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Abstract 
This study investigated the influence of different drying methods (open sun, passive solar, and active solar drying) on the drying 
kinetics and combustion properties of carbonized cashew nut shell briquettes (CCNS-B). Cashew nut shells were carbonized at 
250 °C for 3 h, pulverized, and densified using cassava starch as a binder at a pressure of 5 MPa. The briquettes were then 
subjected to controlled drying conditions, and their drying behaviour was evaluated using moisture ratio, drying rate, and effective 
moisture diffusivity. In addition, thin-layer drying models were applied to describe the drying kinetics, while proximate and ultimate 
analyses were used to assess fuel quality. The results showed that active solar drying achieved the shortest drying time (900 min) 
compared to passive solar (1080 min) and open sun drying (1260 min). Drying occurred entirely in the falling-rate period, 
indicating diffusion-controlled moisture transport. Effective moisture diffusivity increased from 4.50 × 10⁻⁹ m²/s (open sun) to 
9.49 × 10⁻⁹ m²/s (active solar). Among twelve evaluated thin-layer models, the Midilli-Kucuk model best described the open sun 
and active solar drying, while the logarithmic model best depicted the kinetics of the passive solar drying of the briquettes (R² ≥ 
0.990). Proximate analysis revealed improved fuel quality under active solar drying, with lower moisture (2.01%), reduced volatile 
matter (51.04%), and higher fixed carbon (38.62%). Ultimate analysis showed minimal variation in elemental composition 
across drying methods. The higher heating value ranged from 25.18 to 25.76 MJ/kg, with the highest value observed in active 
solar drying. Overall, active solar drying produced superior briquette quality and is recommended for efficient biomass fuel processing. 
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1.0 Introduction 
The increasing demand for sustainable energy has driven extensive research into alternative energy sources 

and the improvement of thermal energy systems over the past few decades [1], [2]. Sustainability concerns have 
further stimulated the exploration of agricultural and forestry residues as potential bioenergy feedstocks [2], [3], 
[4]. Biomass is recognized as one of the most important energy sources and ranks as the fourth largest energy 
source globally, particularly in developing countries [5], [6]. Biomass wastes include cashew nut shells, sugarcane 
bagasse, sawdust, municipal waste, waste paper, rice husks, straw, cornstalks, walnut shells, and wood pellets [7]. 
These wastes can be densified into solid fuels, providing a viable alternative to conventional fossil fuels [4], [8]. 

Cashew (Anacardium occidentale L.) is one of the major cash crops in Africa and ranks among the leading edible 
nuts globally [9]. Nigeria is one of the largest producers of cashew nuts in Africa and ranks among the top 
producers worldwide, with an annual production capacity of about 240,000 tonnes and yields ranging from 300 to 
800 kg/ha [10]. Valuable products are obtained from both the nut and the apple, including cashew nut shell liquid, 
juice, jam, and alcohol [11]. Effective utilization of cashew nut processing residue can convert waste into valuable 
energy resources [4], [12], [13], [14], [15].  

A major limitation of raw biomass is its high moisture content, which can exceed 50% depending on the 
species and environmental conditions [16]. High moisture content reduces energy density, lowers combustion 
efficiency, and increases transportation costs [17]. To address these challenges, biomass briquetting has emerged 
as an effective solution, converting loose biomass into dense, uniform solid fuels with improved calorific value 
and reduced moisture content compared to raw biomass [5, 18]. Briquettes can be used for household cooking, 
small-scale industrial heating, and large-scale power generation. In addition, briquettes help reduce deforestation 
by serving as a substitute for firewood and charcoal [19]. The use of carbonized biomass further enhances fuel 
quality by reducing moisture and volatile matter while increasing fixed carbon and heating value, thereby improving 
combustion characteristics [20], [21], [22].  
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Despite these advantages, a major limitation of biomass briquettes is moisture retention after production, 
which affects storage, handling, and transportation. Open sun drying is widely used due to its low cost; however, 
it requires large space and depends heavily on weather conditions [23]. Uncontrolled parameters such as ambient 
temperature, relative humidity, and wind speed make open sun drying inefficient in terms of moisture removal 
rate, drying time, and final product quality [6]. In addition, prolonged exposure during open drying increases the 
risk of contamination by dust, insects, and other impurities [24]. Alternative drying methods, including solar drying, 
hot air oven drying, microwave drying, and hybrid systems, have been explored for biomass drying [24], [25], [26], 
[27, [28], [29], [30], [31], [32], [33], [34], [35].  

Solar dryers offer a cost-effective and energy-efficient alternative to hot air oven, microwave, open sun, and 
hybrid drying methods by utilizing renewable solar energy to achieve controlled drying conditions, reduced 
operating costs, improved product quality, and lower environmental impact, while avoiding the high energy 
consumption of ovens and microwaves and the poor controllability and contamination risks associated with open 
sun drying [25], [29, [32], [36], [37]. Solar drying systems are commonly classified into passive and active types 
based on the mode of air circulation, although other classifications such as direct, indirect, mixed-mode, and hybrid 
systems also exist depending on design and heat transfer configuration [36], [37]. Passive solar dryers operate using 
natural air movement without external power, making them simple, low-cost, and energy-independent, but 
typically slower and more dependent on weather conditions. In contrast, active solar dryers use forced convection 
via fans or blowers powered by electricity or solar energy to control airflow, resulting in faster, more uniform 
drying, though at higher cost and energy demand [36], [37]. 

