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Abstract

In the present work, an improvement of protocol widely used for reporting the thermal
behaviour of solar cookers is communicated to the scientific community. The linear
regression used to represent the standardised cooking power is based on the well-known
Hottel-Whillier-Bliss equation written in dimensionless format. The authors’ new
formulation procedure for estimating the standardised power includes a correction for the
difference between the load temperature and the ambient air temperature of the procedure
of ASAE S580.1 Standard. It is derived from a simple theoretical deduction, similar to
the ones usually applied to solar thermal flat collectors. The correction factor relates itself

with the ratio between the measured solar irradiance and the solar irradiance chosen as a
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standard value. As one example, test results of a funnel cooker loaded with water are used

to show the impact of the improvement of the procedure for reporting performance of a

solar cooker. The procedure is valid only for solar cookers evidencing a clear linear

performance curve.

Keywords: solar cookers; cooker power; linear regression; standardised power;

consistent improvement.

Nomenclature

An
An,max

Normal area to the incoming solar radiation (m?)
Maximum value of A, (m?)

System surface area (m?)

Coefficient in Eq. (10) (W °C?)
Coefficient in Eq. (11) (W °C?)
Coefficient in Eq. (10) (W)
Coefficient in Eq. (11) (W)
Coefficient in Eq. (12) (W)
Coefficient in Eq. (12) (W °C?)
Concentration ratio

Specific heat of the load (J °Ckg™?)
Global normal solar irradiance (W m)

Global normal solar irradiance at time interval i (W m)

Global normal solar irradiance (W m)

Cooker power (W)
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Mg Mass of load (kg)

Q; Cooker power at time interval i (W)

Qso Cooker power for AT, =50°C, calculated with Eq. (10) (W)

Q" Standardised power of the cooker (W)

Q,* Standardised power at time interval i (W)

Qo Standardised power of the cooker for AT, =50°C, calculated with Eq. (11)
(W)

Qrad Rate of solar radiation entering into the system (W)

Qs Standardised power to be used in Eq. (12) (W)

Qs Standardised power at time interval i (W)

Qs.50 Standardised power for AT , =50°C, calculated with Eq. (12) (W)

R Thermal resistance (m? °C W 1)

T, Ambient temperature (°C)

Ts Load temperature (°C)

t Time (S)

U Overall heat transfer coefficient (Wm2°C™).

Greek symbols

2 Coefficient of Eq. (7) (-)

a Coefficient of Eq. (7) (Wm2C™)

X Specific temperature difference (m?°C W)

Xi Specific temperature difference at time interval i (m*C W)

5Q50,700 Ratio of AQ50,700 to Q;O (W)
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At Time interval i (S)

AQs0.700  Difference between Qg s and Qsg (W)
ATt o Difference between the load temperature and the ambient air temperature (°C)
ATt i Difference between the load temperature and the ambient air temperature at

time interval i (°C)

AT Variation of load temperature in the time interval i (°C)
ATfTa Difference between the load temperature and the ambient air temperature (°C)
ATt ai Difference between the load temperature and the ambient air temperature at

time interval i (°C)

ATfTa,sto Correct value of difference between the load temperature and the ambient air
temperature for the power value Qg 5o (°C)

n Instantaneous efficiency

i Instantaneous efficiency at time interval i

o Optical efficiency

% Corrected optical efficiency

0 Thermal capacitance of the load (J °C™?)

1. Introduction

Most common solar cookers are single devices usually classified as tube cookers, box
cookers, parabolic cookers and panel cookers. For panel cookers with a relatively small
collecting area: i) a heat-trap is used with the cooking vessel as an important accessory to
ensure that cooking succeeds and ii) the cooking process is not as fast as in common

parabolic cookers of relatively high aperture area. The protocol of the ASAE 580.1
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Standard [1] has been considered by testers to report the thermal behaviour of solar
cookers with a standardised power value when the difference between the load
temperature and the ambient air temperature is 50 °C [2-4]. The linear regression
produced by plotting power against the difference between the load temperature and the
ambient air temperature, as required by the Standard [1], is influenced by the thermal
resistance associated with the thermal losses from the load to the ambient [5].

