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“During the work with this project we have seen the sorrow in a homeless person’s eyes, we

have heard about women being raped while spending days collecting wood, rainforests being

devastated and deserts expanding. We have witnessed the large-scale use of fossil fuels which
contribute to the green house effect and a global climate change.

But we have also seen the enormous power of our biggest energy source, the sun. We have
experienced people pleased to discover a solution for their energy problems and we have felt
the taste of new boiled rice from a solar oven.

These things are together enough to believe that the future will look a bit different than today,
that we will use more renewable energy sources and, hopefully, more solar ovens. We hope
that our project can be one piece in that development.”
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Summery

Large environmental, health, social and economical problems are connected with the use of
fossil fuels and, in a dominating part of the world, also the use of firewood. The goal for this
project was to develop and design an optimal solar oven system intended for food cooking
and water pasteurisation. Further the advantages and disadvantages, compared with other
energy resources were evaluated. Tests were carried out in Sweden as well as in Sri Lanka.
An extensive range of prototypes were tested and sifted out to a small number of designs that
were tested in Sri Lanka. A large number of evaluations and tests were carried out on many
different materials, among others tests were conducted according to the international standard
“Testing and Reporting Solar Cooker Performance ASAE S580 JANO03”.

The report shows a number of benefits compared to previous reports on the subject, for
example the development of indoor tests, the extensiveness and objectiveness of the tests, and
the fact that the report combines extensive practical test results with solid theoretical
background information.

The test resulted in two solar ovens with the same parabolic design but made out of different
materials. One oven is cheaper, simpler to produce and is considered for the target group poor
people in developing countries. This is made out of a corrugated cardboard that is covered
with aluminium foil. The second oven is more expensive but also more durable and is
intended for more wealthy people in the west that wants a good alternative to regular ways of
cooking food. It is made out of aluminium plate and mirrors.
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1 Introduction

Great environmental, health, social and economical problems are connected with the use of
fossil fuels and, in a dominating part of the world, also the use of firewood. Examples of
problems are increasing deserts when forests are devastated, respiratory and health problems
caused by fire smoke and the risk of getting raped when collecting firewood. A solution for
these problems could be to use the sun as a source for energy. The sun is free, renewable,
unlimited and is available at almost any location in the world. Despite this fact the sun has not
yet been used to any greater extent.

One of the easiest and cheapest ways to use the sun’s energy is to use solar ovens to cook
food or pasteurize water. The technical solutions of the sun ovens will be of great value to
solve the problem with lack of fuel and increasing deserts in big parts of Africa and in other
developing countries, for example in Asia. To find a solution for these types of environmental
problems is critical for the prosperity of the people today and for coming generations.

This project has attempted to make people in the vulnerable areas less dependent of firewood
and fossil fuels by developing a new solar oven technology. The project includes tests in both
Sweden and Sri Lanka. A dominating part of the developing countries are facing similar
problems as Sri Lanka and experience gained will be useful for other places as well.

No other study has been carried out that has this approach to the subject.

e Both design and material have been objectively evaluated to a great extend. The
prototypes have been tested according to standards both in a laboratory and under
more realistic conditions in field.

e The international standard ASAE S580 JANO3 has been used and altered to fit indoor
conditions. The standard developed in this project could be used by others to compare
different designs and materials under future indoor solar oven tests.

e Far-reaching practical tests are in this report combined with extensive theory
containing much of the information needed to understand the use of solar energy and
especially solar ovens.

The knowledge gained from this project can be spread by Halmstad University, SIDA, Solar
Cookers International and WES-Link to other developing countries.



2 Goals and objectives

The main objective is to find a technology to replace the wood, coal and other fuels with solar
energy for cooking and the other use of heat energy. Evaluations and further development will
also be carried out. Technologies adaptable for the local condition in South Asia shall be
suggested that are environmentally sustainable in a technical and economical way. Methods
that may be considered include different types of solar ovens in different designs and
materials.

More concrete this project will answer the following questions:

Which design and what materials can be used to construct the optimal solar oven system
intended for food cooking and water pasteurisation?

What an “optimal” solar oven system is depends on the target group, target region and the
purpose of the ovens. This project has two targets groups. The main target group is people
living in refugee camps with limited resources and low income. This target group is often
found in developing countries that have been affected by wars or natural catastrophes. The
other target group is people in industrialized countries that want an option to gas, wood coal,
firewood and electric grills when making food outdoors. The purpose is for both target groups
to be able to cook food or pasteurise water.

What are the advantages and disadvantages with solar oven technology compared with the
local alternatives today?

The local alternatives that are used today could be from both fossil and non-fossil sources.
The dominating alternative in developing countries today is firewood. This project has
therefore focused on comparing the use of solar ovens with the use of firewood. The different
technologies are compared with emphasis on environmental, economical, technological,
social and health aspects.



3 Delimitation

The studies are based upon conditions that were valid in Sri Lanka and Sweden 2005. The
possibility to pasteurize water has not been studied to any greater extent and no water
analyses have been carried out. The lack of material and economical resources during the
project led to the use of alternative solutions. A final method to mass produce the solar ovens

is not within the limitations of this project.



4 Methods

The methods used in this project are a combination of literature-studies and reports regarding
similar cases, usage of available data, known working solutions, the knowledge on WES-Link
and of course local and practical knowledge. Analyses have been made in cooperation with
the supervisor on site, Mr. Leif Lthman. A more extensive description of the methods that
have been used is written later in the report.

4.1 The two locations of the test sites
4.1.1 Sweden

The tests that were done in Sweden were carried out in Kalmar, a small city situated on the
east coast of Sweden. Latitude for the test site was 56.40N and the longitude was 16.20E '.
The time zone in Sweden is GMT/UTC +1.

4.1.2 Sri Lanka

The tests took place in Arugam Bay on the east coast of Sri Lanka. Arugam Bay has almost
the same latitude as Colombo, which is located on the west coast, on the other side of the
island. The closest town to Arugam Bay is Pottuvil situated 6 km north of the village. The
gatitude for Pottuvil is 06.55N and the longitude 81.50E?. It is in the time zone GMT/UTC +6

' Maps of world; http://www.mapsofworld.com/lat_long/sweden-lat-long.html, 2005-10-26
2 Maps of world, http://www.mapsofworld.com/lat_long/sri-lanka-lat-long.html, 2005-08-12

3 Travel images; http://www.travel-images.com/time-zones.gif, 2005-08-17




5 The sun as a power source

5.1 The historical use of solar energy

Mankind has been fascinated by the sun since the beginning of time. Most of the ancient
religions have put great belief in the sun. In ancient Egypt the sun was the centre of belief in
their religion. The god of the sun was sometimes called Ra and was believed to every night go
through a battle and then be reborn every sunrise. As well as the Egyptians the Greeks were
also fascinated by the sun, they called it Helios. The sun represents the battle won over
darkness and is often used as a symbol for power. Even the king of France, Ludwig XIV, was
inspired by the suns power as ancient rulers before him and wanted to be called the king of
the sun. Even today leading people believe in the sun and its power, but mainly as the solution
for the shortcomings of energy.

5.2 Matters that effect sunlight.
5.2.1 The Sun

The sun is known to scientists as the “yellow dwarf”. It has a diameter of 1,39 million
kilometers which is more then 100 times bigger than the earth. The distance to the sun is 150
million kilometres and it is seen from the earth as a disc with a diameter of half a degree (see
figure 1 below).

=4 12700 km

L.J' V\ Radiation 1353 W/m"2
ourside the atmosphere

= |
Distance 1 .5 x 1078 km

Figure 1: The sun’s distance to earth and solar radiation at the earth’s atmosphere*.

The radiation from the sun against the earth is equal to an output of 1.35 kW/m®. On average
60% of this power reaches a horizontal surface on the earth surface. The average value is then
in fact 0.8 kW/m*>. The total Earth’s surface that is lit up is exposed to 178 billions MW. The
energy that reaches the worlds continents every year is 3.8 millions EJ. This energy is more
then 8400 times the energy consumed in the whole world 2002 (451 EJ)°.

* Petterson F, 1985: Solenergi Teori, Forskning & Praktisk anvindbarhet, Stockholm: Ingenjorsforlaget AB
> Petterson F, 1985: Solenergi Teori, Forskning & Praktisk anvindbarhet, Stockholm: Ingenjorsforlaget AB
% Boyle G, 2004, Renewable energy, Oxford: Oxford University Press



The sun’s source of energy is a number of nuclear reactions that take place in its core. The
most important nuclear reaction, in terms of energy production, is the fusion process where
hydrogen turns into helium. Right now the sun’s mass consists of 87% hydrogen and 12%
helium but hydrogen is turned into helium at a rate of 4 million tons per second’. A fusion
reaction creates a massive amount of energy and gives the sun a temperature of more then 10
million degrees. The temperature then sinks in the outer zone, the photosphere, to between
6600 and 4400 K°.

5.2.2 The nature of solar radiation

Electromagnetic spectra

The sun’s radiations reach the Earth as electromagnetic radiation. It is the same type as radio
waves, X-rays and TV-waves but it differs from the mentioned radiation in that way that most
of the suns radiation is within the human eyes range of perception. The sun light spectrum of
wavelength goes from 0.38 um to 0.78um. Each wavelength corresponds to a distinct form of
energy and the visible radiation also corresponds to a certain colour’. The figure 2 below
shows the electromagnetic spectra.

— |ncreosing frequency v [Hz) —=
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Radic waves Infrarad Ultra- X rays Gemmo [y woves
fleves v, lesngy &) vialet thigh v, sli-.ed Al

Ak FMTY  Redar
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108 ind 102 1 1o 104 1o 1078 10710 1o-12 1o-14
Dacraasing wavelength, i jm] —= Visible light

700 nm SO0 nm 550 nm 400 nm
Figure 2: Electromagnetic spectra'’

The human eye cannot see shorter wavelengths (for example ultra-violet) or longer
wavelengths (as infrared), but both are important to us in their influence on the atmospheric
system. The shorter waves (ultra-violet, visible and near infra-red) have their origin in
sunlight which mostly penetrates the atmosphere and does not warm up the gases surrounding
the Earth. The energy in the sun’s wave spectra is divided so that 55% comes from infra-red,
42% from visible and 3% from the ultra-violet'".

"Boyle G, 1996: Renewable Energy: Power for a Sustainable Future, Oxford: Alden Press Limited

¥ Dessus B, F Pharablod, 2000: Solenergi , Italy, Omnigraf International

? Dessus B, F Pharablod, 2000: Solenergi , Italy, Omnigraf International

' The McGraw-Hill Companies: http:/www.mhhe.com/physsci/astronomy/fix/student/chapter6/06f05.html
2005-03-22

"' Dessus B, F Pharablod, 2000: Solenergi , Italy, Omnigraf International



Longer waves in the infrared
region are emitted by the Earth - -~ oT; N o 1(;)_15 5 10-16
and atmosphere. The longer 0.257 T T |
waves usually end up in the
outer space and are the Earths
way of keeping the radiation
balance. The fact that the Earth
emits radiation of longer
wavelengths than the sun is
proved and displayed by Wein's
Law that states the wave length
of maximum intensity depends
on T (Amax = a/T). T is the 005
temperature 6000 K for the sun

0.20—

Solar irradiation curve outside atmosphere
Solar irradiation curve at sea level
0.15p= s Curve for blackbody at 5800 K -

0.10—
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measured in microns ~. Figure 3

shows the irradiation outside the Figure 3: Solar irradiation "

atmosphere and at sea level. The

graph also shows the curve for a black body.

The reason why the irradiation is lower at sea level then outside the atmosphere is that some
of the sunlight is absorbed by the atmosphere. It is mainly water vapour that weakens the
infrared wave length. Ozone and carbon dioxide are other natural absorbers of sunlight. The

suns radiation can be debilitated further if the atmosphere is polluted with aerosol gases and
dust',

' University of Florida: http://www.clas.ufl.edu/users/emartin/GLY3074S05/lectures/energybalance.html ,
2005-03-22

1 University of Leeds: http://www.env.leeds.ac.uk/envil250/
' Dessus B, F Pharablod, 2000: Solenergi , Italy, Omnigraf International



5.2.3 Solar Constant

The intensity of the incoming Table 1: Solar constant'®

radiation from the sun is fairly

constant at the top of the lsc = 1367 W/m®
atmosphere. The variation that 5
does occur from the solar constant lse = 136.7 mwicm
over the year comes from changes I, = 0.1367 W/ cm?

of the Earth's orbit and variations

on longer timescales that may have | | = 1.367 x 10° erg/cm® s

an influence on the long term

variability of the climate, but for lsc = 127.0 Wift*
our day-to-day weather systems,
these changes have little
influence'®. The value varies by
+3% as the Earth orbits the sun and
is closest to the Sun around
January 4th and it is furthest from
the sun around July 5th'’. The lsc = 1.957 Ly/min. (mean cal/cm? min.)*
extraterrestrial radiation is very
dependent on the Earth’s orbits and
how it changes the declination
angle, for further information see
chapter 5.3.2 below. The solar constant (lsc ) can be expressed in many different units. In table
1 to the right you can see some of the most common ones.'®

lge = 0.03267 cal/ cm?s
lee = 1.960 cal/ cm? min.

1.960 Ly/min. (thermochemical cal/cm? min.)®

@
o
1

lsc = 433.4 Btu/ft® hr

lge = 0.1204 Btu/ft® s

5.2.4 Insolation

Insolation refers to incoming solar radiation often referred to as irradiation. To define
insolation, the irradiance first has to be defined. Irradiance is defined as the flux density of
radiant energy incident on a surface and has a unit of W/m® or J/s*m’. Insolation is the
irradiance received during a certain time and is measure in kWh/m’. Average insolation also
corresponds directly to “peak sun hours”. Peak sun hours are the number of hours in a day

when the irradiance is greater than 1000 W/m?. *°

'S'N. Harris, et al., John Wiley & Sons, 1985: Solar Energy Systems Design, New York NY, 774 pp., Out of
print
' Boyle G, 1996: Renewable Energy: Power for a Sustainable Future, Oxford: Alden Press Limited

'7 Univerisity of Oregon; http:/solardat.uoregon.edu/SolarRadiationBasics.html, 2005-08-16
'8 N. Harris, et al., John Wiley & Sons, 1985: Solar Energy Systems Design, New York NY, 774 pp., Out of
print.

' Flasolar.com; http://www.flasolar.com/pv_faq.htm , 2005-08-16



The total daily insolation at a place on the Earth's surface is determined by a number of
factors.

e The angle of the Sun's rays: The altitude of the sun is of great importance for the
insolation, see chapter 5.3.5.

e The amount of time a place is exposed to the Sun’s rays: This is for obvious
reasons important. The altitude angle is important when determining the sunrise and
sunset times and gives a hint as to how much time is needed.

e The amount of clouds, dust, and water vapour in the atmosphere. See chapter
5.2.5 about atmosphere effects.

e The latitude and the seasonal changes produced by the tilt of the Earth’s axis in
its orbit around the sun. See chapter 5.3.2 with declination angle and 5.3.3 latitude

angle.

5.2.5 Atmosphere effects

The spectrum of the Sun is fundamental for the existence of life on Earth. The climate on
Earth is closely linked with the energy balance of the atmospheres. Some of the
extraterrestrial solar input that penetrates the atmosphere is absorbed and reflected by the
atmosphere and the clouds. The majority of the solar radiation, that hits the ground of the
Earth, is absorbed but some are reflected back (~2%). Figure 4 below shows some of the
absorption and scattering that takes place in the atmosphere.

Absorbed
(lost)
11-30%

Scattered to
space (fost)
1.6-11%

Input
100%

Ozone

0.5-3% 20-40 km

Upper Orong
dust

layer

1-5%

1525 km
Adr
G6-8% molecules Upper —X—
030 km dust
layer
Water
3-9% vapor
0—3 km
Lawer
0.6-5% aivat 0.4-14% Air
0-3 km malecules
Scattered to earth
: 5-26%
Diract to earth i . .
Clouds (_,1’ )‘ - B3-33% (g.(rfus? |nslc:.!|ar|on) Water vapor
e _,_,_)""‘2-’ {beam insolation) H { ' gﬂdtl?we:
3 Gt - ! = T ust layer

Figure 4: Clear sky absorption and scattering of incident solar energy. Values are typically for one air
20
mass.

2O N. Harris, et al., John Wiley & Sons, 1985: Solar Energy Systems Design, New York NY, 774 pp., Out of
print.



The atmosphere’s effect on the insolation is different in different places and is dependant on
weather conditions. Some guidelines of how weather affects the insolation follows below?'.
Cloudy weather:
e The clouds reflect approximately 40% (can reflect up to 80%)
e The clouds, water vapour, ice crystals etc. absorb approximately 10% (can be up to
20%)
e The clouds can give back between 0-50% in diffused insolation to Earth.

Clear weather:
e Reflection from different particles, water drops and ice crystals is approximately 5%.
e Absorption in dust and water drops is approximately 15%.
e The Earth’s surface reflects 0-80% depending on surface (see Albedo below).

5.2.6 Albedo

Some of the incoming radiation from the Sun is reflected and scattered back to the outer
space. Albedo (often with the letter o) can have a value from 0 for no reflection to 1 for
complete reflection of light striking the surface. Albedo can be expressed as a percentage
(albedo multiplied by 100) that for some is easier to understand. The radiation reflected can
be calculated with the following equation:

Lren = ol

. . . Table 2: Albedo for different
Often surfaces that are bright have high albedo which means terrains.

that they reflect much of the light. With the same reasoning

dark surfaces have low albedo. The radiation that is not E:Jer;ﬁcsiow ngse_ %095
reflected is absorbed. The absorption of sun radiation is D d O. 35. O. 20
mainly done by the ground, plants and oceans but some is ry san : :
instead absorbed by the atmosphere and the clouds. UV light is Plains and 0.20-0.30
mainly absorbed by oxygen and ozone in the stratosphere. farml_ands

Earth has as a mean value of 0.3 in albedo. Some other Tropical forest | ~0.13
surface’s albedo are shown in table 2%, Ocean 0.04-0.10

Clouds Albedo

Clouds have a great effect on the albedo of the planets. Clouds reflect much more light back
then blue sky does. The albedo of a cloud depends on several factors, including the height,
size, and the number and size of droplets inside the cloud. If the cloud contains many big
droplets and therefore has a large total surface that reflects, the albedo is high. You can see
this when you are under a big cumulonimbus cloud, where not much of the sunlight passes
through. A cumulonimbus cloud has an albedo of up to 0.9 and looks black from the ground

but light from space. Stratus clouds have an albedo of 0.4 - 0.65 and cirrus clouds have
around 0.2 - 0.4.%

*! Petterson F, 1985: Solenergi Teori, Forskning & Praktisk anvindbarhet, Stockholm: Ingenjorsforlaget AB
22 University of Leeds: http://www.env.leeds.ac.uk/envil250/, 2005-03-23
2 ESPERE-ENC; http://www.atmosphere.mpg.de/enid/th.html, 2005-03-23
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5.3 The Sun’s Position
5.3.1 The Hour Angle

The hour angle (w) is the angular distance between the meridian of the observer and the
meridian parallel to the sun’s rays (see figure 5). The angle is often used to describe the
Earth’s rotation around its polar axis. Another useful application for the angle is when
calculating the altitude. An hour angle of zero means that the sun is currently on the local
meridian. This is called the solar noon and is when the sun is at its highest point. The hour
angle is often measured in hours where one hour is equal to 15 degrees which means that the
angle changes with 15 degrees per hour**. The following formula gives the hour angle:

Hour Angle (w) = (15 * (LocalTime - 12))

5.3.2 The Declination Angle

The axis of rotation for Earth is not perpendicular to the axis of Earth’s rotation around the
sun. Instead the North Pole tilts so that the angle is 23.45 degrees off. The solar declination is
the angle between the Earth-Sun vector and the plane that includes the equator that is called
the equatorial plane®. See figure 5 for explanation. The declination angle changes over the
year depending on the Earths position in its orbit around the sun.

* Polaris
/

Morth Pola

Meridian parallel
to sun rays

Sun rays

=

F e &1 Detlination
T angle

Hour angle ™

Meridian of observer at @

Figure 5: The solar declination is the angle between the Earth-Sun vector and the equatorial plane. The
hour angle is also shown, which is the angular distance between the meridian of the observer and the
meridian parallel to the suns rays

**N. Harris, et al., John Wiley & Sons, 1985: Solar Energy Systems Design, New York NY, 774 pp., Out of print
% Visual sun chart, http://www.visualsunchart.com/VisualSunChart/SolarDeclination/, 2005-08-12
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When the solar declination is zero it is called an equinox. The sun is then directly over the
equator and the North and South Poles are at the same distance from the sun. This happens
twice a year the autumnal equinox on about September 23; and the vernal equinox on about
March 22. In the northern hemisphere autumnal equinox is the beginning of autumn and
vernal equinox is the beginning of the spring. On the southern hemisphere it is the other way
around.

The southern summer solstice occurs once a year when the North Pole is as close as possible
to the sun. This happens on 21 June and the declination angle is then 23.45 degrees.

On the 21 December the northern winter solstice which also is called the southern summer
solstice occurs. At this time the South Pole is closest to the sun and the North Pole receives no
light at all*®. At this point the declination angle is at its most negative value -23.24. The
declination angle variation throughout the year is shown in figure 6.

Variation of the declination angle

23.45° [—

Summer
solstice

— Vernal Autumnal

%’ﬂ i equinox equinox

®

& I |

2 0.00°

© Nov Dec

=

q} "

= Winter

solstice

—-23.45°

Figure 6: Declination angle variations throughout the year.

The declination angle is very important in navigation and in astronomy. There are a number
of universities and research teams that annually publish very accurate values for the
declination angle. For developing solar ovens the accuracy is often not that important, the
following formula could be used that has an accuracy of about 1 degree?’.

sin #= 039795 cos [0.98563(1V - 173) |

0 = Declination angle
N = Number of days since January

For example 20 July has the declination angle of 20.65 as N=201.

5.3.3 Latitude angle

The latitude angle (o) is the angle between a location on the Earth and the equator of the Earth
as measured from the centre of the Earth. The angle is often described as a number of degrees
north or south of the equator.

N, Harris, et al., John Wiley & Sons, 1985: Solar Energy Systems Design, New York NY, 774 pp., Out of print
*"N. Harris, et al., John Wiley & Sons, 1985: Solar Energy Systems Design, New York NY, 774 pp., Out of print
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A place that lies on the equatorial plane has therefore a latitude angle of 0 degrees. The North
Pole has the latitude of plus 90 degrees (often written as 90N) and the South Pole has the
latitude of minus 90 degrees (often written as 90S).

Other important latitude angles are -23.45 and 23.45 degrees (Tropic of Capricorn
respectively Tropic of Cancer) which are represented when the South and North Poles have
there maximum tilt. When this maximum tilt occurs the intersection of a perpendicular from
the sun-earth line is at the Arctic circle (66.55 degrees latitude) and Antarctic circle (-66.5
degrees latitude) 2. Together with the longitude angle the latitude angle could be used to pin
point any location on the Earth’s surface. Sri Lanka is often stated to have a mean latitude
angle of 6,93N**. For more exact location see formula chapter 5.3.5 below. Dafur in Sudan
has a latitude angle of 13.40° N*°.

The latitude angle has great importance to the insolation. Around the equator plane where the
latitude angle is near 0 degrees the sun is almost overhead at noon and there is a strong
insolation all year round. Close to the equator plane there is a strong daily cycle so the
insolation is distributed on few ours. Nearer the poles when the angle is close to +/-90 degrees
the sun is lower in the sky during the summer. But the fact that the days are longer in summer
makes polar regions receive as much heat from the sun as the tropics, but in winter they
receive much less. The temperature difference between the poles and the equator are greatest
during the winter and the circulation in the atmosphere gets stronger causing strong winds in
the midlatitudes™. The radiation received by the Earth as a function of latitude is shown in
figure 7.

1N T T T T T T T T Y 0 A A

TE —

50—

25—

0 — —0
-25 — —-25
-50 — —-50
-7E — —-75

TT T T T T I T [T T T T[T T T T [ T T T T I 1 1 T 1
4] 50 100 180 200 250 200 350

Figure 7°%: The radiation received by the Earth as a function of latitude. Day of year is on the x-axis and
latitude on the y-axis. Strong black line indicates polar night and red line indicates solar noon at 12

o’clock.

- Maps of the world: http://www.worldatlas.com/webimage/countrys/asia/lk.htm, 2005-08-14
» Maps of the World: http://www.mapsofworld.com/lat_long/sudan-lat-long.html, 2005-08-14
30 University of Leeds: http://www.env.leeds.ac.uk/envil 250/, 2005-03-23
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5.3.4 Longitude angle

The longitude angle is the angle between Greenwich in England and a place on the Earth’s
surface measured from the rotational axis of the Earth®'. The longitude lines are often
described as medians that extend from one pole to the other. The angle is often designated by
a number of degrees east or west of Greenwich. The mean longitude of Sri Lanka is
79.85°E*. Dafur in Sudan has a longitude angle of 24.00° N*°.

