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Cooking traditional meals using a solar cooker is often challenging because it may require maintaining temperatures of 63 to
180°C for extended periods. A popular Mesoamerican/Mexican dish, “tamale,” is a vapor-cooked corn dough meal/flour
wrapped inside corn husk, which may be prepared in a solar cooker. However, its nutritionally rich variety, “elote tamal”
prepared from ground fresh corn kernels of tender corncobs with added sugar, fresh milk, and butter, becomes unpalatable
under such solar cooking. The initial slow rise in temperature leads to the fermentation of the dough-milk mix and degrades
the product. We show that an auxiliary electric heater boosting the temperature at the initial period in an electric-solar hybrid
cooker can overcome this limitation. Furthermore, we found significant differences in the total sugar and titratable acidity in
the slow-cooked elote tamal. These differences are associated with the incipient fermentation introduced in the milk-containing
dough mix during the slow heating stage in traditional solar cooking. We analyzed and compared the protein, fat, moisture
content, ash, total sugars, total fibers, titratable acidity, and color of elote tamales prepared under four different cooking
conditions. Milk-based tamales under solar cooking require an additional thermal booster at the initial stage to avoid
fermentation and eventual loss of quality of the cooked dish. This research is also relevant to the solar cooking of other milk-
based meals.

1. Practical Applications

The solar cooker device was designed considering the possi-
bility of cooking any day, including cloud days. The solar
cooking time is longer than conventional cooking, but the
time preparation is shorter than traditional. The sensory
perception for solar meals is similar to traditional cooking
ones and demonstrates the same nutritional characteristics
as conventional cooking. Therefore, our results show that a
solar cooking device reaches similar characteristics to the
food product obtained from the traditional cooking process.
However, our results alert us about the solar cooking of
meals containing milk or any other ingredient with fermen-
tation possibility. In this case, the cooking procedure needs
to be faster. Also, our results encourage the transition to
solar cooking, persuading the environmental and general
health benefits of solar cooking.

2. Introduction

Worldwide, gastronomy is an intangible aspect of civiliza-
tion, closely related to our culture. Traditional Mexican cui-
sine was declared Intangible Heritage of Humanity by the
United Nations Educational, Scientific and Cultural Organi-
zation [1]. In particular, the traditional dishes involving
maize (corn) subjected to the nixtamalization process
(NIX) are noteworthy. This process involves lime-hulling
the maize, which increases its nutritional value. The present
work relates to tamal (Tamales originates from tamalii, the
Aztec-Mexican word for wrapped food; elote–corncob)
(pronounced, tamal) that is a traditional Mesoamerican
dish, usually made from the corn-based dough (with or
without the NIX process) folded in a cornhusk (the leaf-
like permeable sheath covering the corncob) or banana leaf
and steamed. It forms part of everyday Mexican cuisine,
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with many modified versions available on festive occasions,
depending on the region.

Depending on the variety, a tamal may be of 100–200 g
wet mass, with a calorific value of 150–300 kilocalories
(Cal), fat (45%), carbohydrates (45%), and protein (10%)
with appreciable recommended daily allowance (RDA) of
dietary fiber, calcium, iron, and potassium [2].

Nevertheless, food composition may change due to prep-
aration methods, cooking procedures, and technologies.
Mariscal-Moreno et al. [3] test different preparation
methods (traditional NIX: 1% calcium hydroxide, ecological
NIX: 1% calcium carbonate, 1% wood ash as lime, without
salt (without NIX)). They found different results for calcium
carbonate treatment (protein 7 1 ± 0 4%; fat 20 6 ± 0 3%; ash
6 21 ± 0 01; total dietary fiber 6 9 ± 0 3%; total starch 47 6
± 0 3%). They found significant fiber concentration and
lower values in starch content with carbonate treatment.
Guzmán et al. [4] found different protein compositions in
tamales due to the cooking time and alkalinization process.
In this work, the preparation was without the NIX process
and with raw elote-corncob.

Traditionally, tamal dishes are prepared by stacking the
wrapped dough mix on a base of twigs inside large vessels,
with water contained at the bottom and boiled using fire-
wood. However, the massive use of wood stoves leads to for-
est degradation/deforestation and greenhouse gas emissions.
They can also seriously impact the health of rural popula-
tions [5–8]. Although wood’s annual fuel cost is cheaper
(almost free) than gas or electricity in some regions [9], it
is not environmentally friendly in large-scale and sustained
use. Thus, efficient low-emission cooking technologies
require attention. Solar cookers have been proposed as an
alternative. The use of solar cookers helps eliminate high
concentrations of particulate matter in the cooking ambient,
the inhalation of which is harmful to humans [10]. Since the
firsts solar cooker was developed in India in 1878 [11],
researchers have been trying to improve their efficiency
[12], including geometrical features [9, 13, 14], maximum
temperature attained [15, 16], energetic cost reduction [17,
18], CO2 emission reduction [19, 20], among their many
other attributes [9, 21, 22].

