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Abstract 
In this study, the drying kinetics of maize dried in a biomass-powered inclined bed dryer were studied using ten (10) thin-layer 

mathematical drying models. The drying system recorded an average plenum temperature of 73.54 ˚C during the drying 

experiment compared to an average ambient temperature of 28.41 ˚C. Maize grains with an initial average moisture content of 

23.25 % on a wet basis were reduced to 13.61 % average final moisture content over a drying period of 2 hours 40 minutes. The 

results revealed a moisture extraction rate, drying rate, and drying efficiency of 6.70 kg/h, 9.50 kg/h, and 71.37 %, respectively. 

The two-term model best describes the thin-layer drying kinetics of maize in the biomass-powered inclined bed dryer based on the 

coefficient of determination (R2) and root mean square error (RMSE) values of 0.998 and 0.00738, respectively. The two-term 

model showed a better fit between the experimental and the predicted moisture ratios. The drying process occurred in the falling 

rate period with an effective moisture diffusivity of 4.65x10-9 m2/s and activation energy of 21.31 kJ/mol. The two-term model was 

able to imitate the behaviour of the drying process of maize in the drying system. The model would assist in predicting the drying 

time for different moisture contents of maize in the scale-up of the drying system and, accordingly, help farmers and agro-

processors in planning drying schedules. The drying kinetics of other staples like cassava and rice are recommended for further 

studies using the biomass-powered inclined bed dryer. 
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Introduction 
Maize is Ghana’s most important cereal grain, accounting for 

approximately half of the total cereal production (Darfour and 

Rosentrater, 2016). In 2019, Ghana recorded a production out-

put of 3.06 million metric tonnes of maize (MoFA, 2020). 

Maize is often linked to household food security, with low-

income households considered food insecure if they do not 

have maize on reserve, regardless of other commodities availa-

ble (Tweneboah, 2000). Ghana's average yields are below what 

is achievable, and post-harvest losses are significantly high 

(Alhassan and Kumah, 2018).   

Drying is a critical post-harvest unit operation along the 

maize production value chain practised by farmers in Ghana. 

These farmers are ordinarily smallholders relying mainly on 

sunlight to dry their grains. However, these smallholder farm-

ers frequently experience grain losses due to insect infestation, 

mould growth, and discolouration due to improper grain drying 

(Akowuah et al., 2015).  Post-harvest loss of maize is a threat 

to food security; it causes financial loss to farmers and coun-

tries at large and it’s a disincentive especially for the youth 

regarding their interest to go into farming.   

 The use of mechanical dryers offers many opportunities 

that overcome challenges encountered using sun-dependent 

drying methods. The energy source for these dryers is usually 

diesel or liquefied petroleum gas (LPG) and according to 

Kaaya and Kyamuhangire (2010), such drying systems con-

sume a lot of energy and are also quite expensive to operate. 

This calls for a cost-effective energy source for mechanical 

drying systems. Biomass-powered dryers utilise biomass such 

as maize cobs, palm nut shells, bamboo and other agro-residues 

that are abundant, freely available, and easily accessible in 

farming communities. 

Given the importance of drying kinetics, the modelling of 

thin-layer drying of grains is essential for conceptualizing the 

basic transport mechanism and is a requirement for the success-

ful simulation or scale-up of the entire process for optimization 

of the drying conditions (Inyang et al., 2018). The modelling of 

the drying process is one of the most crucial aspects of drying 

technology. The design and optimization of dryers benefit 

greatly from the ability to predict the kinetics of drying agricul-

tural products under various conditions. In order to achieve 

optimal performance, grain drying simulation, thus, imitation 

of a drying system or process' behaviour is useful in the design 

process (Afriyie et al., 2013; Akowuah et al., 2021). Many re-

searchers have created various drying models for a variety of 

crops (Page 1949; Wang and Singh, 1978) but these studies 

focused on solar drying and mechanical drying technologies 

using electricity, diesel and liquefied petroleum gas heat 

sources. This study sought to investigate the thin-layer mathe-

matical modelling of maize in a newly developed prototype 

inclined bed dryer utilising biomass as the main source of ener-

gy for drying maize. 

