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ABSTARCT 
This study aims to design and performance evaluation of an active mode solar tunnel dryer with a double air 
pass for drying charcoal dust briquette. The influence of solar tunnel dryer shape, heat flux input, and air 
velocity on outlet air temperature, energy, and exergy parameters was studied by developing a mathematical 
model. The numerical solution was programmed in PYTHON software. Three shapes of solar tunnel dryers are 
designed with similar collector surface areas: Quonset, triangular and rectangular. The outlet temperature, 
thermal efficiency, and exergy efficiency vary from to ,  to , and  to , 

respectively, for heat flux input variation between  and  at  and semi-circular shape 

dryer. The effect of the solar tunnel dryer shape was performed. The higher outlet temperature, energy, and 
exergy value was found for a semi-circular shape, followed by a triangular shape. The most negligible value was 
found for a rectangular shape. The analysis of air velocity variation reveals that the value of energy efficiency 
and exergy efficiency increases, and the value of outlet temperature decreases as air velocity increases. Therefore, 
the energy and exergy performance of active mode double air pass solar tunnel dryer is affected by solar tunnel 
dryer shape, input heat flux, and air stream velocity.  
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INTRODUCTION  

Several Sub-Saharan African countries have been 
experiencing energy crises because of the potential 
growth of convectional charcoal demand, and 80% to 
90 % of urban households depend on the 
unsustainable source of charcoal for cooking and 
heating (Arisaka, 2019; Mwampamba et al., 2013; 
Ngusale et al., 2014). In response to the energy crisis, 
the uptake of biomass briquettes ensures sustainable 
energy and environment, enhances efficient and 
effective use, and promotes great access to an 
appropriate, alternative source of biomass energy 
(Guoa et al., 2020). Biomass briquette is a military 
mixture of immiscible solid and fluid constituents 
considered porous media, making the drying process 
a more complex phenomenon (Kolesnikov et al., 
2020). But, the majority of SSA country producers use 
an open sun drying (OSD) technique that leads to 
vital challenges (Ngusale et al., 2014). Thus, the 
adoption of biomass briquettes is very low because of 
drying space scarcity and difficulties with drying, 
which were the major challenges for the producers. 

The drying process is a mass and heat transfer 
phenomenon that removes moisture from a solid 
product by passing hot air around it to carry away 
the released vapor. Solar drying technology has been 
used to dry plants, seeds, fruits, meat, fish, wood, and 
other agricultural and forest products since the early 
stage of mankind to benefit from the free and 
renewable energy source provided by the sun 
(Salvatierra-Rojas et al., 2021). Drying technology was 
developed to mitigate the challenges of OSD 
techniques depending on conventional and 
renewable energy sources. The major drawback of 
drying systems operating with convectional energy 
attracts researchers toward renewable energy 
sources, especially focusing on solar radiation. A few 
kinds of research have been done on the study of 
biomass briquette drying behavior, factors that affect 
evaporation rate, and the design of appropriate solar 
drying systems. 

Accordingly, this work intended to design an active 
mode double air pass solar tunnel dryer for drying 
charcoal dust briquette and to study the influence of 
STD shape, input heat flux, and air stream velocity 
variation on the performance by considering the 
double air pass solar tunnel dryer with no load. The 
optimum design was selected through a comparative 
analysis of factors affecting the solar drying system. 
The performance was computed analytically by 
developing a mathematical model based on the mass, 
energy, and exergy balance principle of 
thermodynamics to determine the outlet air 
temperature, the useful energy and exergy output, 
and thermal and exergy efficiency. Finally, the result 
of the analytical analysis was validated by comparing 
it with related research studies.  

