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ABSTRACT 

In South Africa (SA), the consumption of dried mango is becoming popular because of the 

consumer preference for healthy snacks. Drying reduces the water content to levels at which 

micro-organisms causing food spoilage do not grow. Therefore, it is rated as one of the best 

preservation methods, which is under, but second to cooling with regard to performance. 

Small-scale farmers experience postharvest losses which, are up to 50% because of the lack 

of affordable and sustainable preservation methods. These are resource-poor farmers who 

are able to produce more than their immediate consumption needs. They use sun drying, 

which results in the product being unacceptable for human consumption. Therefore, this 

document aims to review energy-saving methods, which will preserve the produce so that 

farmers are able to sell the produce. Solar drying was found to be the best option. Studies 

have shown that it has been successfully used in sub-Saharan countries, such as Nigeria and 

Ethiopia. The results are better for forced-ventilated than for naturally-ventilated drying. 

This is because the major parameters which influence drying, such as temperature, air flow 

rate and humidity, are controlled. A naturally-ventilated dryer, however, could be a feasible 

option for resource-poor farmers, as it does not require energy for driving the fan. However, 

there is limited research in naturally-ventilated solar drying as a method of preservation for 

small-scale farmers of SA. This is done primarily, because naturally-ventilated dryers have 

a relatively low performance efficiency, and solar thermal applications are not adopted by 

the resource-poor farmers because there still exists a barrier in the social acceptance of such 

technology.  This presents a research gap on strategies to improve the performance of this 

method so that it can be adopted by small-scale farmers in South Africa for improvement of 

livelihood through agricultural practices. The literature review looked at factors which 

influence the solar collector such as, angle of inclination, shading and stagnation. In addition, 

innovative approaches of using heat storage, integrating a chimney and wind ventilator were 

also critically evaluated in the literature review. The proposed objectives and methodology 

of the study are also included in the document. 
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 INTRODUCTION 

Mango (Mangiferia Indica L) is an important subtropical fruit sometimes referred to as the 

‘king of fruit’. Its production in South Africa (SA) has been increasing over the years. This 

is after high total production levels of 65 807 tons were achieved in 2011/2012 compared to 

51 702 tons produced during the 2009/2010 season (DAFF, 2012). The Limpopo province 

in SA produces 75% of this fruit and it is planted over an area of approximately 5 013 

hectares (DAFF, 2012; Mashau et al., 2012). The increasing popularity of the mango fruit 

can be attributed to its excellent exotic flavour, attractive fragrance, beautiful colour, taste 

and nutritional properties (Arauz, 2000; DAFF, 2012). The gross value of the mango fruit 

increases because of its processed products, such as, canned mango, juice, atchar, jam and 

dried mango. Currently, dried mango is the product with the highest value (Schiavone, 

2011).  

 

According to Murthy (2009), small-scale farmers in developing countries as well as in SA 

produce 80% of fruit and vegetables. In addition, their agricultural yields are estimated to be 

more than their immediate consumption needs (Ekechukwu and Norton, 1997; Gustavsson 

et al., 2011). The challenge however, is that there is little effort by these farmers to preserve 

the surplus of produced fruit and vegetables. As a result, a considerable amount of fresh 

produce does not reach the consumer due to postharvest losses. These losses have been 

estimated to be approximately 40-50% in developing countries including SA (Kitinoja and 

Alhassan, 2012; Mashau et al., 2012). The losses after harvest are mainly attributed to 

wilting, shrivelling, chilling injury, decay due to fungi and bacteria, as well as physical and 

mechanical injury problems (Mashau et al., 2012).  This is due to the inefficient postharvest 

management. 

 

Reducing postharvest losses of fresh produce has been demonstrated as an important part of 

sustainable agricultural efforts aimed at increasing food availability (Kader, 2005). It 

involves the development of technologies for preservation of horticultural crops such as, 

manipulation of storage temperature and relative humidity, efficient packaging technologies, 

canning and drying. The drying technology has been found perform better than canning and 
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is second to cooling in performance (Alamu et al., 2010). Fruit and vegetables are dried for 

preservation purposes to extend the shelf-life and improve their market value (Aghabashlo 

et al., 2013). Drying is referred to as a simultaneous heat and mass transfer process (Afzal 

and Abe, 2000). It involves moisture removal from agricultural produce and is achieved 

through the application of heat. Heated air increases the capacity for water vapour absorption 

(Afzal and Abe, 2000; Blanco-Cano et al., 2013; Aghabashlo et al., 2013). Research has 

found that by reducing the moisture content of food by between 10-20%, bacteria, yeast, 

moulds and enzymes are prevented from spoiling the food. 

 

Currently, conventional drying methods are the most common methods used for drying fruit 

and vegetables in both small- and large-scale operations in SA (Sulaiman and Inambao, 

2010; Kivevele and Huan, 2013). Sun drying is an uncontrolled process where produce is 

exposed to direct sunlight, rain and dust. This is undesirable for some of the fresh produce 

as it causes variability in product quality (Madhlopa et al., 2002; Pangavhane and Sawhney, 

2002).  According to studies by Jangam et al. (2011) and Tchaya et al. (2014), conventional 

mechanical air drying methods are the most efficient. However, the energy consumption of 

the process ranges between 10-25% of the industrial energy consumption. Considering 

energy scarcity problems experienced in SA, the study has identified that there is a need to 

explore energy-efficient drying processes. As a result, this study has identified solar drying 

as a better alternative to sun drying and conventional drying methods such as hot air drying, 

fluidised bed drying, vacuum drying, microwave drying and freeze drying. This is because 

solar drying generates higher temperatures, has a low relative humidity, a short drying period 

and is relatively inexpensive. In addition, research shows that a solar dryer shortens the 

drying time by 65% and produces uniform quality fruit/vegetable when compared to sun 

drying (Idlimam et al., 2007; Wankhade et al., 2012). Hence, the use of solar drying 

technology is suggested to reduce energy costs and speed up drying, which would benefit 

the final produce quality.  

 

The majority of South African provinces receive an average of 5.5 kWh.m-2 of solar 

irradiation. Therefore, the use of solar energy as a source of energy is feasible in the country 

(Fluri, 2009). However, there is a need for extensive research in utilising solar energy in the 

food industry of SA. This will ensure the preservation of perishable produce such as, mango. 
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Several research studies have been conducted on the development of efficient solar drying 

technologies. These include improving the efficiency of the direct and indirect mode of 

drying. It has been done by integrating innovative aspects, such as solar chimneys, and the 

use of thermal storage and wind ventilators. Natural convection dryers require no electrical 

or mechanical components because the driving force is based only on the temperature 

difference or changes in air density (Schiavone, 2011). The research gap in SA is that the 

small-scale farmers producing mango in the Limpopo Province are not aware of value-

adding technology which could assist in improving the marketability of their produce. This 

is because there is lack of research in solar drying technology which could be attributed to 

the inefficiency and cost of the technology, as there are no SA manufactured brands. 

 

This study has identified that there is a need for the development of an innovative dryer that 

uses solar energy to reduce postharvest losses experienced by mango producing farmers in 

Limpopo Province. The aim of this study is to develop a naturally-ventilated indirect solar 

dryer for fruit and vegetables which can dry up to 150 kg of mango in an optimised drying 

period. This will result in the reduction of postharvest losses and increase shelf-life of fresh 

produce, simultaneously creating employment, providing food security and improving the 

livelihoods of the rural householders of SA. The design is considered as innovative, as it will 

incorporate a wind turbine to improve wind ventilation and efficiency. The specific 

objectives are:  

 to evaluate and assess performance of the solar dryer in terms of  variation in the 

relative humidity and drying temperature during the drying process. 

 to determine the nutritional qualities of dried mango and 

 to determine the drying model which best describes the drying process. 
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 LITERATURE REVIEW 

 The Mango Fruit: Overview of Production  

Mango (Mangiferia indica L) is a delicate and tasty subtropical fruit which is popular in 

international markets. It constitutes nearly half of the worldwide production of tropical fruit 

and originated in the Indi-Burmese region (Tjiptono et al., 1984). Commercial production is 

reported in more than 87 countries, with India having the highest production of 13.5 million 

tons as it accounts for approximately 50% of the fruit (van Deventer, 2011). Other major 

producing countries are China, Indonesia, the Philippines, Pakistan and Mexico. In SA, 

mango is the third most important subtropical crop after citrus and banana. Mainly Tommy 

Atkins mango cultivars are grown in the subtropical regions of Limpopo (Hoederspruit, 

Levubu and Tzaneen) and Mpumalanga (Kiepersol, Malelane and Nelspruit) (Ntombela and 

Moobi, 2013). The SA industry only contributes by 0.22% in export of locally produced 

mango fruit. Therefore, most of the product is consumed locally (Ntombela and Moobi, 

