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Abstract. Cocoa pod husk (CPH), an agricultural by-product of the cocoa separation 
process, contains an average moisture content of 5.40 ±0.05 kgwater/kgdry matter. Drying 
characteristics of CPH were examined in hot air at 50, 60 and 70°C using a laboratory 
oven with air ventilation at 3 L/min and a load cell sensor (HX-711) was used for weight 
loss tracking. Twelve mathematical models simulated the drying rate from a drying curve 
at each operating temperature by comparing four statistically calculated parameters. Levels 
of variation were investigated by plotting experimental data against the predicted moisture 
ratios to identify the sum of residuals and obtain a good fit. The Midilli et al. model 
provided the best drying characteristics with optimized statistical parameters. Using an 
Arrhenius type relationship, the effective diffusivity coefficient of moisture transfer varied 
from 7.979 x 10-10 to 13.298 x 10-10 m2/s, with operating temperature set at 50, 60 and 
70°C and activation energy for moisture diffusion 70.48 kJ/mol. 
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Nomenclature 
 

a, b, c, g, h, n Empirical constant 

k, k1, k2 Drying rate constant (1/min) 

De Effective diffusivity (m2/s) 

D0 Pre-exponential factor (m2/s) 

DR Drying rate (gwater/gdry matter min) 

Ea Activation energy (kJ/mol) 

Me Equilibrium moisture content 
(gwater/gdry matter min) 

M0 Initial moisture content (gwater/gdry 

matter min) 

Mt Moisture content at time t (gwater/gdry 

matter min) 

MR Moisture ratio (dimensionless) 

MRexp Experimental moisture ratio 
(dimensionless) 

MRpre Predicted moisture ratio 
(dimensionless) 

SSE Sum of square error 

N Number of observations 

n Positive integer 

p Number of constants 

R Universal gas constant (kJ/kmol K) 

RMSE Root mean square error 

R2 Coefficient of determination 

T Temperature (°C) 

t Drying time (min) 

W0 Initial weight of dried product (g) 

Wd Weight of dried product (g) 

Wt Weight of product to be dried at any 
time (g) 

χ2 Chi-square 

EC Specific energy consumption 

 