There are different types of solar cookers, which can be
classified according to their heat transfer mechanism [23]:

(i) Direct solar cookers use solar energy directly to heat
the cooking chamber

(ii) Indirect solar cookers heat the chamber using a
fluid (water, oil, air, etc.) heated by solar energy

(iii) Mixed solar cookers use more than one solar/
renewable energy technology, and

(iv) Hybrid solar cookers use both renewable and non-
renewable energy sources

Also, in the literature, we can find different designs,
which include small hollow copper-made balls used to
improve heat transfer, an aluminum-made trapezoidal duct
with a 200W halogen lamp placed inside to enhance the

heat transfer, and a 10W fan; the best configuration was
with solar energy only, using the small hollow balls [24]. In
other paper, authors also tried different sensible heat storage
materials (blackened pebbles, masonry bricks, and alumi-
num balls). The best configuration was using aluminum
balls [25]. Moreover, other different designs of solar cookers
are described and thermally analyzed in recent papers by
Saxena and Agarwal [24] and Saxena et al. [25].

Solar cookers are aimed at reaching a safe cooking tem-
perature and time depending on the food type. Furthermore,
any solar cooker device should include the analysis of the
following [26]:

(i) The possibility of cooking at any time of day

(ii) Cooking time must be comparable with conven-
tional cooking

(iii) Nutritional characteristics

(iv) Sensory perception

(v) Economic aspect

Solar weather conditions make cooking a difficult task.
The standard prescribed temperature in solar cooking of
most dishes is 70°C, which the food should attain and
keep at that value for a minimum of 2 minutes [27].
The lower limit of cooking temperature is 62.8°C [28] to
avoid degradation of cooked food due to the activity of
remnant microorganisms. Nevertheless, in most cases, this
temperature for cooking is reached after two hours of
solar heating [29, 30], creating a favorable ambient for
microorganisms growing. Therefore, the research works
are focused on improving the thermal efficiency, the ener-
getic efficiency, the efficacy, and CO2 emission reduction
[31–34]. However, the thermal effects and thermal history
may affect cooked food’s sensory and nutritional proper-
ties. Then, extreme care is necessary for process design
to avoid subprocessing and overprocessing the meals in solar
cookers. Thus, thermal process optimization is extremely
desired [35]. Thus, thermal effect analysis on food properties
is highly desired. Therefore, the quality analysis of the cooked
product should be incorporated for better acceptance of the
solar technology and to know how we can improve the solar
cooking process [36–38]. A significant difficulty in performing
the nutritional analysis of solar-cooked food is that the
weather conditions: solar irradiance, wind velocity, air density,
wind direction, ambient temperature, and their daily seasonal
variations all strongly affect the functionality of the solar
cooker and hence of the cooked dish as well [22]. This limita-
tion can be surpassed by using a hybrid-solar cooker [39].
Also, it is possible to cook at any time of the day.

In previous work, we evaluated the sensory properties
and consumer preferences of dishes cooked in hybrid solar
cookers. We use an acceptance test with a five-point hedonic
scale (excellent (5), good (4), regular (3), bad (2), and terrible
(1)) and a rank-ordering method with untrained and trained
panelists. In ten different dishes, the consumers did not find
differences in the smell, color, texture, and appearance [40,
41]. We tested for over a decade many types of tamal dishes
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prepared using the hybrid-solar cooker and found them pal-
atable [42, 43]. However, a specific variety of tamal, the
“elote tamal,” tasted bitter. Elote tamal is prepared from
ground tender corn kernels, sugar, fresh milk, and butter.
Elote means tender corncob; and tamal is from tamalii,
which in the Aztec epoch meant “wrapped food.” The bitter
taste in the “elote tamal” was eliminated by raising the initial
temperature of cooking by activating the electrical heating ele-
ment of the hybrid-solar cooker, which prevented fermenta-
tion of the milk-dough mix in the tamal. We report here an
analysis of the nutrient contents in elote tamales prepared in
the hybrid-solar cooker and traditional methods to under-
stand the underlying processes causing differences in the
solar-cooked dish. We developed the right strategy to prevent
the bitter-taste-forming process with such understanding. We
evaluate and compare elote tamales on the chemical composi-
tion: protein (total nitrogen), total fat, moisture content, ash,
sodium, total reducing sugars, crude fiber, color, and acidity.
The methodology developed here for cooking milk-based
meals in a solar cooker applies to similar dishes. Our work
suggests that milk-based dishes may present fermentation in
solar cookers with a slow heating process. Nonetheless, a
caveat of this work is that our hybrid solar cooker has not been
characterized using a standardized methodology [31].

With the electricity grid and bright sun available in most
regions of Mexico throughout the year, the hybrid solar-
electric (H-S) cooker is widely accessible. This cooker elimi-
nates the uncertainty of cooking a dish for the day’s main
meal at 14:00 hrs (in Mexican tradition, after an early break-
fast, the main meal is at 14:00–15:00 hrs, followed by a light
meal at night. The results on H-S or traditionally cooked
elote tamales were done at our Institute to correspond to
the 14.00 h main meal).

This work is organized as follows: we describe the specifi-
cations of the H-S cooker and the preparation method for the
tamal. Results on the qualitative and quantitative aspects of
the nutritional properties of the tamal follow. We find that
under the standard operation of the H-S cooker, the elote
tamale is sour bitter tamales. We discuss the role of the mois-
ture content, total reducing sugar, and titratable acidity based
on physicochemical facts or hypotheses. In the section modi-
fied H-S procedure, we present a modification of the standard
H-S solar cooking procedure to avoid the sour flavor and con-
firm that during the slow heating part of the cooking in the H-
S cooker, the tamales undergo fermentation. Finally, we con-
clude by highlighting our findings.

