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Abstract 

The objective of this study is to thermodynamically investigate the performance of solar dryers by delaying the 
airflow in the collector. For this reason, a triple air path on a single pass collector with the fan powered by a 
wind generator was developed and evaluated in a very humid climate. The evaluation parameters were drying 
efficiency, energy and exergy analysis, sustainability assessment, CO2 mitigation ability and effective moisture 
diffusivity of dried product.  The results showed that the collector efficiency of triple air passage path collector 
designs improved the direct passage collector by 119 %.  The overall collector and drying efficiencies were 8.43 
% and 2.6 % higher than the direct flow path collector. The specific energy consumption was 1.1033 kWh/kg 
while the specific moisture extraction rate was obtained as 0.273 kg/kW, respectively. The average exergy 
efficiency ranged between 38.09 % and 63.81 % while the waste exergy ratio, improvement potential and 
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sustainability index for the three dryers ranged from 0.00 to 1.13, 7.54 x 10-7 to 2.003 kW and 0.00 to 11.47, 
respectively. Using the solar dryers instead of the coal-powered dryer will mitigate more CO2 into the 
atmosphere in the range of   9741.334 to 21481. 476 tons of CO2 per year while using grid-based electricity will 
limit the least amount of CO2 in the range of 12.981 to 14.153351.50 tons of CO2  per year.  
 

Keywords: Collector design, energy and exergy based sustainability, Solar drying,  cocoyam, wind generator 

 

Nomenclature Greek Symbols 
AC Area of the collector (m2)  Transmittance 
Cp Specific heat (kJ/kg.K)  Absorbance of the plate 
es Specific exergy (kJ/kg)  Mass flow rate 
E Thermal energy (J)  Efficiency of the generator 
FR Overall heat removal factor v Volume of diesel generator 
h Enthalpy (kJ/kg)   
H Absolute humidity of the air (kg water kg dry air) Subscripts 
I Intensity of radiation (W/m2) a Air 
k Heating value of diesel bd Bone dried 
L Thickness (m) b Back or biomass 
L Latent heat of vapourization of (kJ/kg) or thickness of Cocoyam 

(m) 
e Edge or equilibrium 
f Final or fuel 

M Mass of product dried per day (kg/day) or                           
molecular mass (g/mol) or moisture content (db or wb) 

g Gas 
i Initial 

m Mass (kg) 0 Initial or reference state 
P 
 

Internal moisture pressure of the product or pressure (Pa) 
 

p Pebbles or planum 
r Radiation 

Q Heat (J) s Sun 
r Equivalent radius (m) t Top or time 
R Universal gas constant (kJ/kg.K) v Vapour 
S Entropy (kJ/kg. K w Water 
T Temperature (ºC)    
U Overall heat loss (W/m2 ºC)   
W Mass of moisture expelled from the product (kg)   
X0

v Molar ratio of water vapour in the air     
yi Mole fraction of chemical species in     the   gaseous mixture at 

these same conditions 
  

y0 Mole fraction of chemical species in the ambient air at reference 
temperature 

  
  

 

1. Introduction 

Drying is a technique of preserving farm and forestry produce that involves removing moisture to prevent the 

growth of organic microbes like mould, bacteria, fungi or insect attack, which causes spoilage [1, 2]. One of the 

ancient procedures applied in food preservation is to remove moisture as quickly as possible by applying a heat 

source. When the moisture in a product is high and warm, micro-organisms will grow quicker before the product 

is adequately dried [3]. Drying lowers the moisture content and increases the shelf life of the product. This will 

enable the farmer to sell their product at the right price and makes more money, which will strengthen their 

economic situation and improve the nutritional condition of the crop. However, drying is classified as a high 

energy-consuming process and is responsible for significant CO2 emissions [4]. Thus, using abundant solar 

energy in this operation presents an advantageous solution. Drying agricultural products, such as Cocoyam [5] 

in the open sunlight, is one of the oldest techniques used to keep perishable agro-products from spoilage. It is 

the traditional method of crop preservation in many developing countries because of its low cost [6]. However, 
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despite its low capital investment, open sun drying produces dried products of poor quality that might be 

contaminated probably due to long drying periods because of weather uncertainty [7].  To reduce the drying 

time, sun drying can be replaced with hot air drying [8] or solar drying [9]. However, hot-air dryers are energy-

intensive and expensive and ultimately increase the product cost [10] consuming between 7 % and 15 % of the 

industrial energy in the industrialized countries.  Solar drying maximizes the advantages provided by free solar 

radiation and optimizes the efficiency of drying using the energy radiating from the sun. [11]. The technology 

involves using a solar dryer, with a collector [12]. Furthermore, solar drying is regarded as one of the healthiest 

and most appropriate methods to preserve the quality of dry products [13]. Thus, the nutritional contents like 

vitamins of the dried products are preserved by drying using solar dryers [ 14].  