1. Introduction 
 
Harvesting agricultural products generates copious 

amounts of waste biomass that require disposal in an 
eco-friendly and economical manner. The cocoa pod is 
bulbous and grows along the main and lateral branches 
of the plant. Cocoa pod husk (CPH), a by-product of 
cocoa production after removal of the beans, represents 
70-80% dry weight of the mature fruit [1] and is 
produced in large quantities. Each ton of cocoa beans 
generates ten tons of wet CPH as organic waste dumped 
at the base of the cocoa plant to decompose into organic 
fertilizer [2]. Excess volume of CPH causes an 
oversupply of fertilizer and conversion into other 
products reduces the cost of waste management and also 
adds value to agricultural waste. CPH is considered an 
important energy source that could be used as raw 
material to produce animal feed instead of maize, 
soybean meal, rice bran, grits and fish meal [3]. Low-cost 
animal feed production will provide a competitive 
advantage because 80% of the cost involves agricultural 
raw materials. Proximate and chemical analysis revealed 
that CPH contained 8.6% crude protein, 1.5% lipid, 6.7% 
ash and 36.6% total dietary fiber, with acid detergent 
fiber, neutral detergent fiber and total digestible nutrients 
43.8%, 56.6% and 60.0%, respectively [4, 5]. Using CPH 
as the raw material for animal feed production has 
recently received increased attention, with low cost 
compared to other agricultural wastes. CPH is a suitable 
raw material for animal feed production but the high 
moisture content from AOAC analysis at 84.3% (wet 
basis) can activate fast decomposition . Drying is the 
oldest and most widely used method for extending the 
shelf-life of materials and takes place in two stages [6]. 
The first phase is moisture evaporation from the material 
surface into hot air at a steady drying rate. Moisture from 
the inner material layers diffuses to the outer layers by 
the driving force of moisture evaporation in the second 
stage which decreases with time. Important factors 
affecting the drying process include temperature, relative 
humidity, rate of ventilation and initial moisture content 
[7]. Thin layer drying equations classify the drying 
characteristics of agricultural products into three types as 
theoretical, semi-theoretical and empirical [8]. The 
theoretical approach is concerned with either the 
diffusion equation or the simultaneous heat and mass 
transfer equation [9], whereas the semi-theoretical and 
empirical approaches consider only external resistance to 
mass transfer between materials and ambient air, which is 
widely used for avoiding the assumption of geometric, 
mass diffusion and conductivity of materials [10]. Twelve 
semi-theoretical and empirical models based on the thin 
layer assumption were used here to study the mechanism 
of moisture evaporation from CPH. The semi-theoretical 
models fitted the drying experimental data of the 
agricultural materials and were based on Newton’s law of 
cooling applied to mass transfer. Assumptions of 
isothermal and moisture transfer are restricted only at the 
surface of materials. To study the drying behavior of 
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materials, the samples must be weighed during the drying 
process. This involves removing the samples from the 
drying machine, causing reduced moisture evaporation. 
The temperature gap between the materials and hot air is 
high and requires time to heat the sample replaced in the 
drying machine to regain the set point. To avoid these 
disturbances, a load cell sensor (HX-711) was used to 
track material weight reduction using Arduino IDE 
monitoring that can be manipulated at any range of time 
intervals to eliminate errors. A lab-scale oven was 
designed and used to study the drying behavior of CPH. 
A load cell sensor HX-711 module measuring instrument 
was installed on the top of the oven to track the moisture 
reduction rate during the drying process. The load cell 
sensor avoided disruptions during the drying process 
from weighing and also provided a high number of 
measured data points.  
 The drying processes of other agricultural materials 
have previously been investigated such as lemon basil 
leaf [11], thyme leaves [12], scent leaf [11], bitter leaf [13] 
and elephant apple [14] using fitted mathematical models. 
These studies used parameters to evaluate the 
appropriateness of selected models defined by 
determination coefficients and chi-square. Moisture 
diffusivity during the drying process and the activation 
energy required to evaporate the moisture are described 
by Fick’s first law and the Arrhenius type relationship 
equation, respectively. Gradually increasing the operating 
temperature positively impacted moisture reduction. 

Here, the drying characteristics of CPH were studied 
as a function of operating temperatures 50, 60 and 70°C, 
with a constant rate of air ventilation at 3L/min. Under 
the assumption of thin layer drying materials, the 
experimental data were fitted with the chosen 
mathematical models. The effective diffusivity 
coefficients of moisture transfer and moisture diffusion 
from the activation energy applied from an Arrhenius 
type relationship equation were also determined. 
Statistical parameters including coefficient of 

determination (R2), reduced chi-square (𝜒2), root mean 
square error (RMSE) and the sum of square errors (SSE) 
were calculated to ensure model suitability for the CPH 
drying process. 
 

2. Methodology 
 
All material on all pages should fit within an area of 

A4 (21 x 29.7 cm), 2.8 cm from the top of the page and 
ending with 2.4 cm from the bottom. The left and right 
margins should both be 2.4 cm. 
 
2.1. Plant Materials 
 

The cocoa fruits of Chumphon hybrid 1 (Pa7+Na32) 
were purchased from Tah-Sala in Nakhon Si Thammarat 

Province, Southern Thailand. The fruits were washed 
with tap water to eliminate contaminants and the seeds 
were separated from the pods by manual cut. Cocoa pod 
husk (CPH) was cut into small pieces (15 x 15 mm2) and 
10 mm thickness, kept in a vacuum bag and stored in a 
freezer at 4°C until use. 
 
2.2. Sample Preparation 
 

The CPH was defrosted at ambient temperature to 
allow equilibration before the experiment. Initial 
moisture content was determined according to the 
AOAC (2000) standard by placing 20-30 g of CPH in an 
aluminum container in a convection dryer at 105°C for 5-
6 h. The sample was weighed with a 4 decimal digital 
weighing scale (Analytical Balance ME204T/00) at time 
intervals of 30 min. The drying process continued until 
the sample weight changed by only ± 0.0005 g. The 
experiments were triplicated to obtain average moisture 
content and minimize error. 
 