5.3.5 Solar Altitude

When defining the sun’s position relative to the point of the observations coordination system
(the coordination system is based on the vertical line and the horizontal plane) the solar
altitude angle («) or the solar zenith angle (6.)is often used. The definition of the altitude
angle is the angle between the central ray from the sun and the observer’s horizontal plane.
The central ray is defined as the ray coming from the centre of the solar disc at it appears from
the Earth. At sunrise and sunset the altitude angle is 0 degrees and at solar zenith (solar noon)
is 90 degrees™*. There is also the solar zenith angle which describes solar altitude. The solar
zenith angle is the angle between the local zenith and the line of sight to the sun. The zenith
and altitude angle is shown in figure 8. The relationship between the zenith angle and the
altitude angle is the following™:

Zenith angle 6, = 90°- «

The altitude angle is related to the declination angle, the latitude of the site and the hour
angle. It can be calculated with the following formula®:

Altitude angle (o)) = arcsin((sin(d) * sin(@))+ (cos(d) * cos(@) * cos(w)))
0 = Declination angle

o = Latitude angle
o = Hour angle

3INASA: http://www-istp.gsfc.nasa.gov/stargaze/Slatlong.htm, 2005-08-14

32 Maps of the world: http://www.worldatlas.com/webimage/countrys/asia/lk.htm, 2005-08-14

33 Maps of the World: http://www.mapsofworld.com/lat_long/sudan-lat-long.html, 2005-08-14

3* NASA: http://asd-www.larc.nasa.gov/SCOOL/definition.html 2005-08-15

3> N. Harris, et al., John Wiley & Sons, 1985: Solar Energy Systems Design, New York NY, 774 pp., Out of print
36 University of southern California:
http://www.usc.edu/dept/architecture/mbs/tools/vrsolar/Help/solar_concepts.html#stereographic, 2005-08-15
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\ z (zenith)

n (north)

e (east)

Figure 8: Solar altitude angle |:':~':|, Solar zenith angle (& :', Azimuth angle (A) and Director vector (S) for an
observer at point (Q)*’

5.3.6 Azimuth angle

The solar azimuth angle (A) is the angle, measured clockwise on the horizontal plane, from
the north-pointing coordinate axis to the projection of the sun’s central ray. The azimuth angle
could also be the angle within the horizontal plane measured from true South (see figure 8).
When referring to the South, the azimuth is usually called the bearing. If the sun is East of
South, the Bearing is positive, otherwise the bearing is negative. Azimuth could also be
measured counter clockwise which makes it difficult to comprehend.

The solar azimuth angle can be in any of the four trigonometric quadrants depending on
location, time of day, and the season. This makes it is rather difficult to calculate. Two tests
are therefore necessary to get the right angle. The tests are to determine whether the time is
before or after solar noon and whether the solar azimuth is north or south of the east-west line.
The calculations and the tests for a clockwise azimuth angle referred to the north are:

A’ = arcos(((sind) * cos(9)) - (cos(d) * sin(@) * cos(®)))/ cos (a))

Test 1: If sin ®>0 then A = 360°-A"
Test 2: If sin ®<0 then A = A’

A = Azimuth angle (degrees)
A’ = Untested result

0 = Declination angle

o = Latitude angle

o = Hour angle

a = Altitude angle

3" N. Harris, et al., John Wiley & Sons, 1985: Solar Energy Systems Design, New York NY, 774 pp., Out of print
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5.3.7 Sun charts / Sun path diagram

The sun chart is a map or diagram of the sun's path across the sky during the year. The sun
chart is drawn in a 2D diagram and is therefore also called a sun path diagram. In a sun chart
you visualise the relationship between the time and date and the sun’s position. The sun’s
position, which is entirely predictable, is displayed by azimuth and altitude. These sun charts
are a quick way to get the sun’s position on a certain date and time and is therefore widely
used by engineers and designers™®.

There are quite a few different types of sun charts; they have however some facts that are true
for at least the sun charts studied in this rapport. See figure 9 and figure 10.

The lowest or shortest path on the diagram represents the first day of winter which is 21
December (also called the northern winter solstice). The highest and longest path represents
the first day of summer June 21 (also called southern summer solstice). The other paths
usually represent two months during the year, and are drawn at monthly (30 to 31 day)
intervals. There are also diagrams that display every month, for example the ones shown in
figures 9 and 10 below. When all months are displayed below solid lines are used for Jan-Jun
and dotted lines for Jul-Dec. Connected to the solar path curves there are iso-time curves that
display time of the day. Note that this information is often in sun time instead of real time.
Two of the most commonly used sun charts are the cylindrical and the stereographic diagram
also called polar sun chart™.

Stereographic diagram‘m

The stereographic diagram likened a photograph of the sky taken with 180° fish eye lens (a
lens that sees 180° around) looking straight up towards the zenith. It is similar to the polar sun
chart (using polar coordinates to map out the sun's path) which maps the sun's path looking
down onto a flat plane in which the observer is. The path of the sun could be followed for
different times on the diagram that could be seen as a flattened hemisphere.

The fact that it is a stereographic diagram means that it is not a simply linear projection of
altitude lines around the sky dome straight down onto a flat surface. The reason to avoid the
simplar linear projection is that it makes angles near the horizon very close together and those
near the zenith very far apart. The stereographic view gives more detail at the horizon and less
at the zenith, because this is usually more interesting for solar energy applications.

The interval is therefore bigger on low altitude angles.

The azimuth angles are around the edge of the diagram in 15° increments. The angle is
referred from True North and measured clockwise on the horizontal plane. The figure 9 below
shows the sun’s position 16 July at 12:00, in Puttovil the place where the tests where
conducted.

3% Square one; http://www.squl.com/index.php?http://www.squl.com/solar/solar-position.html, 2005-08-17
3% Optical Physics Technologies; http://www.srv.net/opt/sunchrt.html#howmade, 2005-08-17
* Optical Physics Technologies; http:/www.srv.net/opt/sunchrt.html#howmade, 2005-08-17
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Figure 9: Picture done in SunTo0l© showing the sun’s location on the 16 July 2005 at 12:00 local time in
Puttovil, Sri Lanka

The stereographic diagram and polar sun chart make it much easier to visualize the compass
direction of the sun at any point in time, plus the fact that it is easier to use at tropical latitudes
and during the summer months, which often makes it a better option than the cylindrical. The
cylindrical sun chart is more popular but shows the same information.

Cylindrical Sun Chart

The cylindrical sun chart is a simple cylindrical projection of the skydome on a 2D graph. It is
plotted in Cartesian coordinates with the azimuth plotted on the horizontal axis and the
altitude plotted vertically*'. The solar path on the sun chart is plotted so its looks like the
observer is looking at the sky in due south on the northern hemisphere and looking due north
on the southern hemisphere. It’s very easy to read a cylindrical sun chart. Simply locate the
required hour line and date line and see where it intersects. At the point of intersection read
the azimuth on the x-axis and the altitude on the y-axis.

This is a very popular sun chart and is useful for shading calculations. It has its disadvantages
when it comes to plotting sun path when the sun is at high altitudes as it is in the summer or in
the tropics. In figure 10 below you can see an example of a cylindrical sun chart at 50 degrees
north latitude™®.

I Square one; http://www.squl.com/index.php?http://www.squl.com/solar/solar-position.html, 2005-08-17
* Optical Physics Technologies; http:/www.srv.net/opt/sunchrt.html#howmade, 2005-08-17

17



SUNCHART FOR LATITUDE 50.00 N

elevation angle
above horizon

o
L 60

COMpAss
reading

Figure 10: A typical cylindrical sun chart for the latitude SON.

|

18



6 Solar Oven Technology
6.1 The Solar Oven

Solar oven, solar stove, solar furnace or solar cooker. There are many names for the same
thing, a solar powered device to heat water and/or cook food by reflecting and focusing the
rays from the Sun.

As early as 220 B.C. Archimedes reflected the sun for heating purpose. He sat the Roman
fleet on fire with big concave mirrors which concentrated the solar rays to the battleships™®
(figure 11). The first solar cooker was, according to literature, invented by the Swiss naturalist
Horace de Sassure in 1767. Even if this was almost 240 years ago the majority of the world
population does not know that it is possible to use the sun for cooking today and that is the
biggest reason why solar ovens are not more common**.

Figure 11: Burning Mirrors, Stanzio della Mattematica, 1587-1609
Artisit: Parigi, Giulio (1571-1635)

6.1.1 Types of Solar Ovens

There are many different designs of solar ovens for different purposes. One way to divide the
different types is in these three main categories:

e Box cookers

e Parabolic cookers
4

e Panel cookers®

There is a great variety of plans, patterns and materials for each of these categories. The most
common feature to solar ovens is a reflective surface that directs the rays of the sun onto a
dark heat absorbing cooking vessel. The technology is to focus the energy of the sun and use
it to cook food or pasteurize water

# Convergence Weekly; http://www.willthomas.net/Convergence/Weekly/Burning_Mirrors.htm 2005-08-23

* Tamara's Solar Cooking Pages www.exoticblades.com/tamara/sol_cook/types.html 2005-08-10
* Tamara's Solar Cooking Pages www.exoticblades.com/tamara/sol_cook/types.html 2005-08-10
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Box Cookers

The most common type of solar oven for personal use is
box cookers (figure 12). They are made in rectangular or
circular shapes and consist of an inner box, a reflector
and insulation. The inner box is enclosed and covered
with clear glass or plastic. They are safe, easy to use and
rather easy to construct. The box cookers do not heat
quickly but are able to cook large quantities of food™*.

l47

Parabolic Cookers

Parabolic cookers (figure 13) are the most commercial
solar oven. They cook more quickly and reach higher
temperatures than solar box cookers. The disadvantage is
that they are harder to make and use. More precision is
required to focus the sunlight on the cooking vessel and the
temperature must be watched so the vessel does not
overheat and burn the food. The risk of burns and eye
injuries is also greater if they not are designed or used
correctly™.

Panel Cookers

The cheapest solar oven and also the easiest to
make are panel cookers. They only require flat
reflective panels without any inner box as box
cookers have. They could be unstable in high wind
conditions and do not retain as much heat if the
weather is cloudy. To reduce the wind influence a
plastic bag™ (figure 14) or a glass bowl can be

51
used’".

Figure 14. Panel cooker with vessel™.

* The Solar Cooking Archive http:/solarcooking.org/default.htm 2005-08-10

*" Tamara's Solar Cooking Pages www.exoticblades.com/tamara/sol_cook/types.html 2005-08-10
* The Solar Cooking Archive http:/solarcooking.org/solarcooking-fag.htm 2005-08-10

* Tamara's Solar Cooking Pages www.exoticblades.com/tamara/sol_cook/types.html 2005-08-10
*0 Tamara's Solar Cooking Pages www.exoticblades.com/tamara/sol_cook/types.html 2005-08-10
>! The Solar Cooking Archive http:/solarcooking.org/default.htm 2005-08-10

> Tamara's Solar Cooking Pages www.exoticblades.com/tamara/sol_cook/types.html 2005-08-10
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7 Commission

Our commission is to design an effective, simple and cheap solar oven with minimum
environmental impact with refugee camps as a target group. Panel cookers need minimum
materials, are simple to produce and use and are cheap compared to the other types, which is
why this study focus on this oven type.

7.1.1 Temperature

When cooking, a high temperature is not needed. The oven will cook well as it gets up to
about 90° C (200° F). Higher temperatures allow faster cooking, cooking of larger quantities
and cooking on days when the sun conditions are less optimal. With lower temperatures it is
possible to leave the food cooking without the

risk for scorching. The temperature reached by

panel cookers and box cookers primary depends 2752 135

on the size and numbers of the reflectors used. A

box cooker with only one reflector surface usually SOLAR BOX

tops at around 150° C (300° F). No food can be COOKING

hotter than 100° C (212° F) ugtil all of its water 2120 100° Water Boils

content has evaporated. The high temperatures in

cookbooks for electrical ovens are just for special 180% 82° Food Cooks

effects such as quick browning™. 1602 71° Food Pasteurizes
i 635° Water Pasteurizes

All the three solar oven types are able to sterilize 150

water during boiling. To make water safe to drink o .

you must kill all human disease pathogens. To do 120 49 MDSIt Germs

this the water only need to be pasteurized. Can't Grow

Pasteurization takes place after 20 minutes at 65°

C (150° F). Most germs stop growing at 49° C 72° 22°Room Temperature

(120° F) (figure 15)

as a unit for temperature. To convert Celsius into

Fahrenheit (°F) this formula could be used:
Figure 15. Important temperatures™'.

Tf=(9/5) * Tc + 32
Tc = temperature in degrees, Celsius, Tf = temperature in degrees, Fahrenheit

For converting into other units such as °Re (Réaumur), K (Kelvin) or °Ra (Rankine) please
visit, for example www.csgnetwork.com/tempconv.html.

53 The Solar Cooking Archive http://solarcooking.org/foodsafety.htm 2005-08-11
> The Solar Cooking Archive http://solarcooking.org/foodsafety.htm 2005-08-11
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An example of the potential of a solar oven is a construction built 1969 in Odeillo, eastern
Pyrenees. 63 plate reflectors direct the solar rays into a 40 meter high and 54 meter wide
parabolic mirror. The rays could be concentrated into one square cm and maximum energy
flow with this solar oven is 16 000 times the suns. The temperature scale goes from 800 °C to
a maximum temperature of 3800 °C and the maximal power is one thermic MW. The oven is
still in use today, for example to investigate high temperature ceramic material, material for
space travels and heat radiation treatment. Other similar solar ovens are built for example in
Tasjkent (Uzbekistan), Germany and South Korea”.

Figure 16. The biggest solar oven in the world is placed in Odeillo*®

The time of year when it is possible to cook depends on where in the world the cooking takes
place, geographically. In tropical regions it is possible to cook all year round depending on
the weather. In more northern countries it is possible to cook when the weather is clear except
for the three coldest month of the year’’. The solar insulation in the world and Sri Lanka is
showed in figures 17 and 18.

> The Solar oven at Odeillo http://www.holiday-cottage-carcassonne.com/yellow_train/solar_oven.htm 2005-
08-17

> Sunny Day http://vons.free.fr/toulouse/solar.html 2005-08-17

°7 Solardpower http://www.solardpower.com/solar-power-global-maps.html#color%20key 2005-08-11
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Figure 17. The solar insulation in the world™.
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Figure 18. The solar insulation in Sri Lanka™.

¥ Solar4power http://www.solar4power.com/solar-power-global-maps.html#color%20key 2005-08-11
%% Solardpower http://www.solardpower.com/solar-power-global-maps.html#color%20key 2005-08-11
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8 Development Process for the Solar Ovens

8.1 The Prototype Design Process

There are a lot of different solar oven designs but none of them have been so successful that
they dominate the market. Instead a variety of small tests have been carried out, each giving
different answers to the question, which oven has the optimal design. This project therefore
starts from scratch to design and test an oven which is as good as possible for the given
demands. To have a big selection of designs for the following tests we made around 30
different prototypes. Many of them did not make it to the next process step.

The process of designing the prototypes was conducted in the following way. First an
inventory of the solar oven market of today was made from books, internet and reports. The
advantages and disadvantages of ovens that already exist was a source of inspiration. Most of
the ideas arose while trying to fold A4 paper into different designs and different scales. This
was some kind of practical brainstorming. Blueprints were made for the nine prototypes that
were thought to be the most successful ones and then nine prototypes on a scale of 1:2 were
produced (figure 19-28). They were cut out from corrugated cardboard sheets with a size of
50*65 cm. Aluminium foil was then affixed on one side with paper glue before the oven was
folded and the tests could begin.

Prototype 1

This prototype is rather complex and can be put together in many ways. The upper reflector is
folded so it resembles a half parabol

There are many angles to fold but when it has been folded
once it takes very little time to fold it again. Waste when cut
out from the sheet is minimized using this design. Altitude
angle is changed by putting different stones (or whatever
that fits the purpose) under the large lower reflectors. Lower
and upper reflectors are linked, so if you change the under
reflectors position the upper will follow. You could change
the altitude angle without changing the horizontal vessel
surface to much. This makes changing the altitude angle Figure 19: Prototype 1
easier.

Prototype 2

The basic idea for this prototype is fairly simple, an open box with big sloping sides that
focuses the light on the middle
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of the box. It is pretty easy to understand how to fold it
but can take some time because reflectors have to be bent
in a certain angle. The fixation to get the optimized
parabolic shape for the reflectors could be hard, and less
optimized shape has to be accepted. A good horizontal
surface to place the vessel is easiest to receive when the
altitude angel is low (close to 0 degrees) or high (close to
90 degrees). Access to the vessel is rather good on this
design.

Figure 20: Prototype 2

Prototype 3

This prototype is based on a really easy shape, a
funnel. The main importance is that the funnel is of a
deep parabolic shape. It is an advantage if the sheets
have folding lines that make it easier to get the right
shape. The funnel can have some support so that it
can stand on its own or be supported by stones.
Another option is to place the solar oven in a pit in
the ground or make a wall of sand around it. This
design is really easy to understand and put together. It
is much easier then prototype 4 but still close to an Figure 21: Prototype 3
optimized design. The focus for the prototype is around 15 cm from the central bottom.

Prototype 4

This design is very close to an optimized parabolic
shape. The parabolic shape is very deep so that the
focus point ends up close to the bottom. Some of
the advantages of this are that the vessel is better
protected from the wind and that the focus point
can not end up in the users eyes.

Disadvantages are that the vessel will not be easy
accessible and the altitude tracking could be hard
with a fixed standing vessel holder. The solution to
that problem is to make an up hanging that allows
the vessel to be lowered from above. Such an up Figure 22: Prototype 4

hanging could be the two forks up hanging described below. This prototype is not easy to put
together if you compare with the other ones and needs a rope of some kind to hold it together.
Improvements can be made to make it easier but it will remain rather difficult.
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Prototype S

The simplest design to cut and fold is probably
prototype 5. The side of the reflectors are not fixed to
each other and need to be slanted into the right
direction before the cooking starts.

For this sand, stones, tape or a piece of rope can be
used. This could take some extra time and be a less
stable construction but it also means that the oven is
able to be optimized for the sun’s position with the
side’s slanted independent of each other. Further, it is
easy to place a vessel in the centre of the oven.

Figure 23: Prototype S

Prototype 6

This design is rather sophisticated. The altitude angles
could be changed into two different positions
depending on how the oven is folded. These positions
could be used at different times of the day when the sun
has different positions. There are quite a few

angles to fold which means more work but also better
ability to focus the solar rays on the vessel. Figure 24: Prototype 6

Prototype 7

The idea behind this prototype is to make a simple
design which uses 100 % of the material without any
loss. To fix the walls of the oven a rope or steel wire is
needed which may be a disadvantage. Also slanting the

oven into different altitude angles could be a bit
difficult with this oven. To make the effect better it is
good idea to fold the walls into many different angles.

Prototype 8

Prototype 8 has rather large surfaces on the sides and on
the front which reflect the solar rays into the centre of the
oven. The back side has however a gash which reduces the
reflection coming from this way. The focus point is placed
a bit above the bottom of the oven which means that the
vessel also needs to be placed in this position.

Figure 26: Prototype 8
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Prototype 9

This design is the only one that has not been developed in this project. It is in this study to
keep the quality at a high level and see if the study could come up with something better than
the designs which are used today. We also tried to further develop this design to improve it.

Figure 27: Prototype 9 Figure 28: Prototype 9 rigged in test

8.2 Testing the Prototypes in Sweden
8.2.1 Developing a Test Standard

The test to be carried out on the prototypes had certain conditions that had to be fulfilled. The
first condition was that the test should be easy to repeat and transparent. The second important
condition was that the test should be weather independent. The result from these two
conditions was that the test should be carried out indoors and that rather easy equipment
should be used.

After searching on the World Wide Web and library databases no test method or standard was
found that could be applied to the required conditions. There is one standard that partly met
the demands and have been used in the methods below. The standard is called “Testing and
Reporting Solar Cooker Performance ASAE S580 JAN03”% and ASAE has developed it.
ASAE stands for American Society of Agricultural Engineers and is a professional and
technical organisation, it has members worldwide, who are dedicated to advancing
engineering applicable to agricultural, food, and biological systems. The standard’s purpose is
to promote uniformity and consistency in the terms and units used to describe, test, rate, and
evaluate solar cookers, solar cooker components, and solar cooker operations so that solar
ovens can more easily be compared. Because the purpose with the ASAE standard had great
similarity to the purpose for the needed method the ASAE standard has been adopted as far as
possible. The biggest difference between the methods are that the tested prototypes are in
scale 1:2 and are tested indoors without advanced instruments such as the pyranometer.

Because of the decision to carry out the test indoors an alternative to the sun was needed.
Replacing the sun with artificial light was not an easy task, but the light does not have to
correspond to the sunlight spectra. The most important factor to consider was to get the light
strong enough. The choice fell on halogen spotlights. The light from the halogen lamp could
be compared with the beam radiation from the sun in intensity and was therefore accepted.

ASEA: http://web.nmsu.edu/~pfunk/X580.html, 2005-05-28

27



The halogen lamps used in the tests were placed three in a row on a horizontal tripod. The
lamps generated a great amount of heat and were therefore placed so that the one lamp did not
cast that much light on any other lamp. This was done by fixing the longer tripods in a
horizontal position so that the lamps could be placed so that they did not shine onto each
other.

8.2.2 The Test Standard for Indoor Prototype Testing
The tests where conducted on the following terms that were produced in the project:

1. Purpose
The purpose for this test method is to find an easy way to compare different solar oven
prototypes. The test method is formed so it can be done indoors and under good controls.

2. Normative Reference
ASAE:s standard ASAE S580 JANO3 “Testing and Reporting Solar Cooker Performance®'.

3. Terminology
3.1 Angle, Zenith: The angle subtended by a vertical line to the zenith (point directly
overhead) and a line directly to the rigged lamps.

3.2 Beam Radiation: Lamp radiation received directly from the lamp that is supposed to
simulate the sun without atmospheric scattering.

3.3 Load: The mass of water being heated by the solar cooker.

3.4 Test: All events and data comprising the measured artificial solar heating of water in a
device intended to cook food or to pasteurize water.

4. General

4.1 The standard specifies that test results are presented as cooking power, in Watts,
normalized for ambient conditions, relative to the temperature difference between cooker
contents and ambient air. Cooking power and temperature difference should be calculated
both as a plot and as a regression equation for no less than 10 total observations at one time
only. The test could be done many times and a median cooking power could be calculated. It
is important that the conditions do not change when carrying out more than one test.

4.2 This standard specifies that cooking power be presented as a single number found from
the equation below for a temperature difference of 20C°.

5. Uncontrolled Variables
5.1 Wind. Tests shall be conducted when there is no or insignificant wind. If fans are needed
to cool the lamps, face them away from the solar oven.

5.2 Ambient temperature. Tests should be conducted when temperatures are between 18
and 25C".

81 ASEA: http://web.nmsu.edu/~pfunk/X580.html, 2005-05-28
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5.3 Water temperature. Test data shall be recorded while cooking vessel contents (water) is
at temperatures between 5C° above ambient and 5C° below local boiling temperature.

5.4 Insolation. Available lamp energy shall be measured in the plane perpendicular to direct
beam radiation (the maximum reading) approximately 5 cm from the pot. The measured
luminosity should be between 1700-1800 Lux.

5.5 Solar Zenith Angle. Tests should be conducted with a zenith angle of 0° degrees.
6. Controlled (Cooker) Variables

6.1 Loading. Cookers shall have 0.4-0.6 kg water in cooking vessels in cheap sheet metal
such as aluminium or iron alloy. The cooking vessels should be painted with heat resistant
subdued black paint and have a cylindrical shape.

6.2 Temperature Sensing. Water and air temperature should be sensed with thermocouples.
Thermometers used should be able to measure temperatures between minus 50 to plus 150
degrees and have an accuracy of at least one decimal. Each thermocouple sensor shall be
immersed in the water in the cooking vessel and secured 10 mm above the bottom, at centre.
Thermocouple leads or sensor stick should pass through the cooking vessel lid. If protecting
for the thermocouple wire is needed a thermally nonconductive sleeve could be used to
protect the thermocouple wire from bending and temperature extremes. The entrance hole for
the sensor or wire should be minimized and the space between hole and sensor should not
exceed 5 mm.

6.3 Water Mass. The mass of water should be determined with an electronic balance to the
nearest gram using a pre-wetted container.

6.4 Tripod and Lamp Settings. Lamps used in the test should be rigged so that they cover an
area of between 0.8 -1.2 m” and have an installed power of at least 3500 W/m?. Between six
and twelve halogen lamps should be used with a power of 300-700W each. The lamps should
be placed in a number of rows creating a square surface that are situated 45 degrees from the
horizontal ground. The square surface centre should be placed 0,7-1,4 m in a vertical distance
from the horizontal ground and 0,7 -1,4 m in a horizontal distance to the solar ovens centre.
See figure 29. Lamps should be placed so that one lamp does not cast any light on any other
lamp. Fans could be used to cool down the lamps.
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Figure 29: Tripod, lamp and solar oven prototype settings.

