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Abstract 
 
Drying in direct sunlight has a baleful risk of microbial attack and a chance 

of atmospheric contamination, so solar drying technology is adapted as a 

better solution for food preservation. For this analysis, a mixed-mode solar 

dryer is investigated. The dryer is tested, with and without phase change 

material (PCM) thermal storage. The drying performance of both the 

configurations is evaluated for the drying of raw banana and pineapple slices. 

An improvement of 75% in drying effectiveness is obtained with the addition 

of PCM thermal storage. The simple payback period of 1.6 years obtained for 

the PCM based dryer, which is lower compared to its expected life span of 25 

years. 
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1 Introduction 
 

Nowadays, the reserve of non-renewable energy resources is declining 

exponentially. Conservation of energy resources is the primary solution to 

this problem. Another better and more adaptable solution is the proper 

renewable energy resource utilization. Solar power is the most welcome 

readily available form of renewable energy, which is low-cost and 

environmentally friendly. In the area of food preservation by drying, 

introducing solar energy can minimize the usage of valuable non-renewable 

energy by up to 27%-80% [1]. Solar drying can be adapted as a better 

technology to dry food materials for developing nations such as India, where 

there is high availability of solar energy. By this method, post-harvest 

wastage of food can be minimized, which is an unavoidable issue for the 

second largest populated country. Proper drying enables food materials to be 

stored in a healthy manner for a longer time period. The removal of moisture 

from agro- products improves its quality by preventing the growth of micro-

organisms. A solar dryer is an enclosed space that directly or indirectly uses 

the available solar radiation and maintains sufficient temperature and 

humidity to dry the harvested crops. Even though the drying parameter for 

each crop varies, a proper design for a dryer can enable it for drying any 

crops [2]. 

A conventional solar dryer was designed, implemented and analyzed its 

performance for drying grapes by Pangavhane et al. [3]. Henceforth, it was 

concluded that the grapes are dried in 15 days by the traditional practices, at 

the same time the drying was possible in just 4 days inside the solar dryer. 

Also, the quality of the dried grapes improved considerably. In places like 

Indonesia, solar plate collectors are used and then the absorbed heat is 

converted to an applicable limit for proper drying purposes. The solar 

collector used will act as an energy transfer medium that modifies the solar 

radiation to heat the air for circulation. In addition, the temperature obtained 

from the collector is also used for other applications [4]. Sodha et al. [5] 

describes the fundamentals in drying products, simulation study, thermal 

verification and economic aspects related to the dryer. The basics of solar 

crop drying are discussed in this paper. They also discussed the market 

potential of the solar dryer, considering its economic aspects. The use of 

renewable energy using solar dryers is widely used in Thailand for the drying 

of niba palm. 

Solar powered dryer is used as an alternative to an electrical dryer and it 

was found that the product dried well and clearly while setting the 

temperature at 50°C. The moisture level also changed from 39.65% to 

17.04% on dry basis [6]. In order to improve the conventional dryer system, 

a coalesced drying system is proposed. Hence, the dried goods can maintain 

an enriched taste and humidity. An active type of solar dryer with a special  
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geometric structure is studied, which allows the hot air to be evenly 

distributed [7]. 

Kumar [8] had developed a roof-type greenhouse approach for papad 

drying in force convection mode. Nchelateb et al. [9] describes the 

importance of PCM thermal storage and the advantages of using it. The 

integration of PCMs with domestic hot water tanks and transpired solar 

collectors using water or air as heat transfer media is reviewed in this paper. 

Jain et al. [10] studied the convective solar crop dryer with PCM. After 

sunlight hours until midnight, the temperature in the drying chamber was 

found to be 6°C higher than the ambient temperature. Experimental valuation 

carried out by ELkhadraoui et al. [11] on a dryer for drying sultana grape and 

red pepper consists of a solar collector and chapel shaped a green house, 

which has a payback period of 1.6 years. A hybrid photovoltaic thermal dryer 

model was developed by Tiwari et al. [12], and with the help of a simulation 

model, they carried out tests for different climatic conditions in India. The 

dryer has an energy payback time of 1.23 year. 