 

Materials and Methods 

Study area 

The study was conducted at the Department of Agricultural and 

Biosystems Engineering, Kwame Nkrumah University of Sci-

ence and Technology, Kumasi. The study area is located at 6°

415 'N and 1°34 'W in latitude and longitude, respectively, ap-

proximately 270 kilometres north of Ghana's capital (GSS, 

2014). KNUST is in the Kumasi Metropolis of the Ashanti Re-

gion. The area has a bimodal rainfall distribution with an annu-

al mean rainfall of 1484 mm (GSS, 2014).  

 

Dryer description  

The biomass-powered inclined bed dryer was designed and 

fabricated at the Department of Agricultural and Biosystems 

Engineering, KNUST, Kumasi, Ghana. The drying system con-

sists of a combustion unit, a blower unit, and a drying chamber 

The blower unit connects the combustion chamber to the 
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drying chamber. Heated air generated in the combustion cham-

ber using biomass fuel (bamboo) is sucked by the blower and 

delivered into the plenum for maize drying. The drying cham-

ber consists of a plenum with a 7˚ (degrees) inclined removable 

drying bed made from 0.003 m thickness mild steel metal bars, 

and a transparent perspex sheet housing with vents as shown in 

Figure 1. The dryer bed is rectangular in shape with 2.5 m 

length, 1.3 m width, and 0.1 m depth. At the lower end of the 

dryer bed is the outlet for offloading after drying. The inclina-

tion of the dryer bed additionally allows easy offloading of the 

maize through the exit after drying. 

 

Experimental procedure 

Freshly harvested yellow maize (Honampa variety) with prede-

termined moisture content from KNUST Agricultural Research 

Station farm at Anwomaso (GPS Coordinates 6.70098, -

1.53569) was used for the experimental study. A quantity of 

200 kg of maize was measured using the weighing scale and 

spread over the dryer bed to ensure uniformity as shown in Fig-

ure 2. The combustion of the biomass fuel started 15 minutes 

before the start of the blower to allow enough heating of the 

heat exchanger before the suction of heated air through the 

blower unit to the plenum. The temperature in the drying sys-

tem was determined at 10 minutes intervals using temperature 

sensors (Tinytag Plus 2 data logger, TGP-4520). The moisture 

content of the drying maize was measured three (3) times at 20 

minutes intervals until a final moisture content of 13 % to 14 % 

(w.b) was obtained. The experiment was repeated in three (3) 

replicates and the average measurement was determined. 

 

Dryer performance indices  

The dryer performance was evaluated based on moisture extrac-

tion rate, drying rate, and the drying efficiency represented 

mathematically from Equation (1) to Equation (3), respectively. 

 

Moisture extraction rate (MER)  

The moisture extraction rate was calculated using Equation (1): 

Where MER = moisture extraction rate (%/h).,  i = Initial mass 

of grains dried (kg), Mi = initial moisture content (% w.b), Mf = 

final moisture content (% w.b) and t = total time (h). 

 

Drying rate (DR) 

The drying rate was calculated using Equation (2): 

 

Where, DR = drying rate (kg/h), mw = change in mass (kg), dt = 

change in time (h), mi = initial mass of maize samples (kg), and 

mf = final mass of maize samples (kg). 

Figure 1 Schematic illustration of the biomass-powered inclined bed dryer 

Figure 2 Experimental set-up of drying maize in the biomass-powered inclined bed dryer 

 

t 

(           )  
 

MER = 
Wi x (1) 

Mi - Mf 

100 - Mf 

 

DR = (2) (    )  Mw 

dt 

mi - mf 

t 
= 



Journal of the Ghana Institution of Engineering (2023) 23:4  

https//doi.org/10.56049/jghie.v23i4.104 JGhIE 

50 

Drying efficiency (ƞ) 

The drying efficiency, ƞ was determined using Equation (3):  

where, ƞ = drying efficiency (%),  ER = rate of moisture evap-

oration (kg/h), Mair = mass flow rate of air (kg/h), Cpair = spe-

cific heat capacity of air (kJ/kg. ˚C)    = Latent heat of vapori-

sation of water (kJ/kg), and Δ  = change in temperature be-

tween the drying air and ambient (˚C). 

. 