2.3. Drying Oven with HX-711 Load Cell Sensor 
 

An oven chamber with a volume of 0.1215 m3 (Fig. 
1.) was used to study CPH drying behavior. A single 
perforated tray, 0.045 m2 surface area, was hung with the 
load cell sensor (SN-LC-2KG). A strain gauge load cell 
with a 24-bit analog to digital converter (HX-711) and a 
400ms response time was installed on the top of the 
oven to track sample weight loss on the perforated tray 
during the drying process. The load cell capacity was 0-
2000 g with an accuracy of ±0.05%. A 300-watt infrared 
heater was installed as a heat generator inside the oven. 
The temperature inside the chamber was controlled by a 
control box that consisted of a type-K thermocouple and 
a digital screen. Airflow inside the oven was mobilized by 
an air compressor with a flow rate of 3 L/min. A 6-watt 
electrical fan was installed on the top of the lab oven to 
improve air circulation inside the oven. Fresh air from 
the air compressor was pumped into the bottom of the 
oven and immediately heated by the heater.  

Hot air flowed from the bottom to the top and was 
drawn out of the lab oven by the electric fan. Samples 
utilized in each experimental condition weighed 200±2 g. 
The temperature in each drying process was set in the 
range 50-70°C with 1°C of temperature increment. For a 
steady-state system, the oven was warmed for about half 
an hour before the experiment started. The reduced 
weight of the sample was real-time tracked by the load 
cell sensor and monitored by Arduino IDE. The load cell 
sensor was recalibrated before starting each experiment 
to avoid numerical errors. 
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Fig. 1. Experimental set-up. 
 
2.4. Experimental Procedure 
 

Drying experiments were performed at 50, 60 and 
70°C in the convective dryer attached to the load cell 
sensor. The perforated tray was weighed with a digital 
balance and used as a reference for load cell sensor 
calibration. Two hundred grams of square pieces of CPH 
with a thickness of 10 mm and an initial moisture 
content of 540.03% (dry basis, DB) were uniformly 
separated in the perforated tray while hanging with the 
load cell sensor. The time interval was tracked by the 
load cell sensor and monitored by Arduino IDE at 15 
min intervals to observe the reduction in CPH weight. 
The CPH drying process in each set was carried out until 
moisture content was reduced to 169% (dry basis, DB). 
The experiment was performed in triplicate for each run. 
 
2.5. Drying Mathematical Models 
 

Empirical equations have been previously used to 
support and describe the drying kinetics of an agricultural 
product. Most of the models were considered based on 
the assumption of thin layer drying. Reduction in 
moisture content during the drying process was used as 
raw data to express the drying rate as a function of time. 
The integral drying rate was expressed in terms of critical 
time and optimal drying process time was obtained. 
Empirical models were used to explain the heat 
perforation in materials under hot air drying, with 
reduction in moisture content tracked by a load cell 
sensor connected to the HX-711 module with response 
time of 600 ms. Raw data were monitored by Arduino 
IDE to explain the drying kinetics of thin layer CPH 
through empirical equations. The following assumptions 
were made.  

I. Negligible heat and mass losses: Significant heat 
losses to the surroundings and mass losses, 
except for moisture removal, are negligible. 

II. Uniform drying conditions: Drying conditions 
(temperature, humidity, airflow) are assumed to 
be uniform throughout the system. 

III. Single component drying: The material being 
dried is primarily composed of a single 
component, typically water, which is the focus 
of moisture removal.  

 
Moisture content can be written in terms of moisture 

ratio (MR) on a dry basis (DB) to easily observe the 
drying process. The moisture ratio (MR) at any time t can 
be obtained from Eq. (1): 
 

MR= MRe+(MRi-MRe)f(t,a,b), (1) 
 

where a term of (t,a,b) is a function of time, and fitting 
parameters (a and b). To simplify the equation, Eq. (1) 
can be expressed as the dimensionless moisture ratio at 
any time t as follows: 
 

 MR=f(t,a,b) (2) 
 

 MR=
Mt-Me

Mi-Me
  (3) 

 
Considering that the equilibrium moisture content 

(Me) is considerably smaller in magnitude compared to 
Mt and Mi , the equilibrium moisture content can be 
neglected, as suggested by Thakor et al. (1999). Thus, the 
term of moisture ratio can be written as: 
 

 

 
(1) Air compressor. 
(2) Rotameter. 

(3) Gas ball valve. 