Different designs of solar-air dryers exist in literature and these dryers can be operated in passive mode 

by relying on natural air ventilation or in dynamic (active) mode by driving the convective air through the 

collector using a fan or blower which improves the drying rate [15].  Dynamic mode solar dryers have proven to 

outperform natural convection solar dryers. However, due to electricity penetration density in many developing 

countries adopting this in solar dryers is also a challenge.  Again, adopting a dynamic mode adds to the initial 

cost and most time requires extra components like an electricity source or solar panel with an inverter to power 

the fan. This additional cost coupled with low electricity penetration density discourages poor farmers from 

developing countries from adopting this technology. Therefore, to overcome the challenge of lack of electricity 

to power the solar dryer fans, a wind generator which depends on the wind without electricity can be used to 

power the fan [7]. The dynamic nature of wind and the enormous free energy it drives along can be tapped into 

powering the solar dryer fan. Therefore, any solar drying system that can drive the inlet air without electricity 

will encourage the adoption of solar drying in the drying process. The product dried can receive the heat directly 

or through the collector or both [16,].  This area of research in solar drying is also being exploited [7].    

The idea of developing a solar crop dryer is not new in concept but an effort to improve its 

performance with a better design concept is ongoing [17]. Southern Nigeria has high wind and low solar 

radiation intensity most time of the year, adopting solar drying is difficult.  The challenge is the humidity of the 

inlet air coupled with low solar intensity. This has denied farmers the benefit of adopting this low-cost drying 

system. Although most solar dryers design has a single-pass collector [18, 19], delaying the airflow in the 

collector to make it stay longer and develop fully the turbulence in the collector will likely aid the heat transfer 

between the solar collector absorber and the inlet air [20-]. This will enable the inlet air to shade some of the 

moisture at an elevated temperature above the ambient [21].  This area of research on fluid flow path through 

the collector is gaining attention and being investigated with different design configurations [22, 23]. The longer 

the fluid passage path and turbulence fully developed, the better the performance [24]. Thus, the proposed 

research aims to develop and investigate the effect of multiple air-flow passages (single, double and triple) in 

the collector combined with the wind-powered suction fan on the drying performance of the solar dryer.  To 

holistically assess a renewable energy system, energy and exergy analysis is carried out [25]. While  

common to carry out energy analysis but the concept of exergy analysis is now at the forefront of system 

evaluation in solar drying. This shows the quality of energy passing through components and indicates where 

attention is needed [26]. Again, environmentalists will be keen to know the effect of engineering design in 

preserving the environment with the critical issues of climate change for the evaluation to be holistic and 

gy and exergy analysis, 
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sustainability analysis and environmental impact analysis will be carried out to compare the three proposed 

systems. Thus, the objectives of this study were (1) to investigate the performance of newly designed wind-

powered solar dryers with multiple airflow path collectors under a humid climate; (2) to study the effect of using 

the three different types of solar air heaters on the drying kinetic of Cocoyam corm, and (3) to perform energy, 

exergy, and environmental assessment on the proposed indirect solar dryers under actual operation conditions.     

 

2. Material and methods 

2.1 Description of the developed solar dryers  

The dryers were all constructed with the same locally sourced, cheap material, structural features like woods and 

the collectors are airtight to achieve the aim of drying. The dryer consists of an air collector (direct and triple 

path airflow direction on a single pass collector) sections, a drying chamber and a chimney section fitted with 

the wind generator shaft.  The drying chamber is just a simple cabinet of 1.60 m from the floor and 0.6 m× 0.6 

m. The schematic diagrams of the two fabricated indirect-active solar dryer types with triple airflow paths 

through the collectors are presented as shown in Figure 1. 

 

 

Fig.1. Schematic view of the direct and  triple path single pass solar dryer design showing the wind generator, 

chimney, door, collectors, drying chamber and direction of air movement  
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The drying chamber is supported by four leg-stands at a height of 0. 36 m above the ground.  The top of the 

drying chamber is the chimney constructed with a galvanized cylindrical metal pipe of 0.12 m in diameter and 

0.3 m in length. The chimney is fitted with a wind generator through a freely rotating shaft and bearing 

assembly. The wind generator has three light aluminium arms, which with the help of the wind, sets the suction 

fan attached at the end of the shaft inside the drying chamber in motion.  The solar air collector (0.6 m x 0.6 m x 

0. 59 m) tilted at an angle of 150 was partially partitioned horizontally in the middle.  It also had a double 

longitudinal partial partition with a clearance of 0.15 m between the sections to create triple path airflow. Also, a 

second solar dryer was designed with no partition, thus allowing the air to move straight into the drying chamber 

to serve as a control solar dryer.  

In the current work, all the collectors have the same dimensions and structure too. Partitioning was done with 

0.2 × 0.45 m plywood. The solar collector absorber is a black painted aluminium sheet. A transparent glass sheet 

of 4 mm thickness covers the top of the solar collector and serves as a transitivity medium for solar energy 

radiation. Four holding trays made of 2 × 2 cm thick wood were fitted into the drying chamber at a gap of 0. 15 

m above each other. The lower part of the solar collector consists of a square air inlet to allow airflow through 

the collector. the pictorial arrays of the solar dryers are uploaded as supplementary material. 

