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Abstract 
After harvest and storage problems are major dilemma, which requires to be 
looked into carefully in developing nation like Nigeria. This paper presents a 
development of low-cost hybrid solar dryer for food preservation with the ob-
jective of setting optimum drying parameters for the preservation of cassava 
and tomato products. The work was carried out by designing, constructing 
and finally evaluating the hybrid dryer for effective performance. The optimi-
zation of the drying parameters was done using composite technique (Re-
sponse surface method). The assessment of the dryer shows that 150 Kg cas-
sava mesh and 5000 grams of tomato with 35% and 94% moisture content, 
respectively were dried to 100 Kg and 334 g with 10% moisture level for 4 
hours and 11 hours respectively, for cassava and tomato. The optimization 
result shows that the dryer will perform optimally with drying temperature of 
62˚C and 48˚C for cassava and tomato respectively with 24% and 91% moisture 
uptake. Therefore, sustainable techniques for preservation of food are essentially 
required. Hybrid solar dryer is an alternative to consider in the situation. 
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1. Introduction 

Drying process is one of the ubiquitous forms of conservation of food items that 
prolongs the food item’s shelf life. This type of operation is described as concur-
rent energy and mass transfer where water content is withdrawn from food ma-
terial via superheated air [1]. A solar heating device is harnessed to boost the 
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thermal energy stored in the dryer in the day time, or draw excess heat from the 
dryer to the heat storage area [2]. In less developed nations, the conventional 
type of drying is by open air, which usually increases the rate of food contamina-
tion and nutritional deterioration [2]. As a result of recent tides toward exorbi-
tant cost implication of fossil fuels and skepticism toward oncoming cost, avail-
ability and sustainability, utilization of solar energy in food conservation has 
presumably increased, thus becomes highly profitably realistic in the future. 

Solar dryers have merits over the conventional sun drying if correctly de-
signed [2]. Quick drying rate has been provided by heating the air above am-
bient temperature, thereby allowing the air to move faster through the dryer. As 
good as the use of dryer in combating the risk of food spoilage and improving 
nutritional quality, caution must be taken when drying some vegetables in that 
spontaneous drying will lead to mass destruction of the product. 

Several works were conducted on solar dryer to test the energy efficiency and 
cost effectiveness using different kinds of foods and vegetables. According to 
Sharma [3] drying of tomatoes and mushrooms can be cost and energy effectual 
with solar dying. According to Karathanos and Belessiot [4], solar drying expe-
riments were flourishingly implemented with currants, plums and apricots 
fruits. Also, Bala et al. [5], a tunnel dryer covered with a flat plate solar collector 
was utilized in the drying of slices of pineapple. A direct kind of congenital con-
vective solar dryer was examined with fruits making interactions between drying 
kinetics and heat balance (Gbaha et al. [6]. Thepent [7] tried out a combined so-
lar tunnel dryer with biogas for perpetual uninterrupted drying of banana and 
mango. The dryer worked under solar radiation during the day and make use of 
the biogas as an auxiliary heat source, operating simultaneously both day time 
and night time. Desiccants are a chemicals related adsorbent, which sponges 
moisture that comes with physical and chemical changes [8]. Majority of absor-
bents are mostly liquids and solids. Silica gel has strong affinity moisture and re-
leases it at a higher temperature. A fixed desiccant bed was used in a solar dryer 
during day and extended the drying process through nighttime [9]. Riyad and 
Jacques [10] adopted a fixed silica gel bed integrated to an apricot solar dryer to 
shortening the drying cycle from 55 to 44 hours. Gurtas and Evranuz [11] uti-
lized low temperature up to 40˚C silica gel for drying mushrooms lowering the 
Maillard browning reaction rate. 

This paper is aimed at developing a low-cost sustainable hybrid solar dryer for 
vegetables and tubers (tomatoes and cassava) with the objectives of examine the 
energy efficiency of the dryer in term of drying time of the products and the op-
timisation of the drying parameters for the dryer. 

2. Materials and Methods  

Study Site 
Ogun is a state in south western part of Nigeria created in 1976. It borders 

Lagos state in south, Oyo and Osun states to the north, Ondo to the east and 
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Republic of Benin to the west. It is located on the map with coordinates 7˚N, 3˚ 
35"E with a total population of 3,751,140 (2006b Census). It has land mass of 
16,980.55 km2 and total GDP/Capital of $2740 [12].  