(4) Infrared heater. 

(5) Heater clamp. 

(6) Control panel. 

(7) Digital screen. 

(8) Thermocouple. 

(9) Suction fan. 

(10) Single perforated tray. 

(11) Load cell base 

(12) Load cell module(HX-711). 
(13) Load cell sensor. 

(14) Acrylic support plate 

(15) Steel wire. 

(16) Chamber base. 

(17) Computer. 
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 MR=
Mt

Mi
 (4) 

 

where MR is the final moisture ratio, Mt, and Mi are any 
time (t), and initial moisture content respectively. 
Empirical equations that serve the assumptions and 
satisfy the result are given in Table 1. 
 
2.6. Correlation Coefficients and Error Analyses 
 

Many statistical parameters have been used to 
evaluate the appropriate model for describing the drying 
mechanism including the correlation coefficient (R2). 
This parameter is the primary criterion used as a tool to 
support the appropriate selection, while reduced chi-

square (𝜒2) and root mean square error (RMSE) values 
are also considered. The goodness of fit mathematical 

model of the result gives higher R2 but lower 𝜒2  and 
RMSE are preferred. As shown in Eq. (5), the reduced 

chi-square ( 𝜒2 ) obtained from calculating the mean 
square deviations between the calculated value and the 
experiment value was also considered. The reduced chi-

square (𝜒2) can be calculated as follows: 
 

 χ2=
Σi=1

N  (MRexp,i-MRpre,i)
2

(N-n)
  (5) 

 
The root mean square error (RMSE) is shown in Eq. (6): 
 

 RMSE=√
1

N
Σi=1

N  (MRexp,i-MRpre,i)
2
 (6) 

 

where MRexp,i is the moisture content obtained from the 

number of experiments, MRpre,i is the calculated result as 

predicted moisture content, N is the number of data 
points and n is the number of constants used to fit the 
selected model. 
 

 MR=
8

π2
∑

1

(2n+1)2
exp (-

(2n+1)2π2Defft

4L0
2 )

∞

n=0
 (7) 

 

where Dⅇff is the effective diffusivity (m2/s) and L0 is the 
half thickness of slab object (m). For an extended drying 
period, the first term of Eq. (7) can be simplified to the 
logarithmic term, as shown in Eq. (8): 
 

 ln MR = ln
8

π2
-

π2Defft

4L0
2  (8) 

 
The determination of diffusivity can be obtained by 

plotting experimental data from the drying process in 
terms of the natural logarithm of MR as a function of 
unit time (t) in Eq. (8). A slope obtained from this plot is 
shown in Eq. (9) as follows:  
 

 Slope=
π2Deff

4L0
2  (9) 

 
 

Table. 1. Selected mathematical models for thin layer drying of CPH. 
 

Model no Model name Model equation Reference 

1 Lewis MR= exp(-kt) [15] 

2 Page MR=exp(-ktn) [16] 

3 Modified Page-I MR=exp[(-kt)n] [17] 

4 Henderson and 

Pabis 
MR= a*exp(-kt) [18] 

5 Wang and Singh MR=1+at+bt2 [19] 

6 Logarithmic MR= a*exp(-kt)+c [20] 

7 Two term MR= a*exp(-k1t)+b*exp(-k2t) [21] 

8 Two term 
exponential 

MR= a*exp(-kt)+(1-a)*exp(-kat) [22] 

9 Modified 
Henderson and 

Pabis 

MR= a*exp(-kt)+b*exp(-gt)+c*exp(-ht) [23] 

10 Midilli et al. MR=a*exp(-ktn)+bt [24] 

11 Approximation of 

diffusion 
MR= a*exp(-kt)+(1-a)*exp(-kbt) [25] 

12 Verma et al. MR= a*exp(-kt)+(1-a)*exp(-gt) [26] 
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(a) 
 

 
(b) 

 
Fig. 2. Variation of drying rate with (a) drying time and (b) 
moisture content of CPH. 