 

MATERIALS AND METHODS  

The proposed drying system was studied for a test 
site at Jimma University Institute of Technology in 
Jimma zone, Ethiopia ( ), about 

346 km from Addis Ababa in South West. The effect 
of ambient parameters on the drying system will be 
investigated based on the ambient solar radiation, 
temperature, wind speed, relative humidity, and 
specific humidity of Jimma zone, Ethiopia. The air 
temperature at the inlet, the shape of the drying 
system, input heat flux, and air stream velocity in 
both heating and drying chambers were taken as 
independent variables. Therefore, the hourly solar 
radiation of the proposed location was used as the 
input heat flux that varies from  up to  (for 

11 hours) to examine its effect. The influence of air 
stream velocity on the dryer performance was 
evaluated for 0.89  and per heat flux inputs. 

A constant air velocity was considered throughout 
the drying system, and the corresponding variation 
of air stream flow rate inside the heating and drying 
chamber at a constant area is listed in Table 1. 

 

Table 1: Variation of Air Flow Rate at Different Velocity Conditions 

Air 
Velocity  

( ) 

Heating Chamber Drying Chamber 

Mass Flow Rate of 
Air  ( ) 

Volumetric Flow 

Rate of Air ( ) 

Mass Flow Rate 
of Air  ( ) 

Volumetric Flow 

Rate of Air ( ) 

     
     
     
     

 
The influence of solar tunnel dryer shape was studied 
by developing Semi-circular (Quonset), Rectangular, 
and Triangular shape solar tunnel dryers, as shown 
in Figure 1, and the cross-sectional view is presented 
in Figure 2. Comparative analysis was done to select 
the dryer with better performance.   
 
Description of Drying System 
The design and performance analysis of the double 
air passes solar tunnel dryer for biomass-derived 
charcoal dust briquette was conducted based on the 
schematic diagram shown in Figure 2. The main 

components of the dryer are cover, absorber plate, 
drying bed, bottom floor, frame structure, overall 
support structure, fans, and PV panel. A single layer 
of a UV-stabilized semi-transparent polyethylene 
sheet of  thickness cover was placed over the 

heating chamber. A black-painted aluminum sheet of 
thick absorber plate was used to utilize solar 

radiation and concomitantly heat the air stream 
inside the heating and drying chamber. The bottom 
floor and edges of the drying chamber are made from 

 thick wood timber to reduce backside heat loss 

and to support the charcoal briquette with a drying 
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bed. An aluminum plate and duct were selected to 
construct the frame structure and drying bed. The 
concrete material was considered an overall support 

structure to carry the weight of the drying system. 
The design dimension is listed in Table 2. 

 

   
Figure 1. 3D Diagram of Semi-Circular (Quonset), Rectangular, and Triangular Shapes Respectively 

 
  

The newly designed solar dryer is an active mode 
double air pass solar tunnel dryer with two main 
chambers. The heating chamber is the upper 
chamber, used to heat the incoming ambient air to 
enhance the thermal energy level of the air stream, 
and the drying chamber is the lower chamber, used 
to dry the product by transferring thermal energy 
stored in an air stream and concomitantly the air 
stream inside the chamber is heated for the second 
time by the back side of absorber plate. The ambient 
air enter and circulates inside the heating chamber. 
The hot air circulates inside the drying chamber. It 
exits from the chamber with a higher water vapor 
fraction with the help of the intake fan and 
ventilation fan, as indicated in the schematic diagram 
shown in Figure 2. A PV panel is mounted on the 
drying system to supply electrical energy for the fans. 
 
Mathematical Modeling  
A mathematical model was developed to obtain the 
outlet temperature of the air to assess the 
performance of a double air pass solar tunnel dryer.  

 
Table 2. Design Specifications 

Parameters Semi-
Cylinder 

Rectangu
lar 

Triangu
lar 

Desired 
Collector 
Surface Area  

   

Collector 
Surface Area 

   

Face Surface 
Area  

   

Floor Surface 
Area 

   

Absorber Plate 
Surface Area 

   

Width of 
Collector 
Surface 

   

Length of 
Collector 
Surface 

   

 
 
Energy Balance of Glass Cover 
The rate of thermal energy stored inside the cover 
material is the summation of the rate of solar energy 
absorbed by the cover, the rate of thermal energy 
exchange between the plate and cover through 
radiation, the rate of convective heat transfer between 
air stream inside a heating chamber and cover, the 
rate of radiative heat interaction between the sky and 
cover and the rate of thermal energy interaction with 
ambient through convection. The energy balance of 
the polyethylene cover is expressed as: 
 

