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ABSTRACT

Of Mexican households, 44.6% reported some degree of food inse
annual tomato production is lost in the supply chain, even though
basic food basket. Solar drying tomatoes is a solution for their eSSy

study of four environmental variables was conducted to ma of solar drying
of tomatoes during four seasons in 2024. Behaviors of ambie e g, relative humidity,
wind speed, and irradiance were analyzed by comparing 3lot diagrams. Results of the
statistical analysis were evaluated in drying kinetic humeity significantly modifies
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e such as antioxidants, vitamins A, C, and E, proteins, etc.,
tum) [1] is one of the most cultivated and consumed foods in
the world [ ) obal tomato production increased by 25 % compared to 2010. The
total produdgwas 19 on tons per year [3] and 32 % was wasted [4]. In Mexico, the tomato
is among n m@st consumed foods in the Mexican diet. In the last 10 years, production
8 .5 %, reaching production of up to 3 million tons per year in 2023 [5].
0 losses per year in Mexico have remained around 39.3 % [6]. Tomato in
ents one of the crops with the highest economic losses due to waste. 15.2 % of

highlightS the need for training in post-harvest preservation techniques [6]. In environmental
terms, this waste means that for every 0.453 kg of wasted tomatoes, 1.13 kg of CO2eq are
produced [4].

The gap between the amount of food produced and consumed by the population highlights
the need for solutions such as food dehydration. This process minimizes food waste by
extending the product's shelf life and maximizes producer profits by opening up new business
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opportunities. It is also an alternative that guarantees food security in terms of availability,
access, and stability, especially in rural and marginalized communities with limited resources.
According to Shamah-Levy [7], in 2023, approximately 44.6 % of Mexican households
reported some degree of food insecurity.

Dehydration is a viable alternative for preserving perishable tomatoes. Dehydrated products
retain their nutritional value and improve their storability [8] by significantly reducing their
volume [9]. In addition, their economic value can increase by up to 98 % compared to the cost
of the original raw material [10]. Dehydration plays a key role in food safety, as it extends the
shelf life of products and ensures their availability. This represents an opportunity to meet the
dietary needs and preferences of consumers, promoting healthy and affordable eating for a
healthy life [11].

In traditional drying, solar radiation interacts directly with the product lying
exposed to the environment. However, this technique has disadvantages suc
times, use of large surfaces, exposure to weather conditions, lack of cont

food is protected in a drying chamber and the air is heated by burn
electrical resistors powered by this same source [14]. This guarag a
supply of energy allowing control of the process conditions. H g tice contravenes
Sustainable Development Goal 13 (SDG 13) for the decoupegiRg

ha

o)

Solar energy is a renewable, clean, cost-free, and acceS@ble enctgy source for the entire

population. Mexico's geographic location is 23° R°33.167" W, with an average
solar radiation of 5.5 kWh/m2 and radiation e > h/m2 in spring and summer in the
northwest of the country. The high solar p i ar drying of fruits and vegetables
year-round.

Indirect solar drying with forced ven effective in reducing spoilage and

improving product quality [17]. Indi
oducing it into the drying area [12], preserving

food safety and improving the i final product [18]. This also promotes a more
controlled and efficient pr; s the product from weather and thefts.
Several investigatiQg i olar dehydrators with forced convection have been

published in the ope
slices. They foupg
influenced by ait
content decy@®Se

4@ Suhtrman et al., [19] carried out the dehydration of tomato

cmber 2018 and January 2019, with maximum irradiance levels of 837 W/m?.
drying temperature was 35.7 °C. The drying time was 25 hours. Chouikhi and
evaluated the performance of a dehydrator by drying 250 g of tomato slices. The
moisture content was reduced from 92 % to 10 % over two days (8 hours per day), at irradiance
ranges of 600 to 670 W/m?. The air temperature inside the dehydrator was variable, recording
between 29.8 and 42 °C. Tera et al., [23] performed the drying of 2.2 kg of tomato slices. The
experimental results showed that the moisture content on a dry basis was reduced from 17.6
kg/kg dry solid to 0.12 kg/kg dry solid in a time of 40 h. Abuelnuor et al., [24] found that the
drying time of 221 g of tomato was 10 h.

The reviewed studies show that the drying times for tomato slices dehydration vary widely,
ranging from 8 h to 40 h for loads of 221 g to 4 kg. Furthermore, these did not conduct a
quantitative evaluation of the impact of meteorological variables on drying kinetics and process
efficiency, which directly influences drying duration.



Despite their operational advantages, the performance of indirect solar drying systems is
influenced by various factors, such as air velocity, solar radiation, and ambient relative
humidity, most of which cannot be controlled [25]. This lack of control represents one of the
main challenges in the development of these systems. The study of environmental conditions
is essential to determine the relationships between them, the ranges in which their values vary,
the impact they have on the drying kinetics and on the operating conditions of the solar
dehydrator. Noori et al., [26] dehydrated 3 kg of tomato slices in an indirect solar dehydrator
with forced convection. They found that the moisture content decreased from 92 % to 22 % in
a drying time of 30 h under winter conditions. During the summer, the drying time was reduced
from 15 to 25 h. Without quantifying the relationship between the environmental variables,

plantain in two cities in Brazil. Four experimental tests were carried out under dj
conditions, during the summer and winter seasons. Although the study doe

time by up to 31 % compared to winter conditions. Benseddik et al.
of meteorological variables (irradiance, ambient temperature

environmental variables during the ann
found that irradiance, followed by relag
kinetics, with April being the month