7. Test Protocol

7.1 Recording. The average water temperature (C°) in the cooking vessel shall be recorded at
intervals not exceeding five minutes, and should be in units of Celsius to the nearest one tenth
of a degree. Illumination (Lux) and ambient temperature (C) shall be recorded at the
beginning of the test and controlled so that it is within the range described above. The date
when the test is conducted should also be recorded.

7.2 Calculating Cooking Power. The change in water temperature at each five minutes
interval shall be multiplied by the mass and specific heat capacity of the water contained in
the cooking vessel. This product shall be divided by the 300 seconds contained in a five
minute interval.

The effective power is calculated with the formula:

Pi = (Tz-T])*m*CV/ 300

P;= Cooking power for a certain interval (W)

T, = Final temperature (K)

T, = Initial temperature (K) (5 K over room temperature)

m = Water mass (kg)

C,= Water heat capacity (4186 J/[kg-K])

300 = The time for the interval between two measuring points. (s)
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7.3 Plotting. The cooking power for each interval P; is then plotted against the temperature
difference T4, with the power on the y-axis and the temperature difference on the x-axis. A
linear regression is calculated and an equation is given. The equation given is in the following
form:

P =a+b*Ty

P = Cooking power (W)

a = The value where the trend line intercepts the y-axis.

b = The slope (W/C°)

T4 = Temperature difference (C°)

The effective power is then calculated when T4 = 10 C°.

At least 10 total observations from the interval SC° above ambient air temperature to 5C°
below boiling temperature shall be made. The coefficient of determination (r*) or proportion
of variation in cooking power that can be attributed to the relationship found by regression
should be better than 0.75 or specially noted.

7.4 Single Measure of Performance. The value for cooking power, P (W) shall be computed
for a temperature difference, Tq4, of 10 C° using the above determined relationship.

8.2.3 Prototype Test Settings for the Project

The tests were conducted one at a time on one occasion for each prototype. At least 10
readings points for every prototype was recorded. The wind could be neglected for all tests
and the ambient temperature was between 21 and 24 degrees. All the test readings of water
temperature were done with 5 min intervals between 5C° above ambient temperature and
25C° above ambient temperature. The ambient and water temperature were sensed by three
digital thermometers Pt-100 3-wire, Pentronic, Sweden and which have an accuracy of 0.2 %.
Readings could be done with plus/minus one digit and between -200C° and + 800C".
Luminosity was measured before every test and was always between 1700 — 1800 Lux.
Luxmesser EL vos LM- 1010, 0-30000 Lux was used for this purpose. The measurement of
illuminance with a luxmesser does not give the whole solar spectrum. Many applications are
concerned with specific regions of the solar spectrum. For example, building designers are
interested in lighting for the human eye, which is sensitive only to the visible part of the
spectrum. The luxmesser is therefore constructed so that it only registers the wavelengths that
the eye reacts to which is called the photopic curve. Day lighting illuminance is the sum, over
all wavelengths, of the product of solar irradiance at a given wavelength times the photopic
response at that wavelength. The SI unit for illuminance is the Lux (lumen/m?)*,

The cooking vessel was made of a cheap iron alloy that is commonly used to store tea or
coffee in. It had a cylindrical shape and a lid with a 1*1 cm hole in it. The vessel, which had a
weight of 71.3 g without a lid, was painted black with a subdued black paint. To get the vessel
in focus a stand made of iron wire was constructed.

Nine halogen lamps with 500 W each were distributed evenly over approximately 1 m’. The
lamps were CIXI ZHONGFA LAMPS CO LTD 500 W halogen lamps. Fixating the tripods
was done using crew clamps. These tripods where fixated so that the centre of the square with
lamps was 0.9 m from the floor (in vertical length) and 0.9 m from prototype (in horizontal

62 University of Oregon; http://solardat.uoregon.edu/SolarRadiationBasics.html, 2005-08-16
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length). To keep the lamps cooled 3 fans were used that had the installed power of 16 W, 16
W and 30 W.

When the cooking vessel, with the load of water, was weighted the aim was to get a total
weight of 500.0 g. Because of this fact, the load weight could be calculated by subtracting the
vessel weight from the total weight, in this case 0.4287 kg. To measure the weight a digital
scale was used. Reading could be done with plus/minus two digits. The brand of the scale
used was Hanson Digital Kitchen Scale which had a max capacity of 2 kg.

8.2.4 Prototype Test Result for the Project

Temperature readings were done every fifth minute and recorded in an Excel sheet. The water
temperature, ambient temperature and start temperature for the different tests can be found in
Appendix 1. The effective power for every fifth minute was then calculated with the formula
presented in the standard above. After calculating the temperature difference every fifth
minute graphs were plotted. The graphs show the cooking power for each interval P; plotted
against the temperature difference Tq4, with the power on the y-axis and the temperature
difference on the x-axis. Graphs and tables over the result are shown in Appendix 1. Table 3
shows the effective power and effective power per square meter for the different prototypes.

Table 3: Effective power and effective power per square meter plus the grades from the evaluation.
Effective power and effective power/m*2 plus the grades

Prototype number 1 2 3 4 5 6 7 8 9| Blind
dT1 10 10 10 10 10 10 10 10 10 10
Effective power when

dT=dT1 (W) 1948) 2099 22 87| 1584 1601) 1314 11,01 8755 20 64| 2134

Grade for effective power 4 4 ] 3 3 2 1 1 4
Effective power /sqare

meter (W/m*2) 5397|6455 JOES| B95| 49 25| 4042| 33.85| 30,02| B3 52
Grade for effective power
per square meter 4 4 5 5 3 2 1 1 4

8.2.5 Evaluation of the Prototypes

The cooking power of the prototypes is far from enough to evaluate which of the prototypes
that was the best. Throughout the years there have been many organisations and research
teams that have come up with different decision factors to observe when evaluating a solar
oven. In November 1996 at the 3rd International Conference on Solar Cookers Use and
Technology the need for decision factors were discussed®. The decision factors that were
discussed where: cost, convenience, safety, cooking capacity, durability, maintenance, wind
stability and instructions. Information about evaluation of solar ovens has also been received
from Professor Ashok Kundapus, Department of Zoology, MGM Collegein India®. On his
homepage where he reviews solar cooker designs he refers to GATE (German App.

83 Solar Cookers International; http://solarcooking.org/rating.htm, 2005-08-18
%4 Professor Ashok Kundapus homepage; http://ashokk_3.tripod.com/solar12.htm, 2005-08-18
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Technology)® that has made an extensive evaluation of solar cookers according to
characteristics®.

Since all of the prototypes were made of the same material and were suppose to be produced
and distributed in a similar way, some deciding factors were considered to be irrelevant.
Factors found to be irrelevant for this or other reasons were for example; energy storage, ease
of maintenance, ease of manufacture, durability and transportability.

After careful consideration the following deciding factors where resolved; effective power,
effective power per square meter, ease of use, high wind stability, low material cost, ease of
folding and containing few parts. The deciding factors are defined under “Definition of the
deciding factors” below.

The priority of every factor was then decided. As the effective power was of great importance
it received a high priority. How easy it was to use and fold was of slightly less importance,
but it still received a high priority. The other factors got rather low priority because they were
considered to be of less importance.

Definition of the Deciding Factors
Effective Power
The effective power is calculated with the following formula:

P = (To-T))*m*C, / At

P = Cooking power (W)

T, = Final temperature (K)

T, = Initial temperature (K) (5 K over room temperature)

m = Water mass (kg)

C, = Water heat capacity (4186 J/[kg-K])

300 = The time for the interval between two measuring points (s)

The cooking power is then plotted against the temperature difference, with the power on the
y-axis and the temperature difference on the x-axis. A linear regression is calculated and an
equation is given. The equation given is in the following form:

P =at+b*Td.

P = Cooking power (W).

a = The value where the trend line intercepts the y-axis.

b = The slope (W/C°).

Td = Temperature difference (C°).

The effective power is then calculated when Td= 10 C°

The following scale for points are applied
0-12 W= 1 point

12 -15.5 W =2 points

15.5-19 W = 3 points

19 — 22.5 = 4 points

>22.5 W =5 points

% GATE (German App. Technology) 1979 . ‘Comparision between different Systems of Solar Cookers
considering both Technical and Economic Aspects’ Exchange, P.O. D-6236, Eschborm 1 FRG).
5 Professor Ashok Kundapus homepage; http://ashokk 3.tripod.com/solar13.htm, 2005-08-18
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Effective Power per Square Meter

This factor is the effective power divided by the needed area in square meters to make the
solar oven prototype. The square meters include the wastes that are cut off from the original
area.

The following scale for points are applied

0 —39 W/m”= 1 point

39 — 49 W/m’ = 2 points

49 — 59 W/m*= 3 points

59 - 69 W/m”= 4 points

> 69 W/m”= 5 points

Ease of Use

This factor includes how easy it is to place a pot in the oven when the oven is optimized for
45 zenith angle respectively 90 degrees zenith angle. Consideration has been taken as to
whether there is a horizontal or partly horizontal surface to place the pots.

The following points are given; impossible 1 point, difficult 2 points, could be done 3 points,
rather easy 4 points, and easy 5 points.

High Wind Stability

This factor includes how stable the prototype stands on the ground when the oven is
optimized for 45 zenith angle respectively 90 degrees zenith angle. Consideration has been
taken to if a strong wind will move it out of angle or even tip it over.

Very unstable = 1 point

Unstable = 2 points

Rather stable = 3 points

Stable = 4 points

Very stable= 5 points

Low Material Costs

The material costs for prototypes. More material gives higher costs. If the prototype needs
more then the cardboard material such as rope the costs will increase.

Low material costs = 5 points

Medium material costs = 3 points

High material costs = 1 point.

Ease of Folding

This factor includes the time required to fold a solar oven. Other aspects are whether there are
any fragile parts, as then the solar oven will require gentle handling when being assembled. Is
it easy to understand how it is supposed to be folded? Number of flaps and fold marks to fold
after are also important aspects.

Very difficult, the prototype is hard to fold (takes a lot of time) and /or is very difficult to
understand = 1 point

Difficult, the prototype is rather hard to fold (takes a lot of time) and/or could be a little
difficult to understand how = 2 points

Rather easy, the prototype takes some time to fold and/or pretty obvious how to fold =3
points

Easy, the prototype is pretty fast put together and/or easy to understand how = 4 points

Very easy, the prototype is very easy to fold and/or does not take much time to understand
how = 5 points
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Contains Few Parts If it contains 1 part it gets 5 points, 2 parts it gets 3 points, 3 parts or
more it gets 1 point.
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8.2.6 Results from Evaluation

To find out which solar oven prototype that was the best, the final score was calculated by
multiplying the point of each factor with the weight and then adding it together for all the
deciding factors. The table 4 below shows the results.

Table 4: Results from Evaluation of Prototypes.

Prototype Number
&10 SZD 930 &40 950 960 970 980 990
priority 5 25 25 2[5 2|5 £|5 2|5 2|5 2[5 ¢
POintS o o o o o o o o o o o o o o o o o o
Effective
power 10| 4 40| 4 40| 5 50] 3 30| 3 30] 2 20] 1 10] 1 10| 4 40
Effective
power per
square meter 10| 4 40| 4 40| 5 s50] 5 50| 3 30| 2 20] 1 10] 1 10| 4 40
Ease of use 71 4 28] 3 21| 3 211 3 21| 5 35| 5 35| 3 21] 5 35| 4 28
High wind
stability 4] 4 16| 3 12| 3 12| 3 12| 4 16| 4 16| 4 16] 4 16| 5 20
Low material
cost 5] 5 251 5 25 5 25 3 15| 5 25| 5 25| 3 15] 5 25| 5 25
Ease of
folding 5] 4 20| 4 20| 4 200 2 5| 2 10| 4 20| 3 15] 4 20| 5 25
Contains few
parts 2 5 10l 5 10| 5 120 1 2| 5 10| 5 10l 3 6] 5 10| 5 10
Total |179 |168 |188 |140 |156 |146 | 93 |126 |188

Table 4 above shows that the winning designs were prototype numbers 3 and 9 which both
ended up with 188 points. In second place we have prototype number 1 and in third place
prototype number 2. Interesting observations are that:

Prototype nr 1 is overall a good prototype but does not succeed in getting the highest score
in the factors that are most important.

Prototype nr 2 is also a good prototype but lacks stability and ease of use.

Prototype nr 3 is an excellent prototype when it comes to the most important, namely
effective power. Ease of use and stability are not that good but could be improved.
Prototype nr 4 has an excellent effective power per square meter but lacks all the other
factors.

Prototype nr 5 has rather a bad effective power and is hard to fold. Its greatest advantage is
that it is easy to use.

Prototype nr 6 has really bad effective power which the other deciding factors cannot make
up for even if has scored highly on them.

Prototype nr 7 has so bad effective power that it probably would not work at all. It ended up
in last place.

Prototype nr 8 is an overall good prototype but has very low effective power which makes it
a bad choice.

Prototype nr 9 is a good prototype and gets the highest score overall but the effective power
factor and effective power per square meter are rather low.
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9 Product Testing of Solar Ovens

9.1 Methods Used

The methods used when developing a product in a U-country is very different compared with
the one used in an I-country. Some of the most fundamental differences are the aspects of
culture, social, technical and material.

Tests

The next step, after laboratory testing with lamps and small prototypes, is to make solar ovens
to a natural scale and conduct tests under the real sun. This test was first made under Swedish
conditions. The sun insulation is not that strong and the insulation angel is lower but the test is
good to do even there because it gives a hint of the comparison between different ovens even
if it does not give any exact values.

The results of these comparing tests are given in Appendix 3. In the Swedish tests the water
temperature was not reaching the boiling point. The maximum temperature here were around
85°C.

In Arugam Bay, Sri Lanka, the solar conditions are different and here the boiling point of the
water is possible to reach in a shorter amount of time. The results of these tests are also given
in Appendix 3. Even here the main point is to compare the different ovens so it is not as
important to do the tests on a very sunny day, but it is preferable.

The solar ovens were placed in the sun and the best available angle is adjusted. The wind
should not reach more than one meter per second so wind shadow was created by wind cover
on all sides. A black pot with one litre water was placed in focus of the ovens and the value in
the table is taken.

9.2 Material Evaluation

When developing the prototypes in Sweden many different materials were considered. The
materials used in the solar oven could roughly be divided in to five different categories.

Reflecting material (such as aluminium foil, polished iron plate)

Stabilisation material (such as corrugated cardboard or entwined basket)

Heat storage material (if heat storage is used this could be for example a brick)
Vessel holding material (such as simple chicken fencing)

Vessel material (such as aluminium for a cooking pot)

Join material (such as hobby glue or iron wire)

Not all these types of material are needed to make a complete solar oven. For example heat
storage is not always used. In some cases no vessel holding material is needed because the
load is placed directly on/into the heat storage.
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9.2.1 Reflecting Material

The top layer material of the reflector is in this study called the solar ovens reflecting
material. It is this material that is hit by direct solar beams. The main purpose of the material
is to reflect as much light as possible. Reflecting material is by definition in this report also
lubricants or coating that is used on the top layer of the reflector.

Important aspects to consider when choosing reflecting material are: material cost, production
cost, reflection ratio, durability and aesthetic aspects. Often different aspects are each others
opposite but not always. Examples of an aspect that often are opposites are material costs
versus durability. Material costs include the cost of the raw material and the production cost is
the cost for putting the raw material together to a finished reflecting material. Local materials
are often much cheaper then if you have to import them to the country. The raw material
should be in the region or at least have the ennoblement to the finished reflecting material
rather close by. With some of the reflecting material better reflecting the ratio and durability
of shininess could be achieved with polisher and surface protecting lubricants. Most metals
oxidise with the oxygen in the air and the surface reflects ratio drops. The reflection for the
materials in this rapport is measured in percent. The percentage numbers presented for each
reflecting material is the number of percent the reflection is compared with the imported
Australian mirror. So if reflection for Diamond ® Aluminium foil is 48.1 % this means that it
reflects 48.1% of what the imported mirror does.

Different types of reflection materials are:

9.2.1.1 Tea/Coffee bags

To protect and keep the coffee or tea fresh, paper bags are used with a layer of plastic and a
very thin layer of aluminium foil. The aluminium layer is the layer which is in direct contact
with the tea or the coffee. The foil on the inside is rather shiny, but less shiny then cooking
aluminium foil. The liability to damage is moderate thanks to the paper and plastic layers.
Tea and coffee bags are made locally and are therefore cheap. Each bag that is 1m * 1m cost
approximately 30 rupees (or 0.3 USD). An untreated tea/coffee bag had a reflection of 79.8
percent when it was tested in the reflection device. In the reflection tests below the tea/coffee
bags are called Al-paper local. The reflection was dependant on the quantity of wrinkles. It is
of great importance therefore to get the surface as smooth as possible from the beginning
and/or be able to flatten out the wrinkles.

9.2.1.2 Cooking aluminium foil

In cooking, aluminium foil is used to reflect the heat radiation. The aluminium foil could be
used to keep food hot by wrapping the food with foil. Another cooking application is to wrap
the food with aluminium foil to protect it from getting burnt for example when having a
barbeque. The aluminium foil used for cooking varies from very low reflection to high
reflection. Often only one side is processed for real shine and the other side remains feeble. A
pattern between the Swedish aluminium foil and Sri Lankan aluminium foil was discovered,
where in general Sri Lankan aluminium foil was less shiny and therefore less reflecting. The
aluminium foil used in the test on Sri Lanka was Diamond® Aluminium foil and OSO™
Aluminium Foil.

When untreated foil was tested in the reflection device Diamond ® had a reflection of 48.1 %
and 0SO™ 57.0 %.
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The Diamond® Aluminium foil had the proportions 762*45.7 cm and was of pretty heavy
quality. Diamond lacked in reflecting ability but had advantageous proportions and durability.
Continuous problems occurred when testing OSO™ Aluminium Foil. After a couple of meters
the surface of the roll was partly oxidized. Two rolls where bought and both showed the same
fabrication flaw. OSO™ aluminium had the proportions 30*2000 cm and was slightly more
reflecting then Diamond® Aluminium foil but as stated before had fabrication flaws and was
more delicate. The prices for the foils where 245 rupees respectively 225 rupees, which gives
a pricT?vl per square meter of 70 rupees (0.7 USD) for Diamond ® and 38 rupees (0.38 USD) for
OSSO .

9.2.1.3 Aluminium Plate on Rolls

In many of the Sri Lankan hardware stores aluminium plate on rolls in different qualities
could be found. Some of the qualities are rather shiny and can be compared in some ways
with galvanized iron plate. The rolls are approximately 20 m long and 0.6096 or 0.9144 m
wide. There are also different qualities when it comes to thickness, between 0.5 mm and 2
mm. The thin qualities are easy to fold but lack in stability if you want it to work as both
stabilizing material and reflecting material. The thicker qualities could carry its own weight
and be folded so it stays in a certain angle. Untreated thin respectively thick aluminium plate
had a reflection of 59.8 respectively 52.2 percent. Both of the qualities became poorer when
polished. The polisher used was Brasso® manufactured by Reckitt Lackiser. Aluminium in
general reacts badly with polisher and tends to get more matt then before. Polished thin
aluminium plate had 30.3 percent reflection and thick aluminium plate had 26.1 percent.
Varnish seems to have a better effect. A fact to consider is that varnish did not bring up the
reflection but can protect the surface from oxidation. Studies carried out with the reflecting
device 1 showed that varnished thin aluminium plate got a reflection of 53.4 percent and
varnished thick aluminium got a reflection of 34.1 percent. Since no metal varnish was
available in the Arugam Bay area wood varnish was used. The varnished used was
polyurethane based and named Nippolac®. Silicone Coating (Pvt) Limited was the firm
behind the brand. The varnish was not thinned before applying.

The thin aluminium plate was bought in Negombo in a local hardware store at the price of
550 rupees for 1 meter * 09144 m. The price per square meter was therefore 601 rupees (or
6.01 USD). That price was slightly over the normal price. In Pottuvil in a local hardware store
the thicker aluminium plate was bought for the price of 130 rupees for 0.3048 m on a roll that
was 0.9144 m wide. The price per square meter was therefore 466 rupees (or 4.66 USD/m?).

9.2.1.4 Industrial Made Aluminium Foil on Cardboard
Aluminium on cardboard is used in many different applications in both developing countries
and industrialized countries. One use is aesthetic use in packaging; another is to keep
freshness for food and snacks. Many packaging companies use aluminium foil on cardboard
to package fluids. The aluminium foil on cardboard used in our project was produced by a
Swedish company in Arlov specialized in corrugated cardboard. This Swedish aluminium foil
on cardboard was therefore only used together with corrugated cardboard as stabilising
material. The layer used was in the following order (with start from the bottom and end at the
surface)

1. Corrugated cardboard

2. Bleached cardboard

3. Aluminium foil

4. Plastic layer (for protection and higher reflection)

39



Untreated aluminium foil on cardboard had a reflection of 74.0 percent. The material became
poorer when polished. When Brasso®, manufactured by Reckitt Lackiser, was used as
polisher the reflection dropped to 61.2 percent. Varnish had a better effect and even
succeeded in bringing up the reflection above the untreated to 75.9 percent. This is very good
because varnish is assumed to prolong the surface reflection to a great extent. The varnish
used was Nippolac®, the same as for the aluminium plate above. The varnish was not thinned
before applying.

The quality of the corrugated cardboard received from the Swedish firm was 1.38*1.02
meters. One sheet therefore had the area 1.41 m*.The price for one sheet was 100 SEK (13.16
USD) but could be lowered with greater quantities. A potential price is 80 SEK per sheet,
which gives a price of 7.5 USD/m”.

9.2.1.5 Aluminium Paint on Plastic Board or Cardboard

In many Sri Lankan paint shops, paint that contains grains of aluminium could be found.
Many Sri Lankan paint shop owners stated that it is their most reflecting paint. The paint was
tested on both untreated cardboard and cardboard with a plastic cover. Quite a lot of the first
layer of paint was sucked up by the untreated cardboard leaving a very lustreless finish. The
first layer of paint on the plastic covered cardboard left a better result then the untreated but
still was very lustreless. The second layer improved the shininess but not to any greater
extent. When finished with two layers of paint the shininess could, with the plastic cover, be
compared with greatly oxidized aluminium plate. The reflection was 36.1 percent with the
plastic covered cardboard and 10.5 percent with the untreated cardboard.

The paint was bought in a local paint shop in Pottuvil. The name of the paint was Nipolac
Aluminium paint and was produced by Silicone Coating (Pvt) Limited. Each pot of paint
contained 100 ml and cost 180 rupees. 500 ml pots could be bought for 320 rupees, resulting
in a price of 640 rupees per litre. Every litre of paint is enough to cover 18 square meters
giving a price of 36 rupees per square meter. Two layers will be needed so the price will be 72
rupees per square meter of reflector surface. This is the same as 0.72 USD/m’.

9.2.2 Stabilization Material

Stabilization material is material which holds up the reflecting material and holds the
reflection material in the wanted angles. The material could vary in stiffness. Some are very
stiff and stay in the same position after it has been deformed to a certain shape. Other
stabilization material needs to have for example flaps or strings.

Important aspects to consider when choosing stabilization material is; stiffness, material cost,
production cost, durability and aesthetic aspects. Because the stabilization material does not
have those specific high requirements as the reflection material has, it is easier to find a good
local alternative.

The raw material for the stabilization material is more likely to be found in a developing
country then the reflection material. The stabilization material should therefore with great
economical and environmental benefit be produced locally. Production costs are most likely
to be lower in a developing country. If the stabilization material is not from the country in
which the solar ovens are supposed to be used the production of the solar oven or some kind
of ennoblement to the finished solar oven should be rather close by.
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9.2.2.1 Corrugated Cardboard

The corrugated boards that are used today usually, in its easiest form, consist of two flat
sheets (that are puncture resistant) and a filling of corrugated paper that gives protection
against compression. If the paper used is hard wood it has good compression strength but can
not handle too much tension. On the other hand, if soft wood is used the paper resists tension
better and resist puncturing to a greater extent.

The flat sheets and the corrugated filling are often glued together on the top and bottom of the
fillings flutes. Glue is often starch adhesive from corn, wheat or potatoes. The use of non-
chemicals compounds as adhesives has great environmental benefits. One corrugated board
consists of two flat sheets and a corrugated filling; it is often called a single sandwich or just a
sandwich. There is corrugated board that consists of as many as 3 or 4 sandwiches. The
corrugated board used in the small scale prototypes were single sandwiches and in the full-
scale prototypes double sandwiches were used.