Several designs of panel cookers, and in particular of funnel solar cookers, have been
tested [4]. For instance, the portable Haines 1 and 2 solar cookers were found to have a
standardised power of 41 W and 82 W, respectively, for a temperature difference of 50
°C [4]. Apaolaza et al. [6] have also analysed the Haines 2 cooker in a wide range of solar
altitude angle and determined under most suitable conditions a standardised power value
of 87.7 W. In the case of the Cookit solar cooker, having an aperture area similar to that
of the Haines 2, a standardised power of 58 W was determined [4]. The HotPot is a small
solar cooker comprising a foldable reflector made of aluminium and equipped with a
black cooking vessel coupled with a glass enclosure to minimize thermal losses to the
environment, but leakage of vapour through lid gaps was found to be the major cause of
the thermal losses [7]. Based on the experimental results, a standardised power of only
25 W was determined for this small device, and about 6.9% of the mass of water contained
in the HotPot evaporated at the end of the test [8]. It is worth noting that this small
percentage causes a non-negligible error in the evaluation of the cooking power as
reported in the ASAE S580.1 Standard.

The funnel solar cooker tested recently in Malaga-Spain [2,3] can be classified as a panel
cooker. The measured data, derived from a relatively large number of experiments carried
out with this cooker, was taken into account to calculate the standardised value of power

by following as much as possible the protocol procedure published in the ASAE 580.1
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[1]. In the two published works [2,3], water was used as load but with a load ratio of 4
kg m, i.e., a value smaller than the ratio required by the Standard [1]. In the case of the
work of Ruivo et al. [2], funnel cookers were tested by using a massive glass enclosure
and carrying out experiments under low-sun elevations. Authors found that using a glass
lid over the black cooking pot allowed to obtain a power value 46% greater than that using
a black opaque lid. Two funnel cookers having the same reflector were also tested at the
same time using variable trivets to modify the position of the cooking set [3]. It was found
that the height of the trivets slightly influences the cooking power, and the ASAE S580.1
Standard is not able to evaluate this small difference.

Four different configurations of the Copenhagen, another panel-type solar cooker, were
characterized experimentally under the same weather conditions [9]. From the no-load
results, the authors found that the performance of one configuration is more dependent
on the solar altitude than the others. Also, the experimental observation points for plotting
the curve of the cooker power of each configuration evidence that the linear trend of the
standardised power is not universal and dependent on the solar altitude angle. This aspect
suggests that the ASAE S580.1 Standard should be revised.

Sethi et al. [10] have experimentally tested one box-solar-cooker and reported its
performance by using linear regression curves; however, a positive value for the slope of
the fitting equation was found. The same result was obtained when the GoSun Sizzle
cooker was tested [4]. In two recent papers by Ruivo et al. [11,12], it was clearly shown
that the performance curve can contain two regions with different behaviours. A first
region, where power or instantaneous efficiency increase from the beginning of the test
up to an intermediate point during the test, and a subsequent region where both
performance parameters decrease until the end of the transient load heating test. These

two regions were investigated by using the test results of a funnel cooker, loaded with
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glycerine, and a box solar, loaded with peanut oil. In the authors’ opinion, solar cooker
designs showing this behaviour, with these two distinct regions, should be tested
following a different protocol than the one recommended by the ASAE 580.1 Standard.
The existence of these two regions was also observed in the test results of a box solar
cooker with relatively high concentration ratio, investigated by Coccia et al. [13]. The
first region is observed from the beginning of the experiment until the point where the
difference between the load temperature and the ambient air temperature was
approximately equal to 60 °C. The second region with the linear trend, where power
continuously decreases, was only observed after this intermediate point. A solution for
reporting the performance of solar cookers, showing these two distinct regions in the
performance curves, was investigated by Ruivo et al. [12] recently. The proposed
regression is a nonlinear curve, which should be derived from a suitable exponential
fitting of the measured load temperature values.

Even though the authors of the present paper have considerable experience of performing
tests and reports on the solar cooker performance [2,3,6,9,11-16], it is only recently,
when writing the recent published work [17], that they discovered that the ASAE 580.1
procedure to derive the linear standardised power performance curve, which is not
scientifically correct in terms of dimensional analysis.

When reporting a cooker power for a standard condition that is different from the
condition of the experimental test, the performance changes not only in terms of values
of power but also in terms of the values of difference between the load temperature and
the ambient air temperature. Thus, the single value of standardized power [1] obtained
without taking into account the impact on the mentioned temperature difference is
overestimated, being the overestimation directly related to the ratio of the solar irradiance

of the test and the standard value. An updated procedure to report the single standardized
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power is therefore presented by following well-known established first principles of
physics. As just one example, suitable experimental data obtained from testing a funnel
cooker was chosen to illustrate the magnitude of the differences between the ASAE 580.1
procedure and the improved procedure supported by the best actual scientific knowledge.
Moreover, all detailed measured experimental data of the chosen test is presented in
Appendix A to be accessed by all research teams and testers.