A sustainable drying system remains a captious factor for the design and con-
struction of food preservation systems in Nigeria, particularly in the rustic 
communities. As part of the alms toward ameliorating drying technology in Ni-
geria, development of a hybrid solar drying system was initiated. The dryer was 
installed at Olokola Farm in Obafemi-Owode Local Government of Ogun-State, 
Nigeria purposely for drying of mash cassava tubers for conversion to other 
products like Laafun or Starch and also other perishable edibles. 

2.1. Design Description 

The design integrates solar and indirect heating drying apartment. The roof of 
the constructed drying facility was covered with white thermo plastics and the 
inside bears trays on an elevated platforms. The dryer utilizes solar energy amid 
daytime while heat is provided via the apartment in the evening to further dry-
ing, if necessary. The heating apartment was constructed with hollow drum fit-
ted from outside. The maximum drying temperature reached was 65˚C with a 
drying mass rate of 100 - 160 kg wet mash/day and an average final moisture 
content of 10%. The processors now have advantage of working their products 
any time with little or no reliance on the use of wood.  

2.2. Design Consideration 

Design of the Dryer 
The system comprises of four parts, the drying apartment constructed with 

brickwork scaling 6.8 m in length and width respectively, with four sides without 
window. The openings with net provide vents (lower and upper) for moisture 
escape and permits natural air flow in the system. The polycarbonate material 
serves dual purposes as roof and solar radiator. Two aluminium drums inserted 
to the back wall and projected into the drying apartment provide means of ra-
diating heat into the apartment. There are two alternatives to consider in placing 
the products; a rack system or an elevated metal stand. The elevated stand type 
was chosen due to easy adaptability of the design whereby the surface for drying 
was designed with stainless steel and angle iron as stands. The surface for drying 
is twice it degree as energy receptor when the surface is illuminated. Heat is re-
served and alienated unto the product to be dried by spreading thinly on it. 

Design of the Drying Apartment 
The major design considerations of the drying apartment are listed as follow: 

[13]. Figure 1 shows the design of the drying chamber. 
1) Size in mass of product to be dried per batch or day and capacity of the 

drying cabinet to contain the material. 
2) Cubage of the dryer (kg/batch). 
3) Method of loading and removing the product. 
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Figure 1. Design of the Drying Chamber. Source: [2]. 

 
4) Materials for dryer and tray fabrication. 
5) Modality of channeling hot air through the product to be dried. 
6) Potent dissemination of hot air through the dryer. 
7) Openings as a means of escape of the warm moist air from the drying 

apartment. 

2.3. Thermodynamics of Drying within Chamber 

The mass of hot air that is necessary to dry specific mass of the product is de-
termined as follows: 

Energy Balance Equation  
The energy balance equation expresses the concept as follows: 
The energy accessible from the air via the product in the dryer must be the 

same as energy required to vapourise the moisture content. The withdrawal of 
moisture from a surface via vapourization demands a measurable heat equitable 
to the latent heat of vapourization of water plus an amount of air flow over the 
surface of the product to push away the water vapour released. Therefore, the 
expectation in solar dryer is to achieve optimum temperature Tf and air flow ma 
to drive away certain amount of water, mw. Therefore, it is calculated thus: 

( )w F a pim L T T m C= −                      (1) 

where mw is the mass of water vapourized, L is the latent heat of vapourization, 
ma is the mass of air disseminated, Cp is the specific heat capacity of dry air and 
Tf, Ti are the final and initial temperatures respectively. 

Consequently, the volume of air can be determined using gas laws: 

air a

v v

V m RT
m m P

  =   
  

                        (2) 

Therefore, a
air

m RT
V

P
=                           (3) 

where mw, the quantity of water vapourised can be evaluate from moisture ratio 
scale, or using energy balance equation. Due to the fact that vapour pressure of 
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bound water in hygroscopic material is less than saturation, the impact of bound 
water is also to be taken into consideration. Also, the value of the vapour pres-
sure must be relatively higher than the latent heat value selected. The expres-
sions are useful in evaluating different parameters as mentioned. For this pur-
pose, these were used in evaluating the mass of air needed for drying tomatoes 
and mashed cassava tuber products [14]. 

Table 1 shows the moisture contents and permissible temperature for differ-
ent products. 

2.4. Performance Evaluation of the Hybrid Dryer 

The following criteria were taken to consideration in the evaluation of the dryer: 
1) Direct technique of trapping solar energy 
2) Drying temperature in the range of 50˚C - 70˚C 
3) Discretional method of heating 
4) Direction of air flow. 
An unload examination of the heat gradient of the developmental dryer was 

carried out on the 15th of January 2016 with temperature condition, warmest 
(32.2˚C), coldest (22.4˚C) and precipitation (1 mm) The temperature was 
clocked at the space of 20 minutes interval by means of Hobo data clocking de-
vice which was set on the stainless steel drying surface. A maximum temperature 
of 65˚C was achieved, which was within the limit of design consideration tem-
perature acceptable for drying cassava and some other edible products. 