The analysis of environmen \ ring tomato dehydration allows for controlling
drying temperature, regu energy use, and minimizing heat losses from the
equipment. This improygs My iaBdan WeS and significantly reduces drying time, which impacts
profitability, producti@ (Rg quality of the dehydrated product. This work uses a box plot

as a graphical tog q

tomato drying kifle apgrocess efficiency, while minimizing drying time. Six experimental
tests, coveri asons of 2024, were conducted with 10 kg of tomato in an indirect
solar and, fofced copWeet#®n dehydrator at a controlled operating temperature of 50 °C and an

air mass rate@of 0.7 kg/s. Characterizing drying kinetics based on environmental
condit maximizing dehydrated tomato production, improving food safety.
CH ERIZATION OF TOMATO DRYING KINETICS, BASED ON

VARIABILITY OF ENVIRONMENTAL CONDITIONS

The relationship between environmental variables during tomato dehydration directly affects
drying kinetics. The study of these variables contributes to understanding the solar device in all
four seasons, achieving competitive drying efficiencies and drying times that promote production
capacity. This section addresses conceptual aspects and procedures to determine the relationship
between the four selected environmental variables that intervene during the drying process.



Description of the solar device

An indirect solar dehydrator was used. The drying air is heated indirectly by solar collectors.
This system allows temperatures above 85 °C to be reached in the winter season (Northern
Hemisphere) and maintains temperature control during the day. Once the air reaches the desired
temperature, it flows into the drying chamber. The dehydrator has a capacity of 10 kg of tomatoes
per batch. The air removes moisture by forced convection at a velocity of 5.0 m/s. Table 1shows
the instrumentation used to monitor drying conditions. The device is located on the solar platform
of the Pueblito de Rocha Campus, at the University of Guanajuato, city of Guanajuato, Mexico,
coordinates 21°01'36"N, 101°16'10"W.

Table 1. Solar device instrumentation.

Parameter Symbol Unit Instrument Model Resolution
Temperature T °C Sensor DHT-22 0.1
Relative HR % Sensor DHT-22 0
humidity
Velocity vV m/s Anemometer Kethvoz . 3 to 45
KE-846

Tomato preparation

The tomato used is of the lowest quality on the natio aSWing and sanitizing are
carried out in a sanitizing room. The tomatoes are washe disifected using the botanical
disinfectant RBM-TC®, at a concentration of 200 p he ré§idence time of the tomato in the
disinfectant solution is 40 seconds. The tomatoesgr¢ wedgs. The average measurements

chloride, which acts as an absorbent ageiff, Tagilitah e removal of water and preventing the
proliferation of fungi. The dehydrator ded Wgth 19 kg of tomato prepared in this way.
Experimental tests

cte

uring four seasons of the year 2024: January 14,
19 and November 1. The methodology described

Six experimental tests y
February 7%, March 13®

dicated in the "Tomato Preparation" section. The tomatoes are
8¢ the heated air reaches the target temperature of 50 °C, around 9:30

emains constant throughout the test. The test concludes when the moisture
is 2.54 g/g dry solids. The target temperature and relative humidity in the
orded every minute during the drying process. This is shown in Figure 1, which

procedure followed for the preparation of tomatoes and experimentation. Table 2
e specifications of the measuring instruments used to measure the weight and



: Olmos-Cruz, R. A., Martinez-Rodriguez, G., et al. Year 2025
Drying Kinetics in Solar Dehydration of Tomato... Volume 13, Issue 4, 1130611

Sanitation zone

| Measurements zone |
i i

'
'
'
1
E : H
13% w.b. ' i '
Tomato dried +——————] !
[ i
! i 1
'
'
'

i 1
i Weight and dimensions |
,,,,,,,,,,,,,,,,,,,

___________________________________________________

Parameter Symbol  Units Instrument

Sample M G Analytical

weight balance

Sample R Mm  Digital Vernier

radius

Sample Z Mm  Digital Verni 0to 150
thickness

Graphical method: boxplot
An analysis of environmental c@ndifions

used to evaluate the behavior of the solar
ear. The final combined effect of environmental
ns of the solar dehydrator and therefore in the

ironmental factors and their influence on the drying rate
to. This analysis guarantees the supply of the heat load and

etnedian, mean, and interquartile range (IQR) to evaluate symmetry,
gcsence of outliers in a set of data ordered from lowest to highest [30].

d speed, and irradiance. The construction of boxplot diagrams (Figure 2)
ariables allows us to evaluate the central tendency of the data, its variability and
tterns, as well as outliers by calculating the IQR dispersion.

is the result of the difference between the third quartile (Q3z) and the first quartile
(Q1). Quartiles are determined with the eq. (1):

_ a(N+1) (1)
k 100
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75% 25%

Figure 2. Boxplot diagram.