2. Mathematical formulation

The coupled transfer phenomena occurring in solar cookers are usually analysed by
assuming a set of simplifying assumptions. One commonly adopted assumption is that:
the load and the cooking set are treated as one “lumped-capacitance-thermal” system. The

incoming solar radiation collected at rate Q,,q causes the heating of the load, but at the

same time there are thermal losses from the system to the ambient air and to the
surroundings, mainly due to convection and radiation phenomena, respectively. It is
important to point out that in some cooker designs, a heat loss associated with thermal
conduction and a mass loss associated with evaporation phenomena can also occur during
the heating of the load. When testing solar cookers loaded with water, final temperatures
are below boiling point. So, under this condition, there is no need to consider the energy
loss associated with water boiling phenomena. Moreover, assuming that the phase change
associated with evaporation is negligible, the power of the solar cooker Q depends on

the rate of variation of the load temperature T; , i.e., it corresponds to the rate of variation

of sensible heat stored by the load, given by:

5 4Tt
Q=0 (1)

It relates itself to the rates of thermal energy entering and leaving the thermodynamic

system defined by the load, with a thermal capacitance 2 and surface area Ag, as:
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Q=Qrad ~UA (T¢ ~Ta) 2

The coefficient U depends on the thermal resistances associated with all existing heat
losses. EqQ. (2) only applies when the mean radiant temperature of the surroundings is
assumed to be close to the ambient temperature (T, ) as usually is considered when, for
simplicity and convenience, a combined heat transfer coefficient approach is adopted in
solving transfer problems where radiation and convection heat transfers being lost from
a surface occur at the same time [18].

For a solar cooker with a collecting area perpendicular to incoming beam solar radiation

A, Qg Can be estimated by:
Qrad =o'nAn ©)

where 1, represents the normal solar irradiance and 7, the optical efficiency. When a
solar cooker is used with an imperfect tracking, the collecting area of the system A, is
smaller than A, 1ax » the maximum value of A, when perfect tracking is adopted. The
optical efficiency usually depends on the tracking method and on the design of a particular
cooker model.

Eqg. (2) corresponds to the well-known Hottel-Whillier-Bliss (HWB) equation that has

been widely used to support the performance report of solar collectors under steady-state

conditions [19]. It can be demonstrated that Eq. (2) is also equivalent to:

: ' AT,
Q :77(,) _77_0 fa (4)
InAh,max R In

where AT, represents the difference between the load temperature and the ambient air

temperature. The term in the left member of Eq. (4) is here called instantaneous efficiency

(77). It characterizes the conversion, at each instant, of the incoming solar radiation into

the energy accumulated in the system. The ratio of this difference to the solar irradiance
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I, is here called specific temperature difference ( x ), but it is also referred to as reduced
temperature parameter by other authors [20]. Knowing that the concentration ratio C
corresponds to the ratio of A, 5. t0 Ay, R is defined as:

R=n,C/U (5)
The corrected optical efficiency parameter, 7, characterizing an imperfect tracking
operation of the cooker is expressed by:

10 = 1oAn | Anmax (6)
Eqg. (4) can be written as a non-dimensional linear performance curve by:

n=ag-my (7

with assumed constant values of g =75 and oq =75 /R.
Similarly, Eq. (2) can be written as a linear regression in terms of cooker power:

Q=ag— aqATg o (8)

or in terms of standardised cooker power (Q*) for a global solar irradiance of I; as:

Q" =ag—ay AT, (9)
The linear regression expressed by Eqg. (8) corresponds to the performance of the cooker
for a particular value of global normal solar irradiance I,, and the linear regression
represented by Eq. (9) corresponds to the correct performance curve of the cooker at a
standard solar irradiance of I; . Both Egs. (9) and (10) are equivalent to the dimensionless
regression expressed by Eq. (7). In the ASAE 580.1 Standard, the adopted linear
regression for the standardised cooker power or adjusted cooker power (Qg) is:

Qs =as0—as14Tt, (10)
The same standardised cooker power values are used in this regression, but it is important

to point out that Eq. (10) is not strictly equal to Eqg. (9) as scientifically it should be,

10
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because the effect of the change in solar irradiance from the conditions of an experimental
test to the standard solar irradiance is not considered in the value of the temperature

difference AT; ,, as it will be explained later.

