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Abstract

Today many of the solar cookers available in the market are direct cookers, without storage,
and they are used for low to medium temperature cooking purposes. In this dissertation,
experiments of heat collection, transportation and storage have been carried out using parabolic
dish concentrators, steam as heat carrier and phase change material (PCM) as heat storage
respectively. The design of the system has been focused to meet the demand for high temperature
heat storage, in an economical, safe, robust and simplified way. The stored heat has mainly been
tested for Injera baking purpose, the national food of Ethiopia, which requires intensive energy.
Most households eat Injera three to four times per day. Injera needs a heat supply in the range of
180-220°C and more than 85% of Ethiopians use biomass fuel to bake this food. A nitrate salt
mixture (solar salt) that has a melting point in this range of temperature was therefore selected as

PCM media in this research.

The research starts by developing two polar mounted parabolic dish concentrators that are
suitable to closed loop self-circulation heat transportation. The first system was placed at NTNU
and was coupled to an aluminum block heat storage that has PCM cavities and steam channels.
This system was tested for natural and artificial heat source charging. The stored heat was tested
for egg frying and water boiling. The second system, at Mekelle University, was coupled to Injera
baking clay plate, which has an Imbedded coiled stainless steel steam pipe as a heating element.
This system demonstrated an indirect solar Injera baking at about 160°C. However, the heating up
time and the baking time interval were very long 3 hours and about 15 minutes respectively. The
steam based solar Injera baking result has led to a new research line on Injera baking process and
a review of its actual baking temperature. Therefore, Injera baking was tested on three different
stove materials regarding its baking time, temperature and Injera quality on different baking surface
temperatures. These experiments have identified the possibility of Injera baking as low as 120°C
surface temperatures and the ordinary stove design can then be modified to save about 50% of its

energy consumption.

Another system was tested for alternative way of using solar energy indirectly. In this system,
the high intensity solar radiation from the receiver’s of a double reflector parabolic dish
concentrator was transported onto an absorber using a light guide. The system was designed for

short distance radiation transportation and water was boiled in an experimental case.



A third version of a heat storage was designed with conducting fines coupling a coiled top plate
with a solar salt bed in a container below. Two units were made and tested at NTNU and Mekelle
University. Injera baking tests were carried out on the top plate of the heat storage. Injera baking
on a fully charged storage shows shorter baking times compared to conventional electric stoves.
The system was demonstrated to the public and the Injeras baked on it and a solar cooked Ethiopian
stews were served as a free lunch to the participants at Mekelle university. This was the first

complete solar prepared Ethiopian food in the history of solar research in Ethiopia.

vi
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1 Introduction

This section provides the background and some literature review related to the research topic.
It covers background of cooking and energy consumption, solar cookers, solar collectors and

thermal energy storage in particular on PCM (phase change material).

1.1 Back ground on cooking and its energy consumption

Cooking is the art of preparing food with the help of heat for human/animal consumption and
dates back 1.8 to 2.3 million years ago [1]. Cooking is carried out almost on a daily basis and
therefore it requires a study of energy supply. Cooking may be classified into different groups such

as baking, boiling, frying, roasting etc.

Household energy use for storage and food preparation in developed countries can generally
be categorized as for cooking (~20%), refrigeration (>40%), and hot water generation for washing
dishes (~40%) [2]. For example, In the USA, 63% of the population use electricity for cooking,
35% use natural gas and smaller portion utilize propane/LPG (5%), kerosene (<0.3%) and wood
(<1.5%) [3]. Similarly, in Europe mostly cooking is based on electricity with a small fraction of
gas ovens and stoves [4]. The average energy consumption of households in developed countries
has decreased due to improved cooking appliance technologies [5]. In addition, some countries
have suitable policies that favor energy optimization, for example UK has set a 10% and 24% target
to reduce the primary energy consumption of ovens and stoves respectively by 2020 [4]. Table 1.1
shows the different categories of cooking, their temperature requirement, the mode of heat transfer

they follow during cooking and the different food items in each category of cooking.



Table 1.1: General categories of cooking and heating mechanisms [4]

Category  Description

Heat transfer mechanism

Uses

Baking Food in oven:100-300°C

Roasting Food in oven:100-300°C

Broiling Food in oven:100-300°C

Frying Food submerged in hot oil
(deep-frying) or cooked in a

conduction (pan)

conduction (pan)

(air); Some conduction (pan)

thin layer of fat (pan-frying)

Stewing/b  Food cooked

oiling boiling/simmering water

in Conduction (pan);convection (liquid)

(liquid) Pan-frying: conduction (pan)

Convection (air); radiation (oven walls); Flour-based foods;

fruits

Convection (air); radiation (oven walls); Meats; nuts

Primarily radiation (burner); some convection Meats

Deep-frying: conduction (pan); convection Meats; vegetables

Meats; vegetables;

grains; pastas

Today in the 21* century, about 2.7 billion people are facing energy poverty worldwide and

they rely on burning of biomass for their primary cooking fuel [6]. Figure 1.1 shows the distribution

of these people in developing countries such as South Asia and Sub-Saharan Africa. Some studies

show that the number of people relying on solid fuels for cooking will increase over the next twenty

years unless new policies are introduced to mitigate this. Cooking with biomass causes adverse

consequences of health, environment and social and economic development. Currently, 1.5 million

people, mostly women and children, are dying every year because of indoor air pollution from

inefficient biomass combustion and cooking stoves [7]. The poor human health, particularly among

women and children, reported from developing countries is one of the major indications for the

wide spread use of solid fuels [8].

- 80%

- 60%

= 10004
S
=
0 1[I
600 1 = -
400 4 I
200 4
—
0 T T
India Other Sub- China Latin
Developing ~ Saharan America
Asia* Africa

[ 100%  m Urban

Rural

Share of population
relying on traditional
biomass (right axis)

Figure 1.1: Number and share of population relying on the traditional use of biomass as their primary cooking fuel

by region [6]



1.2  Solar cookers

Solar cooking provides a clean and healthy way of food preparation. A solar cooker cooks food
using solar radiation directly or indirectly. Though the first attempt of solar energy for cooking

food was published in 1767, the extensive development of solar cookers took place in the 1950s

[9].

Recent studies indicate that out of many developing countries India, China, Pakistan, Ethiopia,
and Nigeria have the highest potential for solar cooking by 2020. This is due to their annual solar
radiation, percentage of forest coverage, estimated populations, and estimated share of the
population within each country with both good solar insolation and fuel scarcity [10]. Figure 1.2

shows the different groupings of existing solar cookers.

Solar cookers

Solar cookers

Solar cooker

without with storage
storage
C L
[ y | |
Di Indirect Solar cookers Solar cookers
lf.Ct cooking with Sensible with Latent
cooxing I heat storage heat storage
| | | | |
With Flat .
Box type Concentrating plate With evacuted Concentrating
type collector tube collector collector

Figure 1.2: Classification of solar cookers [11]

1.2.1 Direct solar cookers

Direct solar cookers are devices that cook food when the sun is shining. Direct solar cookers
vary from simple solar box cooker to high temperature concentrator cookers. Direct solar cooking
has not attracted users attention for various reasons such us longer cooking time, safety, users direct
exposure to the sun, and direct exposure of the food in the sun. However, many of them have been
introduced in different parts of the developing world. This section covers the literature of solar

box cooker, solar panel cooker and concentrated cooker as shown in Fig. 1.3.



Figure 1.3: Types of direct solar cookers: (a) solar panel cooker; (b) solar parabolic cooker and (c) solar box cooker
[12].

a) Solar box cookers

Solar box cooker is an insulated box that captures the energy of the sun that shines into it. The
glass cover gives a kind of greenhouse effect in the box. The design of solar box cookers is
improving from time to time in order to reach higher temperature and make them suitable for
cooking. Box cookers use longer cooking time compared to traditional cookers. However,
continuous improvements are undergoing and a new design of box cooker by A. Harmim et al. [13]

reaches 166°C and it allows an indirect/indoor cooking as shown in Fig. 1.4.

Figure 1.4: Solar box cooker prototype [13] Figure 1.5: Concentrating type cooker: panel cooker [14]



b) Panel type solar cookers

Panel type solar cooker is the least expensive and simple type of solar cooker. It is designed to
reflect the incoming sunlight over the surface of a cooking pot. The cooking pot (receiver) is
painted black on the outside in order to absorb the reflected rays as shown in Fig. 1.5. The
inexpensive cardboard and aluminum foil solar kit are some of the most widely used panel cookers.
These cookers might be the most common type of cookers available due to their ease of
construction and low-cost. Moreover, it is highly useful for people leading a nomadic or travelling

life. The most popular design of panel cooker is the design of Roger Bernard [13].

9] Parabolic or concentrating cookers

Parabolic solar cookers have a higher cooking temperature compared to box and panel type
cookers. These cookers focus a narrow beam of sun radiation on the bottom of the cooking pot that
sits on the focus of the collector as shown in Fig. 1.6. This cooker instantly gets hot as high as 232-
260°C, which is similar to open fire or a gas burner [15]. Parabolic solar cookers need to track the
movement of the sun during the day in order to give the required cooking temperature. Many
families in China and India use these types of cookers to cook their food and for water boiling. In
addition, large-scale parabolic collectors such as the Scheffler has implemented for community
cooking in these places. Parabolic solar cookers are supposed to give higher efficiencies; however,

they often give low performance due to the huge heat loss from their cooking pot [16].

sunlight

Figure 1.6: Concentrating direct solar cooker and water heater operating in the cooking mode [17, 18]



1.2.2 Indirect solar cookers

Indirect solar cookers are cookers that enable user to cook indoor or under a shade, where the
uses are not expose to direct solar radiation. Such cookers can be found with or without thermal
storage. Figure 1.7 shows schematics of flat-plate collector with indoor PCM storage, which is
capable of cooking different types of meals and heating food at night and early morning [19]. In
addition, Fig. 1.8 shows indirect parabolic solar cooker design that integrates heat exchanger and
PCM storage [20]. These cooker designs can transport the thermal energy to a convenient place
using an inclined heat exchanger and store it in a PCM storage. These designs also allow indirect
cooking without storage during daytime [20]. Some indirect solar cookers run for large-scale
community cooking. Global energy assessment (GEA) report shows the implementation of the
world’s largest indirect solar cooking system in India, which consists of 80 different capacity
concentrators that cover 25,000 m? of dish area and cooks food for 20,000 people every day [21].
In addition, India possesses a large-scale solar kitchen capable of cooking about 38,500 meals per

day using series of Scheffler concentrators as shown in Fig. 1.9 [22].

Aluminium cooking pot
PCM
/

- Output cylinder
Foc
Destination cylinder
18! )

Reflectors
PCM filling pipe

Source
cylinder

v
‘\/
Reflector s / ‘ /
: L7

Parabolic solar
cooker ]

o ‘

Figure 1.7: Flat plate indirect solar cooker [19] Figure 1.8: Schematic indirect parabolic solar cooker [20]
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Figure 1.9: World’s largest steam based indirect solar cooker [22]

1.2.3 Solar cookers in developing countries

Many households and institutions in developing countries use biomass as a basic energy supply.
Solar cooking can be an instrument against firewood shortage, desertification, and a means of relief
for women and children in the developing world [23]. However, despite the negative health and
environmental impacts of unsustainable biomass use, solar cookers show little success. This is
because of most researchers focus more on technical improvements of solar cookers than on the
reasons of their failure [24]. In addition to proper communication between technical and socio-
economical researches, the success of solar cookers depend on materials cost, production facility,
cooker size, financing schemes, government cooperation and marketing strategies. [25]. It is a
common practice to see some initiatives of solar cooking running for short period and discontinued
after wards. To increase the sustainability of such initiatives in developing countries, introduction
of solar cookers should be considered as a small-scale renewable energy projects affecting socio-

economic, environmental, gender and geographic issues [26].

1.3 Solar collectors

Solar collectors are devises that collect solar radiation, convert it in to thermal energy to run
some applications. The major components of any solar collector includes the reflector, absorber
and heat transportation medium. There are two types of collectors: concentrating and non-

concentrating. While concentrating collectors use different areas of intercepting and focusing, non-



concentrating collectors use same or nearly same areas of intercept and focus. The different areas
of intercept and focus in concentrating collectors give high radiation fluxes at their focus; making
them suitable for high-temperature applications. Figure 1.10 gives a general classification of solar
concentrators based on Soteris’s study [26] and Table 1.2 gives a comprehensive summery of these

collectors.

Solar collectors

|:Y:| v
Stationary collectors Sun tracking concentrating collectors

h 2 \ L 4 v v v h 4
Flat plate Compound Evacuated Parabolic Linear Parabolic Heliostat
collepctor parabolic tube trough Fresnel dish reflector field

collector collector collector reflector (PDR) collector

Figure 1.10: Classification of solar collectors [26]

Table 1.2: Solar energy collectors [27]

Motion Collector Type Absorber  Concentration Temperature
Indicative Type Ratio Range (°C)
Stationary Flat-plate collector (FPC) Flat 1 30-80
Evacuated tube collector (ETC) Flat 1 50-200
Compound parabolic collector (CPC) Tubular 1-5 60-240
Single-axis tracking  Compound parabolic collector (CPC Tubular 5-15 60-300
Linear Fresnel reflector (LFR) Tubular 10-40 60-250
Cylindrical trough collector (CTC) Tubular 15-50 60-300
Parabolic trough collector (PTC Tubular 10-85 60-400
Two-axis tracking Parabolic dish reflector (PDR) Point 600-2000 100-1500
Heliostat field collector (HFC) Point 300-1500 150-2000

1.3.1 Stationary collectors

Stationary solar collectors are the most commonly used solar collectors in low temperature
applications. They are suitable for supplying heat at temperatures up to about 90°C [28]. These
collectors are able to collect both direct and diffuse radiation and do not have moving parts as part

of the collector.



a) Flat plate collectors

Flat plate collector is the simplest and most easily available collector, and is widely used for
water heating, space heating and drying applications, which require the temperature of the medium
to be less than 100°C. Any flat plate collector consists of three components: absorber plate, top
covers/glazing and heating pipes [29]. Many small-scale flat plate collectors use open/closed loop
natural circulation techniques to circulate the heating medium. The absorbers of these collectors
are straight copper/aluminum sheets with attached heating pipes. Thus, the heat collection area can
be optimized by changing its geometry with the same space requirement as shown in Fig. 1.11 (b).