 
 
Energy Balance on Absorber Plate 
The rate of thermal energy accumulated in the 
absorber plate is equal to the summation of the rate of 
solar radiation absorbed by the plate, the rate of heat 
transfer between the plate and cover through 
convection, the rate of heat transfer between plate 
and floor through radiation, the rate of convective 
heat transfer between plate and air stream inside a 
heating chamber and the rate of convective heat 
transfer between plate and air stream inside the 
drying chamber. The energy balance of the absorber 
plate is expressed as: 
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Figure 2. Schematic Diagram of the Proposed Drying System (1. Polyethylene Cover, 2. Absorber Plate, 3. 
Biomass Charcoal Briquette, 4. Drying Bed, 5. Bottom floor, 6. Overall Support Structure, 7. Frame Structure, 8. 
Air Inlet and 9. Air Outlet) 

 
Energy Balance on Air Stream Inside Heating 
Chamber 
The rate of thermal energy gained by the air stream is 
equal to the sum of the rate of solar radiation utilized 
by the air stream, the rate of convective heat transfer 
between plate and air stream inside the heating 
chamber, the rate of convective heat transfer between 
air stream inside a heating chamber and cover and 
the rate of thermal energy gain by air stream inside 
heating chamber due to the continuous air inflow and 
outflow. The energy balance of the air stream inside 
the heating chamber is expressed as: 
 

 
 

Where:  

 
Energy Balance on Air Stream Inside Drying 
Chamber 
The rate of thermal energy gain by the air stream 
inside the drying chamber is equal to the sum of the 
rate of convective heat transfer between the plate and 
air stream inside the drying chamber, the rate of 
convective heat transfer between the air stream inside 

the drying chamber and floor and the rate of thermal 
energy gain by air stream due to the continuous 
inflow and outflow of air inside drying chamber. The 
energy balance of the air stream inside the drying 
chamber is expressed as: 
 

 
 
Energy Balance of the Bottom Floor 
The rate of thermal energy accumulated on the 
bottom floor is the sum of the rate of radiative heat 
transfer between the absorber plate and the bottom 
floor, the rate of thermal energy exchange between 
the air stream inside the drying chamber and the 
bottom floor and the rate of thermal energy loss from 
the bottom floor to the ambient through convection. 
 

 
 
Energy and Exergy Analysis 
Energy and exergy analyses are conducted to 
evaluate the amount of energy received, the 
effectiveness of energy utilization, and the capability 
of useful work extraction by the drying system. This 
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study investigated the selection of an effective solar 
tunnel dryer shape, the effect of air stream velocity 
variation, and the effect of input heat flux variation 
through energy and exergy analysis, also for the 
enhancement of energy utilization, energy 
conversion, and useful work extraction potential of 
the drying system for the increment of its 
performance. The energy and exergy value of the 
dryer is determined by applying steady-state analysis 
based on the initial and final state of air stream 
temperature at a given time (Castro et al., 
2018;Panwar et al., 2013; Suherman et al., 2020). 
 

Energy Analysis  
Energy is the capacity to do work, and the analysis 
was performed based on the first law of 
thermodynamics. The incoming solar radiation is 
converted into useful thermal energy by increasing 
the energy level of the air stream and some amount of 
energy wasted due to optical loss, thermos-physical 
properties of dryer components, and temperature 
gradient between the air inside and outside of the 
dryer. Thus, the rate of solar energy input, useful 
energy utilized, thermal energy loss, and thermal 
efficiency of the drying system is computed based on 
mass and energy conservation principles. The Rate of 

Energy Input ( ): computed as the product of the 

rate of incident solar radiation and the projected area 
of the drying system, expressed as:  
 

 
 

The Rate of Useful Energy Output ( ): evaluated as 

the difference between the output and input thermal 
energy state of the air stream, expressed as: 