Following the ASAE 580.1 procedure, the standardised power values (%’i) are

. . * . -
calculated for a solar irradiance 1,, as a finite difference:

*

. ATf i |
Qgj=2———" (11)
At In,exp,i

where ATg; represents the load temperature variation in each time interval At;, that in
case of the Standard it is fixed at 600 s. Similarly, the solar irradiance 1y, ¢y ; represents

the average value of the global normal solar irradiance at time interval i. In order to plot

the required number of points to derive the linear curve, the difference ATt , ; is calculated

for each time interval as the difference between the average values of the load temperature
and ambient air temperature. These two average temperature values are average values

calculated with values measured at the respective time interval. In the non-standardised

linear regression (Eq. (8)), the average value of the cooker power at time interval i, Q;,

is calculated, without performing any solar irradiance correction, by:

5 = 2t (12)
Q| - A_'[I

In the case of the corrected standardised linear regression (Eq. (9)), the average value of
the cooker power Q; and the average value of the temperature difference ATffa,i , at time

interval i, are calculated, performing the solar irradiance correction, respectively, by:

*

& —Zt_n (13

At In,exp,i

and

11
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AT i =Agai—— (14)
n,exp,i

Following the same procedure, the discrete values of efficiency 7; and specific

temperature difference y; would be calculated in the same way to derive the linear

regression represented by Eq. (7). The solar irradiance |;:700 W m?2, value

recommended by the ASAE 580.1 Standard [1] is adopted in these calculations.
The main finding of the present work simply demonstrates that the standardised power

reported by the Standard Qg 5, @ value to be observed when the difference between the

load temperature and the ambient air temperature is 50 °C for I;:YOO W m2, has an
associated difference. The magnitude of this difference (.4Qgq 700 ) for a particular cooker
depends on the slope of its linear regression curve. It is here evaluated by comparing
Qs,5o predicted by Eqg. (10) with AT, =50 °C and Q;O predicted by Eq. (9) with ATfTa
=50 °C:
4Qs50,700 = 50(6‘3,1 —a ) (15)

and the associated relative difference is defined as 5Qgg 709 i-€., the ratio of AQgq 700
t0 Qsp-

By using Eq. (9), the correct temperature difference ( ATfTa,QSSO) associated with the

power value can be estimated as:

x ag — Qs 50
ATt 20550 = — (16)
1

One important finding by Ruivo et al. [11] is that considering the system thermal
capacitance 2 equal only to the thermal capacitance value of the load or to the global

thermal capacitance of the load and the cooking vessel has no impact on the calculated
12
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linear regression parameters. Thus, only the thermal capacitance of the load is here

adopted, i.e., .Q:rnpr,f where m¢ and Cp,f represent, respectively, the load mass and

the load specific heat.

3. Calculation of the power of a tested funnel cooker

The funnel cooker shown in Fig. 1 has been used in several experiments for investigating
the impact of cooker design changes in the performance of the system. Its maximum
aperture area is 0.5 m? and its reflector is made of composite material. In the first set of
experiments conducted by the authors [2], the cooker performance at low sun elevation
angles was investigated. The black metal pot was loaded with water, and surrounded by
a massive glass enclosure, as depicted in Fig. 1. In current work, only the results of a
single test carried out by Ruivo et al. [2] were considered. The raw data from this
experiment is presented in Appendix A. Such detailed data is rarely found in the public
domain. Details of the experimental setup and data of cooking vessel and reflector of the
funnel cooker can be found in the previous work of Ruivo et al. [2]. The test was carried
out with 2 kg of water, which corresponds to a ratio of 4.0 kg m™. In the calculations, the
specific heat of water was assumed to be constant and equal to 4180 J kg °C™L. Fig. 2
depicts the plots of the global normal solar irradiance and the plots of temperature for the
ambient and water during experiment no. E64 performed on 11" February 2020. This
experiment started at 12h 05min. (before solar noon) and ended at 13h 31min. (after solar

noon).

13
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Fig. 1. Experimental setup used for testing solar cookers.
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Fig. 2. Plots of the measured global normal solar irradiance, ambient and water

temperature.

