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Five funnel solar cookers have been tested to investigate the influence of the aperture area on their performance.
The largest cooker had an aperture area of 0.5 m? and it was tested side by side with two other two smaller
cookers. Each cooker was tested with the same amount of glycerine.

The linear performance curves relating the efficiency with the specific temperature difference was determined.
Then, the determined regressions of the cooker opto-thermal ratio and the reference time on the aperture area

were used to predict: i) the influence of the solar irradiance and the aperture area on the maximum temperature
achieved by the load, ii) the time duration required for achieving load temperature from 65 to 140 °C, and iii) the
power of the cooker. It was found that for a solar irradiance range of 600-1100 W m~2, the pasteurization
temperature can be achieved even by the smallest cooker, and the efficiency of the largest cooker is close to the
efficiency of a cooker with optimum aperture area. Moreover, when using the largest cooker, under an irradiance
of 1100 W m~2 and ambient temperature 20 °C, the load can achieve 180 °C, implying that frying is possible.

Introduction

Solar cookers are usually used for cooking food and making hot
beverages, but they can also be used for water pasteurization and other
important tasks when operated during periods of the day with good
incoming solar radiation. Many solar cooker designs have been devel-
oped in the last few decades, making it difficult to classify all of them in
groups. However, they are usually classified into four main groups:
panel cookers, box cookers, tube cookers and parabolic cookers.

Most common parabolic dish solar cookers are able to cook food as
readily as a gas burner. From tests conducted at intermediate tempera-
ture, when using cookers with medium aperture area under good solar
radiation conditions, the maximum achievable load temperature is
estimated to be in the range of 170 °C to 250 °C, depending on the
cooker, pot and load used [1,2]. When solar radiation is weak, cooking
using cookers with average aperture area may be possible if a trans-
parent heat trap around the pot is used. In case of parabolic dish cookers
with small aperture area, such transparent heat trap around the pot is
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required to speed up the cooking process. According to recent conducted
tests, the maximum achievable load temperature, when using a small
deep parabolic solar cooker without heat trap, was estimated to be in
around 115 °C [2], which is similar to the value obtained experimentally
when testing a new solar cooker named as “Quonset solar cooker” [3].
Besides this, another new design of solar cooker having the cooking
chamber equipped with internal reflectors and a bottom cylindrical
parabolic reflector was tested. It resulted in the maximum values of
achievable load temperature 124 °C and 144 °C, respectively, when not
using and using the bottom parabolic reflector [4].

Some funnel solar cooker designs have been developed and used in
the last decades for direct solar cooking [5]. The aperture area to collect
solar radiation of most of the designs of funnel solar cookers is relatively
low. Thus, a transparent glass enclosure acting as a heat trap, i.e.,
making a greenhouse effect around the cooking vessel, is commonly
adopted to ensure the success of cooking food items, in sunny days, at
slow or medium cooking speed, depending on the mass of the food to be
cooked. Some of the developed designs have a set of multiple reflecting
elements with a shape equivalent to a funnel.
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Nomenclature

Ap max Maximum normal area to the sun rays being collected by
the solar cooker (m?)

Ar Effective reflector area (m?)

cr Specific heat of load (J oc! kg’l)

COR Cooker opto-thermal ratio (°C m2wh

I, Global normal solar irradiance, i.e., global solar irradiance
on the plane normal to beam radiation (W m2)

Inexp,i Average global normal solar irradiance at time interval i
(Wm™)

I Average global normal solar irradiance during a test (W
m?)

L, Effective side length of the square part or effective length
of rectangular part of the reflector plate (m)

my Mass of load (kg)

m, Number of observation points

Q Cooker power (W)

Qo Cooker power for AT¢, = 0 °C (W)

QTf Power of cooker when load temperature is Ty (W)

q Specific cooker power (W m™2)

do Specific cooker power for AT;, = 0 °C (W m~2)

dre Specific cooker power when load temperature is Ty (W
m2)

R? Coefficient of determination (-)

s Slope related variable of the regression expressed by Eq.
(2)(Wm™2°c™

SQ Slope related variable of the regression expressed by Eq.
(3)W-°chH

Sq Slope related variable of the regression expressed by Eq.
(4) Wm=2°c™h

T, Ambient temperature (°C)

T. Average ambient temperature during a test(°C)

T; Load temperature (°C)

Tt max Maximum value of load temperature (°C)

T¢; Initial load temperature of a certain time period (°C)

Te¢ Final load temperature of a certain time period (°C)

tif Time required to change load temperature from T;; to Ty
®

[ Reference time (s)

We Width of the strip (m)

wp Width of rectangular part of the reflector plate (m)

Greek symbols

X Specific temperature difference (°C m? W™1)

Hexpi Specific temperature difference at time interval i (°C m?
w

Y max Maximum value of the specific temperature difference (°C
m?2w™h

At; Duration of time interval i (s)

ATfeyp; Variation of load temperature at time interval i (°C)

ATe, Difference between load temperature and ambient

temperature (°C)
ATfamax Maximum value of the difference between load
temperature and ambient temperature (°C)
ATfgexpi Difference between load temperature and ambient
temperature at time interval i (°C)

n Instantaneous efficiency (-)

Nexp.i Efficiency at time interval i (-)

N Efficiency aty = 0 (-)

Subscripts

n Direction normal to beam radiation

i Time interval i

Abbreviations

SC60 Solar funnel cooker with 60 % of the reflective surface area
of design SC100

SC70 Solar funnel cooker with 70 % of the reflective surface area
of design SC100

SC80 Solar funnel cooker with 80 % of the reflective surface area
of design SC100

SC90 Solar funnel cooker with 90 % of the reflective surface area
of design SC100

SC100  Solar funnel cooker reference design

For instance, the HotPot solar cooker has an interesting design of a
foldable reflector made of aluminium, and it incorporates a specific
design of cooking vessel with glass enclosure to ensure a greenhouse
effect around the black cooking pot [6]. A new version of the funnel
cooker made with reflective plates of composite material has been
experimentally tested in Malaga-Spain [7-9] and also studied through
ray-tracing simulation [10]. According to the experimental results of
tests performed by Apaolaza-Pagoaga et al. [9], the values of maximum
achievable load temperature were 125.4 °C and 154.5 °C, when the
funnel cooker was tested without and with a glass transparent enclosure,
respectively.

Ruivo et al. [7] also performed experimental work to determine the
standardised power values of a funnel cooker, operating under low sun
elevation, with a massive glass enclosure around a black enamelled steel
pot when either a glass lid or a metal lid is used. The experiments were
conducted with a load ratio of 4 kg of water per m? of maximum col-
lecting area.