3. Hybrid-Solar Cooker Description

We used the H-S cooker [39, 41] for cooking experiments; see
Figures 1(a) and 1(b). This design is patented in Mexico. The
solar cooker with electric backing used in this paper comprises
a half-cylinder-shaped cooking chamber cut lengthwise on the
longitudinal axis [39]. The chamber is thermally isolated by
the wall and the cylinder caps and by a transparent material
located lengthwise on the axial axis. A solar concentrator
includes four flat mirrors angularly adjustable about the flat
transparent glass. The glass is located at the upper portion of
the solar concentrator. Thus, the device includes a stationary

horizontal base, a semicircular support rotating over the base,
a worm connected to the base and the semicircular support
for fixing and switching the position of the support, and a bar
connected to the end portions of the support, which allows
the said bar to rotate over the axis to rotate the cylinder and
to provide the accurate tracking of the sun during the annual
movement [44]. The apparatus, oriented with the cylindrical
axe perpendicular to the North-South axe of the earth, requires
only a slight rotating movement over the bar to change the glass
surface angle and concentrate the sunlight during a whole day,
inside the cooking chamber, i.e., with only two degrees of free-
dom for tracking all year around. This mechanical system is
provided for adjusting the tilt of the solar collector in such a
manner that the flat transparent glass is a perpendicular surface
to the direct solar radiation flow every day all year around
(Table 1).

The energy concentration system is formed by four flat
mirrors (0 74 × 0 91m). The angle of the mirrors is 55° from
the horizontal plane (glass cover) for the north and south mir-
rors, 75° for the west mirror, and 35° for the east mirror. The
incident solar energy flux passes through the sheet glass
(thickness 0.006m) and is collected (about 80%) [43] inside
the cooking chamber, involving the greenhouse effect due to
the glass cover. Consequently, the solar heating process uses
both mirrors and the greenhouse effect. The cooking chamber
is a semicylindrical shape appropriate for a rotational system.
The axis of the cylindrical chamber is placed perpendicular to
the geographical north-south direction. Inside the chamber is
a flat griddle with wheels under it tomaintain the cooking pots
(food containers) in the correct position. This system allows
the pots to move according to the cooking chamber’s curva-
ture, preventing food spillover from its container.

The mechanical system for altering the angle of the
chamber includes a threaded bolt and an adjusting disc.
We can rotate the adjusting disc manually every week to
obtain the desired angle from -10 to 60°. We set the angle
according to the latitude of the geographical zone of
Temixco, Morelos (latitude of 18° 50′ N and longitude of
99° 14′ W), where all the experiments were carried out. A
weekly adjustment was made to obtain nearly perpendicular
solar incidence on the glass cover. Suppose the solar energy
is insufficient to reach the desired temperature. In that case,
a control device starts backup electric resistance heaters of
1KW each to meet the desired set temperature [13, 39].

The cooking chamber’s capacity is three pots of 6 L. In
this work, we use only one pot. The pots are introduced into
the chamber through a lateral door. The design includes a
rubber door seal to prevent heat loss. The door can be closed
manually with two lateral cranks. The chamber is insulated
with glass fiber padding (thickness of 0.065m).

The hybrid-solar cooker works with solar radiation or
switch-on the electric resistances heating the chamber to
reach the selected cooking temperature. With the tempera-
ture selection, we wanted to analyze if the higher cooking
temperature affects the sour flavor. Still, as we see later, the
temperature does not affect the nutritional properties. Thus,
in the final experiment, we used only the lowest temperature.
Once the desired cooking temperature is reached, the cooker
may work with solar irradiance alone.
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The temperature control system consists of thermocou-
ples that sense the chamber temperature. An Arduino Yun
plate that runs our code instructions and sets the temperature
by switching on/off the electrical resistances when needed.
Using the communication capabilities of this device (WiFi),
we send the data to a microcomputer, where we analyze and
process the temperature data of the chamber. The temperature

monitoring/control/recording was made at one-minute inter-
vals. We use data from the solarimetric station of the Instituto
de EnergÃ‐as Renovables to report the weather conditions:
ambient temperature, direct solar irradiance, diffuse solar irra-
diance, global solar irradiance, relative humidity, and wind
speed. All data were collected every 10min and processed by
the meteorological station ESOLMET-IER-UNAM (http://
esolmet.ier.unam.mx/Tipos_consulta.php). Figure 2 shows
the temperature profile inside the cooking chamber in the
H-S cooker for the three selected cooking temperatures. Elec-
trical power is used mainly in the fast heating process. After
reaching the selected temperature in the chamber, the H-S
cooker runs almost solar.

4. Methods

We describe here the materials and procedure to prepare
tamal, according to Mexican tradition, and the differences
between traditional and H-Solar procedures. Also, we
describe the methods used to determine protein (total

Mounting

Door handle

Treaded bolt

Crank

Flat mirrors Solar oven glass

Adjusting disc

(a)

(b)

Figure 1: Hybrid-solar cooker: (a) schematic and (b) used device, details in Tapia-Salinas et al. [39].

Table 1: Specifications of the solar cooked.