The load thermal capacitance is smaller than the value associated with the load ratio of 7
kg m? recommended by the ASAE 580.1 Standard [1]. A test conducted with 2 kg of
water is faster than a test using a water load of 3.5 kg and, consequently, fewer valid
observation points for the calculation of the discrete values of the cooker power are
available when measured at 10-minute interval. Thus, due to this constraint and due to
the fact that only data of one experiment is considered, a shorter time step of 5 minutes
was used for the scope of the present work. Only observation points with load temperature

below 95 °C are considered as recommended by the Standard, i.e., points at the end of the

15
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324

experiment with a difference between the temperature of boiling water at sea level and
the water temperature less than 5 °C are not considered valid. The data of all valid and
invalid observation points is listed in Table A4. Fig. 3 shows the plot of all observation
points defining the three power curves, with a time interval of 5 minutes. Each plot shows
that the power, when load heating begins, has not a linear decreasing dependence on the
difference between the load temperature and the ambient air temperature, a behaviour that
is difficult to detect when plotting points with a time step of 10 minutes. This shows that
the linear regression should be used with some caution [11,12]. Because of this finding,

only points with AT , ;>25 °C were selected for the calculation of the linear regressions.

Fig. 4 shows the plots of the eleven observation points considered valid and the

corresponding linear regressions.
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Table 1 summarizes the data from a single test, featured in a previous paper by Ruivo et
al. [2]. The number of observation points measured in that experiment is about one third
of the number of points recommended by the Standard. Ruivo et al. [2] adopted a time

step of 10 minutes. But even if the R? values of the derived linear regressions, using data

from more than one test, are acceptable, the determined power Qg,, does not reflect the

performance of the cooker at a standardised solar irradiance of 700 W m™. This means
that the findings of Ruivo et al. [2] are not supported by the correct consistent plot of the

observation points that should be used to derive the correct linear regression.
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Table 2 summarizes the data of the obtained linear regressions. As mentioned before, the

values of Q,, listed in Table 1 cannot be considered good estimates of the standardised

power when irradiance is 700 W m because, for a difference of 50 °C between the load

temperature and the ambient air temperature, the correct standardised value is greater.
The correct value Q;O and the parameters of the correct standardised linear regression
are listed at the end of Table 2. The error associated with Qs , indicated by AQsg 700+ is

also provided in Table 2. The use of a regression similar to the ones recommended by the
ASAE 580.1 Standard overestimates the standardised power of about 16.2% for a

difference of 50 °C between the load temperature and the ambient air temperature. In

other words, the calculated value of QS,SO =87.5 W corresponds to a temperature difference

of 35.7 °C and not to a difference of 50 °C.

19



364  Table 1 - Data from the funnel solar cooker tested in the single experiment.

Load Water
Mass of the load (kg) 2
Average ambient temperature (°C) 20.3
Average global solar irradiance (W m) 960.9
Average value of solar altitude angle (°) 35.5
Average wind velocity (m s?) 1.6

365

366

367  Table 2 — Data from the derived linear regression curves.

Linear regressions of cooker power

Curve of Q (Eq. (8)) Curve of Q, (Eq. (10)) Curve of Q" (Eq. (9))
ag (W) 159.04 ag, (W) 117.03 ag (W) 117.9
a (W°C?)  0.7367 ag, (WeC™) 0.5909 a; (W°C?)  0.8525
Qs (W) 1222 Quy (W) 87.5 Qi (W) 75.3
R2 0.9235 R2 0.9451 R2 0.9414

Error indicators and standardised temperature difference
. : 5 »
AQs0,700 W) 122 5Qs0,700 (%)  16.2 ATt a9ss0 C) - 35.7

368
369  Fig. 4 shows the three linear regressions obtained from the test of the cooker. Both linear

370  regressions associated with the power variables Q and Q" would be strictly parallel if

371  ambient temperature and solar irradiance were constant during the whole experiment.
372 Both regressions are equivalent to the dimensionless linear regression expressed by Eq.
373  (7) interms of instantaneous efficiency. The linear regression associated with Qg provides
374  standardised values but without a clear physical meaning, with the exception of the point

375  where AT;, =0. The maximum theoretical load temperature predicted by the linear

376  regression Q. for the standard value of solar irradiance 700 W m? is close to the
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392
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394
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396
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398

399

400

401

maximum theoretical load temperature estimated using the linear regression Q valid for

the conditions of the experiment. Unfortunately, this very misleading approach has been
adopted in several published studies. Thus, the presented improvement should be
incorporated in the ASAE 580.1 Standard. Furthermore, other improvements are
necessary, such as testing a solar cooker with additional lower load ratios, and using a
shorter time interval to determine the discrete power values used to obtain the linear

performance curve in terms of power or instantaneous efficiency.