It was found that when a glass lid is used, the standardised power
value is 46 % greater than the value obtained when a black lid is used. In
another study, Apaolaza-Pagoaga et al. [8] tested several funnel cookers
with the same reflector side-by-side but adopting trivets of variable
height to support the cooking set. The authors found that the variation in
the cooking power due to changes in trivet height is low, and for this
reason, it was not possible to be estimated accurately with the procedure

reported in the ASAE S580.1 Standard [11].

Several designs of solar cookers with similar aperture area were
tested following the ASAE S580.1 Standard [11], and the corresponding
test reports are available online [12]. It is important to point out that the
values of standardised power of the different cookers, usually reported
by most of testers, were derived from experiments where only a single
cooker was tested. Thus, the sun elevation angle range during the test of
one solar cooker can be strongly different from the test of another solar
cooker, causing a varying impact on the performance parameters of
most of the cooker designs tested.

Ebersviller and Jetter [13] tested at the same time a parabolic solar
cooker, a box solar cooker and the HotPot solar cooker. The authors
found that, in the case of the HotPot solar cooker, the amount of evap-
orated water was around 6.9 % of the initial amount of water loaded
inside the pot. This fraction of evaporated water, even though relatively
small, causes an error in calculating the power values when using the
formula recommended by the ASAE S580.1 [11]. The formula is strictly
valid for a heating water test with negligible evaporation. Thus,
neglecting the water evaporation in the last part of the heating test is
expected to cause an underestimation of the standardised cooking
power.

The ASAE S580.1 Standard [11] establishes the minimum and the
maximum values of solar irradiance, ambient temperature and wind
velocity to ensure that the obtained results of one or more tests are valid.
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Table 1
Panel solar cookers performance data.
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Cooker design Maximum aperture area (m?)

Standardised power (W) Efficiency (-)

Hotpot [13] 0.287
Regattieri [15] 0.720
CooKit [12] 0.467
Haines 1 [12] 0.307
Haines 2 [12] 0.500
Funnel cooker [8] 0.500
COP Ninety [16] 0.238
COP Flower [16] 0.197
COP Cave [16] 0.174

25 0.12
83 0.16
58 0.18
41 0.19
82 0.23
82.3 0.23
29.8 0.18
17.4 0.13
15.4 0.13

However, when a minor change in a cooker design is being investigated,
the difference in the standardised power values cannot be predicted
accurately by the procedure indicated in the Standard [11]. Moreover,
the Standard also establishes that a solar cooker should be tested using a
fixed amount of load. Thus, in procedure of the Standard it is not strictly
suitable to investigate the impact of different amounts of the load on the
performance of cookers. Moreover, when investigating a minor change
in the cooker design, it is very important to carry out experiments by
testing two or more cookers with minor design changes at exactly the
same time. By following this experimental approach, the uncontrolled
weather variables affect the performance of each cooker being tested in
the same way. When tests are conducted on different days or in different
locations under different conditions, the comparison of performance
results of different cookers is not objective.

Designs of several cookers are typically the product of empirical trial
and error. A variety of factors are considered: ease of construction,
handling, wind resistance, cost, durability, thermal performance, etc.
Panel solar cookers, with or without a funnel shape, have in general a
small aperture area, i.e., a value less than 0.5 m? [5]. This small size is
convenient when cooking for one to three individuals. Logically, using a

solar cooker with a larger aperture area, is expected to result in a more
powerful device, but such an increasing in power of the cooker can be
small due to a strongly reduction on its optical efficiency when a high
number of photons are not intercepted by the receiver. Moreover, very
large cookers are not ergonomic in practical use for most solar cooking
end-users. A small sized funnel cooker might be convenient in terms of
portability, the low space required for its operation and its ability to
cook successfully under real-world conditions.

It is essential that the food being cooked reaches the pasteurisation
temperature in a short period of time to avoid the risk of bacteria
developing. Besides this, water should reach its boiling point soon (for
example, making a soup), and for frying, the oil must reach the right
frying temperature within a practical time period. Most of the commonly
available panel solar cookers are capable of making soup on a clear sky
day, however, even for them, the normal frying process is almost
impossible.

Chepkurui and Biira [14] carried out tests of funnel solar cookers,
constructed with plates of common cardboard, with different four sizes.
The experiments were conducted simultaneously by using similar black
pots in each cooker. The maximum achievable load temperature values

b)

Fig. 1. Experimental set-up of testing three funnel solar cookers side-by-side: a) cookers SC90, SC70 and SC100 and b) SC100, SC60 and SC80, c) weather station
near the cookers being tested and d) weather station located upon the school building.
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were relatively low, below the boiling point of water at sea level, and
normally recommended heat traps were not used. The four funnel
cookers were relatively small, and the aperture area of each size was not
provided by Chepkurui and Biira [14].

Table 1 summarizes the maximum aperture area and the stand-
ardised power of different designs of solar cookers tested with water. It is
important to point out that these listed values of the standardised power

d)

Fig. 1. (continued).

values were derived for the instant when the load is at a temperature of
50 °C greater that the ambient temperature [11]. As briefly mentioned
in section 3. Procedure for evaluating the cooker performance parameters,
the procedure of the Standard [11] overestimates the standardised
power of a cooker. The efficiency listed in Table 1 corresponds to the
ratio between the standardized power value, when the load temperature
is 50 °C higher than the ambient temperature, and the energy rate
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Fig. 2. Funnel solar cooker.

associated with the incoming solar radiation, for a solar irradiance of
700 W m2, in an area equal to the maximum aperture area of the
cooker.

According to the authors, the investigation of the performance of a
funnel cooker with different aperture areas has not been formally ana-
lysed and quantified by other researchers, and it is not available in
scientific literature. Such aspects have not been investigated even for
other types of solar cookers. In the case of funnel cookers, it is very
important to perform this kind of investigation to optimise the size of the
reflector according to a fixed size of the cooking vessel. In this regard,
the research carried out by Chepkurui and Biira [14] with different
funnel cookers could have been even more useful if cookers were tested
with heat trap devices.

Thus, coming back to the current project, this work quantifies the
impact of reducing the aperture area of a funnel cooker on its perfor-
mance and its ability to cook successfully. Outdoor experiments were
conducted at high sun elevation angles, with glycerine as the load ma-
terial, to investigate the impact of the aperture area of a funnel cooker.
Glycerine was used on accounts of its capacity for having a load tem-
perature range larger than that available for water. Three cookers were
tested at the same time to evaluate the impact on their performance
when the aperture area changes. The determined dependences of the
cooker opto-thermal ratio and the reference time on the aperture area
were used to predict how the solar irradiance impacts on i) the
maximum temperature achieved by the load, ii) the time duration
required for achieving specific values of the load temperature, and iii)
the power of the cooker. At the end of section 5, a brief discussion of the
exploratory results on testing solar funnel cookers with different aper-
ture areas is presented. In addition, a comparison of the performance of
the funnel cookers tested in the current study, with the performance of a
different design of solar cooker recently tested in another research, also
with glycerine, is shown. Based on the opinion of the authors, the cur-
rent study should be continued by carrying out tests of the proposed
funnel cooker design with extended reflectors. The authors are confident
that this kind of study, not yet published, has an important scientific
value that probably will likely push other research teams to perform
similar experiments with other cooker designs.