 

2.2 Data collection 

All the experimental studies were carried out at the Michael Okpara University of Agriculture, Umudike 

(MOUAU) located in Umudike Nigeria (longitude 70 050E and latitude 50 250N) from 2nd  4th September 

because the prevalence of high humidity and frequent rainfall abruptly reduced solar radiation intensity. The 

parameters monitored for the performance evaluation were the intensity of solar radiation, ambient temperature, 

the temperature of collectors, temperature of the drying chambers, relative humidity, wind speed, and the 

moisture content of the drying crop determined on a wet basis. The solar radiation intensity was measured using 

a Lutron SPM-1116SD SD card data recorder solar power pyranometer (made in Taiwan, SO-22834, 1.5V 

Battery X6 UM-3.AA. R6) with an accuracy of 0.1W/m2. The ambient relative humidity and temperature were 

measured with Lutron MHB-382SD SD card data logger, Humidity and Temperature data recorder (made in 

Taiwan).  The wind speed was measured with a CR2032, 3V lithium cell Anemometer. The weight of the 

product was measured using an SF-400 Electronic kitchen weighing scale. (Measuring capacity: 1000g × 1g, 

353oz × 0.1oz, made in China). Weight reduction was recorded every one-hour interval starting from 9:00 am to 

5:00 pm daily. The temperature of the drying chamber and collector of the dryer was measured using a  type -T 

thermocouple measuring instrument. All measurements were at three points and the average values were 

determined and used for analysis.  

 

2.3    Experimental procedure 

Cocoyam (Xanthosoma Sagittitolium species) tubers purchased from a local farm located in Abia State Nigeria 

for this study were thoroughly washed to remove sand and other contaminants. The cocoyam tubers were then 

peeled and sliced manually to an approximate thickness of 5 mm and a uniform square shape to ensure weight 

uniformity. Subsequently, 500 g of these square-shaped Cocoyam slices were placed on the drying trays that 

were placed inside the drying chamber of the solar dryers. The ambient temperature, relative humidity, solar 
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radiation intensity, wind speed, the weight of the dried product, drying chamber temperature and the collector 

temperature were measured - hourly  (in triplicate) from 9:00 am to 5:00 pm for 3 days.   

The experimental uncertainties of measurement of relative humidifies, temperatures, air velocities, solar 

radiations,  and weight loss were measured during the drying of the cocoyam. The obtained data were used to 

calculate the uncertainties from drying rate,  moisture contents, and moisture ratio using the equation as follows 

[27] 

      1a 

Where y1,  y2 and yn are the uncertainty in variables x1, x2 and xn.  The calculated uncertainties where 
± 0.019, ± 0.019, ± 0.09. For moisture contents, drying rate, and moisture ratios 
 

 

2.4 Dryer Performance evaluation parameters 

2.4.1 Performance of solar dryer 

The volume of water removed from the Cocoyam during drying at a given time on a dry basis is given by Das 

Purkayastha et al. [28] 

  1b 

The Solar dryer collector efficiency is given as follows [29, ]: 

   

                2 

 

The drying efficiency of the solar dryer is given as follows [30, 31]: 

  

            3                 

2.4.2 Effective moisture diffusivity 

The effective moisture diffusivity was estimated using the slope of a straight line by plotting data concerning the 

natural log of the moisture ratio (MR) against drying time, with a slope (k). 

 

 
4 

  

2.5 Energy Analysis  

The total energy utilized (Qu) for drying the Cocoyam in the solar dryer is the radiation energy given by Duffie 

and Beckman [32] as follows: 

   5 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



7 
 

The specific energy consumed, and specific moisture extraction rate is given by Equation 6 and 7 as follows [7] 

               6 

               7 

2.6 Exergy Analysis 

The exergy flow consists of the chemical, physical, kinetic and potential energies as defined by Sagastume et al. 

[33] as follows: 

 

   8 

 

Where , ,  and  are chemical, physical, kinetic and potential exergies of the described system, 

respectively.  

However, Ndukwu et al. [35] and Hatami et al. [36] stated that in the drying of biomaterials exergy exchange 

with the product should be considered in determining the exergy efficiency. Therefore, the exergy stream in the 

drying process should include exergy of the solar radiation (XR), airstream (Xa), and exergy of the moisture (Xw) 

in the material being dried presented as equations 9 -11[36]  

 

 9 

    10 

 11 

 

Therefore, the exergy input (Exi) for the solar dryer is presented in equation 12 as follows: 

 

 12 

 

Equation 14 gives the output exergy as follows 

 

 13 

Exergy loss during drying of Cocoyam is given as: 

  -  14 

The exergy efficiency is defined as the ratio of exergy used in drying the Cocoyam to the exergy of the drying 

air supplied to the system.  
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= = 1 - 15

Exergy sustainability indicators 

The evaluation of the energy system's performance using sustainability indicators for energy growth was 

introduced by Dincer [37]. This index includes waste exergy ratio (WER), improvement potential (IP) and 

sustainability index (SI) [38].  Ndukwu et al. [13] have shown that this value varies with temperature in solar 

drying operations. They gave the indexes as follows: 

 
16 

 
17 

Exeff is the exergy efficiency  

The improvement potential (IP) of the system was calculated as follows [39]: 

 18 

  

 

 

 

CO2 mitigation using multi airflow path solar dryers 

 The energy consumed by the multi-airflow pathway solar dryers was compared with a dryer that uses a 

diesel generator, nuclear-powered sources, or electricity as an energy source to determine the CO2 mitigation 

potential of the dryer compared to those sources.  According to Ndukwu et al. [13], the energy utilized by such a 

dryer in kWh is given below: 

 

 19 

 

Where vd,kd d are the volume of diesel in the generator, the heating value of diesel in the generator and the 

effectiveness of the diesel-powered dryer. 