Such optimization helps to reduce the cost of the collector by enhancing its efficiency.

o000 OO

(b)

Figure 1.11: Flat plate collector absorber (a) straight sheet absorber (b) corrugated sheet absorbers [28]

b) Compound parabolic collectors

Compound Parabolic Concentrator (CPC) is a special type of concentrator constructed from
the shape of two meeting parabolas. It is a non-imaging concentrator with limited concentrating
ratio and it requires only intermittent tracking because of its weak focusing accuracy. The theory
and working principles of CPC can be found in the works of Rabel [30]. It is possible to increase
the concentration ratio of CPC by modifying its geometry and in return, it increases its thermal
performance and application. A modified CPC improves its thermal performance and has a

potential for steam generation as studied by A. S. Gudekar et al. [31].

¢) Evacuated tube collector

Evacuated tube solar collector consists of a heat pipe absorber inside a vacuum-sealed glass
tube. The evacuation of air from the glass tube helps to eliminate convection and conduction heat
loss but allow the entry of solar radiation to the tube. This type of collector is effective in reheating
of water in the recirculation loop of water heaters with very low losses compared to flat plate
collectors. This collector produces higher temperature water than flat plate solar collector (>80 °C)
[32]. Sometimes this collector can be coupled with CPC for better performance as shown in Fig.

1.12.



Input water —

- / Output water

Solar collector

Ambient Temperature
sensor

Figure 1.12: A typical evacuated tube - CPC solar water heater system [32]

1.3.2 Sun tracking concentrating collectors

The temperature of heat transfer fluids from solar collectors can be increased if the heat loss of

their receivers is reduced and if a large amount of solar radiation can be concentrated on a relatively

small receiver area (high concentration ratio). Concentrating collectors have certain advantages

over non-concentrating collectors. Table 1.3 shows the pros and cons of concentrating collectors.

Table 1.3: pros and cons of concentrating collectors

Pros

Cons

>
>

Can have higher thermal efficiency

Able to supply high temperature heat

Have smaller cost per unit area of reflector
compared to the cost of others for same energy
Require small area of receiver i.e. economically
feasible to apply selective surface treatment and
vacuum insulation to reduce heat losses and

improve the collector efficiency.

>
>
>

Do not collect diffuse radiation
Require a tracking system to track the sun
Reflecting surfaces lose their reflectance with time

and require periodic cleaning and renewing
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Nowadays many designs of concentrating collectors are existing in different applications.
These designs can be reflector/refractor type concentrator, cylindrical/parabolic type, and
continuous/segmented. These collectors may also use convex, flat, cylindrical, or concave type of
receiver and the receiver may be covered with glazing to reduce heat loss. The concentration ratio
of these collectors may vary from unity to high values about 10,000 [33]. However, higher
concentration ratio system requires extreme precision in optical quality and positioning of the

optical system. Practical concentration ratios are often in the range of 10-100.

Concentrating collector systems may apply for solar power generation and process heat
production because of their capability of higher temperature energy delivery. In spite of the huge
potentials for solar thermal concentrators in industrial heat supply, between 50 and 1,500°C, so far
they have not been applied for more than 400°C for this purpose [34]. Among the many types of
concentrators, this part of the study only covers the literature related to parabolic trough, parabolic

dish and heliostat collectors and offset reflectors (Scheffler type reflector).

a) Offset (Scheffler) collector

Most parabolic concentrators have a rigid structure and their focus moves as the reflector

follows the direction of the sun. This design feature has complicated and limited their applications.

Scheffler concentrator is a modified parabolic reflector design of Wolfgang Scheffler to collect
solar energy with a fixed focus [35]. This collector has a primary reflector that tracks the sun and
focus the solar radiation onto a fixed receiver. The focused radiation generates heat, which can be
used to boil water, generate steam, cooking, bread baking and incineration. Scheffler reflector is
either standing or laying type depending on the direction of its reflector’s face [36]. A standing
reflector faces towards south in the northern hemisphere, and north in the southern hemisphere and
gives ground level focus. However, a laying reflector faces north in the northern hemisphere, and
south in southern hemisphere and gives an elevated focus. Scheffler uses a telescopic clamp
mechanism to track the reflector by half of the change of the solar declination angle and to attain
the required shape of the parabola for any day of the year. Figure 1.13 gives the schematic of this

reflector and its tracking system.
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Figure 1.13: Installation and daily tracking details of Scheffler reflector [36].
b) Parabolic trough collector

Parabolic trough collector can be made by bending a sheet of reflector into a parabolic shape
to have a line focus. The line focus commonly uses a black coated pipe receiver that is sometimes
covered with a vacuum glass tube to reduce heat losses. This concentrator needs one axis tracking
to collect parallel incident rays and reflect them onto the receiver tube. The concentrated reflected
radiation reaching the receiver tube converts in to heat and start heating the fluid that circulates
through it. Figure 1.14 shows a schematic of a parabolic collector with vacuum glass covered

receiver.

Receiver detail Sun rays
Receiver

Parabola
Glass cover

_ Tracking
Receiver tube mechanism

Figure 1.14: Schematic of a parabolic trough collector and receiver [33]
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c Parabolic dish collector

A parabolic dish reflector is a point-focus collector that tracks the sun in two axes to concentrate
solar radiation onto a receiver located at its focal point. The dish fully tracks the sun to collect beam
radiation and reflect them onto the receiver. The receiver then absorbs the radiant energy and
converts it into thermal energy in a circulating fluid. This thermal energy can be used directly or
converted into electricity. This concentrator can achieve temperatures in excess of 1,500°C on its
receiver [33]. Figure 1.15 gives the schematic of parabolic dish concentrator. Compared to other

concentrators parabolic dish concentrators have several advantages as shown below [33]:

1. They are the most efficient of all collector systems because of beam radiation collection.
2. Have higher concentration ratios (600—-2000) and are efficient thermal energy absorber and
convertor.

3. They are modular collectors that can function independently/as part of a larger system of

dishes.
Sun rays
Receiver
" Parabola
i, —— Two-axis tracking
4 mechanism
Figure 1.15: Schematic of parabolic dish collector [33]
d) Heliostat solar collector

Central receiver system is a module of flat or slightly curved mirrors that track the sun and
focus on a central receiver as shown in Fig. 1.16. This system gives extremely high inputs of
radiant energy on the receiver, which heats a working fluid that can be stored and used for
continuous power production. Small-scale heliostat collectors can be an ideal collector to consider
its application for large-scale solar thermal applications to satisfy industrial and households

demand. For example, industrial steam supply, centralized hot water supply in highland areas of
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developing countries for building heating and large scale cooking centers with heat storage. Some

advantages of heliostat are [33]:

1. The single receiver minimizes thermal energy transport requirements.

2. Has higher concentration ratios (300-1500) and is highly efficient in energy
collection and conversion to electricity.

3. It stores thermal energy conveniently

4. Large scale system (> 10 MW) that is economically feasible

Receiver Sun rays

\

Sun rays

T A

T 1

T Heliostats
Tower

Figure 1.16: Schematic of central receiver system [33]

1.4 Thermal energy storage

To improve the sustainability of renewable energy sources it is important to incorporate the

concept of energy storage. The importance of energy storage is to [37]:

e Meet short-term fluctuating energy demand requirements

e Supply energy during power disturbances or surges

¢ Reduce the need for emergency power generators

e Redistribute the energy required during on-peak demand conditions through the energy
produced during off-peak hours

e Make use of the energy generated from renewable sources during fluctuating load

e Provide energy security with less environmental impact

e Improve operational performance of energy systems

Thermal energy storage (TES) is a technology that stores energy in the form of heat for a

particular time and provides this energy for later usage. Figure 1.17 describes a schematic TES
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system integrated with available thermal energy source and demand [37]. During normal operation,
the demand heat load utilizes the heat from the heat source and give off some waste heat/work.
When a TES is placed between the heat source and heat application, it helps to take some of the
excess energy and improves the efficiency by reducing waste heat. TES can be stored in three forms
as given in Fig. 1.18 and the stored heat can be used for water heating, space heating, desalination,

cooking, thermal power system etc. [38]. This study covers a review of sensible, latent and thermo

chemical storages.

Charging Discharging
process process

v

Heat source Demand load

Direct/partial
critical load offset

Figure 1.17: Schematic representation of TES integration and operation [37].

THERMAL ENERGY

STORAGE
I T ! )
Sensible
Latent heat Thermo-chemical
heat
r—l—l storage
) . I
Liquids Solids | | Solld—s_olld. I 1
Hydroxides Closed Open
systems systems
Natural: water, Natural beds: Solid-Liquid: nitrides, ————— |
organic liquids metals, rocks chlorides, hydroxides, . ) )
carbonates, fluorides, Adsorption Absorption Adsorption
eutectics T
Artificial — Artificial beds
Zeolite Salt hydrates ! Zeolite
- Liquid-Gas
Silica gel Two phase systems |  Silica gel
- Solid-Gas solid-gas: CaO/H,0,
MgO/H20, FeCI2/NH

Three phase systems
solid-liquid -gas

Figure 1.18: Thermal energy storage technologies [38]
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1.4.1 Sensible thermal energy storage (STES)

In sensible heat storage technology, the temperature of the storage material increases when
energy is applied to it, the stored energy is in the form of internal energy of the storage material
that increases with the temperature of the material. In an STES, the heat energy stored in the
material is directly proportional to the mass (m), specific heat capacity (cp), and temperature

difference (AT) of the material [39].

STES materials are commonly classified as solid and liquid storage materials. Solid storage
materials include rocks, stones, brick, iron, soil, concrete etc. and liquid storage materials include
mainly water and oils [40]. Solid STESs are common for space heating and high temperature (solar)
heating applications. It usually operated in temperature ranges of 40 to 75 °C for rock beds/concrete
and over 150 °C for metals in these applications respectively. The reason behind developing solid
storage includes [37]:

e Reduced risks of leakage at elevated temperatures

o Feasible to store very high temperatures (solar power plants)
However, they have also the following limitations:

e Relatively low specific heat capacity (~1200 kJ /m3/K)

¢ Reduced energy storage density compared to liquid storage materials

o Increased risks of self-discharge (heat losses) in long-term storage systems
e Thermo-physical properties of the heat and energy transport medium

e Stratification of storage unit

On the other hand, liquid STES and transfer material have been widely preferred for low and
medium temperature application ranges. In which, water is the most commonly used material due

to its higher specific heat capacity, availability, and cost [41].

1.4.2 Latent thermal energy storage (LTES)

The material of LTES undergoes a phase change process for storing or discharging heat energy.
The phase change process, solid to liquid or vice versa, normally occurs at/near isothermal
conditions. The heat energy stores in a material when the material undergoes phase transition from

solid to liquid state by absorbing the heat energy supplied to it. Similarly, the energy discharges
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from the material when it solidifies. Materials with this property are called phase change materials
(PCMs). PCMs have the capacity of storing sensible heat as a change of their temperature, below
and above phase transition temperature, and latent heat enthalpy during their phase transition.

Figure 1.19 gives the storing and discharging process of LTES.

Freezing Process Melting Process
! 7
Sensible cooling
—~ of liquid PCM — Sensible heating of
8 8 liquid PCM
g Phase change  Sensible cooling g Sensible heating of Phase change
o 2 (liquid-solid) 3 of solid PCM S solidpcM 5 (solid-liquid) ¢
Q 1 g e —
£ | | £ | |
F | I = | |
| | | |
| | | |
| | 4 4 | |
1 1 1 1
Time (min) Time (min)

Figure 1.19: Heat storage and release processes of the PCM [37]

The overall storage capacity of LTES system with a PCM is given by:
Q = [;™mc,dT +manAHy, + [, mc,dT (1)

Where a,,—fraction melted, AH,,— heat of melting per unit mass (J/kg), Ti- initial temperature,

Tw-melting temperature, T¢- final temperature, m- mass of PCM and C,- PCM heat capacity

Figure 1.20 gives the classification of PCM with important characteristics in Table 1.4.
Moreover, Table 1.5 gives the properties of the salt mixture of 40%KNO3 and 60%NaNO3, which

is used in this research.
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Figure 1.20: Classification of phase change materials [43]

Table 1.4: Most important features required for PCMs [42, 43]

PCM properties

Thermal Physical Kinetic properties Chemical Economic

e Phase change Lower density No super cooling long-term chemical stability =~ Cheap

temperature fitted to variation High nucleation a completely reversible and

application High density rate freeze/melt cycle abundant
e Higher enthalpy per Small or no sub-  Adequate rate of Compatibility with container

unit volume near cooling crystallization materials, Nontoxic. non-

temperature of use Low vapor flammable, non-polluting
e High thermal pressure at the

conductivity in both operating

phases temperature,

o high specific heat, to
provide additional
SHS

Table 1.5: Properties of Selected Anhydrous Inorganic Salt Mixtures sorted by Anion and Melting Temperature [44]

Salt System (wt %) T (°C) Tmar(°Q) HUIEY ¢,Jg'K™) p(gem™3) p.c,(J em3K™)
KNOs3-NaNO;s(eu) (54-46) 222 ~550 101 1.52¢ 1.84° 2.80°
KNO;-NaNO;s(solar) (40- 60)  240°  530-565 113 1.55 1.84° 2.85°
NaNO; 306 520 178 1.66* 1.85° 3.07°

2Values at 400°C,

® Approximate liquidus temperature.

1.4.3 Thermo Chemical Storage

Thermo chemical storage uses reversible chemical reactions of reactants to store and release
the required heat energy. The supply of heat energy to pairs of chemical material breaks the bonding

between them and they separates into individual reactive components. In this process, the materials
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able to store heat energy and release it when they undergoes a reverse reaction. In comparison to
LTES and STES, thermo chemical storage has the smallest volume of storage size followed by
LTES to store a certain amount of energy. Table 1.6 gives the list of advantages and disadvantages
of the three thermal energy storages. For example, dehydration and rehydration of Ca(OH), in a

reactor with direct heat transfer for thermo-chemical heat storage is given by eq. 2 [45].

Ca(OH), © Ca0 + H,0 )
Table 1.6: Advantages and disadvantages of TES concepts [38]
TES technique Advantage Disadvantage
Sensible heat storage e Simple design o Size of the systems
e Not isothermal storage process
Latent heat storage e [sothermal storage process e Price
e High storage density e Low thermal conductivity
e Almost no convection
Thermo-chemical e High energy density e Complexity
storage e Expensive compounds

o Relatively high temperature required
e Limited experience with long-term operation

1.5 Charging of PCM storages for solar cooking application

PCM storages in solar cooking application have increased the reliability of solar cookers;
however, the charging and discharging process of these storages is challenging. Depending on the
type of solar collector to which the storage is coupled, the storage can be charged either through
direct illumination or by the help of a HTF (heat transfer fluid). Scheffler and double reflector
parabolic dish collectors can charge their storage by direct illumination. On the other hand,
parabolic dish and parabolic trough collectors can charge their storage by using heat transfer

liquids.
1.5.1 Direct illumination

In a direct illumination chagrining process, the collector reflects the incoming solar radiation
onto the top part of the PCM storage. The radiation starts heating the top plate of the storage and
fins integrated to this plate starts to conduct the heat to the PCM material. Parabolic dish with
secondary reflector and Scheffler concentrator are possible collectors for this technique. In this
charging process, the storage remains stationary and the charging follows a top-down heating

process. Foong et al. [46] used a double reflector concentrator to melt a solar salt storage by a top-
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down heating/charging process, where the storage has fitted with aluminum plate fins to conduct

the heat into the salt materials.