One advantage with corrugated cardboard is that it is easy to manufacture. There are
thousands of manufactures around the world and it could be bought in many different
qualities. There is no problem in getting a cardboard that is suitable for the needs.
Furthermore corrugated cardboard is a renewable material that can be recycled many times.
The production of corrugated board can be done in a way that gives little effect on the
environment if managed correctly. So if a comparison is done between many of the materials
produced in the western world, corrugated board could be a good choice if the fibres are
recycled and the forest needed for the production is replanted

If corrugated board is used as stabilization material flaps or ropes are usually needed to make
it stick to the shape that is wanted. The material is not so stiff that it could be bent to a certain
deformation and then keep it.

A rather big disadvantage is that corrugated cardboard is sensitive to moisture such as rain,
mist or dew. When exposed to moisture the boards tend to get soft and loose their shape. The
deformation done by the moisture is often permanent. Plastic covering could prevent some of
the deformation but not all of it, and for certain not a heavy rain or tipped over pot of water.

9.2.2.2 Entwines Basket of Palm Leaves

In many tropical countries different palm trees are the most usual type of tree. Since many
developing countries are tropical countries, a great natural raw material are leaves from the
palms. Palm leaves have for thousands of years been used to entwine different types of
baskets. Palm trees are not the only raw material to make baskets from, different cultures and
geographic places have different types of raw material. Examples of other raw materials are
bamboo, reed and different roots. Baskets are often made by women with long experience.
Sometimes the production is concentrated to a certain village in a region and the production is
done more or less locally. The basket could preferably be used when a more parabolic shape
is required. With a proper prototype there should be no problem to instruct the local craftsman
to make replicas.

The biggest advantages with entwined baskets are that they are cheap and made of a local
material. Because it is made of a local organic material it also has many factors that are better
for the environment then other materials. If the raw material needed for the baskets are
collected, produced and transported in an ecological sustainable way this material is one of
the top choices when looking at environmental aspects.
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Disadvantages with the material are that it is not that easy to shape, reflecting material could
be hard to attach and that it is rather space demanding to transport.

To attach foil or other rather thin and fragile reflecting material is difficult and the results tend
to be really fragile.

In the project a parabolic shaped basket was evaluated. It was made of palm leaves and put
together with plastic rope. When making the basket the optimal shape was not reached and the
reflecting material was therefore hard to attach. Reasons why the shape did not become
optimized were that the basket was not made by an experienced basket maker and the fact that
the basket was made out of old, and therefore more fragile, palm leafs. Figure 30 shows an
early stage in the process of making the basket.

e

Figure 30: The process of tWining together di'ferent palm leafs to make a parabolic basket.

9.2.2.3 Fine Meshed Squared Fence

Fine meshed squared fence comes in many different qualities. Some are in more or less pure
iron and others are iron alloys that prevent them from corrugating too fast. The iron alloys or
the ones with a protecting plastic cover cost more but have a longer lifespan. The dimensions
of the squares are also very different. Dimensions from 1*1 cm to 10*10 cm could be used.
The one with smaller dimensions cost more if it has the same dimension of the wire that it is
made of. Preferred meshed squared fence for thinner reflecting material is a small meshed
fence that could have many fixation points.

A disadvantage small meshed or not, is that the squared fence could be really hard to shape.
The easiest shape to create is the funnel; any other shape takes a lot of time and needs more
fastening points.

If an iron alloy is chosen it has a lifespan that is longer than or at least as long as the reflecting
material. Another advantage with this stabilization material is that is can be found in every
country in the world.

9.2.3 Heat Storage Material

The heat storage material is a material that is preheated in the solar oven. By putting it in the
solar oven the material is preheated so that it can emit heat to the cooking vessel when it is
put on. The main purpose for the material is therefore to hold as much heat (viz. thermal
energy) as possible and then to emit it to the cooking vessel so the cooking time becomes
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shorter. There are many different types of solutions and materials to serve this purpose, from
very complex and expensive ones to rather easy and cheap ones.

Important aspects to consider when choosing heat storage material are: shape, heat storage
capacity, maximum temperature, absorbance / emission ratio, material cost, production cost,
durability and aesthetic aspects.

To get a high absorbance / emission ratio a material that is selective could be used which
absorbs more then it emits. An example of such a material is black chrome®”.

Many of these specially developed materials are very costly and hardly relevant to the
application as a heat storage material in a solar oven. The raw material to the heat storage is
material preferably found more locally then this special material that has to be imported. That
gives both great economical and environmental benefits. Production costs are most likely to
be lower in a developing country and local production also benefits the user’s country and/or
area. Traditionally humans have used stones and minerals as heat or cold storage. This type of
material is therefore interesting when looking for a simple solution in a developing country.

9.2.3.1 Bricks

There are many different types of bricks around the world. The ones used in this project were
basic clay bricks burned in a heap. The quality of the bricks varied slightly because of the
simple circumstances they were made under. In many parts of the world there a local source
for the raw material needed for bricks. Bricks production in developing countries are often
very ineffective when it comes to using the maximum use of the fuel and is often associated
with environmental problems®®. Never the less bricks are good when it comes to storing heat
or coldness. The same principal, that make bricks store the night’s coldness in houses in warm
countries, is used to make the bricks hold the heat collected in solar oven.

For the best absorbing effect the bricks should be made black either by paint or by putting it
into a fire with incomplete combustion.

A brick has its obvious advantages if you compare to natural stones. The even sides make it a
lot easier to build up a proper surface to place a cooking vessel on. An option, if a solar oven
with a hole in the bottom is used, is to make a permanent heat storage body made of bricks.
With permanent heat storage the storage does not have to be put in place every time the solar
oven shall be used.

Compared to other heat storage options bricks are often cheap and have the advantage that
they often could be made locally. A disadvantage is that it is rather difficult to make an even
and compact body. The spaces between bricks and the unevenness make heat transfer more
difficult. It also takes some time to pile the bricks. If the piling is not done right and the
colouring is done poorly the bricks could have an opposite effect and contribute to a worse
result then without heat storage. The tests done with bricks in this rapport where rather
unsuccessful and a decision to not use bricks were made. See results in chapter 9.4.2 below.

9.2.3.2 Dark Lava Sand

In many parts of the world there is volcanic activity or has once been. Lava is a melted
material from the Earth’s inside that reaches the Earth’s surface mostly through volcanic
eruptions.

The lava wanted for use as heat storage should be as black as possible. Because the lava
stones and rocks are often shaped in a non-even shape, lava sand could be a more suitable

67 Gotherm; http://www.gotherm.com/tech.htm, 2005-09-05
6% Canada's International Development Research Centre IDRC; http://www.idrc.ca/nayudamma/ev-3165-201-1-
DO_TOPIC.html, 2005-09-05
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option. Lava sand is also more commonly occurring then stones because of nature’s way of
fragmentising to smaller pieces.

The reason for choosing lava sand is because it is dark and absorbs heat well. If sand from
other dark minerals is available it could work as well. The sand is put in the bottom of the
solar oven and is then preheated before placing the cooking vessel embedded in the hot sand.
An advantage with lava sand is that if it is availed, it is free of charge and could be collected
locally. There is a very small environmental effect of collecting the limited amount of sand
needed, which makes it to one of the best choices considering environmental impacts.

There are some important disadvantages of using lava sand. One of the most important ones is
that the sand is difficult to handle and you have to use a solar oven design that is more or less
intended to use sand as heat storage. If there is no space designated to store the sand there is a
big risk that the sand does not stay where it belongs. Another risk is that the sand ends up on
the reflecting material causing it to reflect fewer sun rays.

9.2.3.3 Black Painted Aluminium Vessel with Sand

One simple but rather good way of storing the heat is to have a black painted vessel filled
with sand that is preheated before the cooking vessel is applied. The sand filled vessel could
be in many different shapes but should have a flat top so the cooking vessel could be put
there. The heat storage vessel could be put in place with many different vessel holding
arrangements. Practically every method described in chapter 9.2.4 could be applied. In this
project a two fork up-hanging was used with four strings. An important aspect to consider is
how close to the focus point the heat storage should be placed. If it is close to the focus point
the heating of the heat storage will be faster. The disadvantage of having the heat storage in
the focus point is that it will be in the way for the cooking vessel later on, so that the cooking
vessel does not get in the focus point. The best option in the project (see chapter 9.4.2 for
results) was not to put the heat storage vessel in the focus point, instead it was placed below
so it takes longer to heat the storage. The critical condition is that the vessel should be able to
get a rather high maximum temperature without it taking to long to reach it. One option to
solve this is also to have the heat storage in the focus and then lower it to make room for the
cooking vessel. This is not always a possible solution but should be considered when it is
possible.

The heat storage vessel could also be shaped so it has maximum surface contact with the
cooking vessel without shadowing it too much.

The aluminium vessel should be painted black or held in a fire with incomplete combustion. If
the vessel is painted it could be rolled in sand before the second layer of paint is applied. The
layer of sand results in a surface enlargement that makes the absorption better for the heat
storage vessel. The black paint that is applied should be as subdued as possible. In all the
paintwork where black paint was needed in the project BOSNY (r) spray paint NO. 39 Black
manufactured by R.J London Chemicals IND was used.

9.2.4 Vessel Holding Material

Vessel holding material is a material which is used to hold the cooking vessel in the solar
oven’s focus without storing heat. The most common way is to have something that the
cooking vessel stands on. Another way is to hang the cooking vessel in the air in the focus
point. Both ways have their own advantages and disadvantages. The stand on option and two
hanging options are shown in the figure 31 below.
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Figure 31: Different ways to hold cooking vessel - 1 Stand on option. 2 Two fork up hanging. 3 Leaned
stick up hanging.

In some cases it is hard to separate load holding material from heat storage material. This is
because the heat storage material can also be the material holding up the cooking vessel. In
fact many heat storage solutions are load holding solutions as well. To separate the two
materials from each other the definition of load holding material above makes it clear that its
main purpose is not to store heat.

The solutions to hold up the cooking solutions are very different in many ways. There are
solutions that can be at used almost any place in the world, with the raw material needed
collected by the user in its surroundings. Other options like forge iron or fine meshed square
fence needs blacksmiths or a simple production industry. The holding vessel material does not
have extraordinary requirement and should therefore be produced as locally as possible, if not
in close surroundings at least in the region or in the country.

Important aspects to consider when choosing stabilization material is: material cost,
production cost, stability, durability, ease of use and if it can be produced locally.

Another important aspect is to design the load holder so that it does not shadow or interfere
with the sunlight. Often you want the reflection from below the cooking vessel as well so it is
important to make the interference as small as possible from every possible angle.

9.2.4.1 Fine Meshed Squared Fence

Fine meshed squared fence comes in many different qualities and is used as a “stand on”
option (see figure 31 option 1). Some are in more or less pure iron and others are galvanized
to prevent them from corrugating too fast. The iron alloys or the ones with a protecting vinyl
coating cost more but have a longer lifespan. The dimensions of the squares are also very
different. Dimensions from 1*1 cm to 10*10 cm could be used. The ones with smaller
dimensions cost more if it has the same dimension of the wire it is made of. Preferred meshed
squared fence for load holding material is a rather large meshed fence so it doesn’t cost too
much shadow on the cooking vessel. There should be so little material as possible without
jeopardising the stability.

Fences are often produced in a wire-and fence factory or a similar production facility. There is
hopefully such a factory in the user country. If not, the fence material has to be imported
which is a big disadvantage. Imported material to developing countries is almost always more
expensive then locally produced.

Advantages with fine meshed squared fence are that it is easy to form the right shape and that
it is rather easy to get hold of.
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9.2.4.2 Simple Chicken Fence

One of the most common fences is the simple chicken fence. It has squares with a dimension
around 3*3 cm and is usually made of basic iron wire. This fence is very suitable for making
a cylindrical shaped vessel holder to put the cooking vessel on.

This is a simple and cheap vessel holding option. Often the material could be bought it in the
local hardware store, and are with some luck made in the country. The biggest disadvantage is
that it has limited durability and gets corrugated rather quickly.

9.2.4.3 Forge Iron

Forge iron is usually created in developing countries by the local blacksmith or a local simple
forge industry. Forged iron is pretty often used to put a pot over a fire. This could be done by
making a simple stand with 3 or more legs. Forge iron could be used for a stand to a solar
oven. It is placed in the bottom of the oven and could be adjusted so that the cooking vessel
gets in the focus point. The stand is often very stable in its construction and has a great
durability.

Disadvantages are that it is rather heavy and absorbs some of the suns radiation reflected from
reflecting material below the cooking vessel. It could be produced locally in most regions,
even though the raw material may have to be imported. There is a risk that the stand would
transfer heat from the cooking vessel when the vessel gets hotter then the stand.

9.2.44 Two Fork Up-hanging

The two forks up-hanging has been used for thousands of years to hang the cooking vessel
over the fire. The two forks up-hanging was constructed by finding two good tree branches
with forks and one branch to put in between (se figure 31 option 2). To stabilize the fork
branches, holes are dug in the ground and/or stones are leant around the branches.

This vessel holding option is simple and well known. The raw material needed is so simple
that there are very few places on earth where you cannot get hold of it. Branches and some
stones are found at almost any location.

The two forks up-hanging should be constructed so that it does not shade the solar oven when
it is cooking food or boiling water. There is a balance that has to be held between having a big
or rather small stand. The big stand does not shadow the solar oven but takes more material to
construct and tends to get more volatile. A small stand consumes less material and tends to be
more stable but will also shade the solar oven.

This way of hanging up the cooking vessel is really cheap and makes it really easy to adjust
the right angle. The azimuth and altitude angle of the solar oven could be adjusted without
touching the cooking vessel or its holding material.

9.2.4.5 Leaned Stick Up-hanging

The leaned stick up-hanging uses almost the same raw material as the two fork up-hanging.
The construction is shown in figure 31 and consists of two or three branches that are tied to a
cross on which a big tree branch are leant on. To prevent the bigger branch from tipping over
some stones could be put on the end or the end could be buried. This construction option is
cheap and only uses local raw material. Compared to the two forks up-hanging there is only
risk for shadows from one tree branch. But it could be placed so that the shade is almost
avoided. This construction tends to be more fragile then the two fork up-hanging. Leaned
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stick up-hanging has the same advantage as two forks up-hanging, the solar oven could be put
in position without touching the cooking vessel or the vessel holding construction.

9.2.5 Vessel Material

The vessel material is the material of which the cooking vessel is made of. Cooking vessels
are produced and distributed around the world. There are hardly any cultures today that don’t
use a cooking vessel. The dominating materials are clay, aluminium or stainless steel. More

than half the cookware sold in the industrial countries are made of aluminium®’.

The most basic and traditional way is to make it out of clay and there are still a lot of places
where people use clay pots.

A very important feature of a cooking vessel is that it should absorb heat without emitting too
much of it. Other important aspects to consider when choosing vessel material is: shape,
storage capacity, maximum temperature tolerance, absorbance / emission ratio, material cost,
production cost, durability and aesthetic aspects.

If the emission should be brought to an absolute minimum a selective surface could be used
on the vessel. The selective surface gives a better absorbance/emission ratio. These kinds of
surfaces are often made of special and expensive materials. These expensive raw materials
often have to be imported and are not preferable for a simpler solar oven design. The material
needed should be found locally. If it is not produced locally it should be cheap imported raw
material. To have the cooking vessel produced locally gives both great economical and
environmental benefit. Production costs are most likely to be lower in a developing country
and local production also benefits the user’s region.

9.2.5.1 Unpainted Aluminium Cooking Vessel

Aluminium is one of the most commonly used materials for cooking vessels. It is light,
strong, imparts no taste or odour to food, durable, and has rather good cooking characteristics.
According to the International Aluminium Institute the aluminium cookware only looses 7%
of the heat it receives. It also distributes the heat efficiently and evenly into the inside rather

then to the outside air’’.

A cooking vessel of stainless steel costs more but could be easier to repair. The biggest
advantage for an aluminium vessel is that it is relatively cheap if you compare to other
imported materials. It also has good durability. An unpainted aluminium vessel reflects much
of the sun’s light. The unpainted aluminium vessel therefore has the great disadvantage of not
absorbing so much heat.

% WORLD-ALUMINIUM.org; http://www.world-aluminium.org/applications/packaging/cooking.html, 2005-
09-15
70 WORLD-ALUMINIUM.org; http://www.world-aluminium.org/applications/packaging/cooking.html, 2005-
09-15
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9.2.5.2 Decarbonized Aluminium Cooking Vessel

The easiest way to get a decarbonised aluminium surface is to put the vessel over a fire with
incomplete combustion. Many aluminium cooking vessels in developing countries are already
decarbonised after extensive use over the cooking fire. The layer of soot on the cooking vessel
makes it better at absorbing the sun’s radiation. The facts that the aluminium vessel is a
ordinary cooking vessel and that firewood is the most common way of cooking food makes
the chances high that the user already has a cooking vessel. In some extreme situations like
refugee camps many people have lost everything including cooking vessels.

Aluminium vessels that are new or have not been used over an uncompleted combustion
could rather easy be decarbonised on the surface. Some hours over a rather foggy fire will get
the wanted soot on the surface. This way of getting the cooking vessel black is very
economical and easy. All users could use this way method to make metal cooking vessels less
reflective and more absorbing.

9.2.5.3 Decarbonised Die-casted Aluminium Cooking Vessel

Ordinary aluminium cooking vessels are usually done in a press. But there is also aluminium
cooking vessel that is produced by die casting. The die-casted vessels are usually a bit thicker
and sturdier. This cooking vessel is decarbonised in the same way as the pressed aluminium
vessels above.

Advantages are that it has a high durability and does not break too easily. It also has a
marginal advantage of storing heat better. Some of the main disadvantages are that it costs
more and is not as easy to get hold of as the pressed aluminium vessels. Other disadvantages
are that it uses more raw materials and therefore has a greater negative impact on the
environment. It is also heavy which makes it harder to handle.

9.2.5.4 Shiny Black Painted Aluminium Cooking Vessel

The surface of aluminium cooking vessel is rather shiny and reflects a lot of concentrated
sunlight. As described above you could make the surface more absorbent by decarbonising
the surface over an uncompleted combustion. Another option is to paint the vessel black with
paint. In some situations a product that is ready to use instantly is needed. The option that the
user should decarbonise themselves is then not a satisfactory option. There are also problems
related to using the user’s old cooking vessel. The old vessels are often not optimised for the
specific solar oven.

The greatest advantage for using paint is therefore that you can deliver a “ready to use”
product. In many situations this could be the only way to get the solar ovens up and running.
The main disadvantages are that it costs money, are not as easy as decarbonise and is worse
for the environment.

Important aspects to consider when choosing paint for the cooking vessel is: light absorbance,
maximum temperature tolerance, heat absorbance / emission ratio, environmental effects and
the cost. So the paint should be lustreless and withstand temperatures up to 150 °C.

The paint used in the test on Sri Lanka was BOSNY (r) spray paint NO. 39 Black
manufactured by R.J London Chemicals IND.
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9.2.5.5 Shiny Black Painted Aluminium Cooking Vessel with Sanded Surface

To get an even better result with a black painted aluminium vessel, sand could be applied to
maximize the absorbance. By adding sand to the surface a surface enlargement is
accomplished that traps more of the sun’s light. The total absorbed energy gets higher. With
black painted sand on the surface it reflects less of the useful sunlight.

The sand could be applied, in a very basic and easy way, by first painting one layer of paint
and then rolling the vessel in sand. After rolling the vessel in the sand a finishing black layer
of paint is applied.

9.2.6 Join Material

The join material is a material used for joining different parts and materials of the solar oven
together. Material that is called join material in this rapport is for example different types of
glue and ropes used to put together the solar oven. This material should be as simple and
cheap as possible, simple in the way that it is easy to use and is accessible without
compromising the requirements of the material. It is preferable that the material is produced
locally or at least accessible locally. In some designs local material could be used with great
result. Example of local raw material that could be used is glue made of rice, flour and starch.
Important aspects to consider when choosing join materials are flexibility, strength, maximum
temperature tolerance, material cost, production cost, durability, environmental and aesthetic
aspects.

9.2.6.1 Superglue

Cyanoacrylate is the generic name for substances such as methyl-2-cyanoacrylate. This
substance is often used in glues with trademarks such as Superglue and Krazy Glue. When the
substance is 2-octyl cyanoacrylate it is often used in medical glues such as Dermabond and
Traumaseal’'.Cyanoacrylate is a one-part acrylate adhesive and cure in a few seconds by
reacting with the surface moisture. It has good strength and excellent adhesion to many
different materials. Disadvantages are that it has poor shock or impact resistance and is bad on
filling gaps. There are cyanoacrylates that are modified with rubber or elastomer that has less
of these disadvantages’”.

In the solar oven the cyanoacrylates could be used to join stabilization material or to fixate the
reflection material to the stabilization material. The superglue used in this project was
ALTECO Super glue and was based on cyanoacrylate. It was tested for the purpose to join
stabilization material with the reflecting material (corrugated cardboard and Diamond ®
Aluminium foil in this case). The superglue was hard to apply by hand but in an industrial
process it would be easier. The glue could handle high temperatures (at least 180 “C"®) but is
rather expensive compared with other glues.

"' Wikipedia; http://en.wikipedia.org/wiki/Superglue, 2005-09-20

72 Globalspec; http:/industrial-
adhesives.globalspec.com/LearnMore/Materials_Chemicals/Adhesives/Cyanoacrylates, 2005-09-20
3 Glu Guru™ Tech Center; http://www.gluguru.com/Cyanoacrylates.htm, 2005-09-20
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9.2.6.2 Contact Adhesive

Contact adhesive is by definition in this rapport a liquid adhesive which dries to a film that is
tack-free to other materials but not to itself. It is applied to both surfaces that should be joined
and dried at least partially. When the partially dried surfaces are pressed together a bond of
high initial strength is the result.

There is a wide variety of contact adhesive with rather different characteristics. They can have
high viscosity, low viscosity or something in between. The high viscosity, which most have,
makes it harder to spread on a large surface. The strength could in some cases be as good as
superglue. Contact glue, which often is a cheaper option then the superglue, often withstands
temperatures a bit below 100°C. Contact glue could be used with good result on ceramic,
fabrics, vinyl, glass, leather, linoleum, metal, plastic, rubber and wood.

The contact adhesive used in our test where Multibond Contact Adhesive made by SINWA
ADHESIVE LTD in Dehiwarta Sri Lanka.

9.2.6.3 General Purpose Adhesive/ Hobby glue

These type general purpose adhesives are often a mixture of polymers dissolved in a solvent.
The adhesive hardens when the solvent evaporates and because there is a drying process in
contact with air this types of adhesive are often called drying adhesive. Both glues and rubber
cements are drying adhesives.

There are many types of drying adhesive and they consist of many different chemical
compounds which give different characteristics. Some compounds make them bind better to
some materials and some make them harder and more flexible then others. Many of them are
made non-toxic and are therefore good as hobby glue’.

The strength and temperature tolerance are often rather low for this type of glue. Advantages
for the glue are that it is rather cheap and is often easy to spread on larger surfaces.

The adhesive used in our test was NIPPOFIX general purpose adhesive made by Speciality
construction chemicals (PVT) LTD in Rajagiriya Sri Lanka.

9.2.6.4 Silicon Caulk

Caulking is often referred as the process when you seal a gap between two surfaces for the
purpose of making it air or watertight. There are many different types of caulk, some of the
most commonly used are: acrylic latex caulk, butyl rubber caulk, and silicon caulk. In this
project silicon caulk was used for the solar oven with mirrors as reflecting material. Silicon
caulk is based on the same tough elastomeric technology as silicone adhesive and silicone
sealant”. The silicon caulk does not have the same strength as epoxy or acrylic resins. But
what it lacks in strength it makes up for in flexibility. It has the advantage of remaining
slightly flexible even after drying. The flexibility makes it less sensitive to large temperature

™ Walgreens; http://www.walgreens.com/store/productlist.jsp? CATID=302274&navA ction=pop&navCount=2,
2005-09-20

7> Globalspec: http:/industrial-

adhesives.globalspec.com/LearnMore/Materials_Chemicals/Adhesives/Silicone Adhesives_Sealants, 2005-10-
26
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fluctuations. Silicon caulk could be used on most surfaces that are not porous but could not be
painted.

The main reason for using silicon caulk is that it tolerates water and that it is a bit flexible
which makes the joined material difficult to break.

9.2.6.5 Iron Wire

To join parts of the solar oven iron wire could be used. There are many different types of iron
wire. The iron could be mixed with many different types of metals to make alloys. One of the
most common is galvanized iron wire. The thickness can also vary a lot.

Advantages with iron wire are that it is strong and can stay deformed with certain stability.
Disadvantages are that it is expensive and could require special tools like tongs. The iron wire
is also more likely to be imported and not produced locally.

9.2.6.6 Plastic Rope

There are different types of plastic ropes made from different type of plastics. One of the most
common plastic to use in rope is polypropylene for industrial use and rayon for gardening
purpose’®. Different types of plastic have different characteristics. Generally plastic rope is
very cheap and in many ways it is more durable then a cotton rope. Biological activities have
less effect on a plastic rope then on a cotton rope. But plastic is also effected by natural
external effects such as sunlight, temperature and moisture.