Component Width Length Characteristic

North mirror 0.74 0.91 55°∗

South mirror 0.74 0.91 55°∗

Est mirror 0.84 0.91 35°∗

West mirror 0.84 0.91 75°∗

Glass 0.83 0.73 0°∗

Cooking chamber 1.01 1.00 18 L∗∗

∗From the horizontal plane. ∗∗Capacity.
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nitrogen), crude fat, moisture content, ash, sodium, total
sugars, crude fiber, titratable acidity, and color of the
tamales.

4.1. Elote Tamal Preparation. We bought corn dough pre-
pared from fresh-plucked corncobs (called elote), butter, salt,
sugar, baking powder, and cow milk from the local market in
Temixco, Morelos, Mexico. We followed the traditional rec-
ipe (Istmous of Tehuantempec elote tamales) as follows: raw
corn dough (500 g), butter (100 g), cow milk (75mL), sugar
(40 g), baking powder (7.5 g), and salt (1 g). The raw corn,
cow milk, and butter were mixed for 3min using a blender
(Oster, 6662). Gradually, we added sugar, baking powder,
and salt to obtain a creamy paste. This creamy paste is called
corn dough. We divided the past into portions of 144 g each,
in cylindrical forms (resembling baguettes), and placed them
on dried raw cornhusk and wrapped them. These cornhusks
are available locally, collected during the corn harvest, and
preserved for preparing tamal throughout the year. We pre-
pared sets of five tamales to perform all the different trials.
The cooked tamales were stored in a freezer at 4°C for three
days before the nutritional analysis. This step kept the food
sample out of the danger zone (between 8°C and 60°C
[27]) and prevented bacterial growth. We performed differ-
ent trials on different days. These trials consisted of varying
the cooking temperatures, as explained below.

4.2. Traditional Cooking. For tamales traditional cooking, we
used a commercial pot (Taurus, EDIPO, China) with a
15.5 cm height, 0.3 cm thickness, and 22.5 cm diameter.
The tamales were placed over a metal grid inside the pot.
We used 1L of water, with the water level 5 cm below the
grid, for vapor-cooking the tamales. The lid was used with-
out sealing. The cooking lasted for 40min. In H-S cooking,

we adapted to cooking time as described below. Because
Temixco, Morelos, Mexico, is 1300 meters above sea level,
the cooking temperature was 95°C. The cooking lasted for
60min.

4.3. Hybrid-Solar Cooking. In the hybrid-solar cooker
(Figure 1), we can adjust the time when it uses only solar
radiation to heat the meals. In addition, we can select the
maximum temperature for cooking. We fix the solar heating
time as 1 hour (10:00–11:00 h local).

We place a black “express pot inside the hybrid-solar
cooker” (Taurus, EDIPO, China). The pot was previously
painted black for better solar irradiation absorption. One
liter of water was added for vapor cooking in the same man-
ner as in the traditional cooking method. The pot was sealed
for solar cooking, and the five tamales were placed in the
same manner as in the traditional procedure.

Based on our experience with other meals, we fixed the
solar cooking period to 1 hour. To assure well-cooked
tamales, in all cases, the tamales were inside the pot for
3 hours. In Figure 2, we show the representative tempera-
ture evolution for the three solar cooking cases: H-S90 at
90°C, H-S100 at 100°C, and H-S110 at 110°C. In these
curves, we can see that after reaching a temperature of
nearly 55°C after 1 h under the sun (11:00 h local), the
electrical backup starts, which sets in an abrupt increase
in the slope of the curve, until the set temperature in the
control device was reached. At 14:00 h local time, experi-
ments were finished (Figure 3).

The following section describes the standard methods
and analysis techniques for nutritional properties, color,
and titratable acidity determination. These were selected fol-
lowing the international standards on the Official Methods
of Analysis [45].
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Figure 2: Typical temperature curves we observed in the hybrid-solar cooker 90°C, 100°C, and 110°C. In the inset, we are plotting the solar
irradiance (source: own elaboration).
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4.4. Nutritional Properties. We present the methodologies
used in this work to evaluate the nutritional properties of
tamales, based on official methods. The evaluated properties
are the moisture content (930.15), crude fat (2003.05), pro-
tein as total nitrogen (2001.11), ashes (942.05), crude fiber
(962.09), sodium trough chloride (Mohr’s method), and
total reducing sugars (Lane-Eynon’s method); carbohydrates
were obtained by a difference of 100.

4.5. Color Determination. We measure the color according
to CIELAB indices (International Commission on Illumi-
nation, Vienna) using a colorimeter (Kingwell, JZ-300,
China). We determine Luminosity L∗ and two parameters
that indicate chromaticity, namely, a∗ and b∗. The first
chromaticity parameter indicates redness (+a∗) to green-
ness (−a∗), and the last one refers to yellowness (+b∗) to
blueness(−b∗). The tamal samples were ground with a

Tamales preparation

Traditional cooking
(10:00 -11:00 h) Solar cooking

With slow heating
H-S

Solar Preheating
(10:00-11:00 h)

Electrical backup on at
90°C: H-S90

100°C: H-S100
110°C: H-S110
110°C: H-S90b

(11:00-14:00 h)

Without slow heating
H-S90

Electrical backup on at
90°C: H-S90a , day 1
90°C: H-S90c , day 2

(11:00-14:00 h)

Figure 3: Diagram for hybrid-solar cooking process with slow heating (H-S) and without slow heating (H-S90).
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mortar to homogenize them for analysis. The samples
were placed into a Petri container (diameter: 3 cm) under
the colorimeter view with an LED source. The scattered
light from the sample provided for directional annular
45°, illumination source/0°, measurements using the color-
imeter. With this simple procedure, we can determine the
total color difference (ΔE) by using the following rela-
tionship (de [46, 47]):

ΔE = ΔL∗2 + Δa∗2 + Δb∗2, 1

where Δ indicates the differences among L∗, a∗, and
b∗. If ΔE > 3, the colors present a strong difference; if
1 5 < ΔE < 3, the colors between two samples are different;
if ΔE < 1 5, the colors are considered similar [47].