1.5.2 Using heat transfer fluid
a) Oil bath charging

A HTF can carry the heat developed in the receivers over some distance to a heat storages. The
transportation can be through a natural circulation or forced circulation of the HTF. To minimize
the complexity of solar concentrator’s design, natural circulation in a closed loop system is often a
preferred method. An example of an oil bath to melt a solar salt contained in an aluminum container

with natural oil circulation is given by Mussard and Nydal [47].

b) Steam charging

Some fixed focus solar concentrators use steam as heat transfer fluid. Steam is suitable as heat
carrier in solar power generations due to its higher heat capacity, chemically inertness, abundancy,
and nontoxicity. Scheffler has introduced his collector for steam baking in India and still the
product is getting wider and more useful [48]. In the present work, water and steam is tested for
heat transfer between the receiver and a storage. Natural circulation is obtained by boiling in the
receiver and condensing in the storage. The steam in this case was operated at about 40-bar

pressure, where pressure safety valves and pressure gages were properly fitted.
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2 Objectives

The general objective of this study is to investigate a small-scale concentrating solar system
with latent heat storage that stores solar thermal energy during the day when the sun is shining and

provides energy to bake Injera (national food of Ethiopia) during the night or early morning.
Specific objectives:

e Design and develop a small-scale solar concentrator with latent heat storage, phase
change material (PCM), and a heat transfer loop to charge the storage.

¢ Investigate the charging-discharging behavior of the PCM storage

e Design and develop a suitable solar stove that is capable of Injera baking

e Investigate the performance of the system

o Study the market penetration potential of the stove
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3 System description

The Storage integrated solar stove system is made of a two-phase self-circulation closed loop
heat carrier, a polar mounted parabolic dish with sun tracker, PCM heat storage (“solar salt” nitrate
mixture of 60%NaNO; and 40%KNO3), fixed receiver and an aluminum casted frying pan. The
heat transfer fluid is water and the receiver converts this water in to steam. Figure 3.1 shows a

schematic diagram of the system.

Pressure guage x
Safety Stove lid
valve
H H ] |ALPan
Inlet/Outlet
‘Water vapour Alumipum fin

e /
Condensed steam

Thermosyphon

PCM storage

Receiver

Incoming Rays

~ND

Parabolic Reflector

Figure 3.1: Schematic representation of Storage integrated solar stove.

3.1.1 Collector

The two parabolic dish collectors tested in this research have different reflector material,
rigidity, and size. The first collector (NTNU) is made of aluminum dish with tiles mirror reflectors
glued to it. The second reflector (Mekelle) is a six-petal mild steal satellite dish filmed with self-
adhesive Alanod (90% reflectivity). Figure 3.2 shows pictures of the actual systems while testing

in the specified places.
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(b)
Figure 3.2: actual system during test (a) Alonod reflector (Mekelle) and (b) glass reflector (NTNU)

3.1.2 Tracking mechanism for polar mounted parabolic dish

A motor and gear based mechanism were used to automatically track the major axis of the
collector (east-west) assisted by a secondary (south-north) manual (power screw) adjuster. A photo
sensor that works with a shading effect was used to control the motor’s rotation. The motor powered
by a 10W photovoltaic (PV) cell (Mekelle) and from a 9V regulated electric power supply (NTNU).

Figure 3.3 shows the two tracking mechanisms employed in this research.

(a) (b)
Figure 3.3: Tracking mechanisms (a) sprocket-chain (NTNU) and (b) gear-based (Mekelle) [49]
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3.1.3 Two phase closed loop thermosyphon heat transfer

Water is used as the heat transfer fluid (HTF). The concentrated radiation generates steam in the
absorber, which condenses in the storage. The circulation is driven by the density/gravity difference
between the outgoing (steam) and incoming (condensate) legs of the loop. The heat deposited in

the top plate of the storage is conducted to the PCM through the fins.

3.1.4 Heat storage

The three tested storage configurations of this research were: a) Aluminum block with PCM
cavities and steam channels, b) aluminum plate with imbedded coil of steam pipe and integrated
aluminum fins and c) rectangular aluminum box with imbedded helical steam pipes in the walls as
shown in the pictures of Fig. 3.4 (a-c) respectively. Nitrate salt mixtures of 40% KNO; and
60%NaNO; are chosen for the storage, due to their heat capacity, easy availability and low cost.
To optimize the heat conduction, aluminum fins are used because of aluminum’s higher thermal

conductivity and reasonable price and weight.

a)

Figure 3.4: Actual test units of heat exchanger for PCM storage a) aluminum block with PCM cavity b) aluminum
plate with fins and ¢) aluminum box with helical steam pipe

3.1.5 Frying pan

Two-phase closed loop thermosyphon boiling-condensing heat transfer was used to charging

the PCM storage through conducting fins. The Aluminum fines are attached to the frying pan as
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shown in Fig. 3.4 (b). Figure 3.5 shows the picture of the actual frying pan during preparation for
Injera baking.

Figure 3.5: Polishing of the storage integrated solar stove
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Contribution of the thesis

In this thesis, experimentation on the various aspects of small-scale parabolic dish solar
concentrator for Injera baking were studied, and the results are presented in papers and the thesis
as summarized below:

Paper I: Solar powered heat storage for Injera baking in Ethiopia

An aluminum block with three-steam channels and ten salt (40% KNO3 and 60% NaNO3)
cavities was constructed, coupled to a parabolic dish concentrator, and tested for latent heat storage
charging with a self-circulating steam loop. Experiment s were compared with simulation results
of COMSOL multiphysiscs. A frying pan was placed on top of the storage to discharge the stored
heat by frying eggs, which took about 30minutes. The aluminum block efficiently separates the
salt from the high pressure steam, but the number of steam channels were few and was limiting the
heat transfer process.

Paper II: Design and development of solar thermal Injera baking: steam based
direct baking

An indirect solar cooker that uses self-circulating steam to heat a frying pan was tested for Injera
baking. The frying pan was developed from clay, like the original Injera stove, by imbedding coiled
stainless steel steam tubes as its heating elements. The results of this work show three important
results. The first result demonstrates the possibility of using solar energy for Injera baking, which
is a challenge. Secondly, it shows the intensive energy demand of Injera baking can be obtained
from solar energy indirectly in an indoor kitchen. Finally, it was demonstrated that Injera baking
can be made in the range of 135-160°C, which is significantly lower than other published values
(180-220°C).

Paper III: Energy Consumption Assessment of Injera: A Strategy for Energy-
Efficient Stove Designs in Ethiopia

Injera baking has been compared using three different materials, lay, borosilicate glass and metal
(Norwegian take). The baking process demonstrated Injera baking at stove surface temperature of
120-160°C, as long as sufficient heat transfer can be sustained. In addition, it shows 32% of the
baking power can be saved simply by changing the baking plate material from clay to glass without
compromising on the quality of Injera. Moreover, it shows existing clay Injera stove uses only
about 50% of the supplied power and loses the remaining. The results of this paper complements
the findings of paper I and II and gave a strong base for the works of paper V. Moreover, it helped
to realize the need for developing hybrid stoves, solar-electricity and solar-biomass, based on the
available energy supply options in the rural and urban areas respectively.

35



Paper IV: Experimental Investigation of Optical Pipe as a Means of Radiation
Transfer for Solar Thermal Applications

This paper demonstrates the capabilities of an optical pipe in transmitting concentrated radiation
over short distances. A transmission coefficient of 19.6% or an attenuation coefficient of 3.08dB/m
was attained with a 2.3m long, 70mm diameter optical pipe having two 90-degree bends. The
optimal bend angles for the pipe was found with the help of a ray tracer simulation. The main
challenge in this experiment was in directing the radiation into the optical pipe. Parallel inlet rays
were obtained using a double reflector system. The result of this study has indicated that light
guides can potentially be used for radiation transportation in solar thermal applications, particularly
for indoor solar cooking applications.

Paper V: charging and discharging of PCM storage

Two storage integrated solar Injera stoves, which are fit for average household size (four-five family
members), were developed as demonstration units. The baking (frying) pan of these units were developed
from aluminum cast based on the understandings of Injera baking practice obtained in papers1-3. The units
are coupled to 1.2m and 1.8m diameter of parabolic dishes collectors and they are stationed at Norway
(NTNU) and Ethiopia (Mekelle University) respectively. The latitude difference of the locations gave the
two systems different system size. Natural and artificial heat sources (solar and electricity with a heating
element) were used to charge the salt storage. These units were tested for discharging of fully/and partially
charged storage and simultaneous charging-discharging to demonstrate the system’s compatibility to the
intermittent nature of solar energy. Baking tests were successful and equivalent to ordinary electric Injera
stoves, without compromising quality. The unit found in Ethiopia was demonstrated to the public, which
gave strong positive feedback from the end users. Further prototype development should focus on reducing
the losses in particular at the receiver

Paper VI: Storage integrated solar stove: A case of solar Injera baking in
Ethiopia

This paper demonstrates the possibility of using solar energy to bake the unique Ethiopian food Injera,
which was a challenging application. It also shows the competitiveness of the technology to existing electric
Injera stove technologies concerning its baking time and quality of the Injera. This can make it an acceptable
solution by both biomass and electricity power source users. The high initial price of the prototype can be
reduced through optimization and by avoiding unnecessary parts. To investigate the potential of the
technology, a survey of about 320 households were conducted in Mekelle city to map the energy sources
for Injera baking. The survey reveals biomass as a primary energy source and currently the annual expense
for biomass is more expensive than electricity. The survey also demonstrates the need for and importance
of creating awareness among the public on new and emerging technologies.
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5 Conclusion and recommendation
5.1 Conclusion

A small scale concentrating solar energy system has been constructed and tested, with the
objective of integrating a thermal energy storage which can be used for baking of the Ethiopian

bread Injera.

"Solar Salt" (40% KNO3 and 60% NaNO3) was selected as a suitable PCM for a latent heat
storage, as the melting temperature is in a suitable range for frying (210-220°C). Steam was
selected as the heat transfer medium, with natural circulation between a boiler at the focal point

and a condenser at the storage.
The following conclusions can be drawn from the work:
Steam based heat transfer

Boiling /condensing heat transfer systems are attractive. The density difference between steam
and water contributes to efficient natural circulation and the boiling at the receiver tolerates high
heat fluxes. The drawback is the safety aspects with the rather high pressure required (30-40 bar)
in the heat transfer loop. The conclusion from the test work is that the pressure is manageable, as
long as the volume of the heat transfer loop is small. The operational restart procedure based on

water flushing and boil-off during heating worked satisfactory.
Heat storage medium

Solar Salt is suitable as a latent heat storage medium, where the application requires heat supply
at a given temperature (frying, baking). The heat storage should then preferably be stationary. One

limitation can be the availability of the chemicals in some African countries.
Heat storage design

A major concern is to have safe barriers between the Solar Salt and high pressure steam. This
was achieved with an aluminum block with cavities for the salt and with channels for the steam.
The tests showed that the heat transfer was rather inefficient, and a second concept was developed

with less aluminum and more salt. The barrier between steam and salt was now achieved by
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imbedding a steam coil in a top plate (frying pan), which was then fitted with fins extending down

into a salt container. This proved to be a useful design, as well as more suitable for later upscaling.
Prototype solar system

A polar mount setup, with single axis tracking and occasional adjustments for the declination
changes is appropriate. Gears are preferred instead of chains; a well-balanced system reduces the
power requirements for the tracking motor. Commercial tracking electronics were applied. Mirror

tiled parabolic dishes (antennas) are more durable than surfaces covered with reflecting films.
Test results

Prototype systems were demonstrated at NTNU and at Mekelle University. The solar based
Injera baking drew strong public attention at a demonstration event at Mekelle. The overall energy
efficiencies are not satisfactory (about 20%), the systems needs to be optimized with respect to

insulation and heat losses (absorber, valves etc.).
Injera baking

Injera can be baked on an aluminum surface, with quality comparable to that from the
traditional clay based pan. The required surface temperature is less (130-150°C) than earlier
guidelines (180-220°C), as long as the heat transfer rate can be maintained during the baking. This
opens for design of new and more energy optimized frying pans for Injera baking, as well as a

reduction in the temperature requirements of a heat storage.

5.2 Recommendation
The author wants to recommend the following points based on the result of this thesis.

e Further computational and optimization work should continue in the heat transfer and
system sizing

¢ Pilot sites should established with robust fully automated gear type tracking mechanism

o The casting of the baking plate (frying pan) with integral fin should take considerable
care during casting to make sure there existed a solid connection between them.

e [tis quite interesting to test charging of this system with oil and analyze its performance
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o This system should further evolve with hybrid options of charging the storage by other
forms of energies such as electricity, biomass and biogas either by damping pick load

while in use or use the system with these sources when there is no sun (cloudy season).
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Abstract

Ethiopia with a population of about 85 million meets 96% of its energy needs with bio-mass, charcoal, wood,
animal dung and plant residues. More than 50% of this energy goes entirely on baking Injera. Injera the national food
of the country demands 180-220 °C to be well cooked. In this article; Injera baking with solar energy on off-focus
system, status of electric powered stove and the potential for solar powered stoves is discussed. The research and
development of solar thermal for household energy consumption has not been well developed and adopted. One
reason for this is that the system can only be used outdoor and at time of sun shine. In addition to the off-focus solar
thermal application this paper discussed the integration of solar thermal with heat storage for a sustainable future use.
The prototype for direct steam based baking was developed and tested in Mekelle University (Ethiopia) and Phase
change material based heat storage prototype was developed and tested at NTNU. Both experiments showed the
possibility of solar energy for Injera baking and its sustainability by including latent heat storage. This research gave
hope to break the bottleneck related with on- focus solar cookers.

© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and/or peer-review under responsibility of ISES.
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1. Introduction

Injera, a processed food of different cereals, teff, millet, sorghum, maize, wheat, rice etc., or
combinations of those passed through fermentation and rigorous baking process, is the widely and cultural
food of some east African countries particularly Ethiopia, Eritrea and to some extent Somalia. Injera was
baked most commonly on a clay plate called Mitad that is placed over a three stone stove or on
specialized electric stove. When a fermented dough poured on a hot clay pan and stayed until the boiling
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temperature reached; bubbles from the boiling water escape forming thousands of tiny craters (eyes) that
give the peculiar Injera texture. The traditional Mitad consists of a griddle plate of ‘black’ clay set on a
base of stone and clay [, 2].

