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A B S T R A C T

In present work, the power values of two funnel cookers were determined by following the standard ASAE
S580.1 procedure and also a novel improved approach for better analysing the effect of minor design changes.
This new approach is based on experimental side by side tests of the two cookers and it adopts a shorter time in-
terval and a curve fitting based on the LOESS adjustment is adopted for the evaluation of the difference in power
values of the different designs tested. The two funnel cookers were tested experimentally with a load ratio of
4 kg m−2. The influence of the height of a trivet, from 0 to 100 mm, on the cooker power was evaluated. The esti-
mated changes in power values due to the design changes were low but not negligible. As example, the power
standardised increases 6 W when a height trivet of 25 mm is used respecting cooking operation without trivet.
The novel approach is promising because it enables to determine the impact of minor design changes on the
power of the cooker. The same analysis is not possible to be performed with the standard ASAE S580.1 procedure
due to the uncontrollability of the weather conditions.

© 2021

Nomenclature

Slope of the linear regression of standardised power
(W ºC-1)
Specific heat of water (J K-1 kg-1)
Trivet height (mm)
Solar irradiance (W m-2)
Beam normal solar irradiance (W m-2)
Average beam normal solar irradiance during a test
(W m-2)
Global normal solar irradiance, i.e., global solar irra-
diance on the plane normal to beam radiation (W
m-2)
Average global normal solar irradiance during a test
(W m-2)
Mass of water (kg)
Number of valid observation points for deriving the
linear regression
Number of tests
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E-mail address: apaolaza@uma.es (X. Apaolaza-Pagoaga).

Number of tests performed with cooker CSR1
Number of tests performed with cooker CSR2
Cooker power (W)
Standardised cooker power (W)
Standardised cooker power for (W)
Standardised cooker power for (W)

95 % confidence interval for the standardised power
(W)

95 % prediction interval for the standardised power (W)
Standardised cooker power for trivet Ti (T0; T25;
T50 and T100) (W)
Standardised cooker power for trivet Tj (T0; T25;
T50 and T100) (W)
Coefficient of determination (-)
Ambient temperature (ºC)
Average ambient temperature during a test (ºC)
Average water temperature during a test (ºC)
Wind velocity (m s-1)
Average wind velocity during a test (m s-1)
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Fig. 1. Schema of the funnel cooker with the main components.

Greek symbols

Solar altitude angle (º).
Average solar altitude angle during a test (º).
Residual standardized power (W)
Time interval (s)
The water temperature increases for each time interval
(ºC)
Difference between water load and air temperature (ºC)

Subscripts

n Direction normal to beam radiation
i Time interval i

Abbreviations

CSR1 Solar funnel cooker number 1
CSR2 Solar funnel cooker number 2
LOESS Locally estimated scatterplot smoothing
SSCAL Experiment with two cookers tested side by side and us-

ing the same trivet height or without using any trivet

1. Introduction

Many solar cooker designs have been developed around the world,
with different technologies, different materials [1–4] and new designs

[5–7]. Most of long life powerful solar cookers are manufactured with
expensive materials [8–10]. Solar cooking systems with storage of sen-
sible or latent thermal energy allow cooking in a wider range of
weather conditions, but only few are used in practice [11]. On the op-
posite side, most panel type solar cookers are low cost devices and con-
struction process is ease. They are composed of different reflective pan-
els that concentrate the sun's radiation in the cooking zone, where the
cooking set is placed. The power of this devices is relatively low. So, a
transparent enclosure acting as a greenhouse reduces thermal losses of
the cooking set is usually required. Many of these designs and their per-
formance data, obtained by using the ASAE S580.1 [12] standard, are
available [4].

The ASAE S580.1 standard allows the characterization of a solar
cooker performance under standardized conditions in terms of a refer-
ence value of standardised power, which can be used to compare the
performance between different design of cookers. The use of the stan-
dard procedure also enables of the analysis of design changes that are
made in a particular cooker when those changes produce important
variation of the standardised power. As an example, the standard proce-
dure was adopted by Ruivo et al. [13] to investigate the influence of us-
ing a glass or a metal lid on the power of a funnel cooker operating with
a massive glass enclosure. It was found that cooker operation, with a
load ratio of 4 kg of water per m2 of maximum collecting area, with a
glass lid on the pot provides 73.9 W, a value that is 46% greater than
the power value obtained with black lid. Ebersviller and Jetter [14]
have tested three designs of solar cookers by following strictly the pro-
tocol of the standard. The parabolic cooker, panel cooker and box
cooker were tested side by side by using the load ratio recommended by
the standard, i.e., 7 kg m−2. The standardised power values obtained for
the smaller cooker, HotPot panel cooker, and for the bigger cooker, par-
abolic SK14 cooker, were 25 W and 198 W, respectively. The difference
between these two power values is very big. Chandak et al. [15] have
done only one experiment to test side by side two different parabolic
cookers with similar aperture area but adopting a smaller load ratio
than the recommended by the standard. The duration of the experiment
was only 1800 s. The power value obtained for the PRINCE15 cooker is
around 9% greater than the value obtained for the SK14.

Mekonnen et al. [16] manufactured and tested a parabolic solar
cooker under the Ethiopian climate with and without load were. The
load tests have shown that the cooking power and the standard cooking
power were 635 W and 375.8 W, respectively.