5000 g of fresh tomatoes and 150 kg of pulverized cassava mash with a mois-
ture content of about 94% wet basis and 35% wet basis respectively were packed  
 
Table 1. Summary of moisture contents with permissible drying temperature for different 
products. 

Products 
 Permissible Drying 

Temperature (˚C) Initial Moisture (%) Final Moisture (%) 

Maize 35 15 60 

Carrots 70 5 75 

Wheat 20 16 50 

Onions 80 4 55 

Potato 75 13 75 

Fish 75 15 50 

Banana 80 15 70 

Coffee 50 11 75 

Cotton 50 7 75 

Ground nut 40 9 30 

Leather 50 18 35 

Fabrics 50 8 75 

Source: [15]. 
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into the dryer at 8:05 AM and 12.05 PM respectively, to achieve a targeted 10% 
moisture content simultaneously (minimum permissible moisture content). The 
moisture content of the products was measured with a moisture meter at space 
of time of twenty minutes. The energy utilized for the dryer was gotten from the 
solar rays and addition heat from the drying chamber. 100 kg dry weight of cas-
sava was weighed after drying time of 4 hours, while 334 g dry weight of toma-
toes was weighed after drying time of 11 hours at the targeted moisture content 
of 10% for both products. Figure 2 and Figure 3 show the physical structure of 
the drying chamber and the progress of drying process of the products respec-
tively. 

The optimisation of the drying process was done using response surface me-
thodology. 

3. Results and Discussion of Results 

Table 2 and Table 3 show the results of the drying process of cassava and to-
matoes. 

Figure 4(a) and Figure 5(a) show the drying profiles for cassava and tomato 
products. These were responses of the products to drying temperature of the  
 

 
(a)                                (b)                               (c) 

Figure 2. (a) Drying House; (b) Plastic Roof; (c) Heating Chamber. 
 

 
(a)                                (b)                               (c) 

Figure 3. (a) Drying testing; (b) Cassava Drying in Progress; (c) Tomato Drying in Progress.  
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Table 2. Summary of drying process of cassava products. 

Drying 
Temp (˚C) 

Drying 
Time (Min) 

Mass on Wb 
(Kg) 

mass on Db 
(Kg) 

mass of 
H2O 

% moisture 
retained 

% moisture  
uptake 

60 12:05 150.00 97.00 52.50 35.00 0.00 

62 12:25 146.50 97.00 49.10 32.70 2.30 

62 12:45 142.00 97.00 44.50 30.40 2.30 

65 13:05 136.40 97.00 38.90 27.40 3.00 

65 13:25 130.70 97.00 33.28 24.40 3.00 

65 13:45 124.80 97.00 27.59 21.10 3.30 

65 14:05 119.96 97.00 22.58 18.10 3.00 

63 14:25 115.50 97.00 18.00 15.10 3.00 

64 14:45 112.60 97.00 15.00 12.60 2.50 

64 15:05 109.80 97.00 12.40 11.10 1.50 

63 15:25 109.00 97.00 12.10 10.60 0.50 

64 15:45 107.00 97.00 10.90 10.20 0.40 

60 16:05 100.00 97.00 3.00 10.00 0.20 

 
Table 3. Summary of drying process of tomato products. 

Drying 
Temp (˚C) 

Drying Time 
(Min) 

Mass on 
Wb (g) 

Mass on  
Db (g) 