Experimental set-up for testing solar cookers

The experimental set-up used in previous investigations [8,9] was
also adopted in the current work to test a set of three solar cookers at the
same time as illustrated in Fig. 1. The reflector of each cooker is made of
polished aluminium, set over a tripod as shown in Fig. 2. Each cooker
has a trivet fixed to the upper part of the tripod. The device illustrated in
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Table 2

Reflector geometrical data of the five cookers tested.
Cooker design SC60 SC70 SC80 SC90 SC100
I, (m) 0.461 0.506 0.547 0.586 0.623
w,p(m) 0.230 0.230 0.230 0.230 0.230
wc(m) 0.162 0.117 0.76 0.37 0
Ap max (m?) 0.307 0.356 0.404 0.452 0.5
Ars(m?) 0.638 0.744 0.850 0.957 1.063

Fig. 3. Location of temperature sensors used for measuring glycerine
temperature.

Fig. 2 corresponds to the reference cooker version here named SC100,
the cooker located on the right side of Fig. 1a). This funnel solar cooker
has an aperture area, i.e., an effective maximum solar radiation col-
lecting area of 0.50 m2. Strips of thin black cardboard were attached to
the edges of the reflector to reduce the total area exposed to the sun for
the other versions. SC90, SC80, SC70 and SC60 cookers had reflective
surface areas of 90 %, 80 %, 70 % and 60 % of the total reflector area of
the SC100 solar cooker, respectively.

As described in previous work of Ruivo et al. [7], and also in Chep-
kurui and Biira [15], each funnel reflector can be constructed by using
two rectangular plates. Even the differences between the funnel cooker
designs adopted in the previous studies of Ruivo et al. [7] and Chepkurui
and Biira [15], both studies’ funnel cooker designs can be constructed
starting with two rectangular plates. Each plate is defined by a square
part, with a side length of [,, and a rectangular part, with a width of w,
and with the same length [,. In the context of the current work, the
variable [, represents the effective side length of the square part and the
effective length of rectangular part of the reflector plate. These di-
mensions of the plates are listed in Table 2 for all cookers tested in the
scope of the current work. The strip width (w.), the effective reflector
area (Ars), and the effective maximum solar radiation collecting area
(A, max) for each design are also indicated in Table 2. In the particular
case of the experiments shown in Fig. 1a), the SC100 design appears in
the right side, while SC90 and SC70 appear in the left side. In the case of
Fig. 1b), the SC100 design appears in the left side, while SC60 and SC80
appear in the right side. The two pyranometers used near the location of
cookers for measuring the global solar irradiance are shown in Fig. 1b)
and 1c). Fig. 1d) shows the sensors of the weather station located upon
the school building.

Similar cooking vessels composed of a black enamelled steel pot and
a glass enclosure were used when testing the three cookers simulta-
neously. Each pot weighed 0.540 kg and had a maximum capacity of
three litres, while its glass lid weighed 0.366 kg. Each pot and the
respective lid were placed inside a transparent glass enclosure, which
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Table 3
Data of the instruments.
Equipment Model Variable Operation Technical
measured range specifications
Thermometers  Thermocouple Temperature —75 to Tolerance
type T (TCLtd.)  of glycerine 250 value:
(O] +1.0°C
Thermometer Thermistor S- Ambient —40to 75 Accuracy <
TMB-MO002 temperature +0.2 °C
(Hobo Onset) Q0 from 0 to
50 °C
Anemometer 3 cup Air speed (m 0to 76 Accuracy:
anemometer S- s 1) +4% of
WSB-M003 reading
(Hobo Onset) whichever is
greater
Resolution:
0.5ms™!
Pyranometer LP02 Global solar 0 to 2000 Calibration
(Hukseflux) irradiance (W uncertainty
m~?) <1.8%
Pyranometer LP02 Global solar 0 to 2000 Calibration
(Hukseflux) irradiance (W uncertainty
m~?) <1.8%
Pyranometer CM 21 (Kipp & Global solar 0 to 4000 Accuracy
Zonen) irradiance (W expected
m~2) maximum
errors: 2 %
Pyranometer SPN1 (Delta-T Diffuse solar 0 to 2000 Overall
Devices 1td) irradiance (W accuracy:
m?) +8% +10 W
m2

weighed approximately 2.100 kg.

Thermocouples type T were used to measure the temperature of
glycerine in five positions as depicted in Fig. 3. All the thermocouples
were set at 10 mm from the bottom of the pot. One thermocouple was
kept in the central position and the other four sensors formed a square
whose vertices were all approximately 10 mm from the pot wall. Each
sensor was attached to the vertical part of the corresponding thin t-
shaped stainless-steel rod. Each rod was fixed by its horizontal part to
the bottom of the pot. The total mass of the rods and the thermocouple
cables is negligible.

The average temperature measurements performed by different
sensors in each pot was assumed to be equal to the average temperature
of glycerine, a value that was used to calculate the power of the cooker.

The wind speed and the ambient temperature were measured,
respectively, by an anemometer and a thermometer of the weather
station shown in Fig. 1¢). The measured values were logged every sixty
seconds instead of every 10 min as recommended by the ASAE S580.1
Standard [11].

The global solar irradiance on the plane normal to the beam solar
radiation was not directly measured by a pyranometer. Similar to pre-
viously published works [8-10], it was computed through the Liu-
Jordan isotropic sky model [17] by using data measured by one pyr-
anometer placed in a horizontal plane and another pyranometer placed
in a titled plane making an angle of 50° with the horizontal plane as
shown in both Fig. 1b) and 1c). Both pyranometers were azimuthally
adjusted every 20 min.

The diffuse fraction of global horizontal radiation obtained from
measurements of solar irradiance, given by a SPN1 Sunshine Delta-T
Devices Pyranometer located in another nearby meteorological station
shown in Fig. 1d), and albedo of 0.2 were considered in the procedure of
calculation the global solar irradiance on the plane perpendicular to the
beam radiation. This global solar irradiance on the plane normal to the
beam solar radiation could be measured alternatively by only a pyran-
ometer if a continuous sun tracking system with both tilt and azimuth
adjustments was adopted.

The solar irradiance measured by the pyranometers, and the tem-
perature measured by the thermocouples inside the pot, were logged
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every fifteen seconds. The mean value of both variables was calculated
every sixty seconds in order to perform subsequent calculations.