The recommended load ratio of the standard, 7 kg m−2, is a rela-
tively high value that does not represent what happens in real cooking
operation in most of common solar cookers. For cooking under this spe-
cific recommended, a cooking set larger than the ones usually used in
practice in case of most cookers is required and the cooking time would
be too long. Moreover, when the weather conditions are not favourable,

Fig. 2. Solar cookers CSR1 and CSR2 being tested, respectively, without and a trivet.
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Fig. 3. Registered data of the exp. no. 52A, for the cooker CSR1 with a 50 mm height trivet (T50) and for the cooker CSR2 without trivet.

Table 1
Summary of the results of all tests carried out with different trivets.
Trivet T0 T25 T50 T75 T100

(mm) 0 25 50 75 100
/ / 14/4/10 8/3/5 13/7/6 7/4/3 5/3/2

93 50 90 53 37
(W) 104.8 106.3 107.5 108.0 106.9

(W ºC−1) −0.584 −0.479 −0.566 −0.617 −0.584
0.733 0.623 0.709 0.752 0.929

(W) 75.6 82.3 79.3 77.1 77.7
(W) (74.2,76.9) (80.5,84.1) (77.8,80.7) (75.1,79.1) (76.6,78.8)
(W) (63.2,88.0) (69.5,95.1) (66.3,92.2) (63.9,90.3) (71.6,83.9)

the cooking success is questionable, because the maximum temperature
is relatively low, and there is risk of bacteria development. Thus, the
tests conducted by Ruivo et al. [13] and by Chandak et al. [15] can be
seen as representing well the real cooking practice.

Lahkar et al. [17] have also tested side-by side a parabolic cooker
SK14 and a box cooker in order to estimate the opto-thermal ratio para-
meter of each cooker. Similar investigation by testing side by side a box
cooker and PRINCE15 parabolic cooker was performed by Sagade et al.

[18] by using water and also ethylene glycol and glycerine as load and
by Sagade et al. [19] by using only glycerine. Vengadesan and Senthil
[20] have performed experiments with a box cooker for investigating
the impact of using a finned cooking vessel. The different configura-
tions of the cooking vessel were tested simultaneously in the same box
cooker.

Kurt et al. [21] have investigated the performance of a box solar
cooker by measuring the absorber plate, enclosure air and pot water
temperatures and also using an artificial neural network to predict the
same variables. Coccia et al. [22] have tested a powerful box cooker us-
ing peanut oil was. This study shows that, for the conditions of the test,
the maximum power of the cooker occurs when the difference between
the load temperature and the ambient temperature is about 60 °C, i.e.,
not far from the difference of 50 °C used in the definition of the stan-
dardised value adopted in reports following the standard protocol [12].
More recently, Tawfik et al. [5] have designed and tested a promising
solar cooker that may be important to attract more people for cooking
with solar energy. The thermal performance of the new design,
equipped with a tracking-type bottom parabolic reflector, was esti-
mated using glycerine as load and also without using any load.

Kumar [23] investigated the top thermal losses of box type solar
cooker from heating characteristic curves. Indoor and outdoor experi-
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Fig. 4. Standardised power of all tests with trivet T0.

ments were performed to develop a correlation for the heat transfer co-
efficient as a function of pot water temperature, wind speed and ambi-
ent air temperature.

Collares-Pereira et al. [24] proposed procedures for testing solar box
cookers requiring minimal investment by using cheap, simple and ac-
cessible test instruments for performance comparison of solar box cook-
ers.

Al-Soud et al. [25] designed, constructed, operated and tested a par-
abolic solar cooker with automatic sun tracking system to avoid user
manual tracking and user standing in the sun. The authors pointed out
that i) the associated electromechanical setup is simple which reduces
cost, maintenance and the possibility of failure and ii) the solar cooker
is able to cook different kinds of food.

Kumaresan et al. [26] studied the performance of an indirect solar
cooking system with a thermal energy storage tank a positive displace-
ment pump and a double walled cooking unit using as the heat transfer
fluid therminol 55 and D-Mannitol.

Saxena et al. [27] conducted an experimental research to investigate
the thermal performance of a box cooker equipped with solar collector
tubes filled with a heat storage media to speed up the cooking process
and also to guarantee that the cooking process during periods of low or
intermittent solar radiation. According to the findings of this work, the
modified cooker is a low-cost cooker having a better performance than
a conventional solar box cooker.

Bhave and Kale [28] designed and tested a cooking device using a
eutectic mixture in a well-insulated container able to successfully store
thermal energy at a melting point of 220 °C for indoor cooking like fry-
ing.

The standard establishes the maximum and the minimum values of
the different uncontrolled weather variables to ensure that the repeata-
bility of the obtained results is guaranteed. However, when minor
changes in design of a particular cooker, in design of the cooking set or

when two cookers with similar performance are being investigated, the
standard protocol does not provide enough accurate results that are
needed to evaluate the effect of those minor changes and to make the
comparison of performance of different solar cookers.

When investigating minor changes in the design that can be associ-
ated with the properties of the reflector or to properties or elements of
the cooking set, it is imperative to make experiments by testing two or
more cookers side by side. A first set of experiments must be performed
by using the same components in each cooker, i.e., without making any
system design change, to ensure that all reference systems being tested
are identical. After that, experiment is repeated by testing the systems
side by side, where one system is tested again under the reference con-
figuration and other systems are tested with the change in design to be
investigated. By following this testing methodology, the uncontrolled
variables of the experiment are the same in all systems being tested. For
increasing the precision of this new approach here, proposed and inves-
tigated, the experimental data is processed by following a new proce-
dure based on the analysis of the differences between the power values
associated with each system. In present study, the R software tool was
used for data processing and performing statistical analysis [29].