Injera baking practice is similar all over the country with a slight difference in pan dimension and stove
efficiency. Some researchers indicated the traditional clay stoves, 11-20 mm thickness and 500-600 mm
diameter, have an estimated efficiency of 5% [2, 3]. Others show the Tigray state Mitad and Mirt Stove,
improved stove, has registered an efficiency of 25 % and 35 % respectively [4, 5]. The people Ethiopia eat
Injera two to four times a day. The major energy supply for cooking and hot water supply of the country
come from biomass. Injera baking requires over 50 % of the primary energy consumption and over 75 %
households’ energy consumption. This intensive biomass utilization is accounted for deforestation,
expensive fire wood price and poor kitchen environment [6]. This traditional biomass based cooking
affected health, energy, school time, and hardship issues of women and children [7]. In Ethiopia, most
households have no access to clean energy and most cooking activities are performed in a separated
chimneyless confined kitchen and this is worse in rural parts of the country where majorities live. The
world energy outlook predicted developing countries dependency on biomass energy supply will increase
from what is today. This shows 700 million people in 2030 will be dependent only in Sub-Saharan
African [8].

Regardless of the huge solar energy potential of the world, the research and development on solar
thermal has not yet matured. Solar PV is a helpful technology to light rural areas and started booming in
some African countries, like Kenya and Tanzania, [9]. It is also expected to have a competitive future with
grid in Ethiopia [10]; however, its thermal side is in its infant stage to be considered as a reliable clean
energy option. The main concern of many researches on high temperature solar cooking to date was
dedicated to direct cooking that has safety issues. These cookers were less accepted because of unable: to
cook indoor; night cooking, higher system cost, and longer cooking time. Likewise, cooking of energy
intensive foods like Injera was difficult. Nevertheless, their introduction in some African countries
resulted in considerable fuel and time savings escorted by reliable energy security of households [11].
Solar cooking could be realistic and considered as a clean energy source if its utilization is not limited to
the presence of the sun and outdoor cooking, i.e., when solar energy in the form of heat is possible to
transport and store. An integrated collector-storage design helps to transport and store thermal energy
directly or indirectly using heat transfer fluid (HTF).

Designs of solar thermal energy storage system need to consider three important factors: technical
properties, cost effectiveness and environmental impact [12]. Thermal energy researches of latent heat
storage with Phase Change Materials (PCM) have drawn attentions of solar power generation and other
applications due to their high phase transition enthalpy and high working temperature. Sometimes, it is
good to use a combination of latent and sensible thermal storage for optimal utilization of the available
energy. Two stage and three stage thermal energy storages are common in solar thermal power plants,
where the sensible heat is used to preheat or/and superheat the HTF [13]. A combined thermal storage for
cooking purpose was tested in South Africa and suggested PCM latent heat storage need further
investigation and design [14]. Another study at Norwegian university of science and technology (NTNU)
also indicated PCM storage could have a potential for energy intensive cooking [15] and [16]. Both
investigations used a mixture of NaNO3- KNO3 PCM as latent heat storage and tried to realize if this
storage works for cooking. In addition Foong studied the heat capacity of different binary mixtures of the
binary salt and concluded the melting point of this mixture did not vary significantly but the specific heat
of fusion for the mixture 60% NaNO3 - 40% KNO3 remains optimal with 108.67 +1.47 [Jg-1]. A recent
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study of phase diagram and thermodynamic property of this mixture confirmed varying the mixing values
of KNO3 from 0.2 to 0.8 % did not changed the melting point; however, the heat capacity was optimal at
0.6-0.4 % by mol ratio. Its phase diagram developed by different researchers numerically was examined
with experimental results of a Differential Scanning Calorimeter (DSC) [15], [16] and [17]. In most
literatures this binary mixture is called solar salt; its melting point ranges between 216-222°C and was
suggested as a good latent heat storage for high temperature applications. This PCM is found compatible
for Injera baking as Injera requires a temperature of 180-220 °C to be well cooked [18].

Following the latent heat of storage study by Foong, two lines of investigation have been continuing
one with parabolic trough —oil HTF and the other parabolic dish-steam HTF (research of the author) and
use both used binary nitrate salt PCM. Maxim’s nitrate based heat storage coupled to parabolic trough
used self-circulating oil HTF and insulated absorber with evacuated tube show the real scenarios with
concentrated collectors at higher temperature. However, this colleague has claim the rough top surface of
his system as a reason for the poor performance of his system during frying and boiling as he tries to
compare it with regular electric stove without considering the difference in heat transfer phenomenon of
the two systems [19]. Regardless of its size and performance; this was a good case to the team to consider
customizing the three stages, sensible-latent-sensible, thermal storage concept of Thomas B. et al. for
power generation [20] if the polar mounted dish concentrator presented in this paper did not show
advantages in performance and cost when compared to trough at large scale. The author believed
insulating concentrating collectors’ receiver can generally improve the overall performance of such
systems with particular advantage to dish collectors. The main heat loss of dish concentrator is from its
receiver as discussed in, accompanied paper of the author to this conference, Injera baking using solar
steam directly. While indirect (indoor) solar cookers integrated to thermal energy storages show high
demand, efficient heat discharging process will play vital role for their future expansion. Mawre et al.
discharge simulation model was validated experimentally on packed pebbled bed heat storage that use oil
as HTF; both results show energy extraction by regulated flow rate of HTF has better efficiency over
constant flow rate [21]. The author’s work as a continuation of this paper is inline to the later literature in
which he is integrating storage to stove and study it’s discharging behavior through conduction and steam
HTF.

The main objective of the study presented in this paper is to investigate the charging behavior of solar
salt and its potential for Injera baking both experimentally and using COMSOL multiphysics simulation.

Nomenclature

an Fraction melted

Cp Average specific heat between T, and T¢ [J/kg K]
G Specific heat [kJ/kg K]

Csp Average specific heat between T; and T, [kJ/kg K]
DSC  Differential scanning calorimeter

Ahp, Heat of fusion per unit mass [J/kg]

KNO3 Potassium nitrate

m Mass of heat storage medium [kg]

MU Mekelle University
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NaNO3 Sodium nitrate
NTNU Norwegian University of Science and Technology
PCM  Phase change material

Q Quantity of heat stored [J]
Ts Final temperature [°C]
T; Initial temperature [°cy

T Melting temperature [°C]
p Density of a material [kg/m®]

2. Methodology

The main focus of this study was to investigate if heat was transported from receiver to storage without
major heat loss and if working with 40 bar steam system to melt a salt mixture is safe and efficient. Two
electric based and solar based laboratory models working on the principle of natural circulation boiling-
condensation were developed to demonstrate this. Steam as means of HTF has advantages due to its
higher heat capacity and the associated high pressure safety issues were addressed through standard
component material.

The electric based system shown on Fig 1 (a) was developed by equipping it with 10 mm stainless
steel, electric heating element, thermocouples, pressure gage, pressure relief valve, and an aluminum
block with salt cavity shown in Fig 1 (c) and (d) as thermal energy storage. A boiling-condensing single-
phase steam circulates naturally, between the evaporator and storage to charge it fully. Heat was
transported by steam and stored by charging a PCM material.

The real sun system as shown in Fig 1 (b) is a polar mounted system and equipped with parabolic dish
of 1.2 m diameter, 0.48 m focus length and a mirror reflector. A similar pipe line, sensors and storage
arrangement as the electric system and under the same system principle was used to charge the storage.
An automated one axis, east-west, tracking aided by a manual secondary, North south, tracking was
studied in this experiment.
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Fig. 1 steam based storage charging a) Polar mounted parabolic dish collector; (b) artificial heating, (C) schematic of aluminum
block with salt cavity storage and (d) real storage

3. System design and development
3.1. Collector design

Parabolic dishes of larger aperture area are not commonly fabricated and expensive on special order.
Nevertheless, with due attention on precision, design and manufacturing; it is possible to manufacture it
from optimized petal shape sheets. Design of layered flexible petals has shown good results [22],
especially for low cost solar applications. However, a readymade small scale parabolic dish fabricated
from a single sheet of aluminum was used in this experiment. Concentrating parabolic dish collector
needs a two axis tracking to follow the sun; however, a polar mount with automated east-west tracker
aided by a manual north-south tracker simplifies the design and made it suitable to use a fixed receiver.

3.2. Storage design

The design of PCM based thermal energy storage includes quantifying the total heat storage capacity
and fin design. The aluminum block acted as fin and container that contributed substantial sensible heat to
the overall storage capacity. The total heat of PCM and aluminum was calculated using eq.1-4 [23] and
eq.5 respectively. The specific heat capacity for PCM was modified in to eq. 3 [15] based on the result
obtained from differential scanning calorimeter (DSC) and that of aluminum is 883J/kg.K.

_(T. T,
0= IT,» mC,dT +ma,Ah,, + ij mC,dT

(D
O=m|C, (T, —~T))+a,Ah, +C, (T, ~T,)] @
0.75 T <110°C
42 110°C < T <120°C
C, (k) 1kg)=11.4 120°C < T < 210°C
12 210°C < T <220°C
1.6 7>220°C
3)
O mC dT+ [ mC dT+ [ mC AT+ [ mC dT+ [ mC dT
QPCM—J% My +L10m 4 +£21m 4 +.[210m 4 +I221m 4 (4)

=" mc dT
0=, mS, ®)



1608

Asfafaw Haileselassie Tesfay et al. / Energy Procedia 57 (2014) 1603 — 1612

The quantity of PCM depends on the available cavity size; in this storage 10 salt cavities of same size,
0.032 m diameter and 0.15 m height were provided. A ten percent volume was left vacant for expansion
during melting. The density of the PCM varies from 1800 to 1700 [kg/m3] in the course of phase change
from solid to liquid. The conductivity of solar salt is very poor (0.8 W/m2) and it demands a fin with
good thermal conductivity to improve heat transfer rate with in the salt.

4. Results and discussions

Injera is commonly baked on electric/wood stoves in cities and wood/animal dung in rural areas of
Ethiopia. The hardly published energy consumption behavior of Injera blocked its research for alternative
energy options. The literature value of Injera baking lacks depth; an accompanied paper of the author
discussed the impact of working within and outside of the literature values, and investigated 135-160 oC
is sufficient.

The thermal storage loaded with two kilos of solar salt was experimented and simulated in COMSOL.
The PCM was completely melted after it was charged by an average power of 650W for 4.5 hours; the
storage showed a slow increment up on charging near the saturated temperature of the steam. A useful
heat was stored for more than one day in this experiment.

The experimental and COMSOL simulation results for charging of the storage gave a similar result.
However, Fig 2 (c) shows the PCM temperature at point 3 is very similar to T13-Aluminum of Fig 2 (a).
This indicates the aluminum block near the bottom is an excess fin and the PCM behavior was dominated
by the sensible heat behavior of the aluminum block. The useful heat stored was 374.4k]J latent and 853kJ
sensible, that is equivalent to the heat required to bake two Injeras including heating up power.
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Fig. 2 PCM and aluminum temperature profile a) experimental results, b) Locations of temperature measurement points in
COMSOL and ¢) Simulation of temperature development PCM (1-Black, 2-Magenta, 3-Green and time [S])

Fig 3 (b) shows the PCM temperature was getting constant when discharging was approached to the
phase change zone, where a massive near isothermal heat supply is expected. The other interesting result
is the temperature of the aluminum container which decreased rapidly indicating Aluminum is not an
appropriate container material. The aluminum block improves thermal conductivity during charging when
it acts as a fin and very fast deterioration of the stored heat when used as storage container. Considering
the mass of the PCM the storage was tested for night cooking by frying egg. The egg frying took about 32
minutes and it only utilized the sensible heat part of the stored heat. The longer frying time was occurred
because the frying pan was not fully griped the aluminum surface due to the presence of thermocouples.
The thermocouples shown on Fig 3(a) hindered a firm grip between the pan and the top surface of the
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storage that caused poor conduction-convection heat transfer. A major radiation and convection heat loss
in the air gap was estimated using eq. 6 as it was given by [24].

O=Ah(T,~T,,)+ode(T ~T" ) )

Where: A is the area of the top surface of the storage (= 0.0314m2), hc is the convective heat transfer
coefficient (W/m2K), Ts is the surface temperature, Tam is ambient temperature, ¢ is the Stefan-
Boltzmann constant (5.67*10-8W/m2K4) and ¢ is the surface emissivity for aluminum (0.035).

Storage charging using electric and real sun showed a substantial time difference. The electric heating
element, coiled on a stainless steel was set at a temperature of 3500C, took longer time to fully charge the
storage. The polar mounted parabolic dish concentrator, having a concentration ratio of 144, has fully
charged the storage which was faster by an hour or more depending on the solar radiation of the day.

—at Temg 4

) Tery 4
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Fig. 3: cooking when there is no sun (a) egg frying, (b) heat discharge during frying
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5. Conclusion

Solar concentrating collectors known for their higher energy capacity were inapplicable for decades
because it was difficult to demonstrate a fixed receiver with efficient heat transport and heat storage. The
research and development researched in this article proved heat was transported, stored and utilized by
indoor cooking during the night. The successful night cooking and lower Injera baking temperature has
begun a new chapter in the research of solar energy for intensive high temperature cooking. The natural
circulation principle made this design very handy and economically feasible in the sense of developing
countries, where system sophistication, deep operating skill and maintenance were not well developed.

The ever increasing price for primary energy supply in Ethiopia will give an opportunity to emerge
new solution designs. The rural societies of the country were introduced different energy options, solar
box cooker, Hk14 concentrating cookers and bio-gas stoves; however, the acceptance was not large as all
the introduced technologies were unable to bake Injera. PCM storage designed for household Injera
baking consumption will help to break the attitude of the society towards alternative baking energy. The
fast thermal decay time observed in this experiment can be improved by replacing aluminum with a poor
thermal conductivity material of the storage.
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Abstract

Ethiopia, the second most populated country in Africa, meets 96% of its energy need from bio-mass and majority of
this energy goes entirely to /njera baking. Injera, a pan-cake like bread that is consumed by most of the population,
demands a temperature of 180-220 °C to be well baked. Both traditional and newly developed biomass Injera stoves
are energy inefficient; besides the kitchen environment is highly polluted with soot and smoke that affect the health
of household inhabitants. This article introduces new technology that enables Injera baking using indirect solar stove.
A parabolic dish with an aperture area of 2.54 m?, a well-insulated stainless steel pipe of 10mm, a coiled stainless
steel heat exchanger, a pressure relief valve and three gate valves were equipped in the system and K-type
thermocouples were used to record the temperature. The heat transfer process has been governed by the principle of
natural circulation boiling-condensation between receiver and stove. A preset pressure relief valve is used to control
the self-circulating working heat transfer fluid (steam at a temperature of 250 °C). The system was developed and
tested for steam based direct baking in the same fashion as the traditional Injera stove. In this experiment, heat
transport without significant loss from the receiver for baking at some distance is demonstrated. The challenge with
manual tracking and direct steam based baking model indicates the performance of the technology can be improved.
It can also win more acceptances if it is equipped with auto trackers and heat storage mechanism. In conclusion,
unlike previous efforts, the experiment demonstrated that a high temperature indirect baking of Injera is possible.

© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and/or peer-review under responsibility of ISES.

Keywords: Steam based Injera baking stove; fixed focus parabolic concentrator; polar mount two axis tracking parabolic dish

1. Introduction

The main energy source of developing countries comes from biomass. Generally biomass is considered
as renewable source of energy; however, this is a misleading concept for developing countries where
deforestation and afforestation actions are not balanced. Studies show about 800 million people who are
dependent on this form of energy are exposed to death and critical health problems [1]. This is worse in
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the Sub-Saharan Africa (SSA) region where there is high biomass energy demand with a steady
population growth. Biomass accounts for 71.5 % of average total primary energy in Africa with as high as
90 % in some countries of the continent [2]. Generally it accounts for 70 % to 90 % of primary energy for
most SSA countries. The energy estimation of 2030 shows one billion Africans will depend on traditional
biomass and half a million will die from its impact [3]. During this period the world’s population is
projected to reach 8.2 billion; in which 90 % of the population and 90 % energy demand will come from
developing countries [4]. Clean energy supply was set as the motto for Millennium Development Goals
(MDGs); however, the 715.4 million metric tons of oil equivalent energy production in SSA which is
under the target [5]. Regardless of the huge potential of clean energy in the developing world, it remains
unutilized due to market barrier, lack of technical, economic, political and social factors [6]. Nowadays, it
is common to hear “revolution towards clean energy” in the agenda of world leaders promoting solar
energy. However, the efforts so far are more in favor of PV technology although majority the world’s
generated power is utilized for thermal needs.

Many people in Ethiopia, like other developing countries choose biomass as their primary energy
supply because they are exposed to immature technology of other clean energy sources and it is collected
for free or is cheap. In addition, the rural community of most developing countries live far from the
national grid where biomass based energy is a prominent option. On the other hand, the urban
communities with access to electricity still depend on the rural for fuel supply. For example, Zenebe’s
study on urban fuel demand of Ethiopia shows the dependency of urban on rural for energy supply was
started as of 1000 B.C when there was no electricity but continues until today [7]. This trend continues
even today while electricity is chipper to fire wood supply. The author took the pictures shown in Figl in
February 2013, from one of the market places of Mekelle city, northern Ethiopia, to show the impact of
biomass based energy supply on deforestation. Such illegal biomass supplies come mainly during night
from the source and reach the market early in the morning as shown on Fig 1 (a). The higher price and
huge demand of urban for biomass based energy invited the rural to risk environmental rules to improve
their income. Unless government efforts are intensified to create awareness and provide options for
efficient clean energy, this may affect the ecosystem of the country shortly.

(a)

Fig. 1. Urban - rural relation in biomass energy supply, (a) illegal firewood supply from by farmers; (b) city market of firewood and
charcoal

Most developing countries are found within the solar belt where the solar radiation potential is the
highest and it can be exploited for rural and urban multipurpose applications [8]. The most advantages of
solar energy for developing countries include:

e It needs simple and low-cost technology to use the potential.

e It has a noticeable livelihood impact.

e It improves deforestation and motivates to build a green economy that favors to achieve the
millennium development goal.

A study by Stephen and Waeni on renewable energy in Africa shows that many PV and solar water
heaters have been distributed as compared to solar cookers [9]. This shows the research on solar thermal,
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especially on high temperature cookers has shown very little technological advancement. Nowadays one
third of the world population cooks daily meals over open fires, though most of them are living with
ample sunshine, where an estimated 500 million people urgently needs solar cooking technologies [10].
The implementation of solar cookers show increasing benefits, for instance, they are acknowledged for
their significant fuel and time saving in Ethiopian refugee camps with increasing acceptance [11]. In
addition a research dissemination activity by the mechanical engineering department, Mekelle University,
in solar cookers indicated increased acceptance and the versatility of the cooker kit was improved. This
resulted in the attitude change of users manifested from being fully subsidized to partially finance in
owning the cooking kit. Likewise, the interest for high temperature indoor cooking has been increasing.
The size and acceptance of a solar cooker depends on household’s size and the stagnation temperature of
the system. Large scale reflector type solar cooker has been introduced since 1950's in India [12];
however, the technology has not developed enough to enable indoor and night cooking.

Injera, a common food type to some east African countries mainly Ethiopia, Eritrea, Somalia and to
some extent Sudan, is known for its intensive energy and time consuming cooking. It has been baked
widely over open fire of three stone stoves for centuries. Injera stove varies slightly in dimension and
efficiency from place to place in Ethiopia but generally it is considered inefficient. Despite its being
energy intensive, it remained rarely researched for alternative energy sources. However, recent energy
crises motivated researchers to improve the stove efficiency and its possibility to work with other
alternative energies such as biogas and solar. The research of solar energy for cooking has been studied
for decades and yet a robust solution for high temperature indoor cooking is not met. The first trial of
solar Injera baking was tested by illuminating the bottom part of the pan with solar radiation for
conduction based baking [14], but this is still a direct cooker. Acceptance of solar Injera baking stove
depends on its: simplicity, possibility of indoor and night cooking, and comparative baking time with
biomass and electric stoves. The authors have been working to enable any time indoor Injera baking using
solar thermal in which valuable energy and time of users can be saved. This article mainly addressed the
possibility of high temperature indoor solar cooking (Injera baking) on a physically similar traditional
stove. An accompanied paper of the Author discusses on a suitable thermal storage mainly for Injera
baking purpose. The author’s continuation work of these two papers is on integrated heat storage-stove,
design optimization, performance improvement and scaling the model to average household demand size.

The objective of this research is to understand the actual Injera baking process (energy and time),
design; construct and test a steam based solar Injera baking system. And meet its designed stagnation
temperature, test actual Injera baking on the new system and study its application potential.

Nomenclature

A, aperture area [m2]

A, Outer area [m’]

A Outer area of Insulated pipe [m?]

A, Receiver area [m’]

D; inside diameter[m]

D, Outer diameter [m]

f coefficient of friction

h hydraulic head [m]

h, Coefficient of convective heat transfer [W/m’K]
hiax possible maximum hydraulic head[m]

hy, Latent heat of vaporization [J/kg]
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I

Le

Ploss

Rloss

Sloss

Tpipe

Tlpipe

UL

Mo

Mean Insolation [W]

Thermal conductivity [W/m. K]
length [m]

equivalent length[m]

Pipe loss [W]

Heat transfer rate [W]

Receiver loss [W]

Stove loss [W]

insulation thickness[m]

Ambient Temperature [°C]
Temperature of pipe [°C]
Temperature of insulated pipe [°C]
Temperature of steam [°C]

over all heat loss [W]

speed [m/s]

Density [kg/m’]

Stephan Boltzmann Constant (5.67*107) [w/m’k*]
Material emissivity

Absolute viscosity [Pa.s]

Thermal efficiency

optical efficiency
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2. Methodology

A fixed receiver-polar mounted parabolic concentrator with one axis auto tracker assisted by a manual
secondary tracker was developed as shown in Fig 2. The system uses naturally circulating pressurized
steam heat transfer fluid. The principle of boiling-condensing heat transfer in a closed loop is
demonstrated. The tracker motor gets power from a 12V PV and clutch system was coupled to reverse
evening position in to next day suitable position. The tracking was performed via photodiode sensor;
however, this paper presents results of a manual tracking. Lab view was used to log temperature data
from K-type thermocouples at different positions.

1. Dish
2. Polar tracker guide
3. Receiver

4, Qut going steam
5., pressure guage
6. pres jeve valve

i

9, imbeded steam
coiltheating clement

10. Return steam

11, Inlet valve

12, Contral valve

13, Outlet valve
14, Dish hanger

(@

Fig. 2. Polar mounted parabolic dish concentrator: (a) schematic drawing, and (b) actual rig during test

The following procedures should be followed when to work with this system
Set the relief valve to 45bar
Pressurize the system with water slightly above the working pressure to inspect leakage
Flash the system from any trapped air
Discharge two-third of the system total volume up on heating and
Record charging temperature to see its development at different positions.

3. System design

A standard readymade six petal satellite dish of 1.8 m diameter and 0.684 m focal length was filmed
with MIRO-SUN weather proof reflective 90 and tested. The geometric parameters of the dish given in
table 1 were calculated in the same fashion followed by Kalbande [13] and Mohamed [15].

Table 1. Specification of parabolic collector

No. Description Unit Value
1 Height m 0.296
2 Rim angle Degree 74.5

3 Surface area m2 2.80

4 Arc length m 1.92

5 Circumference m 5.65

6 Aperture are m2 2.54

7 Receiver area m2 0.0078
8 Concentration ratio - 325.6
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3.1. Pipe line design and selection

A naturally circulating fluid flow is usually accompanied by pressure drop that is compensated by a
hydraulic head between receiver and stove. An increase of hydraulic head beyond h,,,x of Fig 3 will enter
in to two phase state which is not the interest of this study. The total pressure drop, summation of drop
due to working fluid flow through evaporator, vapor line, condenser, and condensate line, of the system
can be evaluated using eq.(1) [16]. The flow rate of the working fluid depends significantly on the value
of the hydraulic head h; a design survey on solar water heater recommends the hydraulic head value can
range from 0.2 to 2 m [17], where lower head has higher flow rate and smaller heat loss at elevated
temperature.

AR, =(p—p)gh 1)

While running the experiment during the first and second day, the author experienced the effect of un-
insulated condensate line that lead into a two phase condition and took longer time to reach stagnation
temperature. That was corrected by insulating it and made the system run in single phase. The pressure
drop of the system is computed by eq. (2) [16].

L, pV?
) 2

i

AP =f

The coefficient of friction for smooth stainless steel pipe is 0.042 and the corresponding Reynolds
number is in the order of 2*10% i.e., 1524 as evaluated by eq. (3) [18].

.64
f=a

Re 3)

The Reynolds number defined by eq. (4) [16] helps to estimate the flow velocity of the working fluid.
The dynamic viscosity and density of steam at 40bar are; 18.24*10° NS/m” and 20 kg/m’ respectively.

_pVD  4q
i hy, 7ed,; @

Re

Fig. 3. Boiling condensing loop of the system

3.2. System heat loss

The heat loss includes loss in pipe line, receiver, and stove. The heat loss from the pipe line through
conduction and radiation was computed using eq. (5) [19]. Where, thermal conductivity, thickness and
surface emissivity of rock wool insulation are 0.07w/m.K, 0.05m and 0.05 respectively.

27l
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Convective and radiation losses from receiver and stove were computed by eq. (6) and (7). Where,
average value of 350°C, 80°C and 25w/m>.K were taken as receiver temperature (T,), stove lead
temperature (T) and h, of air. Pipe conduction heat loss was neglected and the external wall temperature
of the pipe (250 °C) is used as the temperature of the fluid.

R

loss

= h AT, ~T)+ 4,0 ~T7,*) ©)

Sy = h AT, ~T,) + Ay (1 -1, )

loss %)

Theoretically computed heat losses at stagnation temperature of the system shows a maximum loss be
encountered from receiver that accounts for 304.4 W when compared to the losses from stove and pipe
line which contribute 269.95 and 94.8 w respectively. This suggests optimization should be done to
decrease losses from the receiver to improve overall baking time of the system. Interestingly enough the
theoretical losses from receiver shows the same result while pipe line loss becomes insignificant and
stove loss lowered to 171.14W practically.

4. Results and discussions

The traditional electric Injera stove was tested for different ranges of baking temperature; the quality
of Injera in the range of 135-220 °C remains the same, however, a slightly baking time difference was
observed. Fig 3(a) shows well-cooked Injera and Fig 4 (b) presents the experimental values of Injera
baking temperature in which the rise and fall of baking temperature during the baking cycle is clearly
shown. Per Injera power and time requirements are shown in Fig 4 (c) and (d) respectively. One Injera
needs an average of 0.1 kWh and 150 second to be well cooked. Looking at the range of 6"-9™ cycles of
Fig 4 (b), the literature value of Injera baking is far from actual value. While this test was running, the
author was developing the polar mount solar stove in parallel that was tested for no-load, with load and its
result is presented in Fig 5.

—— Sarface temp ai0

Temperature [degree C]
e N
N
151

power consuption/Injera [KWh]

1 2 3 4 5 6 7 8 9 1011 12 13 14

uclay stove

0 T g
12 3 4 5 6 7 8 9 10 11 12 13 14

T T e e

u clay stove

©

(d

Fig. 4. Injera baking behavior, (a) fresh Injera; (b) baking Cycle, (c) baking power and (d) baking time
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A no-load test was run to check if the stagnation temperature of the system is achieved as per the
design. The result shown in Fig 5 (a) exhibits 255 °C stagnation temperature and 175 °C stove
temperatures is recorded. The stove temperature is a little bit below the literature values of Injera baking.
However, the author was running several parallel experiments on different electric stoves and his results
show the literature value is higher than the actual baking temperature. Injera stoves need frequent
polishing with oil or oil seeds to avoid sticking and produce good quality Injera. This practice takes
considerable time and power; the power and time used to regain the lost heat during polishing may exceed
the power and time required during bakes intervals. Polishing drops stove temperature from 165 to 100
°C and 158 to 120 °C as shown in Fig 5 (b). Finally, the stove is tested for baking and it successful bakes
Injera between 135 and 160 °C as shown in Fig 5 (b) and (c) respectively. This baking temperature is
below the lower marginal values cited in literature and strengthens the author investigation on electric
stoves. Injera baking on new stove requires intensive heating, polishing and gives poor Injera quality for a
couple of days. However, the Injera quality of new solar stove shown in Fig 5 (d) is not very far from the
quality of the common Injera shown in Fig 4 (a).