 Assuming the exact amount of diesel fuel is to be consumed to extract the equal amount of energy utilized to 

dry the Cocoyam slice, therefore equating this with thermal energy given in Equation 5:  

 20 

 

Therefore, the volume of diesel consumed that will give the same thermal energy for the same drying purposes 

is given by:  

 
     21            

Ndukwu et al. [13] determined the mass of CO2 produced for a litre of diesel fuel as proposed in Equation 22: 

 22 

The values of kf, kd d were given by Ould-Amrouche et al. [40] as 2.63 kg/l, 10.08 kWh/l and, 30% 

respectively.  
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Comparing the energy with a grid electricity source Youmatter[41] gave the mass of CO2 mitigated as 

equation 23 below: 

 23 

 

Where   EFCO2 is the emission factor (0.4392 kg of CO2/kWh for Nigeria), Qe is the specific energy 

consumption 

  Comparing the energy utilized with a coal (fossil fuel) powered dryer to dry the equivalent mass of 

Cocoyam, Simo- Tagne et al [42] gave the mass of CO2 mitigated based on disaggregation of equivalent fossil 

fuel in equation 24 as follows: 

                                           24 

 

Where fi is the fraction of Cocoyam dried, i is the efficiency of the solar collector, EFCO2 is the carbon 

emission factor, FCO2 is the equivalent fraction of CO2 during the burning of the coal, Qd is the quantity (kg) of 

Cocoyam dried by the solar dryer, Qu is the useful energy  (MJ) dissipated for drying of Cocoyam ( ; 

; ;  . 

3. Results and discussions 

3.1   Performance Evaluation 

The three developed solar dryers were tested under the ambient conditions of Umudike situated in the south-

eastern region of Nigeria, located at 5.53o N, 7.49oE. In August, a trial was conducted with Cocoyam samples 

(Xanthosoma sagittifolium species), which were dried using the three solar dryers. This was the harvesting 

period of Cocoyam in this region. The period was characterized by heavy rainfall, occasional high wind, low 

solar radiation intensity, very high humidity, and low ambient temperature, as shown in Figures 3 to 5.  The 

highest values of the temperature were obtained between 12 pm and 3 pm for the three days. However, the 

highest humidity was registered on the first day at the beginning of the drying process. Nevertheless, the highest 

values of the humidity, for the second and third days were registered at the end of the day. The solar radiation, 

the ambient temperature and the relative humidity had a sinusoidal variation. The obtained maximum values 

were 521.7 W/m2, 5.1 m/s, 40.1 oC and 88.1 % for solar intensity, wind speed, ambient temperature, and 

ambient relative humidity, respectively, while the corresponding minimum values were 80.6 W/m2, 0.1 m/s, 

22.4 oC and 51.7 %, respectively also. The average values of these measured parameters are presented in Table 

1. Figures 4 and 5 showed that the ambient conditions obtained drying results for all tested solar dryers. Due to 

high relative humidity within this period, it is difficult to raise the temperature or lower the relative humidity of 

the ambient values in the collector. However, using the proposed design of the solar dryers, it was possible to 

raise the ambient temperatures to 3.4 oC and 9.4 oC for single and triple airflow pathway collectors, respectively.  

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



10 
 

 

Figure.3. Solar radiation intensity and wind speed. 

 

 

 

Figure.4. Average ambient temperature and temperature of the solar collector. 
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Figure.5. Average ambient relative humidity and relative humidity of the solar collectors. 

 

This showed the effectiveness of the multi passageway in the collector to increase the exit air temperature. The 

implication is that air travelling through the collector is delayed in the collector to absorb more heat. In addition 

to the residence time of air in the collector, the heat exchange area between air and the collector is also increased 

when multi passageways are used [21]. The result is similar to those obtained by Mahmood et al [17]. The 

temperature values are inversely reflected in the relative humidity of the collector with an average difference of 

0.15 and 2.18 %, for direct and triple passageway collectors, respectively. Considering the frequent rain in this 

period with its attendant high humidity in this environment, this is huge and could drive the drying process. 

Variations in the drying temperature and relative humidity of the drying chamber are presented in Figures 6 and 

7. After absorbing moisture from the product, the temperature of the convective air decreased while the relative 

humidity increased. The average values were 31.2 and 32.63 oC for single and triple passageway collectors, 

respectively. Correspondingly, the average relative humidity was 69.10 and 67.92%. The obtained values 

showed the capacity of multi-air flow collectors over direct pathway collectors. The marginally higher 

temperature of the triple airflow path collector is the effect of the multi-air flow that increases the collector 

temperature before entering the drying chamber at a comparatively higher temperature than others. 
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Figure.6. The average temperature of the Drying chamber for the two dryers. 

 

 

 

Figure.7. Average relative humidity of the solar drying chamber. 

