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AT, ; Increase of water temperature for each time interval

(°C)

AT, . Difference between water load and ambient tempera-
ture (°C)

Subscripts

n Direction normal to beam radiation
i Time interval i

Abbreviations

CCj Solar cooker number j

1. Introduction

The use of solar cookers has several advantages. Solar energy is free and
widely available in many regions of the world and their use directly for
solar cooking does not generate pollution. These advantages should
make solar cookers interesting for many people around the world,
mainly in areas where people are facing difficulties in accessing gas or
electricity due to poverty or living in remote areas. In these contexts, it
is important to point out that solar cooking is not a universal cooking
solution, but it should be considered as part of the solution when com-
bined with efficiency wood stoves or biomass cooking.

In last decades, many types of solar cookers have been developed
[1-4]. They are usually classified into different groups: box cookers,
parabolic cookers, panel cookers and evacuated tube cookers.

Panel cookers are usually low cost and portable products that are
easy to be constructed with simple few tools. Most panel cooker designs
provide successful cooking results when a black pot and a transparent
enclosure are used. They have a great application in picnics and can
mitigate some of the problems related with emergency situations such
as those derived from natural disasters or those occurring in refugee
camps [5-7].

The Copenhagen solar cooker can be considered a panel solar
cooker made of four equal squared and light reflectors that occupies a
small volume when packed. The reflectors can be assembled in different
configurations. Some other panel cookers have been investigated and
tested [8,9], but concerning Copenhagen cookers the scientific informa-
tion about their performance is scarce [10,11]. Sharon and Gregg
Clausson developed the Copenhagen solar cooker in 2009, naming after
the UN Climate Conference that occurred in that year. The original
Copenhagen was constructed from four flexible reflective place mats se-
cured in position with simple clamps.

Some panel solar cookers were tested [8] by following the protocol
of the ASAE S580.1 standard [12]. The small cooker Haines 1 and the
larger cooker Haines 2 provided a standardised cooker power of 41 W
and 82 W, respectively, when the difference between the load and out-
side air was 50 °C [8]. Both versions were tested by using a polycarbon-
ate enclosure for making the greenhouse effect around the pot. A ver-
sion of the well-known Cookit solar cooker [13], which has a collecting
area to the incoming solar radiation similar to the area of the Haines 2
solar cooker, was tested and a standardised power value of 58 W was
reported [8]. The experiments conducted with the StarFlower solar
cooker, which is a deep parabolic solar cooker composed of multiple re-
flectors and more expensive than most common panel solar cookers,
have provided a standardised power value of 117 W [8].

Ruivo et al. [9] studied the performance of a panel cooker with fun-
nel shape by following the ASAE S580.1 standard, but they also pro-

* Corresponding author.
E-mail address: apaolaza@uma.es (X. Apaolaza-Pagoaga).

posed some improvements to the standard. A large number of tests were
conducted by using a transparent glass lid and a metal lid on the black
pot together with a massive glass enclosure to trap the heat around the
pot [9]. The maximum standardised power value of 74 W was found
when using the transparent lid. Ebersviller and Jetter [14] have tested a
parabolic cooker, a box cooker and the panel cooker named Hotpot.
The Hotpot cooker is a small size panel cooker that provided a power of
only 25 W. It is equipped with a relatively big cooking vessel that was
designed specifically for this cooker design.

Regattieri et al. [15] have conducted some tests of simple cookers
made of cardboard and aluminium foil. The most efficient tested model
was the ones composed of multiple reflectors with a maximum normal
area to the incoming beam irradiation of 0.72 m2. The authors have
named this design as ‘parabolic’ cooker and they have estimated the
overall efficiency to be in the range of 0.15-0.18.

A summary of the results of the different scientific studies is pre-
sented in Table 1.

In present work, the performances of Copenhagen solar cookers are
investigated by using experimental results of testing three cookers si-
multaneously. Different sets of tests were conducted with different
cooker configurations. The influence of the solar altitude angle on the
cooker performance is firstly addressed by using results of experiments
without load inside the pot. From the results of others sets of experi-
ments with load inside the pot, the standardised power plots are deter-
mined by following the ASAE S580.1 standard. The impact of the mass
of water on the standardised power is also determined for some of the
configurations experimentally tested.

2. Experimental setup

The thermal performance of three commercialized Copenhagen so-
lar cookers is investigated. Each one can be assembled to be tested in
different configurations as suggested by the manufacturer. For conve-
nience, the cookers are here called CC1, CC2 and CC3. The cookers
were tested in the experimental setup of “Escuela de Ingenierias Idustri-
ales” of the University of Malaga, Spain at latitude 36.9° N. During the
experiments, azimuthal adjustments of each cooker were performed
every 20 min.

Each cooker is made up of four equal square reflectors of
368 x 368 mm and a square double layer wood plate of 203 X 203 mm,
that defines the cooking area where cooking pot is placed, and allows
an easy assembling of the four reflectors. Each reflector is made of a
self-stick reflective vinyl covering a polypropylene substrate sheet. Fig.
1 depicts the first step of assembling the four reflectors with the double
wood central plate. One of the corners of each square reflector is in-
serted in the empty space in between the two layers of wood. All five
pieces are well fixed by suitable screws. Each square reflector has
white, blue and red snaps located in different positions as can be seen in
Fig. 1. This helps the user in assembling the reflectors accordingly to
the specific configuration to be used. The change of cooker configura-
tion is easy and fast thanks to the snaps.

