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Abstract 
The goal of reducing energy consumption (EC), losses and waste (FL) in the 
food processing is a challenges in the worldwide. The use of active solar 
greenhouse dryers (GHD) for EC and FL reductions has increased due to its 
capacity, and low operating costs. In this work the effective diffusivity (Deff) 
and the moisture content modeling were analized for basil (Ocimum basilicum) 
and blackberry pulp (Rubus rosoideae) dried in a conventional stove (CD) and 
an GHD coupled to an additional air solar heating system (SCHa). The loss of 
water and the drying rate in food materials dehydrated in the GHD is 
consistent with the increment or decrement of temperature during the solar 
day. The Deff values for basil and blackberry pulp was ranged between -
1.1044x10-7 and -3.9167x10-9. The solar energy obtained in the GHD supplied 
the heating requirements. In general, the Page’s  model was the best fit for the 
drying kinetics for basil and blackberry pulp. 

Keywords: Solar Collector for air heating, solar energy, variable conditions. 
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1. Introduction 

In the world, 1.3 billion tons of food loss and waste are generated each year [1]. Therefore, 
it is necessary to implement food conservation methods. These technologies could also allow 
the reduction of energy consumption.  

The energy consumption for food preservation in Mexico is not fully quantified. According 
to SENER of Mexico, (2016), 28.9% of the energy is used by the industrial sector in this 
country. The major energy consumption of the food industry is 43% and it is used for 
processing and distribution. Processing, drying, and curing are the most energy-intensive 
farm operations, due to the high costs of heating and the removal of moisture from the 
saturated air and the food matrix[2]. 

Drying is a unitary operation, that allows the water reduction from food, to extend its shelf 
life. Different solar drying systems have been used for food preservation, and they are 
classified as follows: direct, indirect, and mixed solar drying technologies[3]. Solar 
greenhouse dryers are classified as direct solar drying systems. They have been used for the 
drying of grains, fruits, and vegetables[3,4,5,6]. However, drying times are long and the 
product quality is poor[7,8]. 

Solar greenhouse dryers can also be connected to an air solar heating system (SCHa). The air 
heating concept or preheating system was recently introduced[9]. This system was used for 
drying of pepper, where different air mass flows rates and the drying kinetics were analyzed. 
The maximum temperature inside the greenhouse dryer was 45°C. 

Moreover, there are drying predictive models, and, they derived from Fick’s second law and 
Newton’s law of cooling[7,8,9,10]. But, the study of effective diffusivity is necessary in this 
novel system. Therefore, the main objective of this work was to evaluate the moisture 
diffusivity of basil (Ocimum basilicum) and blackberry (Rubus rosoideae), which were 
dehydrated in a solar greenhouse dryer coupled with an additional air solar heating system.  

2. Modeling 

The mass transfer phenomenon in drying has been simplified when considering the liquid 
mass transportation according to Fick’s second law, where the driving force is a concentration 
gradient.   

                                                 𝑑𝑑𝑑𝑑𝑎𝑎
𝑑𝑑𝑑𝑑

= −𝐷𝐷𝐴𝐴𝐴𝐴
𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎
𝑑𝑑𝑥𝑥2

    (1) 

Considering that the water movement is unidirectional, in a case of a flat plate with a constant 
diffusivity, the equation (1) can be expressed according to Crank & Park[11] in the following 
form, 
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                                    𝑊𝑊 = 𝑋𝑋(𝑡𝑡)−𝑋𝑋𝑒𝑒
𝑋𝑋0−𝑋𝑋𝑒𝑒

= 8
𝜋𝜋2
∑ 1

(2𝑛𝑛+1)2
∞
𝑖𝑖=0 𝑒𝑒−

𝜋𝜋2

4∙𝑙𝑙2
(2𝑛𝑛+1)2𝐷𝐷𝐴𝐴𝐴𝐴∙𝑡𝑡                (2) 

Where W is the normalized moisture content. Simplifying the equation (2), the Fick’s second 
law solution is expressed as:  

                                              𝑊𝑊 = 𝑋𝑋(𝑖𝑖)−𝑋𝑋𝑒𝑒
𝑋𝑋0−𝑋𝑋𝑒𝑒

= 8
𝜋𝜋2
𝑒𝑒
− 𝜋𝜋2

4∙𝑙𝑙𝑜𝑜
2𝐷𝐷𝐴𝐴𝐴𝐴∙𝑡𝑡        (3) 

Where the diffusive coefficient (DAx) can be evaluated considering an effective mass 
transference (Deff).  

2.1. Empirical and semi-empirical modeling 

Semi-empirical models are calculated for specific conditions of relative moisture, 
temperature, and air-drying speed. In solar drying, empirical and semi-empirical models have 
been used on thin plane plates to describe the behavior of W during the process (Table 1). 
The adjustable parameters must be calculated for each food type and drying condition. Some 
models are derived from the solution of Newton’s law of cooling equation and others from 
Fick’s second law (Equation 1). 