Where N is the data number and a is the percentile value to calculate (25, 50, and 75). Both
the Q1 and Qs quartiles separate the lower and upper 25 % of the data respectivelyy. These
quartiles are known as the 25" and 75" percentiles and together they form the . The Q2
quartile (50th percentile) corresponds to the center line of the box and indica#® cdian.

the data, that is, they start from the Qi and Qs quartiles to the minimum g3 alues
of the data. The whisker is 1.5 times the IQR [30]. Outliers are individual Bo Poutside
the whiskers and represent values that deviate significantly from th 3

COSWL
\o)
between 8 and 18 h, during six drying tests in 2024 in t

equivalent to a total of 600 data points per variable day. ¥he range in which the
environmental conditions were measured is consi equatg, since irradiance decreases by
up to 87 % after 17:35 h [29].

measurement errors or unusual events (atypical data).
A total of 28,800 data points were analyzed for the four
dehydration (ambient temperature, relative humidity, wipg

Drying kinetics
In tomato dehydration, complex
during the process. The wet solid re
which is used on the surface of thg#pro
conduction to the interior of theYyet gl
transfer by diffusion.
The moisture conte
a wet basis (wb). In n[gons OF the dehydration of a food, it is convenient to refer to the
moisture content g i

m, —mgy
< ) My = T @

TN, my are the initial mass of fresh food and the mass of the dry product [g], which
arqzgbtar y weighing the samples with an analytical balance [32]. To calculate the dry mass
of th drated tomato, the samples were dried in a Yamato DX 302 drying oven at a
temperature of 105 °C for 24 hours. Subsequently, they were allowed to cool in desiccators and
weighed.

Variation of absolute humidity of the product, D M 4p), as the dehydration process progresses,

it is given by eq. (3):

andymnas sfer phenomena occur simultaneously

energy by convection of the hot air, part of
aporate free water, while the rest is transferred by
h increases the temperature and promotes mass

my — My
DMgpy = ———— (3)

o

Where m; is the sample weight, [g], as the drying process is occurring. While the drying rate
at which the moisture content of the product is removed, DR, is expressed with eq. (4):



_ dMgp _ My — Mgy a 4)

DR
dt At

Where M, , 5, is the moisture content (on a dry basis) after an increase in time At [min].

The effective diffusion coefficient (D) is a parameter that describes the drying kinetics,
since it determines the speed of the process during the decreasing drying rate. In this decreasing
period, the free water on the surface of the material has already completely evaporated and a
concentration gradient is formed between the inner and outer part of the food. The moisture
content diffuses from the center to the surface and is described by Fick's Second Law [33]. The

sample at the beginning of the process.

In addition to considering the constant and non-shrinking
that evaporation occurs only on the surface of the sample ang ,
uniform throughout the drying process [35], then the ¢ ’%

calculated through the eq. (5):
OMgp d 5
o~ Derg @ ”
Where M, is the moisture conte ¢ tofgto O a wet basis, D, ris the effective diffusion
helglate t

coefficient, x is the position withi time. My, (moisture content on a dry basis)
will be represented in the follo s mply as M to simplify the nomenclature.

eness of post-harvest processing since it is impermeable.
Npllowing boundary and initial conditions.

- Eq. (6): (6)

ere R1%the irifial thickness of fresh food.

> 0; Eq. (7):
q M , @)
or
=R andt> 0; Eq. (8): ®
M=M,

Where M, is the equilibrium moisture content. The analytical solution of the governing
equation, eq. (5), was described by Crank [38] and is represented by eq. (9), which is simplified
by considering long drying times [39].

8w 1 D
=) —— —(2i 22 2¢0F ©
M, HZZO(2i+1)2eXp[ Qi+ 1)*m 12 t
i=



Where L is the thickness of the flat wedge. M,. is the moisture removal rate (on a dry basis).
Eq. (10) relates the current moisture gradient at time t (M, ), with the maximum gradient that exists
in the drying system:

y Mo =M My (10)
T M,—-M, M,

Where M, and M, is the initial and equilibrium moisture content on a dry basis. The latter

represents a very small value compared to M, and M.

Drying efficiency

The drying efficiency (n4) of the dehydrator is calculated with eq. (11), where Egpg,, 1s the
amount of energy required to evaporate the free moisture from the food and E;;, is t}leolar

energy used in the dehydrator and is obtained with the eq. (13):
_ Eevap
Eevap =my, Avap Q (12)

En=G-A-t
Where m,, is the total amount of water evaporated [kg ; latent heat of vaporization
of free water [kJ/kg], G is irradiance [W], A is abso area 9], and t is the total drying time

[h].

Carbon Dioxide Removal
The amount of CO> emissions relea& a conventional tomato dehydrator is
calculated using equation (14).
Mgt

(14)

Where M,,, is the natural g e [kg/h], ts is the drying time [h], and F,,, is the
' ual to 2.69 kg CO»/kg natural gas [40].

d " Tem

variables such asfarget erature, air velocity, mass and geometric dimensions of the sample,
i iveg parafheters such as heat and mass transfer coefficient and shrinkage, among

(xla X2, X35« xn) [41]
2 2

W)2+(0_FW) P (2 ) +...+<0_FW)2 )
1 dx, 2 Oxz ox, "

Where w; to w,, are the estimated uncertainties of each measured variable, where the
minimum resolution of each instrument is reported in Tables 1 and 2.

Devices with an uncertainty of less than or equal to 5 % are considered adequate according to
the standards [22].

RESULTS

This section presents the results obtained from the statistical analysis of boxplot applied to the
study of the environmental conditions existing during each of the tests carried out during the 4



seasons of the year 2024. In addition, the joint impact of the environmental variables on the
kinetics and efficiency of drying is described.

Graphical analysis: boxplot method.