4. Discussion

The difference between the power calculated using the ASAE 580.1 Standard procedure
and the procedure here presented is not negligible. It would be negligible, or almost
negligible, if a value for the solar irradiance in the range 900 and 1000 W m was adopted
to normalize the power, instead of using the value of 700 W m2. The authors believe that
the value of 700 W m2 is too low. In addition, they think that ASAE 580.1 should use a
value of clear sky solar irradiance of about 900 to 1000 W m2, which would be more
meaningful to report the performance of a solar cooker. The occurrence of clouds, even
for short periods, should invalidate a test. The estimation of performance of the cookers

for other conditions should depart from the linear regression written in dimensionless

form, i.e., by using Eq. (7). Only reporting the power value Q'SY50 [1] or even the corrected

value Q, as a single performance parameter is not enough to assess a complete
comparison of the performance of cookers with distinct designs. Thus, two independent
parameters are needed to characterize the performance of a cooker. According to the
recent work done by Ruivo et al. [7], those parameters may be the opto—thermal ratio and
the time reference of the system for cookers showing a linear dependence of power

against the difference between the load temperature and the ambient air temperature.
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419

420
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423

424

The procedure here proposed for calculation of the single standardised power of a cooker
is considered scientifically correct because it is supported by Eq. (7), which is equivalent
to the Hottel-Whillier-Bliss (HWB) equation expressed by Eg. (2). The procedure of
ASAE S580.1 would be physical consistent if the heat losses to the surrounding
environment were negligible. In fact, it does not happen for almost common cooker

designs because heat losses to the environment are driven by AT, .

As mentioned before, if experiments were conducted close to ideal conditions, constant
values of solar irradiance and ambient temperature would be found, and the linear
regressions represented, respectively, by Eqgs. (9) and (10) would be parallel. Under this
ideal scenario, the coefficients of the correct standardised power (Eq. (9)) relate to the

coefficients of the linear regression written in terms of efficiency (Eq. (7)) as:

a’.li.k =0 Ah,max (17)

80 = oA maxn (18)
where 17 can be 700, 900 or 1100 W m™. In the opinion of the authors, cooker
performance should be reported at three level of solar irradiance.

Fig. 5 depicts the plot of the same observation points used in Fig. 4, but using efficiency
and specific temperature difference, variables used to derive the linear regression that
corresponds to Eq. (7), whose obtained coefficients are listed in Table 3. Using the data
from this linear regression, the coefficients expressed in Eq. (9) were estimated for the
three levels of solar irradiance. Then, values of Q;, listed in Table 3 were estimated and
the different performance linear curves were derived and represented in Fig. 6. This shows
that, when solar irradiance increases from 700 to 1100 W m™, i.e., there is an increase of

about 57 %, the power Q;, increases by about 90%.
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425

426

427

428

429
430

431

432

In the authors’ opinion, performance assessments of solar cookers should be based on the
slope and intercept of cooking power and efficiency or on any equivalent data. These
values, derived from testing different cookers, can be compared as long as testing

conditions are within prescribed limits.

0.40

0.35

0.30

0.25 o

~0.20

0.15

0.10

0.05

0.00
0.00 0.05 0.10 0.15 0.20

7 (M7 °C W)

Fig. 5. Linear regression curve for the efficiency.

Table 3 — Data of the linear regression curves.

Linear regression expressed by Eq. (7)

ag () 03369 o (WeCTm?) 17051 R® 09414

Linear regression expressed by Eq. (11)
|; (W m?2) 700 900 1100
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433

434
435

436

437

438

439

440

441

ag (W) 117.9 151.6 185.3

ar (Woc 0.8526 0.8526 0.8526
Qs (W) 75.3 109.0 142.7
200

150
S l,= 1100 Wm-2
=100
‘©
50
0
0 50 100 150 200 250
AT, (°C)

Fig. 6. Linear performance curves of power at global normal solar irradiance of 700,

900 and 1100 W m™,

5. Conclusions
The well-known protocol, ASAE 580.1, used to report the standardised power of solar
cookers, is based on a linear curve obtained from a series of experimental points, but it

was found just recently by the authors that the associated formulation does not follow the
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464