Solar energy-based drying systems provide a sustainable alternative to conventional drying technologies such 
as hot air ovens, microwave dryers, open sun drying, and hybrid systems. They harness renewable energy to 
maintain relatively controlled drying environments, thereby reducing operating costs, improving product quality, 
and minimizing environmental impacts. Unlike hot air and microwave systems, which require substantial external 
energy input, and open sun drying, which suffers from poor process control and contamination risks, solar dryers 
present a more balanced and sustainable option for biomass drying applications [25], [29], [32], [36], [37]. 
Depending on their configuration, solar dryers are generally categorized into passive and active systems based on 
airflow mechanism, although broader classifications such as direct, indirect, mixed-mode, and hybrid designs also 
exist depending on heat transfer arrangement and system architecture [36], [37]. In passive systems, air movement 
occurs naturally through buoyancy-driven convection without external mechanical assistance, making them simple, 
inexpensive, and energy-autonomous, but relatively slow and highly dependent on climatic conditions. Active solar 
dryers, on the other hand, rely on forced convection using electrically or solar-powered fans to regulate airflow, 
which improves drying uniformity, enhances moisture removal rate, and shortens drying time, albeit with higher 
energy and equipment requirements [36], [37]. 

Empirical studies have demonstrated the effectiveness of solar-assisted drying systems for briquette 
processing. Gari et al. [6] evaluated an active-mode double air-pass solar tunnel dryer for charcoal briquettes and 
reported a moisture reduction from 45.31% to below 10% within 5–6 hours, whereas open sun drying required 
14–16 hours to achieve comparable levels. Similarly, Molefe and Simate [38] investigated thin-layer drying behavior 
of poultry litter briquettes under open sun and solar tunnel drying conditions, observing moisture reduction from 
61% to between 0.2% and 11.2% over 31–55 hours, with the solar dryer performing significantly faster; their 
results further indicated that the logarithmic model best described the drying kinetics. Using a computational fluid 
dynamics approach, Guibunda et al. [39] analyzed a solar tunnel dryer for charcoal briquettes under Mozambican 
climatic conditions and reported operating temperatures between 36.5 °C and 65 °C, air velocities up to 33.5 m/s, 
and a mass flow rate of 1.36 kg/s, achieving moisture reduction from 50% to 10% and confirming improved 
drying efficiency and sustainability performance. In another study, Atienza et al. [40] examined a passive indirect 
solar dryer equipped with perforated baffles and thermal energy storage for coconut briquettes and found that the 
modifications enhanced heat utilization, improved product quality, and reduced drying time to about one-third of 
that required for traditional sun drying. Collectively, these findings demonstrate the strong potential of solar drying 
systems to improve drying performance and product quality in briquette production.   

Although solar drying of biomass briquettes has been reported in a small number of studies, the existing 
literature remains limited in scope and does not adequately address the drying behavior of different briquette 
systems under solar-assisted conditions. More importantly, to the best of the authors’ knowledge, no study has 
specifically investigated the solar drying of carbonized cashew nut shell briquettes, particularly with respect to their 
drying kinetics, moisture transport mechanisms, and the influence of drying method on final fuel quality. This 
reveals a clear and significant research gap, as carbonized cashew nut shell briquettes represent a high-potential 
biofuel whose drying behavior is critical to optimizing storage stability and combustion performance. Addressing 
this gap is therefore essential for advancing efficient solar drying strategies and improving the overall quality and 
applicability of biomass-derived solid fuels. 
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2.0 Materials and Methods  
2.1 Collection and preparation of materials  

Cashew nut shells (CNS) were supplied by Olam Edible Nut Industry, located in Afon, Asa Local Government 
Area (8.21667° N, 4.5669° E), Kwara State, Nigeria; therefore, manual shell removal from the nuts was not 
required. The biomass was sorted to remove unwanted particles and subsequently sun-dried to reduce the moisture 
content to approximately 10% (wet basis), as recommended by Pandey and Dhakal [41] and Sarafa et al. [5]. The 
CNS was carbonized in a furnace at 250 °C for 3 h [5], [42]. This temperature falls within the range commonly 
reported for mild carbonization or torrefaction of biomass. Previous studies have shown that thermal treatment 
between 200 and 300 °C promotes partial devolatilization and thermal degradation of biomass constituents, 
particularly hemicellulose, thereby improving fuel properties [43], [44]. Protective hand gloves and nose masks 
were used during the carbonization process to minimize exposure to cashew nut shell liquid compounds. The 
carbonized cashew nut shell is shown in Figure 1. Cassava starch, obtained from the main community market in 
Ilorin, was used as the binder due to its availability and its reported ability to improve the mechanical properties 
of briquettes [45], [46]. 

 

 
     Figure 1: Carbonized cashew nut shell 

 
2.2 Briquettes sample preparation and production 

The carbonized cashew nut shell was pulverized and sieved to a particle size of 0.2 mm using a standard sieve 
to obtain a homogeneous biomass. Briquettes were produced according to the methods of Ajimotokan et al. [46] 
and Olaodosu et al. [47], with slight modifications. The sieved carbonized cashew nut shell was mixed with 20 g 
of cassava starch binder. The starch was first dispersed in 40 cm³ of water and subsequently added to 100 cm³ of 
boiling water at 100 °C to obtain a smooth and homogeneous binder solution. The starch concentration used falls 
within the range previously reported to provide good mechanical properties in briquettes [45], [46]. The briquettes 
were compacted at a pressure of 5 MPa with a holding time of 5 min to minimize spring-back after compression. 
The prepared carbonized biomass mixture was fed into the mould, and briquettes were produced in triplicate. 
Cylindrical briquettes with dimensions of 50 mm diameter and 45 mm height were produced. Briquette production 
was carried out in the Department of Mechanical Engineering, Ladoke Akintola University of Technology, 
Ogbomoso, Nigeria. Figure 2 shows the produced carbonized cashew nut shell briquettes.  