2013). The production of dried mango has been increasing over the years and due to the 

increased awareness of its nutritional benefits, the value is higher than that of atchar, as seen 

in Figure 2.1. According to Mudau et al. (2012), the change in lifestyle of SA consumers, 

fatty foods becoming unpopular, has been the major influence in the boost of the fruit drying 

business. It is currently being considered to produce good returns on the investment. This 

provides an opportunity for small-scale farmers producing mango to penetrate the industry 

through producing dried mango. This will enable farmers to sell produce during the on and 

off season period and promote higher returns, resulting in improvement of livelihoods. 
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 Postharvest Losses 

Food is regarded as a delicate commodity and approximately 1.3 billion tons produced for 

human consumption are estimated to be lost globally (Oelofse and Nahman, 2009; Prusky, 

2011). Literature studies indicate that as much as half of the food grown is lost before it 

reaches the consumer. Developing countries experience major losses in the field (Parfitt et 

al., 2010). Postharvest losses are described by Kitinoja and Alhassan (2012) as the portion 

of fruit and vegetables produced, which does not reach consumers. The highest losses 

reported are experienced for fruit and vegetables, root crops and tubers (Gustavsson et al., 

2011). Research done by Oelofse and Nahman (2013) substantiates this as it was found that 

fruit and vegetables, combined with root crops and tubers contribute 57% to the overall waste 

stream, as highlighted in Figure 2.2. According to Munhuweyi (2012), India, China and 

Japan are the top global fruit and vegetable producers. However, these countries have been 

reported to experience substantial losses annually. Losses in India are believed to be 

sufficient to meet the UK’s annual fresh produce needs (Reddy, 2000). Regional data on 

combined fruit and vegetable losses show that all regions across the globe lose at least 20% 

of their fresh produce, extreme losses of 45 -50% were reported in Africa and Asia 

respectively (Kitinoja and Kader, 2003; Gustavsson et al., 2011). In Nigeria, losses 

    Figure 2.1 Mango production in South Africa (after DAFF, 2012) 
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experienced by small-scale farmers can reach about 20-60% for fruit and vegetables such as 

tomato, okra, onion, mango and carrot (Karikari, 1989). These figures coincide with the 50% 

of losses in mango, banana, oranges and pawpaw which were lost by small-scale farmers 

and street vendors in the Limpopo Province of SA (Mashau et al. 2012). Postharvest losses 

in South Africa are attributed to a low level of postharvest technology, which causes loss in 

produce quality and variations in standard compliances (Mashau et al. 2012). This is caused 

by external factors such as mechanical injury, physical factors, microbial deterioration and 

internal factors such as physiological deterioration. The loss of fruit and vegetables 

aggravates hunger by causing less food to be available for consumption (FAO, 2009). This 

therefore, presents a challenge to the food industry to ensure that the food demand of the 

growing population is met. Considering that the South African population is estimated to 

have an annual increase of 2% with projections indicating that there will be 82 million people 

by 2035 (STATSSA, 2013).  It is therefore vital to reduce postharvest losses through 

preservation of fruit and vegetables such as, mango as a complementary alternative to 

improving agricultural productivity. 

   

 

 

 

 

 

 

 

Figure 2.2  Variation in food losses across countries (after Gustavsson et al., 2011) 
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 Causes of postharvest losses 

Postharvest losses experienced by small-scale farmers are caused by external factors 

(mechanical injury, microbial deterioration and physical factors) and internal factors 

(physiological factors). According to Munhuweyi (2012), these factors complement each 

other. This is because the damage caused by micro-organisms is usually preceded by 

mechanical or physical damage. The pre-dominant form of mechanical damage is bruising 

which makes the produce susceptible to microbial spoilage (Bollen, 2006; Salami et al., 

2010). In addition, the presence of injuries such as, bruises increases the rate of water loss 

and respiration. Thus resulting in physiological deterioration, this is caused the increased 

rate of respiration and water loss. The changes that happen during these processes may result 

in wilting and sprouting and as a result may increase product susceptibility to mechanical 

damage (Flores, 2000). Physical/environmental conditions such as high temperature and 

relative humidity create favourable conditions for micro-organisms. High temperatures, 

above 30℃ which are experienced in Limpopo, speed up the respiration and water activity 

of produce, which causes physiological deterioration (Kader, 1999; Flores, 2000). Jangam 

et al. (2011) and Kader (1999) substantiated this by indicating that the rate of fresh produce 

deterioration increases by 2-3 fold for every 10 ℃ increase in temperature. Micro-organisms 

such as, fungi, bacteria, yeasts and mould find conditions of high temperature, moisture, 

damaged produce and water activity conducive for survival. In addition, they contaminate 

food with diseases and parasites, which causes spoilage (Kitinoja and Kader, 2003; 

Munhuweyi, 2012; Folayan, 2013). Therefore, the drying of fruit and vegetables 

immediately after harvest eliminates the need for creating a conducive environment for 

survival. This is because, reduction of water activity to less than 60% also reduces the 

chances of product infestation by micro-organisms, mechanical damage and physiological 

deterioration (Kader, 1999). Table 2.1 summarises the characteristics of primary and 

secondary causes (influenced by primary factors) of postharvest losses.
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Table 2.1 Summary table indicating causes of postharvest losses 

Category Features Primary Causes Secondary Causes References 

Mechanical Injury Bruising, cutting, breaking 

and impact wounds 

Vibrations, compressions 

and impact damage. 

Unsuitable packaging, poor 

handling of produce before 

and during transportation. 

Kitinoja and Kader, 2003; 

Salami et al., 2010, 

Mnhuweyi, 2012. 

Physical Factors Deterioration Temperature and relative 

humidity 

Respiration rate and water 

activity. 

Mashau et al. 2012; Kader, 

1999. 

Microbial Deterioration Deterioration Bacteria, fungi and moulds. Diseases, parasites, insects 

and rodents. 

Jangam et al.2011; Salami 

et al. 2010; Mnhuweyi, 

2010 

Physiological Deterioration Deterioration Metabolism, growth and 

water loss. 

Respiration, ethylene 

production. 

Folayan, 2013; Flores, 2000 
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 Drying as a Preservation Method 

There is a growing resistance of the use of chemicals for food preservation and this has led 

to the renewed interest in drying (Maskan, 2001). This is a heat and mass transfer process 

that takes place simultaneously, in order to modify the physical and micro-structure of 

agricultural produce (Mkhathini, 2014). This is because convective drying leads to the 

simultaneous transfer of energy from the surrounding environment to the dryer and transfer 

of moisture from the produce (Mcminn and Magee, 1999; Belessiotis and Delyannis, 2010; 

Mkhathini, 2014). This decreases the water content in fruit and vegetables (Pavan, 2010). 

As a result, it inhibits the development of micro-organisms and lessens the microbial and 

physiological deterioration process, hence, ensuring product stability. Research indicates 

that variables such as the produce colour, texture, shape, size, porosity, density and shrinkage 

are affected during drying. This study intends to elucidate on the variables that cause major 

changes during heat and mass transfer processes when drying mango fruit. 

 Review of Principles and Factors Influencing the Drying Process 

 Drying principles 

Drying is simply the evaporation of moisture from a crop. Mango is dried from a moisture 

content of 80-85% to a moisture content of 12-18% (Schiavone, 2011). According to Correa-

Hernando (2011), energy consumed during drying occurs during the evaporation of liquid 

water to vapour. This ranges between 0.43 MJ.kg-1 -20.35 MJ.kg-1 and research indicates 

that the amount of energy required for drying of mango is 1.564 MJ.kg-1 (Arata and Sharma, 

1991; Leon et al., 2002; Schiavone, 2011).  During drying, water from the produce surface 

evaporates first, it then migrates from within the crop, as additional heat is absorbed by the 

crop (Schiavone, 2011). Arata and Sharma (2009) describe these two processes as the 

constant and falling rate stages of drying, respectively as illustrated in Figure 2.3. The 

process of drying ends when the moisture vapour pressure within the product is equivalent 

to the pressure of atmospheric moisture. This is called the equilibrium state, where the 

moisture content of the wet material is in equilibrium with the surrounding air at a given 

relative humidity and temperature. Studies indicate that only the physically-held water is 



  

10 

 

removed during the drying process (Mcminn and Magee, 1999).  Drying moisture loss during 

the constant and falling rate period is indicated by Equation 2.1 and 2.2, respectively.  

𝑚(𝑡) − 𝑚𝑐

𝑚𝑖 − 𝑚𝑐
= exp(−𝑘𝑡𝑐)                                                                                             (2.1) 

𝑚(𝑡) − 𝑚𝐸

𝑚𝐶 − 𝑚𝐸
= exp(−𝑘𝑡𝑐)                                                                                            (2.2)  

Where m (t) (%) is the dry basis moisture content at any time, mc (%) is the moisture content 

at the end of the constant rate drying period, mi (%) is the initial moisture constant, mE (%) 

is the equilibrium moisture content, k (dimensionless) is the drying rate constant per minute 

and tc (min) is the drying time it takes to reach the constant rate period. 