The present work is used to study a mixed mode solar dryer with a well-

known phase change material thermal storage, paraffin wax. The use of 

energy storage will ensure continuity in the drying and the drying time can be 

extended. For better performance, the PCM is filled inside the separate pipes 

and enclosed at both ends to prevent leakage. By this the contact area for the 

PCM can be increased to a much larger extent by ensuring the proper heat 

exchange of the PCM. Investigations are done to evaluate the effect of the 

PCM thermal storage. Economic analysis is also performed to determine 

consumer feasibility of the solar dryer. The remaining part of the paper is 

structured as follows: Section 2 provides a detailed description of the 

experimental set-up; Section 3 details the methodology adapted for the study 

as well as the performance indicators used; Section 4 discusses the key 

results of the study; and Section 5 sets out the key findings. 

 
2 Experimental Set-Up 

 
The PCM based mixed-mode solar dryer in this study have three 

different parts: solar air collector, thermal storage, and greenhouse. The sun’s 

radiation can enter to the dryer through the collector and the greenhouse.  
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Figure 1 Block diagram of the system 

 

The PCM thermal storage stores the extra amount of heat available in the 

collector outlet air. The Figure 1 shows the line diagram of a PCM based 

mixed mode solar dryer. The schematic diagram of the dryer is shown in the 

Figure 2. The flat plate collector of around 1 sq.m area with insulation at the 

bottom is used for heating up the air. The flat plate collector is fixed, it is 

incorporated at the front portion of the system as shown in Figure 3. In the 

collectors, the glass cover is placed 5 cm above from the absorber plate, 

makes airflow inside the air collector in a smooth manner. In the solar air 

collector, the absorber plate is painted matte-finished black color for the 

maximum absorption of available heat. Thus, the air that enters the collector 

gets heated and pass on to the drying chamber. The food products which is to 

be dried are kept inside the greenhouse, which acts as the drying chamber, 

shown in the Figure 2. The greenhouse is covered with poly-carbonate sheets 

at all sides, which creates a controlled environment by allowing sun rays 

which is in the form of short-wave radiations and trapping the reflected long-

wave radiations inside the greenhouse. For keeping food products, trays are 

used inside the greenhouse chamber. Two exhaust fans are fixed at the top 

portion of the greenhouse for the removal of most air and the easier 

circulation of air inside the whole system is ensured by this. PCM is 

incorporated in the dryer by arranging it at the base portion of the 

greenhouse. Paraffin wax is used as the PCM and stored in both ends sealed 

cylindrical tubes to prevent outflow when melted. The PCM filled tubes are 

arranged closely at the bottom of the greenhouse in parallel orientation. 

During the daytime, solar air collector mops up the radiation from sun and 

the air in the collector gets heated up. The hot air is then passed on to the 

greenhouse through the connection pipes. Thus, a share of the heat is stored 

in the PCM and the rest is delivered to the greenhouse. In the course of day 

time, along with the heat delivered by the air collector, some heat is also  
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generated inside greenhouse by the directly absorbed solar radiation. 

Together it dries the food products kept inside the greenhouse. The PCM is 

used for continuous and uniform drying purposes with extended drying time. 

During the peak time of sunshine, it gets heated up and discharges at the 

hours of off-sunshine. 

 

 

 
 

 

Figure 2 Schematic representation of mixed-mode dryer 

with thermal storage 

 

 

Figure 3 Photograph of the experimental setup 
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3 Methodology 
 

The experimentation of the solar dryer was conducted at the terrace top 

of research square, Amal Jyothi college of Engineering, Kanjirappally. The 

experiments were conducted from November 2019 to February 2020. The 

dryer was placed with the solar air collector and greenhouse facing towards 

south. The specified area has an ambient temperature of 33°C – 37°C. The 

global solar radiation is measured using a high precision solarimeter. The 

average active solar radiation at the location is 600 W/m
2
. 