 

 
Figure 2: Carbonized cashew nut shell briquettes 

 
2.3 Drying of carbonized cashew nut shell briquettes 

The produced briquettes were separately placed in open sun, passive solar dryer, and active solar dryer and 
dried between 9:00 a.m. and 5:00 p.m. in March 2025. The open sun drying was conducted under ambient 
environmental conditions, while the passive solar dryer operated based on natural convection. In contrast, the 
active solar dryer was operated under forced convection at an air velocity of 1.5 m/s. Both the passive and active 
solar dryers were locally fabricated using galvanized steel sheets and Pyrex glass. The transparent glass cover allows 
solar radiation to penetrate into the drying chamber, while the absorber surface of the drying chamber was coated 



Volume 2, Issue 1  Ishola et al. (2026) 

Received: 01/05/2026; Revised: 26/05/2026; Accepted: 29/05/2026; Published: 02/06/2026 963 

black to enhance solar energy absorption. The two dryers were designed with identical dimensions, as presented 
in Figure 3a. However, the active solar dryer was equipped with a blower to facilitate forced air circulation. The 
schematic representations of the passive and active solar dryers are shown in Figures 3b and 3c, respectively. 
During drying, the mass of each briquette was measured at 60-minute intervals using an OHAUS C-series digital 
weighing balance (accuracy: 0.01 g) until a constant mass was achieved. Relative humidity, ambient temperature, 
and air velocity were monitored throughout the drying process. In addition, the internal temperatures of the solar 
dryers were recorded to assess the drying conditions. 

(a) 

 
 

(b) 

 

(c) 

 

Figure 3: Schematics showing (a) dimensions of both dryers (b) passive solar dryer (c) active solar dryer 
 
2.4 Drying Kinetic of the Carbonized Cashew Nut Shell Briquettes 

The experimental data were analyzed to determine the moisture ratio, drying rate and effective moisture 
diffusivity. 
 
2.4.1 Moisture ratio 

Moisture ratio is defined as the ratio of the moisture content of the sample at any time to the initial moisture 
content, expressed on a dry basis: 

𝑀𝑀𝑅𝑅 = 𝑀𝑀𝑡𝑡−𝑀𝑀𝑒𝑒
𝑀𝑀𝑜𝑜−𝑀𝑀𝑒𝑒

                                   (1)   
where MR is the moisture ratio, Mt is the moisture content at time t, and Mo and Me are the initial and equilibrium 
moisture contents, respectively. For long drying periods, the value of Me is negligible compared to Mt and Mo. 

Therefore, the moisture ratio can be simplified as: 
𝑀𝑀𝑅𝑅 = 𝑀𝑀𝑡𝑡

𝑀𝑀𝑜𝑜
                                                              (2) 

The moisture content at any time on a dry basis is calculated as: 
𝑀𝑀𝑡𝑡  =

   𝑊𝑊𝑡𝑡−𝑊𝑊𝑑𝑑
𝑊𝑊𝑑𝑑

                                   (3) 
where Wt is the mass of the sample at time t and Wd is the mass of the absolutely dry sample. 
 
2.4.2 Drying rate 

The drying rate is defined as the rate at which moisture is removed from the sample and was calculated using 
Equation (4) [24]: 

𝐷𝐷𝑅𝑅 = 𝑀𝑀𝑡𝑡+𝑑𝑑𝑑𝑑−𝑀𝑀𝑡𝑡
𝑑𝑑𝑑𝑑

                                   (4)        
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where DR is the drying rate (g water/g dry matter. min), Mt+dt is the moisture content at time t+dt, and dt is the 
time interval (min). 
 
2.4.3 Effective moisture diffusivity 

Effective moisture diffusivity explains how fast moisture moves from the inside of the samples to the surface 
during drying. The effective moisture diffusivity for the drying of the briquettes was calculated using the Fick’s 
Second Law of diffusion with the assumptions of moisture migration being by diffusion, negligible shrinkage, 
constant diffusion coefficient and temperature [33]. Equation (5) shows the relationship between moisture ratio, 
time and effective moisture diffusivity for a cylindrical shaped material [48]: 

𝑙𝑙𝑙𝑙𝑀𝑀𝑀𝑀 = In 4
𝑏𝑏2
⎻𝑏𝑏

2𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒
𝑅𝑅2

𝑡𝑡                                              (5) 
where MR is the moisture ratio, R is the thickness (m) of the briquette, Deff is the effective moisture diffusivity (m2 
s-1), t is the drying time (s) and b is the first positive root of the zero-order Bessel function of the first kind (b = 
2.4048) [49]. The effective moisture diffusivity of the sample was determined by plotting the graph of In (MR) 
against t and the Deff was calculated from the slope (X1) of the graph using Equation (6): 

Slope (X1) = 𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑏𝑏
2

𝑅𝑅2
                                         (6)   