Conventional kitchen hobs, powered by gas, electricity, or wood,
deliver thermal energy mainly to the bottom of the cooking vessel. The
same is true of some solar cookers, particularly shallow parabolic con-
centrator solar cookers. However, box cookers, panel cookers, and deep
parabolic cookers, deliver a significant part of the solar energy to the
wall and to the lid of the cooking pot. When using a trivet, with an opti-
mum height, to support the cooking set in a funnel cooker, it is expected
that the delivered solar energy to the bottom of the pot would be higher
than the scenario without using any trivet.

In present study, a new approach based on experimental results of
testing two cookers side by side tests is adopted to evaluate the impact
of using different height trivets on the power of the same prototypes of
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Fig. 5. Standardised power of all tests with trivet T25.

funnel solar cooker that were studied by Ruivo et al. [13]. The new ap-
proach adopts a time interval of 1 min for calculating the power instead
of using the 10 min time interval recommended by the standard [12]
and a curve fitting based on the LOESS adjustment for the evaluation of
the difference in power values provided by different trivets. Tests of
heating up 2 kg of water inside a black pot with a massive glass enclo-
sure were carried out without using any trivet as done in previous work
[13] and also using four trivets with heights of 25, 50, 75 and 100 mm.

According to authors' knowledge, this important and practical as-
pect has not yet been investigated and published in scientific literature.

2. Experimental set-up and instrumentation

Fig. 1 shows the solar cooker prototype composed of a funnel
shape reflector, a base in extruded polystyrene and the cooking set
over a trivet. The experimental set-up used by Ruivo et al. [13] is here
adopted but now using also a trivet, new element being investigated,
with different height values. The trivet is positioned in the centre of
the square defining the cooking zone. The cooking set can be seen as
the receiver of the system and it is composed by the pot and the glass
enclosure. The base of the cooker is a rectangular piece of extruded
polystyrene with a thickness of 80 mm. It is placed underneath the bot-
tom the reflector to avoid direct contact between the reflector and the
patio floor. Some tests were conducted by placing the cooking set di-
rectly onto the reflector surface of the cooking zone surface without
any trivet and other tests were conducted by using trivets to support
the cooking set at different heights: 25, 50, 75 and 100 mm. The mass
values of the trivets range from 0.039 to 0.070 kg.

Two prototypes with the funnel reflector shape, CSR1 and CSR2,
were tested side by side as depicted in Fig. 2. In this particular experi-
ment, the cooker CSR2 is being tested with a trivet having 100 mm
height and cooker CSR1 is being tested without trivet.

The two solar cookers have identical polished aluminium reflectors.
Each cooker has a maximum collecting area of 0.50 m2. A black enam-
elled steel pot, with an approximate capacity of 3 L and a mass of 540 g,
was used in each cooking set. Each pot was covered with a glass lid hav-
ing a mass of 366 g. Each set, pot and lid, was placed inside a massive
glass enclosure composed of two windows of cloth washers. The mass
values of the enclosure used in cooking set of cookers CSR1 and CSR2
were 2250 g and 2207 g, respectively. The difference between the mass
values and shapes of the two enclosures are negligible. More details
about the reflectors and components of the cooking set can be found in
previous research work [13].

The sensor extremities of T-type thermocouples having an uncer-
tainty of ±1 °C were placed in different positions inside the pot to mea-
sure the water temperature, being the average value considered as the
representative value of the average temperature of water ( ) that was
used in the calculations.

The ambient temperature and the wind speed were measured and
logged every minute with sensors of an Onset weather station located
near the solar cookers as can be seen in right part of Fig. 2. The uncer-
tainty associated with measurement of the ambient temperature is
±0.2 °C.

Global solar irradiance in the plane normal to the beam solar radia-
tion is required by the testing protocol of the ASAE S580.1 standard. In
this work, it was found convenient to compute it through the Liu Jordan
isotropic sky model [30], using data from global solar irradiance mea-
sured by two Hukseflux LP02 pyranometers, one in a horizontal plane
and other in a titled plane that makes an angle of 50° with the horizon-
tal. The two pyranometers are fixed to the same support, which was az-
imuthally adjusted every 20 min. The sensor uncertainty of each pyra-
nometer is less than 1.8%. In the calculation procedure of the global so-
lar irradiance in the plane normal to sun rays, the albedo was assumed
to be 0.2, and the diffuse fraction of global horizontal radiation was got
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Fig. 6. Standardised power of all tests with trivet T50.

from measurements of a special device, a SPN1 Sunshine Delta-T De-
vices Pyranometer located in another nearby meteorological station.
The global solar irradiance in the plane normal to the beam solar radia-
tion could be measured alternatively by only a pyranometer if a contin-
uous sun tracking system with both tilt and azimuth adjustments were
adopted.

The load temperature measured by the thermocouples and the solar
irradiance measured by the pyranometers were logged every 15 s by a
Campbell Scientific CR1000 data logger. The mean value of each vari-
able was calculated for every minute for subsequent calculations.

The experiments were carried out on the rooftop patio of the “Es-
cuela de Ingenierías Industriales” at the University of Malaga, Spain, at
latitude 36.9° N in two different periods, i.e., between November 2019
and February 2020 and between January and March 2021. During each
test period, only azimuth adjustments of the both solar cookers and of
both pyranometers were performed every 20 min. No tilt adjustments
were performed. Some details of the instrumentation equipment used
can be found in previous work of the authors [13].

3. Standard procedure of cooker performance analysis

A standard procedure adopted for analysing the performance of a
solar cooker is recommended by standard ASAE S580.1 [12], which
provides a protocol that allows comparing the power of different solar
cookers designs. It also allows to investigate the changes in cooker
power due to design changes of a particular cooker, as it is the case of
being addressed in present study, since the changes on the power asso-
ciated with designs changes are significant [13].