The Copenhagen solar cooker can be assembled in three different
configurations, depicted in Fig. 2. As well-known, the solar altitude an-
gle depends on the latitude, day and hour. Thus, the manufacturer rec-
ommends to choose the configuration accordingly to the solar altitude
angle a5: i) Cave configuration for low solar altitude angle operation (&;
<45°) as depicted in Fig. 2a) by joining the red snaps, ii) Ninety config-
uration for medium solar altitude angle operation (45 <a;<65°) as de-
picted in Fig. 2b) by joining the red and blue snaps, and iii) Flower con-
figuration for high solar altitude angle operation (s >65°) as depicted
in Fig. 2¢) by joining the white snaps.

The three configurations of the Copenhagen solar cooker have the
same reflector area of 0.542 m?, but they have different values of the
maximum normal area to the incoming beam irradiation being col-
lected by the solar cooker 4nmax: 0.174 m? for Cave configuration,
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Table 1
Summary of the data and results of several tested cookers.

Solar cooker Apmax (m?) Reflectorarea  Og50 (W) Ogso /pmax (Wm™)

model (m?)
Haines 1 [8] 0.307 0.744 41 134
CooKit [8,13] 0.467 0.848 58 124
Haines 2.0 [8] 0.500 1.210 82 164
StarFlower [8] 0.657 - 117 178
Funnel cooker 0.500 1.063 74 148
[9]
Hotpot [14] 0.287 - 25 87
Regattieri [15] 0.720 - 83 115

0.238 m? for Ninety configuration and 0.197 m? for Flower configura-
tion. These values of 4, m.x were estimated by the method developed by
Arveson [16]. The largest and smallest area values are observed in
Ninety and Cave configurations, respectively, being the difference of
37%. Thus, important differences in cooker performance is expected to
be observed in these two configurations.

The cooking vessel here adopted is composed of a pot, a lid and a
massive glass enclosure. It is centred with the square double wood plate
when testing Ninety and Flower configurations and little off-centred in
Cave configuration. The pot is made of steel with an enamel black layer.
It has a diameter of 200 mm, which is close to the side length of wood
plate, a maximum capacity of 3 L, a height of 100 mm, and a mass of
540 g. The glass lid of each pot has a mass of 366 g. It was used in all

368 mun

) mm

tests performed with water as load. A metal lid of the same material of
pot with a mass of 260 g was used only in the first set of tests conducted
without load to measure the temperature of the air by the thermocou-
ples inside the pot without any direct influence of solar radiation.

The massive glass enclosure is depicted in Fig. 3. It is composed of
two glass washing machine windows functioning as a greenhouse,
where the pot is inserted. The mass of heat trap of cooker CC1, CC2, and
CC3 are, respectively, 2250, 2207, and 2240 g.

The experimental setup used for test the three configurations of
Copenhagen cooker is shown in Fig. 4. Five T-type thermocouples in-
side each pot, at different positions and 10 mm from the bottom of the
pot, are used. The average value of the temperature of these five sensors
is estimated and considered to be representative of the load tempera-
ture Ty, and the air temperature T, o, respectively, for the tests with
and without load. These temperature values and the solar irradiance
values measured by the pyranometers shown in right side of photo in
Fig. 4 were logged. The weather station, shown also in right part of Fig.
4, is composed of sensors of wind speed V., and ambient temperature 7.
The measured values also were logged. The temperature values are
recorded every 15 s. Azimuthal adjustments of the two pyranometers
were performed every 20 min, i.e., at the same time cookers were ad-
justed. One of these pyranometers was positioned horizontally and the
other was placed over a tilted plane making an angle of 50° with the
horizontal plane. There was a second weather station in the top of the
school building in the same rooftop patio where the experiments were
carried out. This station was used to measure global and diffuse solar ir-
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Fig. 1. First step of assembling the five pieces of a Copenhagen solar cooker.
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<« Fig. 2. Configurations of the Copenhagen solar cooker: a) Cave b) Ninety and c)
Flower.

Fig. 4. Experimental setup used for testing the three cooker configurations.

radiance in the horizontal plane. Both measured variables were used to
calculate the fraction of direct solar irradiance in the horizontal plane.
From these measurements direct normal irradiance I, is easily calcu-
lated. However, ASAE S580.1 standard requires global normal irradi-
ance /, to be determined, so the Liu Jordan isotropic sky model was
used for the estimation of the diffuse components of irradiance (sky and
ground reflected) on a plane normal to incoming beam radiation [17].
The Liu Jordan model is simple but suitable for clear sky. Albedo was
assumed to be 0.2. More of the measuring systems used in the experi-
ments are described in Ruivo et al. [9].