The experiments were conducted at the University of Malaga, Spain,
a place with a latitude of 36.9°N, between 29th June 2021 and 13th July
2021. In the case of this set of experiments, the solar cookers being
tested tracked the sun, azimuthally and also accordingly to the sun
elevation angle, by manual operation every 20 min, but both pyran-
ometers located nearby the cookers were adjusted only azimuthally. Due
to the manual tracking operation, each cooker remained static during
the mentioned time interval of 20 min, i.e., the cooker at the end of each
time interval was not perfect aligned to the sun, the maximum deviation
in azimuth being about 5°. The maximum deviation for the height of sun,
during each experiment, depended on the changes on the sun elevation,
but it was estimated to be smaller than 4°. Moreover, the optical effi-
ciency of the funnel solar cooker tested by Carrillo-Andrés et al. [10] was
estimated to be above 95 % for a tracking period of 20 min.

All the measured data was automatically logged in specific data
loggers: i) Hobo Weather Station data logger, for the local weather
station, where ambient temperature and wind speed are measured, ii)
Campbell Scientific CR1000 data logger with an AM16,/32B Multiplexer,
where the load temperature was measured by the thermocouples located
inside each pot and global solar irradiance was measured by the two
pyranometers located near the solar cookers being tested and iii)
Campbell Scientific CR1000 data logger located in the school’s weather
station, about 6 m vertically above and about 10 m away of the solar
cookers testing area, where the global horizontal solar irradiance,
diffuse horizontal solar irradiance, air humidity and ambient tempera-
ture, wind speed were measured. The obtained recorded files at the end
of each experiment were transferred to a computer. In the case of the
current study, the measured data was used to calculate the several
performance parameters and to plot graphs.

Table 3 lists data of the instruments used. More details about the
measurement systems used in present study can be also found in pre-
vious work of the above-mentioned authors [7,9].

Procedure for evaluating the cooker performance parameters

The procedure adopted to conduct the tests and process the experi-
mental data presents important deviations with respect to the procedure
indicated in the ASAE S580.1 Standard [11]. The load ratio recom-
mended by the Standard is 7 kg m~2. This relatively high value is not
representative of the cooking load being adopted in a real cooking
context. The capacity of the pots used by most of solar cooking end-users
is not large enough to fulfil this specific recommendation of the Stan-
dard. Moreover, pots in real cooking contexts are often used most of the
times at partial loads. Thus, in the current work, smaller values of the
load ratio were adopted. The Standard proposes a methodology to
process the data acquired through the test protocol that requires the use
of water as load to determine the standardised power of a solar cooker.
In the current work, this procedure is not adopted because the physical
meaning associated with the linear regression derived from observations
of standardised power values does not represent the performance of a
cooker at a solar irradiance of 700 W m 2. The standardised power value
reported, when the load is at a temperature of 50 °C greater that the
ambient temperature, is overestimated. Thus, linear regressions
expressed in terms of cooker power and efficiency are adopted in current
work. Moreover, glycerine has been preferred as a test load due to the
limitations imposed by the used of water as load. Using glycerine as
load, i) enables the investigation of cookers performance at a tempera-
ture higher than the water boiling point at common atmospheric pres-
sure values adopted in domestic cooking at sea level and at altitude, ii)
allows better insight into the resolution of the thermal performance
parameters as its specific heat is lower than that of water, iii) offers a
higher resolution in design-induced changes in thermal performance
parameters and iv) enables the more realistic determination of thermal
performance parameters for a specific design of solar cooker at low and
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intermediate-range of temperature [1,4,9].

The rate of the load temperature variation dictates the rate of the
thermal energy stored by the load, which is a fraction of energy asso-
ciated with the incoming solar radiation. Thus, the instantaneous effi-
ciency term 7 is here adopted to characterize this part of the incoming
energy rate that is stored by the load. Knowing the load temperature at
two instants, spaced by a time interval, At;, the efficiency can be esti-
mated for each time interval i by:

mefATf.exp.r

= TP 1
nexp'l Ali In.cxp.iAn.max7 ( )

where the variable ATfey,; represents the variation of the load tem-
perature in the time interval i. The global normal solar irradiance I exp,i
is the average value at the same time interval. Eq. (1) has been used in
previous studies of Ruivo et al. [18,19], but not exactly in the same
manner. In those previous studies [18,19], i) the average value of the
solar irradiance during the test was adopted instead of the value of solar
irradiance at each time interval i and ii) the variation of load tempera-
ture in each time interval i was estimated from a derived fitted expo-
nential curve instead of using the variation of load temperature
measured experimentally.

The parameters ¢y and my represent the specific heat and mass of the
load, respectively.

For each time interval, there is a difference between the average
values of load temperature and ambient temperature, which is repre-
sented by AT, expi- The corresponding specific temperature difference
Xexpii 18 given by the ratio of AT, exp; to the solar irradiance I exp ;-

Plotting the discrete values of the power 7,,,; as a function of ¥y, ;s
the performance curve for the efficiency 5 against the specific temper-
ature difference y can be determined from a single test or from a set of
tests of the same cooker design [18,19]:

n=1my=5xXx 2)

The power of a solar cooker has been defined as the rate of storage of
thermal energy by the load [7,8,11,13,14,17,19-21]. Thus, for partic-
ular values of the solar irradiance (I,) and ambient temperature (T,), the
cooker power can be related with efficiency by:

Q =n In,An,n\ax (3)

The performance curve expressed by Eq. (2) can be used to derive the
linear curve of power [18]:

0 = Q) — AT, 4
or the linear curve of the specific cooker power (¢ = Q/An,max).
4 =qo—5qATra ()

where AT, is the difference between load temperature and ambient
temperature. The parameters s; and s, are the slope related variables of
the linear regressions expressed by Egs. (4) and (5), respectively. The
parameters Q, and ¢, are, respectively, the cooker power and the spe-
cific power that correspond to the point of no thermal losses from the
load to the ambient and to the surroundings, i.e., whenAT;, = 0 °C. The
following relations between the parameters of the three linear curves
can be written:

Qo = MolaAnmax (6)
Go = Mol ()
5Q =8 X Anmax (8)
Sq=1 9

In the current work, glycerine was heated up to a very high tem-
perature where the rate of its temperature variation was small. Thus, it is
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important to select a set of observation points well distributed in the
whole range of temperature to determine the linear performance curves
instead of a regular distribution of points. So, observation points spaced
at least by a variation AT;ep; of 2 °C in the load temperature were
selected, but at the initial heating period points with a temperature
difference AT, expi sSmaller than 20 °C were not taken into account.