 

The variation of the collector efficiencies with time is shown in figure 8 below. The figure showed that the triple 

airflow path collector consistently had higher collector efficiency than the direct air collector.  The collector 

efficiencies showed a significant difference (p < 0.05) among the two solar collector designs compared. The 

average collector efficiency was 7.04 and 15.47 %, respectively, for the direct and triple airflow path collector 

as presented in Table 1. The lower collector efficiency might be due to higher relative humidity during the 

drying period.  The observed collector efficiency is lower than that obtained by Kesavan and Arujan [18] but 

their result showed the effect of relative humidity on the collector efficiency. Higher efficiency obtained by 

Kesavan and Arujan [18] can be attributed to the very much lower ambient relative humidity within their study 

environment. Though, the obtained collector efficiency in this research is within the range for most solar dryers. 
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However, considering the humidity of incoming air due to occasional rains, this value is encouraging and shows 

that the multi-airflow path collector design can improve the performance of solar dryers.  

 

Figure.8. Variation in collector efficiency with time. 

 

The evolution of the drying rate and the moisture content of the Cocoyam slices for three days period (24 hrs 

drying time) are presented in Figures 9 and 10 for the designed dryers. At the onset, the drying rate of the 

product was high but decreased with drying time. The evolution of the drying rate was not a smooth curve like 

isothermal drying due to inconsistencies in weather conditions which affected the temperature and relative 

humidity that drives the moisture removal process. This is common with solar dryers as shown in the literature 

[3, 7]. From the figures, comparatively, the triple airflow path dried quicker than direct airflow, though this was 

not so at the first fours of drying, which might be attributed to the faster reaction time of the direct airflow 

collector[1]. This is due to consistently higher collector temperature and lower humidity, providing a better 

thermodynamic condition for moisture transfer. The average drying rate was 19.79 x 10-3, and 21.96 x 10-3 kg of 

water/kg of dried solid per hour, for the direct and triple airflow path collector, respectively.  This is reflected in 

their effective moisture diffusivity presented in Table 1, which varies from 2.97 x 10-10 m2/s to 3. 43 x1 0-10 m2/s 

with the triple airflow path collector exhibiting the highest value.  This is advantageous as a high drying rate has 

been reported to produce a good quality dried product in solar dryers [43]. This shows that the delaying of the 

air in the collector provides higher thermal mass for faster drying, though it has been reported that thermal mass 

alone might not be sustainable in drying during inclement weather [44]. The overall drying efficiency for the 

two systems was 16.06 and 18.61 % for the single and triple airflow path collector, respectively. Although this 

value is lower than that obtained by Ndukwu et al [7] and Yassiene et al [21] but the values follow the range of 

drying efficiencies for most solar dryers in the literature [45].  
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Figure.9.  The drying rate of the Cocoyam slice for the three-dryer design. 
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Figure.10. The moisture content of dried Cocoyam. 

 

3.2 Energy analysis   

Table 1 shows the values of the energy expended by the two dryers. Since drying was stopped simultaneously 

(after 24 hrs) the energy utilized is almost the same and was determined as 3.976 ±0.009 MJ. However, the 

energy efficiency of each system is embodied in the specific energy consumption and the specific moisture 

extraction rate [12].  The direct passage path collector design utilized the above amount of solar energy to 

remove only 0.301 kg of moisture from the Cocoyam in 24 h   hours of drying, while the same amount of energy 

was used to remove 0.327 kg of moisture at the same time for triple airflow path collector, respectively. It was 

observed that unfavourable weather conditions affected the performance of the solar dryers. Still, the result 

obtained revealed the effectiveness of delaying the air in the collector by increasing its passage path through the 

collector before exiting into the drying chamber.  The quality of the energy consumption per kilogram of the 

dried product is embodied in the specific energy consumption determined as 1.1073 and 1.1033 kWh/kg for 

single and triple airflow path collectors, respectively. Therefore, the specific moisture extraction rate, which is 

an indicator of the turnaround effects on energy utilization [3] for drying and has been defined as the amount of 

energy utilized to remove a kg of water, was obtained as 0.273and 0.296 kg/kW h, for single and triple airflow 

path collector, respectively.  

 

 

 

 

Table 1 Summary of the drying performance of the three developed solar dryers  
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Moisture diffusivity (m/s) 2.97 x10-10 3.43 x10-10 

Average collector efficiency (%) 7.04 15.47 

Overall solar drying efficiency (%) 16.01 18.61 

Drying time (hrs) 24 24 

Weight of water removed (kg) 0.301 0.327 

Energy consumed (MJ) 3.986 3.972 

Specific energy consumption (kWh/kg) 1.1073 1.1033 

Specific moisture extraction rate(kg/kWh) 0.296 0.273 

Mass of  CO2 saved (tons) 351.50 350.23 

 

 

 

3.3 Exergy analysis 

The exergy performance analysis of the three solar dryers is shown in Figure 11, while the exergy loss and 

exergy efficiency are plotted in Figures 12 and 13, respectively. The exergy flow was affected by the change in 

the weather conditions. This is common with solar dryers because the collector temperature depends on the 

available solar radiation that is affected by the vagaries of weather [6]. The range of the exergy stream for the 