3. Methods and data processing

The procedures for testing the cookers and for reporting the results
here adopted are based mainly on the ASAE S580.1 standard [12]. Any-
way, some of the improvements made by Ruivo et al. [9] and comple-
mentary tests to investigate the influence of the solar altitude angle on
the performance of the cookers without load are also taken into ac-
count. The ASAE S580.1 standard determines the conditions under
which the tests are performed [12]. It specifies the use of water as load,
) a ratio load of 7 kg m~2 and the valid ranges of the ambient tempera-
ture, wind speed and solar irradiance. Some of these constraints were
not fulfilled such as the load ratio adopted in each test. In addition, in
some tests, the average wind speed v, exceeds 1 m s71, i.e., the maxi-
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mum value established by the standard. As mentioned before, the dif-
ferent configurations have different values of 4, max. Thus, it was de-
cided in present work to apply the same mass of load instead of using
strictly the load imposed by the standard. It is important to point out
that the use of a high load ratio of 7 kg m~2 makes the heating up of the
load too long. Moreover, it is not representative of the mass load of
most solar cooked dishes in practice with this kind of panel solar
cooker. For this reason, the mass load of 1.5 kg but also lower values of
1.0 kg and 0.5 kg, were adopted in present study. Table 2 shows the
corresponding values of the load ratio for each cooker configuration.
For each experiment, it is important to observed how the different
uncontrolled variables vary with time. It allows to verify if the ranges
established by the standard were or not fulfilled. Moreover, it allows
also to check if there was or not any problem with logged data. As one
example, Fig. 5 shows the time evolutions of most important measured
variables during the experiment no. 126A, which was carried out on
25t March 2021. The depicted variables in Fig. 5 are: i) the solar alti-
tude angle &5, the global normal solar irradiance /,, the beam normal
solar irradiance 1y, ii) the water temperature 7,, and the ambient air
temperature 7, and iii) the average wind speed in 1 min time interval

va. In this particular experiment, the CC1, CC2 and CC3 cookers were
tested in configurations Cave, Flower and Ninety, respectively, under
medium solar altitude angles.

The ASAE S580.1 standard [12] recommends a methodology for cal-
culating and plotting the standardised power of a solar cooker. The
technical report can be used for comparing the performance of different
cooker designs. In case of the present work, it is helpful to compare the
performance of the different configurations of the Copenhagen cooker.
The calculation of the power is made by using measured data for sev-
eral observation points, each one representing the value of time interval
i with a duration (A¢;) of 600 s. The power is determined by the follow-
ing expression:

. mycy ATy
= 1
0= —— ¥

i

where My, ¢y and ATy; represent, respectively, the mass, the spe-
cific heat and the temperature variation of the load. In present work, a
constant value of 4180 J kg=! °C~! was assumed for the specific heat of
water. The error of this assumption, in the range of 10-95 °C, is less
than 0.3%. The standardised cooking power associated with each time
interval i is determined by just normalizing the previous power with the

Table 2
; ; -2 hy-
Load ratio values associated with the three tested cooker configurations. reference value of global normal solar irradiance of 700 W m™= by:
Configuration Cave Flower Ninety R . 700
Osi=0i7— )
my, (kg) Load ratio (kg m~2) &%
(1)'?) g:; ?)'3; i';g where 1, ; represents the average value of the global normal solar ir-
15 8.62 761 6.30 radiance in the time interval i. By following the protocol of ASAE
1200 = =56
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—
.-.': >
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600 —
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Fig. 5. Time evolutions of measured variables during the experiment no. 126A.
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$580.1 standard [12], the standard cooking power Qg values are plotted
as a function of the difference between the average temperature of load
and average ambient temperature, in each time interval i, a difference
represented by AT, ,. The use of a minimum of 30 valid observation
points is recommended by the standard. Thus, to fulfil this requirement,
experiments must be conducted in more than one day. The standard
proposes to derive the following linear regression with coefficient of de-
termination (R2) greater or equal to 0.75:

Qs = 05 +aAT,, 3)

Following the standard, the particular standardised cooking power
value Qs 5 is calculated for a reference point where ATy, is equal to
50 °C.

The two statistical parameters determining the uncertainty of the
linear regression, the prediction intervals Qs p; 95 and the confidence
intervals Qg 954, adopted by Ruivo et al. [9] are also considered in the
analysis of the results of Copenhagen cookers.

4. Analysis of results of testing different configurations of cookers

A first set of some experiments using cookers with empty pots was
performed on May 2020 and June 2020 and a large number of experi-
ments using water as load was performed on March 2021, May 2021
and June 2021. The data of this second set of tests are listed in Table A
of Appendix A.

In this section, the performance of the solar cookers without water
load is firstly analysed for the different ranges of solar altitude angles.
Secondly, the plots of the standardised power of the solar cooker for the
different configurations and for a wide range of solar altitude angle are
analysed. Thirdly, the impact of using different water mass values on
the standardised power and on the time needed to heat up water to
95 °C, for a particular configuration of the cooker, is examined.

4.1. Analysis of solar cooker performance without water load

The main goal of testing the different configurations of the Copen-
hagen cooker without inserting water into the pot is to investigate how
the solar altitude angle influences the air temperature inside the pot
T, pot, @ variable that can be seen as an important performance parame-
ter of cooker when operating with small thermal inertia because the
measured air temperature achieves much higher values, with a short
delay, than the ones obtained with water. Moreover, the registered evo-
lutions can represent also how the stagnation temperature depends on
the solar altitude angle. Thus, the plots provide valuable information
about what is the most suitable configuration for different ranges of so-
lar altitude angle.