9.2.6.7 Cotton Rope

The most common rope is a rope made out of fibre from a plant of some kind. The most
common plant to make rope of is probably cotton. Cotton ropes are made in a large variety of
qualities and thickness. The greatest advantage with ropes that are made of natural organic
material is that they often have a less negative effect on nature and that it could be produced
more or less locally. Cotton is often produced in developing countries which hopefully can be
used within the country.

The same characteristic that makes the organic ropes better for the environment then its
alternatives also contributes to its greatest disadvantage. The greatest disadvantage is that it is
easy degradable. A cotton rope could lose its quality over just a few weeks if the conditions
are good for the organisms that degrade the rope.

An advantage with the cotton rope is however that it is very cheap if you compare it to the
alternatives. There is also a bigger chance that it could be produced locally.

9.3 Test Results Sweden
9.3.1 Boiling Time

After the prototype tests were done, four designs were chosen to be made in real size. The
designs that was made in full scale were prototype 1 (Eagle), 2 (Box), 3 (Tulip), 9 (K2). One
of the reasons for making them in full size was to discover weaknesses that had been
overlooked when evaluating the prototypes. Some flaws could only be discovered when the

76 Swee Tin; http://www.alibaba.com/catalog/11019014/Polypropylene_Raffia_String.html, 2005-09-20
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design were in full scale. Examples of flaws are that the flaps could be hard to get right or are
too fragile. Some of the designs were therefore altered to better designs. To get further
information on the design, boiling tests were also done. The sun insulation is not that strong
and the insulation angel is lower in Sweden but tests are good to do even there because they
give a hint of the comparison between different ovens, even if they do not give any exact
values. Because of lack of time only two boiling tests were carried out. The designs that were
tested were the Eagle and K2. The result is shown in table 5 below. Notice that the K2 test
was done much later and still reached a better result.

In Arugam Bay, Sri Lanka the solar conditions are different and here it is possible to reach the
boiling point of water in a shorter time. The results of these tests are also given in appendix 3.
Even here the main thing is to compare the different ovens, so it is not so important to do the
tests on a very sunny day, but it is preferable.

The solar ovens were placed in the sun and the best available angle is adjusted. The wind
should not reach over one meter per second so wind shadow was created by wind cover on all
sides. A black pot with one litre water was placed in focus of the ovens and the value in the
table is taken. The time of day and the air temperature follows the standard in attached
appendix 17.

Table 5: Boiling tests on 2 July 2005 in Sweden with the Eagle and K2 designs.
Boiling time tests in Sweden

Prototype | Date Time TH20 (°C) | Tout (°C) | lllumination
Eagle 2005-07-02 | 12:15-14:37 | 25-73 19-21 1270-1350
K2 2005-07-02|14:47-17:00 | 24-83 21-21 1350-1230

9.4 Test Results Sri Lanka
9.4.1 Boiling Time

Many different blueprints where brought
down to Sri Lanka. Which design that had
the best power where decided by doing a
series of boiling tests. The boiling
temperature does not have to be reached for
the test to be successful. The tests were
conducted two and two and the design that
reached the highest temperature won. Five
different designs were tested on five
different days. In appendix 3 some results
from the boiling test are presented. The
result is not complete and in some tests not
much was noted other than who the winner
was. All designs, accept one parabolic
shaped design, were made with industrial Figure 31: The tulip design.
made aluminium foil on cardboard as

reflecting and stabilization material.
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The first day (3 July) the Tulip and Box
designs (see figure 31 respectively figure
32) where tested. It was not hard to select a
winner because the Tulip was rather
superior compared to the Box design. The
Tulip design did not however succeed to
boil water. During the boiling tests the Tulip
design was the only design with bricks as
heat storage material. This was judged not
to affect the outcome of the tests. The
outcome from this first test was that the box
design was discarded because of the poor
result.

. Figure 32: The box design.
On the second test on the 4 July the Tulip 8 &

was tested furthermore. At the same time
the K2 design was tested. Also on this
test the Tulip design failed to reach
boiling temperature. Both designs were
tested at for least 3 hours and none of
them reached over 95 degrees.
Compared to each other the designs
were rather equal and no design could
be discarded for sure. During the test
there were some clouds but not enough
to discard the test.

During the third test day rather large
interference, caused by clouds, appeared
that had a rather negative impact on the
test. Figure 33: The K2 design.

The cloudy weather came after a while

and a winner between the two designs could be chosen before that occurred.

The winner between the Eagle design (figure 34) and K2 design (figure 33) that where tested
was the K2 design.

Because no design this far had been
able to boil water some more drastic
methods had to be used. The plan was
therefore to go back over all prototype
tests done in Sweden and see which
one had the best power per square
meter interception area. The answer
was that prototype 4 with a really
parabolic shape had the best result on
effective power per square meter
material.

Figure 34: The eagle design.
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A solar oven with a parabolic shape was therefore constructed. The first parabolic design was
made of thick aluminium plate (see figure 35) and : .

did not have the degree of reflection that was '
needed.

The shape was right on the first parabolic design
but not the material. The design was also
considered to be too small and a decision was made
to size it up and change the material.

After choosing the industrial made aluminium foil
on cardboard as reflecting material and to size it up
50% the new design was made (figure 36). It had
an inception area of 0.97 m” and a diameter of 1.11
m. Tests that were done the 11 July showed that
this new parabolic design could boil water.

A test that was done the day after (12 July)
confirmed that design could boil water under
rather good weather conditions. Some clouds did
appear during the test but did not stop the solar
oven from boiling the water. On this test day a
blind test was also conducted which showed the
resulting temperature if you just leave the
cooking vessel in the sun without using a solar
oven.

Figure 36: The parabolic cardboard design

9.4.2 Heat Storage Test

To know if the effectiveness could increase by using heat storage a test was done with a black
painted aluminium vessel with sand. The sand filled aluminium vessel was placed a bit below
the focus point in the parabolic mirror solar oven. It took over 70 minutes to reach 100
degrees. It was not possible to get the sand warmer than a little over 100 degrees even if the
sand in theory could reach a much higher temperature. After the heat storage vessel was
warmed up the cooking vessel was placed on top (see figure 37). It did not take long to come
to the conclusion that the heat storage did not contribute to any greater efficiency. The test
was only conducted for 11 minutes since there was no point in continuing (see appendix 5 for
further information). After the test had been conducted the decision was made that no heat
storage vessel should be used during the standard tests.
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Fgre 7: The p abolic mirror deign black ainted aluminium vessel with sand as heat storage.
9.4.3 Reflection Tests

One of the most important materials in a solar oven, of the type this project has been studying,
is the reflecting material. Without the right reflecting material the solar oven is not going to
fulfil its purpose. An important matter to understand is that the right reflecting material does
not have to be the material that reflects the most sunlight. Other aspects such as costs and
availability could be more important when deciding which material that is right.

Early on in the project there were problems with reflecting materials that did not reflect
enough. Some focus was therefore put on finding the right reflecting material. Many hours
were spent looking for reflecting material around Colombo, and later on also around
Portuville and Arugam Bay. To make a more objective and reliable assessment of different
reflecting material two reflecting devices where constructed. They were more reliable then a
visual estimation with the human eye, but maybe not as reliable as testing the material on a
full scale design prototype. The biggest difference between the two devices is that device
number one uses the sunlight while device number two uses a flashlight. Both devices where
tested with 0.2 m * 0.2 m flat test sheets of the reflecting material.

In both device 1 and 2 the illuminance is measured both before, with no test material, and
recorded as the before value. In the same way the illuminance is measured after putting in the
test material and is recorded as the after value. After the difference between the before and
after results has been calculated a division with the index is done. The index is a reference to
which the result is compared to. Industrial made aluminium foil on cardboard was set to be
the index and therefore given the index number one. So all material that had better reflection
gets >1 and all that has poorer reflection get <1. Because the imported mirror material from
Australia ended up as the best reflecting material the other material was presented as the
percentage share of the mirror material in the final result.
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9.4.3.1 Reflection Device 1

This device is built upon the principal that you measure how much light that is reflected from
a certain material. In this device the diffuse radiation is minimized. To avoid the diffuse
radiation the detector is put inside a box (figure 38). There will still be some background
illuminance but this is subtracted from the final result. The device is best used at solar noon
when the sun is at its strongest. It does not have to be at exactly noon, a time between 10 am
to 2 pm with good sun is acceptable. The sample surface is put in a 45 degree angle compared
to the entrance hole in the box. This makes the device optimized for a zenith angle of 0
degrees. To make a the device optimized for different zenith angles the whole box could be
placed in a certain angle. The readings inside the box are done by a sensor to the illuminance
measurement instrument. I[lluminance before and after the sample has been put in is recorded.

Figure 38: Reflecting device number 1 seen from two different angles.
The device works in the following order:

1. The sunlight strikes a 0.2 m *0.2 m large plane sample surface that is placed in the 45
degree angle compared to the entrance hole.

2. The reflected sunlight passes through the hole and hits the sensor to the illuminance
measurement instrument that is located inside.

3. Depending on how much of the light that is reflected the illuminance measurement
instrument on top of the box shows different.

Reflecting Device 2

This device is also built upon the principal that you measure how much light that is reflected
from a certain surface. It is also built upon the principal that if the degree is 45 in which the
light hits the surface, then it also leaves the surface at a degree of 45. The lamp and the sensor
to the illuminance measurement instrument is therefore put 45 degrees from the horizontal
plane on opposite sides (figure 39). The principle is very easy and the material used was also
simple. The materials used were; two desk drawers, some corrugated board, adhesive tape,
illuminance measurement instrument, krypton bulb lamp 2.4V/0.7A. To get the best result,
the surroundings should have as little light as possible.
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Figure 39: Reflecting device 2 in two different angles.

Results from the Reflection Test

With reflecting device number 1 one test was done the 12 of July and two tests the 17 of July.
Device number 2 was only used for two tests the 24 of July. All tests where conducted in
Arugam Bay on Sri Lanka 2005. All the results from the tests are shown in appendix 6. When
all the 5 tests results were summarized table 6 was the end result.

Table 6: Ratings of different reflecting material depending on reflection. Material is ranked on the basis
of percent, where 100% is the reflection from an Australian made mirror.

Rating of Material Depending on the Reflection

Material

Total index points

on all 5 tests

Rank

Average
reflection
compared
with the
mirror (%)

Al-corrugated board
Al-corrugated board + polish
Al-corrugated board + vanish
Al-corrugated board + Al-foil OSO
Al-corrugated board + Al-foil Diamond
Al-paper local

Al-plate thin

Al-plate thin + polish

Al-plate thin + vanish

Al-plate thick

Al-plate thick + polish

Al-plate thick + vanish

Corrugated board + Al-colour
Plastic tape + Al-colour

Imported mirror, Australia

5
4,13
5,13
3,85
3,25
5,40
4,04
2,05
3,61
3,53
1,76
2,30
0,71
2,44
6,76

~Nw o

10

N

13

(0]

14
12
15
11

1

74,0
61,2
75,9
57,0
48,1
79,8
59,8
30,3
53,4
52,2
26,1
34,1
10,5
36,1
00,0
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The winner was as suspected the mirror. In second place came the local aluminium paper that
is used to make tea or coffee bags. Close in reflection were the polished and untreated
industrial made aluminium foil on cardboard.

9.4.4 Insolation Tests

In this project no radiation pyranometer was
available. This is a rather expensive equipment
and not so common. Neither the school nor our
cooperation partners had this equipment.
Instead of the pyranometer an aluminium
cylinder with a selective surface was used
(figure 40). The insolation measurement
instrument is constructed in the following way:

1. First you have a can in which the o e
aluminium cylinder is put in. This helps Figure 40: Aluminium C):linder.with a selective
to minimize the diffuse radiation. By surface used to measure insolation.
having protecting walls along the sides it is mostly direct radiation that reaches the
cylinder in the bottom. The can has a hole in the side so that a thermometer sensor can
be pushed through the hole and inside the cylinder.

2. Inside the can there is a surrounding layer of polystyrene. The polystyrene covers all
parts of the aluminium cylinder apart from the top layer that are the active surface.
Polystyrene isolates the cylinder and minimizes the heat lost from the cylinder.

3. Embedded in the polystyrene is the aluminium cylinder. The cylinder surface has a
heat absorbing coating which makes it absorb heat very well. To be able to measure
the temperature inside the cylinder it is provided with a hole. The diameter of the
cylinder is 55 mm and it weighs 73.5 g.

4. On the side of the can a measurement instrument is fastened. It is used to locate the
angle in which the sunlight hits the ground. With this instrument you could be sure
that the sunlight hits the cylinder surface directly from above (90 degrees from the
horizontal plane for the cylinder surface). The can is situated directly against the sun
then the tip of the upper triangle should shadow the lower market area (see figure 40).

After the can has been situated perpendicularly against the sun the temperature in the
aluminium cylinder was measured every minute. A curve was drawn over the temperature
rising every minute (see appendix 4). A trend line was then drawn and the trend line equation
was received. The equation was presented in the form in which y=k*x+m. In this original
form the k represents the inclination of the trend line. In the table below the equation and
constants for calculating the insolation are presented.
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Table 7: Equation and constants for calculating the insolation. Some constant are specific for the
insolation measure instrument used in this project.

Insolation (W/m?) kK*t*m*Cp/A

k = Time consumed (min) for every
degree Celsius in temperature
difference (°C). Is collected from the
trend line equation. (°C/min)

t = Time (min) 1/60
m = Mass(kg) 0,0735
Cp = Specific heat capacity for

aluminium ( kJ/kg*K) 903
A = Area of aluminium surface (m?) 0,00238

The calculation results are presented in table 8 below. It shows the insolations for the different
times. Notice that these results were not directly used in the standard tests. The mean
insolation under a standard test was calculated taking consideration to how long before or
after the insolation test was done.

Table 8: Insolation from different times. Measurements done according to principals to measure
temperature readings of aluminium cylinder that has a good heat absorbing surface.

Insolation
Tests Test1l |Test2 |Test34 |Test34 |Test56 |Test56 |Test 78 |Test 78 |Test 78
Date in
2005 16 July |16 July |17 July [17 July [18 July |19 July |19 July [19July |19 July
Time 10:15 12:00 09:50 11:45 10:00 11:55 10:05 12:35 14:14
Insolation
(W/m”"2) 966,7 666,0 829,9 871,2 757,6 848,5 782,5 839,2 775,3

The insolation varies quite a lot throughout the day. Cloud and haze are some important
factors that effect the insolation.

9.4.5 Power Output According to International Standard

When testing the power output for the two designs the standard “Testing and Reporting Solar
Cooker Performance ASAE S580 JAN03” that ASEA has developed where used’” (see
Appendix 17). Some adjustments have been made to make the standard more suitable for our
conditions.
Adjustments that have been made are:
e Wind was not measured with any instrument. It was estimated by experience. If it was
detectable by hand close to the pot the test was discarded
e The insolation is not measured with a radiation pyranometer. Instead a can with a
massive aluminium body was used to see the absorption on the selective surface which
indirectly revealed the insolation (See chapter 9.4.4 for further information).
e The load in the project was changed from the original 7.00 kg per square meter
inceptor area to 2.1 kg per square meter. The load was distributed as shown in the
table 9 below:

7 Solarcooking. Org; www.solarcooking.org/asae_test_std.pdf, 2005-09-27
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Table 9: Load on the different designs

Mirror Cardboard
Intercept area (m”"2) 0,48 0,970
Diameter g (m) 0,782 1,11
Load, weight of water in test (kg) 1,01 2,02
Load per square meter
interceptor area (kg/m”"2) 2,1 2,1

e No thermally nonconductive sleeves where used and the sleeve was not secured with a
100% silicone caulk. Instead an aluminium plate pipe was used in which the
thermocouple junction was led through. The aluminium plate pipe was secured with
superglue and had no silicone caulk.

e Solar insolation was not recorded as frequently as every 10" minute. The insolation
was recorded by a 10 minute test described in chapter 9.4.4 above. The insolation was
only recorded just before and just after the standard test.

e Wind speed was not recorded frequently but an evaluation whether the wind was too
strong or not was done continuously.

e The tracing was not recorded but was done every 15-20 minutes.

e For each interval measurements where done the average was not recorded. Instead the
initial value for every interval was recorded.

The standard tests were done between the 16 July and 19 July 2005 in Arugam Bay, Sri
Lanka. The tests where conducted between 10 am to 2 pm in a wind shelter. There was no or
very little wind reaching the cooking vessels.

Two parabolic designs where tested:

9.4.5.1 Parabolic Mirror

This design was made with imported Australian mirrors as reflecting material, thick
aluminium plate as stabilizing material, silicone caulk and iron wire as join material, two fork
up-hangings as vessel holding material, black painted aluminium cooking vessel with sanded
surface as vessel material (right oven figure 41). The mirror design was partly made by a local
glazier from Pottuvil. The cost for the mirrors and to apply it with silicon caulk was 4000
rupees (40 USD). Before the mirrors were applied the stabilisation material was shaped out of
aluminium plate. The aluminium plates were joined together with iron wire. After finishing
the design it had a diameter of 0.782 m and an interceptor area of 0.48 m”.

As cooking vessel a sanded black painted 2 litre cooking vessel was used. To make the vessel
absorb as much light as possible the absorbing surface was enlarged with sand and a round
shape was chosen. A hole was made in the side close to the opening. An aluminium plate pipe
was used to stabilise the thermocouple junction. The aluminium pipe was glued with
superglue over the hole. The pipe diameter was adjusted so there was very little space
between it and the thermocouple junction.

To get the vessel in the correct position in the solar oven a two fork up-hanging was used. The
two fork up-hanging was built of branches and iron wire. Hanging the cooking vessel made it
much easier to track the solar oven. Since the design is rather hard to make stand by itself in
the wanted position a support was used. One of the easiest ways to make such a support
available is to dig a hole that supports the sides. Another option is to pile some stones around
the bottom of the solar oven.
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Figure 41: The parabolic cardboard design to the left and the parabolic mirror design to the right. In the
middle are Johannes and Jesper.

Parabolic Cardboard

This design was made with the Swedish industrial made aluminium foil on cardboard and was
therefore named parabolic cardboard (left oven in figure 41). It is made of industrial made
aluminium foil on cardboard as reflecting material and stabilizing material, plastic rope as
join material, two fork up-hanging as vessel holding material, black painted aluminium
cooking vessel with sanded surface as vessel material. Because of the aluminium foil less
reflecting quality this design was scaled up 50 % compared to the mirror design. The finished
design had a diameter of 1.111 m and an interceptor area of 0.9696 m”.

The cooking vessel that was used with this design was a 4 litre black painted cooking vessel.
It was sanded for greater surface area. To get the thermocouple junction into the vessel a hole
in the lid was made. To get a more stable fastening and less vapour loss an aluminium pipe
was placed over the hole. It was formed so that it was very close to the thermocouple sensors
diameter and the space between the sensor and pipe wall was minimized. The design was
made out of 3 different sheets of aluminium foil on cardboard. After the shape was cut out of
the sheets the different pieces where joined together with plastic strings.

A two fork up hanging was used to hang the cooking vessel in the focus point. The up-
hanging device was made out of branches and iron wire.

The equipment that was used during the standard test was:
e [llumination measurement instrument also called Lux meter (see chapter 8.2.3
above)
o Digital thermometer (see chapter 8.2.3 above).
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e Altitude measure instrument. This instrument consists mainly of two parts. The first
part is the water level meter which guarantees that the instrument is held in a plane
horizontal position. The second part an adjustable set square which measures the
altitude angle from the plane horizontal surface to the solar disc in the sky. To make
sure that the right angle is measured there is a measurement instrument fastened to
the side of the adjustable set square. It is used to locate the angle in which the
sunlight hits the ground. This instrument is the same as the instrument situated on
the solar insolation can (see chapter 9.4.4). The right angle is showing when the
upper triangle should shadow the lower market area.

e Azimuth angle measure arrangements. This is based on the same principal as the
solar clock. A big stick is placed in the middle and then smaller sticks are put down
in the ground in the tip of the bigger sticks shadow. Depending on the time of day
and site location the sticks will end up at different locations. With the help of a
compass the sticks are then located as degrees from the North.

All together there were 8 different standard tests done, four on each design. The reason why
four and not three, were the minimum required, was that two standard tests were done with a
plastic bag around the cooking vessel on each design. This was done to get clarity as to
whether the plastic bag contributed to a better result or not. When tests one to four were done
the conclusion was made that there was no or very little difference between the options and
that it therefore was not motivated to use a plastic bag. The reduction of heat loss did not
compensate the reduction of irradiance to the cooking vessel caused by water condensation on
the inside of the plastic bag.

According to the standard the minimum number of test occasions was three. Of course it is an
advantage to do more tests than that and get more accuracy as a result. There are many
reasons why this was not done in this project. The project was done under a limited time in
Sri Lanka. Because of time delays caused by insufficient reflecting material and the fact that
there was rather few days at the test site when tests could be conducted, no more then three
tests was done.

Great difficulties were experienced to conduct a whole test without some kind of disturbance
caused by clouds. The lux meter was used to determine whether the disturbance was too great
and the test had to be discarded. Readings of an illuminance deviation greater then 10% was
only allowed for two or less minutes. No more then one disturbance of this kind was allowed
during one test. Both test numbers 3 and 4 had problems with disturbance of clouds.

The test on the different design were, accept for the first two, conducted at the same time with
the same uncontrolled variables such as weather. Recordings were done with different
intervals for the different tests. All recordings were however done in intervals of five minutes
or less and therefore passed the upper standard limit of every 10™ minute.

The recording that was done in the intervals discussed above was the temperature of the water
and ambient temperature. Other recordings that were done were the recording of illuminance,
zenith angle and azimuth angle. The intension was to record these parameters every 15™
minute. [lluminance reading was mainly done to control that the variation of insolation was
not too great. The zenith and azimuth angle are totally predictable and depend on the time of
the year and the site location. There is always a certain degree of fault when reading the
zenith and azimuth angle. The arrangement to read the azimuth angle is particularly difficult
to get correct readings. The Australian research company Square One has a free java
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calculator that calculates the azimuth and zenith angle’®. Input parameters that are needed for
the calculation are latitude, longitude, time zone, date and local time. Background to how this
calculation could be done is presented in chapter 5.3 above. When the results are presented in
appendix 8 tol5 the results are taken from the java calculator put in brackets.

After having done the required three tests the standardized cooking power, Ps, (W) was
plotted against the temperature difference, Td, (C) for each time interval. Because some of the
values are recorded when there were great disturbances such as clouds three of maximum
extremes and three of the minimum extremes where removed. Both the mirror design (figure
43) and the cardboard design (figure 42) had a rather large spread in the values. This resulted
in trend line equations with low R-squared values. None of the R-squared values were higher
then the minimum of 0.75 required in the standard. Results below that should according to the
standard be specially noted. Result of the plotting with cooking power on Y-axis and
temperature difference on X-axis is shown in the graphs below. Trend lines and R-values are
also shown.

Cardboard
250
200 LA A
0’ ~ * . o
S 150 - se oo o Cardboard result
.0 . *
5 . o%'e, 000 o s
2 100 hilhé *e o¢ —— Linear (Cardboard
S *
a - result)
50
y = -0,6464x + 165,66
0 : : : R? = 0,1539
0 20 40 60 80
Temperature diffrence (C)

Figure 42: The cardboard design graph shows cooking power, Ps, (W) plotted against the temperature
difference, Td, (C) for each time interval. It also displays the trend line and its equation.

8 Square One; http://www.squl.com/index.php?http://www.squl.com/solar/solar-position.html, 2005-10-03
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Figure 43: The mirror design graph shows cooking power, Ps, (W) plotted against the temperature
difference, Td, (C) for each time interval. It also displays the trend line and its equation.

According to the standard a single measure of performance should also be presented in the

result. The value for the standardized cooking power at temperature difference of 50 °C and

the equation for the regression relationship should be presented. This result is presented in

table 10 below.

Table 10: Equation of regression relationship and cooking power when Td =50°C on both designs.

Cardboard Mirror
Ps =-0,6464*Td + Ps =-0,9733*Td +
Effective power (W): |165,66 111,51

Effective power when
Temperature
difference Td = 50°C
(W):

133,34

62,845
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10 Economy

The cost of a solar oven depends on many different things. Where is the production located?
What materials are used? Is the production small or large scale?

The cost of labour depends very much on which country the production is located in. In
western countries the salaries are much higher than in for example Sri Lanka or China which
of course influence the total price of the solar ovens.

The material to use depends on the target group. In industrialized countries, where the people
can afford a more expensive solar oven, a high-performance cooker with fancy materials is
preferable, for example metal and mirrors. It makes the cooking time shorter and is more
attractive for the consumer. Millions of poor people around the world in developing countries
cannot afford this kind of solution and therefore the materials have to be simpler to reduce the
price. For example corrugated cardboard covered with aluminium foil. One important thing is
also that the materials are locally available and do not have to be specially imported from
other countries.

It takes a very long time, in small scale production, to make a solar oven by hand. This means
many jobs and can be preferable in developing countries with salaries to a smaller cost than
the cost investing in a machine. In industrialized countries where salaries are expensive it may
be better to produce the ovens automatically using machines. This is also the case if the
production is to be on a large scale. It costs money to invest in the staff but the cost of salaries
will be lower.