 

 

 

 

 

 

 

                                Figure 2.3 Drying Curve (after Schiavone, 2011) 

Psychometry 

According to Arata and Sharma (2009) and Schiavone (2011), ambient air is assumed to 

have a dry bulb temperature as in point 1 of Figure 2.4. As the ambient air is heated, the 

humidity ratio remains constant until reaching the heated temperature in point 2, the relative 

humidity is reduced. To remove moisture from the produce, the heated air temperature is 

reduced to point 3. The enthalpy remains constant during drying. 
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Water activity 

Every food and agricultural product has a limit of water activity below which micro-

organisms stop growing. Water activity serves as a measure of micro-organism growth and 

probably toxin release in agricultural products (Belessiotis and Delyannis, 2010). According 

to Jangam and Mujumdar (2010), the water activity influences the quality, safety, shelf-life, 

texture and flavour of food. The water activity, is the ratio of vapour pressure in a material 

over the vapour pressure of water and it is descried by Equation 2.3. 

𝛼𝑊 = (
𝑃𝑊

𝑃𝑊
∗ )𝑇                                                                                                                      (2.3) 

According to Beuchat (1981), bacteria growth is at 𝛼𝑊 =0.85, mould and yeast 𝛼𝑊 = 0.61, 

fungi is at 𝛼𝑊 < 0.70. Therefore, it is of vital importance that dried fruit and vegetables have 

water activity levels which will not allow for micro-organism growth. 

 Factors influencing the drying process 

Relative humidity, temperature and air flow are reported to be the major factors influencing 

the rate of evaporation during the constant and falling rate period of drying. Therefore, this 

study seeks to consider these factors, to establish their impact. 

 

 

Figure 2.4  Psychometric chart showing the drying process (after Schiavone, 2011) 
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Drying temperature 

An average of 60 ℃ is suggested for the drying of fruit and vegetables.  Goyal et al. (2006) 

substantiated this, as it was found that a temperature of 65℃, compared to 55℃, was optimal 

for drying mango. This is because it reduced the drying time from 210 min to 180 min. Some 

researchers suggest a progressive temperature rise and others suggest an initial high 

temperature (Rahman, 2007; Jangam et al., 2011). High temperature increases the drying 

rate by increasing the ability of air to hold moisture, therefore, driving moisture to the surface 

rapidly. However, high temperatures above 80℃ affect the colour and texture of fruit and 

vegetables, depending on the thermal sensitivity of the fresh produce (Leon et al., 2002). 

According to Abdullahi et al. (2013), a relatively low temperature in the beginning of drying 

causes product infestation by micro-organism, before the produce is adequately dried. A 

temperature below 55℃ is suggested at the end of the drying process, to prevent the 

browning of produce (Schiavone, 2011). Therefore, elevated temperatures along with 

increased air flow rates and reduced levels of relative humidity permit higher drying rates. 

Schiavone (2011) and Leon et al. (2002) indicated that these conditions only apply if the 

diffusion rate is controlling the process of water removal. Where there is a lower moisture 

content, the air flow rate is less important than the temperature. In this case, higher 

temperature lead to a higher drying rate during the falling rate of the drying curve as seen in 

Figure 2.3. 

Relative humidity 

This is the driving force for moisture transfer. As the temperature increases, the relative 

humidity decreases and the rate of drying increases (Huff, 2008; Jangam et al., 2011).  Air 

with a relative humidity of approximately 40% is preferred during drying (Rahman, 2007). 

Kaya et al. (2007) investigated drying parameters, with the relative humidity of 40%, 50% 

and 70%. It was found that a decrease in relative humidity, with an increase in temperature 

and velocity, increases the diffusivity coefficient. Heating air increases the ability of air to 

hold moisture. According to Leon et al. (2002), this increases the thermal efficiency of the 

drying process.  
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Air flow 

To remove the moisture from fresh produce, air flow at a velocity range between 0.5-1.5 

m.s-1 is required for drying. Leon et al. (2002) indicated that the optimum volumetric air 

flow rate, which increase the rate of heat transfer in solar dryers is 0.75 m3.min-1. However, 

research studies indicate that the air flow rate has little effect on drying rate. According to 

Jangam et al. (2011) this is as a result of the drying of fruit and vegetables taking place in 

the falling rate period. According to Leon et al. (2002), in natural circulation dryer’s, the air 

flow rate is dependent on the temperature rise in the collector. Therefore, it will not be 

regulated in the design. 

 Drying Methods 

There are several types of dryers which are used for different purposes. The methods of 

drying that this study is focused on are: open sun drying, hot air drying, microwave drying, 

freeze drying, fluidized bed drying and vacuum drying. This is meant to ensure that the 

common methods available for both small-scale and commercial use are considered. 

 Open sun drying 

Open sun-drying is a common preservation method used for agricultural products in tropical 

and subtropical countries. It is applied where outdoor temperatures are usually 30℃, or 

higher (Akarslan, 2012; Paul and Singh, 2013). The crop is spread out in open sunlight on 

the ground, floors or roofs and is usually turned once or twice daily (Ekechukwu and Norton, 

1997; Jairaj et al., 2009; Paul and Singh, 2013). Solar radiation absorbed in the crop is 

converted to thermal energy. This increases the temperature of the crop and as a result 

moisture evaporates from the crop, which causes the drying of the crop. According to                                                                                                                                             

substantiated this by indicating that pre-treated grapes require 9-10 days, while Fuller and 

Charters (1997) indicated that natural grapes require 20 days to dry to an acceptable moisture 

content. Open sun-drying has a low running costs as it only requires labour. However, the 

product quality is compromised and does not meet either national or international standards. 

This is because the produce is susceptible to infestation by foreign material, such as dust, 

insects and micro-organisms. In addition, there is discolouration by ultraviolet radiation and 

chances of insufficient or over-drying (Falgari et al., 2008; Sharma et al., 2009). Open sun 
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drying was not considered for this study because the produce quality is compromised. 

Because of its popularity, this study will demonstrate and compare the performance of a 

solar dryer against an open sun dryer. 

 Freeze drying  

This is a two-stage process which involves firstly, freezing of the water in the food materials 

and then applying heat so that the ice can be directly converted to vapour. The freezing is 

done at temperatures from -50℃ to -80℃ , while the heating temperatures can range from 

10–50℃ (Surat and Thorat, 2010). Literature studies indicates that this method has 

preference due to product’s structural retention. However, its application is limited for small- 

scale operations, as it is relatively expensive. Chandak et al. (2006) indicated that freeze 

drying costs R 22.49 per kg of water removal compared to the R 1 of solar drying. Therefore, 

it was not considered for this study because the intention is to create a solution that would 

be affordable for small-scale farmers which is also simple to use. 

 Microwave drying 

Feng et al. (2012) described microwave drying as, the exposure of produce to high frequency 

electromagnetic waves. The frequency range is 300 MHz to 300 GHz, with a wavelength of 

1 mm-1 m. Dielectric heating of the produce results in rapid energy coupling into the produce 

water. This, results to fast heating and drying (Dirkbarsan, 2010; Feng et al., 2012). Its main 

advantage is that it reduces the drying time 4-8 times, compared to other drying methods. 

This is because the product loses internal water faster. However, there is limited use of 

microwave drying, as it heats produce non-uniformly. Thus, it is therefore used to enhance 

other drying methods, such as hot-air drying. In addition, microwave-assisted vacuum drying 

is reported to be one of the most successful applications in food drying operations (Feng et 

al., 2012). However, it has a relatively high cost and the magnetron has a short lifespan.. 

Therefore, this study will not adopt microwave drying because of its use in enhancing other 

methods and the non-uniformity of drying the produce. 
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 Vacuum Drying 

It is used for drying heat-sensitive fruit and vegetables. The process is done at a pressure less 

than 100 kPa at different temperatures (Surat and Thorat, 2010). According to Cheenkachorn 

(2007), creating a vacuum in the dryer causes a lower boiling point, so that water can 

evaporate at a low temperature. A lower drying temperature causes a lower rate of oxidation, 

which results in an improvement of produce quality. This method however, requires high 

capital and operational costs to ensure the pumping system for the vacuum is running 

smoothly. Therefore, it was not considered as a solution for this study, because it is relatively 

expensive and requires control of pressure and temperature. Furthermore, it will require a 

trained operator and the training comes at a cost. 

 Fluidized bed drying 

In this type of dryer, hot air is forced through a bed of produce at a sufficiently high velocity, 

which overcomes the gravitational forces of the products. Prakash et al. (2004) reported that 

fluidized bed dried fruit and vegetables have a better colour, rehydration properties, retention 

of 𝛽-carotene and overall sensory quality than those dried by microwave and solar methods. 

The limitation with this method, however, is that there is only a specific range of produce 

that can be effectively fluidized. These include onions, carrots, potatoes and ginger (Surat 

and Thorat, 2010). The design is not considered in this study because it only applies to a 

limited range of fresh produce that excludes mango fruit.  

 Hot air drying 

This is the one of the common methods of drying, where heated air is circulated by natural 

or forced convection through wetted fresh produce. It is used for drying piece-form fruit and 

vegetables (Dirkbarsan, 2010). The operation temperatures range from ambient to 100℃, 

and uses electricity, solar or geothermal, as energy sources (Surat and Thorat, 2010). This 

method of drying will be tried because it is one of the most efficient drying methods and it 

can be applied with a cheaper energy source, like solar energy. The concept of coupling 

dryers with solar collectors is increasing gradually in developing countries. This is because 

renewable energy has been reported to play a role in extending technology to the farmers in 

these countries, including SA. Solar air heaters are an improvement to open sun drying. They 
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dry products 65% more rapidly, uniformly and hygienically (Idlimam et al., 2007). 