 
2.5 Thin layer mathematical modeling of drying kinetics 

Thin layer mathematical drying models were used to describe the drying kinetics of the briquettes. 
Experimental data of moisture ratio against drying time were fitted to the thin layer drying models shown in Table 
1 to describe the drying kinetics of briquettes. These twelve models have previously been reported to adequately 
describe the drying kinetics of agricultural products and biomass materials [24], [25], [27], [29], [32], [50]. The 
coefficient of determination (R2), sum of square error (SSE), root mean square error (RMSE) and Chi-square (χ2) 
are the statistical parameters used as criteria to determine the model that best fit the moisture ratio – time data. 
The model that has the highest value of R2 and lowest values of SSE, RMSE and χ2 best describe the experimental 
data [50]. The values of SSE, RMSE and χ2 were calculated from Equations (7), (8) and (9), respectively, using 
Microsoft Excel, while R2 values were computed using the Excel RSQ function.                                                                                                                                

SSE = 1
𝑁𝑁
∑ (𝑁𝑁
𝑖𝑖=1 𝑀𝑀𝑅𝑅,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖 − 𝑀𝑀𝑅𝑅,𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖)2                                               (7) 

RMSE = �1
𝑁𝑁
∑ (𝑁𝑁
𝑖𝑖=1 𝑀𝑀𝑅𝑅,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖 − 𝑀𝑀𝑅𝑅,𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖)2�

1
2                                  (8)                                                                   

χ2  = 
∑ (𝑁𝑁
𝑖𝑖=1 𝑀𝑀𝑅𝑅,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖−𝑀𝑀𝑅𝑅,𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖)2

𝑁𝑁−𝑍𝑍
                                               (9) 

where 𝑀𝑀𝑅𝑅,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖, 𝑀𝑀𝑅𝑅,𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖, z and N are the predicted moisture ratio, experimental moisture ratio, number of 
constants and number of observations, respectively. 
 

Table 1:  Thin layer drying models fitted to drying data 
No Model Name  Model equation References 
1. Midilli-Kucuk MR = a exp (−ktn ) + bt [51]  
2. Page MR = exp (−ktn ) [52]  
3. Logarithmic MR = a exp (−kt) + c [53]  
4. Two-term MR = a exp (−k0t) + b exp(−k1t) [54, 55]  
5. Wang and Singh MR = 1 + at + bt2 [56]  
6. Approximation of diffusion MR = a exp (−kt) + (1− a) exp (−kbt) [57]  
7. Modified Henderson and Pabis MR = a exp (−kt) + b exp (−gt) + c exp 

(−ht) 
[58]  

8. Modified Page MR = exp (−(kt)n ) [59]  
9. Henderson and Pabis MR = a exp (−kt) [60]  
10. Two-term exponential MR = a exp (−kt) + (1 − a) exp (−kat) [61]  
11. Verma et al. MR = a exp (−kt) + (1 − a) exp (−gt) [62]  
12. Weibull et al MR = a − b exp (−ktn)   [63]  

 
2.6 Proximate analysis of the carbonized cashew nut shell briquettes 

Proximate analysis was conducted to determine the moisture content, ash content, volatile matter and fixed 
carbon of the carbonized cashew nut shell briquettes. 
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2.6.1 Determination of moisture contents    
Moisture content was determined based on ASTM D3173 standard [64]. Half (0.5) gram of finely grounded 

powdered sample was oven dried at a temperature of 105 ºC for 1 hour and then taken out, cooled in a desiccator 
and weighed [46]. The percentage of moisture content (wet basis) is expressed using Equation (10): 

Mc = �x1−x2
x1

� x 100                                                                 (10)                                                                                           

where x1 is the original mass of the sample, x2 is the final (dried) mass of the sample, and 𝑀𝑀𝑐𝑐 is the percentage of 
moisture content (wet basis). 
 
2.6.2 Determination of volatile matter 

The volatile matter content of the ground samples was determined using the standard method ASTM D3175-
17 [65]. In this method, a clean, dry crucible of known mass was charged with approximately 1 g of the sample 
and oven-dried to a constant mass. The dried sample was then placed in a covered crucible (with a fitted lid) to 
prevent contact with air during the release of volatile components. The covered crucible was heated in a muffle 
furnace at 900 ºC for 7 min [46]. After heating, the crucible was removed, cooled in a desiccator, and weighed. 
The percentage of volatile matter (VM) was calculated using Equation (11): 

Vm = ∆𝑚𝑚
𝑚𝑚𝑚𝑚

 x 100                            (11) 
where Vm is the percentage of volatile matter, ∆𝑚𝑚 is the loss in mass (g), and 𝑚𝑚𝑚𝑚 is the initial mass of the oven-
dried sample (g). 
 
2.6.3 Determination of ash content  

One gram of each pulverized sample was measured and then placed in a crucible of known mass, then oven-
dried to a constant mass. The oven-dried samples were heated in a muffle furnace at 800 °C for 5 h in accordance 
with ASTM D5142-02 [66] and then allowed to cool in a desiccator before being weighed. The remaining residue 
was considered ash, and the percentage ash content was calculated using Equation (12): 

Ac = 
𝑀𝑀𝑓𝑓

𝑀𝑀𝑖𝑖
 ×100                                                                                                      (12)                                                                                 

where Ac is the ash content in percentage, 𝑀𝑀𝑖𝑖 is the initial mass of the sample (before burning) and 𝑀𝑀𝑓𝑓 is the final 
mass of the sample (after burning). 
 