In this context, two experiments were conducted. In each experi-
ment, the three cookers were tested side-by-side under the same uncon-
trolled weather variables, but assuring that, during the test period, the
sky was clear, the wind speed was very low and the variation of the am-
bient temperature was also low.

The first experiment was performed, on 18™ May 2020, by using a
glass transparent lid over the pot. This cooking vessel configuration was
the ones adopted in all tests made with water as load. When using a
transparent lid, the extremity of each thermocouple inside the pot can
be affected directly by the intense flux of incoming solar radiation con-
centrated in the cooking zone of the cooker. Thus, the measured value
may do not represent accurately the air temperature inside the pot be-
cause the sensors do not have any shielding protection. In a second ex-
periment, performed on 22t May 2020, an opaque lid of the same ma-
terial of the pot was used in each test, actuating as a shielding device of
the sensors of temperature inside the pot. The results of the tests of
these two experiments are depicted in Fig. 6. The experiments were
conducted between 11:00 and 16:30 solar time by making azimuthal

140
120
100
O 80
e 607 .
40 —| Transparent lid Opahuc lid
---- Flower — | Flower
20 ---- Cave — | Cave
Ninety :Nr.'nery
U 1

I I I I T I I
20 30 40 50 60 70 80

o (°)

Fig. 6. Air temperature measured inside the pot for the several configurations
tested.

adjustments of the cookers and of the two pyranometers every 20 min.
It can be observed that the differences between the two experiments,
i.e., when using the transparent lid or the metal lid, are small. The first
conclusion of the analysis of the results of these two experiments is that
the Cave configuration provides worse performance than the Ninety
configuration for the considered range of @ in the analysis, because the
area A, max of the Ninety configuration is 37% greater than the area
Ay max of Cave configuration. The second conclusion is that the best per-
formance is provided by the Ninety configuration and the Flower config-
uration when @5 <65° and @5 >65°, respectively. The third conclusion
is that the trends of the temperature versus the solar altitude angle for
the Ninety and Cave configurations are similar, but the trend of Flower
configuration has a different trend, i.e., the achieved temperature in-
creases monotonically with the solar altitude angle. The maximum tem-
perature of Flower configuration is expected to be obtained when the
sun is at the zenith. From the plots of Fig. 6, the maximum temperature
achieved with Ninety and Cave configurations is observed when solar al-
titude angle is around 40°. Thus, it would be useful for the user that the
Copenhagen cooker was equipped an extra simple device for determin-
ing the solar altitude angle. Manufacturer should also provide informa-
tion in the user manual of the cooker regarding what configuration
should be adopted according to the operation range of the solar altitude
angle.

4.2. Analysis of solar cooker performance with high water mass load

In this section, the standardised power (g is analysed for cooker op-
eration with 1.5 kg of water. From Table 2, the load ratio values of
Cave, Flower and Ninety configurations are greater, little greater and lit-
tle smaller, respectively, than the load ratio recommended by the stan-
dard. The experiments with the different cooker configurations were
performed in a wide range of average solar altitude angle, i.e., & be-
tween 51° and 72°, that, in average, corresponds to medium and high
ranges of values of solar altitude angle.

Figs. 7 and 8 depicts the plots of Qg for the different cooker configu-
rations, respectively, for the medium range and high range of a;.

From observation of the results plotted in Fig. 7, it is confirmed that
the Cave configuration provides power values smaller than the ones
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Fig. 7. Plots of QS as a function of AT, , at medium solar altitude angles.
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Fig. 8. Plots of QS as a function of AT\, , at high solar altitude angles.

provided by Ninety configuration. From the same figure, the trend of
the Flower configuration is not linear, the power values are relatively
low and the power degradation is more intense in the right half part of
the plot. This degradation is due to the increase of thermal losses and to
the reduction of cooker performance when solar altitude angle becomes
smaller, as depicted in Fig. 6. Regarding the Cave and Ninety configura-
tions, both plots exhibit a linear trend because each test was conducted
with solar altitude angle ranging from 45° to 55°, a range where the
variation of performance of the solar cooker without water depicted in

Fig. 6 is small. Thus, only the linear regression data recommended by
the standard are indicated in Fig. 7 for Cave and Ninety configurations.

Regarding the experimental results of testing the different cooker
configurations depicted in Fig. 8 with sun high elevations, the values of
standardised power provided by Ninety configuration are higher than
the Flower configuration in a small range of AT, , values at the begin-
ning of the load heating process. It is also observed that the values of
standardised power provided by Flower configuration are higher than
the Ninety configuration in a relatively large range of ATy, values,
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mainly in middle period of the load heating process. These two opposite
behaviours are due to the fact @s was below 65° at beginning of the test
and above 65° in the middle of heating process. From the same Fig. 8, it
can be also observed that at the end of the heating process of the load
the maximum value of AT, , in Ninety configuration is smaller than the
maximum value of AT,,, in Flower configuration. Moreover, as shown
in Figs. 6-8, it is confirmed that the performance of Cave configuration
is worse than the performance of the Ninety configuration. Therefore,
only results of Ninety and Flower configurations in following studies are
analysed.