 
2.7. Calculation of Activation Energy 
 

The Arrhenius-type equation is applicable in 
describing the temperature dependency of drying rate or 
moisture content reduction. Although originally 
developed for chemical reactions, it can be adapted for 
drying kinetics. The effective diffusivity is also dependent 
on the temperature, and can described by an Arrhenius-
type relationship equation as follows: 
 

 Deff=D0 exp (-
Ea

RT
) (10) 

 

where D0 is the pre-exponential factor of the Arrhenius 
equation (m2/s), Ea is the activation energy (kJ/mol), R 
is the universal gas constant (kJ/mol K) and T is the 
absolute temperature (K). Equation (10) can be 
simplified by plotting ln De versus the reciprocal of the 
absolute temperature (Ta). The linearity of Eq. (10) is 
shown in Eq. (11). The slope obtained from the plot 
represents the activation energy in the Arrhenius 
equation. 
 

 ln Deff=lnD0 -
Ea

RT
 (11) 

 
2.8. Specific Energy Consumption 
 

The specific energy consumption (SEC) equation is 
represented below. 

 

 SEC=
Total electrical power supplied in drying

Amount of water removed during drying 
, 

kWh

kg
 (12) 

 
where Ptotal is a total electric power that is supplied in the 
drying process, this term can be expressed as equation 
below. 
 

Ptotal=Pheater+Pfan+Psensor+Pcontrol box+Pcompressor , 

[kWx 3,600s] 
(13) 

 
where Pheater is the electric power supplied to the heater, 
Pfan is the electric supplied to the fan for air ventilation, 
Psensor is the electric supplied to the sensor which used to 
track the reduction of moisture content during the drying 
process, Pcontrol box is the electric power supplied to the 
control gadgets which used to adjust the heater to set 
point, Pcompressor is the electric supplied to the compressor 
to generate air flow through the system.  
 

3. Main Text Results and Discussions 
 
3.1. Drying Curves  
 

CPH contained an initial moisture content of 5.40 ± 
0.05 kg of water per kg of dry matter and thickness of 10 
mm as a thin layer. CPH was dried at 50, 60 and 70°C in 
a convective dryer attached to a load cell sensor. The 
CPH equilibrium moisture content was 1.67 ± 0.01 kg of 
water per kg of dry matter, while the weight did not 
change. Reduction in moisture content of CPH during 
the drying process at each temperature is shown in Fig. 3. 
Moisture content decreased continually as drying time 
increased. Drying times that reached equilibrium 
moisture content for CPH samples were 555, 465 and 
360 min at 50, 60 and 70°C, respectively. This result 
concurred with Wang et al. (2007) who studied drying 
temperature range of 75-105°C and Tunde-Akintunde et 
al. (2011) who studied drying temperature range of 40-
80°C. A constant rate period of the drying process did 
not appear but falling rate period occurred throughout 
the drying process. This phenomenon was induced by 
the mechanism of liquid and/or vapor diffusion and 
caused moisture movement in the CPH samples [27]. As 
expected, the constant rate of air ventilation did not 
affect drying time but increase in operating temperature 
led to reduction in drying time. Accelerating the rate of 
moisture evacuation from the surface by increasing heat 
transfer between CPH materials and dried air caused 
increase in moisture diffusion from the inner layer to the 
surface of materials. Experimental results revealed that 
operating temperature was the most important factor 
that influenced drying time. The drying rate (DR) can be 
expressed as the amount of evaporated moisture over 
time (gwater/gdry matter*min). Figure 2(a) shows the variation 
of drying rate versus drying time and Fig. 2(b) shows 
moisture content (% dry basis) of the CPH samples at 50, 
60 and 70°C at 3 L/min, respectively. After the initial 
period of the drying process, the drying rate reached its 
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maximum value. Afterward, the CPH samples dried 
during the falling rate period. Initial values of drying rate 
increased when the operating temperature increased. An 
increase in temperature from 50°C to 70°C caused the 
maximum drying rate of 77% from 0.42 to 0.64 gwater/gdry 

matter*min. Moisture evaporation initially occurred on the 
surface of the CPH samples, but this phenomenon 
became less important as drying time increased. Moisture 
diffusion from the inner layers of CPH samples 
progressively increased. Our experimental results 
concurred with other studies related to the drying 
process of agricultural and vegetable products: [28] for 
quince, [29] for banana, [30] for pumpkin, [31] for 
apricot, [32] and [24] for mushroom, pistachio, and 
pollen. 
 