2.6.4 Determination of fixed carbon 

The fixed carbon (Fc) of the sample was determined by subtracting the sum of the moisture content, volatile 
matter and ash content (wt. %) from 100 according to Equation (13) [5]: 

𝐹𝐹𝑐𝑐 = 100 - ⌊𝑀𝑀𝑐𝑐 + 𝐴𝐴𝐴𝐴 + 𝑉𝑉𝑚𝑚⌋                                       (13) 
 

2.7 Ultimate analysis  
Ultimate analysis is useful for estimating the elemental composition of fuels and is essential for heat and 

material balance calculations in thermochemical processes. In this study, the elemental composition of the 
briquette was estimated from the proximate analysis data using established empirical correlations, as presented in 
Equations (14), (15), (16) and (17). The results were evaluated at an estimated confidence level of 95% [46]: 

C = 0.637 Fc + 0.455 𝑉𝑉𝑚𝑚                                 (14) 
H = 0.052 Fc + 0.062 𝑉𝑉𝑚𝑚                             (15) 
O = 0.304 Fc + 0.476 𝑉𝑉𝑚𝑚                            (16) 
N = 2.10 – 0.020 𝑉𝑉𝑚𝑚                                         (17) 

 
2.8 Determination of calorific value  

The calorific value of the biomass was determined using an oxygen bomb calorimeter in accordance with 
ASTM D5865 [67]. A known mass of the sample was combusted in excess oxygen under constant-volume 
conditions. The heat released during combustion was absorbed by a known mass of water surrounding the 
combustion chamber. The initial and final temperatures of the water were recorded, and the heat released was 
calculated using Equation (18): 

CV = [(𝑀𝑀𝑤𝑤𝐶𝐶𝑤𝑤 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 )ΔT]/m                                 (18) 
where CV is the calorific value or HHV (J/kg), Mw is the mass of water (kg), Cw is the specific heat capacity of 
water (4.182 kJ/kg·°C), Ccal is the calorimeter constant (J/°C), ΔT is the temperature rise (°C), and m is the mass 
of the sample (kg). The experiment was conducted in triplicate, and the average values were reported [68]. 
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3.0 Results and Discussion 
3.1 Open sun, passive and active solar drying characteristics of the carbonized cashew nut shell briquettes 

The moisture ratio–drying time curves for the open sun, passive solar, and active solar drying of carbonized 
cashew nut shell briquettes (CCNS-B) are presented in Figure 4a. Moisture removal was achieved in all drying 
methods, as the moisture ratio decreased progressively with drying time until a constant mass was attained. Drying 
times of 1260 min (21 h), 1080 min (18 h), and 900 min (15 h) were required for open sun, passive solar, and active 
solar drying, respectively. The shorter drying time observed in the active solar dryer is attributed to higher drying 
temperatures and enhanced air circulation, which increased the rate of heat and mass transfer. The temperature 
ranges in the ambient and passive solar dryers were 32–41 °C and 32–44 °C, respectively, compared with 36–50 
°C in the active solar dryer. Similar reductions in drying time for active solar drying compared with open sun and 
passive solar drying have previously been reported for banana peel biomass [29].  

Figure 4b shows the variation of drying rate with drying time for the three drying methods. The drying rate 
generally decreased with increasing drying time for all cases, indicating the absence of a constant-rate period. Thus, 
the drying process occurred entirely within the falling-rate period, suggesting that moisture removal was governed 
predominantly by internal diffusion mechanisms. This implies that the movement of moisture from the interior 
of the briquettes to the surface controlled the drying process [35]. Similar drying behavior has been reported for 
various biomass materials such as microalgae, cashew apple pomace, and other agricultural products under open 
sun and solar drying conditions [24], [35], [69], [70], [71], where drying predominantly occurs in the falling-rate 
period.  

The effective moisture diffusivities for open sun, passive solar, and active solar drying of CCNS-B are 
presented in Figure 4c. The values obtained were 4.50×10−9, 6.42×10−9, and 9.49×10−9 m2/s, respectively. The 
higher effective moisture diffusivity observed in the solar dryers, particularly in the active system, can be attributed 
to the elevated drying temperatures and improved airflow conditions, which enhance moisture migration within 
the briquettes. The effective moisture diffusivity values obtained in this study fall within the typical range of 10−12 
to 10−6 m2/s reported for agricultural and biomass materials [72]. Furthermore, the values are comparable to those 
reported by Oluremi et al. [35] for the drying of yellow cashew apple bagasse using similar drying methods, 
indicating consistency with established literature. 

 
(a) 

 

(b) 

 
                                                (c) 

 
Figure 4: Drying data for the open sun, passive solar and active solar drying of CCNS-B (a) moisture ratio versus 

drying time (b) drying rate versus drying time (c) effective moisture diffusivity 
 

3.2 Modeling of Drying Kinetics 
The twelve thin-layer drying models fitted to the open sun, passive solar, and active solar drying data are 

presented in Table 2, Table 3 and Table 4, respectively. The statistical parameters obtained from the non-linear 
regression analysis of these models are also included in these Tables. Model selection was based on maximizing 
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the coefficient of determination (R2) and minimizing the sum of squared errors (SSE), root mean square error 
(RMSE), and chi-square (χ2). Among the models evaluated, the Midilli–Küçük model best described the drying 
behaviour of CCNS-B under open sun and active solar drying conditions, while the logarithmic model provided 
the best fit for passive solar drying. These models exhibited the highest R2 values and the lowest SSE, RMSE, and 
χ2 values. For open sun drying, the Midilli–Küçük model yielded the highest R2 value of 0.993443, with the lowest 
SSE (0.000615), RMSE (0.024793), and χ2 (0.000744). Similarly, for active solar drying, the model produced an 
R2 value of 0.990306, along with the lowest SSE (0.000948), RMSE (0.030793), and χ2 (0.001240). For passive 
solar drying, the logarithmic model performed best, with the highest R2 value of 0.994253 and corresponding 
lowest values of SSE (0.000574), RMSE (0.023967), and χ2 (0.000676). The Midilli–Küçük and logarithmic models 
have previously been reported to adequately describe the open sun and solar drying kinetics of several biomass 
materials [25, 29, 32] and poultry litter briquettes [38]. 