Figure 3 shows the ambient temperature trend during the tests. June 12" was the test with the
highest temperature values. The average maximum value was 31.38 °C and the minimum value
was 20.44 °C. The interquartile range was 4.05 °C, where temperatures within the box (50 % of
the data) ranged from 255 °C to 29.3 °C. June 12" exhibited a positive skew
(mean>median>mode). This means that the middle 25 % of the data clustered in the upper part of
the box (from Q> to Q3) with temperatures between 28 and 29.3 °C, while the data below the

median showed a greater dispersion, tending toward temperature values between 25.5 g#td 28 °C.
The November 1* test is negatively skewed (mean<median<mode) because the data clystemat the
t

bottom of the box (Q1 to Q2), creating a concentration of data below the mediafPbCtgeSg 11.35
and 14.7 °C. The IQR within the bottom 50 % of the data in the box is 12.16 % Qs
GRLO

quartile temperature at 23.5 °C. November 1% had the lowest temperatures } D % of
the data, with values of 11.35 °C (Qy).

N\

30—

25— ]
o S— —
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E 20— — —
@
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£ 1
© .

15—
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January 14-15 February 7-8 March 13-14 June 12-13 August 19-20 November 1-2
Drying Test 2024
18re (M diagrams of ambient temperatures.
The median shows notable differences, with minimum and maximum

temperature & C and 28.02 °C corresponding to November 1% and June 12%,

nond (Figure 3). This trend varies, as does the median, to the point of
or January 14", the mean and median differed by 0.92 °C, demonstrating a

shows the box-and-whisker plot describing the behavior of relative humidity. During
r tests, low relative humidity levels were present, ranging from 15.3 to 32 %, with
median values 0f27.9, 21.6, 27.3, and 30 % for the tests on January 14™, February 7%, March 13%,
and June 12%, respectively. The February 7™ test was shown to be the day with the lowest relative
humidity levels, with 50 % of its data hovering between 16.67 % and 27.17 % (Q1 and Q3). It
exhibits a positive bias, with a difference between the mean and median of 1.82 °C. The number
of atypical data points during February was 53, all of which are above a relative humidity of
42.9 %.
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Figure 4. Boxplot of relative humidity.

The median for the days of January 14%, March 13%, and J

the other hand, the tests for August 19" and November [
compared to February 7%, with relative humidities befge

43.28 % and 60.25 % (Q1 and Qs), followed by, L with values ranging between 40.08
and 56 %. The data from August 19" showe, ] ca with a difference between its mean
and median of 4.7 % and 3.1 % on Nove
Figure 5 shows the boxplot diagra,
each box are symmetrical, as the dj
The average for the months sho
Like relative humidity, thgte
wind velocities. The midd
The test conducted on M §
m/s, with a maximu ity of up to 7.7 m/s. Fifty percent of their data fall within the
range of 2.2 m/s tg '
June 12, Aug & Md November 1% recorded the lowest wind velocities, with a reduction
& 50 % of the data show speeds ranging from 1.3 to 3.2 m/s. A greater
sbScrved for these months, with IQR ranges 0f 0.94, 1.1, and 1.34 m/s for
d June, respectively. Like the three previous tests, the median for August

en 2.48 and 3.18 m/s.
4™ February 7™, and March 13% show the highest
ta for these tests ranged between 1.78 and 4.19 m/s.

onYecord, with 50 % of its data falling within the range of 1.35 m/s to 2.28 m/s (Qi
tively), representing a variation of 0.935 °C and a 2.12-fold shorter case length
March 13,

The largest number of outliers occurred on June 12 with 41, followed by November 1% with
25, and August 19" with 24,
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Wind speed [m/s]

| - L

January 14-15 February 7-8 March 13-14 June 12-13 August 19-20 November 1-2

Drying Test 2024
Figure 5. Boxplot diagrams of wind velocity.

Figure 6 shows the diagram for the irradiance of the tests carried out ?
The behavior of this variable is parabolic throughout the year. The dj e data in the
boxes of each test is considerably high with values of (IQR) up to 56
test of August 19", The boxes present symmetry, the difference

pverage mean and
median is 16.9 W/m?, with the difference in August being the s

tests with a value

The tests carried out in November presented the lowes wadiance. 50 % of the data
was concentrated between 220.2 to 680 W/m? (Qg8 spectively), which represents a
variation of 459.7 W/m?. The box presents sy
median of 4.6 W/m?. During the test there wa.
up to 99 % for a time of 1.7 h.

The highest irradiance levels were in K ofdhe data are concentrated in values from
549 to 938 W/m?. The box presents th iSMersion with an IQR of 389 W/m? compared
to August, which had the highest data Qi wh an IQR value of 566 W/m?, and with a box
length of 1.45 times larger than

The data dispersion wi
temperature was on June 1
an increase of 31.4 %
24.5 % and wind spe8§ .28 m/s, being 1.15 times higher than the values recorded for

June 12. The de ON@nN N 13 presented the shortest drying time of 9.6 h (Day 1: 5.07
h, and Day 2: 4.5¢ h),
24.8 °C).

erage irradiance levels and average ambient
2 and 27.2 °C respectively. Relative humidity showed

Jower level of irradiance and ambient temperature (680 W/m? and

1150—|

1000 —| p——

800—

600—

Irradiance [W/m?]
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200—

January 14-15 February 7-8 March 13-14 June 12-13 August 19-20 November 1-2
Drying Test 2024

Figure 6. Boxplot diagram of irradiance.
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The February 7" run was the next test with the shortest drying time of 11.7 h (day 1: 6.5 h,
and day 2: 5.1 h). The average relative humidity and wind speed levels were below those recorded
on March 13 ™ with values of 9.3 % and 14.2 %, respectively. The average irradiance level
recorded in the test was 580.5 W/m?, being 1.12 times lower than that recorded in the March 13 ™
test.