4.6. Titratable Acidity. The lactic acid fermentation consists of
converting sugars into lactic acid as the following reaction [48]:

C6H2O⟶ 2CHO + 2CO + 2ATP

Glucose⟶ lactic acid + carbon dioxide + energy
2

In our experiments, we expect an acidity increase due to
fermentation led by a low-heating process. Therefore, we
measure the titratable acidity of the tamales. We determine
the titratable acidity according to the Official Method of
Analysis (947.05) [45].

4.7. Heat Transfer Analysis. We calculate the accumulated
energy Eac,T inside the solar cooker.

Eac,T = Ein,TEout,T , 3

Table 2: Proximal analysis of corn tamales. T-95: traditional cooking at 95°C; H-S90, HS100, and HS110: solar cooking at 90, 100, and 110°C,
respectively; H-S90a: at 90

°C without slow heating, day 1. H-S90b: at 90
°C slow heating, day 1. H-S90c: at 90

°C without slow heating, day 2.

Procedure Moisture Ashes Chlorides Reducing sugar Protein Crude fiber Crude fat L∗ a∗ b∗

T-95 67 ± 1 1 25 ± 0 04 0 12 ± 0 02 6 3 ± 0 7 3 5 ± 0 1 1 1 ± 0 2 7 7 ± 0 6 68 ± 1 −0 7 ± 1 14 ± 2

H-S90 63 ± 2 1 29 ± 0 04 0 13 ± 0 01 4 9 ± 0 1 3 4 ± 0 2 1 1 ± 0 1 7 6 ± 0 9 67 ± 2 2 5 ± 0 5 19 2 ± 0 1

H-S100 62 ± 2 1 17 ± 0 07 0 10 ± 0 01 5 0 ± 0 4 3 5 ± 0 2 1 1 ± 0 1 7 9 ± 0 7 66 ± 4 1 9 ± 0 2 18 ± 1

H-S110 65 ± 1 1 20 ± 0 08 0 10 ± 0 01 4 7 ± 0 2 3 3 ± 0 2 1 1 ± 0 1 7 9 ± 0 3 67 ± 1 3 0 ± 0 1 20 4 ± 0 4

H-S90a 62 ± 1 1 24 ± 0 06 0 10 ± 0 01 5 2 ± 0 1 2 9 ± 0 1 0 6 ± 0 1 12 5 ± 0 4

H-S90b 62 ± 2 1 25 ± 0 07 0 09 ± 0 004 4 7 ± 0 1 2 8 ± 0 1 0 6 ± 0 1 12 7 ± 0 2

H-S90c 60 ± 2 1 16 ± 0 08 0 09 ± 0 01 5 0 ± 0 1 2 4 ± 0 1 0 4 ± 0 1 12 2 ± 0 5

T-95
0

2

4

6

8

H-S100H-S90
Treatments

(g
/1

00
 g
w
b
)

Crude fat Crude fber
ChloridesProtein

Ashes

H-S110

Figure 4: Nutritional analysis (ash, chloride, protein, crude fat, and crude fiber) of samples of corn tamales subjected to hybrid-solar
cooking processes (H-S90, H-S100, and H-S110°C), and conventional (T-95°C). Right axis (protein and crude fat). Left axis (ashes,
chlorides, and crude fiber).
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where the Ein,T is the input energy supplied by the sun
and Eout,T is the energy loss. For the input energy, we use

Ein,T = Asup,cηdir,cηtr Eext n e −B/cos θz cos θ

Direct−flux−energy

+ ACe −B/cos θz

Diffuse−flux−energy

,

4

where the Asup,c = 1 08m2 is the area including the four
mirrors; ηdir,c = 0 82 is the concentrator efficiency; ηtr =
0 92, is the transmission efficiency of the glass; A and B are
constants for the experimental data adjustment. For March,
the values of the constants are A = 1186W/m2, B = 0 156,
[43]. θz = 22 5° is the solar angle; Eext n is the relationship

of external energy dependent on the day’s number.

Eext n =
S 1 + ε cos n − 2 360∘/365 2 2

1 − ε2
, 5

where the S = 1343W/m2 is the solar constant, ε = 0 01672
is the orbital eccentricity, and n is the number of the day into
the year. The lost energy by conduction/convection and radia-
tion Eout,T was calculated using the following equation:

Eout,T =
T − Tamb
RTotal

, 6

where T is the temperature of the walls, Tamb is the ambient
temperature, and the total is the total resistance that includes
walls and the glass and mirrors R = 0 13K/W [43].