It can be demonstrated that the ratio Q,/sq corresponds to the
temperature difference AT, used in Eq. (4) when Q = 0 W, which is
here named AT, max. This point of the performance curve given by Eq.
(4) corresponds to the point with # =0 in the performance curve
expressed by Eq. (2), where y = ... By following the formulation of
Ruivo et al. [18], the value of the cooker opto-thermal ratio COR cor-
responds to the value of ;.. and the cooker reference time corresponds
to:

mefCOR

(10)
”()An.mnx

ref =

Knowing both the parameters, the performance of the cooker can be
predicted for constant conditions of solar irradiance I, and ambient
temperature T,, but for the amount of the same fluid adopted as load and
cooking vessel equal to those used in the derivation of the regression
expressed by Eq. (2). Regarding the maximum theoretical achievable
load temperature, it can be estimated by [18]:

Ttmax = Ta +1,COR an

The theoretical time period, t; ¢, required for heating up the load from
the initial temperature T;; to a particular value of temperature T;y, in a
process without phase change and with the initial load temperature
equal to the ambient temperature, can be estimated by [18]:

Ti=Ta
’T — COR

S (12)
Te—Ta
—11., — COR

fif = ferln

The power of the cooker, at the instant when the load temperature is
T;, can be predicted by [18]:
msCy

On ="

ref

(Ty—T. —1,COR) 13)

for the load heating with the same mass of value m; and taking place
under constant values of I, and T,. Similarly, the specific power of the
cooker is:

mgCy

Grp = — (T:—T, — 1,COR) 14

trefAn.max

These two Egs. (13) and (14) are equivalent to Egs. (4) and (5),
respectively.

It is important to point out that procedure of obtaining the COR
parameter is not strictly equal to the procedure that has been adopted in
most of the previous published studies [1-5]. In these studies, the
experimental measured temperature of the load during its heating pro-
cess was fitted by an exponential regression curve that was then to
derive a linear regression performance curve, which was used to
determine the COR and also other parameters. In the current study, this
linear regression is obtained directly from the discrete points associated
with the discrete values of efficiency calculated by Eq. (1) and AT e ;.
In the case of an ideal test conducted under constant solar irradiance and
constant ambient temperature, both the approaches provided same
linear regression curve and thus the same COR. Real tests must be
considered valid when the variations of solar irradiance and ambient
temperature are small, i.e., when the average values of solar irradiance
and ambient temperature well represent the behaviour of these two
parameters during each experiment. Under these conditions, the dif-
ference between the values of COR obtained by both approaches is ex-
pected to be small. It is also important to point out that, in the current



C.R. Ruivo et al.

Sustainable Energy Technologies and Assessments 53 (2022) 102600

200 I 1100
o,
180 s e e N = 1000
160 900
140 800
T,
120 B0 700
T &
@) Tigcioo ~ ™50 =
& 100 600 =
& ~
\f:
80 500
Y.
60 / 400
40 300
[ _— T'd
20 200
0 100

10:00 10:30 11:00 11:30 12:00 12:30 13:00 13:30 14:00 14:30
Solar time (h:min)

12:30 13:00 13:30 14:00 14:30 15:00 15:30 16:00 16:30 17:00
Local time (h:min)

a)

Fig. 4. Plots of global solar irradiance, ambient and glycerine temperature measured during: a) the Expt. no. E141A and b) the Expt. no. E145A.

work, the ratio of the thermal capacitance of the load per unit of aper-
ture area adopted in testing the different cookers with different aperture
area is not equal to 10.46 kJ °C™! m2, a value that has been adopted in
previous studies and known as standard value. This standard value was
not followed in the current work because the mass of the load was kept
constant in all test cookers designs. This is an approach that, according
to the knowledge and opinion of the authors, was never followed pre-
viously and is valid in a scientific investigation about performance of
solar cookers.

Evaluation of performance parameters from testing results

In the current study, tests were carried out with 1.736 kg of glycerine
loaded inside each pot. The difference between mass of glycerine inside
the pot at end and before starting a test was negligible. In the calcula-
tions, the specific heat of glycerine was assumed constant and equal to
3014 J kg ! °C™L. This assumption has been adopted in previous studies
[1-4,9,18,19]. According to the work of Sagade et al. [1], the error is
estimate to be less than +4.4 % in a large range of temperature. The load
ratio in the largest and smallest cooker were, respectively, 3.472 kg m~2
and 5.655 kg m 2.

Two sets of experiments with three cookers having different aperture
area values were performed. The first set (SetA) includes the configu-
rations SC100, SC70 and SC90, while the second set (SetB) includes the
configurations SC100, SC60 and SC80.

All measured variables were plotted in time series format. For
example, Fig. 4 depicts the plots of the global normal solar irradiance I,,
i.e., the global solar irradiance on the plane normal to beam radiation
and also includes the plots of ambient temperature and glycerine tem-
perature of the cookers tested in two different experiments. Fig. 4a)
applies to the tests of SC100, SC90 and SC70 solar cookers conducted in
the experiment no. E141A performed on 29th June 2021 and Fig. 4b) the
tests of the cookers SC100, SC80 and SC60 during the experiment no.
E145A performed on 12th July 2021. The solar noon time at the location
in this testing day corresponds approximately to 14 h 20 min of local
time. The experiment no. E141A started 1 h 31 min before solar noon
time and ended 2 h 09 min after solar noon time. The experiment no.
E145A started 1 h 03 min before solar noon time and ended 3 h 37 min
after solar noon time.

Several tests were carried out during six days to investigate the
impact of each cooker design on the respective performance for opera-
tion under high sun elevation. Some of the main data of the conducted
tests is provided in tables reported in Appendix A. The load thermal
capacitance values adopted in the experiments are smaller than the
value associated with the load ratio of 7 kg m~2 recommended by the
Standard, when water is adopted as load [11]. Thus, it is important to
verify if the time step of 10 min recommended by the Standard provides
good estimations for the efficiency values of the observation points used
to derive the linear regression. For this purpose, preliminary calcula-
tions with a time steps of 4 min and 10 min were performed to estimate



C.R. Ruivo et al. Sustainable Energy Technologies and Assessments 53 (2022) 102600

200 1100
180 b 1000
—>
/
160 900
140 800
120 700
& 100 600 £
N~ T £,SC100 \;
~
80 500
60 400
Ta
40 NN NN NS s 300
20 200
0 100

10:3011:0011:3012:0012:3013:00 13:30 14:00 14:30 15:00 15:30
Solar time (h:min)

13:00 13:30 14:00 14:30 15:00 15:30 16:00 16:30 17:00 17:30 18:30
Local time (h:min)

b)

Fig. 4. (continued).
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Fig. 7. Linear regressions derived from tests conducted with cooker SC100 in experiments of SetA with time intervals of 4 and 10 min.

the linear regression curve. It is also important to check the differences
between the performance curves derived with selected observation
points of the whole load temperature range and for the load temperature
range recommended by the Standard when water is adopted as load. In
this case, the maximum temperature of the load is 95 °C, i.e., 5 °C less
than the boiling water point at sea level conditions. Fig. 5 shows the plot
of observation points for the efficiency for each time interval of 4 min
using the measured data of a set of three tests of the cooker with the
largest aperture area, i.e., SC100. The points represented by grey marks
clearly show that the efficiency at the beginning of the heating of the
load has not a linear decreasing dependence on y, a behaviour that
cannot be detected when plotting observation points calculated with a
time interval of 10 min. This evidence shows that the linear regression
should be used with some caution [18]. For this purpose, the set of
points represented by black marks was selected for the calculation of the
linear regression. This set of point is defined by points with AT;, >
20 °C, i.e., values of y greater than, approximately, 0.02 °C m?w L
Fig. 6 shows two sets of observation points obtained with a time step
of 4 min and the corresponding linear regressions. The points shown by
the grey mark correspond to observation points with a load temperature
less than 95 °C. This temperature value corresponds to the higher limit
of temperature recommended by the ASAE S580.1 Standard [11] when
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Table 4
Results of side by side tests of cookers SC70, SC90 and SC100 in experiments of
SetA and of cookers SC60, SC80 and SC100 in experiments of SetB.