465

466

well-known Hottel-Whillier-Bliss equation, i.e., it not supported by the dimensional
analysis usually considered in the performance analysis of physical problems in several
scientific domains, such as fluid mechanics or heat transfer. Thus, the reported power,
based on the ASAE 580.1 procedure, is not scientifically correct, because the derived
linear regression does not represent the behaviour of the cooker in terms of power for the
adopted solar irradiance of 700 W m. The reported power value does not correspond to
the point where the difference between the load temperature and the ambient air
temperature is 50 °C. The reported power value is overestimated because it corresponds
to a temperature difference smaller than 50 °C, i.e., it corresponds to a point where the
ratio between the correct temperature difference and the 50 °C temperature difference is
approximately equal to the ratio between the solar irradiance of 700 W m? and the
average solar irradiance during testing. In this work, reliable test data, from a funnel solar
cooker using 2 kg of water as load, under low sun elevation, was used to demonstrate the
impact of the improvement of procedure based on Hottel-Whillier-Bliss equation. Even
though only data from a single test was considered, the results clearly show that the ASAE
580.1 Standard should be improved. In the authors’ opinion, highlighting the need of
reporting the power with physically meaning and supported by the best scientific

knowledge, represents an important scientific contribution.
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Appendix A- Experimental measured data and observations points

In this appendix, experimental data of just one experiment of testing a funnel solar cooker
using 2 kg of water is provided. The experiment was carried out in an experimental set-
up located in Malaga-Spain, at 36.9°N latitude, and 57 m above sea level. The
experimental measured data, with a time interval of 1 min, is reported in Tables A1, A2
and A3. The details of the experimental set-up and how this experiment was performed
can be found in [2].

Table A4 lists the values of variables of the several observation points calculated from

the measured data listed in Tables Al to A3 by adopting a time interval of 5 minutes.
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566  Table Al. Experimental data of Expt. E64 for a testing period from 12:05 to 12:45.

Load Ambient Global normal  Solar altitude

Local temperature temperature solar irradiance angle (°)
time (°C) (°C) (Wm?)

12:05 19.55 20.84 971.50 35.11
12:06 20.10 20.89 972.39 35.20
12:07 20.63 20.92 972.53 35.28
12:08 21.26 21.01 974.23 35.37
12:09 22.00 21.10 975.32 35.46
12:10 22.67 21.10 97351 35.54
12:11 23.47 21.19 975.78 35.62
12:12 24.30 21.26 975.79 35.71
12:13 25.13 21.39 977.09 35.79
12:14 25.98 21.33 976.99 35.87
12:15 26.86 21.13 977.51 35.95
12:16 27.72 21.19 972.45 36.03
12:17 28.62 21.20 967.85 36.11
12:18 29.51 21.28 970.24 36.18
12:19 30.44 21.50 958.84 36.26
12:20 31.35 21.62 938.92 36.33
12:21 32.27 21.84 955.77 36.41
12:22 33.19 21.74 954.66 36.48
12:23 34.09 21.68 957.33 36.56
12:24 35.07 21.86 949.38 36.63
12:25 36.03 21.88 960.94 36.70
12:26 37.02 21.83 962.77 36.77
12:27 38.04 21.71 977.80 36.84
12:28 39.01 21.71 978.83 36.90
12:29 39.99 21.69 974.84 36.97
12:30 41.01 21.87 968.20 37.04
12:31 41.99 21.93 974.83 37.10
12:32 42.97 22.07 982.74 37.17
12:33 43.95 22.17 980.77 37.23
12:34 44.92 22.24 969.01 37.29
12:35 45.88 22.01 958.05 37.35
12:36 46.89 21.89 952.79 37.41
12:37 47.82 21.77 965.58 37.47
12:38 48.77 21.89 963.46 37.53
12:39 49.74 21.89 956.83 37.59
12:40 50.70 21.38 953.71 37.64
12:41 51.65 21.28 955.73 37.70
12:42 52.62 21.38 960.14 37.75
12:43 53.55 21.57 959.30 37.81
12:44 54.50 21.86 979.10 37.86
12:45 55.48 22.17 979.43 37.91
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568  Table A2. Experimental data of Expt. E64 for a testing period from 12:46 to 13:25.

Load Ambient Global normal  Solar altitude

Local temperature temperature solar irradiance angle (°)
time (°C) (°C) (Wm?)