Mass of 
H2O 

%moisture  
retained 

%moisture  
uptake 

31 08:05 5000.00 300.00 4700.00 94.00 0.00 

31 08:25 4940.00 300.00 4640.00 92.80 1.20 

33 08:45 4825.04 300.00 4525.00 91.60 1.20 

34 09:05 4642.54 300.00 4342.54 90.10 1.50 

36 09:25 4399.36 300.00 4099.36 88.30 1.80 

36 09:45 4105.44 300.00 3805.45 86.50 1.80 

40 10:05 3752.68 300.00 3452.68 84.10 2.40 

42 10:25 3365.94 300.00 3065.94 81.70 2.40 

43 10:45 2969.19 300.00 2669.19 79.30 2.40 

48 11:05 2565.49 300.00 2265.49 76.30 3.00 

52 11:25 2167.67 300.00 1867.68 72.80 3.50 

55 11:45 1826.05 300.00 1526.04 70.40 2.40 

60 12:05 1534.41 300.00 1234.41 67.60 2.80 

62 12:25 1294.30 300.00 994.30 64.80 2.80 

62 12:45 1102.46 300.00 802.47 62.00 2.80 

65 13:05 942.73 300.00 642.73 58.30 3.70 

65 13:25 814.73 300.00 514.73 54.60 3.70 

65 13:45 714.70 300.00 414.70 50.90 3.70 

65 14:05 637.91 300.00 337.34 47.20 3.70 

63 14:25 583.68 300.00 283.23 44.40 2.80 

64 14:45 542.81 300.00 242.81 41.60 2.80 

64 15:05 511.15 300.00 211.15 38.90 2.70 
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Continued 

63 15:25 486.06 300.00 186.06 36.40 2.50 

64 15:45 464.77 300.00 164.77 33.90 2.50 

60 16:05 446.40 300.00 146.40 31.50 2.40 

58 16:25 429.95 300.00 129.90 29.10 2.40 

55 16:45 415.22 300.00 115.23 26.80 2.30 

42 17:05 401.73 300.00 101.73 24.50 2.30 

42 17:25 389.18 300.00 89.18 22.20 2.30 

40 17:45 378.62 300.00 78.62 20.20 2.00 

33 18:05 369.67 300.00 69.67 18.40 1.80 

33 18:25 361.36 300.00 61.36 16.60 1.80 

34 18:45 353.84 300.00 53.84 14.90 1.70 

34 19:05 346.71 300.00 46.71 13.20 1.70 

34 19:25 339.87 300.00 39.87 11.50 1.70 

34 19:45 333.99 300.00 33.99 10.00 1.50 

 

 
(a)                                              (b) 

Figure 4. (a) Drying profile for cassava product; (b) Moisture uptake profile for cassava product.  
 
dryer per time. In Figure 4, the drying of cassava started at 12:05 pm in the 
mid-day at the drying temperature of 60˚C. Between the periods of 12:05 - 1:05 
pm, the drying temperature steadily increases to 65˚C. The temperature was very 
high at this period as a result of combination of heat from the drying chamber 
and solar energy. A steady drying temperature was observed at 65˚C for about 
an hour during the course of the drying process. The temperature flunctuately 
dropped between 64˚C and 63˚C at 2:25 to 3:45 pm, which finally dropped to 
60˚C at 4:05 pm. The flunctuating drop in the drying temperature was due to 
drop in solar energy (weather condition). 

In Figure 6, the drying process for tomato commenced at 8:05 am with drying 
temperature of 31˚C. The drying temperature was very low at this period due to 
only heat from the drying chamber was available for the drying process. A steady  
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(a) 

 
(b) 

Figure 5. (a) Drying profile for tomato product; (b) Moisture uptake profile for tomato 
product. 
 

 
Figure 6. Optimum parameter Response of Cassava product.  
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increase in the drying temperature was observed from 31˚C to 65˚C between 
8:05 till 1:05 pm. This was due to the fact that solar energy was gradually been 
introduced into the drying process. A steady drying temperature was observed at 
65˚C for about an hour during the course of the drying process. The drying 
temperature steadily falls from 65˚C to 34˚C at 2:25 pm down till the end of the 
drying process at about 7:45 pm. This could be traced to the decrease in solar 
energy, thus limiting the drying process to the heat from the drying chamber. 

Figure 4(b) and Figure 5(b) show the rate of moisture uptake of cassava and 
tomato products respectively. In Figure 4(b), there was a steady increase in the 
percentage moisture uptake of cassava up to the tune of 3% from the start to 
about 2 hours into the drying process. At that time, 79% of the moisture had 
been vaporised. This is achievable due to the fact that the dryer was operating at 
the maximum design temperature of 65˚C. The percentage moisture uptake was 
gradually reducing thereafter until the 10% targeted moisture level was achieved. 
In Figure 5(b), steady rate of moisture uptake was also observed at the initial 
stage to a tune of 3.5% within 4 hours of the drying process. A sharp decrease 
from 3.5% to 2.4% in the rate of moisture uptake was observed during the 
process due to misbehavior in the material used in the combustion chamber 
thereafter was an increase to the tune of 3.7% moisture uptake. At that time, 56% 
of the moisture had been vaporised. The rate of moisture uptake was observed to 
decrease until the targeted 10% moisture level was achieved. Table 4 shows the 
output of the performance test for the hybrid solar dryer. 