SetA SetB
Experiments E141A E142A E143A E144A E145A E146A
Cooker design SC70 SC90 SC100 SC60 SC80 SC100
n, 48 49 50 50 52 52
no () 0.3516 0.3266 0.3196 0.3368 0.3384 0.3052
s(Wm2°c™hH 2.8933 2.4072 2.1720 3.1334 2.6882 2.2035
R? 0.9900 0.9869 0.9787 0.9578 0.9625 0.9776
COR(m 2°CW™h 0.1215 0.1357 0.1471 0.1075 0.1259 0.1385
tref () 5080 4809 4818 5439 4818 4749
Tt max CC) 1528 1668  178.2 1357 1531  165.1
I,(Wm™2) 989.1 948.6
T,(°C) 32.6 33.7

water is used as load at sea level. The points shown by the black marks
represent all the remaining observation points where the temperature of
the load is greater than 95 °C. The grey linear regression was derived by
using only the observation points represented by grey marks. The black
line corresponds to the linear regression derived by all points repre-
sented by both the grey and the black marks. It is observed, in this
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Fig. 8. Linear efficiency regressions derived from: a) tests of SC100, SC90 and SC70 in experiments of SetA and b) tests of SC100, SC80 and SC60 in experiments

of SetB.

particular case, that the difference on the values of efficiency estimated
by the two linear regressions is equal just in a single middle point, but
due to the difference in both slopes, the specific temperature difference
Ximax ©Stimated from the data of the grey line is larger and far from the
expected value. For the average conditions of the experiment, AT, max is
estimated to be 146.7 °C when using the regression derived from all grey
and black points, and 190.1 °C when using the regression associated
with the grey points only. This last estimated value is extremely high and
strongly deviates from the value given by the plot of black points
depicted in Figs. 5 and 6.

Fig. 7 shows two sets of valid observation points obtained with time
steps of 4 min and 10 min. The differences between the shown derived
linear regressions are negligible. Thus, a time step of 10 min is adopted
in the calculations for the efficiency curve for the reference cooker and
also for the other cookers with smaller aperture area.

Table 4 presents the parameters of the derived regression, parame-
ters predicted from the data of the derived regression and the average
values of solar irradiance and ambient temperature for the two sets of
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experiments SetA and SetB. The COR values obtained for the SC100
cooker from the results of SetA and SetB are, respectively, 0.1471 and
0.1385 m? °C W™L. The difference between these two values is relatively
low, i.e., it is less than 6 %. It can be justified by some minor deviation to
the ideal procedure to carry out the experiments, e.g., minor differences
in uncontrollable variables such as intensity and direction of wind.
These COR values are smaller than the average value 0.157 m 2 °C W™}
obtained by testing the same cooker under a low sun elevation [9]. This
evidence shows that the cooker performance at low sun elevation is
better under similar conditions of ambient temperature and solar irra-
diance. The differences between the average values of the solar irradi-
ance for each experiment are small. Regarding the average ambient
temperature, the registered values are relatively high in case of Expts.
E143A and E145A (see Appendix A). Fig. 8a) and 8b) depict the obser-
vation points and the linear regressions derived from the measured data
of experiments of SetA and SetB, respectively. From Fig. 8, it can be
observed in both sets of experiments, SetA and SetB, that the cooker
configurations with smaller areas have higher instantaneous efficiency
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at the beginning of the heating process of glycerine, but at the end of the
heating process, the reference configuration SC100 provides the highest
values of y.

The highest and the smallest values of the maximum load tempera-
ture determined from each linear regression for the average ambient
temperature and the average global solar irradiance are obtained with
the cookers SC100 and SC60, and estimated to be 178.2 °C and 135.7 °C,
respectively (Table 4). According to Fig. 4a), the load in the cooker
SC100 did not achieve the maximum value in Expt. no. E141A because
the test was stopped before achieving the apparent stagnation
conditions.

Fig. 9 depicts the plots of COR and t. as a function of the aperture
area, together with the corresponding regression curves.

For an ambient temperature and an initial load temperature equal to
20 °C and a solar irradiance of 700 W m 2, the highest load temperature
provided by the smaller cooker, SC60, for the same mass of glycerine
used in the experiments, is estimated with Eq. (11) to be 95.2 °C, which
can be seen as a relatively low value and an indicator that cooking
success would be questionable. Under these conditions, the time for

12

taking the load from 20 °C to 90 °C, estimated by Eq. (12), is 4 h 2 min.

Prediction of cookers’ performance for different aperture areas
and global solar irradiance values

The time period required to cook a specific amount of food and the
maximum achievable load temperature are important performance pa-
rameters for a solar cooking user. Thus, in the present section, Egs. (11)
and (12) are used to predict the influence of the solar irradiance, in the
range of 500 to 1100 W m ™2, and the influence of the cooker aperture
area, in the range of 0.3 to 0.5 mz, on the parameters T . and t¢. In
these calculations, the equations of the regressions shown in Fig. 9 are
used to estimate COR and t;; as functions of the cooker aperture area.

Three specific values of theoretical time periods tyges, t20100 and
t20,140 Were considered. The parameter typ¢5 corresponds to the time
required to achieve the batch food pasteurization condition of 65 °C
when starting the heating process with load temperature of 20 °C. The
parameters tyg 100 and tzg 140, instead, correspond to the time required to
heat up the load from 20 °C to the water boiling point at sea level and to
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an intermediate temperature of 140 °C, respectively.

Also, three specific values of cooker power Qgs, Q100 and Q4o are
calculated with Eq. (13) for the instants when load temperature values
are 65 °C, 100 °C and 140 °C, respectively. Similarly, the three corre-
sponding values of the specific cooker power Ggs, G190 and g4 are
calculated with Eq. (13).