Uncertainty analysis

The results of the uncertainty calculation are presented in Table 3for the measuring
instruments such as the analytical balance, digital vernier and sensors. In each evaluation, the
factors due to 1) the instrument, i) the readings, iii) the air leaks, iv) the connection and v) the loss
of material in the trays were considered.

The total uncertainty in the experimental measurement (W, to¢4;) 18 = 0.26 %, whieh isddelow
the 5 % considered as the acceptable limit for measuring devices [22].

Table 3. Uncertainty values.

Parameter Calculated unce
Drying temperature Wr totar = 3 O
Relative humidity

Wind velocity
Sample weight
Dimensions

Drying Kinetics
Solar dehydration of 10 kg of tomato was
each of the tests during the four seasons o

direct, tower-type, forced-convection
were randomly selected, were carried
out on January 14" February 7%, 2t August 19®, and November 1%. The
average drying time was 9 hours e curve of the average moisture loss of the
tomato samples (dry basis) with ing time. This test was carried out on March 13%

ry solids. On the second day (4.57 h), the moisture content
er moisture content from 5.18 to 2.5 g water/g dry solids. The

B¢ moisture loss curve for the November 1% test, which had a drying
le drying time was 8.3 h, and the samples lost about 63 % of their free

s was 49.5 %, reducing their dry matter moisture content from 6.09 to 2.55
jds. In addition, the evaporation rate was 0.924 kg/h, 1.85 times lower than the



: Olmos-Cruz, R. A., Martinez-Rodriguez, G., et al. Year 2025

Drying Kinetics in Solar Dehydration of Tomato... Volume 13, Issue 4, 1130611
19,5 ——o— January 14th
18 —e— February 7th
= et March 13th
2 16,5 —— June 12th
g 15 —ae— August 19th
13,5 —eo— November 1st
o
e 12
en
= 10,5
g 9
g
s 75
o
3 6
& 45
= 3
1,5
0
0 2 4 6 8 10 12 14 16

Dring time [h]

Figure 7. Loss of moisture content in tomatoes.

temperature and maximum relative humidity recorded duri
24.35 °C and 26.7 %.

March 14" (Figure 8b) experienced smaller irradiance
day. The average values for March 14" were: 698.67
temperature, and 24.32 % relative humidity. The ma
20.58 to 2.5 g/g dry solid, representing a dryinggfte
removal rate from 1 to 0.014.

irradiance, 23.5 °C ambient
onten®gf the tomato was reduced from
y evaporated water/h and a moisture
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N\J 2
I adiance curve and ambient temperature and relative humidity for a) March 13th,

and b) March 14th.

The test with the longest drying time was conducted on November 1% and 2™, The total drying
time was 15.8 h (day 1: 8.3 h, and day 2: 7.5 h). The environmental conditions for this test are
shown in Figure 9. Figure 9a shows irradiance fluctuations, as in March. However, the first day
showed significant fluctuations in solar irradiance, beginning at 11:11 h and ending at 14:57 h.
Irradiance decreased by up to 66 % during this period of solar intermittence. On the other hand,
ambient temperature and relative humidity remained constant during the period of minimum
irradiance, at 23.8 °C and 40 %.

On the second day (Figure 9b), irradiance fluctuations were again observed, with an average
value during the day of 500.4 W/m?. The average ambient temperature and relative humidity are
observed to be 22.1 °C and 50.9 %, respectively. However, the relative humidity was 11.1 %

Journal of Sustainable Development of Energy, Water and Environment Systems i
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higher than the previous day. The second day required 7.6 h to evaporate 49.5 % of the moisture
content, which is 1.27 times less than the amount of water evaporated on the first day, thus
reaching the final moisture content of 2.55 g water/g dry solids.

The drying time for the tests was 11.7 h for February 7%, 13.0 h for June 12%, 15.0 h for August
19" and 15.4 h for January 14,
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Figure 9. Irradiance curve and ambient temperature ax

moisture evaporated from the tomato over
decreasing drying period is presented. No h
This behavior was also found by Abueln
Miihlbauer and Miiller [42]. The criti
each test, which is between 4.8 and 3.
the tests with the shortest and 1
evaporation of the free moistysg
the final hours of the proced®
a value of 1.10 g/g dry;

$

The average effective diffusion coefficient (D) for tomatoes for the March 13% trial was 8.01
x 1071 m%/s. For the longer drying trials, they were 1.76 x 107 and 3.62 x 10" m%/s for November
1% and January 14%. These values are above those reported in the literature. Such is the case of
Fterich et al., [35], Badaoui et al., [39], and Nettari et al., [41] who used forced convection solar

devices with variable operating temperatures ranging from 40 to 70 °C and with velocities of 1
m/s to 3 m/s.
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Figure 10. Drying ratio vs time.
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CO:2 analysis

The implementation of this indirect solar dehydrator allows for a significant reduction in CO:
emissions, thus contributing to more sustainable production. For a 10 kg batch of fresh tomatoes,
0.15 kg/h of natural gas is consumed in a conventional gas dryer. For a 12 h average drying
operation per batch for 360 days per year, 648 kg of natural gas is consumed per year, equivalent
to a total of 1.75 tons of CO; per year. If the solar dehydrator has a useful life of 20 years, then 35
tons of CO> would be eliminated. Sharma et al., [20] determined that their solar dehydrator can
eliminate up to 12.28 tons of CO; emissions.