Therefore, the product quality is improved as compared to sun drying and solar dried 

produced are acceptable by national and international quality standards.  

 Solar Energy Availability in South Africa                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

Solar energy is a source of renewable energy which is directly attributed to sunlight. It is the 

energy which is emitted from the sun’s radiation (Duffie and Beckman, 1991; Bradford, 

2006).  Solar energy represents the largest source of renewable energy supply, compared to 

solid biomass, biogas, hydro, Concentrating Solar Power (CSP), wind and geothermal 

sources. The sun emits energy at a rate of 3.8 x 1023  kW, of which 1.8 x 104 kW is intercepted 

by the earth (Timilsina et al., 2012; Tyagi et al., 2012). The average solar radiation in SA 

ranges between 4.5 kWh.m-2 – 6.5 kWh.m-2   for an average of 6-7 hours (Fluri, 2009) (see 

Figure 2.5 below). According to Saxena et al. (2013), this is enough radiation to be converted 

to heat or electricity for thermal and electrical applications. The potential for the application 

of solar energy is in the preservation of horticultural commodities such as fruit and 

vegetables through cool storage and drying. This is achieved by the conversion of solar 

energy to electricity for powering refrigerators, evaporative coolers and providing heat 

energy for drying. This study will focus on the thermal application of solar energy. This is 

where solar radiation is absorbed by a working fluid, which can be either water or air. Solar 

dryers incorporate collectors to absorb the radiation into the working fluid/air. 
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                         Figure 2.5 Solar radiation in South Africa (after Fluri, 2009) 

 Energy for Drying Agricultural Products 

South Africa relies on Eskom for energy production and provision. It produces 95% of the 

energy, of which 90% is produced from coal. A report by Taylor (2009) indicated that the 

dependence on coal-based power stations has resulted in an annual per-capita emission rate 

of about 10 tons per year, which is 43% above the world average. This significantly 

contributes to climate change. It has been reported that 30% of South Africans have no 

energy supply (Taylor, 2009). The problem of energy supply persists, as Eskom declared 

that it could no longer meet the peak national electricity demand. According to Maasdam 

(2001), this has led to a 27.5 % increase of the electricity tariff. As a result, electricity cost 

has become a burden for the food processing industry, including drying. According to 

Jangam et al. (2011) and Tchaya et al. (2014), the energy consumption for an industrial air 

drying process ranges between 10-25 % of the total industrial energy demand. Thus, running 

electricity dependant operations is not feasible and sustainable. There is a need to reduce 

greenhouse gases, as the impacts of climate change are irreversible (Rajkumar, 2010).  In 

addition, there is a need for a sustainable source of energy to run energy-dependant 

operations such as dryers, which will not contribute to greenhouse gases. According to 

Sharma et al. (2009), many countries of the world use solar thermal systems in agriculture 

for the preservation of fruit and vegetables. This has been shown to be the practical, 
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economical and environmentally-friendly approach. In addition, it is perceived that the use 

of solar dryers improves the quality of produce compared to sun drying and contributes 

towards the reduction of postharvest losses (Wankhade et al., 2012). Therefore, the use of 

solar energy has been found to be one of the best alternatives for small-scale operations in 

South Africa. 

 Thermal energy use in drying 

The primary element of the solar thermal system, namely solar heating system, is the 

collector. The solar collector absorbs solar radiation, which is then converted into heat and 

then transferred to a medium (air, water or oil) (Kalogiru, 2004; Saxena et al., 2013). Heat 

transfer in a collector takes place by simultaneous radiation, convention and conduction. 

Solar air heaters can be used for many purposes, such as crop drying, space heating and re-

generating dehumidifying agents (Tyagi et al., 2012). There are two types of collectors 

commonly used for the purpose of drying, namely the flat plate and evacuated tube 

collectors. 

Flat plate collector 

 

The main use of the flat plate collector is for space heating and crop drying. Flat plate 

collectors can heat a working fluid to a temperature range of 10-50℃ above the ambient 

temperature, heating at temperatures less than 100℃ (Ramadhani et al., 2014; Amrutka et 

al.,2012; Struckman, 2008 ). Three principal parts of a flat plate collector are as seen in 

Figure 2.6. These are the absorber plate, which absorbs solar radiation and transfers it to the 

working fluid, and the transparent cover which allows short wave radiation to pass through  

and prevents it from exiting and insulation which prevents heat losses on the sides and back 

of the collector (Ramadhani et al,. 2014; Struckman, 2008). The main benefits of plate 

collectors are a low construction cost and the minimal effect in pressure drops. However, 

their main drawback is the relativley low heat transfer coefficient between the absorber plate 

and the air stream, due to poor thermal conductivity. Hossain et al.(2011), estimated 

conductive and radiation losses of approximatley 18 and 20% with a solar flat plate at an 

angle of 20 and 48.5 degrees respectivley, from the horizontal. The perfomance of a flat plate 
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collector is influenced by, the glazing material, absorber plate and thermal insulation. 

According to Bakari et al.(2014), the major losses in a collector are from the glazing.  

 

 

 

 

 

 

 

                             

Glazing material 

Glazing is the top cover of a solar collector. Its functions are to: (i) minimise convective and 

radiant heat loss from absorber, and (ii) transmit the incident solar radiation from the outside 

environment to the absorber plate (Ramadhani et al., 2014; Amrutkar et al., 2012). It is 

characterised by reflection (𝛾), absorption (𝛼) and transmission (𝜏)  and the materials used 

are glass and plastic, with plastic being more efficient. This is because it possesses a high 

short-wave and long-wave transmittance of 0.40. However, it has a limited life-span due to, 

ultraviolet radiation effect, which reduces its transmitivity (Ramadhani et al., 2014). Glass 

transmits 90% of the incoming short-wave radiation and all of the long-wave radiation 

(Ramadhani et al., 2014).There has been limited attention to the thickness of the glazing 

material (Khouki and Marunyama, 2006). According to Murugavel et al.(2008), solar 

collectors with a glazing thickness of 3 mm are more efficent than those with 6 mm glazing.  

Simirlarly, the study by Ramadhani et al. (2014) found that a glazing thickness of 4 mm was 

7 % more efficient than that of 6 mm. According to Amrutkar et al. (2012),  a glass with a 

low iron content has a low transmittance of 0.85-0.90 at the normal incidence for the solar 

sprectum from 0.30 to 3 𝜇. The insulation effect of the glazing is also enhanced by the use 

Figure 2.6 Flat plate collector (after Honeyborne, 2009) 

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://gogreenheatsolutions.co.za/?q=project-type/solar-water-heating/flat-plate-collector&ei=CCnvVOn6KMKsU9OlgcgL&bvm=bv.86956481,d.d24&psig=AFQjCNENudAfnCrxtsEHbuAFyOGNx2TbHw&ust=1425046147677759
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of several sheets of  glass combined with plastic. According to Selcuk (1964), a flat plate 

collector with one glass and one tedlae cover can have an average efficiency of 30%. Table 

2.2 provides the transmittance values of various materials, with the value depending on 

material thickness. The design of the collector for this study will incoperate crystal glass 

with 3 mm thickness, in order to attain a high transmittance. 

Table 2.2 Glazing materials (after Jecan, 2006; Amrutkar et al, 2012) 

Type of material Transmittance(𝝉) 

Crystal glass 0.91 

Window glass 0.85 

Polymethyl methacrylates (acrylic)(Acryl ate, Lucite, 

Plexiglass) 

0.89 

Polycarbonate (Lexan, Merlon) 0.84 

Polyethylene terephthlate(polyster) Mylar 0.84 

Poyvinyl fluoride( Tedlar) 0.93 

Polymide (Kapton) 0.80 

Fluorinated ethylene propylene (FEP Teflon) 0.96 

Fiberglass-reinforce polyeste(Kalwall) 0.87 

 

Absorber plate 

The absorber plate collects solar radiation reaching through the glazing, retains the heat and 

transfers it to the circulating fluid. The efficiency of an absorber is measured by the thermal 

conductivity and durability of the material (Amrutkar et al., 2012). Absorber plates are 

usually made out of  high thermal conductivity material, which are copper or aluminium 

coated on the surface, to increase the transfer of available solar radiation for absorbtion by 

the plate (Jecan, 2006; Struckman, 2008). According to Amrutkar et al. (2012), black paint 
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is used for the coating because it has an absorption rate of 0.92-0.98. This is done by 

spraying, as well as heat treatment to evaporate solvents and improve adherence. A surface 

that is a good absorber of solar radiation usually has a high infrared emittance and is a good 

radiator of heat (Amrutkar et al., 2012). According to Struckman (2008), the selective 

material maximises the radiant energy emission and also reduces the optical losses, which 

are caused by radiation not being able to reach the absorbing surface (Struckman, 2008). For 

this reason, a black painted metal sheet is selected for use in the collector design.  