Fig. 10 depicts the dependence of Tt ., on the global solar irradiance
and aperture area when the cooking vessel, load mass and tracking
procedure under high sun elevation are those adopted in the experi-
ments. Figs. 11-13 show the influence of the same operating conditions
on the time duration txg 65, t20,100 and tzo 140, 0n power values Q65, Q100
and Q40 and on dgs, G190 and qy49, respectively. It can be seen from
Fig. 10, that the pasteurisation temperature of 65 °C is achieved in all
investigated conditions. For low solar irradiance and low aperture area,
the water boiling temperature is not achieved. For a global solar irra-
diance greater than 800 W m™~2, the water boiling temperature is ach-
ieved independently of the cooker aperture area. The intermediate
temperature of 140 °C is achieved independently of the aperture area
only for the cases with global solar irradiance greater than 1100 W m 2.
The load temperature Tt .y is greater than 100 °C independently of the
solar irradiance, only for the highest aperture area, i.e., cooker SC100.

Despite pasteurization temperature being achieved in all simulated
cases, it can be observed from Fig. 11 that at relatively low global solar
irradiance and for cookers with small aperture area, the time required to
achieve the pasteurization temperature is greater than 1 h. As an
example, it is 1.79 h in the case of SC60, i.e., a cooker with aperture area
of 0.307 m?, under a global solar irradiance of 600 W m~2. On the
opposite side, the shortest time of 0.45 h is obtained under an irradiance
of 1100 W m™2 when the cooker SC100 is used. When solar irradiance is
greater than 900 W m ™2, it is observed that pasteurization temperature
is achieved by all cookers in less than 1 h. Regarding the water boiling
temperature of 100 °C, this specific point is reached by all cookers in a
period smaller than 2 h if solar irradiance is extremely high. For
instance, it is just 0.94 h in the case of the cooker SC100 under a global
solar irradiance of 1100 W m™~2. To achieve the intermediate tempera-
ture value of 140 °C, the cooker SC100 provides the smallest time of
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about 2 h when the solar irradiance is extremely high.

From Fig. 12, it can be seen, as expected, that the power values at
pasteurization condition are much higher than the power values at
water boiling temperature of 100 °C and at intermediate temperature of
140 °C. As an example, the predicted power at pasteurization temper-
ature under 700 W m~2 in the cooker configuration SC70 is 38.9 W.

From Fig. 13a), it can be seen that for values of solar irradiance of
1000 W m™2, the optimum value of the aperture that maximizes the
specific cooker power ¢g5 is about 0.44 m?. For a low solar irradiance of
600 W m 2, the optimum value of the aperture that maximizes the
specific cooker power g5 is about 0.5 m?, i.e., the cooker design SC100.
It can be also seen that the specific power gg5 of SC100 for higher values
of solar irradiance is lower than the value of the optimum area, but the
differences are negligible. From the findings of Fig. 13a) and from the
observation of Fig. 13b), it can be seen that the optimum area maxi-
mizing the specific cooker power ¢, is greater than the aperture area of
SC100. The influence of both aperture area and solar irradiance on the
efficiency is depicted in Fig. 14 for the instant when the load is at 65 °C.
The maximum specific power values clearly observed in Fig. 13a) are
justified by the corresponding maximum values of the efficiency shown
in Fig. 14.

Chepkurui and Biira [14] made four funnel cookers using plates of
carboard and a reflective foil. The designs adopted by Chepkurui and
Biira [14] seem to be closer to the conical shape than the funnel cooker
designs adopted in the current work because the reflector is composed of
more panel elements. Despite these differences, the aperture area of the
different versions of funnel cooker made by Chepkurui and Biira [14]
are here estimated roughly by assuming that the ratio of the aperture
area to the reflector area is similar to the same ratio of the funnel cookers
tested in current work. This ratio varies from 0.4704 to 0.4812.
Assuming the constant value of 0.475 for this ratio and the dimensions of
the cardboard plates provided by the authors [14], the aperture area of
the four cookers tested is estimated to range from 0.107 m?2, in the
smallest cooker, to 0.356 m?, on the largest cooker. The experiments
were conducted with 1 kg of water inside each pot, which dimensions
and material are not reported by the authors [14]. Using the published
progressions of water temperatures, it can be shown that the power
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Fig. 11. (continued).

values of the cookers are extremely low when the average solar irradi-
ance over the test period was 684 W m™2. Moreover, in the case of the
largest of the cookers, it took about 4 h to raise the temperature of the
water by 70 °C, which is not a promising result as are the results of other
tested cookers listed in Table 1. As example, Apaolaza-Pagoaga et al.
[16] tested experimentally different configurations of Copenhagen solar
cooker with the same reflector area of 0.542 m?, but with different
values of the maximum aperture area: 0.174 m? for Cave configuration,
0.238 m? for Ninety configuration and 0.197 m? for Flower configura-
tion. The results of the tests, performed using black pot loaded with 1.5
kg of water [16], were more promising than the results of Chepkurui and
Biira [14] because transparent glass enclosures were adopted.

Funnel cookers tested by Chepkurui and Biira [14] and Copenhagen
solar cooker tested by Apaolaza-Pagoaga et al. [16] can be categorized
as cookers with very small aperture area. Comparing the performance of
Copenhagen cooker with larger aperture area (0.238 m?) with the
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performance of funnel cooker with larger aperture area (0.238 m?)
yields that the performance of Copenhagen cooker is much better,
mainly to the fact that glass enclosure to heat trap the heat was adopted.
In contrast to these small cookers, Coccia et al. [20] have tested a high
concentration ratio box solar cooker with multiple reflectors. Some tests
were experimentally conducted using peanut oil, ending at a tempera-
ture much less than the stagnation point where the heat gain is equal to
the thermal losses. The maximum achievable load temperature was
estimated by the authors to be around 380 °C.

It would be good to compare tthe influence of cooker aperture area
and global solar irradiance on the performance indicators of funnel
cookers tested by Chepkurui and Biira [14] with the performance in-
dicators of funnel cookers tested in the scope of current work. For doing
such analysis, more details about the tests and cookers tested should be
known. Nevertheless, due to the relatively low values of the maximum
achievable load temperature obtained by the authors [14], the
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experimental range observed during water heating is too small. Thus, for
the funnel cookers tested by Chepkurui and Biira [14], it is impossible to
calculate almost of the performance parameters presented in
Figs. 10-13.

The new design of solar cooker investigated by Tawfick et al. [4] was
tested with and without the bottom cylindrical parabolic reflector also
adopting glycerine as load. The mass of glycerine adopted is not directly
indicated by the authors [4], but according to the data provided it is
estimated to be around 2.14 kg for cooker tested without the bottom
reflector. It is higher than the value yet very close to the value adopted in
the current study (1.736 kg). According to the plots of Tawfick et al. [4],
the time required for glycerine temperature to rise from 50 °C to 95 °C,
in the quickest test, is estimated to be 60 min. In the case of the test of
current work plotted in Fig. 3, the same time can be estimated to be
approximately 36 min and 47 min, respectively, for cookers SC100 and
SC70. Tawfick et al. [4] have done some successful tests of real cooking
of rice and eggs under real-world conditions. Thus, from the comparison
of the results obtained in the present study and the results of Tawfick et
al [4], the funnel cooker SC100, with aperture area of 0.5 m?, smaller
mass of glycerine but with the same load ratio of 3.74 kg m~2, is faster
than the cooker tested by Tawfick et al [4], with aperture area of 0.616
m?. The cooker SC100 has been also used, by the author Celestino
Rodrigues Ruivo. He has used it regularly for practical family cooking in
domestic context, and also in some picnics and some international
conferences due to its good portability. It was also designed to fit in a
box having the dimensions standardised by the air companies without
paying extra luggage costs.