 
Table 2: Constants and statistical parameters of models fitted to drying data for the open sun drying of CCNS-B 

Model Name Model Constant          R2 SSE RMSE        χ2 

Midilli-Kucuk a=1.0094, b=-0.0003,  
k=0.0030, n=0.7980 

0.993443 
 

0.000615 0.024793 0.000744 

Page k=0.0002, n=1.3351 0.974335 0.002537 0.050368 0.002779 

Logarithmic a=1.7532, c=-0.7719,            
k=0.0007 

0.992674 0.000687 
 

0.026205 0.000790 

Two-term a=1.1012, b=-0.1012, 
k0=0.0019, k1=0.4504 

0.961348 
 

0.003968 0.062994 0.004804 

Wang and Singh a=-4.8363E-10,  
b=-7.83249E-07 

0.858307 0.050597 0.224938 0.055416 

Approximation 
of diffusion 

a=-0.1012, b=0.0077, 
k=0.2402 

0.961348 0.003968 0.062994 0.004563 

Modified 
Henderson and 
Pabis 

a=-8.8092, b=9.7191, 
c=0.0897, g=0.0031, 
h=0.3978, k=0.0034 

0.975867 0.002458 0.049582 0.003326 

Modified Page k=0.0016, n=1.3353 0.974336 0.002537 0.050368 0.002779 
Henderson and 
Pabis a=1.0654, k=0.0018 0.958952 0.004255 0.065232 0.004660 

two-term 
exponential a=0.0002, k=9.6984 0.964894 0.004802 0.069295 0.005259 

Verma et al a=-12.4450, g=0.0030, 
k=0.0031 

0.973536 0.002646 0.051438 0.003043 

Weibull et al a=-0.7741, b=-1.7552, 
k=0.0007, n=1 

0.992674 0.000687 0.026205 0.000831 

 
Table 3: Constants and statistical parameters of models fitted to drying data for the passive drying of CCNS-B 
Model Name Model Constant R2 SSE RMSE χ2 
Midilli-Kucuk a=0.9964, b=-0.0004, 

k=0.0012, n=0.9445 
0.994201 0.000580 0.024075 0.000725 

Page k=9.387E-05, n=1.4684 0.975919 0.002596 0.050954 0.002885 
Logarithmic a=2.2516, c=-1.2621,  

k=0.0005 
0.994253 0.000574 0.023967 0.000676 

Two-term a=1.1329, b=-0.1329, 
k0=0.0021, k1=0.4504 

0.953707 0.005099 0.071407 0.006374 

Wang and 
Singh 

a=-0.0013, b=1.2412E-07 0.991842 0.011306 0.106328 0.012562 

Approximation 
of diffusion 

a=-21.6378, b=0.9624, 
k=0.0037 

0.972204 0.003006 0.054830 0.003537 

Modified 
Henderson and 
Pabis 

a=-0.6404, b=1.2729,  
c=0.3676, g=0.0023,  
h=0.3978, k =0.0192 

0.960609 0.387434 0.622442 0.553477 

Modified Page k=0.0018, n=1.4686 0.975921 0.002596 0.050954 0.002885 
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Model Name Model Constant R2 SSE RMSE χ2 
Henderson and 
Pabis 

a=1.0813, k=0.0020 0.949271 0.005637 0.075078 0.006263 

two-term 
exponential 

a=1.0182E-05, k=183.2550 0.957495 0.006526 0.080786 0.007252 

Verma et al a=9.088660, g=0.0038,  
k=0.0035 

0.972100 0.003012 0.054882 0.003544 

Weibull et al a=-1.260664, b=-2.2490,  
k=0.0005, n=1.0031 

0.994246 0.000575 0.023981 0.000719 

 
Table 4: Constants and statistical parameters of models fitted to drying data for the active solar drying of CCNS-

B 
Model Name Model constants       R2      SSE  RMSE      χ2 
Midilli-Kucuk a=0.9995, b=-0.0009, 

k=0.0151, n=0.4039 
0.990306 0.000948 0.030793 0.001240 

Page k=0.0001, n=1.4357 0.964404 0.003773 0.061423 0.004276 
Logarithmic a=2.8264, c=-1.8611, 

k=0.0005 
0.989390 0.001038 0.032215 0.001260 

Two-term a=1.1122, b=-0.1122, 
k0=0.0025, k1=0.4504 

0.939520 0.006267 0.079162 0.008195 

Wang and Singh a=-0.0013, b=1.3812E-07 0.988595 0.001870 0.043247 0.002120 
Approximation 
of diffusion 

a=-0.1007, b=0.0113, 
k=0.2124 

0.941254 0.006249 0.079050 0.007588 

Modified 
Henderson and 
Pabis 

a=-20.3121, b=21.0730,  
c=0.2391, g=0.0046, 
h=0.3978, k=0.0048 

0.971125 0.003136 0.056000 0.004847 

Modified Page k=0.0021, n=1.4359 0.964408 0.003773 0.061423 0.004276 
Henderson and 
Pabis 