Temperature control

Temperature control was carried out during the six tomato trials conducted in 2
tomato trial conducted on March 13", Figure 11 shows the temperature of the dryipg
and leaving the indirect solar dehydrator. The experimentation without tomatoe
at the beginning of each test during the preheating phase for 1 hour.
measured at the inlet and outlet of the drying chamber. The average t¢
between both measurements was 4.22°C, which corresponds to an aveiag

The target temperature of 50 °C was reached at 9:10 h (blue line).
maintained for up to 6.5 h throughout the entire test.

The 10 kg enter at 9:30 h. The air temperature recorded at t
is 1.3 times lower than the target temperature, due to the
tomato. As the drying process progresses, the air tempera
due to the decreased removal of moisture content.

During each sampling, the exhaust fan is turne®o ¢
This causes the drying chamber temperature togffrop Sud , as shown in Figure 11. Once the
sampling is complete, the sample trays are ugPandNa@’process is restored to a temperature
of 50°C in an average time of 6 min. Thi viotigwaggepeated in the other experimental tests.

. For the

the Qwying chamber door is opened.
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Figure 11. Drying temperature.

ture control remained constant throughout the six tomato drying tests conducted
throughout the four seasons, demonstrating both the stability of the process and the versatility of
the indirect solar dehydrator. Furthermore, the quality of the product obtained has been well
received in the local market in the city of Guanajuato, reflecting its acceptance and
competitiveness compared to dehydrated products already on the market.

Drying efficiency

The drying efficiency is inversely proportional to the amount of the total energy that falls on
the dehydrator. Temperature control is a function of the solar energy captured and removed by the
air. Temperature control allowed regulating the amount of energy incident on the dehydrator.
Figure 12 shows the drying efficiency evaluated in each of the 6 drying tests during the year 2024.



It can be observed that the test carried out on March 13" presented the highest drying efficiency
of 58.2 % (deep blue bar). 8.7 kg of free water was removed using 1.13 kW of energy to evaporate
it. The drying efficiency on March 14" decreased by up to 90 % (light blue bar), since the amount
of water evaporated was 0.89 kg, with the energy supplied to the solar device being 12.8 times
greater than the energy required to evaporate the free water. 0.13 kW of energy was used to
evaporate the free water on this second day. The average drying efficiency was 32.1 % (black
bar). The total energy incident on the solar dehydrator was 1.94 and 1.6 kW for March 13 and 14.

The test conducted on February 7 showed an efficiency of 46.4 % for the first day deep blue
bar), while the second day saw a reduction of 90 % (light blue bar). The average efficiency for the
day was 25.55 % (black bar)., and the incident energy amounts were 1.9 and 2.4 kW for February
7% and 8. The November 1% test showed the lowest efficiencies, with values of 22.34#d 2.0 %

November 1 and 2",

Despite the fluctuation in irradiance levels, it can be observed that the df§
solar dehydrator is above those reported in the literature by Sharma et al., [
and Chouikhi et al., [22] who evaluated in a temperature range betweg
irradiance conditions of 400 to 700 W/m?>. A

cral., [21]
and under
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CONCLUSIONS
Tomato dehydaati in this article differs from that published. It jointly quantifies

O
the impact of en nt&] conditions using the graphical boxplot method. Drying kinetics is
d usi ItS of the environmental conditions assessment and maximize drying
Py reducing drying times. To increase moisture removal, tomato wedges

W@ reduced by 40 % based on literature reports. The shortest drying time was
h 13 test.
inetics, not only one environmental variable defines the speed of the process. It is
on of environmental variables, which present maximums and minimums at different
times of the year. June presented the highest irradiance levels (median, mean, and mode of 755,
734, and 938 W/m?). However, the relative humidity reported in this test increased by 8.8 %
compared to March 13 ™, Drying time increased by 26 %.

The diffusion coefficient increased by 53 % for the March 13 ™ test.

In all tests, drying efficiency was higher than those reported in the literature, with values of up
to 58 %.

Future work is to determine the relationship between the dehydrated product and food safety
by eliminating or reducing tomato losses.
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NOMENCLATURE
Symbols
A Percentile 25th, 50™, 75®
A Solar collector area
Desr Effective diffusion coefficient
E Thermal energy
Ein Solar energy incident
F Uncertainty
G Irradiance
HR Relative humidity
IOR Interquartile range
m Tomato mass
M Moisture content
N Total data numbers
0 Quartile
T Drying temperature [°C]
T, Ambient temperature [°C]
V Wind velocity [m/s]
w Uncertainty of each vari
X Median
X Independent varia fofunceMainty
Greek letters

c
d
db
e
eva
r
t Time
At Time increment
vap Vapor
W Water
wb Wet basis
Abbreviations
SDG Sustainable Development Goal
CO» Carbon dioxide
kW Kilowatt
kWh kilowatt-hour

Journal of Sustainable Development of Energy, Water and Environment Systems 17



REFERENCES

1. M. Y. Ali, A. A. L Sina, S. S. Khandker, L. Neesa, E. M. Tanvir, A. Kabir, M. 1. Khalil,
and S. H. Gan, ‘Nutritional composition and bioactive compounds in tomatoes and their
impact on human health and disease: A review’, Foods, vol. 10, no. 1, Jan. 2021,
https://doi.org/10.3390/foods10010045.