Table 1. Predictive models for W 

Semi-empirical models Model  Equation Reference 
Models Resulting from 
Newton’s Law of 
Cooling 

Newton W = exp(−kt)  [12] 
Page W = exp(−ktn) [13] 
Modified Page W=exp(−(kt)n) [7] 

Models Resulting from 
Fick’s Second Law of 
Diffusion 

Henderson and Pabis W = a exp(−kt) [14] 
Logarithmic W = a exp(−kt) + c [15] 

 Two-term W= a exp(−kt) + b exp(−k1t) [16] 
 Two-term exponential W = a exp(−kt) + (1 − a)exp(−k1t) [17] 
 Midilli and Kucuk W = a exp(−ktn) + bt  [18] 
Empirical models Wang and Singh W = 1 + at + bt2 [19] 

 

Where W can be adjusted to the shown models in Table 1. In this work, adjustments were 
made to the Newton’s, Page’s, and Wang and Singh’s equations. 

2.2. Statistical analysis 

The square root means deviation (RMSD) between the predicted and experimental data were 
evaluated with the following equation,  

     𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �∑ �WExp,i−WTh,i�
2𝑖𝑖=𝑛𝑛

𝑖𝑖=1
n−1

                                        (4) 
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The main deviation between the experimental data and the results produced by the model 
were evaluated with relative error: 

            𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(%) = 100
n
∗ ∑ �WExp,i−WTh,i�

2

WExp,i

𝑖𝑖=𝑛𝑛
𝑖𝑖=1                 (5) 

The reduced chi-square value of (χ2) was calculated as follows, 

               𝜒𝜒2 =
∑ �WExp,i−WTh,i�

2𝑖𝑖=𝑛𝑛
𝑖𝑖=1

n−N
                  (6) 

where WExp,i represents the experimental moisture ratio, WTh,i is the humidity ratio predicted 
by the mathematical model, n is the number of observations and N is the number of constants. 

3. Materials  

Basil (Ocimum basilicum) was obtained from a local farmer in Tequesquitengo, Morelos, 
Mexico, and blackberry (Rubus rosoideae) from Los Reyes, Michoacán, Mexico was used. 
In the basil drying case, only leaves were used. The samples were put over a perforated plastic 
mesh, covering a total surface of 16 m2. The blackberry was liquefied and the seeds separated. 
A thin layer of about 5 ± 1 mm of strawberry pulp was spread over 40.4 x 26.5 cm trays. In 
this case, a drying surface of 8 m2 was used for the drying process. The results were compared 
with samples dried in an electric oven at 60°C with forced convection at 1 m/s. The weight 
loss was measured during the drying process. 

3.2. Description of the drying equipment 

A solar greenhouse dryer (Figs 1 and 2) was used (GHD), it was connected to an air solar 
heating system (SCHa). The air solar heating system was constituted by three air heating flat 
plate solar collectors that consist in a box with insulation, an absorber, and a glass cover. The 
collector dimensions are 2.10 m in length, 1.20 m in width and 0.093 m in thickness. The 
cover was made of texturized corrugated tempered glass with a thickness of 4 mm. The SCHa 
was oriented to the south and inclined at an angle of 22° to the horizontal plane to maximize 
the absorption of solar radiation during the test. For the air inlet to the GHD a radial fan (Air 
Technology, CFD-7-3, Mexico) was connected to the SCHa. Therefore, the system can be 
operating with natural or forced convection (Figure 1). Two air-diffusers with honeycomb 
structure for air distribution in the GHD was connected in the south wall.  For air moisture 
and air flow removal from the GHD, two air fans (SilentVent, HAE 150) was connected in 
the north wall. The temperature was measured using Type T thermocouples (uncertainty of 
±1°C). The solar irradiation (W/m2) outside and inside of the GHD was measured using two 
pyranometers (Kipp & Zonen, CMP6, Netherlands). The air humidity (HR%) was measured 
using sensors (AOSONG, DHT22, uncertainty of ±2%). The inlet and outlet air velocity was 
measured using an anemometer (Extech Instruments, SDL 350).  
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The tests were carry out in Temixco, Morelos, Mexico (18.85° latitute North and -99.2333° 
longitude East and an altitude of 1219 m above sea level). The experiments were done in the 
months of March, May, and June 2017. In the tests with forced convection, an air velocity of 
0.58 m/s ± 0.12 m/s was used and a maximum irradiance of 806 W/m2 was recorded.                  

    

                                                                                                              

 Fig. 1 Solar greenhouse dryer (GHD). Outside view. Fig. 2 Solar greenhouse dryer (GHD), 
view without the plastic cover and with air heaters. 

A software for data acquisition was used during the test. The data collecting was done every 
30 s.  

