioner." Case Studies in Thermal Engineering 8 
(2016): 105-114. 