——ai0-Cutiet from stove 150
140 ——ai0-Outiet from stove
——ail-Receiover Outiet
L1 —— aidstove surface
aid-Inlet to stove
® 0 —— aia-stave surface
——ai7- Stove surface =k

alt-Inlet tostove
—— ai@ Stove surface

(@

130 ——ai3Stve surface
B 10 ——ai-nlet tostove
3

——ai7-Stove surface

60 ~———Theoretical

20 = Practical

CEgECAGREERICREMAEMR T RESAR
dNnbe R RN RS RIS RES AR
Time [S]

Fig. 6. Theoretical and experimental comparisons of solar stove
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Theoretically the solar stove is expected to be competent with electric stove to favor energy switching.
However, certain factors like intermittent nature of solar radiation, stove insulation, stove heating element
and stove size affects its performance and are considered while developing the theoretical model shown in
Fig 6. This model considered about two hours heating up time, 15 minutes baking interval and average
family size Injeras as its main assumptions. The practical experience of this study is quite interesting in
which variable heating up and baking time was recorded depending the starting time of the experiment.
When the experiment was started early in the morning the system took longer time to reach its stagnation
temperature and about four and half hours heating up time with 40-50 minutes of baking interval.
However, if the experiment was started around 10:00-11:00 am the system’s stagnation temperature was
reached in about 45 minutes to one hour and the stove bakes in about 10-15 minutes with 30 minutes of
baking interval. Similarly presence of thin layer of cloud has affected the heating up, baking, and baking
interval of the system. The practical result shown in Fig 6 is a merged result of different days and more or
less the cycles show a similar nature.

5. Conclusion and Recommendation

Injera stove stayed behind a closed door to alternative energy supply due to its intensive energy
demanding nature perception though less researched. This piece of work will initiate many researchers to
improve and make alternative clean energy like solar, as tried in this paper, is real candid energy source
for Injera baking. In this study three important results were achieved. The first result shows direct solar
steam based baking i.e., it proves indoor solar baking is possible. Secondly, Injera baking using solar
energy was impossible due to its high temperature demand; this study can change this attitude and
encourage researchers to go for improved indirect high temperature solar cooker in general. The third and
important result is the possibility of Injera baking at 135-160 °C that will bring a significant impact in the
revolution of Injera stove in Ethiopia. The third result may help to further improve the efficiency of
existing designs of biomass and electric stoves. Generally, these results are important milestones for the
growing home based design and technological development that is trying to addresses the rising energy
price and need for clean energy. The author continues on design and development works of integrated
stove —storage technology that enables indoor and night Injera baking using solar as the second level of
his work in this paper and accompanied paper in heat storage.

The author wants to recommend the following points based on the result of this paper.

e  Full scale direct steam based Injera stove should be tested before drawing any conclusion.

e The long time heating up, baking and baking interval time should be narrowed by scaling up the
collector and enhance the heat conductivity of the stove.

e The intermittent heat supply and higher baking interval time observed in this technology must be
addressed with compatible latent heat storage.

e The storage integrated concept should be implemented to all types of Injera stove design to increase
their economical and versatile values.
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Abstract: Ethiopia, the second most populated country in Africa still depends on biomass as its primary energy supply. For
households Injera baking accounts for more than 50% of this energy. In this paper, intensive experiment of Injera baking
process was conducted on three different stove materials. The results of the experiment were analyzed for power
consumption, baking time and Injera quality. The inefficiency of existing Injera bakingstoves (Mitad) was accounted for
approximately 54% of the energy losses. The study further discussed how such inefficiency could be mitigated. If the
ordinary stove undergoes design improvements such as avoiding the mould and material change to the baking plate, there
could be significant gain on power, time, and economic savings. A new Injera baking temperature range of 130-160 C was
found in the current study. In turn, this has opened a window for energy shift from biomass to other renewable energies and
new stove designs. The investigation has laid a new target to future biomass/electric stove designs which can easily improve
existing Mitad efficiency by 27%. Parallel studies by the authors on solar energy with heat storage for Injera baking has also
shown a similar range of temperature. The findings of this study will give introduction of new and improved Mitad designs in
Ethiopia which will bring livelihood improvement, environmental security and combat health problems associated with
biomass fuels.

Keywords: Injera; Glass stove; solar stove; steam-based stove; thermal energy storage; power consumption.
1. Introduction
1.1. Background on Injera stove

Injera is the most common staple food served two to three times a day in Ethiopia. It demands significant
amount of energy for its cooking. There are two types of traditional Injera baking stove designs (locally called
Mitad). These are electric and biomass based baking stoves. These Mitads use the same clay material for the
baking. The design of the electric stove has two clay plates. The first plate is used as a mould for the heating
element while the second is used as hot baking plate. Soil or rocks are used as insulation at its bottom part. The
traditional biomass Mitad use single plate without insulation. Both Mitads are known for their low overall
efficiency, due to their baking plate thickness, material, insulation and fuel quality. Figure 1 shows the
traditional biomass Mitad and its Injera. This closed oven has the highest efficiency among the other traditional
open Mitad designs.

Fig. 1: Traditional Mitad design
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Injera is a yeast-risen flatbread with slightly a spongy texture and crater (holes) on its front face. Although “teft”
(Eragrostis tef) is the best and most common crop for Injera, other types of crops are also used based on the
location and income of households. It is a national dish in Ethiopia, Eritrea and a similar variant is also eaten in
Somalia (Canjeero), Sudan and Yemen (Lahoh) [1]. Injera is baked in the traditional Mitad with energy at high
temperature regardless of the type of energy source. The clay material used as a hot plate has hardly investigated
for its effectiveness in heat transfer nor tried for its improvement. The kitchen environment of the biomass Mitad
is associated with smoke and soot which affects the health of users. The electric Mitad is safe and environmental
friendly but has higher capital and operating cost.

1.2. Back ground on cooking stoves

Today, over one third of world’s population use biomass which emits a significant amount of greenhouse gases
(GHGs) and other particulate matter for everyday cooking. Indoor air pollution (IAP) from biomass traditional
cook stoves (TCS) in developing countries results in poor respiratory health. Some of the consequences of using
TCS are:

e Demands intense human labour

e Need large amount of fuels to compensate for low energy efficiency.

e Generate products of incomplete combustion (PIC), which are health threatening
The concentration of CO, CO,, and CH4 from TCS, based on Kirk’s triple carbon balance analysis (TCBA), has
led to recommending a switch to fossil fuel stoves [2]. Countries that switched from biomass to kerosene fuels,
such as Nicaragua, reported a 50% decrease in their deforestation; and this shift did not violate the international
minimum annual CO, emission standards [3]. It also resulted in reduced household health and environmental
risks related to smoke deposits of toxic metallic elements (lead, cobalt, and copper) and non-metallic compounds
(sulphate, nitrate, and phosphate) that are generated by biomass stoves [4]. However, adoption of improved cook
stove (ICS) can also reduce IAPs and GHG emissions in areas where biomass is the only source of household
energy. A study by Nordica et al. [5] reported that ICSs can result in 40-95% fuel savings and reduce the
negative impacts from PICs. In such circumstances, effective stove outreach programs and selection of target
groups who can influence others to adopt the technology were considered as the primary methods to ensure a
successful shift. This strategy registered good results in rural Mexico (Michoacan), maximized resources from
non-governmental organizations (NGOs), increased the reliability of the intervention process, and kept more
stoves in use [6]. Household energy interventions using mud ICS in Nepal and China reduced significant
concentrations of particulate matter to less than 2.5 um in aerodynamic diameter, PM2.5, [7] and CO [8].

Many developing countries have attempted to introduce and distribute ICSs to reduce deforestation and IAP. A
study on ICSs in Pakistan reported their potential to reduce the total biomass consumption for cooking and
heating by 50% if all TCSs were replaced [9]. However, the distribution and replacement of ICSs was slow
despite their economic and environmental benefits. Some researchers have stated that the shift from TCSs to
ICSs can yield benefits for both local development and global climate change if it is recognized as a strategy
[10]. However, the distribution of ICS has not got widespread acceptance in developing countries because of:

e ICSs are not highly efficient or do not reduce smoke emissions compared to TCSs,

e Differences in ICS programs and interest of beneficiaries, i.e., the program consider only energy

efficiency, whereas the beneficiaries emphasize on technical performance of the stove,
e Distribution without consideration of the primary needs of the beneficiaries [11].

The use of ICS has resulted in household energy savings of approximately 27-66% in Nepal and Peru and 59%
in India, respectively. End-user training and petroleum gas mixtures were responsible for the significant savings
in Peru and India [12]. Despite their importance, published data on household basic energy usage in developing
countries is minimal. This has led to difficulties to understand basic daily energy consumption and effectiveness
of programs aimed at reducing health, environmental, and socioeconomic impacts of TCSs and fuels.

ICS designs have advanced over time and provide economical, health, and ecological advantages. However,
surveys on new ICSs indicated a low rate of success. The authors believe that subsidy-based ICS interventions in
developing countries missed to incorporate cooking culture, user interest, and geographical factor considerations
in the design of such stoves. An intervention without pre-program assessment fails to identify the beneficiaries
from each intervention and, in some cases, fails to meet its objective, as was the case with China [13]. A
worthwhile distribution of ICSs requires public sector investment intervention. Unless public funds are available
to develop capacity, create awareness, and improve research and development (R&D), the intended millennium
development goal might not be attainable, as GTZ’s (Deutsche Gesellschaft fiir Internationale Zusammenarbeit)
study indicated in Uganda [14].
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Ethiopia, a home to about 90 million people, is the third largest consumer of traditional fuel in the world [15].
The rural area is the source of primary energy from biomass and agricultural food items to the urban area [16].
The collection of biomass fuel is a burden of women and children, who often spend their time and energy to
travel long distances in search of it. Berhe and Sosina estimated that firewood collection required 12% of a
child’s school time [17]. In addition to the valuable school time, girls and women are exposed to IAP in the
kitchen and sexual harassment in the field.

Injera uses considerable amount of energy when prepared on traditional energy-inefficient clay stoves [18].
Previous studies show that Injera required a temperature of 180-220°C to be well baked [19]. This range was
lowered to 135-160°C by Tesfay et al. [20] using a modified clay stove and solar as source of energy. In
Ethiopia, firewood and animal dung are the sole fuel options in the rural while the urban have electrical energy
options depending on household’s income. The price of firewood in Ethiopia is quite cheap and often free. Due
to this fact, there is less awareness of the energy conservation both in the rural and urban areas. On the other
hand, the conventional type of direct biomass burning is associated with incomplete combustion that has major
effect on the health of the population, women in particular. Previously, very little efforts have been made on
using alternative clean energies to reduce the health and environmental risks associated with traditional biomass
energy use. However, the recent economic growth of the country demanded alternative clean energy supply and
adoption of ICSs have increased. Moreover, the country’s growth and transformation plan (GTP), pro-poor
legacy of the government and United Nations millennium development goal (UN MDG) strategies have created
favourable environment of research in this area. Ongoing research on alternative energy sources, new stove
designs and improving the efficiency of existing stoves are expected to yield significant results.

Ethiopia’s dependence and use of biomass resources has reduced the forest coverage, increased IAP, and
contributed to poor health condition in the country. In response to these effects, the government and other
institutions have attempted to introduce ICS technologies with only limited success. A study in the capital city
(Addis Ababa) indicated that households’ decision to switch from a TCS to ICS was found to be largely
influenced by their income [21]. I In addition, a survey on adoption of Mirte and Lakech cook stoves (common
ICSs) in urban Ethiopia by Abebe et al. showed product price and regional demand are other factors that affect
such decision [22]. Most recently, ethanol-based ICSs of project Gaia that used by-products from sugar industry
has got acceptance, particularly in refugee camps. However, more effort is required for further penetration [23].
This effort alone cannot solve the 85% dependency of urban domestic cooking on biomass based energy source.
High fuel shortage is expected to happen accompanied by high prices unless some optimized Mitad designs are
introduced. The simplest way forward to reduce this dependency is to implement energy switch from biomass to
electricity in urban areas connected to the national grid. However, this change is not easy to implement unless
there is determination and commitment at governmental and individual levels. But, a partial switch in to
alternative energy sources for some activities (e.g., Injera baking) can result in a significant change. A study by
Zenebe et al. [24] reported that the primary challenge of switching to electricity in Tigray (northern Ethiopia) is
the attitude of households toward adopting electric stoves, which is primarily influenced by household’s level of
education and income. Abebe et al. [25] suggested to shift the property rights of publicly accessible forests to
private ownership to monitor rural deforestation and thereby reduce the dependency of urban areas on rural areas
for energy supply.

Power generation in Ethiopia has been rapidly expanding since 2002 but at a slower pace as compared to the
growth of household and industry energy demands. The country’s electrical coverage in 2007 was 20% in areas
that were already electrified [26]. This power shortage was followed by rationed power distribution, particularly
in 2009 and 2010, when many of the large industries in the country were forced to reduce their production [27].
This continuous power shortage encouraged policy makers to focus their strategies and budget for clean energy
for electricity generation. At the same time, the demand of clean energy for cooking has grown beyond the
capabilities of NGOs and the limited budget of the government. Biomass energy sources have become more
expensive with demographic growth, urbanization, and government ban on tree cutting. The various interests of
the country can be achieved only if extensive research and development efforts can yield fundamental changes to
TCSs, which have an efficiency of 5-35% [17]. The country’s energy shift perspective suggests a difficult
transformation, and the government will encounter challenges to fight poverty and provide clean energy supply.
A study by Bereket et al. [28] found that research and development must involve pro-poor robust technology that
considers the urban poor income. Similarly, the importance of new energy sources to rural should get emphasis.
Some subsidy programs have introduced biogas for its dual purpose of energy and fertilizer (e.g., cooking and
lighting, bioslurry) in some rural and registered successful results [29]; however, this trial has failed in its
application for Injera baking. Adoption of biogas could increase its energy and could also be able to bake Injera.
Another untapped renewable energy source of the country is solar thermal. Although the use of solar energy for
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cooking at household and community levels in developing countries has been studied [30]; only few researches
have tried to develop a compatible Injera stove. A direct solar Injera stove was introduced by Allan, and its
surface temperature requirement was 180-220°C [31].

In the current study, efforts have been made to lower the Injera baking temperature by varying the baking plate
thickness and material. In addition, the Mitad is also designed to work with solar energy. The hypothesis for the
current research is emanated from the type of baking. Injera baking is regarded as boiling type of cooking which
require tight sealing. When the water in the dough starts evaporating, it leaves many craters (called eyes) on its
upper face of the Injera that give its peculiar quality. In addition to dealing with baking temperature, other
parameters like quality, baking time and energy consumption nature of Injera were also analysed.

Nomenclature

a Fraction of melted PCM

A Area [m?]