Thin-layer mathematical modelling 

In the simulation of the thin-layer drying process, empirical 

models are crucial for describing water removal, and heat pene-

tration when heated air is used (Da Silva et al., 2014). In this 

study, the calculated moisture ratio (MR) from Equation (5) 

was fitted into ten (10) thin-layer drying models to describe the 

drying kinetics of the biomass-powered inclined bed dryer. The 

selected ten (10) thin-layer drying models used in the study are 

shown in Table  

 The moisture ratio of the drying maize in the dryer was 

calculated using Equation (4): 

Where MR = moisture ratio, Mt = moisture content on a dry 

basis at any drying time (t), Me = equilibrium moisture content 

on a dry basis, and Mo = the initial moisture content on a dry 

basis. For long drying periods, Mₑ values are relatively small as 

compared to Mt and Mo (Hussein et al., 2016). Hence, Equa-

tion (4) is simplified to Equation (5) as: 

Mathematical model fitting 

To determine the best fit Equation to account for variation in 

the drying curves of the dried maize samples, the coefficient of 

determination (R2), which is the square of the correlation be-

tween the experimental and calculated values, and the Root 

Mean Square Error (RMSE), thus, the deviation between the 

predicted and experimental values were utilized as major crite-

ria. The equations for the Root Mean Square Error (RMSE) and 

coefficient of determination (R2) are shown in Equation (6) and 

Equation (7), respectively.     

Where SS = sum of squares, MRpre,i = predicted moisture ratio, 

MRexp,i = experimental moisture ratio, and N = number of ob-

servations. 

 

Effective moisture diffusivity 

The mechanism of moisture diffusivity during the falling rate 

period of drying was estimated using 'Fick's diffusion equation. 

Consideration was made for a constant moisture diffusivity, 

infinite slab geometry and uniform initial moisture distribution 

(Wang et al., 2018). Using Fick's second law, effective mois-

ture diffusivity is estimated using the following equations. 

  

For long drying period, Equation (8) was simplified as: 

Equation (9) can be linearized as: 

Where Defft = effective moisture diffusivity (m2/s) at drying 

time (t), K = slope for a plot of In(MR) against drying time (t), 

and L  = half the thickness (meters) of the sample.  

 

Activation energy 

Activation energy is the minimal amount of energy needed to 

initiate the drying process (Aghbashlo and Samimi-Akhijahani, 

2008). The Arrhenius type equation which describes the rela-

tionship between the effective moisture diffusivity with temper-

ature was used to compute the activation energy. The Arrhenius 

type equation is shown in Equation (12): 

Table 1 Mathematical models for thin-layer drying curves 

Model Equation Reference 

Newton MR = exp(–kt) Mujumdar (2006) 

Two-term MR = a × exp(–k1t) + b × exp(–k2t) Henderson (1974) 

Page MR = exp(–ktn) Page (1949) 

Henderson and Pabis MR = a × exp(–kt) Zhang and Litchfield (1991) 

Logarithmic MR = a × exp(–kt) + b Yagcioglu (1999) 

Wang and Singh MR = 1 + at + bt2 Wang and Singh (1978) 

Weibull MR = exp(–t/a) b Vega-Gálvez et al. (2010) 

Two-Term Exponential MR = a × exp(–kt) + (1–a) × exp(–kat) Sharaf-Eldeen et al. (1980) 

Midilli kucuk MR = a × exp(–ktn) + bt Doymaz, (2008). 

Modified Page MR = exp[–(kt)n] White et al. (1980) 

 
Ƞ = (3) 

MER x Lv 

Mair x Cpair  x ΔT 

 
MR= (4) 
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Mo - Mₑ 

 
MR= (5) 
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N 
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Figure 3 Temperature distribution in the drying system 