12:46 56.49 22.21 972.80 37.96
12:47 57.48 22.08 961.79 38.01
12:48 58.47 22.26 967.81 38.06
12:49 59.41 22.07 971.60 38.10
12:50 60.39 21.76 972.89 38.15
12:51 61.35 21.68 975.81 38.19
12:52 62.32 21.46 978.06 38.24
12:53 63.24 21.77 976.04 38.28
12:54 64.17 22.29 980.35 38.32
12:55 65.09 22.36 983.34 38.36
12:56 66.04 22.59 979.38 38.40
12:57 66.96 22.93 975.32 38.44
12:58 67.88 23.03 979.67 38.48
12:59 68.78 23.06 980.82 38.52
13:00 69.69 22.84 979.36 38.55
13:01 70.61 22.59 975.90 38.59
13:02 71.51 22.38 966.49 38.62
13:03 72.36 21.96 962.29 38.65
13:04 73.26 21.88 960.01 38.68
13:05 74.15 22.03 971.65 38.71
13:06 75.10 22.20 974.88 38.74
13:07 75.94 22.06 984.65 38.77
13:08 76.82 22.07 984.77 38.80
13:09 77.69 22.27 983.55 38.82
13:10 78.55 22.18 984.35 38.85
13:11 79.41 22.19 986.29 38.87
13:12 80.23 22.74 984.11 38.89
13:13 81.10 23.16 989.05 38.92
13:14 81.88 23.56 989.74 38.94
13:15 82.75 23.79 985.60 38.96
13:16 83.55 23.14 988.71 38.97
13:17 84.36 22.71 985.27 38.99
13:18 85.16 22.94 985.73 39.01
13:19 85.98 22.80 987.10 39.02
13:20 86.75 22.67 984.79 39.04
13:21 87.56 23.03 985.10 39.05
13:22 88.37 23.35 988.34 39.06
13:23 89.14 22.87 988.80 39.07
13:24 89.89 23.02 989.53 39.08
13:25 90.69 22.93 997.95 39.09
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570  Table A3. Experimental data of Expt. E64 for a testing period from 13:26 to 13:31.

Load Ambient Global normal  Solar altitude

Local temperature temperature solar irradiance angle (°)
time (°C) (°C) (Wm?)

13:26 91.47 22.68 998.41 39.10
13:27 92.23 22.71 996.46 39.11
13:28 92.95 22.79 988.54 39.11
13:29 93.71 23.06 983.22 39.12
13:30 94.43 23.02 995.20 39.12
13:31 95.18 22.99 988.98 39.12

571

572  Table A4. Data of observation points spaced with a time interval of 5 minutes.

Ai

i Time 'nexpi Trexpi Taexpi ATeai ATei @ Qsi ATeai @ (M2CW-
(min) Wm? (°C) () () () W) (W) () (W) 3 U

1 25 973.2 21.0 21.0 0.1 3.1 870 626 0.0 62.6 0.0001 0.179
2 5 976.1 24.7 21.2 3.5 45 125.1 89.7 25 89.7 0.0036 0.256
3 75 964.3 29.1 21.3 7.8 47 130.6 948 5.6 948 0.0081 0.271
4 10 952.8 33.7 21.8 119 4.7 1306 96.0 8.7 96.0 0.0125 0.274
5 125 970.6 38.5 21.8 16.7 50 1386 999 121 999 0.0172 0.286
6 15 972.3 43.5 22.0 214 49 1359 978 154 978 0.0220 0.280
7 175 9584 48.3 21.8 265 4.8 1342 980 194 98.0 0.0276 0.280
8 20 964.6 53.1 21.6 315 4.8 1334 968 228 96.8 0.0326 0.277
9 225 9711 58.0 22.1 359 49 136.6 985 259 985 0.0369 0.281
10 25 977.7 62.8 21.9 409 47 131.1 939 293 939 0.0418 0.268
11 275 979.6 67.4 22.8 446 46 128.1 915 319 915 0.0455 0.261
12 30 969.3 71.9 22.3 497 45 1243 89.8 359 89.8 0.0512 0.256
13 325 980.6 76.4 22.1 542 4.4 1228 87.7 38.7 87.7 0.0553 0.250
14 35 986.5 80.7 22.9 577 42 1169 829 410 829 0.0585 0.237
15 375 986.2 84.8 23.0 61.8 4.0 1116 79.2 438 79.2 0.0626 0.226
16 40 989.1  88.7 23.0 65.8 3.9 1096 776 465 776 0.0665 0.222
17 425 993.3 92.6 22.9 69.7 3.7 1044 736 491 73.6 0.0702 0.210
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