a=1.0574, k=0.0023 0.938546 0.006587 0.081162 0.007466 

two-term 
exponential 

a=1.6570E-05, k=131.8488 0.944764 0.007052 0.083978 0.007993 

Verma et al a=-170.2958, g=0.0030, 
k=0.0031 

0.956539 0.005737 0.075744 0.006967 

Weibull et al a=-8.6118, b=-9.5952,  
k=0.0003, n=0.8716 

0.989914 0.000987 0.031415 0.001291 

 
3.3 Proximate and ultimate characteristics of the carbonized cashew nut shell briquettes 

The proximate and ultimate compositions of carbonized cashew nut shell briquettes subjected to different 
drying methods are presented in Table 5. The results show that the drying method had a noticeable influence on 
the proximate properties of the briquettes, while only marginal variations were observed in the ultimate 
composition. The moisture content decreased progressively from open sun drying (2.68%) to passive solar drying 
(2.50%) and was lowest in active solar drying (2.01%). The lower moisture content observed in the active solar 
dryer can be attributed to the continuous circulation of heated air, which enhances heat and mass transfer, 
maintains a strong evaporation gradient, and limits moisture re-absorption. The moisture contents obtained in this 
study are lower than the 4.59% reported by Tuates Jr et al. [73], indicating improved drying efficiency. 

A similar decreasing trend was observed for volatile matter, with values of 55.2%, 53.11%, and 51.04% for 
open sun, passive solar, and active solar drying, respectively. The reduction in volatile matter with increasing drying 
intensity may be attributed to the partial thermal degradation and loss of light volatile compounds at elevated 
drying temperatures, particularly from the starch binder. The volatile matter values obtained in this study are higher 
than 46.59% reported by Tuates Jr et al. [73], but lower than 78.74% reported by Fombu et al. [74], reflecting 
differences in feedstock treatment and processing conditions. 

The ash content ranged from 6.87% to 8.33%, with the lowest value observed in passive solar drying (6.87%) 
and the highest in active solar drying (8.33%). Although ash content is generally independent of drying conditions, 
the slightly higher value observed in the active solar-dried briquettes is likely due to a relative concentration effect 
resulting from the reduction in moisture and volatile components rather than an actual increase in mineral content. 
The ash values obtained fall within the range of 5–10% reported by Kimutai and Kimutai [42] and are comparable 
to 0.37–7.69% reported by Sarafa et al. [5]. 
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The fixed carbon content increased from 35.17% (open sun) to 37.52% (passive solar) and 38.62% (active 
solar), which is consistent with the observed reduction in volatile matter. This increase suggests that active solar 
drying enhances the carbon-rich fraction of the briquettes, thereby improving fuel quality. The fixed carbon values 
obtained are lower than 46.59% reported by Tuates Jr et al. [73] but higher than the range of 28–32% reported by 
Pathaveerat et al. [75]. Higher fixed carbon content is associated with improved combustion characteristics and 
higher energy output, as reported by Kimutai and Kimutai [42]. 

The ultimate analysis results show minimal variation across the drying methods, indicating that the elemental 
composition of the briquettes is largely unaffected by the drying process. The carbon content ranged narrowly 
between 47.52% and 48.07%, confirming the uniformity of the base material. The slightly higher carbon content 
observed in the passive solar-dried sample may be associated with its lower ash content; however, the differences 
are not significant. High carbon content is indicative of good fuel quality and enhanced calorific value, consistent 
with findings by Ismaila et al. [76] and Sarafa et al. [5]. 

The hydrogen content ranged from 5.17% to 5.25%, showing a slight decrease with increasing drying intensity, 
which may be attributed to minor loss of moisture-bound hydrogen and light hydrocarbons. These values are 
consistent with the range of 5.1–5.6% reported by Ajimotokan et al. [46]. Lower hydrogen content is advantageous 
as it reduces the formation of water vapor during combustion [5]. 

The oxygen content decreased slightly from 36.97% to 36.04% with increasing drying intensity. This trend 
may be attributed to the removal of oxygenated volatile compounds and moisture during drying. The oxygen 
values obtained fall within the range of 34.4–41.5% reported by Ajimotokan et al. [46]. Although binder addition 
typically influences oxygen content, the minimal variation observed here suggests that drying conditions, rather 
than composition, played a more dominant role. 

The nitrogen content showed a slight increase from 1.00% to 1.08%, which is likely a relative increase due to 
the reduction in other components such as volatile matter. The variation is minimal, indicating no significant 
influence of drying method on nitrogen content. However, nitrogen in biomass fuels is associated with the 
formation of NOx emissions during combustion, which are undesirable due to their environmental and health 
impacts [42]. 

Overall, the results indicate that while drying methods significantly influence the proximate composition 
(particularly moisture, volatile matter, and fixed carbon) the ultimate composition remains largely unchanged. 
Among the methods evaluated, active solar drying produced briquettes with improved fuel characteristics, 
including lower moisture content, reduced volatile matter, and higher fixed carbon, making it the most effective 
drying method for enhancing briquette quality. 
 