65



11 Solar Oven vs. It's Alternative

11.1Social, Economical and Health Aspects

Everybody needs food and clean water to survive. If people have neither money nor supply of
electricity, gas, oil or coal, then fire wood is often the only alternative for those needs. In the
world's poorest countries, biomass fuels account for around 90 percent of the energy supply’”
Figure 44 shows for example how dependent of fuel wood many countries in Africa are.
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Figure 44: Fuel wood as percentage of energy consumption in Africa®.

In a village or refugee camp the people often have to walk long distances and spend many
hours every day collecting wood. The work is often done by the women who also have to take
care of the children. This preserves the gender roles and makes it impossible for the women to
have time over for education or social activities®'.

In refugee camps in for example Dafur region in Sudan and Chad it is very common that the
women become victim to brutal assaults and are raped. Survivors of rape have almost no
access to assistance. Every refugee woman who has been interviewed by Refugees
International listed threats to their safety while collecting firewood as their top concern. The

" UNDP, UNDESA, WEC Overview on World Energy Assessment, Energy and the Challenge of Sustainability —

2001, http://www.uneptie.org/energy/projects/REED/REED-Media-Kit/docs/energy-facts.pdf, 2005-08-30
89 Solar Cookers International; http:/solarcooking.org/fuelwood.htm, 2005-08-30.

8! Lothman, pers. 2005
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risk also increases when the women are being forced to walk farther and farther to find more
firewood®.

The smoke from burning biomass as wood, crop, residues, charcoal and dung for cooking and
heating turns the kitchens into death traps in the world’s poorest countries. Particles in the
smoke make people vulnerable to acute lower respiratory infections such as cancer,
pneumonia or chronic obstructive pulmonary disease. The air pollution is also linked to
tuberculosis, low birth weight and infant mortality, cataracts and asthma. 1.6 million people
die because of firewood smoke every year, most of them are children. This means that a life is
lost every 20 seconds, making the smoke into a larger killer than malaria and the fourth
greatest risk to death and disease in the poorest countries of the world™.

Another health related problem is the lack of clean water in developing countries. Boiling
water to make the water pasteurized or sterilized requires a lot of fuel. Because fuel is difficult
to get people do not bother about doing this. This results in that disease spreads rapidly and
malnutrition results™.

One solution for all of these environmental, social, health and economical problems is to
minimize the use of firewood as an energy source in these countries. One way to successfully
do that is to start using solar ovens as much as possible instead. In the poorest countries
unemployment is often very high and the possibilities of getting a job seem hopeless. With a
local production of solar ovens people have a chance to change their situation, get a job and
do something meaningful with their lives®.

The advantages of solar oven technology are many but there are also some disadvantages
compared to using wood as fuel. The biggest disadvantage is probably the cultural one. Fire
wood has been used as fuel for cooking for thousands of years. The locals know the technique
and, it becomes the natural way because their parents and grandparents used the same method.
In most of the countries where fire wood is the main energy source used by people, the
traditional culture is strong. In this case solar ovens can be seen as a new strange thing by
conservative people. Another disadvantage is that material is needed for a solar oven. In
principal only the fuel is needed to cook food with firewood. The investment cost could
therefore be much lower for the use of firewood instead of solar ovens. The high investment
cost however pays off by having a lower operating cost™.

82 Refugees International; http://www.refugeesinternational.org/content/article/detail/5654, 2005-08-30
8 Warwick H & Doig A, 2004 : Indoor Air Pollution in Developing Countries
ITDG Publishing, 47 p

% Jenni Christensen Currit and Steven E. Jones, 2003, Solar Cookers for Developing Countries, Department of
Physics and Astronomy Brigham Young University Provo, Utah, U.S.A., http://solarcooking.org/Solar-Ovens-
for-Developing-Countries.htm, 050831

% ITDG — the Intermediate Technology Development Group, Smoke — the killer in the kitchen,
http://www.itdg.org/?id=smoke_index, 2005-08-30

8 Warwick H & Doig A, 2004 : Indoor Air Pollution in Developing Countries ITDG Publishing, 47 p
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Figure 45: Left picture shows a family that are cooking food outside their hut and the right picture shows
one of the projects test with firewood.

The natural alternative to solar ovens in for example refugee camps is to cook water or food
by lighting a fire with wood as fuel (figure 45). Therefore this project carried out a cooking
test with firewood as the energy source. The wood was tree branches collected from the
ground in the local forest. The locals showed us how to make up a fireplace the local way.
When everything was collected it took 10-15 minutes to make the fireplace and after the fire
has started it took 18 minutes to get two litres of water to boil. The time between using a solar
oven or wood is in other words negligible. If the time to collect wood is added on, the solar
oven is a much faster method to use for cooking food.

11.2 Environmental Aspects

In many of the areas where wood is used as fuel for cooking the environmental issue is
urgent. When people in many generations have been chopping wood in a local area, the forest
will be devastated and the area will have a lack of suitable fuel (wood, charcoal etc.) for
cooking and to pasteurise water. The fuel must be bought and transported long distances
either with trucks or by long distance walks. This fuel comes mainly from environmentally
sensible areas and similar problems will occur here as well. The result is that the area will be
cleared from all combustible material. This will lead to that desert propagation will increase
and the destruction of grazing land and cultivation areas. The need for humanitarian aid will
increase as well. In Africa and in some parts of Asia wood is an article in short supply and
great natural values are spoilt every year because of the growing devastation of trees. This
also means that biological diversity is seriously threatened.

Today 2.5 billion people, over one third of humanity, depend upon traditional fuels for an
essential life function: cooking. For those who depend upon fuel wood, it takes about two
pounds of wood per person each day to cook their food. For a family of five, that’s 3 650
pounds of wood a year. Poor people now scramble for wood seriously damaging their
environment and causing local deforestation. In 40 of the world’s poorest countries over 70%
of the country’s fuel comes from dwindling supplies of fuel wood or, in towns and cities,
from charcoal inefficiently made from wood®’.

%7 Solar Cookers International SCI: http://www.solarcooking.org/globalenergycrisis.htm,
2004 -12 -04
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The need for sustainable energy use in the developing countries has been discussed in many
of UN:s General Assemblies. The real focus of international concern came with Agenda 21, 1/
adopted at Rio de Janeiro 1992. Agenda 21 addresses the pressing environmental and
developmental problems of today and also aims at preparing the world for the challenges of
the next century in order to attain the long-term goals of sustainable development™®,

UNDRP Initiative for Sustainable Energy (UNISE) (1996) is a policy framework for UNDP’s
energy activities. It states that UNDP should focus on four priority areas concerning energy.
Energy Priority 2 concerns promoting rural energy services. This includes support to
sustainable methods of heating and cooking food, witch is one the main areas that this project
focus on. The UNDEP Energy Priority 3 is promoting clean energy technology. Today
modern energy technologies are available that can support win-win development options,
addressing both global environmental protection and local development needs*. These
include solar energy. This project is a good example of a modern but simple technology that
can provide both environmental and local development benefits.

The change from wood cooking to solar oven cooking means a lot less green house gases are
released into the atmosphere and less risk for a climate change. Of course the production and
transportation of solar ovens means some emissions of green house gases but this is nothing
in comparison to wood burning. A study was made which calculated the potential avoidance
of greenhouse gases emissions when wood cooking was replaced with solar ovens (Sun Co,
2005). The conclusion was that with dry wood with a energy content of 18.41 MJ/kg and a 3-
stone fire with an efficiency of 5 % a household of five people avoided 3290 kg CO2
emissions every year by using a solar oven instead. This is calculated on 280 meals per year
and a solar availability of 77 %. 2.5 billion people gives 0.5 billion families and a yearly
emission reduction of 1.65 billion tons(!) if they use solar ovens instead. These results assume
that the wood is dry. If the wood is wet the emissions will be 22 % more™. The study also
compares wood cooking with a rather fancy and material consuming solar oven. Solar ovens
used in this project have an even bigger environmental advantage.

There is no extraction of energy that does not effect the environment; the solar oven is no
exception. An example of this is the use of aluminium in the product. Aluminium is the third
most common element in nature. It takes a lot of energy to make aluminium from bauxite and
the mining of the bauxite causes great negative impacts on the environment. The
environmental effects of using aluminium could be greatly reduced by using recycled
aluminium. Recycling is today done to a greater extent which reduces the negative
environmental effects. Stainless steel does not cause as much negative environmental impact
when it is produced but is not recycled to the same extent.

88 UNDP: http://www.undp.org/energy/weaover2004.htm, 2004 -12 -04
% UNDP: http://www.undp.org/energy/priorities.htm, 2004 -12 -04
% Sun-Co: http://www.sun-co.pt/pagegen.asp?SYS PAGE_ID=453563, 2005-08-29
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12 Practical experience

To only do controlled tests with solar ovens is not enough to see if the design and material
will work different in reality. Many parameters will be different and the conditions are not the
same. One parameter, which probably is the most important, is that the user is another person
than the one who designed the oven and did the first tests. The user may think in a different
way and use the oven in a way that it was not designed for. This does not mean that the user’s
way is bad; probably the user instead finds better ways to use the oven. One important
condition for this is that the user understands the idea of the technology and learns not only
how it works but also why it works like that.

To use this fact in the study, local families in the Sri Lankan villages Arugam Bay, Little Ulli
and Big Ulli are involved in the project. They have been taught about the technology and
have, from their own point of view, given feed back and tips that have been useful for the
development process.

The project also cooperated with a local small-scale solar energy technology company in
Negombo called Solaraay. The owner of this company, Lalindra Kirthisinghe, has been a
great help to the project and shared his knowledge about the local sun conditions, the different
material which is available in the country and inputs to develop the technology. He has also
got the solar oven prototypes after the studies in Sri Lanka were finished, so that he could go
on to develop the concept and find new markets for the technology.

70



13 Conclusions

A rather mediocre result in the indoor prototype tests for the parabolic design (prototype 4)
probably depends on the fact that the shadow of the cooking vessel covers had relatively more
reflecting area compared to the other designs. Despite this the parabolic design is the top
choice after testing in more realistic conditions. The main reason is that the design is the
optimal one in theory. There is no other design that theoretically could use its entire reflecting
surface except the one shadowed by the cooking vessel.

The results from the reflections tests varied a little from one test to another. A reason for this
could be that the surface of the reflection material was not flat enough. It was hard to avoid
dents and the rays reflected may not have the right angle so that it does not hit the illuminance
sensor. During the tests the source of light may also vary, which causes some deviation on the
reflection result.

The use of an aluminium cylinder with a selective surface instead of a pyranometer could also
be discussed. It is hard to know the accuracy for the can with the cylinder which could result
in wrong values for the insolation test. Apart from that it was not that accurate, the insolation
test also took a lot of time to carry out. To know the correct insolation is of great importance
for further calculations of solar oven effective power. Because the project had no access to a
pyranometer, the aluminium cylinder was the best choice.

During the standard tests a rather low R*-value was received. Possible reasons to this deviant
result could be strong fluctuations in weather conditions. Examples of such fluctuations are
differences in wind strength, insolation and ambient temperature. More standard tests and
more stable weather conditions would probably result in a higher R*-value.

The standard test ended in a rather surprising result. The parabolic cardboard design ended up
with more then twice the effective power compared to the parabolic mirror design. According
to the standard this has nothing to do with the fact that the cardboard design has a bigger
reflecting surface. This is compensated with a larger load. Reasons for this could be:

e The two designs have been loaded with different amounts of water. A large body
could store heat better then a small body. An important reason for this is that the
surface/volume ratio is lower for the large body. A bigger surface results in greater
heat loss.

e The cardboard design has, with a greater size, a better ability to protect the cooking
vessel from cooling winds.

e The shadow caused by the cooking vessel, that makes some reflecting areas unused, is
comparably larger in the mirror design.

The conclusion that the solar ovens are the best choice was not hard to make after the
comparison with firewood. This after the areas: environment, health, social and economical
aspects have been studied. Important facts that led to this conclusion are the devastation of
forests, the vulnerability for women collecting firewood, the risk for respiratory and health
problems etc. These are all problems that have great importance in justifying the use of
firewood instead of solar ovens.

With this reasoning the question at issue of this project could be considered answered.

71



14 Discussion

When a good design and material is decided, our suggestion is to ask local families if they
want to be involved in the study by cook water and food by using the solar ovens in their
everyday life. Families who are interested get an oven which they can keep even after the tests
are finished. If they know that, maybe the possibility of a good cooperation becomes better
and the local families see the knowledge of the solar ovens as more important. This
implementation would give the project good experience as to how to make the ovens more
practically useful. Because, after all, it is the people that are suppose to use the ovens who
best know what they want them to look like.

To manage the cultural problem that the solar oven technology is new, unknown and therefore
will not be used by the locals, we have some tips for the future. Let this kind of implements
take a long time. Do not just put out the equipment and leave the place but have patience and
teach all the people who are interested in how it works. Try also to involve the solar oven
technique in the schools so the children who grow up not seeing it as something strange but a
natural aid to cook food or pasteurize water.

We think that different kinds of solar ovens are necessary to meet the different markets in the
world. One more high-tech version with a very effective design and materials may be the best
choice to the person who can afford a higher price. Here it is a minimum of time and a
maximum of temperature with the most comfortable way of cooking, something to strive for.

When giving poorer people a possibility to use the advantage of solar ovens the same
principals are important but a low price may be the most essential. This means a less
complicated version with cheaper materials. In both cases it is however fundamental that the
construction actually works and is able to boil water in an acceptable time and that the
production does not have a larger effect on the environment than the product was made to
prevent.

Regardless the type of solar oven, more extensive corrugation tests are needed before the final
material can be decided. Further tests would guarantee a more long term solution and give an
answer as to how the solar ovens are affected by different weather conditions and types of
use.

During this project many ideas have emerged of how the ultimate solar cooker could look and
which material it could be constructed of. The time and the resources have been limited so a
lot of the ideas have never been possible to build or test. One example of a cheap and
probably rather effective solution is a parabolic design made by plastic from recycled water
and soft drinks PET bottles. The outside of the transparent material is sprayed with a high
reflecting spray colour, for example the same type that is applied on the reflector in a
flashlight could be used. Actually a solar oven handles the light rays as a flashlight but
contrary. The rays comes from above and focus on the centre of the oven’s construction while
in a flashlight the light bulb is placed in the centre and reflects the light rays out into the air.

A solar oven with this technology will be lighter to carry, cheaper to produce and more stead
fast to rain than the other discussed constructions. Further it will be a recycled product which
helps to manage the waste problem of PET bottles and the reflective surface will be better
than any metal foil. To produce this kind of solar oven an investment in a specially made PET
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blowing compressor has to be done’'. Because of the frames for this project no further work
has been put on this improvement but hopefully the ideas will be a reality in the future.

There are several kinds of ways where a solar oven is useful. To find out what the local needs
are, interviews with the locals in Sri Lanka were carried out. One of the problems they talked
about was that Sri Lanka, as many other countries, has seasons and off-seasons for harvest
fruits and vegetables. That means large amounts of vintage in a finite time. This leads to
substantial price drops, loss of profit for the farmer and mountains of rotten crops. In the off-
season the conditions are the opposite. It is hard to find the goods on the local market, it must
be imported and the prices increase substantially so people cannot afford it.

The solution of this problem could be preservation but this often means an expensive process
which consumes a lot of energy. Solar ovens could be a useful tool for this purpose. By first

heating the fruits or vegetables in solar ovens and then storing them in big silos the access to
the crops could be levelled out over the entire year.

To let the ideas, which have come up during this project, come to use and to develop the solar
oven technology further we pass over the results to a large variety of organisations and people
that are active in the field. Examples of those that will be informed about the results are Solar
Cookers International, SIDA, WES-Link, Halmstad University, Vortex and Solaraay.

“During the work with this project we have seen the sorrow in a homeless person’s eyes, we
have heard about women being raped while spending days collecting wood, rainforests being
devastated and deserts expanding. We have witnessed the large-scale use of fossil fuels which
contribute to the green house effect and a global climate change.

But we have also seen the enormous power of our biggest energy source, the sun. We have
experienced people pleased to discover a solution for their energy problems and we have felt
the taste of new boiled rice from a solar oven.

These things are together enough to believe that the future will look a bit different than today,
that we will use more renewable energy sources and, hopefully, more solar ovens. We hope
that our project can be one piece in that development.”

°! PET Bottle Blowing Compressors www.gardnerdenver.com/GDCorpPortal/RouteRequest?route=to&id=1191
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Appendix 1

Temperature Readings From Prototype Tests

Prototype number 1 2 3 4 5 6 7 8 9 |Blind
Start temperature (C°) 21,8| 22,7 21,2| 219 21,7] 219]| 21,6 23 21,9
Ambient temperature (C°) 23,7 24| 23,5| 23,2 22| 21,7| 23,4| 218 23 22,6
Temperature after 0 min(C°) 28,7| 29,1| 285| 28,2| 26,9| 26,7| 28,4| 26,8 28 27,6
Temperature after 5 min(C°) 31,9| 32,6| 32,2| 30,9| 29,6| 28,9| 30,5| 285]| 314 28,3
Temperature after 10 min(C°) 35| 35,9| 35,9| 33,5| 32,3| 31,1| 32,3| 30,1| 34,7 29,1
Temperature after 15 min(C°) 37,8 39| 39,4| 359| 34,8| 33,2| 341| 316| 379 29,7
Temperature after 20 min(C°) 40,6 | 41,8| 42,7| 38,1| 37,2| 35,3| 35,8]| 33,3| 40,7 30,3
Temperature after 25 min
(C) 43,1| 44,2| 458]| 40,2| 39,4| 37,1| 37,3| 34,8| 434 30,8
Temperature after 30 min
(C) 454 | 46,5| 48,5| 42,1| 41,5 39| 38,7| 36,3| 45,9 31,3
Temperature after 35 min
(C) 475| 48,4| 51,1| 43,9| 43,4| 40,7 40| 37,8| 48,1 31,8
Temperature after 40 min
(C) 49,5| 50,2| 53,5| 45,6| 453| 42,4| 41,2]| 39,2| 50,2 32,2
Temperature after 45 min
(C) 51,2| 51,8| 555] 47,1 47| 43,9| 42,3| 40,5 52 32,5
Temperature after 50 min
(C) 52,7| 53,2 48,4| 48,5| 45,3| 43,3| 41,6| 53,6 32,8
Temperature after 55 min
(C) 54,1| 54,5 49,5 50| 46,6| 44,2 42,7 33,2
Temperature after 60 min
(C) 55,3 50,5| 51,2| 47,8 45| 43,8 33,5
Temperature after 65 min
(C) 56,4 51,4| 52,6| 48,9| 45,7| 44,6 33,7
Temperature after 70 min
(C) 57,3 52,3 499| 46,4| 455 33,9
Temperature after 75 min
(*9) 58,3 53,1 50,9 47| 46,3 34,1
Temperature after 80 min
(C) 53,8 51,9| 47,6 47 34,2
mt = Mass total (kg) 0,5
mv = Mass vessel (kg) 0,071
m = Mass water (kg) 0,429
Cp (J/K*kg) 4186
dT= Temperature difference
(C) 10
t = Time (sec) 300
Q=Energy (J) Q=(m*Cp*dT)/t20

P=((T2-
P= Power (W) T1)*m*Cp)/300




Temperature Difference and Effective Power Every Fifth Minute

Prototype 1 | Prototype 2 | Prototype 3 | Prototype 4 | Prototype 5 | Prototype 6 | Prototype 7 | Prototype 8 | Prototype 9 | Blind

dT P dT P dT P dT P dT P daT P daT P daT P daT P daT P

5,00]29,91] 5,10|30,51] 5,00|29,91]| 5,00[29,91] 4,90|29,31] 5,00|29,91] 5,00/29,91] 5,00[29,91] 5,00|29,91| 5,00|29,91

8,20]19,14] 8,60|20,94] 8,70|22,13| 7,70|16,15| 7,60]|16,15] 7,20|13,16] 7,10|12,56] 6,70[10,17| 8,40|20,34| 5,70| 4,19

11,30|18,54111,90|19,74]112,40|22,13]10,30|15,55]10,30|16,15| 9,40|13,16] 8,90|10,77] 8,30| 9,57]11,70|19,74] 6,50| 4,79

14,10|16,75]15,00|18,54]15,90|20,94]12,70|14,36]12,80|14,95]|11,50|12,56]10,70|10,77] 9,80| 8,97]|14,90|19,14] 7,10| 3,59

16,90|16,75|17,80|16,75]19,20|19,74]14,90|13,16 15,20 | 14,36 13,60|12,56]12,40|10,17}11,50|10,17|17,70|16,75] 7,70| 3,59

19,40 14,95]20,20|14,36]22,30|18,54]17,00/12,56)17,40|13,1615,40|10,77]13,90| 8,97]13,00| 8,97]20,40|16,15] 8,20| 2,99

21,70(13,76]22,50|13,76]25,00|16,15]18,90|11,37]19,50|12,56]17,30/11,37]15,30| 8,37]14,50| 8,97]22,90|14,95| 8,70| 2,99

23,80(12,56]24,40|11,37|27,60]|15,55]20,70|10,77]21,40|11,37]19,00/10,17]16,60| 7,78]16,00| 8,97]25,10|13,16] 9,20| 2,99

25,80(11,96]26,20|10,77]30,00]|14,36]22,40|10,17]23,30|11,37]20,70/10,17)17,80| 7,18]17,40| 8,37]27,20|12,56] 9,60| 2,39

27,50|10,17]27,80| 9,57]132,00(11,96]23,90| 8,97]25,00|10,17]22,20| 8,97]18,90| 6,58]18,70| 7,78]29,00|10,77] 9,90| 1,79

29,00| 8,97]29,20| 8,37 25,20| 7,78]26,50| 8,97|23,60| 8,37]19,90| 5,98]19,80| 6,58]30,60| 9,57]10,20| 1,79

30,40| 8,37]30,50| 7,78 26,30| 6,58]28,00| 8,97|24,90| 7,78]20,80| 5,38]20,90| 6,58 10,60| 2,39

31,60| 7,18 27,30| 5,98]29,20| 7,18]|26,10| 7,18]|21,60| 4,79]22,00| 6,58 10,90| 1,79

32,70| 6,58 28,20| 5,38]30,60| 8,37]27,20| 6,58]22,30| 4,19]22,80| 4,79 11,10| 1,20

33,60| 5,38 29,10| 5,38 28,20| 5,98]23,00| 4,19]23,70| 5,38 11,30| 1,20

34,60| 5,98 29,90 4,79 29,20 | 5,98]123,60| 3,59]24,50| 4,79 11,50 1,20
Effective Power and Effective Power/m”2 Plus the Grades

Prototype number 1 2 3 4 5 6 7 8 9|Blind

dTl 10 10 10 10 10 10 10 10 10 10

Effective power when dT=dT1 (W) |19,49|20,99|22,97|15,84|16,01|13,14|11,01|9,758|20,64|2,134

Grade for effective power 4 4 5 3 3 2 1 1 4

Effective power /square meter

(W/m~2) 59,97164,59|70,68| 69,6|49,26|40,42|33,88|30,02| 63,52

Grade for effective power per

square meter 4 4 5 5 3 2 1 1 4




Prototype 1

Prototype 2

Temperature Difference ("C)

Temperature Difference {"C)

2500 - 25,00 1
y = -05474x% + 24 963 v = -06364x + 27 357
i R =0,9565
g 20,00 S, Re=0dTRe e a:\'h‘-‘
g 5 \
15,00 - 15,00
:% sl E —+— Serie
= Linj&r [Serie ) L :
E 10,00 E —_— Linjér [(=eriel)
:
¥ D s
0,00 T T r -
0,00 10,00 20,00 30,00 I 0,00 5,00 10,00 1500 o0 SO0 3000
Temperature difference (C) Temperature Difference (*C)
Prototype 3 Prototype 4
25,00 15,00
y = -0 4386% + 27 357
N R3= 09436 Tei00 4% y = -0,5386x + 21 221
e E o \W\ R==093
E - dzm
T 5
§ = —— Seriel E 10,00 \ —— Serie
a - .
nr:: Linj&r (Seriel) = E00 Limjar [=eriet
= fo00 =
= =
g g \
e & g0
2,00
non T T T T T T 0,00 T T T T T T
0,00 B, 10,00 15,00 20,0 25,00 0,00 0,00 5,00 10,00 15,00 20,00 25,00 0,00