1.606 and 0.6123 kW,  2.411 and 1.419 for the inlet and outlet exergy stream of the direct and triple airflow path 

collector respectively. The range determined is similar to the observed range of exergy for solar dryers in 

literature [1]. The average exergy loss for the two dryers was 0.9942and 0.9929 kW for direct and triple airflow 

path collectors.  From Figure 13, more exergy loss is a function of the weather too. The high the solar radiation 

and ambient temperature coming into the collector, the higher the exergy loss. Correspondingly, the average 

exergy efficiency exists at 38.09 and 58.81 % for single and triple airflow path collectors. The implication is that 

more energy destruction occurred on the single airflow path collector than on the multi-airflow path collector, 

requiring more attention.  The values are within the range reported in solar dryers using forced and natural 

convention [46]. 
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Figure.11. Exergy flow stream for the  three solar dryers 

 

 

Figure.12. Exergy loss for the  three solar dryers 
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Figure.13. Exergy efficiency for the solar dryers 

 

3.4 Exergetic Sustainability assessment 

The exergetic sustainability assessment sustainability index adopted for the performance of the solar systems 

include the waste exergy ratio (Fig.14), improvement potential (Fig.15) and sustainability index (Fig.16) for the 

solar dryers. The waste exergy ratio compares the extent of exergy loss to the amount of exergy that enters the 

system. According to Dincer and Rosen [47], this assessment is necessary because of the impact of exergy loss 

through the evaporated moisture on the thermodynamic equilibrium of the environment. They stated that in the 

case of solar radiation, this could lead to re-radiation of the solar radiation. The function of the solar collector is 

to increase the ambient air temperature coming into the collector, making it shade some of its moisture (lower 

humidity and vapour pressure) which will create a gradient for moisture transfer between the dried Cocoyam 

and the surrounding air. Through this mechanism, some of the exergies will be lost to the environment with the 

espondingly the improvement 

potential was 7.54 x10-7 

 The values are 

within the range obtained by Ndukwu et al [7]. The improvement potential suggests that minimizing losses in 

the system will improve the performance of the solar dryers [3]. At the same time, the sustainability index 

depends on the exergy effectiveness of the solar dryers.  It shows that the higher the exergy efficiency of the 

dryers, the more sustainable they will be [26].  
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Figure.14. Waste exergy ratio for the solar dryers 

 

 

Figure.15. Improvement potential for the solar dryers 
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Figure.16. Sustainability index for the solar dryers 

 

3.5 Environmental impact analysis 

 Unlike other drying systems that use fossil fuel or energy derived from fossil fuel, the solar dryer can 

mitigate greenhouse gas emissions into the atmosphere.  Apart from the lack of access to electricity and the high 

cost of hydrocarbon-based energy sources, limiting CO2 emission is very important to stem the tide of climate 

change [40]. All these are the reasons for adopting wind energy to power the fan of the analysed solar dryer. 

Therefore, the comparison of the three driers was made in terms of energy utilized and the amount of CO2 

emitted to produce the same amount of energy if a diesel generator, grid-based electricity, or coal is to be used 

to dry the Cocoyam.  The values obtained were presented in figure 17 using the Nigeria scenario in the case of 

grid-based electricity. The results showed that using coal will mitigate more CO2 into the atmosphere from 

9741.334 to 21481. 476 tons of CO2 per year while using a diesel-powered dryer will mitigate 350.09 to 351.50 

tons of CO2 per year for three dryer designs.  Also, using grid-based electricity will limit the least amount of 

CO2 in the range of 12.981 to 14.153351.50 tons of CO2 per year.  Higher CO2 mitigation for using coal has also 

been reported by Simo-Tagne et [2]. These values might vary from one country to another due to variations in 

emission factors for different countries. However, the obtained values for Nigeria give hindsight on the benefit 

of using this dryer to reduce environmental impact by reducing greenhouse gas emission 
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Figure.17. Compared mitigated CO2 emissions for the studied dryers using different heat sources 

 

 

4. Conclusions 

The comparative assessment of the performances of the direct and triple air passage paths solar dryers for drying 

Cocoyam showed that delaying the air through the collectors by increasing the passage path improved the 

collector and drying efficiency despite the unpleasant weather conditions. This led to an improvement in the 

collector efficiency by 119.74 % for the triple airflow path collector from the direct airflow collector. This 

corresponds to overall drying efficiency of 16.06 and 18.61 %, respectively, for the two systems. The average 

drying rate achieved in the solar dryers strongly demonstrated that the triple airflow path collector exhibited the 

highest drying rate and moisture diffusivity. Similarly, the triple airflow path collector consumed the least 

amount of energy and yet facilitated the removal of moisture contents from the Cocoyam compared to the other 

systems. Also, the average exergy efficiency was 38.09 % and 58.81 % for single, double and triple airflow path 

collectors, respectively. The values of the waste exergy ratio ranged from 0.020 to 1.00 and 0.000 to 1.12 for 

direct and triple airflow path collectors, respectively. This represents an improvement potential of 7.54 X10-7 to 

2.62 kW and 0.005 to 2.003 kW; a sustainability index ranging from 1.00 to 6.33and 0.00 to 8.24 for direct and 

triple airflow path collectors, respectively.  Therefore, using this dryer as a substitute for a diesel-powered 

generator will limit about 350.09 to 351.50 tons of CO2 from entering the atmosphere which is a strong indicator 

that solar dryers can help to mitigate the greenhouse effect by reducing the amount of CO2 released into the 

atmosphere which causes global warming.  This study is limited to single-pass collectors only 

 

 

References  

 

1. Drying 

639. 

35
1.