3.2. Fitting the Mathematical Models 
 

Curve fitting in MATLAB software was used to plot 
the experimental moisture ratio (MR) data from the 
drying process in each condition as a function of time. 
Twelve semi-theoretical models that have been widely 
used in literature to explain the kinetics of the drying 
process were selected, as shown in Table 1. Non-linear 
regression techniques were used to attain the values of 
constants in each model. The goodness of fit was 
evaluated by calculating parameters including the 
coefficient of determination (R2), the reduced chi-square 

(χ2 ), root mean square error (RMSE) and the sum of 
square errors (SSE). The calculated statistical parameters 

are shown in Table 2. The results demonstrated that the 
Midilli model provided the best statistical values, with an 
R2 of over 0.999 for all operating temperatures, while 

magnitudes of χ2 and RMSE were lowest compared with 
the other models; between 1.226 x 10-5 and 1.892 x 10-5 

for χ2 and between 0.00344 and 0.00430 for RMSE. The 
SSE of this model presented values between 0.00140 and 
0.0034, indicating that the Midilli model offered the best 
approximation for the experimental data. 

Figure 3 shows different selected model fits with 
moisture ratio versus drying time at each temperature 50, 
60 and 70°C of the drying process. The prediction of 
moisture ratio during the drying process calculated from 
the selected models was both under and over the 
experimental data curve.  Figure 4(a) compares the 
experimental and predicted moisture ratio values at 
different temperatures by the Midilli model. Results 
showed that the trending line concurred with the 
experimental data, with all magnitudes ranging around 
the 45° line as very good acceptance between predicted 
and experimental data [27]. This result indicated that the 
Midilli model effectively forecast the mechanism of 
moisture evaporation of the CPH samples during the 
drying process and provided the highest value of desired 
values, as well as the lowest value of undesired statistical 
values. The Midilli model also provided the lowest value 
of the sum of residuals as most suitable for the CPH 
drying process. 
 

 
 

 
Fig. 3. Variation of experimental and forecasted moisture ratio with drying time for different operating air 
temperatures. 
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Table 2. Curve fitting boundary of the semi-theoretical thin layer models for CPH (3 L/min at 50, 60 and 70°C of 
operating temperature). 
 

Model no Model constants R2 χ2 RMSE SSE 

50°C 

1 k =0.001918 0.9889 4.668 x 10-4 0.0216 0.0859 
2 k =0.0007266, n =1.166 0.9983 7.021 x 10-5 0.0083 0.0128 
3 k=0.002038, n=1.166 0.9983 7.021 x 10-5 0.0083 0.0128 
4 a=1.036, k=0.002035 0.9937 2.683 x 10-4 0.0163 0.0488 
5 a=-0.001587, b=5.849 x 10-7 0.9995 2.000 x 10-5 0.0045 0.0036 
6 a=1.701, c=-0.6975, k=0.0009644 0.9996 1.917 x 10-5 0.0043 0.0035 
7 a=0.04432, b=0.9544, k1=0.001867, 

k2=0.001917 
0.9989 4.594 x 10-5 0.0067 0.0082 

8 a=0.9987, k=0.001918 0.9889 4.720 x 10-4 0.0216 0.0859 
9 a=0.9981, b=0.0325, c=1.136 x 10-6, 

g=0.002015, h=4.535, k=0.002019 
0.9934 2.848 x 10-4 0.0166 0.0496 

10 a=1.008, b=-0.0003868, k=0.001528, 
n=0.9645 

0.9996 1.892 x 10-5 0.0043 0.0034 

11 a=-4.095, b=0.878, k=0.003718 0.9989 4.727 x 10-5 0.0068 0.0085 
12 a=0.03899, g=0.001918, k=0.001917 0.9888 4.772 x 10-4 0.0217 0.0859 