The dryer is tested with two different types of crops. For this, the crop 

with a high amount of water content and with lesser amount of water content 

i.e., pineapple with 87% water content and banana with 74% water content 

respectively, are taken. The test is conducted in the successive days and the 

collected data is analyzed. Before conducting the tests, the drying chamber 

and the trays to be kept inside are washed and dried. For conducting the load 

test, the initial weight of the uniform cut products is measured and is kept for 

drying. The crop is kept inside the chamber at 8 am and the door is closed. At 

5 pm, the weight of the crop is measured and the crop is again kept inside the 

chamber till 8 am in next morning. The humidity and temperature sensors 

provided values for the dryer and are uploaded to the database with the help 

of NodeMCU, throughout the day. The solarimeter measures value of solar 

radiation and the air flow inside the drying chamber is measured with an 

anemometer. The load tests are conducted in presence of thermal storage and 

absence thermal storage. The following parameters are used for studying the 

solar dryer performance. 

 

3.1 Overall Thermal Efficiency 
 

Overall thermal Efficiency of the dryer can be calculated as [12], 

                                   (1) 

 

where, mf is the mass flow rate of the air, Cf is the specific heat capacity 

of air, Td is the greenhouse temperature, Ta is the ambient temperature, Am is 

the area of the PV panel, Ai is the area of each side and roof of greenhouse 

and solar air collector area, It is the intensity of solar radiation on the tilted 

surface and I(i) is the intensity of radiations on the walls of chamber. 

 

3.2 Drying Effectiveness 
 

Drying effectiveness is calculated with the help of relative humidity of 

internal and external side of the solar dryer, without taking crops outside the 

chamber, often as most researchers prefer to measure the weight of the  
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sample. Drying effectiveness is basically a moisture identifier and higher 

value is better. 

                  (2) 

 

where, RHi and RHo are the relative humidity of air at inlet and outlet, 

respectively. 

 

3.3 Simple Payback Period 
 

The economic feasibility and possibilities for the production and sale of 

the dryer can be accessed through the simple payback period (SPP) of the 

dryer. This is the time period for the return of the initial money spent on the 

dryer. The ratio of capital investment to the annual savings is calculated as 

follows, 

                (3) 

 

where, C is capital investment and A is annual savings 

 

 

4 Results and Discussion 
 

The experiments were conducted on the clear days in the month of 

February 2020. The variation in the ambient temperature (Ta), greenhouse 

temperature (Td), dryer outlet temperature (To) and PCM thermal storage 

temperature (Ts) for the dryer with and without PCM is plotted for drying 

banana and pine apple and shown in Figures 4 to 7. Days with similar 

climatic conditions are selected for a proper assessment. With the addition of 

PCM storage, temperature fluctuations within the drying chamber can be 

minimized and continuity in drying can be maintained. Sudden decrease in 

temperature can be avoided with the application of thermal storage. From 

Figures 4 and 5, it can be noted that, the greenhouse temperature (Td) reaches 

the ambient temperature (Ta) at 16:00 h without PCM, and with PCM the 

greenhouse temperature (Td) is maintained above the ambient till 23:00 h, 

which is a significant increase of 7 hours in drying time. 

 

 

 

 

 

 



                                                                                                                  
 

 

 

 

 

 
1410   Denil Roy Joshua et al 

 

  

 

 

Figure 4 Variation in the temperature of air in the solar dryer at various 

locations without PCM for banana drying on 7th February 2020 

 

 

 

Figure 5 Variation in the temperature of air in the solar dryer at various 

locations with PCM for banana drying on 5th February 2020 
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Figure 6 Variation in the temperature of air in the solar dryer at various 

locations without PCM for pineapple drying on 19th February 2020 

 

 

 

 

 

 

 

 

Figure 7 Variation in the temperature of air in the solar dryer at various 

locations with PCM for pineapple drying on 17th February 2020 
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In the absence of PCM, for pineapple drying in solar dryer as shown in 

Figure 6, fluctuations in greenhouse temperature (Td) is more compared to 

the dryer with PCM as shown in Figure 7. Thus, by using PCM, the 

appropriate temperature inside the greenhouse can be maintained with less 

fluctuations and for a longer duration, as shown in Figure 7. The temperature 

range between 37
°
C-77°C can effectively kills the bacteria inside the food 

materials [13]. 