4.8. Statistical Analysis. We perform all the experiments in
triplicate to achieve reproducible experiments and results. We
set a randomized test sequence to prevent the experiment’s
effects on unknown variables like the weather (wind speed,
ambient temperature, and solar irradiance) and uncontrolled
variables (grain size, growing conditions). Thus, to analyze the
influence of the cooking pathway (one factor), with four levels
(treatments T: traditional cooking (T-95) at 95°C, H-S90:
hybrid-solar cooking at 90°C, H-S100: hybrid-solar cooking at
100°C, and H-S110: hybrid-solar cooking at 100°C), in the
nutritional properties, we perform a single-factor analysis of
the variance (ANOVA) [49]. Statistical significance is the prob-
ability of observed differences between the experimental units.
The variations may be identified when the calculated probabil-
ity exceeds the chosen significance levels. Suppose the calculated
probability is greater than the chosen significance levels. In that
case, the treatments have no significant differences, or all treat-
ments’ effects are statically equivalent. In this study, we use a
significance level α = 0 05. We use NCSS 2019 trial software
for the comparison of the variances. The results and discussion
are described in the next section.

5. Results and Discussion

We present the results of the five different experimental
sets to analyze the nutritional properties of tamales. The
following subsection contains the results on conventional
cooking versus H-S cooking. We observe that the ash,
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Figure 5: TRS and titratable acidity of samples of corn tamales
subjected to hybrid-solar cooking processes (H-S90, H-S100, and
H-S110°C) and conventional (T-95°C). Right axis (TRS). Left axis
(acidity).

Table 3: Color measurements (L∗, a∗, and b∗) in elote tamales. T-95:
traditional cooking at 95°C; H-S: solar cooking at 90, 100, and 110°C.

Procedure L∗ a∗ b∗

T-95 68 ± 1 −0 7 ± 1 14 ± 2

H-S90 67 ± 2 2 5 ± 0 5 19 2 ± 0 1

H-S100 66 ± 4 1 9 ± 0 2 18 ± 1

H-S110 67 ± 1 3 0 ± 0 1 20 4 ± 0 4

Table 4: Weather conditions. T-95: traditional cooking at 95°C; H-
S90, HS100, and HS110: solar cooking at 90, 100, and 110°C,
respectively; H-S90a: at 90

°C without slow heating, day 1. H-S90b: at
90°C slow heating, day 1. H-S90c: at 90

°C without slow heating, day 2.

Procedure
Ambient

temperature (°C)
Wind speed

(m/s)
Irradiance (W/

m2)

H-S90 28 ± 2 2 ± 0 7 890 ± 47

H-S100 27 ± 2 2 3 ± 0 8 929 ± 43

H-S110 28 ± 2 2 3 ± 0 8 868 ± 35

H-S90a 27 ± 1 1 8 ± 0 6 702 ± 173

H-S90b,c 27 ± 1 1 4 ± 0 4 767 ± 49
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chloride, protein, crude fat, and crude fiber results have no
differences. In contrast, the samples’ moisture, sugar, and
titratable acidity present significant changes that deserve
discussion. We show all the data in Table 2.

5.1. Proximal Analysis. In Figure 4, we summarize the results
of the proximal analysis of tamales cooked in the traditional
method (T-95: at 95°C) and in the H-S procedures (H-S90:

hybrid-solar cooking at 90°C, H-S100: hybrid-solar cooking
at 100°C, and H-S110: hybrid-solar cooking at 110°C). We
do not find significant differences (α = 0 05) in the nutrient
analysis (ash, chloride, protein, crude fat, and crude fiber)
among the four treatments (T-95, H-S90, H-S100, and H-
S110). From a nutritional point of view, equivalent contents
of proteins grants imply that the essential amino acids con-
tained in maize [50] are available to be consumed. Thus,
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Figure 6: Typical temperature curves in the H-S cooker. The time at which the raw tamales in the pot are introduced in the chamber in b
and c is indicated in H-S90b and H-S90c plots. In the inset, we are plotting the solar irradiance.
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all samples are nutritionally adequate. However, we find sig-
nificant differences in moisture content, reducing sugars,
titrable acidity, and color, as shown in Figure 5 and
Table 2. We will discuss them in detail in the next
subsections.

5.2. Moisture Content. We present the moisture contents of
the tamales from all experiments in Table 2. The average
moisture content of tamales from traditional cooking is
higher than that from hybrid-solar cooking. According to
Duncan’s multiple comparison test, with α = 0 05, the mois-
ture content in the tamal from traditional cooking is distinct
from those in samples processed with H-S90, H-S100, and
H-S110 procedures. We observe that the moisture contents
obtained in this work are the same as previous results (54-
64 g/100 g) [2].

5.3. Color.We present the color parameters of the tamales in
Table 3. The value of b∗ for the tamal from traditional cook-
ing is statistically different from those made in the H-S pro-

cedures. The standard deviations are minor. These
significant differences in b∗ can be due to the nonenzymatic
browning in the samples cooked in the H-S cooker. In addi-
tion, we find a shift to red (a∗) of tamales from H-S proce-
dures compared with that of traditional tamal. The
parameters a∗ and b∗ indicate a browning shift in tamales
cooked under the H-S procedure. The Maillard reactions
occur when the reducing sugars, like glucose, unite to a free
amino group (amino acid or protein), and human eyes can
detect these reactions through red-shift and yellow-shift of
the color, as noted here.