60°C 

1 k=0.002303 0.9929 3.038 x 10-4 0.0174 0.0480 
2 k=0.001078, n=1.134 0.9994 2.663 x 10-5 0.0051 0.0042 
3 k=0.002415, n=1.134 0.9994 2.663 x 10-5 0.0051 0.0042 
4 a=1.034, k=0.002434 0.9971 1.248 x 10-4 0.0111 0.0195 
5 a=-0.00197, b=1.056 x 10-6 0.9994 2.594 x 10-5 0.0051 0.0041 
6 a=1.328, c=-0.3151, k=0.001612 0.9997 1.465 x 10-5 0.0038 0.0023 
7 a=2.713, b=-1.707, k1=0.003481, k2=0.00441 0.9995 2.226 x 10-5 0.0047 0.0034 
8 a=0.0001208, k=19.05 0.9929 3.090 x 10-4 0.0175 0.0482 
9 a=0.01478, b=1.073, c=-0.08557, g=0.002574, 

h=0.03127, k=0.03148 
0.9978 9.585 x 10-5 0.0096 0.0142 

10 a=1.011, b=-0.0001964, k=0.00174, n=1.02 0.9997 1.456 x 10-5 0.0038 0.0022 
11 a=-1.36, b=0.7404, k=0.004676 0.9994 2.518 x 10-5 0.0050 0.0039 
12 a=0.0005609, g=0.002303, k=0.002305 0.9928 3.117 x 10-4 0.0175 0.0480 

70°C 

1 k= 0.00316 0.9898 5.218 x 10-4 0.0228 0.0699 
2 k= 0.001385, n= 1.151 0.9979 1.076 x 10-4 0.0104 0.0143 
3 k= 0.0738, n= 0.04282 0.9898 5.258 x 10-4 0.0229 0.0699 
4 a= 1.051, k= 0.003403 0.9972 1.441 x 10-4 0.0120 0.0192 
5 a= -0.002755, b= 2.266 x 10-6 0.9959 2.097 x 10-4 0.0145 0.0279 
6 a=1.118, c= -0.07633, k= 0.003007 0.9976 1.224 x 10-4 0.0111 0.0162 
7 a=0.0536, b= 0.9937, k1= 0.003398,  

k2= 0.00339 
0.9971 1.483 x 10-4 0.0122 0.0194 

8 a= 0.000316, k= 9.996 0.9897 5.306 x 10-4 0.0230 0.0706 
9 a=1.086, b= 0.5003, c= -0.5839, g= 0.0519,              

h= 0.04902, k= 0.003553 
0.9992 4.268 x 10-5 0.0065 0.0055 

10 a=1.001, b= 0.0002907, k= 0.0008479,  
n= 1.281 

0.9997 1.299 x 10-5 0.0036 0.0017 

11 a= -0.08671, b= 0.09683, k= 0.03671 0.9992 4.201 x 10-5 0.0065 0.0055 
12 a= 1.087, g= 0.03674, k= 0.003555 0.9992 4.201 x 10-5 0.0065 0.0055 

 
 
 



DOI:10.4186/ej.2023.27.8.1 

ENGINEERING JOURNAL Volume 27 Issue 8, ISSN 0125-8281 (https://engj.org/) 9 

3.3. Determination of Effective Diffusivities 
 

The experimental results can be explained by Fick’s 
diffusion equation. Slab geometry is an assumption of 
materials at each temperature of the drying process. The 
diffusion coefficient was determined by plotting the 
result of the experiment in terms of ln (MR) as a function 
of drying time. Figure 4(b) shows a plot of ln (MR) as a 
sloped straight line. The slope values were used to 
calculate the effective diffusivities according to Eq. (9) as 
the measurement of the effective diffusivity. Effective 
diffusivities of dried CPH samples at each operating 
temperature of 50, 60 and 70°C were 7.979 x 10-10, 9.499 
x 10-10 and 13.298 x 10-10 m2/s, respectively. As expected, 
the increment in the operating temperature generated De 
values which increased because increase in operating 
temperature caused reduction in drying time. Values were 
in the typical range of 10-10 to 10-9 m2/s for vegetables 
and agricultural materials and comparable to results in 
the literature as 1.6260 x 10-9 to 4.3612 x 10-9 m2/s for 
drying apricots between 50 and 80°C [31], drying sludge 
from olive oil extraction range 2.224 x 10-10 to 6.993 x 10-

10 m2/s between 20 and 80°C [27] and drying apple 
pomace range 2.026 x 10-9 to 3.935 x 10-9 m2/s between 
75 and 105°C [19]. 
 

 
(a) 
 

 
(b) 

 
Fig. 4. (a) Plot of predicted MR value with experimental 
values and (b) plot of ln (MR) with drying time. 
 