 
Thermal efficiency ( ): of solar tunnel dryer is a 

measure of its performance toward conversion of 
incident solar radiation to useful thermal energy and 
is defined as the ratio of useful heat energy gained to 
the solar radiation input. Thus, the instantaneous 
thermal efficiency is given by: 

 

 
Exergy Analysis  

Exergy is defined as the capability to extract valuable 
work, and the analysis was performed based on the 
second law of thermodynamics. The portion of 
energy converted to useful work is known as exergy 
output (available energy), and the rest that cannot be 
converted to work is exergy loss (unavailable 
energy). The property of exergy analysis is used to 
determine the quality of energy destruction and 
compare the useful work extraction potentials of the 
drying system. Therefore, the rate of exergy input, 
exergy output, exergy loss, and exergy efficiency of 
the drying system can be computed. 

The Rate of Exergy Input ( ): defined as a function 

of solar energy input, ambient temperature, and sun 
temperature, expressed as: 

 
The Rate of Exergy Output ( ): computed as a 

function of the rate of useful energy output, air 
temperature at the inlet, and air temperature at the 
outlet, that can be computed by: 

 
Exergy Efficiency ( ): is a measure of the useful 

work potential of the energy contained in a solar 
tunnel dryer at a specified state, defined as a ratio of 
the rate of useful exergy output to the rate of exergy 
input. Thus, the instantaneous exergy efficiency is 
expressed by: 

 

 
 

RESULTS AND DISCUSSION 

The effect of ambient parameters on the drying 
system was investigated based on the weather 
condition of Jimma zone, Ethiopia. Inlet air 
temperature, the shape of STD, incident solar 
radiation over the projected area, and air stream 
velocity were taken as independent variables. In the 
analysis, the air stream temperature at the inlet of the 
heating chamber was similar to the ambient air 
temperature that varies concerning heat flux input 
variation over time, respectively, and the outlet air 
stream temperature of the heating chamber was 
considered as the inlet temperature of the drying 
chamber. The results obtained from mathematical 
model analysis were discussed in this section to 
identify the influence of heat flux input variation on 
outlet air stream temperature, energy, and exergy 
performance of the heating and drying chamber of 
the proposed drying system. 
 
Outlet Air Temperature 
Figure 3 shows the profiles of temperature variation 
at the outlet of the heating and drying chamber with 
heat flux input variation over time for three shapes 

by considering a constant air velocity . The 

air stream temperature ranges from to , 

to , and to at the outlet of 
the heating chamber. It varies from 

and to the 
outlet of the drying chamber for Quonset, rectangular 
and triangular shapes, respectively. A higher value of 
outlet temperature was found at a higher amount of 
heat flux input; when the amount of heat flux input 
reduces, the value of outlet temperature decreases for 
both chambers. Thus, the fluctuations of the heat flux 
input over time considerably affect the air stream 
temperature at the outlet of the heating and drying 
chamber (Karthikeya et al., 2017; Salvatierra-Rojas et 
al., 2021). Therefore, the value of air stream 
temperature at the outlet of both chambers was 
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affected by the value of ambient parameters but is 
highly affected by the amount of heat flux input, and 

a similar result was reported in the literature 
(Oueslati et al., 2018; Thakre et al., 2016). 

 

 
Figure 3. Outlet Air Temperature for each STD Shape, Heating and Drying Chamber. 

 
 

The obtained result reveals that a higher temperature 
at the outlet of both chambers was found for the 
semi-circular (Quonset) shape than other shapes, 
followed by the triangular shape, and the slightest 
temperature is generated in the rectangular shape, 
shown in Fig. 3. Thus, at a constant air mass flow rate 
and heat flux input, a better amount of outlet 
temperature was found for the Quonset shape than 
other shapes. Therefore, the value of outlet 
temperature was affected by the STD shape change, 
and a similar result was reported in the literature 
(Jagadeesh et al., 2020; Khallaf et al., 2020; Missana et 
al., 2020; Perret et al., 2005; Vivekanandan et al., 
2020). 