Gy Specific heat capacity [J/kg K]
CH, Methane

CO Carbon monoxide

Cco, Carbon dioxide

h, Coefficient of convective heat transfer [W /m?K]
HTF Heat transfer fluid

Ahm Heat of fusion per unit mass [J/kg]
GHG Greenhouse gas

IAP Indoor air pollution

ICS Improved cook stove

K Thermal conductivity [W/m. K]
KNO3 Potassium nitrate

LPG Liquefied petroleum gas

m mass [kg]

NaNO; Sodium nitrate

NGO Non-governmental organization
PCM Phase change material

PFOA Perfluorooctanoic acid

PIC Product of incomplete combustion
PM Particulate matter

Qc Heat [W]

T Temperature [°C]

TCS Traditional cook stove

TCBA triple carbon Balance analysis

X Pan thickness [m]

Greek letters

p Density [kg/m?]

c Stefan-Boltzmann constant (5.67x10-8) [w/m2k4]
e Material emissivity

Subscripts

a Ambient

b Bottom

c Conduction

L Stove Lead

m mass

s stove

t Top

2. Materials and Methodology

The current study is an experimental study and the methodologies followed are explained in detail in this section.
The Injera stove in Fig. 2 represents an existing electric clay Mitad design. This design has two clay plates which
are used to sandwich the heating element. The lower plate functions as a mould with groves to accept the heating
elements connected in parallel electric circuit. The upper plate is coated black and has a shining surface suitable
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for baking. Three different stove materials with two types of design patterns were used in this investigation.
Clay and borosilicate glass Mitads were categorized under the two plate design shown in Fig. 2. However, the
metal Mitad design was a single plate which was placed over the heating element. The clay and glass Mitads
were insulated at their bottom by soil but the metal Mitad did not have any. In this study, the experiment was
designed to investigate the possibility of Injera baking on some common cooking materials and study the nature
of their energy consumption per Injera. The Mitads were 50 cm in diameter and the thickness of their mould and
baking plate were 15 mm and 10 mm, respectively. A 5 mm glass and 1.5 mm metal baking plates were used in
the glass and metal stove, respectively. The metal stove is a commercial unit used for thin bread baking in
Norway (Takke)

A qualitative measurement was used to assess the quality of Injera as there is no quality standard set for it.
Different Injera crops or mixture of them give different Injera quality. This quality is judged differently from
person to person and from place to place. The quality is measured qualitatively based on its sponginess,
flexibility, softness, smoothness of back layer texture and sometimes it includes the thickness. There can be
differences between the qualities of Injera in urban and rural areas regardless of its crop types. Similarly the
quality is also affected by household size especially regarding its thickness.

A quantitative method was used to analyze the power consumption of Injera based on baking time and baking
temperature. Four K-type thermocouples were used to measure the temperature of the Mitad at different
positions of the mould and baking surface. A power meter was used to record the overall and per Injera power
consumption. Overall and per Injera baking time was measured by stop watch. It was also continuously recorded
by the data logger along with the temperature readings of the thermocouples. The K-type thermocouples were
connected to the data logger and interfaced with a laptop using LabVIEW to record and display continuous
analog and digital temperature signals. The thermo physical property of the three heat plate materials and the
Injera ingredients are given in Table 1.

Table 1. Thermo physical properties of the materials used in the experiment [32] and [33]

Material T[K] plkg/ml® clU/kgK] K[W/mK] Emissivity (g)
Borosilicate glass 300 2,640 800 1.09 0.85-0.95
(Pyrex)

Cast iron (4 ¢) 300 7,272 420 51 0.60-0.70

Soil (dry) 300 1,500 1,900 1.0 0.75 (fired clay)
Teff -- 1,456 1,625 0.258 -

Batter (365 g) -- 1,103 3,350 0.53 -

Injera(236 g) -- 1,175 2,630 0.558 -
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Fig. 2: Schematics of experimental set-up
3. Thermal analysis of Injera

The rarely published literatures gave limited information on the thermal properties and energy consumption of
Injera baking. Injera is one of the oldest processed foods in Africa that has not changed its processing methods
over the time. Some users attempted to replace the clay Mitad (thermal conductivity of 0.25 W/m.K) with a
ceramic (thermal conductivity of 2 W/m.K) [33]. However, ceramic Mitads has experienced cracking at high
temperatures. The Injera batter contains many components, including protein, lipids, carbohydrates, water, and
ash. The specific heat of Injera used in the thermal analysis is 3.35 [J/kg K] as given in Table 1 [33].

3.1. Conduction heat transfer

Conduction heat transfer is the primary means of heat transfer used in stoves to bake Injera. The heating element
conducts heat through the mould to the top of the stove, and conduction continues into the batter at the boiling
temperature as water evaporates from the food. The heat conduction through the pan is:

Q. KA (T;h _Tw)

X

M

The solid fraction and moisture content of both the batter and Injera were determined to be about 27/72 and
57/42, respectively [32]. The average batter of one Injera is a mixture of 100 g of flour and 265 ml of water.
Water has a heat of vaporization of 2.3 J/g and absorbs heat during cooking when the batter starts losing water
during evaporation. The boiling point of water is altitude dependent, and for this experiment, the boiling point is
about 92°C at an altitude of 2,200 m (Mekelle). The average total heat required to bake one Injera was calculated
as 0.104 kWh. In these stoves, convection and radiation are the two common heat losses and can be calculated
using Eq. 2 [6]. These losses leaked from the lead, polished aluminium, of the stove. A 0.04 surface emissivity
and h, of air was used. The clay and glass stoves used an ash insulator at the bottom, but there was no insulation
on the sides and top of the stove.
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4. Results and discussion

Injera baking was limited to clay Mitad because users do not spend time and energy to try other materials that
require extended practice and considerable cost. The most common problems associated with Injera baking on
other materials include, sticking, less number of craters and overall poor quality. Baking on some common cook
plates with coating materials such as Teflon has been tried but often ended up with poor Injera quality.
Borosilicate and clay have very close material properties except for their thermal shock difference. In this
experiment glass was used to bake at intermittent power supply while metal and clay used continuous supply.
Nonetheless, glass stove was able to bake high-quality Injera with shorter overall baking time and less power as
compared to the other two. On the other hand, clay stove was observed to have longer initial heating time and
equal quality of Injera with glass. The experiment was repeated nine times and the results were similar. Injera
baking on a metal stove was very difficult to manage and resulted in poor quality as compared to the other two.
The Injera quality was still possible to be consumed but failed to pass through the common qualitative quality
measures. The clay stove used in the experiment has smaller thickness as compared to ordinary wood fired plate
thickness of 20 mm.

4.1. Ordinary electric clay stove

Most common household Mitads are about 50-60 cm in diameter. These Mitads are used on average two to three
times per week depending on households’ family size. One time baking for an average family size of four takes
about two hours on traditional biomass Mitad and about one and half hours on ordinary electric Mitad. The
thickness of these Mitads varies from place to place and lies in the range of 20-30 mm. The electric Mitad has
been in use for decades in places which have electricity access. Following the recent development of the country,
the expansion of electricity and adoption of electric Mitad has increased, leading to concerns of efficiency and
power saving potentials. The clay Mitad used in this work has a thickness of 15 mm and 10 mm for its mould
and baking plate, respectively. The extreme temperature fluctuation per baking cycle at the mould and baking
surface were 15 and 175°C, correspondingly. This Mitad lost at least 31% and at most 54% of its usable energy.
The different initial temperature levels of each cycle, as shown in Fig. 3(b) indicates that the initial surface
temperature has little impact on baking time and Injera quality. The nominal lower and upper temperature limits
of Injera baking found in literature seem very high and unjustifiable. Such research inputs might also contributed
to the present heating element choice and stove design too. In this experiment, the Mitad was heated up beyond
the nominal literature limits (as low as 140°C and as high as 225°C) to study the impact of baking plate surface
temperature on quality and baking speed. Nine consecutive experiments were conducted and the result showed
no observable difference in quality and baking time. The longer baking time shown in the first and second cycle
of Fig. 3(b) is in line with the general behaviour of baking start up. However, the shortest baking time of the fifth
and sixth cycle was an indicator to how low the surface temperature could lower and still the baking cycle
remained unaffected. The temperature of the mould below the baking surface has reached steady state and
remained unaffected by the surface temperature fluctuation. A heat flux computation indicates that about 40% of
the energy loss could be saved if a 100°C baking cycle fluctuation, 125°C baking surface and 225°C mould
temperatures could be set. The clay stove required the largest preheating power and longest baking time due to
the low thermal conductivity between its mould and baking plate and their thickness. The thickness of the mould
and stove act as a heat buffer to some degree. However, users (particularly those who use biomass fuels) prefer
a thin stove made of high-quality clay and fired at higher temperatures to save firewood.
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Fig. 3: Baking on the clay stove: (a) Injera texture and (b) baking surface and mould temperature profile

4.2. Glass stove

Borosilicate glass is designed to withstand thermal shock better than other glass materials because of its low
expansion coefficient and higher strength. The glass can be safely used up to a temperature of 232°C if it is not
subjected to a sudden temperature change of more than 120°C. This material has been in use in modern stoves as
an appliance and stove hot surface. However, such applications do not experience continuous temperature
fluctuation like in Injera baking. The experiment of Injera baking on borosilicate glass lowered the baking
temperature range to 120-150°C, as shown in Fig. 4(b). This baking range was achieved when the stove was
operated at alternating power supply which has registered an efficiency of 32% as compared to the clay Mitad
discussed in section 4.1. This Mitad demanded regulated power supply. However, existing stove designs does
not accommodate temperature/current regulator and it is not easy to get it in local markets. In the beginning, this
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stove was working under continuous power supply. Consequently, when the heating element temperature
reached around 600°C; the Mitad surface temperature recorded 560-570°C, at which it began to crack. In
addition, such high temperature is not suitable for Injera baking. This system incompatibility led to supply an
intermittent power to the Mitad and gave the Injera quality and baking temperature of Fig. 4. This Mitad took
shorter baking time, less power, and the same Injera quality as compared to clay Mitad. There is only one type of
heating element, used for Injera Mitad, found in local market that has 0.9 mm diameter, 500 mm upstretched
length and resistance of 24.5Q. The optimized electric circuit of the Injera stove has two resistors connected in
parallel with total resistance of 12.3 Q and total current of 18 A when connected to 220 V supply. The results of
this experiment indicated that the current of the heating element could reduce by 32% so that the stove can work
with continuous power supply. The operating temperature of this stove can be further lowered if design
modifications of its mould and insulation material were made. This Mitad used shorter polishing time and little
polishing fluid (oil or oil seeds) as compared to the clay stove which requires rigorous polishing and significant
amounts of polishing fluid.

The 32% performance improvement of this stove was only in a two plate stove design setting used for typical
electric Mitad. However, the ordinary biomass stove design is single plate type and if the baking plate could
replace with glass; the heating time and energy consumption per Injera could improve by about 50%. In addition
glasses known thermo-physical property help to made uniform design and set uniform standard for glass Mitads
compared to none standard clay Mitads. The mold temperature of this stove presented in Fig. 4(b) shows the
inefficiency of the stove clearly.
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4.3. Metal stove (Norwegian Takke)

Baking chapatti, bread, and pancakes on non-sticky cast iron pans is common practice in many places. Some
bread bakeries in Ethiopia use the same appliance to bake bread too. However, households use clay Mitad to
bake bread and Injera. In this study, Injera baking on cast iron plate (Norwegian Takke) was experimented. The
Mitad has a similar diameter to the ordinary clay Mitad and used the same power 220 V. Looking at its thin
thickness, baking was started with intermittent power supply but produced very poor Injera quality. After
studying the Injera quality in two days consecutive tests, the power supply was changed to continuous power.
Injera baking on a metal plate is a new experience and it took some time to manage the baking process. Even
though the Injera quality has improved under continuous power supply, the quality of the Injera resembled Loha
and Conjeero. The main quality problem comes from fewer eyes, bumpy back texture and less flexibility. The
Mitad was tried with other crop types such as barley, wheat and a mixture of teff with the other two. However,
its quality was not comparable to the other two Mitads Injera.

Once the Mitad was ready for baking, the cook started to pour the dough on it. While the dough was pouring,
automatically the water in the dough started immediate boiling. This boiling process hindered smooth and
continuous pouring of the remaining dough. The interrupted and non-continuous pouring affected badly the
back texture of the Injera. Apart from the Injera quality, this stove demonstrated successful baking process
similar to that of the glass Mitad. The baking surface temperature was in the range of 120 to 160°C and the
temperature fluctuation at the bottom of the Mitad was about 15°C, increased slowly as shown in Fig. 5(b). A
similar heat flux analysis approach indicated that the Mitad was subjected to 37% loss. Such losses could be
lowered if the Mitad was insulated at its bottom. Although handling of the Mitad and Injera quality have showed
improvement after several experiments, the final quality is as shown in Fig. 5(a). This is the poor quality which
happens similarly when a new clay Mitad is tested for the first time, but only the first few Injeras have such
quality.
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Fig. 5. Baking on the metal stove: (a) Injera texture and (b) baking temperature
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4.4. Comparison of baking time and energy

Even though Injera quality depends on subjective standards, its quality remains similar if its flour and bakery
remained the same. With this regard, the Injera qualities from clay and glass Mitad were better than that of the
metal Mitad. It was also found that the glass Mitad has reduced the baking time and power consumption of clay
Mitad by 60% and 63%, respectively. These savings can be further improved by using a suitable mould and
heating element that allows the borosilicate glass bake under continuous power supply. The average baking time
and power consumption per Injera of the three Mitads are shown in Fig. 6(a) and (b), respectively. From Fig.
3(b) and 6(b), it was observed that the clay stove required the longest preheating time and largest power of the
three. Similarly, Fig. 4(b) and 6(b) shows that glass Mitad required less preheating time and power while the
metal Mitad consume moderate. Fig. 3(b) and 4(b) indicated that clay Mitad took about three times the time
taken by glass Mitad to bake the same amount of Injera. The metal and glass Mitads took similar baking time. A
continuous power supply has lowered the overall power requirement of metal Mitad as compared to clay stove,
as shown in Fig. 6(b). However, it was not possible to give continuous power to the glass Mitad; and the data
shown in Fig. 6(b) were taken from the intermittent supply. None of the stoves have power-regulator, users used
to regulate excess energy through rapid baking, cool baking surface by drizzling with water or switching off the
power until it cools down
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Fig. 6. Injera baking process: (a) baking time and (b) power recordings during the Injera baking
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4.5. Solar energy and Injera baking

Usage of the power of the sun for cooking is not a new technology. Many designs of solar cookers are in use
worldwide. Such cookers are being even used for large-scale community cooking in China and India. These
cookers are mainly designed for boiling water, cooking stews, frying and bread baking. However, these stoves
lack heat storage and are unable to bake special foods such as Injera.

The authors’ customized solar Injera Mitad design shown in Fig. 7 was tested for Injera baking and took 10-15
min to bake one Injera in the range of 135-160°C [21]. This Mitad was designed for direct steam charging in
which the steam flow was by natural circulation. The flow rate and temperature of the steam entering the Mitad
varies with the solar radiation intensity. However, Injera baking needs a regulated, nearly isothermal, heat
supply. Therefore, the technology should integrate thermal energy storage to extend its potential use. Energy
storage helps to store the irregular daily solar energy which can be used during absence of solar radiation (night
or cloudy weather). In addition to storing the energy, the storage acts as a buffer and will give uniform heat
during baking. The solar baked Injera shown in Fig. 7(c) exhibited fair quality when baked directly on clay
stove.