3. Results 

The maximal average drying temperature into the greenhouse was 44.02 ± 1.90 °C with a 
maximal average solar irradiance of 806.34 ± 6.12 W/m2 and inlet average air velocity of 
0.58 ± 0.12 m/s of the greenhouse. In figure 2, the drying kinetics of dehydrated basil and 
blackberry are observed. In the greenhouse (GHD) and electrical stove (CD), the drying 
kinetics are according to the typical behaviour of drying processes. The initial moisture 
content of basil was 7.021 ± 0.001 kgw/kgds and for the blackberry was 9.470 ± 0.422 
kgw/kgds.  For the basil (Figure 2a.), the drying time in the GHD was 330 minutes and in the 
CD was 123.8 minutes. Figure 2b shows the blackberry pulp drying kinetics, in the stove the 
drying time was 480 minutes. But in the GHD, the dehydration was prolonged until a second 
day (960 minutes). 

The ln(W) (figure 3) was used to get the linearization of equation 3[20], considering the 
decreasing drying rate interval. With CD, the slope is less than with GHD, due to the mean 
temperature of each system (60 and 43.52°C for CD and GHD respectively). 

The Deff results with the slopes of the lines in fig. 3 shows a difference in the values obtained 
(Table 2). It can be observed that the Deff values for blackberry pulp are greater than the basil; 
therefore, the mass transference is major in the blackberry pulp. Furthermore, the Deff values 
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for CD indicate that a higher mass flux can be obtained. Nevertheless, the energy-saving with 
GHD is greater than with CD, and a good dried product was obtained in both technologies. 

           (a)               (b) 
Fig. 2 Basil (a) and blackberry (b) drying kinetics, using greenhouse dehydrated (GHD) and 

electrical stove (CD). 

                                        (a)        (b) 
Fig. 3 ln (W) vs drying times for (a) basil, and (b) blackberry pulp. 

 

Table 2. Effective diffusivity values 
 R²  Deff (m2/s) 
   

CD, Blackberry 0.961 -1.3577E-07 
GHD, Blackberry 0.989 -1.1044E-07 

CD, Basil 0.981 -3.9167E-09 
GHD, Basil 0.977 -2.5938E-09 

 

Table 3 shows adjustable parameters and the values for Newton’s, Page’s, and Wang and 
Singh’s models for the blackberry and basil experiments. In the basil-GHD, the best 
adjustment with Wang and Singh’s equation was found, followed for Page’s model. In the 
basil-CD, blackberry-GHD and blackberry-CD the best was with Page’s, it was due to a 
minor value of  %error, χ2 and RMSD and major value of R2. 
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Table 3 Adjustable parameters for different mathematical models 
 Parameters Newton Page Wang and Singh 

Basil  
GHD 

n 0.0000 1.2331 -0.0063 

k 0.0086 0.0027 0.0000 

R2 0.9831 0.9954 0.9966 

RMSD 0.6551 0.3410 0.2957 

X2 0.0018 0.0005 0.0004 

%error 3.1998 0.7705 0.1517 

Basil  
CD 

N 0.0000 1.0439 -0.0096 

K -0.0136 0.0112 0.0000 

R2 0.9926 0.9932 0.9820 

RMSD 0.4033 0.3858 1.5941 

X2 0.0007 0.0007 0.0113 

%error 1.8917 1.4044 30.1498 

Blackberry 
GHD 

N 0.0000 1.7241 -0.0030 

K -0.0042 0.0001 0.0000 

R2 0.9476 0.9971 0.9724 

RMSD 2.0173 0.1802 18.1547 

X2 0.0080 0.0001 0.6824 

%error 13.334 0.8703 10509 

Blackberry 
CD 

N 0.0000 1.4323 -0.0046 

K -0.0060 0.0007 0.0000 

R2 0.9657 0.9982 0.9959 

RMSD 0.9548 0.2213 6.4654 

X2 0.0043 0.0003 0.2144 

%error 9.0764 0.4720 811.31 
 
4. Conclusions 

The loss of water and the drying rate in food materials dehydrated in the greenhouse dryer 
(GHD) is consistent with the increment or decrement of temperature during the solar day. 
The Deff values for basil and blackberry pulp was ranged between 1.1044x10-7 and -
3.9167x10-9. The Deff values for CD was higher than for GHD, and in both technologies, a 
good dried product was obtained. In GHD the sun supplied the heating requirements for free. 
In general, the Page’s  model was the best fit for the drying kinetics for basil and blackberry 
pulp.     
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5. Nomenclature  
DAx Moisture diffusivity  s/m2 
Deff Effective moisture diffusivity  s/m2 
l sample thickness M 
N Number of constants  
n Number of observations  
t Time min 
T Temperature °C 
X Moisture content kg of water/kg dried solid 
W Dimensionless moisture content  

Greek letters 

ρ density kg/m3 
π pi constant  

Subscripts 

e equilibrium  
exp experimental  
o initial  
Th theoretical  
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