3.4. Activation Energy 
 

Correlations between conditions of the drying 
process and calculated values of effective diffusivity (De) 
were expressed by an Arrhenius type equation according 
to Eq. (10) using the value of the gas constant 8.3143 
kJ/kmol K. To obtain the magnitudes of the coefficients, 
ln De was plotted against the reciprocal of each operating 
temperature. The slope represented -Ea/R, while the 
intercept was ln(D0), as shown in Fig. 4(b) The value of 
activation energy obtained from the calculation was 70.48 
kJ/kmol, while the value of the Arrhenius pre-
exponential factor was 4.814 x 10-6 m2/s. As predicted, 
activation energy of the drying process increased as 
sample thickness on the trays increased. This should be 
considered when designing drying machines and 
calculating the amount of energy required to remove 
moisture from the materials. Compares the activation 
energy estimated in our study and previous investigations 
of other materials such as sludge of olive extraction 15.77 
kJ/mol [27], olive cake 26.71 kJ/mol [33], lemon basil 
leaf 32.34 kJ/mol [11], okra 51.26 kJ/mol [6], green bun 
39.47 kJ/mol [34], black tea 406.02 kJ/mol [8], thyme 
leaves 21.40 kJ/mol [12], red peppers 42.80 kJ/mol [21], 
and carrot 28.36 kJ/mol [35]. Activation energy required 
for moisture diffusion of CPH was higher than other 
agricultural materials but lower than the activation energy 
of black tea. Activation energy consumption is influenced 
by the physical structure of the samples. For example, 
CPH has a hard outer layer as a barrier for moisture 
diffusion and consists of high moisture content. This 
requires higher energy consumption than other materials. 
 
 
3.5. Electrical Energy Consumption, Drying Time 

and Analysis of Specific Energy Consumption 
(SEC) 

 
Figure 5(a) shown the energy consumption from 

experiments, the energy consumption used for 50,60, and 
70°C of drying process was 3.7, 5.0, and 5.4 MJ 
respectively, so the highest temperature of drying process 
consumed highest energy while the best result with 
concern to the energy consumption is founded from the 
50°C of drying temperature. Figure 5(b) shows the 
specific energy consumption in each operation 
temperature of drying process. The difference of specific 
energy consumption occurred because of the first state of 
drying process. The moisture on the CPH surface is 
evaporated while the interior is still wet; the dry surface 
as outer layer resists the heat transport, causing in a 
reduction of drying and evaporation rate, also effecting 
long period of time to reach expected moisture content. 
Even though the lowest temperature in this study 
required the longest drying time compared to the other 
values, it was still the optimal solution when the energy 
evaluation was taken into consideration.  
 
 

 1 

 
 

(a) (b) 

 1 

 
 

(a) (b) 
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(b) 

 
Fig. 5. (a) Energy consumption in each drying 
temperature (b) Specific energy consumption in each 
drying temperature. 
 

4. Conclusions 
 
In this study, CPH pieces (15 x 15 x 10 x mm3) 

obtained from the cocoa separation process were 
successfully investigated using the drying process. The 
initial moisture content of CPH samples was 5.40 
kgwater/kgdry matter ± 0.5%. Twelve mathematical 
experimental models based on the assumption of thin 
layer drying kinetics were used to explain the drying 
behavior of CPH pieces and investigated in the 
temperature range 50-70°C. Results revealed that the 
Midilli model exhibited the best drying characteristics of 
CPH pieces, with high statistical values of R square, 
RMSE, SSE and reduced chi-square. The rate of air 
ventilation was set at 3L/min and results showed that the 
operating temperature had an impact on drying time. 
Moisture ratio in the CPH pieces was reduced by 
increasing the drying temperature and time. The drying 
results were recorded by a load cell using sensor tracking 
and the reduction rates of moisture in the CPH pieces 
indicated that the Midilli model gave the best fit for the 
drying curves. The graphic of the drying curves showed 
that values of effective diffusivity ranged between 7.979 x 
10-10 and 13.298 x 10-10 m2/s with activation energy of 
CPH pieces 70.48 kJ/mol. The optimal drying conditions 

could be used to design an oven for a future pilot-scale 
test. 
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