3.1. Test protocol

The standard procedure determines the conditions of testing a
cooker and it also determines the valid ranges for the uncontrolled me-
teorological variables [12]. Some experiments carried out in present
study do not fulfil strictly the conditions recommend by the standard
because they were performed in cold months where the registered val-
ues of outside ambient temperature were below 20 °C and the average
registered wind speed exceeded the value of 1 m s−1.

The procedure of standard was intended mainly for testing box-type
solar cookers [12], but it has been applied by others teams for testing
parabolic dish cookers, panel cookers and evacuated tube based solar
cookers [31,32]. In some cases, the testers have adopted the relatively
high load ratio recommended by the standard, i.e., 7.0 kg m−2. In other
cases, testers have adopted a lower ratio value [13,15]. The solar
cooker having multiple flat reflectors with funnel shape being investi-
gated in present study can been as a panel solar cooker. Both funnel
cooker prototypes were tested with a load ratio of 4.0 kg m−2. The same
load ratio value was considered by Ruivo et al. [13]. It is important to
point out that the standard load ratio is not representative of the mass
load being adopted in most cooking operations by most of the users
when using a funnel cookers and also other types of cookers. Cooking
operations with a load ratio of 7.0 kg m−2 in practice is very sporadic.
The capacity of pots used in practice is not large enough or pot are used
most of the times at partial load.

The test protocol of indicates the importance of plotting different
variables in time series format as those represented in Fig. 3, that were
recorded with an interval of 1 min during the experiment no. 52A per-
formed on November 29, 2019. In this experiment, the cooker CSR1
was tested with a 50 mm height trivet and the cooker CSR2 was tested
without trivet. This experiment started at 10:20 a.m. (solar time), with
750 g of ice and 1250 g of water in each pot. It enables to achieve more
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Fig. 7. Standardised power of all tests with trivet T75.

valid observation points than using only water, as demonstrated by
Ruivo et al. [13]. The upper part of Fig. 3 shows the global normal solar
irradiance , i.e., the global solar irradiance on the plane perpendicular
to the sun rays, the beam normal solar irradiance and the solar alti-
tude angle . The middle part depicts the ambient air temperature
and the water temperature in cooking sets of both cookers CSR1 and
CSR2. The lower part of Fig. 3 shows the 1 min average wind speed .
This graphical treatment was done for all performed experiments.

3.2. Data processing for determining the cooking power

The ASAE S580.1 [12] standard determines a methodology to
process the data acquired through the test protocol to determine the
power of a solar cooker. Using the recorded values of and during
one test spaced by a time interval of, , 600 s, the corresponding in-
crease temperature observed in the load, the power is calculated
for each time interval i by Refs. [12,13]:

(1)

where and are constant values of the specific heat and mass of
water, respectively. The specific heat is assumed constant because its
dependence on temperature is very small. The mass of water is also as-
sumed constant because there is no boiling phenomena and the amount
of evaporated water scaping the pot during the test is assumed negligi-
ble.

The standard introduced the value of 700 Wm-2 for the global nor-
mal solar irradiance to normalise the radiation data measured dur-
ing tests of a particular cooker carried out on different days with differ-
ent and variable solar irradiance. Then, the standardized power is cal-
culated for each time interval by Refs. [12,13]:

(2)

and plotted as a function of the difference between and , which is
represented by . When applying the standard procedure, at least
30 valid points are required. This recommendation results on the need
of performing several tests on different days. Using the plotted data, the
following linear regression is determined to represent the relationship
between the power and the difference as [13]:

(3)

The standard specifies that the coefficient of determination R2 asso-
ciated with the regression line must be greater than 0.75. Based on this
linear regression, the standard establishes the power , which corre-
sponds to = 50 °C. It is used as the comparison parameter be-
tween solar cookers.

The prediction intervals and confidence , not rec-
ommended by the standard, are also used in this study. These cooking
parameters are statistical parameters that determine the uncertainty of
the linear regression as established and investigated by Ruivo et al.
[13].

3.3. Discussion of results of testing funnel cookers with different trivet
heights

In practice of real cooking with funnel cooker shape here investi-
gated, it is observed that most of the users do not use any trivet to raise
the cooking set and that this aspect was not yet investigated. So, the im-
pact of using a trivet is now investigate to better understanding how the
performance of the cooker can be improved and to find the optimum
height of the trivet when using a cooking set with massive glass enclo-
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Fig. 8. Standardised power of all tests with trivet T100.

Fig. 9. Plots of standardised power for all tests.

sure. By using a suitable trivet, it is expected to observe and increasing
in the optical efficiency because reflected rays are also intercepted by
the bottom of the cooking set. Moreover, conduction heat losses due to
the direct contact of the cooking set with the reflector in the cooking
zone of the cooker are eliminated.

A set of 47 tests were carried out in different 24 days for investigat-
ing specifically the influence of the height of the trivet on the perfor-
mance of the funnel cooker. The data of the large number of tests are
listed in Appendix A.

Fig. 10. Plots of standardized power and curve fittings, obtained with data of
exp. no. 52A, for cooker CSR1 with trivet T50 and cooker CSR2 with trivet T0.

Table 1 and Figs. 4–8 present a summary of results of all test, includ-
ing data related with the linear regression for each trivet, i.e., for trivets
T0, T25, T50, T75 and T100.

By observing data depicted in legend of Figs. 4–8, it can be seen that
the average solar altitude angle of all conducted tests ranges from 30°
and 50°. The central axis of each solar cooker forms an angle of 38° with
each rectangle reflector of the cooker [13].