5

14
.1

53

21
48

1.
47

6

35
0.

3

12
.9

81

97
41

.3
34

diesel powerd generator Electric energy from grid Coal fired dryer

Single air flow Triple air flow 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



22 
 

2. Nnamchi O.A., M.C. Ndukwu , S.N. Nnamchi (2021).  Modelling and simulation of multi-coupled heat 

and mass transfer processes: A case study of solar biomass dryer. 

Thermal Science and Engineering Progress. 25 (2021) 101007 

3. Fudholi A., Othman M. Y., Ruslan, M. H., Yahya, M., Zaharim A., and Sopian  K., (2015); Design and 

Testing of Solar Dryer for Drying Kinetics of Seaweed in Malaysia. (Lamrani et al. 2021) 

4. Lamrani B

(228), 120598 

5. Ndisya J., Mbuge D., Kulig, B. Gitau  A., Hensel O., -

speckled CocoyamCocoyam (Colocasia esculenta (L.) Schott) Slices: Optimisation of drying conditions 

100557 

6. Ndukwu M. C., Bennamou L., Abam F. I.  (2018);  Experience of solar drying in Africa: Presentation of 

designs, operations, and models. Food Engineering. Review., 10, 211 244. 

7. Ndukwu, M. C., Onyenwigwe, D., Abam, F. I., Eke, A. B. and C, D. (2020). Development of a low-cost 

wind-powered active solar dryer integrated with glycerol as thermal storage. Renewable Energy. 

doi:10.1016/j.renene.2020.03.016  

8. Ndukwu M C., C. Dirioha, F. I. Abam, V. E. Ihediwa, Heat and mass transfer parameters in the drying 

of cocoyamCocoyam slice. Case Studies in Thermal Engineering 9 (2017) 62 71. 

doi.org/10.1016/j.csite.2016.12.003 

9. Ndukwu M C., C. Dirioha, F. I. Abam, V. E. Ihediwa, Heat and mass transfer parameters in the drying 

of cocoyamCocoyam slice. Case Studies in Thermal Engineering 9 (2017) 62 71. 

doi.org/10.1016/j.csite.2016.12.003 

10. Bennamoun N.P. and Belhami V.M. (2003); Technical feasibility assessment of a solar chimney for 

food drying, solar energy, Brazil 82,1987-205. 

11. Okoroigwe E.C., Eke M. N., and Ugwu H. U., (2013): Design and evaluation of combined solar biomass 

dryer for small and medium enterprise for developing countries. International journal of physical 

sciences (25), 1341-1349. 

12. Ching L.H., Sachin V.J, Sze, P.O. and Arun S. M. (2012); Solar drying; fundamentals, applications and 

innovations, pg1-32. 

13. Ndukwu, M. C., Bennamoun, L., Abam, F. I., Eke A. B., Ukoha D., (2017); Energy and exergy analysis 

of a solar dryer integrated with sodium sulfate decahydrate and sodium chloride as thermal storage 

medium. Renew. Energy113, 1182 1192. 

14.  Ndukwu, M. C., Simo-Tagne, M. and Bennamoun, L. (2020). Solar drying research of medicinal and 

aromatic plants: An African experience with assessment of the economic and environmental impact. 

African Journal of Science, Technology, Innovation and Development, 1 14. 

doi:10.1080/20421338.2020.1776061  

15. Janjai S., Srisittqokakuna N., and Balab B. K., (2012); Experimental and modeling performances of a 

roof-integrated solar drying system for drying herbs and spices. Journal of energy, silpakorn university 

Thailand. 33:pg 91-103,46. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



23 
 

16. Fudholi, A., Kamarauzzaman S. M. H., Rusian U., and Alghoul M. A., (2010); Renewable and 

sustainable energy reviews 14(1), 1-30. 

17. Mahmood, A.J., Aldabbagh, L.B.Y., Egelioglu, F., 2015. Investigation of single 

and double-pass solar air heater with transverse fins and a package wire mesh layer. Energy conversion 

and management 89, 599-607. 

18. Kesavan, S., Arjunan, T.V., 2018. Experimental study on triple-pass solar air 

heater with thermal energy storage for drying mint leaves. International Journal of 

Energy Technology and Policy 14, 34-48. 

19.  Gürel, A.E., Biçen, Y., 2021. Prediction 565 of daily global solar radiation using different 

machine learning algorithms: Evaluation and comparison. Renewable  and Sustainable Energy Reviews 

135, 110114 

20. Youcef-Ali S. (2005) Study and optimization of the thermal performances of the offset rectangular plate 
fin absorber plates, with various glazing 

21. Yassien, H.N.S., Alomar, O.R., Salih, M.M.M., 2020. Performance analysis of 

triple-pass solar air heater system: Effects of adding a net of tubes below absorber surface. Solar 

Energy 207, 813-824. 

22. -heater with 

internal multiple-fin array. Renewable Energy 97, 722-730. 

23. Abo-Elfadl, S., Hassan, H., El-Dosoky, M.F., 2020. Study of the performance of 

double pass solar air heater of a new designed absorber: An experimental work. 

Solar Energy 198, 479-489. 

24.  

A., 2020. Experimental and numerical study of the effect of integrating plus-shaped perforated baffles 

to solar air collector in drying application. Renewable Energy 145,1677-1692. 