Table 2.3 Transmission factor values for different materials (after Jecan, 2006; Amrutkar et 

al, 2012) 

Type of material Absorption, short waves (𝜶) 

Pure iron 0.44 

Pure aluminium 0.10 

Galvanised steel 0.65 

Graphite 0.78 

Black painted steel sheet 0.95 

White paint 0.20 

Selective surface materials 

Black chrome 0.93 

Black nickel oxide on aluminium 

surface 

0.91 

Copper on nickel 0.81 

Copper on aluminium 0.93 
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Evacuated tube collector 

Evacuated tube collectors are used in space heating and cooling and hot water requirements, 

for industrial and domestic use. They comprise of two glass tubes (an inner and outer tube, 

as seen in Figure 2.7 below). According to Arora et al. (2011), the outer tube allows for 

radiation to pass through because it has high transmissivity and low reflectivity. The inner 

tube has a selective coating to maximise the absorption and minimise the reflection. This 

allows for heat to be trapped within this layer, because the end of the tubes has a copper 

header which creates a vacuum. The vacuum acts as a thermal insulator preventing short-

wave radiation to pass through, thus ensuring a high temperature. Evacuated tube collectors 

are reported to be 20-45 % more efficient than flat plate collectors (Devabhaktuni et al, 

2013). Because of their efficiency and relatively low cost, this study intends to adopt an 

evacuated tube solar collector.  

 

 

 

 

 

 

 

 Factors Influencing the Performance of Solar Systems 

The performance of a solar system is influenced by the angle of inclination, shading, 

stagnation, slope angles, the angle of latitude and sunrise and sunset times. Only three of 

these factors can be controlled during operation of the solar systems, namely (a) angle of 

inclination, (b) shading and (c) stagnation. Therefore, this study reviews their impacts. 

Figure 2.7 Evacuated tube solar collector (after Arora et al., 2011) 
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 Angle of inclination 

According to Oko and Nnamchi (2012), the optimum tilt angle should correlate with the 

latitude. At a latitude below 8.5° the optimum tilted angle should be the latitude plus 10°, 

otherwise the latitude plus 5°. Solar trackers have been used as efficient means to optimise 

solar radiation as they adjust the collector tilt angle (see figure 2.8 below). However, they 

are costly and are unsuitable for all solar collectors (Ertekin et al., 2008). When considering 

the latitude of Pretoria, it was found that an angle of 30 ° is optimal. 

 

Figure 2.8 Optimal tilt angle of a solar collector as a function of local latitude (After 

Jangam et al., 2011) 

 Shading 

The shading of solar collectors can be caused by buildings, an array of solar collectors or 

other components of the dryer. This affects the amount of solar radiation received by the 

absorber (Ramaprabha and Mathur, 2009). Therefore, the solar collector should not be 

placed where there is shade. 

 Stagnation 

As a result of minimal energy demands or high temperatures during summer periods, a solar 

collector can reach temperatures exceeding 170℃, if there is no temperature control 
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(Harrison et al., 2004). This is referred to as the stagnant temperature and it can be controlled 

by either reducing the energy input to the collector or by removing excess heat by natural 

convention (Pathak et al., 2012). In this design, there will be natural circulation of air which 

will prevent stagnation. 

 Classification of solar dryers 

Solar dryers transfer the radiation either directly or indirectly to the product. This section 

seeks to describe the two different classes of solar dryers based on how the produce receives 

radiation.  

 Direct solar dryers  

In this type of dryer, food is directly exposed to the sun’s rays. It is placed in a chamber 

which is also used as a collector (Ogunkoya et al., 2011; Eswara and Ramkrishnarao, 2013). 

Akarslan (2012) indicated that it differs from open sun-drying because the produce is 

covered by a transparent material. This reduces the direct convective losses to the 

surrounding, and increases the drying temperature (Jairaj et al., 2009; Akarslan, 2012). 

Direct-type solar dryers typically consist of a drying chamber that is made of glass or plastic. 

It is a shallow, insulated box with holes to allow air movement. The produce is placed in a 

perforated tray that allows air to flow through the fresh produce (Wakjira, 2010; Eswara and 

Ramkrishnarao, 2013; Toshniwal and Karale, 2013). Types of direct solar dryers are solar 

cabinet dryers, staircase dryers and glass roof dryers. These dryers have been proven to be 

successful for drying small amounts of high moisture produce such as, mango, pineapple 

banana and carrots (Schiavone, 2011). According to Ramana (2009) and Belessiotis and 

Delyannis (2010), the initial cost is low, therefore more than 80 % of small-scale farmers 

use this type of dryer.  However, it requires frequent turning of produce for uniform drying. 

Schiavone (2011) indicated that the essential component of the product can be affected by 

radiation. The product quality is compromised with direct dryers and for that reason it was 

not considered for this design as the produce is destined for the consumer market. 
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 Indirect passive solar dryers 

In these dryers, the sun does not act directly on the material to be dried. According to 

Akarslan (2012), the crop is located in trays or shelves inside an opaque drying chamber and 

heated by circulating air, warmed during its flow through a solar collector. These dryers are 

generally recommended for some perishables and fruit, the vitamin content of which is 

reduced considerably by direct exposure to sunlight (Ekechukwu and Norton, 1997; 

Belessiotis and Delyannis, 2010).  They have a higher drying rate than direct solar dryers 

and open sun dryers, because of higher operating temperatures. Nahar (2009), tested the 

direct and the indirect solar dryer on onion, tomato, turmeric, coriander, okra, fengreek and 

mint. It was found that it took 20% more time to dry using a direct dryer, compared to the 

indirect dryer. The limitation however, is that it requires a large capital investment and higher 

maintenance costs than direct dryers (Belessiotis and Delyannis, 2010). A typical indirect 

solar dryer consist of an insulated ducting, a drying chamber and a solar collector. This study 

intends to develop an indirect solar drying system because of its high efficiency and 

improved drying rate. In addition, introduction of this method will enable farmers to eneter 

the consumer market by producing marketable dried produce. This type of dryer is further 

classified by means of air circulation into natural (passive) and forced (active) dryers.  

 Comparison of Natural and Forced Convection Solar Drying Systems 

Natural convection solar dryers have natural air circulation. Forced convection utilises a fan 

for air circulation (Hii et al., 2012). Natural convection solar dryers are reported to improve 

the drying time by 30-40%, compared to open sun drying (Berinyuy et al., 2012). However, 

they have a lower drying capability than forced convection dryers. Therefore, forced 

convection dryers are preferred for large-scale commercial operations, because the drying 

parameters can be varied (Sharma et al., 2009). Availability of drying technology for 

commercial operations has led to limited research on suitable options for small-scale farmer 

operations. Comparing the performance parameters in Table 1.4, it was found that the 

efficiency of the drying systems is relatively the same. However, the drying time differs. 

Research studies indicate that, reduction of drying time significantly retains product quality 

in terms of colour and reconstitution properties. Khazaei (2006) found that the drying time 

for forced convection is 55% shorter than natural convection (see Figure 2.9). In conclusion, 
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forced convection is a better option than natural convection drying systems. However, the 

capital and operational costs increases because of the fan. This study intends to adopt the 

naturally-ventilated solar dryer and improve air circulation through a wind ventilator. This 

will allow for a cost effective solution which will benefit small-scale farmers in the Limpopo 

province of SA 

 

 

 

 

 

 

 

 

 

Figure 2.9 Drying time of force convection and natural convection drying (after Khazaei, 2006) 
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Table 2.4 Comparison of the performance parameters of natural and forced convection solar dryers 

Type of dryer Produce (mass, 

kg) 

Relative humidity 

(%) 

Temperature (℃ ) Velocity 

(m.s-1)  

Average solar radiation 

(W.m-2) 

Drying period 

(hrs) 

Efficiency 

(%) 

References 

  Initial Final Ambient Average      

Forced 

convection 

Mushroom (160) 89.41 15 37 66.5 0.2 273-885 8 34.6 Bala et al., 

2009 

 Forced 

convection 

Moringa leaves 80 10 25 46.5 5.37 320  

      

24-30 25 Amedorme et 

al., 2013 

Forced 

Convection 

Mango 85 10    - 60, 50 and 

44 

0.5    - 8.8, 11.6 and 

13.2 

- Mercer, 2012 

Natural 

convection 

Mango (9.80 ) 84 11.1 34 69 0.49 319 39 29.5 Schiavone, 

2011 

Natural 

Convection  

Mango (100 ) 81.4 10 30 70 2 231.5 20 30 Akoy , 2014 

Natural 

convection 

Tomato, mango, 

fresh okra, carrot 

and onion (10) 

93, 88, 

88, 88 

and 87 

4, 6, 4, 5 

and 6 

31.4 49.9, 

50.5, 

52.29, 

49.9 and 

51.17 

1.32 570 34, 36, 28, 35 

and 30 

- Eke, 2013 
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 Improving the Efficiency of Solar Dryer 

As noted in the previous section, natural convection solar dryers are not efficient because 

they have a lower drying rate than forced convection driers. Therefore, several innovative 

features are implemented to improve the efficiency. These include incorporating a wind 

ventilator, a chimney, and the use of heat storage, as described in sections below. 