Another particular aspect to point out is related with the trends of
the plots of the Ninety and Cave configurations depicted in Fig. 8. These
two plots do not have a linear trend in all range of A7}, 5. They have two
distinct parts. In the first one, both plots have a large slope due to the
heat losses and to the fact that the performance of the cooker decreases
when @s increases as depicted in Fig. 6. In the second part, even the
thermal losses are bigger than in first part, the slope is very small be-
cause the performance indicator of the cooker represented in Fig. 6 im-
proves with the decreasing of angle 4. In this second part, these oppo-
site impacts on the power of the cooker are balanced and, for that rea-
son, the changes in power are small.

The performance of the Copenhagen cookers, devices that are de-
signed for operation with only azimuthal adjustments, is influenced sig-
nificantly by the variations on the angle &;.

For this reason, the influence of sun elevation on the performance of
both Ninety and Flower is presented in detail in Figs. 9 and 10, where the
marks of the points are coloured, being the colour associated with @;
value of the respective time interval.

Fig. 9 encompasses results of 10 tests performed with cooker config-
uration Ninety. There are two different groups of observation points.
The first group resulted from a set of 5 tests with an average angle a;
between 52° and 54°, being the points represented by yellow or light
green marks. The variation of angle @ in this group of tests corresponds
to the range values providing high performance indicator represented
in Fig. 6 for the Ninety configuration. In the same Fig. 6, the perfor-
mance indicator is almost constant in all range of angle &s. For this rea-
son, the plots of Fig. 9 present a linear trend, evidencing that the linear

regression can be derived and used. The second group corresponds also
to 5 tests that were performed at @5 between 64° and 71°. According to
the adopted colours for marks of the points in Fig. 9, most of the points,
excepting points of the tests 128A-CC2 and 130A-CC1 at end of the
process, are outside the range of optimal performance of configuration
Ninety as shown in Fig. 6 Thus, it explains that the points of the second
group of Fig. 9 have lower Qg values than the values of points of the first
group.

Regarding the plots of standardised power for the Flower configura-
tion in Fig. 10, two groups of points are also identifiable according to
the values of angle @;. The first group of points is made up of three tests
with &g ranging from 51° to 53°. As example, in the test 125A-CC1, the
@5 values ranged between 46° and 55°. In this range, the performance of
the Flower configuration is low and it depends strongly on @5, as shown
in Fig. 6, which explains the existence of low Qg values and the curved
shape of the plots. The second group of points is made up of 10 tests
that were carried out at &, between 65° and 73°. The plots of points in
the middle and relatively large range of A7\, , show a linear trend. Con-
trarily, the plots for the ranges of low and high values of A7, , present a
curved trend. According to the solar altitude angles of these two ranges
and to the associated performance indicator shown in Fig. 6, it indicates
that cooker in Flower configuration was not operating in optimum con-
ditions.

By analysing again Figs. 6, 9 and 10 together, it can be concluded
that the use of the Ninety and Flower configurations are recommendable
only when @; is lower than 65° and greater than 65°, respectively. In ad-
dition, changing from one configuration to another is very simple and
fast just by changing the right set of snaps. For these reasons, a new con-
figuration, called NFN configuration, is considered in a new set of tests
carried out with @ lower and higher than 65°. The test of this new con-
figuration corresponds in fact to make changes of configuration cooker
design during the test with the following sequence of configurations:
Ninety, Flower and Ninety. The changes are performed when the s is ap-
proximately 65°.

Fig. 11 depicts the results of the experiment no. 128A, in which
three solar cookers were tested side-by-side. Cookers CC1, CC2, CC3
were tested in the Flower configuration, the Ninety configuration and
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o 1234 CC1 53 0.33 24 1050 947
A 123A CC2 53 053 24 1050 947
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Fig. 9. Plots of Qs versus AT, w,a for the Ninety configuration.
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Fig. 10. Plots of Qs versus AT, , for the Flower configuration.
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Fig. 11. Plots of QS versus AT, , for the Flower, Ninety and NFN configurations.

NFN configuration, respectively. This experiment was carried out
when @; ranged from 54° and 69°. The vertical dashed lines correspond
to the instants when configuration of cooker CC3 was changed. None
observation points of an initial period of test, i.e., in the let region of the
first vertical line, are not plotted because they are not valid observation
points. The Flower and NFN configurations have the same behaviour
when @ is greater than 65°. When @5 is lower than 65°, the Ninety and
the NFN configurations present the same performance. Therefore, the
NFN configuration provides the best performance, when the minimum
and maximum values of & are greater and lower than 65°, respectively.

To validate this finding, five tests were performed with the NFN config-
uration. The obtained results are depicted in Fig. 12. It shows that the
points obtained for the NFN configuration have a linear trend. So, corre-
sponding linear regression data are also indicated in the same Fig. 12.