Prototype 5
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Appendix 2

Test Matrix

Material

Design

The Box

The Tulip

The Eagle

Parabol Littlg

Parabol Big

Bottle Parabo

Other Tests

Al-corrugated board

X

X

X

Al-corrugated board + Al-folie Diamond

Al-corrugated board + Al-folie OSO

Al-corrugated board + Al-folie Sw

XX |[X]X

XIXIXIX|x
N

Al-corrugated board + Al-colour

Plastic tape + Al-colour

Al-corrugated board + polish

Al-paper local

Al-corrugated board + vanish

XX |[X]X

Al-plate thin

Al-plate thin + polish

Al-plate thin + vanish

XXX

Al-plate fat

I XXX

Al-plate fat + polish




Appendix 3

Boiling Time Tests in Sweden

Prototype | Date Time TH20 (°C) | Tout (°C) | lllumination

Eagle 2005-07-02 | 12:15-14:37 | 25-73 19-21 1270-1350

K2 2005-07-02 | 14:47-17:00 | 24-83 21-21 1350-1230

Tulip 2005-07-0311:10-14:10 | 32-96 34-34 -

Box 2005-07-03 | 11:47-14:34 | 32-84 34-34 -

Boiling Tests in Sri Lanka
Start End Ambient
Start End temperature | temperature | llluminiance | temperature

Design Date time Time (°C) (°C) (Lux) (°C)
2005-07-

Tulip 03 11:10 14:10 32 96 34
2005-07-

Box 03 11:47 14:34 32 84,4 34
2005-07-

Tulip 04 11:28 31 1420 32
2005-07-

K2 04 11:21 31 1420 32
2005-07-

Eagle 05 11:28 Cloud 31 1100-300 35
2005-07-

K2 05 11:28 Cloud 31 1100-300 35

Parabolic 2005-07-

Cardboard 11 10:13 12:16 30 100 30-32

Parabolic 2005-07-

Cardboard 12 10:23 30 30
2005-07-

Blindtest 12 11:15 14:00 30 56 30




Appendix 4

Insolation Tests

Test 1 Test 2 Test 34 Test 34 Test 56 Test 56 Test 78 Test 78 Test 78
2005-07-16 2005-07-16 2005-07-17 2005-07-17 2005-07-18 2005-07-19 2005-07-19 2005-07-19 2005-07-19
10:15 12:00 09:50 11:45 10:00 11:55 10:05 12:35 14:14
Time (min) Temp (C°) Temp (C°) Temp (C°) Temp (C°) Temp (C°) Temp (C°) Temp (C°) Temp (C°) Temp (C°)
0 30,4 33,7 29,9 33,0 29,2 29,5 294 30,5 33,1
1 32,8 32,0 34,9 31,0 315 31,7 32,5 34,7
2 35,1 34,1 37,3 32,8 33,7 334 34,7 36,7
3 37,5 40,0 36,2 39,5 34,6 35,8 35,3 36,7 38,7
4 394 41,9 38,2 41,5 36,4 37,7 37,1 38,7 40,7
5 41,5 43,6 40,0 43,4 38,1 39,6 38,7 40,5 42,1
6 43,5 45,3 41,8 45,2 39,6 41,4 40,4 42,3 43,8
7 45,6 46,9 43,3 47,0 41,2 43,2 42,0 44,0 45,3
8 47,3 48,3 44,9 48,7 42,6 44,4 43,5 45,5 46,8
9 49,4 46,3 50,1 44,0 46,3 45,0 47,0 48,3
10 51,5 50,4 47,7 51,5 45,5 47,7 46,4 48,5 49,6
11 53,9 51,5 50,6
12 56,1 52,8
13 58,7 54,1
14 65,2 55,3
15 75,8 56,5
16 112,0 57,4
Insolation (W/m"2) 966,7 666,0 829,9 871,2 757,6 848,5 782,5 839,2 775,3]
Insolation (W/m”2) kK*t*m*Cp/A
k = Time consumed (min) for
every degree celsius in
temperature diffrence (°C). Is
collected from the trendline
equation. (°C/min)
t= Time (min) 1/60}
m= Mass(kg) 0,0735
Cp = Specific heat capacity for
aluminium ( kJ/kg*K) 903}
A = Area of aluminium surface 0,002380)




Insolation test 1 10:15

Insolation test 2 12:00

60,0 70,0

50,0 - & Temperature 60,0 1 & Temperature
G 40,0 - 10:15-10:25 G 900 12:00-12:15
~ ~~ 40,0 -
2 30,0 4 g o -
£ — Linjar £ 30,0 1 Linjar
~ 200 (Temperature = 20,0 (Temperature

10,0 A 10:15-10:25) 10,0 12:00-12:15)

0,0 T T 0,0 T T T
0 5 10 15 y= 2,208x + 30,873 0 5 10 15 20 y=1,433x+ 35,811
Time (min) R"=0,9986 Time (min) R? = 0,9829
Insolation test 3,4 09:50 Insolation test 3,4 11:45

60,0 60,0

50,0 1 ¢ Temperature 50,0 ¢ Temperature
O 40,0 09:50-10:00 O 40,0 - 11:45-11:55
N N—r ‘
2 30,0 = 30,0 1 .
£ —Linjar £ —Linjar
(<H) 20.0 @ 20,0
= e (Temperature = < (Temperature

10,0 A 09:50-10:00) 10,0 - 11:45-11:55)

0,0 T \ 0,0 \ \
0 5 10 15y =1,7855x + 30,564 0 5 10 15y = 1,8745x + 33,545
Time (min) R? = 0,994 Time (min) R?=0,9945




Insolation test 5,6 10:00 -10:10

Insolation test 5,6 11:55 - 12:05

50,0 60,0
45,0
40,0 50,0
35,0 : 40,0 :
%) 30.0 & Temperature 10:00- o ¢ Temperature 11:55-
Z ’ 10:10 ~ 12:05
£ 25,0 - E‘ 30,0 I
5 200 e | injar (Temperature S e |injar (Temperature
= 15’0 10:00-10:10) = 20,0 11:55-12:05)
12,8 10,0
0,0 0,0
0 5 10 15 y= 1,263X +29,577 0 5 10 15
Time (min) R%=0,9975 Time (min) Y = 18255 + 30,036
R°=0,9957
Insolation test 7,8 10:05 Insolation test 7,8 12:35
50,0 60,0
45,0
40,0 50,0
35,0 : 40,0 :
G 300 L 4 Ingerature 10:05- A & Temperature 12:35-
= : ~ 12:45
g- 25,0 o =2 30,0 I
$ 200 = Linjar (Temperature g = Linjar (Temperature
= 150 10:05-10:15) F 20,0 12:35-12:45)
128 10,0
0,0 0,0
0 5 10 15 Y= 1'6283%"9’;28’027 0 5 10 15
R® = f =
Time (min) Time (min) y = 1,8055x + 31,055

R? = 0,9956




Insolation test 7,8 14:14

WL

& Temperature
14:14-14:24

= Linjar

(Temperature
14:14-14:24)

0 5 10

Time (min)

15 y=1,6682x + 33,459

R?=0,9959




Appendix 5

insolation

Test: Heat storage

Type: Mirror

Date: 2005-07-19

Time: 10:45

Site latitude: 06,55N

Heating the heat storage Heating the cooling vessel

Time (min) |T-air (C°) T-sand (C°) Time (min) T-water (C°)

0,0 30,3 47,2 0,0 30,3
5,0 30,4 55,0 1,0 30,4

10,0 30,5 59,3 2,0 30,5
15,0 30,3 64,3 3,0 30,3
20,0 30,5 69,7 4,0 30,5
25,0 30,5 74,5 5,0 30,5
30,0 30,6 79,6 6,0 30,6
35,0 30,7 84,0 7,0 30,7
40,0 30,9 87,7 8,0 30,9
45,0 30,9 90,6 9,0 30,9
50,0 31,0 93,0 10,0 31,0
55,0 31,1 95,3 11,0 31,1
60,0 31,1 97,0
65,0 31,2 98,7
70,0 31,2 99,9
75,0 31,3 100,5

Solar insolation (W/m2)

Insolation (W/m2) [Time Time halftrue the test |Minutes between |Timefactor

Before 782,5 10:05 11:25 80,0] 0,466666667

After 839,2 12:35 11:25 70,0] 0,533333333

Mean solar 812,7




Appendix 6

Reflection Tests

Test: Reflection Test 1
Type of equipment: Reflection device 1*
Type of light: Sun
Date: 2005-07-12
Time: 12:00
[llumination

llumination different
Material [llumination before (Lux) after (Lux) (Lux) Index
Al-corrugated board 8 1026 1018 1,00
Al-corrugated board + polish 8 724 716 0,70
Al-corrugated board + vanish 8 966 958 0,94
Al-corrugated board + Al-foil OSO 8 945 937 0,92
Al-corrugated board + Al-foil Diamond 8 736 728 0,72
Al-corrugated board + Al-foil Sw
Al-paper local 8 1400 1392 1,37
Al-plate thin 8 786 778 0,76
Al-plate thin + polish 8 538 530 0,52
Al-plate thin + vanish 8 1190 1182 1,16
Al-plate thick 8 968 960 0,94
Al-plate thick + polish 8 527 519 0,51
Al-plate thick + vanish 8 352 344 0,34
Corrugated board + Al-colour 8 171 163 0,16
Plastic tape + Al-colour 8 588 580 0,57
Imported mirror, Australia
lllumination without (Lux): 1450




Test: Reflection Test 2
Type of equipment: Reflection device 1*
Type of light: Sun
Date: 2005-07-17
Time: 12:00
Illumination

Illumination before llumination different
Material (Lux) after (Lux) (Lux) Index
Al-corrugated board 5 820 815 1,00
Al-corrugated board + polish 0,80
Al-corrugated board + vanish 6 1140 1134 1,11
Al-corrugated board + Al-foil OSO 5 616 611 0,60
Al-corrugated board + Al-foil Diamond 5 520 515 0,51
Al-corrugated board + Al-foil Sw
Al-paper local 5 1070 1065 1,05
Al-plate thin 5 540 535 0,53
Al-plate thin + polish 5 323 318 0,31
Al-plate thin + vanish 5 450 445 0,44
Al-plate thick 5 773 768 0,75
Al-plate thick + polish 5 228 223 0,22
Al-plate thick + vanish 5 751 746 0,73
Corrugated board + Al-colour 5 118 113 0,11
Plastic tape + Al-colour 5 395 390 0,38
Imported mirror, Australia 5 1068 1063 1,04

lllumination without (Lux):




Test: Reflection Test 3
Type of equipment: Reflection device 1*
Type of light: Sun
Date: 2005-07-17
Time: 12:20
Illumination

lllumination before lllumination different
Material (Lux) after (Lux) (Lux) Index
Al-corrugated board 5 538 533 1,00
Al-corrugated board + polish 0,80
Al-corrugated board + vanish 5 750 745 1,40
Al-corrugated board + Al-foil OSO 5 412 407 0,76
Al-corrugated board + Al-foil Diamond 5 420 415 0,78
Al-corrugated board + Al-foil Sw 0,00
Al-paper local 5 610 605 1,14
Al-plate thin 5 430 425 0,80
Al-plate thin + polish 5 170 165 0,31
Al-plate thin + vanish 5 380 375 0,70
Al-plate thick 5 344 339 0,64
Al-plate thick + polish 5 185 180 0,34
Al-plate thick + vanish 5 145 140 0,26
Corrugated board + Al-colour 5 105 100 0,19
Plastic tape + Al-colour 5 277 272 0,51
Imported mirror, Australia 5 922 917 1,72

lllumination without (Lux):




Test: Reflection Test 4
Type of equipment: Reflection device 2*
Type of light: Flashlight
Date: 2005-07-24
Time: 22:20
Illumination
Illumination before llumination different
Material (Lux) after (Lux) (Lux) Index

Al-corrugated board
Al-corrugated board + polish
Al-corrugated board + vanish
Al-corrugated board + Al-foil OSO
Al-corrugated board + Al-foil Diamond
Al-corrugated board + Al-foil Sw
Al-paper local

Al-plate thin

Al-plate thin + polish

Al-plate thin + vanish

Al-plate thick

Al-plate thick + polish

Al-plate thick + vanish

Corrugated board + Al-colour
Plastic tape + Al-colour

Imported mirror, Australia

lllumination without (Lux):

20
19
19
18
18

17
14
13
11
10

O N 00 O ©

1476
1390
1260
910
760

1100
860
420
702
500
275
390
120
500

2220

1456
1371
1241
892
742

1083
846
407
691
490
266
381
112
493

2214

1,00
0,94
0,85
0,61
0,51
0,00
0,74
0,58
0,28
0,47
0,34
0,18
0,26
0,08
0,34
1,52




Test: Reflection Test 5
Type of equipment: Reflection device 2*
Type of light: Flashlight
Date: 2005-07-24
Time: 22:40
lllumination
Illumination before llumination different
Material (Lux) after (Lux) (Lux) Index

Al-corrugated board
Al-corrugated board + polish
Al-corrugated board + vanish
Al-corrugated board + Al-foil OSO
Al-corrugated board + Al-foil Diamond
Al-corrugated board + Al-foil Sw
Al-paper local

Al-plate thin

Al-plate thin + polish

Al-plate thin + vanish

Al-plate thick

Al-plate thick + polish

Al-plate thick + vanish

Corrugated board + Al-colour
Plastic tape + Al-colour

Imported mirror, Australia

lllumination without (Lux):

17
16
14
14
13

13
11
11

01 01O OO N 0 ©

607
541
502
578
451

665
820
381
502
513
310
423
109
380
1465

590
525
488
564
438

652
809
370
493
505
303
417
103
375
1460

1,00
0,89
0,83
0,96
0,74
0,00
1,11
1,37
0,63
0,84
0,86
0,51
0,71
0,17
0,64
2,47




Rating of Material Depending on the

Reflection

Average

reflection

compared

Total index points on with the

Material all 5 tests Rank mirror (%)
Al-corrugated board 5 4 74,0
Al-corrugated board + polish 4,13479127 5 61,2
Al-corrugated board + vanish 5,132212225 3 75,9
Al-corrugated board + Al-foil 0SO 3,852800501 7 57,0
Al-corrugated board + Al-foil Diamond 3,251621509 10 48,1
Al-paper local 5,397543847 2 79,8
Al-plate thin 4,039387645 6 59,8
Al-plate thin + polish 2,049225985 13 30,3
Al-plate thin + vanish 3,611977687 8 53,4
Al-plate thick 3,525939151 9 52,2
Al-plate thick + polish 1,762842856 14 26,1
Al-plate thick + vanish 2,301846566 12 34,1
Corrugated board + Al-colour 0,710236452 15 10,5
Plastic tape + Al-colour 2,437359794 11 36,1
Imported mirror, Australia 6,75983527 1 100,0




Appendix 7

Conditions for the Design Tested in the Standard

Tests
Total weight (kg) 1,04
Weight of preweted bottle (kg) 0,03
Weight of water in one bottle (kg) 1,01

Mirror | Cardboard
Intercept area (m”"2) 0,48 0,97
Diameter g (m) 0,78 1,11
Load, weight of water in test (kg) 1,01 2,02
Load per square meter interceptor area
(kg/m”2) 2,1 2,1




Appendix 8

Test:

Test 1 Plastic bag

Type: Cardboard
Date: 2005-07-16
Time: 10:15
Site latitude: 06,55N
T-water Zenith angel
Time (min) T-air (C°) (C) Wind lllumination (Lux) | () Azimuth angel ()
0 30,3 35,3 | Below 1m/s 1460 | 32 (38) (63) 241 fN
5 30,4 42,7 | Below 1m/s 31 (37) (62)
10 30,5 50,4 | Below 1m/s 30 (36) (62)
15 30,3 58,2 | Below 1m/s 29 (35) (61)
20 30,5 65,2 | Below 1m/s 29 (34) (60)
25 30,5 72 | Below 1m/s 28 (33) (60)
30 30,6 77,9 | Below 1m/s 1480 |27 (32) (59) 240 f N
35 30,7 84,4 | Below 1m/s 26 (31) (58)
40 30,9 90 | Below 1m/s 25 (29) (57)
45 30,9 95,4 | Below 1m/s 24 (28) (56)
50 31 101 | Below 1m/s 24 (27) (54)
Time to boil water
(min) 49,2
Solar insolation (W/m2)
Time half way through
Insolation (W/m2) Time the test Minutes between | Time factor
Before 966,7 10:15 10:35 20,0 0,80952381
After 666,0 12:00 10:35 85,0 0,19047619
909,4

Mean solar insolation

during the test




7.2 Calculating Cooking Power 7.4 Standardizing Cooking Power 7.5 Temperature Difference

Pi=((T2- Ps= Standardized Td= Temperature
Pi= Interval power (W) | T1)*m*Cp)/t Power (W) Ps=Pi*(Ls/Li) difference ('C) Td=Tw-Ta

Ls = Standard Tw = Water
m = Mass water (kg) 2,02 insolation (W/m”"2) 700 temperature ('C)
Li = Interval average
Cp = Heat capacity solar insolation Ta = Ambient air
(J/IK*kg) 4186,00 (W/m”2) 909,42 temperature ("C)
t = Time (sec) 300
Test1 Plasthc bag

Temperature 200
Time (min) Difference T ('C) |Pi (W) Ps (W) Td ('C) &
0-5 7,4 208,57 160,543519 5 3 150 * *
5-10 7,7 217,03 167,0520401 12,3 % re
10-15 7,8 219,85 169,2215471 19,9 %g 100
15-20 7 197,30 151,865491 27,9 N
20-25 6,8 191,66 147,5264769 34,7 = o0
25-30 59 166,30 128,0009138 415 E
30-35 6,5 183,21 141,0179559 47,3 b 0 : : :
35-40 5,6 157,84 121,4923928 53,7 0 M Al =0 an
40-45 >.4 152,20 117,1533787 59,1 Temperature diffrence Td (C}
45-50 5,6 157,84 121,4923928 64,5

. T y = -09028% + 178 57

RE=0pE546

Linjar (Test 1




Appendix 9

Test: Test 2 Plastic bag
Type: Mirror
Date: 2005-07-16
Time: 12:00
Site latitude: 06,55N
Illumination
Time (min) T-air (C°) T-water (C°) | Wind (Lux) Zenith angel () | Azimuth angel ()
0 34,8 40,4 | Below 1m/s 1520,0 14 (18) (32)
3 35,0 45,5 | Below 1m/s
6 35,0 50,7 | Below 1m/s
9 35,0 55,7 | Below 1m/s
12 34,9 60,4 | Below 1m/s
15 35,0 64,9 | Below 1m/s 1560,0 13 (16) (22)
18 35,0 69,0 | Below 1m/s
21 35,0 73,0 | Below 1m/s
24 35,0 76,5 | Below 1m/s
27 35,0 80,4 | Below 1m/s
30 35,0 84,1 | Below 1m/s 350-1600 15 (15) 9)
33 35,0 86,6 | Below 1m/s
36 35,0 87,8 | Below 1m/s
39 35,0 90,4 | Below 1m/s
42 35,0 93,6 | Below 1m/s (15) (-1)
Time to boil water (min)
Solar insolation (W/m2)
Time half way
Insolation (W/m2) Time through the test Minutes between | Time factor
Before 666,0 12:00 12:40 1,0 0,5
After 666,0 12:00 12:40 1,0 0,5
Mean solar insolation 666,0

during the test




7.2 Calculating Cooking Power

7.4 Standardizing Cooking Power

7.5 Temperature Difference

Pi=

Interval

power Pi=((T2- Ps= Standardized Power Td= Temperature

(W) T1)*m*Cp)/t (W) Ps=Pi*(Ls/Li) difference (°C) Td=Tw-Ta

m =

Mass

water Ls = Standard insolation Tw = Water

(kg) 1,01 (W/m~2) 700]| |temperature (°C)

Cp=

Heat

capacity Li = Interval average solar Ta = Ambient air

(J/IK*kg) 4186,00 insolation (W/m”2) 666,00] |temperature (°C)

t=Time

(sec) 180

Time Temperature Test 2 Plastic bag

(min) Difference T (‘'C) |Pi (W) | Ps (W) Td (°C)

0-3 5,11119,79 125,9047397 5,6 &

3-6 5,2(122,14 128,3734601 10,5 - 150

6-9 50|117,44 123,4360194 15,7 E *

9-12 4,7/110,39 116,0298582 20,7 = 100 ry
12-15 4,5|105,70 111,0924174 25,5 @ = v
1518 41| 96,30 101,2175359 29,9 T &

18-21 4,0| 93,95 98,74881548 34,0 = *
21-24 35| 82,21 86,40521355 38,0 E . ' '

24-27 3.9 91,60 96,2600951 41,5 %Elnpemztuullqe (Iiﬁ:lnlajlil?te T(I*?[?ZI}D
27-30 3,7| 86,91 91,34265432 454

30-33 2,5| 58,72 61,71800968 49,1 y = -1 4099y + 144 77
33-36 1,2| 28,19 29,62464464 51,6 pa R = 07677
36-39 2,6| 61,07 64,18673006 52,8 Linjér [Test 2]

39-42 3,2| 75,16 78,99905239 55,4




Appendix 10

Test: Test 3
Type: Cardboard
Date: 2005-07-17
Time: 10:30
Site latitude: 06,55N
Time (min) T-air (C°) T-water (C°)  |Wind lllumination (Lux) | Zenith angel () | Azimuth angel (°)
0 33,0 41,0 | Below 1m/s 1410,0 30 (35) (61) 249 f N
3 32,2 46,0 | Below 1m/s
6 32,0 52,0 | Below 1m/s
9 31,4 54,0 | Below 1m/s
12 33,1 56,0 | Below 1m/s
15 34,2 60,0 | Below 1m/s 300-1450 28 (31) (59) 240 f N
18 34,0 63,0 | Below 1m/s
21 33,8 65,0 | Below 1m/s
24 33,1 64,0 | Below 1m/s
27 33,2 66,0 | Below 1m/s
30 33,3 71,0 | Below 1m/s
33 33,7 75,0 | Below 1m/s 1460,0 24 (28) (55) 237 fN
36 33,6 79,0 | Below 1m/s
39 33,5 82,0 | Below 1m/s
42 33,2 86,0 | Below 1m/s
45 33,4 89,0 | Below 1m/s
48 33,9 91,0 | Below 1m/s
51 34,0 92,0 | Below 1m/s (24) (51)
Solar insolation (W/m2)
Time half way
Insolation (W/m2) Time through the test Minutes between Time factor
Before 829,9 09:50 10:54 64,0 0,443478261
After 871,2 11:45 10:54 51,0 0,556521739

Mean solar insolation

852,9




| during the test

7.2 Calculating
Cooking Power

7.4 Standardizing Cooking Power

7.5 Temperature Difference

Pi= Interval Ps= Standardized Td= Temperature
power (W) Pi=((T2-T1)*m*Cp)/t Power (W) Ps=Pi*(Ls/Li) difference ('C) Td=Tw-Ta
m = Mass Ls = Standard Tw = Water
water (kg) 2,02 insolation (W/m”*2) 700 temperature (C)
Cp = Heat Li = Interval
capacity average solar Ta = Ambient air
(J/K*kg) 4186,00 insolation (W/m”2) 852,88 temperature (C)
t = Time (sec) 180

Temperature Testd
Time (min) Difference T ('C) Pi (W) Ps (W) Td (°C) 250
0-3 5 234,88 192,7773422 8 *
3-6 6 281,86 231,3328106 38| | 58 2™ ¥ ¥
6-9 2 93,95 77,11093688 20 % 150 \1‘**\*—*—*—
9-12 2 93,95 77,11093688 226| | == 1m S .
12-15 4 187,90 154,2218738 22,9| | & % - *e O
15-18 3 140,93 115,6664053 25,8 =& *
18-21 2 93,95 77,11093688 29| | 0 . -
21-24 -1 -46,98 -38,55546844 312| | & =0 2l + AN Bl
24-27 2 93,95 77,11093688 30,9 100
g;_gg i izigg iizzzgg gij Temperature diffrence Td (C)
33-36 4 187,90 154,2218738 41,3 E -1, 4008% + 163,08
36-39 3 140,93 115,6664053 45,4 + Testd R*=0,0977
39-42 4 187,90 154,2218738 48,5
42-45 3 140,93 115,6664053 52,8 —Linjar (Test 3)




45-48

93,95

77,11093688

55,6

48-51

46,98

38,55546844

57,1




Appendix 11

Test: Test 4
Type: Mirror
Date: 2005-07-17
Time: 10:30
Site latitude: 06,55N
lllumination
Time (min) T-air (C°) T-water (C°) Wind (Lux) Zenith angel () Azimuth angel ()
0 33,0 39,0 | Below 1m/s 1410,0 30 (35) (61) 249 f N
3 33,2 42,6 | Below 1m/s
6 32,2 47,1 | Below 1m/s
9 31,4 48,5 | Below 1m/s
12 33,2 51,2 | Below 1m/s
15 34,2 55,0 | Below 1m/s 300-1450 28 (31) (59) 240 f N
18 34,0 57,5 | Below 1m/s
21 34,1 59,3 | Below 1m/s
24 33,6 59,7 | Below 1m/s
27 33,2 62,4 | Below 1m/s
30 33,4 66,0 | Below 1m/s
33 33,6 69,8 | Below 1m/s 1460,0 24 (28) (55) 237 fN
36 33,4 73,7 | Below 1m/s
39 33,7 77,6 | Below 1m/s
42 33,9 81,8 | Below 1m/s
45 34,2 85,2 | Below 1m/s
48 34,1 88,0 | Below 1m/s
51 34,0 89,7 | Below 1m/s (24) (51)