When the solar funnel cooker tracks the sun perfectly, the sun rays
are parallel to the central axis of the cooker. In this perfect operation,



UN
CO

RR
EC

TE
D

PR
OO

F

X. Apaolaza-Pagoaga et al. / Renewable Energy xxx (xxxx) 1–14 9

Fig. 11. Plot of of exp. no. 52A.

Table 2
Tests considered for side by side data processing for verifying identicalness of
cooker designs (Configuration SSCAL).

(mm) 0 0 0 0 25 25 50 50

Expt. no. 63A 121B 115A 121A

Table 3
Tests considered for side by side data processing for evaluating change de-
signs.
Configuration SS50/0 SS25/50 SS75/50 SS100/75

(mm) 50 0 25 50 75 50 100 75
Expts. no. 52A, 53A,

64A, 116A
116B,119B,
122A

55A, 61A,
120A, 122B

62A, 65A,
120B

Fig. 12. Plots of for experiments of configuration SS50/0.

the aperture area of the cooker assumes its maximum value. Figs. 4–8
use a colour palette to identify the solar altitude angle ( ) of each ob-
servation point.

Figs. 4–8 show that the power values depends significantly on the
solar altitude angle. The greater values of the power occur when the so-

Fig. 13. Density plots of for experiments with configurations SSCAL and
SS50/0.

lar altitude angle is close to 38°, i.e., points represented by clear blue
colour. The smaller values of the power occur when the solar altitude
angle is around 30°, i.e. points represented by yellow colour and when
the solar altitude angle is around 50°, i.e. points represented by purple
colour. Regarding the R2 values of the linear regressions plotted in Figs.
4–7, it is observed that the values are smaller or close to 0.75, i.e., the
limit recommended by the standard. On the other hand, the value of the
regression depicted in Fig. 8 fits well in standard recommended range.
In this figure, it can be seen that the impact of the solar altitude angle
on the power is lower when a 100 mm height trivet is used. For better
investigating the reason that power does not depend significantly on
the solar altitude angle when using a 100 mm height trivet future re-
search based on optical ray tracing analysis is being planned.

For a better comparison of design changes being investigated, tests
should be done in a narrow range of solar altitude angle, as was done by
Ruivo et al. [13]. Following this strategy, better conclusions on the im-
pact of different height trivets on the power of solar cookers can be ex-
tracted.

Fig. 9 depicts the power values of of all performed tests as a
function of the average solar altitude angle for the five investigated
configurations. It can be observed that cases with around 40°, the
power of the solar cooker is greater than the power when is around
30° or 50°. For tests performed with around 40°, it is not possible to
identity the trivet height that provides the greater power. For example,
the two tests performed with trivet T50 with around 40° provide the
highest and lowest values. The same phenomenon is verified for
around 30° when using trivet T0.

The improvement of the power associated with the use of a trivet is
small when compared to the improvement of 46% obtained when using
a glass lid instead of using a metal lid [13]. The standard establishes the
ranges of values for the different uncontrolled variables involved in an
experiment. However, when the power changes due to changes in de-
sign of a cooker are small, the existence of the uncontrolled variables
does not allow the right assessment of a design change of the cooker, es-
pecially when changes in power are small.

4. Performance analysis procedure for investigating small cooker
design changes

A suitable approach is here proposed to overcome the limitations of
the standard procedure when small design changes are being investi-
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Fig. 14. Density plots of for experiments with configurations SSCAL,
SS25/50 and SS75/50.

gated. It is supported by testing two or more identical cookers side by
side, where one cooker has the reference design and the other cooker or
other cookers are tested with only one design modification respecting
the reference design. By following this side by side cooker testing ap-
proach, each cooker is tested under the same uncontrolled variables.
Moreover, a proper and different protocol for data processing is
adopted to increase the overall accuracy of the results.

4.1. Data processing for determining changes in cooking power

This section proposes a side by side testing approach that allows the
evaluation of the power changes associated with modifications in de-
sign of cookers, mainly when the changes are relatively small. Some as-
pects of the ASAE S580.1 standard are taken into account in this new
approach.

The data processing of this new approach uses the data obtained
with the test protocol developed in section 3.1. The data processing as-
sociated with the standard protocol is summarized in section 3.2. The
comparison of the performance of two cookers is performed by plotting
the standardised power as a function of the difference , by con-
sidering observation points spaced with a time interval of 600 s. The
standard protocol recommends the use of a minimum of 30 observation
points that must be collected imperatively from experiments conducted
in two or more days. A linear regression is applied to the collected data
and the value is used for comparison performance of different
cooker designs. The standard approach is easy to use and provides accu-
rate results only when the power values of the cookers tested are con-
siderably different. Even the use of the linear regression enables the
comparison of two values for a single , it provides unfortu-
nately a loss of the accuracy of the measured data.

In the new approach, here proposed, the data processing is im-
proved in order to guaranty the accuracy of the output results. A first
modification consists in considering more observation points that are
spaced with a shorter time interval of 60 s. This consideration provides
a better plot resolution of the relationship between the power values
and the difference . The power is calculated with Eq. (2). A second
modification consists in using a curve fitting for the plot of each cooker
design because, even the observation points are recorded at the same
time, the registered difference is not the same in both cookers.
Thus, to compare the power values of each cooker for the same , a
suitable curve fitting based on the loess adjustment is done [33], which

allows the calculation of the difference between two curves. The loess
adjustment is a local polynomial regression fitting and smoothing pro-
cedure.