This qualitative behavior is rendered quantitative when we
calculate the ΔE values for the elote tamales from the three H-
S procedures compared with that from the traditional cooking:
ΔET−95 H−S90 = 6 2, ΔET−95 H−S100 = 5 5, and ΔET−95 H−S110 =
7 4. All these values indicate that H-S procedures have different
colors than traditional ones. The corresponding color differ-
ences within the H-S procedures are ΔEH−S90 H−S100 = 1 8, Δ
ETH−S100 H−S110 = 2 9, ΔEH−S900 H−S110 = 1 3, which indicate
that the color differences are not so evident, but the human
eye can detect it.

5.4. Total Reducing Sugars. We find that the total reducing
sugars (TRS) contents in elote tamales from the H-S proce-
dures are smaller than the corresponding for the traditional
procedure (Figure 5). This sugar content is within the inter-
val labeled in commercial corn tamales produced by the tra-
ditional route: “La Costeña,” 8.18 g/100 g, and “La
Michoacana Meat Market”, 5 g/100 g [51, 52]. We note that
during the slow heating time in the H-S procedure, the tem-
perature is below 57.6°C. Because raw corn could contain
some microorganisms, they can reduce the sugar in the milk
and acidify the tamal. For example, these may include Strep-
tococcus thermophilus, which produces the lactic acid, Lacto-
bacillus thermophilus, and results in the acidity in the dough-
mix in the temperature range of 37-50°C [53]. Also present
in the mix is Lactobacillus plantarum [54], a natural micro-
organism of corn used in the natural fermentation of differ-
ent alcoholic drinks.

In Figure 2, we show that during the first hour of cook-
ing, the temperature increases from 20 to 57°C under high
moisture content. This temperature increase enhances the
growth of microorganisms, leading to a reduction in the
TRS. We also observe a reduction in acidity. We find an
unpalatable bitter flavor in tamales from the H-S procedure,
which is not the case with the elote tamales from the tradi-
tional method. We carefully examine the titratable acidity
measurements to understand the difference among these
elote tamales.

5.5. Titratable Acidity. We show the titratable acidity of the
tamales in Figure 5. As reference data, the titratable acidity
in cow milk reported in the literature is 16 8∘TH [55]
0~0.15%. Significant differences exist in the parameter
among tamales from the traditional cooking and H-S proce-
dure. The high value in titratable acidity and the lower sugar
content in tamales obtained in the H-S procedure suggest
that their bitter flavor arises from the fermentation that
occurs during a slow rate of increase in temperature in the
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Figure 8: TRS and titratable acidity of samples of corn elote
tamales subjected to hybrid-solar cooking: processes without a
slow heating period (H-S90a and H-S90c) and with a slow heating
period (H-S90b). Right axis (TRS). Left axis (acidity).

Table 5: The solar cooker’s accumulated energy, ganged energy,
and energy loss.

Experiment Tamb (
°C) T (°C) Ein,T (W) Eout,T (W) Eac (W)

H-S90 25 58 924 254 670

H-S100 24 56 923 246 677

H-S110 25 59 923 261 662
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solar cooking process. This last conjecture is based on the
Mexican standard for raw milk (NOM-155-SCFI-2012),
where fermented milk has titratable acidity higher than
0.17%. Thus, to prevent fermentation, avoid the bitter flavor,
and thereby improve the quality of H-S tamales, we can
introduce the tamales placed in the pot into the S-H cooking
chamber only after the solar heating process has elevated the
temperature adequately. Thus, the cooking temperature
promptly rises above 60°C which is not conducive to fer-
mentation. We will discuss our findings in the next section.

6. Modified H-S Procedure

We designed a set of experiments to test our conjecture that
the fermentation occurred in the H-S tamales during the
slow solar heating stage. (a) First, we start heating the H-S
cooker without any pot, i.e., the chamber receives the sun
rays and is heated while empty, without meals or a pot
inside. We let this empty heating period run for an hour,
from 10:00 am to 11:00 am, which elevates the chamber’s
temperature to approximately 60°. Then, we introduce the
pot with the stacked raw elote tamales inside the H-S cooker
and put on the electric backup to rapidly reach the cooking
temperature, compensating for the chamber’s cooling down
while opening and closing. (b) In the second experiment, we
start the heating procedure at 10:00 am with the raw “elote
tamales” in the pot already placed inside the chamber. Thus,
the raw tamales would experience a slow heating procedure
until 11:00 when the electric backup heater goes on, and
the temperature increases to roughly 90°.

We run additional experiments on the same day to
ensure identical weather conditions. In the previous section,
we have presented and discussed the results for H-S90,
which is the same as (b) but on a different day, and the
weather conditions are in Table 4. This section presents
the results for experiments (a) and runs under the same
weather conditions (b). We refer to this experiment (a)
under simultaneous day conditions as (c) to denote such a
difference. The difference between (b) and (c) is that (c) does
not experience slow heating, but in both cases, they received
the same fast heating processes under the same weather con-
ditions. The difference between (a) and (c) is that they are
done on different days and in weather conditions. It is a
piece of relevant information that Temixco borders with
Cuernavaca City, which is called “the city of the eternal
spring” (Ciudad de la Eterna primavera https://en
.wikipedia.org/wiki/Cuernavaca); the temperature and solar

irradiance variation during the day did not vary markedly
on the days we performed these experiments Table 4.