4.3. Analysis of solar cooker performance with different water loads
The tests considered in previous section 4.2 were done with a water

mass of 1.5 kg, which is a relatively high value of the same magnitude
given by the load ratio recommended by the standard. In real cooking



10

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

60 = = 96 Exp. Cooker @, 7, T, [, Jw
Pssn=18W o I28A CC3 65 119 21 996 £49
Q:N":u-:'w". (174, 18.6 )W & 129A CCl1 67 087 23 999 339
i ; + 1304 CC2 65 059 25 998 865
Ossoroses: (129, 20W || 130s ce3 70137 27 1023 884
L (s =47.1-0.581 AT, & 137A CCI 70 0,52 27 986 827
x\* R*=0.94
4 Solar altitude ( o5 )
40 - - 7
- 7
- 53
::;: - 54
Z 35 4 - 50
e - 56
< 52
» 48
ap -—
10 —
ﬂ -
0 0 20 30 40 50 60 70 80
AT, (PC)

Fig. 12. Plots of Qg versus ATy, for the NFN configuration.

operation with high mass load, 3 to 4 h are needed to load reach the
boiling water temperature in the different configurations of the Copen-
hagen cooker and also in most of panel cookers. If the right configura-
tion is not adopted, the load may not attend the boiling water tempera-
ture. Thus, the cooking success result when using a slow cooker de-
pends on the load mass. Therefore, lower mass load values of 1.0 and
0.5 kg are also considered in following studies of present work ad-
dressed only with in NFN configuration.

Figs. 13 and 14 depict the results of the tests performed with NFN
configuration for load mass of 0.5 kg and 1.0 kg, respectively by using

the same cooking vessel. Figs. 12-14 list the values of the most impor-
tant parameters of the linear regressions for mass loads of 0.5 kg,
1.0 kg and 1.5 kg.

The use of different load mass values in the same pot causes varia-
tion in the volume occupied by the load and its respective level. Conse-
quently, the surface of the pot wall wetted by the load increases with in-
creasing of the load mass. This causes changes in the heat transfer phe-
nomena occurring inside the pot and in the surface of the pot. It is ex-
pected that the heating process is more efficient when pot is filled with
higher mass of load, but as mentioned before the cooking success result
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Fig. 13. Plots of Qs versus AT, , for the NFN configuration with load of 0.5 kg.
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Fig. 14. Plots of QS versus AT, , for the NFN configuration with load of 1.0 kg.
of a high mass load may not be achieved when cooking period is too 140 — o
long or maximum load temperature is too low. g o
From Figs. 12-14, the standardised power values of Qs,o: i.e., stan- . e
dardised power values for AT, = 0 °C, are 38.5 W, 43.2 W and 120 — Ns0 =20 % ! ,*’
47.1 W, respectively, for mass load values of 0.5 kg, 1.0 kg and 1.5 kg. o/ i X ’
From the same set of figures, the standardised power values of Oy 5o, 100 — Nso =30 % - N
’ ’
i.e., standardised power values for AT,,, = 50 °C, are 11.9 W, 17.5 W ‘. R
and 18.0 W, respectively, for mass load values of 0.5 kg, 1.0 kg and . Hdll es 2/' ; EReQallieri
1.5 kg. By inspecting the achieved values of Og o and Qs s for the differ- % 80 — ,,' ‘ ; A =
ent mass values of load, it results, as expected, that operation with =] . h e e
higher mass load is more efficient than operation with smaller mass 6”} 60 — ’ A CooKit e
load, but for cooking operation of a certain mass of food in common ’;' L ’ i
cooking period of around 2 h is better to distribute the amount of food ! e -
by several cookers. Each cooker would cook a low mass of food. 40 Iy ’; é Haines ]- Nso = 10 %
Even it is difficult to make a comparison of performance of different Ninofy, o -
cooker designs with published data due to several reasons, the perfor- 20 — P - FIOtpot
mance in terms of standardised power Qs 5o and the corresponding effi- Cil)ﬁ’.c' -rlowel
ciency 750 for the different configurations of Copenhagen solar cooker is Pt
— el
compared with performance of other panel cookers. The efficiency #s0 0
here introduced is defined by: ! ! ] l I !
0 0.0 0.2 0.4 026 0.8 1.0
S,50
oo = o — &) A p,max (M7)

n,max

where 4y max is the maximum normal area to the incoming beam ir-
radiation being collected by the solar cooker. The performance data of
all panel cookers indicated in Table 1 and the performance data of all
configurations of Copenhagen cooker are plotted in Fig. 15. Each point
in this figure represents the performance of each cooker design for
AT,, =50°C or close to this difference value. In case of Copenhagen
cooker configurations, the performance data corresponds to tests per-
formed with a load of 1.5 kg. The different cooker designs being
analysed in Fig. 15 have different 4, max and were tested with different
load ratio values. The best cooker seems to be the Star Flower because it
provides biggest values of power and efficiency. The standardised
power Qg 5, for the Copenhagen solar cooker configurations are small

Fig. 15. Performance data of several solar cookers for A7, w.a equal or close to
50 °C.

mainly because their 4, max values are small. The performance of the
NFN configuration has not been represented because its design chang-
ing during each test implies changes on the 4 max value. From Fig. 15,
it can be observed that the performance of Ninety configuration is better
than the other two configurations of Copenhagen cooker due to its
higher value of 4, max. The efficiency %50 of Ninety configuration is simi-
lar to the efficiency of the Haines 1, Funnel and Cookit solar cookers.
The Flower and Cave configurations provide lower values of Qs 5o, due
to their smaller values of 4, max and #1s0. Anyway, because the power
values are relatively low, the amount of food that can be cooked in
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practice is limited. It is recommended that the design is scaled up to an
aperture area of around 0.5 m?.