In spite of the load ratio values adopted when testing SC60, SC70,
SC80 and SCI0 vary from one case to another and are not equal to the
value adopted by Tawfick et al. [4], a comparison of COR values is
performed. Tawfick et al. [4] reported that the average COR value for
the cooker tested without and with the bottom cylindrical parabolic
reflector are, respectively, 0.123 and 0.165 m~2 °C WL, In the case of
current work, the COR ranged from 0.108 to 0.143 m™2 °C W,
respectively, for the cookers SC60 and SC100. By using the derived
correlation for estimating COR as a function of the aperture area of the
funnel cooker, it is estimated that a COR of 0.123 m~2°C W would
correspond to a funnel cooker with aperture area of 0.39 m2. Assuming
that the correlation is still valid for aperture area greater than 0.5 m?, it
is estimated that a COR of 0.165 m~2 °C W~! would correspond to a
funnel cooker with aperture area of 0.63 m?, a value that is close to the
area of the cooker tested by Tawfick et al. [4] without the bottom
reflector.

It would be also important to extend the presented procedure to
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other cookers previously tested with water such as the different con-
figurations of Copenhagen solar cooker [16] and the two configurations
of Haines 2 solar cooker [21].

Conclusions

In the current work, funnel solar cookers with five different aperture
area configurations ranging from 0.35 to 0.5 m> were tested. The ex-
periments were carried out using the same mass of glycerine as a load in
all cases. This implies that each cooker was experimented upon with a
different load ratio, a scenario that is not conventional as per the ASAE
$580.1 Standard. In each experiment undertaken in the current study,
three cookers were tested: a reference cooker having large area and two
smaller cookers. Each smaller cooker was tested three times and the
reference cooker was tested six times.

The performance curves expressed in terms of efficiency against the
specific temperature difference were derived for the five different de-
signs. The optical-thermal ratio of the cooker was determined from the
linear derived curve. The reference time of the system associated with
each particular tested design was also estimated. The derived correla-
tions of both these parameters were used to estimate the maximum
achievable load temperature as well as other performance parameters
including the power and the specific power of the cooker as a function of
the aperture area, for solar irradiance values from 600 to 1100 W m 2.
Moreover, three selected stages of the heating process, dictated by the
load temperature, were selected (65 °C, 100 °C and 140 °C), were
considered. Based on the results of the conducted parametric study some
findings are summarised:

i) It can be affirmed that the pasteurization temperature for the load
is achieved even by the design with smallest aperture area, but
the boiling point of water at sea level cannot be achieved by the
smallest cooker under a low solar irradiance of 600 W m™2.
From the plots of the specific power for a temperature difference
of 100 °C, it can be estimated that the efficiency of the cooker
with an aperture area of 0.5 m? is not far from the value of the
cooker with optimum area.

For a solar irradiance of 1100 W m 2 and an ambient temperature
of 20 °C, the load could theoretically reach a temperature of
about 180 °C when the largest cooker configuration is used.
Under these almost-perfect conditions, frying will be possible
with the largest cooker. Even under a solar irradiance of 800 W
m 2, the largest cooker is expected to achieve boiling tempera-
ture of a 1.25 kg of mass of water in a period of 1.6 h when

ii

=

iii)
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ambient temperature and initial water temperature are both
equal to 20 °C, which is an acceptable indicator for those end-
users who can plan their meals timely.

It is important to point out that the calculation methodology adopted
in the procedure of deriving the linear performance and evaluating the
different parameters was simply and clearly formulated. The mentioned
deviations from the recommendations of the ASAE S580.1 Standard
protocol should be taken into careful consideration when revising the
Standard.

CRediT authorship contribution statement

Celestino Rodrigues Ruivo: Supervision, Conceptualization,
Methodology, Formal analysis, Writing — original draft, Writing — review
& editing. Xabier Apaolaza-Pagoaga: Investigation, Data curation,
Visualization, Writing — review & editing. Antonio Carrillo-Andrés:
Writing — review & editing. Gianluca Coccia: Investigation, Writing —
review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Appendix A. Data of all tests conducted in the present study

Tables Al and A2 list the data associated with the experiments
conducted during six days to investigate the influence of the effective
aperture area on the performance of the funnel solar cooker. The listed
time values correspond to solar time. All experiments were conducted
using 1.736 kg of glycerine.

Table Al
Data of testing funnel solar cookers SC70, SC90 and SC100 for the set of ex-
periments SetA.

SetA
Expt. no. E141A E142A E143A
Day 29 Jun 2021 02 Jul 2021 06 Jul 2021
Start time 10:29 09:38 09:38
End time 14:09 14:38 14:38
Sun elevation angle (°)
Average value 72 69 69
Minimum value 59 54 54
Maximum value 77 76 76
Solar irradiance I, (W m~2)
Average value 1000 990 966
Standard deviation value 9 17 17
Minimum value 975 956 918
Maximum value 1013 1013 995
Ambient temperature (°C)
Average value 32 29 38
Standard deviation value 0.8 1.1 2.2
Minimum value 28.9 26.6 335
Maximum value 33.3 31.1 41.2
Air velocity (m s
Average value 0.5 1.0 0.5
Standard deviation value 0.35 0.66 0.36

Minimum value 0 0 0
Maximum value 1.52 2.52 1.51
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Table A2
Data of testing funnel solar cookers SC60, SC80 and SC100 for the set of ex-
periments SetB.

SetB
Expt. no. E144A E145A E146A
Day 08 Jul 2021 12 Jul 2021 13 Jul 2021
Start time 09:47 10:57 09:37
End time 13:37 15:37 14:37
Sun elevation angle (°)
Average value 71 68 68
Minimum value 58 41 53
Maximum value 76 75 75
Solar irradiance I, (W m~2)
Average value 958 940 966
Standard deviation value 72 11 14
Minimum value 546 861 904
Maximum value 1007 960 1001
Ambient temperature (°C)
Average value 29 41 31
Standard deviation value 0.9 0.9 0.8
Minimum value 27.1 38.5 28.8
Maximum value 31.2 42.7 33.3
Air velocity (m s™1)
Average value 1.0 0.5 0.5
Standard deviation value 0.55 0.40 0.58

Minimum value 0 0 0
Maximum value 3.02 2.01 3.02
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