The temperature profile in the chamber for these exper-
iments, in Figure 6, shows that the fast heating for H-S90b
and H-S90c experiments compare well with that for case
(a). With these procedures, we have three sets of elote
tamales samples to compare. We perform the same statisti-
cal analysis on these samples, as discussed above. In all cases,
the raw elote tamales were stored in a freezer at 4°C before
placing them in the chamber for cooking in H-S90a and
H-S90ctamales procedure.

In all experiments, we reach the lower limit of cooking
temperature of 62.8°C [28], to avoid degradation of cooked
food due to the activity of remnant microorganisms. This
temperature is considered a safe temperature for cooking.
Also, using express pots, as in classic cooking, ensures that
the cooked meals are chemically and biologically safe as
any other meals prepared in such bowls. In Figure 7, we do
not notice significant differences in ash, chlorine, protein,
total fat, and crude fiber contents in the H-S a, b, and c pro-
cesses. However, we find significant differences in TRS and
titrable acidity, as shown in Figure 8.

6.1. Total Reducing Sugars (TRS). We show the TRS’s results
in the tamales cooked at 90°C in the hybrid-solar cooker (H-
S90a, H-S90b, and H-S90c) in Figure 8. The TRS for sample
H-S90b was 4 68 ± 0 13 (g/100 g), while, for the H-S90a and
H-S90c, where there is no slow heating period, is 4 98 ±
0 07 (g/100 g) and 5 18 ± 0 09 (g/100 g), respectively.
Although they have lower TRS contents in all these cases
compared to the traditional procedure, they present no sta-
tistically significant differences among them (H-S90i). Let
us move to titratable acidity features.

6.2. Titratable Acidity. We present the results in titratable
acidity in Figure 8 for H-S cooking, H-S90a, and H-S90c,
which are 0.15 and 0.16 (g/100 g), while for H-S90b, it is
0.20 (g/100 g). Thus, the acidity values for H-S90b and H-
S90c are no different from that in tamales from traditional
cooking. These values confirm that the milk acidification,
which consequently acidifies the elote tamal, is due to an ini-
tial slow heating of raw tamales, leaving it at a low tempera-
ture conducive to fermentation. The bitter taste is avoided in
milk-containing food prepared in solar cookers by not sub-
jecting these to a slow solar heating period in conventional
solar or solar-hybrid cookers. We showed that the bitter
taste in elote tamales originates from the initial fermentation
in the raw food at temperatures less than 60°C. The present

Table 6: The solar cooker’s accumulated energy, ganged energy, and energy loss.

Experiment Tamb (MJ/Kgfp) GAS req (Kglp/Kgfp) Cost of the fuel (dollars) Energy cost saved (dollars)
CO2 non emitted

(kgCO2
/kgfp)

T-95 6.11 0.34 1.08 0.37 1.00

H-S90 3.37 0.10 1.08 0.11 0.29

H-S100 3.38 0.10 1.08 0.11 0.29

H-S110 3.36 0.10 1.08 0.11 0.29
∗Cost of LP gas ($/KgGas) (https://www.cre.gob.mx/ConsultaPrecios/GasLP/PlantaDistribucion.html?idiom=es).
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result confirms that slow solar heating in food with milk is
not recommendable due to the possibility of fermentation.

6.3. Heat Transfer. The accumulated energy, ganged energy,
and energy loss are shown in Table 5.

As we can observe, the energy gained from the sun
reduces the electricity used for cooking. This hybrid solar
cooking led to cooking inclusive on cloudy days. In our
experiments, we can avoid the CO2 emission for the partial
substitution of electricity (Table 6.

7. Conclusions

This paper presents the preparation methods and nutrient
analysis of tamales cooked in the hybrid-solar cooker com-
pared with tamal from traditional cooking. From a nutri-
tional point of view, we can conclude that elote tamales
prepared in the hybrid-solar cookers are an alternative for
home food processing. They are nutritionally adequate, as
in tamales prepared by the traditional method. We found
no significant differences in chlorine, ashes, total fat, protein,
and crude fiber contents among these products. However,
we have found significant differences in color, moisture con-
tent, TRS, and titratable acidity. After analyzing the aspects
showing the differences, we found that in “elote tamal,” a
slow heating process inherent in many solar cookers pro-
duces fermentation and diminishes the quality of the solar-
prepared milk-based meal. In this work, we established that
a simple modification in the cooking procedure eliminates
such fermentation. This modification avoids the slow
warming-up period by introducing the cooking pot with
the raw food into the solar-heated chamber after it has
reached 65°C. The result is good quality food without the
sour taste offered in the traditionally cooked product. We
emphasize that the results are relevant to the solar cooking
of other milk-containing dishes. Raw food is liable for fer-
mentation during the slow-heating period conducive to fer-
mentation and should go into a solar cooker, which has
already reached a temperature higher than 65°C, which
inhibits this fermentation (avoids the bitter taste). This
approach produces solar-cooked palatable and nutritious
dishes as in traditional cooking. Solar cookers with an elec-
tric backup for a short time to compensate for cooling down
during the opening and loading of the chamber or coming
on during unexpected weather changes is a convenient
option for the traditional method to encourage trying out
many actual traditional recipes in solar cooking and to
determine the adequate H-S cooking conditions.
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