2. I. Dominguez, J. L. del Rio, V. Ortiz-Somovilla, and E. Cantos-Villar, ‘Technological
innovations for reducing tomato loss in the agri-food industry’, Food Research
International, vol. 203. Elsevier Ltd, Feb.
https://doi.org/10.1016/j.foodres.2025.115798.

3. Food and Agriculture Organization of the United Nations (FAO
production statistics 2010-2023, 2010. [Onliggl.
https://www.fao.org/faostat/en/#data/QCL.

4, M. Bath, T. Erickson, P. Xie, P. Miglani, and Y. Wang, ‘The \Mgi
A systemic approach to global food loss’, Proceedings of Reld
Design, Oct. 01, 2024. https://rsdsymposium.org/tomat ’

5. Secretaria de Agricultura y Desarrollo Rural (SADER
el cultivo y exportacion de jitomate: Agricul
Benchmark in Tomato Cultivation and Export: Agr 3R022. [Online]. Available:
https://www.gob.mx/agricultura/prensa/mexigagrefercige-mundial-en-el-cultivo-y-
exportacion-de-jitomate-agricultura.

6. World Bank, ‘Pérdidas y Desperdici
Economica, Ambiental y Social (i
Economic, Environmental, and
https://documents1.worldban
880c5bc040af0b30d01bas

7. T. Shamah-Levy, E. Lazg Cuevas Nasu, M. Romero-Martinez, E. Gaona-
Pineda, L. Gémez-A a-Alvarado, and 1. Méndez-Gomez-Humaran,
Encuesta Nacionaldge Si grrricion Continua 2023. Resultados Nacionales (in

os en México. Una Perspectiva
g [.oss and Waste in Mexico: An

ap, and S. Kumarasamy, ‘Eco-friendly drying techniques: a
biomass, and hybrid dryers’, Environ Sci Pollut Res Int, vol. 30,

10. -Cruz, G. Martinez-Rodriguez, and J. C. Baltazar-Cervantes, ‘Modelo analitico

eShidratador 100% solar (in Spanish, Analytical Model of a 100% Solar
De ator)’, University of Guanajuato, Guanajuato, 2024.

11. and Agriculture Organization of the United Nations (FAO), ‘Trade Reforms and
Food Security. Conceptualizing the Linkages’, Rome, 2003. [Online]. Available:
https://www.fao.org/4/y4671e/y4671e00.pdf.

12.  A. Khalil, A. M. Khaira, R. H. Abu-Shanab, and M. Abdelgaied, ‘A comprehensive
review of advanced hybrid technologies that improvement the performance of solar
dryers: Photovoltaic/thermal panels, solar collectors, energy storage materials, biomass,
and desalination units’, Solar Energy, vol. 253. Elsevier Ltd, pp. 154-174, Mar. 15,
2023, https://doi.org/10.1016/j.solener.2023.02.032.



13.  G. Martinez-Rodriguez, ‘Scaling up to a pilot plant for a mobile solar dehydrator, for its
technical-economic feasibility, with field products from Hidalgo and Bajio from
Guanajuato’, Guanajuato, Feb. 2021.

14. Y. Yao, Y. X. Pang, S. Manickam, E. Lester, T. Wu, and C. H. Pang, ‘A review study
on recent advances in solar drying: Mechanisms, challenges and perspectives’, Solar
Energy Materials and Solar Cells, vol. 248. Elsevier B.V., Dec. 01, 2022,
https://doi.org/10.1016/j.solmat.2022.111979.

15. T. A. Hamed and A. Alshare, ‘Environmental Impact of Solar and Wind energy-A
Review’, Journal of Sustainable Development of Energy, Water and Environment
Systems, vol. 10, no. 2, Jan. 2022, https://doi.org/10.13044/j.sdewes.d9.0387.

16. T. Ramirez, Y. Meas, D. Dannehl, 1. Schuch, L. Miranda, T. Rocksch, and U

17.  D.D. Behera, R. C. Mohanty, and A. M. Mohanty, ‘Performance Evalu?
Type Forced Convection Solar Mango Dryer. ab
Preservation’’, Thermal Science, vol. 27, no. 2,
https://doi.org/10.2298/TSCI220621154B.

18. M. Sandali, A. Boubekri, and D. Mennouche, ‘Thermag
Direct Solar Dryer with Integration of Different Techng
585-595.

19.  S. Suherman, R. Rilna, N. Afriandi, E. Susanto, 4

20. M. Sharma, D. Atheaya, and A. Kumar.

ermal, embodied, economical and
quality analysis’, Thermal Science g Progress, vol. 42, Jul. 2023,
https://doi.org/10.1016/j.tsep.202

21.  A.J. Cetina-Quifones, J. Lop

oe material’, Solar Energy, vol. 224, pp. 5875,
j.solener.2021.05. 040
22.

23. . . Diakite, K. P. Mathos, and O. Sanogo, ‘Modelling of Indirect Solar

—275, 2025, https://doi.org/10.4236/eng.2025.174016.

YA., A. A. M. Omara, I. K. Salih, E. K. M. Ahmed, R. M. Babiker, and A.

. hammedali, ‘Experimental Study on Tomato Drying Using a Solar Dryer

ed with Reflectors and Phase Change Material’, Feb. 2021,
://doi.org/10.1109/ICCCEEE49695.2021.9429617.