5. Conclusions

In present work, three configurations of Copenhagen solar cooker
and also a combination of two configurations were tested experimen-
tally, following as closely as possible the ASAE S580.1 [12] standard.
Tests were performed in a wide range of solar altitude angles, for three
different water mass values.

A particular set of tests without water inside the pot was also per-
formed. The findings obtained from this set of tests, in terms of the de-
pendence of the performance as a function of the solar altitude angle,
contribute to a better understanding how in some cases the plot of the
standardised power does not evidence a linear trend making impossible
the application of the ASAE S580.1 standard in such cases. So, it can be
inferred that the procedure supporting the standard is suitable only
when the solar altitude angle during a test with an empty cooking ves-
sel does not cause important changes in the solar cooker performance.
For this reason, when evaluating the performance of a solar cooker tak-
ing into account the ASAE S580.1 standard, it is highly recommended
to perform an extra test of cooker with an empty cooking vessel in order
to consider valid or not the evaluation obtained by the standard proto-
col.

From the analysis of the testing results associated with the three
main configurations of the Copenhagen cooker, the following findings
were achieved. Firstly, in the entire range of solar altitude angle investi-
gated, the Cave configuration provides less standardised power values
than the Ninety configuration. So, the Cave configuration recommended
by the manufacturer may be discarded from the user manual. Secondly,
the Ninety and Flower configurations provide the best performance
when solar altitude angle is below or above 65°, respectively. Thirdly,
for tests carried out with a solar altitude angle ranging from a value be-
low 65° to a value above 65°, the best option is to make the following
sequential configuration change during the test: Ninety, Flower and
Ninety. Fourthly and lastly, the values of maximum aperture area, effi-

Appendix A. Data of all tests conducted in the present study

ciency and power of the Ninety configuration are higher than the Flower
configuration.

The results obtained from the tests with different amounts of water
corroborated what was expected. The performance of the cooker in
terms of the reference standardised power value increases with increas-
ing of the mass of the load when using the same pot. The use of amounts
of load lower different than the recommended value of the standard,
when testing a cooker, is crucial to evaluate the success of real cooking
food.

The power of a particular design of cooker is strongly dependent on
the its maximum aperture area. In case of the best Copenhagen cooker
configuration, the maximum aperture area can range from 0.238 m? in
Ninety to 0.4 m? in a new configuration to be investigated in a further
research work.
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The data associated with all performed experiments with the different version of the Copenhagen solar cooker by using water as load inside the
cooking vessel are listed in Table A. The time values correspond to solar time. In some tests, the linear regression data are not reported because the

standard protocol [12] is not applicable.

Table A
Data of experiments conducted in Copenhagen solar cookers with water.