 Wind ventilator 

A wind ventilator runs on wind only and creates the necessary draught that maintains a good 

airflow through the solar dryer. It is implemented to enhance ventilation in natural 

convection solar dryers. Chandak et al. (2006) found that dryers underperform when 

naturally ventilated. A wind ventilator induces ventilation, by drawing out hot air from the 

drying cabinet. Bolaji and Olalusi (2011) substantiated this by evaluating the performance 

of a solar wind-ventilated cabinet dryer. It was found that the solar dryer efficiency improved 

from 31.2% to 46.7% when a wind ventilator was incorporated. Therefore, this study will 

include a wind ventilator in order to improve air circulation in the system which results in 

improved drying efficiency. 

 Solar chimney 

A solar chimney is another way of improving the ventilation rate in naturally ventilated 

dryers, this also prevents stagnation (Chen and Qu, 2001). A solar chimney consist of an 

internal absorber wall, which uses radiant energy to heat up the air in the chimney. It operates 

by increasing the buoyancy force, which is directly proportional to the difference between 

mean air density within the chimney and the density of the outside air. Chen and Qu (2001) 

evaluated a solar chimney drying system with a porous absorber. The porous absorber 

increased the heat transfer area and coefficient than a non-porous absorber. In addition, the 

airflow temperature and velocity at the outlet of chimney also was increased. Buchinger and 

Weiss (2002), indicated that solar chimneys have shown success in areas where the heated 

air is in surplus of 10-30℃. Solar chimneys are only applicable to forced convection dryers 

because they create a pressure difference, which then improves the performance. 

Consequently, the chimney in natural convection may not have any significance. As a result 

a solar chimney will not be incorporated in the design. 
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 Heat storage  

The performance of solar dryers can also be enhanced by incorporating thermal heat storage, 

either in the form of sensible heat or latent heat. Solar radiation is recovered for use during 

low sunshine periods. Common applications of sensible heat are, gravel bed, sand, clay and 

concrete (Mohnraj and Chandrasekar, 2009). Heat storage maintains consistent drying 

temperature and also improves the drying rate. Berinyuy et al. (2012) evaluated a natural 

convection solar dryer with heat storage provided by crushed basalt rocks. It was found that 

the drying rate was improved by 30-50%, compared to open sun drying. Many researchers 

have successfully applied thermal storage. However, Badgujar (2012), indicated that the 

equipment used is for sensible and latent heat storage is impractical for solar drying. 

Therefore, because the solution provided in this study is for small-scale farmer thermal 

storage will not be considered as a feasible solution. 

 Modelling of solar dryers 

Mathematical modelling of the drying process of agricultural produce allows the prediction 

of their behaviour during the removal of water. Many researchers use thin-layer drying 

models, such as the Exponential, Henderson and Pabis, Two-term, Logarithmic, Page, 

Thompson and Wang and Sing, as describe in Table 2.5 (Belessiotis and Delyannis, 2010). 

In these models the experimental Moisture Ratio (MR) is determined by the Ficks diffusion 

Equation 2.4: 

𝑀𝑅 =
𝑀𝑡 − 𝑀𝑒

𝑀𝑖 − 𝑀𝑒
= 𝑒−𝑘𝑡                                                                                      (2.4) 

Where MR (dimensionless) is the moisture ratio, Mt (%) is the dry basis moisture content at 

any time‘t’, Mi and Me (%) are the initial and equilibrium dry base moisture content, k is the 

drying rate constant per minute and t (min) is the drying time. To select a model which best 

describes the drying process the correlation coefficient (R2) is the primary criteria used. The 

reduced chi-square (𝑋2) and the root mean square (RMSE) are used to determine the quality 

of the fit. 
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Deshmukh et al. (2014) tested a mixed mode solar cabinet dryer for drying freshly harvested 

ginger from a moisture content of 61.50% to a moisture content of 12.19% dry base. Drying 

curves showed that drying occurred during the falling rate period and no constant period was 

observed. The data was fitted in five thin layer drying models and the Page model was found 

to be more suitable in describing the drying kinetics of ginger in a solar dryer under natural 

convection. 

Darvishi et al. (2013) tested a laboratory scale microwave-convective dryer for green 

peppers, at microwave power of 180, 360, 540 and 720W. The moisture reduction was from 

2.894 to 0.1 kg-1 dry matter. The drying data was fitted to the drying the models and the 

Midilli Model was a best fit to the experimental data. It had the highest R2 of 0.927, and the 

lowest RMSE of 0.2065 and X2 of 0.0555. 

Akpinar et al. (2005) tested parsley leaves in a forced convention solar dryer, with an air 

flow rate of 1 m.s-1 and temperatures of 56, 67, 85 and 93℃ and open sun drying. The drying 

process took place in the falling rate period. The drying data was fitted to ten drying models. 

It was found that the Page Model was the best fit for forced convection dryer and the Verma 

Model was best fit for open sun drying. This was determined by comparing the coefficient 

(R), reduced chi-square (X2) and the root mean square error (RMSE). 

This study intends to fit in ten drying models on the drying data to illustrate the drying 

process of mango fruit. As illustrated in the above studies, models have been successful in 

describing optimal conditions for operating dryers, as well as the drying process. 
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Table 2.5 Thin layer drying models 

Model name Model Equation References 

Lewis  𝑀𝑅 = exp (−𝑘𝑡) Deshmukh et al. (2014) 

Page 𝑀𝑅 = exp (−𝑘𝑡𝑛 Wang et al. (2007) 

Modified Page 𝑀𝑅 = exp [(−𝑘𝑡)𝑛] Hayaloglu et al. (2007 

Henderson and 

Pabis 

𝑀𝑅 = 𝑎𝑒𝑥𝑝(−𝑘𝑡) Motevali et al.(2011) 

Wang and Sing 𝑀𝑅 = 1 + 𝑎𝑡 + 𝑐𝑡2 Tahmasebi et al. (2011) 

Logarithmic 𝑀𝑅 = 𝑎𝑒𝑥𝑝(−𝑘𝑡) + 𝑐 Yaldiz and Ertekin (2001) 

Two-term 𝑀𝑅 = 𝑎𝑒𝑥𝑝(−𝑘𝑡) + (1 − 𝑎) Hayaloglu et al. (2007) 

Midili 𝑀𝑅 = 𝑎𝑒𝑥𝑝(−𝑘𝑡𝑛) + 𝑏𝑡 Midilli et al. (2002) 

Verma et al. 𝑀𝑅 = 𝑎𝑒𝑥𝑝(−𝑘𝑡) + (1 − 𝑎)exp (−𝑔𝑡) Hayaloglu et al. (2007) 
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 DISCUSSIONS AND CONCLUSIONS 

The South African population is increasing rapidly. Estimates by STATS SA indicate that 

by 2035 the population will be at 82 million people. Agriculture is the basis of food 

production and therefore the activities need to meet the food demands of the rapidly growing 

population. It has been found that small-scale farmers are able to produce more than their 

immediate consumption needs. However, they experience high postharvest losses which can 

be up to 50% (Mashau et al. 2012). Studies reveal that the population demands can be met 

if these losses are significantly reduced. Consequently, much research has focused on 

conventional drying technologies such as, freeze drying, microwave drying and vacuum 

drying to reduce postharvest losses. However, the available technologies are not affordable 

for small-scale farmers because of high capital and running costs. The energy scarcity and 

high electricity tariffs experienced in South Africa also limit the resource poor farmers from 

attaining such technology. The use of solar energy as an alternative energy source to 

electricity was found to be a solution, because it is sustainable. Therefore, this study proposes 

to develop a solar dryer. Literature studies indicate that drying reduces the impact of 

microbial activities, physiological deterioration and further handling of produce, which 

causes mechanical injuries. This is done by reduction of water activity of the produce. 

South Africa receives enough solar radiation which can be used for energy-intensive 

processes such as drying (Rajkumar, 2007; Fluri, 2009). It was found that open sun dryers 

are commonly used globally by small-scale farmers. However, it is reported that they alter 

the nutritional structure of fruit and vegetables, thus producing low quality produce which 

is not acceptable for human consumption, according to international standards (Rajkumar, 

2007).  Fluidized bed, microwave and vacuum dryers are more efficient than open sun 

dryers. However, small-scale farmers cannot afford them, because they either require high 

level of expertise for operation or a high capital and running cost. Solar dryers were found 

to be an improvement to open-sun drying and consist of a collector and a drying chamber. 

To harness solar energy, flat plate and evacuated tube collectors were considered as options. 

It was found that evacuated tube collectors have a relatively higher efficiency than flat plate 

collectors for indirect type dryers, which is the option for this design. The solar collector will 

be placed at 30° facing north, to harness the peak solar radiation. The ventilation/air flow of 
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the solar system is one of the important factors, apart from temperature and relative 

humidity, which influences the performance of a solar dryer. Literature studies found that 

naturally-ventilated solar dryers have a lower drying rate than forced ventilation dryers. 