Figure 4 Moisture content versus drying time 

     Table 2 Results of the mathematical thin-layer drying models 

Model Name Parameters R2 RMSE 
Newton k = 0.06948 0.9689 0.02327 

Two-term 
a = 0.05839, b = 0.9416 
k1 = 20.85, k2 = 0.05774 

        0.9980 0.00738 

Page 
k = 0.1012 
n = 0.7801 

0.9923 0.0124 

Henderson and Pabis 
a = 0.9681 
k = 0.06312 

0.9846 0.01748 

Logarithmic 
a = 0.6364 
b = 0.3428 
k = 0.1152 

0.9876 0.01693 

Wang and Singh 
a = -0.07878 
b = 0.003597 

0.9795 
  

0.0202 

Weibull 
a = 47.66 
b = 3.314 

0.9689 0.02488 

Two-term exponential 
a = 0.05264 
k = 1.128 

0.9923 0.01238 

Midilli kucuk 
a = 0.9923, b = 3.227e-07 
k = 0.09477, n = 0.8059 

0.9927 0.01426 

Modified Page 
k = 0.05306 
n = 0.7801 

0.9923 0.0124 
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Figure 6 Experimental versus Two-term predicted moisture ratios 

Figure 5 Curves for experimented and predicted moisture ratios 

Where Ea = activation energy (kJ/mol), R = universal gas con-

stant (8.3143 kJ/mol), T = absolute air temperature (K), and 

Do = pre-exponential factor of the equation (m2/s). After a plot 

of ln(Deff) against 1/T according to Equation (12), the slope 

K1 was used in calculating the activation energy from Equation 

(13). 

 

Results and Discussion 
Temperature variation in the drying system 

After 15 minutes of biomass burning in the biomass chamber, 

the blower was switched on and an average drying air temper-

ature of 65.23 ˚C was recorded in the plenum against 25.58 ˚C 

ambient temperature as shown in Figure 3. The highest drying 

air temperature of 81.63 ˚C was recorded at the 80th minute of 

the experiment. The drying system recorded an average drying 

air temperature of 73.54 ± 5.74 ˚C compared to an average 

ambient temperature of 28.42 ± 1.76 ˚C.   

It is important to state that for the purpose of drying 

grains for seed production, the drying temperature should be 

50 ˚C or less as reported by Akowuah et al. (2022). The grain 

temperature increased with increased in drying air temperature 

and vice versa. The grain temperature and drying air tempera-

ture were in the range of 28.4 ˚C – 52.1 ˚C and 65.12 ˚C – 

81.63 ˚C, respectively. The relatively high temperature varia-

tion with time in the plenum compared to the ambient, which 

resulted in the high grain temperature was due to the timely 

restocking of the biomass fuel (bamboo) used for combustion 

to generate heat for the drying process. Similar observation 

was reported by Akowuah et al. (2018) and Obeng-Akrofi et 

al. (2021) on maize drying using biomass heat source. 

 

Moisture variation of maize 

The moisture content variation of maize during the drying 

process over time in the biomass-powered inclined-bed dryer 

is shown in Figure 4. It was observed that the moisture content 

of the maize decreased with time during the drying process, 

which occurred in the falling rate period. The drying of the 

maize grains resulted in a reduction of moisture content from 

(   )  Ea 

R 

 
(13) K1= 
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an MC of 23.25 ± 0.02 % (w.b) to 13.61 ± 0.13 % (w.b) within 

2 hours and 40 minutes drying period with a specific energy 

consumption of 25.70 MJ/kg. The drying time was shorter due 

to the dryer’s capacity relative to the amount of biomass feed-

stock used for the drying process. Comparatively, the drying 

time reported in this study was about half what was observed 

for a similar study on maize drying in a 1-tonne capacity dryer 

using a biomass heat source by Akowuah et al. (2018). 

The maize was dried at average drying rate and drying 

efficiency of 9.50 kg/h and 71.37%, respectively. The high dry-

ing rate could be attributed to the moderately high drying air 

temperature from the plenum of the dryer (Figure 3). The mois-

ture extraction rate of grains dried was recorded as 6.70 kg/h. 

 

Kinetic modelling of maize grain in the biomass-powered in-

clined bed dryer 

The Moisture Ratios (MR) calculated from the drying experi-

ment were fitted to 10 thin-layer drying models. The R2 and the 

RMSE values were used to evaluate the model that best de-

scribed the drying characteristics of maize in the biomass-

powered inclined bed dryer as illustrated in Table 2. The analy-

sis results showed that the Two-term model recorded the high-

est R2 value of 0.9980, while Newton and Weibull recorded the 

lowest (0.9689). The RMSE values ranged from 0.02488 

(Weibull) to 0.00738 (Two-term). The highest R2 value of the 

Two-term model indicate that the observations of the MR of the 

experiment were much closer to the Two-term model prediction 

(line of best fit). This implies that the Two-term model gives a 

better goodness fit for the drying kinetics of maize in the dryer 

and could be used to predict the MR of maize in the dryer much 

better than the other models considered. 