Figure 4 shows the variation of outlet air 
temperature as a function of time for different air by 
considering Quonset shape STD and mass flow rate 
listed in Table 1. The obtained result from 
mathematical model simulation clearly shows that 
the air stream temperature ranges from   to  

,   to  ,   to   and   

to  at the outlet of the heating chamber and 

varies from   to  ,   to  ,  

 to   and   to  at the outlet of 

the drying chamber with  , and   air 

velocity, respectively. The higher air stream 
temperature at the outlet of both chambers was found 
for a lower air velocity of and the lower 

value was found for a higher air velocity of  , 

the rest lies in between concerning each heat flux 
input. Figure 4 exhibits that in both chambers, the 
amount of outlet temperature decreases when air 
velocity increases due to an increase in air mass flow 
rate corresponding to air velocity input, which causes 
the reduction of air stream heating time. Thus, the 
change in air stream velocity affects the amount of 
outlet temperature generated, and a similar result 
was reported in the literature (Ekka et al., 2020; Ullah 
& Kang, 2017). 

 
 

 

Figure 4. Outlet Air Temperature for Different Air Velocity. 
 

Energy Performance  
Figure 5 shows the variation of useful energy output 
as a function of drying time for variable heat flux 
input and three shapes. The useful energy output 

ranged from and 

to inside the heating chamber. It 

varied from  to ,  

to ,n of thermal efficiency as 

a function of drying time, which varied from 

to ,  to , and  to 

in the heating chamber, and from  to 

,  to , and  to  in the 
drying chamber for Quonset, rectangular and 
triangular shape STD, respectively. Compared to the 
heating chamber, the sound energy output and 
thermal efficiency of the drying chamber were lower 
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due to the higher inlet temperature (Pankaew et al., 
2020). The result indicates that when the value of heat 
flux input increases, the amount of useful energy 
output increases, but the magnitude of thermal 
efficiency decreases. Therefore, the energy extraction 

performance of the proposed STD was affected by the 
amount of heat flux input, and a similar result was 
reported literature (Ayyappan et al., 2021; Rabha et 
al., 2017; Pankaew et al., 2020; Suherman et al., 2020). 

 

 

Figure 5. Useful Energy Output of Heating and Drying Chamber for each STD Shape.   
 

 

Figure 6. Thermal Efficiency of Heating and Drying Chamber for each STD Shape. 
 

 

Figure 7. Useful Energy Output of Heating and Drying Chamber for each Air Velocity .  
 
Figures 5 and 6 indicate that a higher amount of 
useful energy output and thermal efficiency was 
found for the Quonset shape due to its larger 
absorber plate area than other shapes, followed by 
the triangular shape, and the least value is generated 
in the rectangular shape at a constant mass flow rate. 
Thus, the better capacity of thermal energy extraction 
was found for the Quonset shape, followed by the 
triangular shape, and the least in the rectangular 
shape. Therefore, the energy extraction performance 

of the proposed STD was affected by the shape of the 
drying system, and a similar result was reported in 
the literature (Afshari et al., 2021; Ayyappan et al., 
2021; Rabha et al., 2017; Pankaew et al., 2020; 
Suherman et al., 2020). 

Figure 7 illustrates the profiles of thermal energy 
extraction efficiency variation over time with air 
velocity input in both chambers, and the value 
ranged from  to ,  to , 

 to , and  to for the heating 
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chamber and varied from  to ,  to 

,  to , and  to in 

the drying chamber for ,  and , 

respectively. The higher capacity of thermal efficiency 
generation was found when air velocity was higher, 
and the least capacity was observed when air velocity 
was lower. In both chambers, when the value of air 
velocity increases, the capacity of thermal efficiency 
generation increases concomitantly. Therefore, at a 
constant heat flux input and for a specific solar tunnel 
dryer geometry, the amount of useful energy 
extraction performance of the proposed STD was 
affected by the air velocity variation, and a similar 
result was reported in the literature (Afshari et al., 
2021; Castro et al., 2018). 