Table 5: Proximate and ultimate analysis of carbonized cashew nut shell briquettes 
Drying               
Method       

MC VM AC FC C H O N 

Sun  2.68 55.2 6.95 35.17 47.52 5.25 36.97 1.00 
Passive Solar  2.50 53.11 6.87 37.52 48.07 5.24 36.69 1.04 
Active Solar  2.01 51.04 8.33 38.62 47.82 5.17 36.04 1.08 

 
3.4. Heating value, fuel ratio and volatile ignitability of the carbonized cashew nut shell briquettes 

The Higher Heating Value (HHV), Fuel Ratio (FR), and Volatile Ignitability (VI) of the carbonized cashew 
nut shell briquettes (CCNS-B) under different drying methods are presented in Table 6. The results show that 
there is no significant difference in the heating values of the briquettes across the drying methods, although a 
slight increase was observed with increasing drying intensity. This indicates that the drying method has minimal 
direct influence on the intrinsic energy content of the briquettes but significantly affects the moisture content and, 
consequently, the effective energy utilization. 

Among the drying methods, the active solar-dried briquettes exhibited the highest HHV of 25.76 MJ/kg, 
followed by passive solar (25.23 MJ/kg) and open sun drying (25.18 MJ/kg). The higher heating value observed 
in the active solar drying can be attributed to the lower moisture content, reduced volatile matter, and higher fixed 
carbon content achieved under enhanced drying conditions. Similar trends have been reported by Tuates Jr et al. 
[73], Chinyere et al. [77], and Putri et al. [78], where a decrease in moisture and volatile matter, coupled with an 
increase in fixed carbon, resulted in improved heating values. The HHV values obtained in this study are higher 
than 23.04 MJ/kg reported by Tuates Jr et al. [73], lower than 29.55 MJ/kg reported by Fombu et al. [74], and 
comparable to 25.69 MJ/kg reported by Huko et al. [79], indicating that the produced briquettes possess good fuel 
quality. The relatively high HHV values obtained suggest that the briquettes can generate sufficient heat for 
domestic cooking and heating applications, while also improving fuel efficiency and reducing the quantity of fuel 
required during combustion. 

The fuel ratio of the briquettes increased from 0.64 (open sun) to 0.71 (passive solar) and 0.76 (active solar). 
This increase is directly related to the increase in fixed carbon and corresponding decrease in volatile matter, as 
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the fuel ratio is defined as the ratio of fixed carbon to volatile matter. The higher temperature and improved drying 
efficiency in the active solar dryer contributed to this trend by promoting the reduction of volatile components. 
The obtained fuel ratio values fall within the recommended range of 0.5 ≤ FR ≤ 2.0 [20], indicating that the 
briquettes are suitable for combustion applications, including domestic and industrial energy systems [80]. The 
relatively moderate fuel ratio suggests a balanced combustion behavior with adequate ignition and sustained 
burning characteristics. 

The volatile ignitability (VI) values obtained for open sun, passive solar, and active solar drying were 22.97, 
22.56, and 23.95 MJ/kg, respectively. The higher VI observed in the active solar-dried briquettes may be attributed 
to their higher heating value, which compensates for the slight reduction in volatile matter. All the briquettes 
exceeded the minimum recommended VI value of 14.5 MJ/kg required for effective ignition in solid fuel 
combustion systems, indicating that the produced briquettes possess good ignition characteristics and are suitable 
for both domestic and industrial energy applications. 

 
Table 6: Higher heating value, fuel ratio and volatile ignitability of the CCNS-B 

Sample  HHV (MJ/kg) FR VI (MJ/kg) 

Open Sun  25.18 0.64 22.97 
Passive Solar  25.23 0.71 22.56 
Active Solar  25.76 0.76 23.95 

     HHV = Higher Heating Value, FR = Fuel Ratio, VI = Volatile Ignitability 
 
4.0 Conclusion 

This study evaluated the effect of open sun, passive solar, and active solar drying on the drying kinetics and 
fuel properties of carbonized cashew nut shell briquettes. The results demonstrated that drying method 
significantly influenced moisture removal behaviour and combustion characteristics, while having minimal effect 
on the ultimate elemental composition.  

Active solar drying was the most efficient method, producing briquettes with the lowest moisture content 
(2.01%) and shortest drying time (900 min), compared to passive solar and open sun drying. The drying process 
occurred entirely within the falling-rate period, confirming that internal moisture diffusion was the dominant 
mechanism controlling moisture movement. Effective moisture diffusivity increased with drying intensity, with 
the highest value obtained under active solar conditions, indicating enhanced mass transfer due to elevated 
temperature and improved airflow.  

Among the twelve thin-layer drying models evaluated, the Midilli-Kucuk model provided the best fit for the 
open sun and active solar drying while the Logarithmic model best described the passive solar drying kinetics. In 
terms of fuel properties, active solar drying improved proximate characteristics by reducing volatile matter and 
increasing fixed carbon, thereby enhancing combustion performance. Although slight variations were observed in 
ash, carbon, hydrogen, oxygen, and nitrogen contents, the ultimate analysis confirmed that drying method does 
not significantly alter elemental composition. 

The higher heating value ranged from 25.18 to 25.76 MJ/kg, with the highest value obtained from active solar 
drying, indicating improved energy quality under enhanced drying conditions. Fuel ratio and volatile ignitability 
values also confirmed good combustion suitability for all samples. 

Overall, active solar drying was identified as the most effective method for producing high-quality carbonized 
cashew nut shell briquettes using renewable solar energy. The findings of this study provide useful insights for 
optimizing biomass drying systems and support the development of efficient, sustainable solid biofuels from 
agricultural residues. 
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