As example, Fig. 10 depicts the all observation points applying the
new approach for experiment no. 52A, where the CSR1 was tested with
trivet T50 and the CSR2 without trivet (T0). It shows also the two curve
fitting curves obtained with loess adjustment. The increase in power
due to the use of the trivet is evident, but to assess more accurately way,
the difference of standardized powers given by the two curves, here
called , is adopted. This approach provides information across the
entire range instead of using only the recommended by the
standard procedure. Fig. 10 also shows the range of values, de-
fined by the two vertical lines, where there are points for both plots.
The differences calculated for this range are represented in Fig. 11
as a function of together with the impact of making the azimuth
adjustments in each cooker each 20 min. From both Figs. 10 and 11,

does not present a monotonic dependence of . The improve-
ment caused by using a trivet T50 seems to be similar at high, medium
and low values of because the use of the trivet affects mainly the
optic efficiency of the cooker.

In Fig. 11, the evolution of shows a periodic behaviour that is
associated with the periodic slope change of the curves shown in Fig.
10. The vertical lines inserted in Fig. 11 represent the instants of az-
imuth adjustments of CSR1 and CSR2 each 20 min. It is verified that the
period of oscillatory behaviour of the curve is related with the period of
cookers adjustments. An optical raytracing analysis and a study sup-
ported by results of testing different cooker designs with an intermedi-
ate temperature fluid are being conducted for better investigating how
the standardised power plots in some cooker designs do not exhibit a
perfect linear trend.

4.2. Discussion of results of testing funnel cookers with different trivet
heights

A set of 18 experiments has been carried out in 13 days to analyse
the impact of the trivet's height on the power of the funnel cooker.
Tables 2 and 3 lists the five configuration of the experiments that were
performed. Each configuration was repeated three times as minimum.
The detailed information of each experiment is listed in Appendix A and
plotted in Figs. 4–8.

The SSCAL configuration corresponds to experiments conducted
with cookers using the same trivet height or without using any trivet in
both cookers being tested at the same time. The experiments conducted
with SSCAL configuration can be seen as calibration procedure that
were performed just to investigate if each cooker tested side by side
provides identical performance results for cases of using trivet with
height of 25 mm, 50 mm and case without trivet.

Some pairs of values of height trivet associated with configurations
SS50/0, SS25/50, SS75/50 and SS100/75 listed in Table 3 were tested.
Each configuration can be represented generically by SSTi/Tj. For each
configuration tested the difference of power is evaluated by:

(4)

where and are the standardised power values of cooker with
trivet Ti and trivet Tj, respectively. Both trivets Ti and Tj here investi-
gate are T0, T25, T50, T75 and T100, which designations are associated
with the respective height of the trivet 0, 25, 75 and 100 mm.

Fig. 12 depicts the plots of for all experiments conducted with
configuration SS50/0, i.e., trivet T50 and without trivet (T0). The rep-
resentation of the results by this format is very misleading in order to
extract right conclusion about the influence of a design change. For this
reason, density plot function is adopted for making graphs of Figs.
13–15. A density plot shows the distribution of data over a continuous
interval instead of using the corresponding histogram data [34]. It uses
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Fig. 15. Density plots of for experiments with configurations SSCAL and
SS100/75.

a kernel smoothing out the noise and its peaks evidence where the val-
ues are concentrated over the interval.

The density plot associated with experiments of configuration SS-
CAL is represented in all Figs. 13–15 and also other density plots associ-
ated to other configurations listed in Table 3. The density plot of config-
uration SSCAL has a bell shaped centred around = 0 W, which is
an expected result that demonstrates the suitability of the new ap-
proach for investigating design changes of a cooker based on side by
side experiments.

The density plots associated with configurations SS50/0 and SS100/
75 are depicted in Figs. 13 and 15. The density plots associated with
configurations SS25/50 and SS75/50 are depicted in Fig. 14.

From Fig. 13 it is observed that the curve of configuration SS50/0 is
shifted towards = 3.3 W. This result shows that the use of a
50 mm height trivet leads to an increase of the power of the funnel
cooker by 3.3 W respecting the case without using any trivet.

Fig. 14 depicts the density plots of configurations SSCAL, SS25/50
and SS75/50. The results of the configuration SS75/50 indicated that

values are grouped around = −3.4 W, which means that
power of the cooker with trivet T75 is smaller than the power of the
cooker using trivet T50, in 3.4 W. This reduction in power is similar to
the increase in power when using trivet T50 instead of using cooker
without trivet (T0). So, the power of cooker with trivet T75 is similar to
the power of the cooker without using any trivet (T0). The results of
configuration SS25/50 show that are grouped around

= 2.8 W. Therefore, the use of trivet T25 improves the power of
the solar cookers by 2.8 W when compared to the use of trivet T50.
When comparing the performance between a cooker with trivet T25
and a cooker without trivet (T0), the performance gain is estimated to
be around 6 W.

Finally, Fig. 15 presents the density plots for configurations SSCAL
and SS100/75. The plotted results indicate that the values for the
configuration SS100/75 are grouped also around the value of −3.4 W.
It means that cooker operation with trivet T100 is less efficient than us-
ing the trivet T75 and it is also less efficient than cooker operation with-
out trivet (T0).

From the analysis of density plots of all configurations investigated,
it can be concluded that the optimum trivet height is 25 mm.

It is important to point out that all experiments conducted with the
same configurations provide results with high reproducibility. For ex-
ample, all experiments with configuration SS50/0 show that it is better

to use a trivet T50 than not using a trivet (T0). It is also to point out that
the values obtained are representative of the solar altitudes of the
experiments carried out because the power depends on the solar alti-
tude angle.