Optimisation Results 
Drying process parameters were identified as drying temperature, drying time 

and percentage moisture uptake. The optimization of the drying parameters was 
carried out to determine the optimum values of the parameters that will yield the 
best result.  

Table 5 and Table 6 show the some optimum values for drying temperature, 
drying time and percentage moisture uptake for cassava and tomato products 
respectively, from series of solution using design expert software. From table 5, 
the best fit optimum parameters for cassava product are drying temperature of 
62.2˚C, at 13:26 drying time to achieve 22.84% moisture uptake. While for to-
mato products, the best fit optimum parameters are 48.77˚C drying temperature  
 
Table 4. Summary of the Performance Test for the Hybrid Solar Dryer. 

S/N Parameters Values 

1 Highest Temperature achieved 65˚C 

2 Light Illumination Capacity 90% 

3 Velocity of Air 0.1 m/s 

4 Final Moisture Content 10% 

5 Mass of Cassava after Drying 100 Kg 

6 Mass of Tomato after Drying 334 g 

7 Maximum Loaded Capacity 250 Kg 
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Table 5. Summary of the Optimum parameters for Cassava Product. 

S/N Optimum Drying Optimum Drying Optimum % H20 

 
Temperature (˚C) Time (Min) Uptake 

1 62.19 13.26 22.84 

2 63.64 15.50 21.27 

3 60.21 14.23 23.43 

4 60.25 14.02 23.42 

5 64.03 15.06 21.26 

6 61.28 15.25 22.42 

7 61.22 12.28 21.76 

8 62.83 14.21 22.71 

9 62.87 15.18 22.04 

10 60.89 14.17 23.2 

11 62.95 13.30 22.7 

12 61.61 14.46 22.81 

13 62.02 15.37 22.04 

 
Table 6. Summary of Optimum Parameters for Tomato Product. 

S/N Optimum Drying Optimum Drying Optimum % H20 

 
Temperature (˚C) Time (Min) Uptake 

1 42.11 10.26 90.45 

2 54.07 15.25 90 

3 32.48 19.16 87.45 

4 38.98 10.36 90.07 

5 59.28 13.93 88.79 

6 56.14 16.78 88.89 

7 48.77 13.40 91.13 

8 41.29 11.44 90.79 

9 57.44 14.85 89.22 

10 61.62 14.78 87.73 

11 50.18 13.41 90.98 

12 61.49 17.29 86.71 

13 34.65 16.46 89.41 

 
at 13:40 drying time to achieve 91.3% moisture uptake. Figure 6 and Figure 7 
show optimum parameters responses of cassava and tomatoes products. All the 
financial implication of design and construction of the hybrid dryer was shown 
in Table 7. 

Limitations 
1) Little or no control on the sources of heat made available in the dryer  
2) There is no consistency in the air flow over the product 
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Table 7. Bill of engineering material and evaluation of the hybrid dryer. 

S/N Items Quantity Unit Cost 
Estimated Cost 

(N) 
Estimated Cost 

($) 

1 Cement 80 bags 1500 120,000 286 

2 
Transparent Plastic Material 

(Roof) 
30 3000 90,000 214 

3 Moulded Bricks (6 inches) 100 1000 100,000 238 

4 Net 2 200 400 1 

5 Metal Drum 3 10,000 30,000 71 

6 Planks (Softwood, 1 × 12 × 12) 20 1400 28,000 67 

7 Planks for Ceiling) 20 800 16,000 38 

8 Nails 
  

10,000 24 

9 Stainless Steel 2 sheets 50,000 100,000 238 

10 Gravels (25 tons) 1 30,000 30,000 71 

11 Sand (25 tons) 2 15,000 30,000 71 

12 Paint/Accessories 
  

20,000 48 

13 Labour (Carpenter/Bricklayer) 
  

50,000 119 

14 Transportation to site 
  

20,000 48 

 
Total 

  
644,400 1534 

$1 is equivalent to N420. 

 

 
Figure 7. Optimum parameter Response of Tomato Product. 

4. Conclusion  

Solar system of drying is an encouraging technology for drying of food products 
for less developed country like Nigeria, where there is abundance in solar ener-
gy. This can reduce the post-harvest food spoilage which is a major challenge in 
the country to a large extent. Despite drying condition varies from one product 
to another, a dryer may be designed to accommodate different products with 
good checked of parameters such as temperature and the mass flow rate. The 
performance evaluation of the case study shows a successful design and an evi-
dence of a worthwhile sustainable technology that should be given mass puffery. 
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