25. 

for performance enhanc -167 

26. Ndukwu, M. C., Abam, F. I., Manuwa, S. I. and Briggs, T. A. (2016). Exergetic performance indicators 

of a direct evaporative cooling system with different evaporative cooling pads. International Journal of 

Ambient Energy, 38(7):701-709. doi:10.1080/01430750.2016.1195774 

27. -layer drying of cassava chips in multipurpose convective tray 

442, 2020. 

28. Das Purkayastha, M., Nath, A., Deka, B.C. et a (2013). Thin layer drying of tomato slices. J Food Sci 

Technol 50, 642 653  

29. Dhanushkodi S. B, Wilson V. H., and Sudhakar, K. (2014). Thermal Performance Evaluation of Indirect 

Forced Cabinet Solar Dryer for Cashew Drying. American-Eurasian J. Agric. & Environ. Sci., 14(11): 

1248 1254. 

30. Brenndorfer B., Kennedy L., Oswin-Bateman C. O., Trim D. S., Mrema G. C. and Wereko-Brommy C. 

(1987). Solar Dryers -Their Role in Post-Harvest Processing (2nd edn.), The Commonwealth 

Secretariat, London. ISBN 0 85092 282 8, 298 p. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



24 
 

31. Hajar Essalhi *, Rachid Tadili, M.N Bargach  (2017)Conception of a Solar Air Collector for an Indirect 

Solar Dryer. Pear drying test. Energy procedia  141 (2017) 000 000  

32. Duffie J.A and Beckman W.A (2006) Solar Engineering of Thermal Process, Ed Wiley, New York. 

33. 

280. 

34. Ndukwu, M.C., Simo-Tagne, M., Abam, F.I., O.S. Onwuka, S. Prince, and L. Bennamoun, (2020). 

Exergetic sustainability and economic analysis of hybrid solar-biomass dryer integrated with copper 

tubing as heat exchanger, Heliyon, 6(2): e03401, ISSN 2405-8440, 

https://doi.org/10.1016/j.heliyon.2020.e03401 

35. Ndukwu, M.C., Simo-Tagne, M., Abam, F.I., O.S. Onwuka, S. Prince, and L. Bennamoun, (2020). 

Exergetic sustainability and economic analysis of hybrid solar-biomass dryer integrated with copper 

tubing as heat exchanger, Heliyon, 6(2): e03401, ISSN 2405-8440, 

https://doi.org/10.1016/j.heliyon.2020.e03401 

36. Hatami, S., Payehaneh, G., Mehrpanahi, A., 2019. Energy and exergy analysis of an indirect solar dryer 

based on a dynamic model, Journal of Cleaner Production.  DOI: 

https://doi.org/10.1016/j.jclepro.2019.118809. 

37. Dincer, I., 2011. Exergy as a potential tool for sustainable drying systems. Sustainable Cities and 

Society, 1, 91 96. 

38. Caliskan, H., A. Hepbasli, I. Dincer, and V. Maisotsenko, Thermodynamic Performance Assessment of 

a Novel Air Cooling Cycle: Maisotsenko Cycle. International Journal of Refrigeration 34 (2011) 980

990. doi:10.1016/j.ijrefrig.2011.02.001. 

39. Ibrahim A, Fudholi A, Sopian K, Othman MY, Ruslan MH, Efficiencies and improvement potential of 

building integrated photovoltaic thermal (BIPVT) system. Energy Convers Manage 77 (2014)527 34 

40. Ould-Amrouche, O., D. Rekioua, and A. Hamidat, Modelling Photovoltaic Water Pumping Systems and 

Evaluation of their CO2 Emissions Mitigation Potential. Applied Energy 87 (2010) 3451 3459. 

doi:10.1016/j.apenergy.2010.05.021. 

41. Youmatter, 2020. https://youmatter.world/fr/co2-kwh-electricite-france-mix-electrique/ [accessed the 

August 20, 2020]. 

42. Simo-Tagne, M., Ndukwu, M.C., Zoulalian, A., Bennamoun, L., Kifani-Sahban, F., Rogaume, Y., 2019. 

Numerical analysis and validation of a natural convection mix-mode solar dryer for drying red chilli 

under variable conditions, Renewable Energy, https://doi.org/10.1016/j.renene.2019.11.055. 

43. 

Food Eng Rev, 5:230 248 

44. Vivek Tomar a, G.N. Tiwari a, Brian Norton.Solar dryers for tropical food preservation: Thermophysics 

of crops, systems and components Solar Energy 154 (2017) 2 13 

45. Ahmad Fudholi , Kamaruzzaman Sopian. A review of solar air flat plate collector for drying 

application Renewable and Sustainable Energy Reviews 102 (2019) 333 345 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



25 
 

46. Vishnuvardhan Reddy Mugi, Chandramohan V.P. (2021)Energy, exergy and economic analysis of an 

indirect type solar dryer using green chilli: A comparative assessment of forced and natural convection 

Thermal Science and Engineering Progress 24 (2021) 100950 

47. Dincer I, M.A. Rosen (2013). Exergy Energy, environment And Sustainable Development. 

 Elsevier Ltd. The Boulevard, Langford Lane, Kidlington, Oxford OX5 1GB, UK 

 
 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65