The instantaneous thermal efficiency values obtained for both banana 

and pine apple drying are plotted in the Figure 8 and Figure 9. The thermal 

efficiency calculation is done using the Equation 1.The average daily thermal 

efficiency is obtained for banana drying solar dryer is 30.34% with PCM and 

23.25% without PCM. That for pineapple drying is 30.28% with PCM and 

24.26% without PCM. The thermal efficiency of dryer is found to be 

improved with addition of PCM in the solar dryer. 
 

 
Figure 8 Variation in thermal efficiency of the solar dryer 

for banana drying 
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Figure 9 Variation in thermal efficiency of the solar dryer 

for pineapple drying 

 

The dryer’s ability to remove moisture from the crops is analyzed with 

the help of a reduction in the weight of the crops during the drying process as 

shown in Table 1. In both cases, the weight reduction is higher for the PCM 

dryer. That is, more water is removed from the crop. 

 
Table 1 Reduction in weight of the crop dried with time 

 

 

 

 
  

 

 

 

 

 

The Banana before and after drying with PCM and without PCM is 

shown in the Figure 10 and pineapple before and after drying with PCM and 

without PCM is depicted in the Figure 11. The crop dried in the presence of 

PCM shows better color formation and perfect drying, due to continuity in 

drying and prolonged heat availability. 

    Weight of the crop 

          Banana          Pineapple 

Time 
With 

PCM 

Without 

PCM 

With 

PCM 

Without 

PCM 

8:00 AM 0.5 0.5 2 2 

5:00 PM 0.2349 0.2895 0.5813 0.8915 

8:00 AM 0.2195 0.2736 0.4215 0.5561 
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Figure 10 Banana before drying, after drying with PCM in 

solar dryer and without PCM in solar dryer (From left to 

right in order) 

    

Figure 11 Pineapple before drying, after drying with PCM 

in solar dryer and without PCM in solar dryer (From left to 

right in order) 

 

The reduction of heat losses in dryer will significantly increase 

performance of drying equipment. The drying effectiveness is calculated by 

using Equation 2. Variation of drying effectiveness for banana and pineapple 

drying in the solar dryer with and without PCM is shown in Figure 13 and 

Figure 12, respectively. The average drying effectiveness for the day is 0.96 

and 0.55, respectively, with and without PCM. This is because PCM storage 

has better control over the humidity inside the greenhouse. 

Figure 12 Variation of drying effectiveness for pineapple drying in the 

solar dryer 
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Figure 13 Variation of drying effectiveness for banan drying 

in the solar dryer 

 

The cost of raw materials and fabrication of the dryer is Rs. 27,258. The 

number of days on which the solar dryer will operate is considered to be 250 

days. Simple payback period can be calculated based on the Equation 3 and it 

is represented in Table 2. Initial investment in the dryer can be returned in 

1.6 years and after which the profit is gained. The payback period is lower, 

compared to the dryer's life expectancy of 25 years. 

 
Table 2 Simple payback period calculation for 

pineapple drying 

 

Parameters Value Units 

Capital Cost 27258 Rs. 

Operating Days 250 days 

Initial Weight 2 kg 

Final Weight 0.42 kg 

Fresh pineapple selling price/kg 30 Rs. 

Dried pineapple selling price/kg 300 Rs. 

Savings per Batch 66.45 Rs. 

Savings per Year 16612 Rs. 

Simple payback period 1.6 Years 
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5 Conclusions 

 
The mixed mode solar dryer is investigated for its thermal and economic 

performance. In both the analysis, dryer with PCM shows better result than 

dryer without PCM. The average thermal efficiency achieved for the dryer 

with and without PCM is 30.34% and 23.25%, respectively for drying 

banana and 30.28% and 24.26%, respectively for drying pineapple. An 

improvement of 75% in drying effectiveness is obtained with the addition of 

PCM thermal storage. In the case of temperature variations and drying rate 

also, the same trend is repeated i.e., with PCM shows better performance. 

Presence of PCM provides continuity in drying and reduces temperature 

fluctuations. The payback period was found to be approximately 1.6 years 

which is attractive, considering an expected lifetime of 25 years. 
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