5. Conclusions

The ASAE S580.1 standard protocol is not appropriate to evaluate
the impact of design modifications causing small changes in the power
of the cooker, due to the influence of uncontrolled weather variables
occurring on the different test days and also when solar altitude angle
evolution differs from one experiment to another experiment. To over-
come these problems, a more accurate approach based on a side by side
experimental test analysis was proposed and used to investigate how
the trivet height influences the power of the funnel cooker. Trivets with
different heights, used to raise the cooking set having a massive glass
enclosure, were tested. The height of trivet ranged from 0 to 100 mm.

The main findings of the present work are:

i) The new approach is based on the simultaneous experimental
tests of two or more solar cookers. Thus, it allows to quantify
minor and major design modifications of a particular solar
cooker and also to quantify the performance of different cooker
designs with a better accuracy.

ii) The new approach adopts a shorter time interval and a curve
fitting based on the LOESS adjustment for each cooker design
tested side by side for making the evaluation of the difference in
power.

iii) Density plots are adopted in the new approach for analysing,
more effectively, the experimental data subjected to noise.

iv) Several calibration experiments were performed by testing the
two cookers side by side with the same trivet height, having been
verified a good identicalness in the results.

v) Different design configurations with different heights of trivets
were experimentally tested and compared in pairs of different
heights of trivet.

vi) The new methodology is robust because the results of testing
each configuration, at least three times, are convergent.

vii) The impact of any design change in the cooker power is detected
by the new approach for any value of . In case of a change in
trivet height, the difference in power is approximately constant
in all range of because this design change affects mainly the
optical efficiency of the system.

viii) The trivet that provides greater power has a height of 25 mm.
The difference between power obtained with the trivet height of
25 mm and the power obtained without using any trivet is
around 6 W. The other trivet that provides a power gain,
respecting the case of operation without a trivet, has a height of
50 mm, being the gain around 3 W.

ix) Cooker operation with 75 mm height trivet provides the same
power as cooker operation without a trivet. Moreover, cooker
operation with a 100 mm height trivet is detrimental because a
loss of around 3 W in power is obtained respecting the operation
without a trivet.

x) The standardised power variation was estimated to be around
10 W when changing trivet from the worse to the best height
value.

Future research studies based on experiments carried out, being
conducting and planned by the authors will be addressed. Testing the
effect of using matte black pots, smaller and bigger pots and perfect sun
tracking are some examples of studies that can be conducted also by ap-
plying the same new approach here used.
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Appendix A. Data of all tests conducted in the present study

Table A1 lists the data of the 47 tests carried out in 24 days for investigating the influence of different trivet heights on the standardised power of
the cooker. The listed time values correspond to solar time. Some tests have started with water as load (LW) and other tests have started with mix-
ture of ice and water (LIW).

Table A1
Data from experiments conducted with different height trivets.
Expt. no. 44A 45A 46A 47A 51A 52A 53A 63A

Cooker CSR2 CSR2 CSR2 CSR2 CSR2 CSR2 CSR1 CSR1
Start time 10:34 11:02 10:30 11:03 9:30 10:20 10:58 11:39
End time 12:13 12:41 12:28 12:52 11:49 12:19 12:47 13:28
Date Nov 6, 2019 Nov 12, 2019 Nov 15, 2019 Nov 18, 2019 Nov 28, 2019 Nov 29, 2019 Dec 4, 2019 Feb 10, 2020
Height of trivet (mm) 0 0 0 0 0 0 0 0
Load LW LW LW LW LIW LIW LIW LIW

6 7 8 6 8 8 5 7
(W m−2) 974 961 980 986 918 948 968 977
(W m−2) 880 874 841 909 828 883 823 877

(º) 37 36 34 34 31 31 31 37
(ºC) 20 20 15 17 22 23 20 22
(m s−1) 1.1 1.6 1.5 1.2 1.2 1.3 0.9 1.4

(W) 75.1 72.8 69.1 74.3 68.9 73.4 69.9 77.5
(W) 102.5 105.2 100.1 106.3 99.6 104.1 97.2 114.4

a (−) −0.55 −0.65 −0.62 −0.64 −0.61 −0.60 −0.55 −0.74
0.889 0.961 0.930 0.793 0.953 0.930 0.969 0.934

Expt. no. 63A 64A 105A 116A 121B 121B 107A 109A
Cooker CSR2 CSR2 CSR1 CSR2 CSR1 CSR2 CSR1 CSR2
Start time 11:39 10:34 10:14 10:05 12:10 12:10 10:05 10:05
End time 13:28 12:03 12:05 11:29 13:46 13:46 11:58 11:45
Date Feb 10, 2020 Feb 11, 2020 Jan 12, 2021 Feb 23, 2021 Mar 15, 2021 Mar 15, 2021 Jan 14, 2021 Jan 29, 2021
Height of trivet (mm) 0 0 0 0 0 0 25 25
Load LIW LW LW LW LW LW LW LW

7 6 8 6 7 7 8 5
(W m−2) 977 977 974 1004 1000 1000 979 943
(W m−2) 877 872 914 928 871 871 914 872

(º) 37 39 31 41 48 48 31 34
(ºC) 22 22 15 19 22 22 16 24
(m s−1) 1.4 1.0 0.2 0.7 1.1 1.1 1 0.3

(W) 76.9 81.9 76.8 92.6 75.6 78.0 72.9 87.0
(W) 115.2 113.9 100.2 117.3 100.49 98.7 99.2 110.7

a (−) −0.77 −0.64 −0.47 −0.49 −0.5 −0.41 −0.47 −0.47
0.932 0.932 0.802 0.949 0.923 0.860 0.904 0.927