Expt. no. 123A 123A 123A 124A 125A 125A 125A 126A
Cooker CC1 CC2 CC3 CC3 CC1 CC2 CC3 CC1
Configuration Ninety Ninety Ninety Flower Flower Ninety Cave Cave
Start time 10:44 10:44 10:44 10:25 10:05 10:05 10:05 10:05
End time 14:00 14:00 14:00 14:00 13:25 13:25 13:25 14:05
Date 22 Mar 2021 22 Mar 2021 22 Mar 2021 23 Mar 2021 24 Mar 2021 24 Mar 2021 24 Mar 2021 25 Mar 2021
my, (kg) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
My 13 13 13 20 16 14 19 21
I, (W m*2) 1050 1050 1050 1030 1024 1023 1021 1047
Ton (W m*Z) 947 947 947 919 914 916 912 933
a (°) 53 53 53 51 53 53 52 52
7_"a °C) 24 24 24 21 23 23 23 23
V, (m 57! ) 0.53 0.53 0.53 1.43 0.71 0.63 0.68 0.81
Os.50 (W) 295 29.3 30.9 - - 29.9 15.0 15.7
Qs.o W) 58.2 57.3 61.4 - - 61.2 43.9 41.9
a(-) —-0.58 —0.56 —0.61 - - -0.63 —0.58 -0.52
R 0.995 0.996 0.986 - - 0.993 0.984 0.997
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Expt. no. 126A 126A 128A 128A 128A 129A 129A 129A
Cooker CC2 CC3 CC1 CC2 CC3 CC1 CC2 CC3
Configuration Flower Ninety Flower Ninety 9F9 9F9 Flower Ninety
Start time 10:05 10:05 10:35 10:35 10:35 10:35 10:35 10:35
End time 14:05 14:05 14:00 14:00 14:00 13:35 13:35 13:35
Date 25 Mar 2021 25 Mar 2021 04 May 2021 04 May 2021 04 May 2021 05 May 2021 05 May 2021 05 May 2021
my, (kg) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
ny 19 13 19 20 21 16 16 16
I, (W m*Z) 1049 1045 998 998 996 999 999 999
Ton (Wm™2) 934 929 854 853 849 839 839 839
@ () 52 54 65 65 65 67 67 67
]_“A (°C) 23 22 22 22 21 23 23 23
v, (ms7") 0.8 0.77 1.13 1.14 1.19 0.87 0.87 0.87
Os50 (W) - 30.5 - 16.6 18.3 18.4 - 16.2
Os0 (W) - 65.8 - 39.0 43.0 45.0 - 44.8
a(-) - -0.71 - -0.45 -0.49 -0.53 - -0.57
R? - 0.988 - 0.969 0.975 0.934 - 0.986
Expt. no. 130A 130A 130A 131A 131A 131A 132A 135B
Cooker CC1 CC2 CC3 CC1 CcC2 CC3 CC1 CC2
Configuration Ninety 9F9 Flower Flower Flower Flower Flower 9F9
Start time 10:15 10:15 10:15 10:15 10:15 10:15 10:15 12:15
End time 14:00 14:00 14:00 13:55 13:55 13:55 13:56 13:55
Date 06 May 2021 06 May 2021 06 May 2021 07 May 2021 07 May 2021 07 May 2021 13 May 2021 21 May 2021
my (kg) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 0.5
ny 22 23 22 19 20 20 20 10
I, (Wm™2) 998 998 998 998 998 998 1006 993
Ton (W m-z) 865 865 865 865 865 865 879 804
@, (%) 65 65 65 66 66 66 68 67
T, (°C) 25 25 25 28 28 28 29 26
v, (ms7!) 0.58 0.59 0.58 0.16 0.16 0.16 0.61 1.12
Os.50 (W) 14.7 18.5 - - - - - 10.6
Os0 (W) 38.2 47.8 - - - - - 41.7
a(-) —-0.47 -0.59 - - - - - -0.62
R? 0.916 0.957 - - - - - 0.968
Expt. no. 135B 136A 136A 136A 136B 136B 137A 137A
Cooker CC3 CC1 CC2 CC3 CC1 CC2 CC1 CC2
Configuration 9F9 9F9 9F9 9F9 9F9 9F9 9F9 9F9
Start time 12:35 9:55 9:55 9:55 12:15 12:15 9:55 9:55
End time 13:55 11:55 11:55 13:15 13:15 13:15 13:15 11:55
Date 21 May 2021 24 May 2021 24 May 2021 24 May 2021 24 May 2021 24 May 2021 25 May 2021 25 May 2021
my (kg) 1.0 0.5 1.0 1.5 0.5 1.0 1.5 1.0
np 7 12 11 19 5 5 17 11
I, (Wm™2) 977 1013 1015 1023 1030 1030 986 991
Ton (Wm™2) 785 879 880 884 886 886 827 834
o (%) 66 68 69 70 70 70 70 69
fﬁ °C) 26 27 27 27 27 27 27 26
¥, (ms71) 1.13 0.7 0.7 1.37 2.19 2.19 0.52 0.59
Os.50 (W) 8.9 11.5 18.8 16.2 10.2 15.4 18.7 18.3
Os0 (W) 47.2 34.5 44.0 53.5 36.8 44.2 45.7 43.5
a(-) -0.77 —-0.46 —0.50 -0.74 —0.53 —0.58 -0.54 —0.50
R? 0.979 0.975 0.979 0.973 0.999 0.999 0.953 0.974
Expt. no. 137A 137B 137B 138A 138A 138A 139A 139A
Cooker CC3 CC2 CC3 CC1 CC2 CC3 CC2 CC3
Configuration 9F9 9F9 9F9 Cave Ninety Flower Flower Cave
Start time 9:55 12:15 12:15 9:55 9:55 9:55 10:02 10:02
End time 11:55 13:15 13:15 13:55 13:55 13:55 13:54 13:54
Date 25 May 2021 25 May 2021 25 May 2021 07 Jun 2021 07 Jun 2021 07 Jun 2021 09 Jun 2021 09 Jun 2021
my (kg) 0.5 1.0 0.5 1.5 1.5 1.5 1.5 1.5
y 11 4 4 23 23 18 7 9
I, (Wm™2) 992 986 986 1012 1012 1014 955 946
Ton (Wm™2) 838 826 826 881 881 881 764 756
@) 68 70 70 71 71 72 73 71
T.(°C) 26 28 28 28 28 28 30 29
V, (m s7! ) 0.61 0.33 0.33 1.0 1.03 0.96 0.80 0.86
Os.50 (W) 13.3 19.3 13.6 - - 20.4 18.7 -
Os,0 (W) 44.6 44.3 42.5 - - 46.7 53.6 -
a(-) -0.57 —-0.50 —-0.58 - - —-0.52 -0.70 -
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Expt. no. 137A 137B 137B 138A 138A 138A 139A 139A
R? 0.998 0.995 0.997 - - 0.965 0.932 -
Expt. no. 140A 140A 140A
Cooker CC1 CC2 CC3
Configuration Flower Cave Ninety
Start time 9:54 9:54 9:54
End time 13:54 13:54 13:54
Date 10 10 10
Jun Jun Jun
2021 2021 2021
m,, (kg) 1.5 1.5 1.5
ny 22 22 23
I, (Wm™2) 986 986 986
Ton (W m*Z) 810 810 810
@ (%) 71 71 71
T 2 (°C) 29 29 29
¥, (ms7!) 1.25 1.25 1.21
Os.50 (W) 14.6 - -
050 (W) 49.9 - _
a(-) -0.71 - _
R? 0.956 - -
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