25. A. Lingayat, V. P. Chandramohan, V. R. K. Raju, and A. Kumar, ‘Development of
indirect type solar dryer and experiments for estimation of drying parameters of apple
and watermelon: Indirect type solar dryer for drying apple and watermelon’, Thermal
Science and Engineering Progress, vol. 16, May 2020,
https://doi.org/10.1016/j.tsep.2020.100477.

26. A. W. Noori, M. J. Royen, and J. Haydary, ‘An active indirect solar system for food
products drying’, Acta Chimica Slovaca, vol. 12, no. 1, pp. 142-149, Apr. 2019,
https://doi.org/10.2478/acs-2019-0020.

27. M. B. Silva, ‘Avaliagdo de um secador solar em diferentes condigdes climaticas e
meteoroldgicas (in Portuguese, Evaluation of a Solar Dryer Under Different Climatic

24.

In



and Weather Conditions)’, Research, Society and Development, vol. 11, no. 1, p.
€15411124405, Jan. 2022, https://doi.org/10.33448/rsd-v11i1.24405.

28. A. Benseddik, A. Azzi, F. Chellali, R. Khanniche, and K. Allaf, ‘An analysis of
meteorological parameters influencing solar drying systems in Algeria using the isopleth
chart technique’, Renmew Energy, vol. 122, pp. 173-183, Jul. 2018,
https://doi.org/10.1016/j.renene.2018.01.111.

29. R. A. Olmos-Cruz, G. Martinez-Rodriguez, E. Sanchez-Garcia, and J. C. Baltazar,
‘Analysis of Environmental Variables during Apple Dehydration’, Chem Eng Trans,
vol. 114, pp. 3742, 2024, https://doi.org/10.3303/CET24114007.

30. R.L.Nuzzo, ‘The Box Plots Alternative for Visualizing Quantitative Data’, PM and R,

31.  J. Ocon Garcia and G. Tojo Barreiro, Problemas de Ingenieria Quimica: ORgragiones
basicas (in Spanish, Chemical Engineering Problems: Basic Operation
Spain: Aguilar, 1980.

32.  A. Lingayat, V. P. Chandramohan, and V. R. K. Raju, ‘Desig ght and

2017, vol. 109, pp. 409—416, https://doi.org/10.1016/j.egyprg
33. A. Djebli, S. Hanini, O. Badaoui, and M. Boumahgi
thermodynamics study of drying tomatoes in mixed so nergy, vol. 193,
pp. 164—174, Nov. 2019, https://doi.org/10.1016/j.
34. V.R.Mugiand V. P. Chandramohan, ‘Shrinkage, ¢

35. M. Fterich, M. Ibrahim Elamy, E. T
study of tomatoes drying kineticggfi§i
Engzneermg Science and Tec

36. X Xu Y. Chen B Li, Z , T. Chen, and S. Tian, ‘Molecular mechanisms
underlying multi-level es of horticultural crops to fungal pathogens’,
Hortic Res, vol. 9, ://dadorg/10.1093/hr/uhac066.

37. D J1 W. Liu, i >

38. John. Cra e Wathematics of diffusion, Second. Glasgow New York: Oxford

: ini, A. Djebli, B. Haddad, and A. Benhamou, ‘Experimental and

y of tomato pomace waste drying in a new solar greenhouse: Evaluation

g models’, Renew Energy, vol. 133, pp. 144-155, Apr. 2019,

rorg/10.1016/j.renene.2018.10.020.

Nacional de Ecologia y Cambio Climatico (INECC), ‘Factores De Emision

Los Diferentes Tipos De Combustibles Fosiles Y Alternativos Que Se Consumen
En México (in Spanish, Emission Factors for the Different Types of Fossil and
Alternative Fuels Consumed in Mexico)’, Coyoacan, 2014. [Online]. Available:
http://www.inecc.gob.mx.

41.  C. Nettari, A. Boubekri, A. Benseddik, S. Bouhoun, D. Daoud, A. Badji, and I. Hasrane,
‘Design and performance evaluation of an innovative medium-scale solar dryer with
heat recovery based-latent heat storage: Experimental and mathematical analysis of
tomato drying’, J  Energy Storage, vol. 88, May 2024,
https://doi.org/10.1016/j.est.2024.111559.

42.  W. Miihlbauer and J. Miiller, ‘Tomato (Solanum lycopersicum L.)’, in Drying Atlas,
Elsevier, 2020, pp. 195-205.

39.



: Olmos-Cruz, R. A., Martinez-Rodriguez, G., et al.
Drying Kinetics in Solar Dehydration of Tomato...

Year 2025
Volume 13, Issue 4, 1130611

Journal of Sustainable Development of Energy, Water and Environment Systems

21



	Drying Kinetics in Solar Dehydration of Tomato
	ABSTRACT
	KEYWORDS
	INTRODUCTION
	CHARACTERIZATION OF TOMATO DRYING KINETICS, BASED ON VARIABILITY OF ENVIRONMENTAL CONDITIONS
	Description of the solar device
	Tomato preparation
	Experimental tests
	Graphical method: boxplot
	Drying kinetics
	Drying efficiency
	Carbon Dioxide Removal
	Calculation of uncertainty

	RESULTS
	Graphical analysis: boxplot method.
	Uncertainty analysis
	Drying kinetics
	CO2 analysis
	Temperature control
	Drying efficiency

	CONCLUSIONS
	ACKNOWLEDGMENTS
	NOMENCLATURE
	REFERENCES

	Symbols
	Greek letters
	Subscripts and superscripts
	Abbreviations