Expt. no. 112A 115A 115A 116B 119B 122A 52A 53A
Cooker CSR2 CSR1 CSR2 CSR2 CSR1 CSR2 CSR1 CSR2
Start time 10:05 11:12 11:12 12:00 12:00 10:10 10:20 10:58
End time 11:39 12:43 12:43 13:25 13:29 11:43 12:19 12:47
Date Feb 11, 2021 Feb 18, 2021 Feb 18, 2021 Feb 23, 2021 Mar 11, 2021 Mar 12, 2021 Nov 29, 2019 Dec 4, 2019
Height of trivet (mm) 25 25 25 25 25 25 50 50
Load LW LW LW LW LW LW LIW LIW

7 5 5 6 7 7 8 5
(W m−2) 931 969 969 1030 991 1028 948 968
(W m−2) 809 786 786 931 873 920 883 823

(º) 37 41 41 42 49 49 31 31
(ºC) 23 19 19 18 20 20 23 20
(m s−1) 0.5 0.5 0.5 1.9 1.1 1.1 1.3 0.9

(W) 86.0 87.6 88.7 87.2 83.8 76.7 77.0 73.1
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Expt. no. 44A 45A 46A 47A 51A 52A 53A 63A

(W) 105.9 119.4 122.6 120.3 97.3 111.6 108.0 102.9
a (−) −0.40 −0.64 −0.68 −0.66 −0.27 −0.70 −0.62 −0.59

0.934 0.973 0.972 0.960 0.851 0.990 0.961 0.976
Expt. no. 55A 61A 64A 116A 116B 119B 120A 121A
Cooker CSR2 CSR2 CSR1 CSR1 CSR1 CSR2 CSR2 CSR1
Start time 10:44 10:40 10:34 10:05 12:00 12:00 10.10 10:10
End time 12:53 12:19 11:53 11:29 13:25 13:29 11.41 10:41
Date Dec 10, 2019 Feb 3, 2020 Feb 11, 2020 Feb 23, 2021 Feb 23, 2021 Mar 11, 2021 Mar 12, 2021 Mar 15, 2021
Height of trivet (mm) 50 50 50 50 50 50 50 50
Load LIW LIW LW LW LW LW LW LW

9 6 6 6 6 8 6 7
(W m−2) 950 983 976 1000 1030 989 1031 1024
(W m−2) 888 915 870 924 931 872 936 912

(º) 30 36 38 41 42 47 47 48
(ºC) 20 24 22 19 18 23 22 19
(m s−1) 0.9 0.8 0.9 0.6 1.9 0.7 1.3 1.5

(W) 69.9 88.3 87.5 92.6 84.8 80.3 79.9 75.6
(W) 105.5 116.5 110.7 117.3 118.1 97.4 115.1 113.8

a (−) −0.71 −0.57 −0.46 −0.49 −0.67 −0.34 −0.70 −0.76
0.979 0.986 0.909 0.949 0.981 0.902 0.990 0.988

Expt. no. 121A 122A 122B 55A 61A 62A 65A 120A
Cooker CSR2 CSR1 CSR2 CSR2 CSR1 CSR1 CSR2 CSR1
Start time 10:10 10:10 10:10 10:44 10:40 10:29 10:34 10.10
End time 10:41 11:43 11:49 12:53 12:29 12:28 12:23 11.41
Date Mar 15, 2021 Mar 16, 2021 Mar 16, 2021 Dec 10, 2019 Feb 3, 2020 Feb 4, 2020 Feb 12, 2020 Mar 12, 2021
Height of trivet (mm) 50 50 50 75 75 75 75 75
Load LW LW LW LW LIW LIW LIW LW

6 8 7 9 7 8 7 7
(W m−2) 1024 1025 990 951 983 992 973 1032
(W m−2) 912 918 834 888 915 901 876 938

(º) 48 49 48 30 36 37 39 48
(ºC) 19 20 21 20 24 18 23 23
(m s−1) 1.5 1 1.2 0.9 0.8 1.2 0.9 1.3

(W) 79.9 75.0 75.6 69.9 87.5 80.1 82.7 75.6
(W) 115.1 109.9 98.8 105.5 116.3 112.3 113.2 113.8

a (−) −0.70 −0.70 −0.46 −0.71 −0.58 −0.65 −0.61 −0.76
0.990 0.974 0.978 0.979 0.977 0.978 0.972 0.988

Expt. no. 120B 122B 62A 65A 66A 105A 120B
Cooker CSR2 CSR1 CSR2 CSR1 CSR1 CSR2 CSR1
Start time 12:10 10:10 10:29 10:34 10:44 10:14 12:10
End time 13:39 11:49 12:28 12:33 12:43 12:05 13:39
Date Mar 12, 2021 Mar 16, 2021 Feb 4, 2020 Feb 12, 2020 Feb 14, 2020 Jan 12, 2021 Mar 12, 2021
Height of trivet (mm) 75 75 100 100 100 100 100
Load LW LW LIW LIW LIW LW LW

7 8 8 8 8 7 6
(W m−2) 1021 992 993 974 978 975 1021
(W m−2) 922 839 901 878 871 914 923

(º) 47 48 37 39 40 31 47
(ºC) 25 21 18 24 20 14 25
(m s−1) 0.9 1.2 1.2 0.9 1.0 0.2 0.8

(W) 76.7 72.7 73.9 80.1 75.7 79.1 79.6
(W) 98.2 93.2 107.3 110.3 108.0 100.7 104.1

a (−) −0.43 −0.41 −0.67 −0.60 −0.65 −0.43 −0.49
0.993 0.976 0.981 0.982 0.988 0.977 0.978
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