Supposedly, this contributes to the quality of produce being compromised (Akoy, 2014). 

Therefore, innovative options such as the use of thermal storage, solar chimney and a wind 

ventilator were considered to improve the drying time and rate. It was found that a wind 

ventilator was the option which could be beneficial for a naturally-ventilated system. The 

study has identified a research gap in solar drying, which is improving the performance 

through the development of a naturally-ventilated indirect solar dryer for them to be 

beneficial for small-scale farmers. It was also considered to study the drying process by 

using models. This is because they have been successfully used to establish the optimal 

drying conditions.  

The literature review suggests that developing a solar dryer with improved ventilation can 

be a solution which may benefit most small-scale farmers. These are usually resource-poor 

farmers who are dependent on agriculture for their livelihood improvement. However, they 

are not necessarily able to meet their livelihood needs because they are not able to make a 

profit from all their produce. Preservation by drying has been proven to provide a simple 

technology, which small-sale farmers are already familiar. It also provides new business 

ventures and opportunities to enter the local fruit and vegetable markets. 
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 PROJECT PROPOSAL 

The proposal section intends to highlight the following aspects of the study: (i) problem 

statement, (ii) project rationale, (iii) aims and objectives, (iii) design considerations, (iv) 

testing and design methodology, (v) data analysis methods, (vi) health, safety, environmental 

considerations, and lastly (vii) the design approach and project schedule. These aspects 

indicate the purpose of designing the naturally-ventilated solar dryer, the design, testing and 

evaluation procedure and also the project’s plan.  

 Problem Definition 

Despite the fact that small-scale farmers in developing countries, including South Africa are 

able to produce 80% of the fruit and vegetables (Murthy, 2009), they cannot rely on 

agriculture for livelihood. This is primarily because they lose approximately 50% of fresh 

produce before it reaches the consumer market. Fruit and vegetables are perishable, and they 

contain more than 80% moisture. Therefore, they can lose their quality easily, due to poor 

and inappropriate postharvest handling technologies (Sagar and Kumar, 2010). Mango is the 

main subtropical fruit that is produced in the Limpopo Province, with a 75% production level 

compared to the rest of the country (Mashau et al., 2012). It can be consumed in its ripe form 

on its own, in fruit salads and also in its dried form. Studies indicate that there has been an 

increase in consumption of dried mango in SA (Mudau et al., 2012). However, this is one of 

the fruit which is reported to have relatively high postharvest losses for small-scale farmers. 

Conventional drying methods are efficient and are mostly used for large-scale operations. 

However, drying has been rated as one of the energy-intensive methods because it operates 

at relatively high temperatures, which can reach 70℃. It is not feasible for use by small- 

scale farmers because of the scarcity of electricity and high electricity tariffs in SA. As a 

result, farmers cannot afford to sustain a system which is run by electricity and at the same 

time be able to sustain their livelihoods. 

 Rationale    

There are a variety of options available for food preservation. However, because of the 

capital costs, performance and application for small-scale operations, drying was considered 
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as the best solution for the preservation of fruit and vegetables. This is more specifically 

considering that farmers in the Limpopo Province are able to produce more than their 

immediate consumption needs. This provides an opportunity for farmers producing mangoes 

and selling them as street vendors to establish a business by producing dried mango, to avoid 

massive losses. Solar drying was considered as a sustainable drying technology, as it is more 

efficient than sun drying and also has no energy requirements.   

 Hypothesis 

The hypothesis of this study is as follows: 

 The performance of naturally-ventilated solar dryers is dependent on the relative 

humidity and temperature. 

 The quality of dried fruit is determined by microbial load, rehydration characteristics 

and the colour. 

 Drying models determine the optimal parameters for operating the dryer. 

 Aim and Objectives 

The aim of this project is to design, construct and evaluate the performance of a naturally- 

ventilated indirect solar drier with a wind ventilator. The specific objectives are: 

 to evaluate and assess performance of the solar dryer in terms of variation in the 

relative humidity and drying temperature during the drying process. 

 to evaluate the quality of dried mango, and  

 to determine the drying model which best describes the drying process. 

 Design Considerations 

The design is for an indirect naturally-ventilated solar dryer with a wind ventilator. The 

following aspects are to be considered when designing the prototype: 

 The physical features of the dryer, such as: (i) the dryer shape, (ii) size, (iii) collector 

area, (iv) the number of trays, (v) the material of construction, and (vi) size of wind 

ventilator. 
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 The daily solar radiation of Pretoria and the energy required to evaporate moisture. 

Bolaji (2005) describes the total useful energy and the tilt angle, as in Equation 4.1 

and 4.2, respectively. 

𝐸 = 𝐴𝑐𝐼𝑟𝑏𝜂                                                                                                             (4.1) 

𝑟𝑏 =
𝑠𝑖𝑛𝛿 sin(𝜎 −  𝛽) + 𝑐𝑜𝑠𝛿 𝑐𝑜𝑠𝑤 cos (𝜎 − 𝛽)

𝑠𝑖𝑛𝜎 𝑠𝑖𝑛𝛿 + 𝑐𝑜𝑠𝜎 𝑐𝑜𝑠𝛿 cos 𝑤
                                        (4.2) 

Where E (kJ) is the total useful energy required to evaporate moisture during drying, Ac 

(m2) is the area of the collector which is required to trap the solar radiation, I is the solar 

radiation incident on the solar dryer, rb (dimensionless) is the tilt factor, 𝜂 

(dimensionless) is the efficiency of the collector, 𝛿 (dimensionless) is the angle of 

declination, 𝜎 (dimensionless) is the latitude, 𝛽 (dimensionless) is the slope, 𝜃 

(dimensionless) is the angle between the incident beam flux and the normal to the plane, 

𝑤 and (dimensionless) is the hour angle. 

 The amount of moisture to be removed from 150 kg of mango fruit. Ogheneruona 

and Yusuf (2011) described the amount of moisture to be removed from a given 

quantity of a crop (MR) to reduce the moisture content to safe storage level, as in 

Equation 4.3 below. 

                   𝑀𝑅 =
𝑀𝐼(𝑀𝑂−𝑀𝐹)

100−𝑀𝐹
                                                                                                (4.3) 

Where MI (kg) is the initial mass of the drying sample, MO and MF (%) are the initial and 

final moisture content before and after drying. 

 The total drying time it takes to dry mango. Considering that the average solar 

radiation in South Africa is 5.5 kWh.h-2 for six hours (Fluri, 2009). Lasode (2004), 

describes the drying rate, as in Equation 4.4 below. 

𝐷𝑅 =
𝑀𝑅

𝑡
                                                                                                               (4.4) 

Where MR (kg) is the amount of moisture removed from the crop, t (hours) is the time it 

takes to remove water from a certain moisture level to the safe storage moisture content. 
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 The quantity of air required for drying. According to Basunia and Abe (2001), the 

quantity of air required for drying is described by Equation 4.5 below. 

           𝑀𝐴 = 𝜌𝑄𝐴𝑡                                                                                                           (4.5) 

Where 𝜌 (kg.m-3) is the density of air, QA (m3.s-1) is the volume flow rate of air and t (hr) 

is the drying time. 

 The pressure head for natural convection is described in Equation 4.6 below. 

    Δ𝑃 = 𝐻Δ𝜌𝑔                                                                                                            (4.6) 

Where H (m) is the height of the air column/chimney from the base of the dryer to the 

point of discharge, 𝜌 (kg.m-3) is the density of air and g (m2.s-1) is the acceleration due 

to gravity. 

 The air flow velocity for natural convection is proportional to the pressure gradient. 

Lasode (2004) describes this in Equation 4.7 below. 

𝑣 = 𝑠 (
Δ𝑃

𝑋
)                                                                                                              (4.7) 

Where v (m.min-1) is the air flow velocity, s (m4.N-1) is a constant which indicates the 

resistance offered by the sample air flow, X (m) is the depth of food bed in the drying 

chamber  

 Methodology 

The methodology section describes the research experimental site, design process, 

experimental design and treatments and material and methods. 

 Experimental site 

The design, construction and performance evaluation of the solar dryer will be carried out at 

the Agricultural Research Council - Institute of Agricultural Engineering (ARC-IAE), 

located at 25° 43’ 51.5S” and 28 ° 16’ 37.6” E in Pretoria, Gauteng Province of South Africa. 

This area experiences a maximum average ambient temperature of 28℃ and minimum 

average temperature of 8℃ (ARC-ISCW). The average relative humidity of the area is 55% 
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and receives an average daily radiation of 5.5 kWh.m-2. This site was selected based on the 

availability of research resources and equipment, such as skilled researchers and technicians, 

as well as a workshop with skilled artisans for its construction. 

  Design process 

A 150 kg capacity naturally-ventilated direct solar dryer will be designed to dry mango fruit. 

The collector will be selected, so that a temperature of 65℃ is achieved in the beginning of 

the drying process. It will have a wind ventilator for air circulation, and its operation will be 

under ambient conditions. 

 Experimental design and treatments 

This sections describes the experimental crop and also a procedure on how the experiment 

will be conducted. 