Solar insolation (W/m2)

Insolation (W/m2)

Time

Time half way through
the test

Minutes between

Time factor

Before 829,9 09:50 10:55 65,0 0,434782609
After 871,2 11:45 10:55 50,0 0,565217391
Mean solar insolation during the test (W/m2) 853,2




7.2 Calculating cooking power

7.4 Standardizing cooking power

7.5 Temperature Difference

Td= Temperature
difference ('C)

Td=Tw-Ta

Tw = Water
temperature (C)

Ta = Ambient air
temperature ("C)

00

Test 4

a0

a0

70 -

[=11]

50 _40_’_0

40
a0

Standardized power Ps [W]

20
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Pi= Interval Ps= Standardized
power (W) Pi=((T2-T1)*m*Cp)/t Power (W) Ps=Pi*(Ls/Li)
m = Mass Ls = Standard
water (kg) 1,01 insolation (W/m”2) 700
Cp = Heat Li = Interval
capacity average solar
(J/IK*kg) 4186,00 insolation (W/m”2) 853,24
t = Time (sec) 180

Temperature
Time (min) Difference T (°C) Pi (W) Ps (W) Td (°C)
0-3 3,6 84,56 69,37063278 6,0
3-6 4,5 105,70 86,71329097 9,4
6-9 14 32,88 26,9774683 14,9
9-12 2,7 63,42 52,02797458 17,1
12-15 3,8 89,25 73,22455682 18,0
15-18 2,5 58,72 48,17405054 20,8
18-21 1,8 42,28 34,68531639 23,5
21-24 0,4 9,40 7,707848086 25,2
24-27 2,7 63,42 52,02797458 26,1
27-30 3,6 84,56 69,37063278 29,2
30-33 3,8 89,25 73,22455682 32,6
33-36 3,9 91,60 75,15151884 36,2
36-39 3,9 91,60 75,15151884 40,3
39-42 4,2 98,65 80,93240491 43,9
42-45 3,4 79,86 65,51670873 47,9
45-48 2,8 65,77 53,9549366 51,0
48-51 1,7 39,93 32,75835437 53,9

20,0 20,0

40,0 a0,0

Temperature diffrence Td [C]

U = 0,0226x + 56,503
R = 0,0002
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Appendix 12

test

Test: Test5
Type: Mirror
Date: 2005-07-18
Time: 10:57
Site latitude: 06,55N
Time (min) | T-air (C°) T-water (C°) | Wind lllumination (Lux) |Zenith angel () | Azimuth angel ()
0 30,0 37,0 | Below 1m/s 1410,0 25 (29) (57)
4 31,0 46,0 | Below 1m/s
8 31,2 54,0 | Below 1m/s
12 31,8 62,0 | Below 1m/s
16 31,8 71,0 | Below 1m/s 1430,0 24 (26) (53)
20 31,9 78,0 | Below 1m/s
24 32,0 84,0 | Below 1m/s
28 32,1 90,0 | Below 1m/s 1437,0 21 (23) (49)
32 32,0 95,0 | Below 1m/s
36 32,2 98,0 | Below 1m/s
40 32,3 100,0 | Below 1m/s
44 32,1 100,2 | Below 1m/s (20) (43)
Time to boil water (min) 37
Solar insolation (W/m2)
Time half way
Insolation (W/m2) Time through the test Minutes between Time factor
Before 757,6 10:00 11:11 71,0 0,382608696
After 848,5 11:55 11:11 44,0 0,617391304
Mean solar 813,7
insolation
during the




7.2 Calculating cooking power

7.4 Standardizing cooking power

7.5 Temperature Difference

Pi= Interval power Pi=((T2- Ps= Standardized
(W) T1)*m*Cp)/t Power (W) Ps=Pi*(Ls/Li)
Ls = Standard
m = Mass water (kg) 1,01 insolation (W/m”"2) 700
Li = Interval
Cp = Heat capacity average solar
(J/IK*kg) 4186,00 insolation (W/m”"2) 813,72
t = Time (sec) 240
Temperature
Time (min) Difference T ('C) | Pi (W) Ps (W) Td ('C)
0-4 9 158,54 136,387463 7
4-8 8 140,93 121,2333005 15
8-12 8 140,93 121,2333005 22,8
12-16 9 158,54 136,387463 30,2
16-20 7 123,31 106,0791379 39,2
20-24 6 105,70 90,92497534 46,1
24-28 6 105,70 90,92497534 52
28-32 5 88,08 75,77081278 57,9
32-36 3 52,85 45,46248767 63

Td= Temperature
difference (°C) Td=Tw-Ta
Tw = Water
temperature (‘C)
Ta = Ambient air
temperature (°C)
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Appendix 13

Test: Test 6
Type: Cardboard
Date: 2005-07-18
Time: 10:57
Site latitude: 06,55N
Time (min) | T-air (C°) T-water (C°) |Wind lllumination (Lux) | Zenith angel () | Azimuth angel ()
0 30,0 35,6 | Below 1m/s 1410,0 25 (29) (57)
4 30,3 40,9 | Below 1m/s
8 31,4 46,8 | Below 1m/s
12 31,8 53,0 | Below 1m/s
16 32,0 60,0 | Below 1m/s 1430,0 24 (26) (53)
20 32,2 66,8 | Below 1m/s
24 32,1 73,4 | Below 1m/s
28 31,9 79,7 | Below 1m/s 1437,0 21 (23) (49)
32 32,0 85,9 | Below 1m/s
36 31,3 91,1 | Below 1m/s
40 31,2 96,7 | Below 1m/s
44 31,6 101,0 | Below 1m/s (20) (43)
Time to boil water (min) 42
Solar insolation (W/m2)
Time half way
Insolation (W/m2) | Time through the test Minutes between Time factor

Before 757,6 10:00 11:27 87,0 0,243478261
After 848,5 11:55 11:27 28,0 0,756521739
Mean solar 826,4

insolation

during the

test




7.2 Calculating cooking power

7.4 Standardizing cooking power

7.5 Temperature Difference

Pi= Interval power Pi=((T2- Ps= Standardized
(W) T1)*m*Cp)/t Power (W) Ps=Pi*(Ls/Li)
Ls = Standard
m = Mass water (kg) 2,02 insolation (W/m”2) 700
Li = Interval
Cp = Heat capacity average solar
(J/IK*kg) 4186,00 insolation (W/m”2) 826,37
t = Time (sec) 240
Temperature
Time (min) Difference T ('C) | Pi (W) Ps (W) Td (°C)
0-4 53 186,73 158,1757351 5,6
4-8 5,9 207,87 176,0824221 10,6
8-12 6,2 218,44 185,0357656 15,4
12-16 7 246,63 208,9113482 21,2
16-20 6,8 239,58 202,9424525 28
20-24 6,6 232,53 196,9735569 34,6
24-28 6,3 221,96 188,0202134 41,3
28-32 6,2 218,44 185,0357656 47,8
32-36 5,2 183,21 155,1912872 53,9
36-40 5,6 197,30 167,1290786 59,8
40-44 4,3 151,50 128,3312568 65,5

Td= Temperature
difference (°C) Td=Tw-Ta
Tw = Water
temperature ("C)
Ta = Ambient air
temperature (C)
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Appendix 14

Test: Test7
Type: Mirror
Date: 2005-07-19
Time: 13:05
Site latitude: 06,55N
Time (min) | T-air (C°) T-water (C°) |Wind lllumination (Lux) | Zenith angel () | Azimuth angel ()
0 34,0 41,0 | Below 1m/s 14 (16) (-22) 159 f N
2 34,0 45,0 | Below 1m/s
4 33,9 50,0 | Below 1m/s
6 34,2 54,0 | Below 1m/s 1390,0 16 (16) (-27) 148 f N
8 34,1 57,0 | Below 1m/s
10 34,1 61,0 | Below 1m/s
12 34,2 64,0 | Below 1m/s
14 34,1 68,0 | Below 1m/s
16 34,3 71,0 | Below 1m/s a7 (-33)
18 34,3 74,0 | Below 1m/s
20 34,2 77,0 | Below 1m/s
22 34,1 79,0 | Below 1m/s
24 34,2 81,0 | Below 1m/s
26 34,3 82,0 | Below 1m/s
28 34,2 85,0 | Below 1m/s
30 34,2 87,0 | Below 1m/s (20) (-41)
32 34,3 88,0 | Below 1m/s
34 34,3 90,0 | Below 1m/s
36 34,2 91,0 | Below 1m/s
38 34,0 92,0 | Below 1m/s
40 34,0 93,0 | Below 1m/s
42 34,1 94,0 | Below 1m/s
44 33,9 95,0 | Below 1m/s




46 33,9 95,0 | Below 1m/s (22) (-48)

48 34,1 96,0 | Below 1m/s

50 34,2 97,0 | Below 1m/s

52 34,2 98,0 | Below 1m/s

54 34,1 98,0 | Below 1m/s

56 34,0 98,0 | Below 1m/s (24) (-52)
Time to boil water (min)
Solar insolation (W/m2)

Time half way
Insolation (W/m2) | Time through the test Minutes between Time factor

Before 839,2 12:35 13:23 48,0 0,58974359
After 775,3 14:14 13:23 69,0 0,41025641
Mean solar 813,0
insolation
during the

test




7.2 Calculating cooking power

7.4 Standardizing cooking power

7.5 Temperature Difference

Td= Temperature
difference (°C)

Td=Tw-Ta

Tw = Water
temperature (°C)

Ta = Ambient air
temperature (‘C)
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Pi= Interval Pi=((T2- Ps= Standardized
power (W) T1)*m*Cp)/t Power (W) Ps=Pi*(Ls/Li)
m = Mass Ls = Standard
water (kg) 1,01 insolation (W/m”2) 700
Cp = Heat Li = Interval
capacity average solar
(J/IK*kg) 4186,00 insolation (W/m”2) 812,98
t = Time (sec) 120

Temperature

Difference T
Time (min) {®) Pi (W) Ps (W) Td Q)
0-2 4,0 140,93 121,3430916 7,0
2-4 5,0 176,16 151,6788645 11,0
4-6 4,0 140,93 121,3430916 16,1
6-8 3,0 105,70 91,00731871 19,8
8-10 4,0 140,93 121,3430916 22,9
10-12 3,0 105,70 91,00731871 26,9
12-14 4,0 140,93 121,3430916 29,8
14-16 3,0 105,70 91,00731871 33,9
16-18 3,0 105,70 91,00731871 36,7
18-20 3,0 105,70 91,00731871 39,7
20-22 2,0 70,46 60,67154581 42,8
22-24 2,0 70,46 60,67154581 44,9
24-26 1,0 35,23 30,3357729 46,8
26-28 3,0 105,70 91,00731871 47,7
28-30 2,0 70,46 60,67154581 50,8
30-32 1,0 35,23 30,3357729 52,8
32-34 2,0 70,46 60,67154581 53,7
34-36 1,0 35,23 30,3357729 55,7







Appendix 15

Test: Test 8
Type: Cardboard
Date: 2005-07-19
Time: 13:05
Site latitude: 06,55N
Time (min) T-air (C°) T-water (C°) | Wind lllumination (Lux) | Zenith angel () Azimuth angel ()
0 34,0 41,5 | Below 1m/s 1395,0 14 (16) (-22) 159 f N
1 33,8 42,5 | Below 1m/s
3 33,3 44,6 | Below 1m/s
5 33,0 46,9 | Below 1m/s
7 33,4 49,2 | Below 1m/s
9 33,4 51,6 | Below 1m/s
11 33,6 54,0 | Below 1m/s
13 33,7 56,5 | Below 1m/s
15 34,0 58,5 | Below 1m/s
17 34,2 60,6 | Below 1m/s
19 34,0 62,8 | Below 1m/s
21 34,3 64,8 | Below 1m/s
23 34,2 66,7 | Below 1m/s
25 33,9 69,1 | Below 1m/s 1390,0 16 (19) (-39) 148 fN
27 33,9 71,2 | Below 1m/s
29 34,2 73,3 | Below 1m/s
31 33,8 75,4 | Below 1m/s
33 33,3 77,3 | Below 1m/s
35 33,4 79,4 | Below 1m/s
37 33,8 81,8 | Below 1m/s
39 34,0 83,9 | Below 1m/s
41 34,1 86,1 | Below 1m/s
43 33,9 88,2 | Below 1m/s
45 34,0 90,3 | Below 1m/s




Td=Tw-Ta

47 33,7 92,3 | Below 1m/s 1380,0 (23) (-48) 130 f N

49 33,8 94,2 | Below 1m/s

51 33,8 96,2 | Below 1m/s

53 33,9 98,5 | Below 1m/s

55 34,0 100,0 | Below 1m/s
Time to boil water
(min) 54
Solar insolation (W/m2)

Time half way
Insolation (W/m2) | Time through the test Minutes between Time factor
Before 839,2 12:35 13:28 53,0 0,582677165
After 775,3 14:14 13:28 74,0 0,417322835
Mean solar insolation 812,5
during the test
7.2 Calculating cooking power 7.4 Standardizing cooking power 7.5 Temperature Difference
Pi= Interval Ps= Standardized Td= Temperature
power (W) Pi=((T2-T1)*m*Cp)/t Power (W) Ps=Pi*(Ls/Li) difference ('C)
m = Mass water Ls = Standard Tw = Water
(kg) 2,02 insolation (W/m”2) 700 temperature (C)
Li = Interval average

Cp = Heat solar insolation Ta = Ambient air
capacity (J/K*kQg) 4186,00 (W/m"2) 812,53 temperature (C)
t = Time (sec) 120
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Time (min) Difference T ('C) | Pi (W) Ps (W) Td (°C)

1-3 2,1 147,98 127,4810512 8,7
3-5 2,3 162,07 139,6221037 11,3
5-7 2,3 162,07 139,6221037 13,9
7-9 2,4 169,11 145,6926299 15,8
9-11 2,4 169,11 145,6926299 18,2
11-13 2,5 176,16 151,7631562 20,4
13-15 2,0 140,93 121,4105249 22,8
15-17 2,1 147,98 127,4810512 24,5
17-19 2,2 155,02 133,5515774 26,4
19-21 2,0 140,93 121,4105249 28,8
21-23 1,9 133,88 115,3399987 30,5
23-25 2,4 169,11 145,6926299 32,5
25-27 2,1 147,98 127,4810512 35,2
27-29 2,1 147,98 127,4810512 37,3
29-31 2,1 147,98 127,4810512 39,1
31-33 1,9 133,88 115,3399987 41,6
33-35 2,1 147,98 127,4810512 44,0
35-37 2,4 169,11 145,6926299 46,0
37-39 2,1 147,98 127,4810512 48,0
39-41 2,2 155,02 133,5515774 49,9
41-43 2,1 147,98 127,4810512 52,0
43-45 2,1 147,98 127,4810512 54,3
45-47 2,0 140,93 121,4105249 56,3
47-49 1,9 133,88 115,3399987 58,6
49-51 2,0 140,93 121,4105249 60,4
51-53 2,3 162,07 139,6221037 62,4
53-55 1,5 105,70 91,05789371 64,6
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Cardboard Mirror
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7.8 Single Measure of Performance
Cardboard Mirror

Effective power (W):

y = -0,6464x + 165,66

y =-0,9733x + 111,51

Effective power when
X=50 (W):

133,34 62,845
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ASAE Standard: ASAE X580 (SE-414 Voting Draft revised by P. Funk on 04/03/2002)

Testing and Reporting Solar Cooker Performance

1.1

1.2

Developed by the Test Standards Committee at the Third World Conference on Solar Cooking
(Coimbatore, Tamil Nadu, India, 9 January 1997); editorial revisions November 1998 and July
1999; revised March 2001 (Third Latin American Congress on Solar Cookers, La Ceiba,
Atlintico, Honduras); edited and submitted for approval to ASAE Solar Energy Committee SE-
414 (94th Annual International Meeting, Sacramento, California, USA) 31 July 2001; revised
and resubmitted 15 March 2002.

SECTION 1 — PURPOSE AND SCOPE
This Standard is intended to

1.1.1 Promote uniformity and consistency in the terms and units used to describe,
test, rate and evaluate solar cookers, solar cooker components, and solar cooker
operation.

1.1.2 Provide a common format for presentation and interpretation of test results to
facilitate communication.

1.1.3 Provide a single measure of performance so consumers may compare different
designs when selecting a solar cooker.

The scope of this Standard includes

1.2.1 All solar powered batch-process food and water heating devices (solar
cookers). Devices designed to desiccate (dryers) are not covered.

1.2.2 Within the scope of this Standard a solar cooker shall be understood to include
the cooking vessel(s) together with associated supporting, heat transfer and heat
retention surfaces, heat storage and transfer media and associated pumps and controls,
light transmitting and reflecting surfaces, and all associated adjustments, supports, and
solar locating and tracking mechanisms as may be integral parts of a particular solar
cooker.

SECTION 2 — NORMATIVE REFERENCES

IS 13429. 1992. Indian Standard- Solar Cooker- (3 Parts). Bureau of Indian Standards, New Delhi.
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3.2

33

3.4

3.5

3.6

3.7

3.8

3.9

3.10

4.1

SECTION 3 — TERMINOLOGY

Absorber Plate: Darkened surface converting light energy into thermal energy.

Angle, Azimuth: The angular displacement from south of the projection of beam
radiation on the horizontal plane.

Angle, Zenith: The angle subtended by a vertical line to the zenith (point directly
overhead) and a line directly to the sun.

Beam Radiation: Solar radiation received directly from the sun without atmospheric
scattering.

Box-type Cooker: A solar cooker with a well-insulated volume for the cooking
vessel(s), typical designs having from zero to four plane mirrors.

Concentrating-type Cooker: Any of various designs characterized by multiple
plane or curved reflective surfaces. Many designs lack insulated walls but have large
intercept areas to compensate for their comparatively greater heat loss.

Intercept area: The sum of the reflector and aperture areas projected onto the plane
perpendicular to direct beam radiation (Figure 1). For convenience, use the average
beam radiation zenith angle as calculated for the entire test period.

Load: The mass of water being heated by the solar cooker.

Test: All events and data comprising the measured solar heating of water in a device
intended to cook food.

Tracking: Rotating the cooker in the horizontal plane to compensate for azimuth
angle changes (box-type) or following the sun in two dimensions (concentrating-type).

SECTION 4 — GENERAL

This Standard specifies that test results be presented as cooking power, in Watts,

normalized for ambient conditions, relative to the temperature difference between cooker
contents and ambient air, both as a plot and as a regression equation for no less than 30 total
observations over three different days.

4.2

This Standard specifies that cooking power be presented as a single number found

from the above equation for a temperature difference of 50 C.

SECTION 5 — UNCONTROLLED (WEATHER) VARIABLES



5.1 Wind. Tests shall be conducted when wind is less than 1.0 ms"l, measured at the
elevation of the cooker being tested and within ten meters of it. Should wind exceed 2.5 ms™
for more that ten minutes, discard that test data. If a wind shelter is required, 1) it shall be
designed so as to not interfere with incoming total radiation and 2) The wind instrumentation
shall be co-located with the cooker in the same wind shadow.

5.2 Ambient temperature. Tests should be conducted when ambient temperatures are
between 20 and 35 C.

5.3 Water temperature. Test data shall be recorded while cooking vessel contents
(water) is at temperatures between 5 C above ambient and 5 C below local boiling
temperature.

5.4 Insolation. Available solar energy shall be measured in the plane perpendicular to
direct beam radiation (the maximum reading) using a radiation pyranometer. Variation in
measured insolation greater than 100 Wm™ during a ten-minute interval, or readings below
450 Wm™ or above 1100 Wm™ during the test shall render the test invalid. For convenience,
the pyranometer may be fixed on the cooker at the average beam radiation zenith angle as
calculated for the entire test period.

5.5 Solar zenith and azimuth angle. Tests should be conducted between 10:00 and
14:00 solar time. Exceptions necessitated by solar variability or ambient temperature shall be
specially noted.

SECTION 6 —CONTROLLED (COOKER) VARIABLES

6.1 Loading. Cookers shall have 7.0 kg potable water per square meter intercept area
distributed evenly between the cooking vessels supplied with the cooker. If no cooking
vessels are provided, inexpensive aluminium cooking vessels painted black shall be used.

6.2 Tracking. Azimuth angle tracking frequency should be appropriate to the cooker’s
acceptance angle. Box-type cookers typically require adjustment every 15 to 30 minutes or
when shadows appear on the absorber plate. Concentrating-type units may require more
frequent adjustment to keep the solar image focused on the cooking vessel or absorber. With
box-type cookers, zenith angle tracking may be unnecessary during a two hour test conducted
at mid-day. Testing should be representative of local conditions, i.e.; how the typical
consumer is expected to use the cooker.

6.3 Temperature sensing. Water and air temperature should be sensed with
thermocouples. Each thermocouple junction shall be immersed in the water in the cooking
vessel(s) and secured 10 mm above the bottom, at centre. Thermocouple leads should pass
through the cooking vessel lid inside a thermally nonconductive sleeve to protect the
thermocouple wire from bending and temperature extremes. The sleeve should be secured
with 100% silicone caulk to reduce water vapour loss.

6.4 Water mass. The mass of water should be determined with an electronic balance to
the nearest gram using a pre-wetted container.



SECTION 7 — TEST PROTOCOL

7.1 Recording. The average water temperature (C) of all cooking vessels in one cooker
shall be recorded at intervals not to exceed ten minutes, and should be in units of Celsius to
the nearest one tenth of a degree. Solar insolation (Wm™) and ambient temperature (C) shall
be recorded at least as frequently. Record and report the frequency of attended (manual)
tracking, if any. Report azimuth angle(s) during the test. Report the test site latitude and the
date(s) of testing.
7.2 Calculating Cooking Power. The change in water temperature for each ten-minute
interval shall be multiplied by the mass and specific heat capacity of the water contained in
the cooking vessel(s). This product shall be divided by the 600 seconds contained in a ten-
minute interval, as:

P = (T¢- T))MC,/600 [1]
Where:

P = cooking power (W)

T¢ = final water temperature

T; = Iinitial water temperature

M = water mass (kg)

C, = heat capacity (4186 Jkg'K™)

7.3 Calculating Interval Averages. The average insolation, average ambient
temperature, and average cooking vessel contents temperature shall be found for each
interval.
7.4 Standardizing Cooking Power. Cooking power for each interval shall be corrected
to a standard insolation of 700 Wm™ by multiplying the interval observed cooking power by
700 Wm™ and dividing by the interval average insolation recorded during the corresponding
interval.

Ps= Pi(700/1i) [2]
Where:

Py = standardized cooking power (W)

P; = interval cooking power (W)

interval solar insolation (Wm™)

lrnl
Il



7.5 Temperature Difference. Ambient temperature for each interval is to be subtracted
from the average cooking vessel contents temperature for each corresponding interval.

Ta=Tw—Ta [3]
Where:

T4 = temperature difference (C)

Tw = water temperature (C)

T, = ambient air temperature (C)

7.6 Plotting. The standardized cooking power, Ps (W) is to be plotted against the
temperature difference, T4, (C) for each time interval.

7.7 Regression. A linear regression of the plotted points shall be used to find the
relationship between cooking power and temperature difference in terms of intercept (W) and
slope (WC"). No fewer than 30 total observations from three different days shall be
employed. The coefficient of determination (r*) or proportion of variation in cooking power
that can be attributed to the relationship found by regression should be better than 0.75 or
specially noted.

7.8 Single Measure of Performance. The value for standardized cooking power, Ps (W)
shall be computed for a temperature difference, T4, of 50 C using the above determined
relationship.

NOTE: for product labelling and sales literature an independent laboratory using a
statistically adequate number of trials shall determine this number. While this value, like
the fuel economy rating of an automobile, is not a guarantee of performance, it provides
consumers with a useful tool for comparison and product selection.

7.9 Reporting. A plot of the relationship between standardized cooking power and
temperature difference shall be presented with the equation, following the example in Figure
2. The report shall also state the standardized cooking power at a temperature difference of
50 C.

SECTION 8 — REFERENCES

Funk, P.A. 2000. Evaluating the international standard procedure for testing solar cookers
and reporting performance. Solar Energy 68(1):1-7.



Mullick S.C., Kandpal T.C. and Saxena A.K. 1987. Thermal test procedure for box-type
solar cookers. Solar Energy 39(4), 353-360.

SECTION 9 — FIGURES

-7

Figure 1. Determining the Intercept Area. Reflector area is reflector width times its apparent height, R, and
aperture area is aperture width times its apparent height, A. Apparent height is the shadow or projected height in
the plane perpendicular to beam radiation of zenith angle Z.
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Figure 2. Example of adjusted cooking power plotted over temperature difference and the resulting regression
line. In this example the equation is: Py= 140 — 1.9 Ty, with r* = 0.90. In this example the standard cooking

power for a 50 C temperature difference is: Pysp, =45 W.