 Again, the RMSE value (0.00738) recorded by the Two-

term model was closer to zero than the RMSE value of the oth-

er models. This indicates that the Two-term model deviated less 

from the experimented MR as compared to the other models. 

This justifies the Two-term model as the best to describe the 

drying kinetics of maize in the dryer  
 
Model verification 

The representation of the experimental and predicted moisture 

ratios of maize in the dryer is shown in Figures 5 and 6. Analy-

sis of the results showed that the experimental and predicted 

moisture ratios were closely banded around the linear trend line 

with R2 value of 0.998.  

The results indicate a satisfactory uniformity between the 

experimental and the predicted moisture ratios. The results con-

firm the credibility of the two-term model to predict the drying 

time, and the moisture ratio of maize at any time in the inclined 

bed dryer for maize drying. 

 

Effective moisture diffusivity and activation energy 

The effective moisture diffusivity and activation energy are key 

factors in moisture movement in grains. The study recorded a 

high average effective moisture diffusivity of 4.65x10-9 m2/s 

and a low activation energy of 21.31 kJ/mol compared to re-

spective effective moisture diffusivity and activation energy of 

1.768×10-10 m2/s and 29.56 kJ/mol, reported by Doymaz and 

Pala (2003); 3.10 × 10-11 m2/s and 96.83 kJ/mol by Akowuah et 

al. (2021) for maize drying using a similar drying system. The 

activation energy and effective moisture diffusivity are inverse-

ly related, with low activation energy indicating less energy 

required to break the binding moisture particles and accelerate 

the movement of moisture, thus, higher effective moisture dif-

fusivity value (Anuar et al., 2003). The high effective moisture 

diffusivity recorded could be attributed to the high drying air 

temperature of 73.54 ˚C used for the drying of maize grains in 

the dryer. This is corroborated by Doymaz and Pala (2003) who 

reported of a similar trend of an increase in effective moisture 

diffusivity value due to an increase in the drying air tempera-

ture. 

 

Conclusion 
The biomass-powered inclined bed dryer recorded a relatively 

high average drying air temperature of 73.54 ± 5.74 ˚C, which 

was enough to initiate a shorter drying time as compared to the 

average ambient temperature of 28.42 ± 1.76 ˚C.  Maize with 

an initial average moisture content of 23.25 ± 0.02 % (w.b) was 

dried to 13.61 ± 0.13 % within a period of 2 hours and 40 

minutes. Thus, the 200-kg capacity dryer could dry 1 tonne of 

maize in a day which is suitable enough to dry maize produced 

by a smallholder farmer in Ghana. The drying system recorded 

an average drying rate and drying efficiency of 6.70 kg/h and 

71.37 %, respectively. The use of the drying system  provided 

an efficient and reliable maize drying technique that would help 

reduce post-harvest losses and consequently ensure food securi-

ty in Ghana. 

Among the ten thin-layer models, the Two-term model best 

described the thin-layer drying kinetics of maize in the biomass

-powered inclined bed dryer at R2 and RSME values of 0.9980 

and 0.00738, respectively. The Two-term model exhibited sat-

isfactory conformity between the predicted and experimental 

moisture ratios, thus, the model was able to reproduce the be-

haviour of the drying process of maize in the biomass-powered 

inclined bed dryer. The ability to predict the drying process is 

crucial for farmers and agro-processors. For possible scale-up 

of the drying system, the Two-term model would be able to 

predict the drying time for varied maize moisture contents, al-

lowing the farmer to prepare a drying schedule. The drying 

processes occurred under a falling rate period with an effective 

moisture diffusivity of 4.65x10-9 m2/s and an activation energy 

of 21.31 kJ/mol. Studies on the kinetic modelling of other cere-

als and crops using the biomass-powered inclined bed dryer are 

encouraged. 
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