Selection of experimental crop 

Mango is an important crop which is mainly produced in the Limpopo Province of SA. 

Small-scale farmers producing and selling the crop experience high losses. This is mainly 

attributed to the high moisture content of mango during harvest, which is approximately 82% 

(Panchal et al., 2013). The fruit has a shelf-life of 12-16 days and it loses its marketable 

quality at 16 days of storage in ambient air conditions (Wavhal and Athale, 1989). This crop 

is classified as perishable, and was therefore selected as an experimental crop for testing the 

design of an indirect mode natural convection solar dryer.  

Experimental design 

The experiment will consist of two drying systems, namely sun drying and solar drying and 

will be replicated three times. Fresh, healthy, disease-free ripe Tommy Atkin mangoes will 

be used. A refractometer will be used to measure the total soluble solids to check the maturity 

of the produce. They will be washed, peeled, sliced to 3 mm thickness and then pre-treated 

before they are placed in the drying rack. An ascorbic acid solution (1% solution) will be 

used to treat the fruit. The solar collector will only be evaluated at a tilt angle of 30°. The 

sun dryer will consist of stainless steel screens with a wooden frame and a stand. 
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 Materials and methods 

Solar dryer experimental set-up 

A solar dryer will be designed, which will consist of a solar collector and a drying chamber. 

The following parameters will be measured (a) temperature, (b) relative humidity, (c) air 

velocity, (d) mass of product before, during and after drying and (e) solar radiation incident 

on the collector. Temperature, relative humidity and air velocity recordings and 

measurements will be taken at six different points of the drying system, namely, at the 

entrance and exit of the chimney, the collector’s absorber, the product surface, and the drying 

chamber. K-type thermocouples will be used for temperature measurements (Heilpron et al., 

2012; Charmongkolpradit et al., 2010). A digital weighing apparatus measures the mass loss 

of the product during the drying process (Koua et al., 2011). The solar radiation will be 

measured by a pyranometer Kipp and Zone CM 10 (Koua et al., 2011). An anemometer will 

be used to measure the air velocity, as described by Charmongkolpradit et al. (2010). 

Relative humidity measurements will be measured by a thermo-hygrometer 

(Charmongkolpradit et al., 2010).  

Quality Parameters 

Moisture content: It is used to determine the water loss of the samples during the drying 

process. It is measured by a digital weighing apparatus. The moisture content of dried 

produced is determined at two hour intervals using Equation 4.8. 

𝑀𝑑𝑏 =
𝑚𝑖 − 𝑚𝑓

𝑚𝑓
                                                                                                             (4.8) 

Where Mdb is the dry basis moisture content, mi is the initial moisture content and mf is the 

final moisture content. 

Rehydration: Rehydration characteristics are used to indicate the physical and chemical 

changes that occur during drying. Five grams of the dried sample is soaked in a 250 ml 

beaker containing 150 ml of boiling distilled water. The water is filtered through filter paper 

and the filtrates are measured. The rehydration ratio as described by Akoy (2014), Equation 

4.9 is: 
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    𝑅𝑒ℎ𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 =
𝑊2

𝑊1
                                                                                    (4.9) 

Where W2 (g) is the weight of the drained material and W1 is the weight of the dried material. 

Colour: It is measured by a chromameter (Dirkbasan, 2010) to indicate fruit freshness. The 

chromameter measures the brightness of the colour (L*), the hue range of the colours a*, 

where there is red (+) and green (-) and b*, which is the hue range of colours yellow (+) and 

blue (-). The total colour change (∆E), chroma (C), hue angle (H) and browning index (BI) 

are calculated from the total colour values using Equations 4.10-4.14 below described 

Maskan (2001); 

∆𝐸 = √(∆𝐿)2 + (∆𝑎)2 + (∆𝑏)2                                                                               (4.10) 

𝐶ℎ𝑟𝑜𝑚𝑎 = √(𝑎)2 + (𝑏)2                                                                                         (4.11) 

𝐻𝑢𝑒 𝑎𝑛𝑔𝑙𝑒 = 𝑡𝑎𝑛−1 (
𝑏

𝑎
)                                                                                         (4.12) 

𝐵𝐼 =
⌊100(𝑥 − 0.310⌋

0.71
                                                                                             (4.13) 

Where:    𝑥 =
(𝑎+1.75𝐿)

(5.645𝐿+𝐴−3.01𝑏)
                                                                                                   (4.14) 

Microbial load: The safety of dried produce is determined by the microbial load, which is 

determined as a total count of bacteria and fungi in the produce. This will be analysed before, 

during and after drying of the mango samples. A 10g sample of fresh and dried mango is 

placed in a conical flask containing 90 ml of 0.1% peptone water. The content is shaken 

using an electrical shaker at 150 rpm to release the bacteria trapped. A serial decimal 

dilutions from 10-1-10-6 is then prepared (Harrigan, 1998). The pour-plate method described 

by Harrigan (1998) is then used to determine the total microbial load by counting bacteria 

and fungi inside the samples. 
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 Data Analysis 

Quality parameters, temperature, relative humidity and velocity will be analysed by a 

statistical analysis by means of three replications. The data will be analysed to determine the 

significant difference by a one way ANOVA. Microsoft Excel will be used to do a regression 

analysis. The coefficient of determination will be used to statistically evaluate the models. 

The coefficient of correlation (R2) will be used as a primary criteria for selecting a model 

that is best fit to the experimental data (Rajkumar, 2007). 

 Resource Planning 

Funding for the project has been secured from the Agricultural Research Council (ARC). 

The resources required for the project to take place are as follows: digital weighing 

apparatus, K-type thermometer, refractometer, pynamometer Kipp, zone CM 10, 

anemometer, thermo-hygrometer, chroma meter, water, data analysis software, construction 

material, safety gear. The equipment will be acquired at the Agricultural Research Council-

Institute for Agricultural Engineering. Microbial load analysis will be done at a microbiology 

lab available in the Agricultural Research Council–Institute for Soil Climate and Water.  

 Design Skills 

The design of a solar drying system requires the application of knowledge from various 

disciplines, such as, thermodynamics, fluid mechanics, microbiology, food engineering, 

electrical and design engineering, material science, mathematical and physical sciences. The 

design also needs engineering and artisan skills for executing the project plan, as well as 

decision-making, and the ability to work independently when undertaking literary research 

and application. The use of computer applications such as Microsoft Office, Autodesk, and 

statistical analysis software is important for the organisation of technical report and the 

communication of the design outcomes.  

 Project Impact Assessment 

This section describes the social, health and safety, economic and environmental impacts of 

the projects. 
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Social aspects 

Solar technology is not fully accepted in rural communities. This is largely attributed to a 

lack of community user-end leadership and entrepreneurial intervention in rural energy 

market development (Liming, 2009; Wilkins, 2002). The solar drying system has the 

potential to increase the profits and increase the livelihoods of farmers. This is because the 

design will be adaptable in areas where there is no electricity and this will allow farmers to 

run sustainable businesses. 

Health and safety aspects 

The health and safety of a design is imperative, according to the Occupational Health and 

Safety Act of 1993. The microbial load analysis for dried mango fruit will be carried out 

according to the official microbial methods of the World Health Organisation 2005.  

Economic aspects  

The price of electricity in South Africa increases every year and Eskom cannot meet the 

current demand. Therefore, establishing a system that does not rely on grid electricity, 

eliminates the limitations in operation. Apart from reduced dependency on fossil fuels, 

farmers will be able to earn income through new business opportunities. 

Environmental aspects 

Solar energy plays a vital role in the mitigation of greenhouse gases and climate change. In 

a literature investigation by Kalogirou (2004) on the environmental benefits of solar energy 

technologies, it was found that solar energy technologies have three main benefits, namely, 

saving energy, job creation and a significant decrease in environmental pollution. 

 Design Project Schedule 

The design, construction and performance evaluation of the solar drying system is projected 

to be undertaken in four stages, including: (a) literature research and the drawing up of a 

project proposal, (b) the theoretical design and preparation of a report, (c) project 

construction and evaluation, and (d) the final report detailing the theoretical design and 
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evaluation results, and the presentation thereof. The activities of this project are outlined in 

a project plan (Figure 4.1) which also highlights their duration. It is planned that the project 

will be completed in April 2016



  

44 

 

Table 4.1 Project plan 

PROPOSED PROJECT PLAN, ACTIVITIES AND DELIVERABLES 

Task no Activities and deliverables 

2014 2015 2016 

J J A S O N J F M A M J J A S O N D J F M A M J J A S O 

1 Literature review and project proposal                                                         

1.1 Literature review                                                         

1.2 Project proposal drafts                                                        

1.4 Final draft                                                         

2 Design of direct solar dryer                                                         

2.1 Theoretical design and Bill of quantities                                                         

2.2 Design drawings                                                          

3 Construction                                                         

3.1 Material acquisition and construction                                                         

4 Performance Evaluation                                                         

4.1 Testing at one of the ARC-Institutes                                                         

5 Data analysis                                                         

6 Design report write-up                                                         
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