 
Exergy performance 

Figure 8 shows the variation of useful exergy output 
as a function of drying time for variable heat flux 
input and three shapes. The useful exergy output 

varies from  to ,  to , 

and  to for the heating chamber and 

ranges from  to ,  to , 

and  to  for the drying chamber. 
Figure 9 shows that the exergy efficiency ranged from 

 to ,  to , and  to 

 for the heating chamber, and ranges from 

 to ,  to , and  to 

 in Quonset, rectangular, and triangular 
shape STD, respectively. The fluctuation of useful 
exergy output and exergy efficiency is considerably 
influenced by heat flux input variation over time. 
Comparatively, the value of useful exergy output and 
exergy efficiency of the heating chamber was higher 
than the drying chamber due to higher air 
temperature at the inlet of the drying chamber. In 
both chambers, as the amount of heat flux input 
increases concomitantly, the capacity of useful work 
extraction and exergy efficiency also increases 
because of higher outlet temperature achievement at 
a higher heat flux (Ayyappan et al., 2021; Rabha et al., 
2017; Pankaew et al., 2020; Suherman et al., 2020). 

 

 

Figure 8. Useful Exergy Output of Heating and Drying Chamber for each STD Shape 
 

 

Figure 9. Exergy Efficiency of Heating and Drying Chamber for each STD Shape 
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Figure 10. Thermal Efficiency of Heating and Drying Chamber for each Air Velocity. 
 
The obtained analytical result reveals that in both 
chambers, the higher value of useful exergy output 
and exergy efficiency were observed for semi-circular 
(Quonset) STD shape than other shapes, followed by 
triangular shape, and the least value was found for a 
rectangular shape, shown in Figure 8 and Figure 9. 
Comparatively, at a constant mass flow rate, heat flux 
input, and collector surface area, STD with a semi-
circular (Quonset) shape has a better exergy 
performance than other shapes, followed by a 
triangular and the least rectangular shape. The 
mathematical model simulation result of this study 
and the related study literature noticeably indicates 
that semi-circular (Quonset) shape STD has a better 
capacity for work extraction and exergy efficiency 
than rectangular and triangular shape STD (Afshari 
et al., 2021; Ayyappan et al., 2021; Rabha et al., 2017; 
Pankaew et al., 2020; Suherman et al., 2020). 

Figure 10 shows the variation of exergy efficiency 
as a function of drying time for different velocities. 
The exergy efficiency ranges from  to , 

 to ,  to , and  to in 

the heating chamber and ranges from  to 

,  to ,  to , and  

to in the drying chamber, for , and , 

respectively. A higher capacity of work extraction 
and exergy efficiency in both chambers were found 
for a higher air velocity than a lower one . 

As the air velocity increases, the capacity of work 
extraction and exergy efficiency increases in both 
chambers. Therefore, air velocity variation affected 
the useful exergy output and exergy efficiency at a 
constant heat flux input and solar tunnel dryer 
geometry (Afshari et al., 2021; Castro et al., 2018). 

 
CONCLUSION  
This work investigated the design and analysis of an 
active mode double air pass solar tunnel dryer for 
drying charcoal dust briquette and evaluating its 
performance. The influence of solar tunnel dryer 
shape, heat flux input, and air velocity on outlet air 
temperature, energy, and exergy parameters was 
studied by developing a mathematical model. The 
numerical solution was obtained using a PYTHON 
code. The outlet temperature, thermal efficiency, and 
exergy efficiency vary from , 

and , in the heating chamber 

and also vary from , and 

, in the drying chamber, respectively, 

for heat flux input variation between  and 

 at  for a  semi-circular shape 

dryer. The effect of the solar tunnel dryer shape was 
assessed. The higher outlet temperature, energy, and 
exergy value was found for a semi-circular shape, 
followed by a triangular shape. The most negligible 
value was found for a rectangular shape. The analysis 
of air velocity variation reveals that the value of 
energy and exergy efficiency increases, and outlet 
temperature decreases as air velocity increases. 
Therefore, the performance of an active mode double 
air pass solar tunnel dryer is affected by geometry 
(shape), input heat flux, and air stream velocity.  
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