Fig. 7. Steam-based solar Injera baking: (a) solar stove, (b) stainless steel pipe embedded in the clay baking plate, and (c) solar-baked Injera

A binary nitrate salt thermal storage mixture of 40% KNOs3 and 60% NaNO; by weight, which melts at
approximately 216-220°C, is a good candidate for solar Injera Mitad. This chemical has a sufficient sensible and
latent heat storage that allows Injera baking and boiling type cooking. The latent heat in the liquid-solid phase
change is used for Injera baking, and the sensible heat stored in the liquid and solid PCM is used to preheat the
Injera stove and boiling operations, respectively. The overall amount of heat stored in the PCM is estimated
using a temperature-dependent effective specific heat capacity of the PCM given by Eq. 3 [19].

0.75 T <110°C

4.2 110°C < T <120°C
C,(kJ/kg)=114 120°C < T <210°C

12 210°C < T <220°C

1.6 T >220°C

3
5. Conclusion and recommendations

Existing electric Injera Mitads use only about 50% of the power supplied and loses the remaining. A baking plate
material change from clay to glass shows a tendency of 32% power saves. Regardless of the Injera quality,
shorter baking time and less baking power, glass stove requires adapted heating element. Future stove designs
need to incorporate thermostat and power regulator in order to achieve better safety and efficiency. Indirect and
indoor solar baking is possible and needs further development on heat storage integrated solar stove. In addition
it needs further development on hybrid stoves of solar-electricity and solar-biomass for rural and urban areas
respectively. Efforts on energy versatile Mitads will be very effective instead of ICS to revolutionize the Injera
Mitad.
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ABSTRACT

Currently, concentrating solar thermal technologies like parabolic dish cookers can only be used by placing the
cooking pot at the focus point. Such solar cooker technologies have led to their current low adoption. This
article discusses transportation of solar energy from the receiver to some distance of utilization in the form of
radiation. A large hollow waveguide called an optical pipe was used as a means to transport the solar energy.
Forward sequential ray tracing was used to design the optical pipe prior to its manufacturing and performance
testing. The experiment of this study was conducted by using a 1.2m and 10cm aperture diameter primary and
secondary parabolic dish reflectors respectively; and a 2.3m long, 70mm inner diameter optical pipe. K-type
thermocouples were used to measure the temperature of metallic disks attached at the inlet and outlet of the
optical pipe. A transmission coefficient of 19.6% that is equivalent to an attenuation coefficient of 3.08dB/m was
obtained experimentally. Through this research, the possibility of transmitting concentrated solar energy over
short distances was demonstrated. The results show possibilities to transform concentrating parabolic dish
outdoor cookers into indoor cookers and thereby increase their adoption potential. The findings of this study
needs further work on optimization of the optical pipe to increase its transmission coefficient before testing it
for cooking purpose.

KEYWORDS: optical pipe guide, solar cooker; parabolic dish collector; ray tracing; secondary reflector

I. INTRODUCTION

Today the world is moving towards renewable energy technologies as one way of achieving
sustainable energy generation. One of the most promising renewable energy resources is solar energy.
It is the most abundant and ultimate source of energy in the world. Point focus solar collectors are
useful for high temperature applications. An example of such application is parabolic dish solar
cooker. However, such collectors have two main problems: the energy can only be utilized at the
focus point of the collector and this focus is in constant motion. These problems contribute for the low
widespread rates of these cookers. A solution to the two problems could improve some of the
technical barriers to their adoption and expansion. This in turn will help in the living condition of
millions of people living in developing countries.

In these countries, women and girls travel long distance in search of fuel wood and yet they are
reluctant to use solar cookers. This is because current situations in developing countries show people
are forced to adapt existing solar cookers technology regardless of their cooking habit. However,
intellectuals effort to internalize and simplify the technology to people’s need could improve its
acceptance. In the past decades ergonomics has had a small share in the development of parabolic dish
solar cookers. Nonetheless, acceptance of parabolic solar cookers in the future will depend on how
well the technology fits to the norm of users.
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There are different undergoing hot researches to separate the cooking pan from the solar receiver.
Among these researches use of heat storage [1] and thermal energy transportation using heat transfer
fluid (HTF) [2], [3] such as oil and steam have increased the interest for indirect indoor solar cooking.
In addition to thermal energy transportation solar radiation transportation is also one of the potential
means to avoid on focus solar cooking. The current study is targeted at the latter option. A leaky
hollow waveguide is one probable solution to the problems of point focus collector. Leaky hollow
waveguides use the principle of specular reflection to transmit the solar energy. They have simple
structure, strong optical confinement and high power transmission capability [4-6]. On the other hand,
they have small numerical aperture and high transmission losses hence they are only applicable to
short-distance applications [5]. Ohmic loss is the major cause of transmission loss in leaky hollow
waveguides [6]. In their previous researchers, Lan and Tong [7] have demonstrated the transmission
of xenon light, which has similar spectrum with sunlight, using silver coated leaky hollow waveguides
and their was satisfactory for solar energy transmission too.

Therefore, the objective of the current study is to investigate a leaky hollow waveguide to transport
solar radiation over short distance from a tracking double reflector parabolic dish concentrator to
cooking pan

1.1.Nomenclatures
Symbols Description Unit
A Surface area of receiver disk m?
Ay Primary reflector aperture area m’
Agurr Surface area of surrounding objects m?
f Frequency Hz
f Product of reflectance’s of the primary and secondary reflectors
G Global radiation W/m?
Gy Beam radiation W/m?
Gq Diffuse radiation W/m?
IR Intercept ratio
kr Clearness index
L Standard meridian for the local time zone degrees
Lioe Longitude of the location east of the Greenwich meridian degrees
n Unit normal vector to the plane of reflection
n Number of reflected rays emerging from the exit of the optical

pipe
0, Power at pipe inlet w
0, Power at pipe outlet w
p Incident ray in space
p’ Reflected ray in space
r Ray vector
R Reflectance of the waveguide material
T Surface temperature of the receiver Kelvin
Towrr Temperature of the surrounding objects Kelvin
t Time sec
€ Free space dielectric constant
a Stefan-Boltzmann constant W/m?K*
€ Emissivity
Esurr Emissivity of surrounding objects

II. Materials and methodology

In this study both experimental and numerical methods were used in the construction of the prototype.
In the numerical analysis LabVIEW and ray tracing software were used to record data and analyse the
design of the optical pipe. The leaky hollow waveguide was designed and manufactured from



anodized aluminium with a reflectivity of 95% in the solar spectrum. A 1.2m and 10cm diameter
primary and secondary parabolic reflector respectively were used in this system. The solar radiation
focused by the primary reflector is directed in to the secondary reflector and then into the hollow
guide. Input and output energy measurements were used to analyse the transmission characteristics of
the hollow guide. Additional materials used for the experiment and analysis were pyranometer
(Sensitivity~ 8 pV/Wm-2), K-type thermocouples, manual tracking aid, data logger, Meteon logger,
black metal disks, circular receiver with a shield on top, and receiver without shield. The Pyranometer
together with meteon logger were used to record the global solar radiation during the experiments and
LabVIEW, data logger and the K- type thermocouples were used to record temperatures. The manual
tracking aid works with visualization of shadow. The shadow length of the tracking aid is proportional
to the misalignment and the direction of the shadow is opposite to the direction of the sun.

III. DESIGN APPROACH

3.1. Ray Tracing

A regular grid of rays was used to design and predict the performance of the hollow waveguide.
Although Monte Carlo method is popular in the simulation of solar rays, a regular grid of rays gives
better results [8]. Use of a finite number of rays introduces errors in the simulation of solar rays and
this error was analyzed using a method described in [4]. The geometry of the waveguide was
modelled mathematically as a cylinder for the straight sections and as a section of a torus for the
bends. The surface and normal vector equations of the cylinder and torus are given by egs. (1- 4).The
equation for the cylinder surface in vector form is:

Nt) =rcosti+rsintj (1)
The equation for the cylinder unit normal in vector form is

n(t) = —costi—sintj (2)
The equation for the torus surface in vector form is (4.7)

w(t,¢) = (R+rcost)cosgi+ (R+rcost)singj+rsintk 3)
The equation for the torus unit normal in vector form is:

n(t, §) = —costcos @i — costsingj—sintk @)
The law of specular reflection in space is:

p'=p+2(p-nn ®)
These equations governed the numerical calculations of the ray tracing simulations. The inputs to the
ray tracing were the geometry and the reflectivity of the material. Figure (1) shows the dependence of
transmission coefficient on reflectivity and average number of reflections in the waveguide.The

transmission coefficient of the optical pipe is given by eq. (6).

T =R" (6)
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Bends in the waveguide introduce an additional loss in the waveguide. Bends tend to disperse the rays
thereby increasing the number of reflections in the subsequent length of the waveguide. Extent of the
ray dispersion depends on the bend radius as shown in Fig. (2) (A - F).

Fig. 2 Ray dispersion and bend radius relation: A=0.04m, B=0.07m, C=0.1m, D=0.15m, E=0.2m and F=0.3m
bend radii

Figure (3), shows the effect of varying the bend radius on exit cone and number of reflections. The
number of radiations has a direct relation with bend radius while the exit cone angle has inverse
relation with bend radius. The variation of exit cone is less sensitive to the number reflections in the
bend.
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Fig. 3: Effects of bend radius on exit cone angle and number of reflections

Pipe diameter affects the path length of the rays. However, this effect is not very significant when the
variations in the diameter are relatively small as shown in Fig. (4).The range for the diameter was
constrained by smallest cylinder available in the local market. And the optimal size 90mm diameter.

Effect of Length and Diameter on Transmission coefficient of pipe, R=0.95
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Fig. 4: Effects of length and diameter on transmission coefficient of pipe

Ray tracing simulation of the final designed pipe is shown in Fig. (5).



Fig. 5: Ray tracing simulation of optical pipe

Ray tracing simulation of the final designed pipe is shown in Fig. (5). From the ray tracing
simulations, an optimum pipe dimension of an overall pipe length of 2.3 m , diameter of 70 mm,
minimum bend radius of 100 mm and maximum bend angle of 90 degree is obtained in order to have
a transmission coefficient of at least 0.35. Decreasing the bend angle improves the pipe performance,
however, for short pipe length (<5 m), varying the bend radius from the optimum angle results in
performance loss.

3.2. Maximum Power in the Optical Pipe

Optical pipe of a given bore diameter has a maximum amount of power that can be transmitted. Rays
bouncing off the walls of the optical pipe heat up the optical pipe. Hence transmission is only possible
when the temperature of the optical pipe walls is less than a certain threshold value. This threshold
temperature is the melting point of the wall material or the base material, whichever is smaller.
Transmission characteristics of the optical pipe are that the highest power is at the entry and the least
power is at the exit as such the highest temperature is expected at the entry. Determination of the
maximum power in the optical pipe is based on the works of [9-11]. Fig. 6 shows the maximum
power versus the melting temperature.

Maximum Power Transmission as a function of melting point
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Fig. 6: Maximum power transmission as a function of melting point

Aluminium melts at around 600°C, and from Fig (6) it can be inferred the maximum power
transmission of the aluminium optical pipe cooled by natural convection is about 11kW. In practice
the optical pipe has to work below the melting point hence maximum power of about 8 kW is
considered.

3.3. Design of the secondary reflector



A parabolic dish reflector has a unique property in which, when collimated rays reflect from its
surface all the rays pass through the focal point or stating in a different way. All rays that pass through
the focal point of a parabolic dish reflector emerge as collimated or parallel rays. Collimated rays over
a large area can be made into collimated rays over a small area by using two parabolic dish reflectors
as shown in Fig. (7). The bigger dish is called primary reflector and the smaller dish is called
secondary reflector. The primary reflector will collect the radiant energy while the secondary reflector
will ensure that the concentrated rays enter the optical pipe in a nearly collimated manner. Design of
the secondary reflector depends on both the primary reflector geometry and optical pipe diameter. The
equation of a parabola is given by the general formula given in eq. (7). Equation (9) and (10)
represents the exact equations of the designed secondary and primary reflector parabolas respectively.

y=3=ax’ @
1

a= ®)

y = 0.00858x2 )

y = 0.0005x2 (10)

Rays from the sun

Secondary reflector

S

Primary reflector

Rays going into optical pipe

Fig. 7: Principle of using primary and secondary reflector

The secondary reflector used in this research was manufactured by hand with the help of a parabolic
bracket (jig) cut on a CNC cutter as shown in Fig (8).



Fig. 8: Jig of secondary reflector

3.4. Experimental Set-up

The general set up of the experiment is shown in Fig. (9). Black color painted receiver disk with a
thermocouple attached to it was placed at the end of the optical pipe. The temperature of the receiver
was recorded together with the global radiation and ambient temperature. These temperature data was
used to determine the transmission coefficient of the pipe. A pyranometer and correlation model of
global and diffuse radiation was used to estimate the value of incident beam radiation following a
similar approach to find beam radiation as described in [12-13].

e suft

ays from "

secondary reflector shield

receiver

tracking aid

optical pipe

potar afs

/ 7

Fig. 9: Schematic of the experiment unit

A pyranometer was used to measure the incident global radiation on the concentrator. The beam
component of the global radiation was calculated using Orgill and Hollands correlation as in eq. (11)
[14]. Orgill and Hollands correlation was used because it is simple and gives good results.

. 1—-0.249; for0 <k <035
<= 1.55—-1.84k; for 035 < k; <0.75 (11)
0.177
For an optical pipe, the actual transmission coefficient was determined from the measured
temperatures of the ambient and metal disk placed at the outlet of the optical pipe as per the relation

of eq. (12). Transmission coefficient is the ratio of the input power, (Ql), to the output power, (Qz),
of the pipe.

_ &
T=¢ (12)



From the radiation incident on the metal disks some of the energy is stored in the metal disks and
some is lost to the ambient air by convection and radiation from the metal disk to the surrounding
objects. Therefore, the energy balance is given by eq. (13)

Q = Qstored + Qconvected + Qre—radiated (13)

Rewriting eq. (13) using the full expressions of the terms on the right hand side, it gives eq.
(14) as:

e ar Ay Ts‘l'_Tsfturr
0 = mey St oy A (T, = Ty) + oo ) (14)

c (m)(ssu;ﬂ‘l)

The following are assumptions made in the analysis of the experimental result. Wind loss coefficient,

(hw), is constant and uniform over the surface of the disk. Heat capacity, (c,), of the receiver is

constant for the temperature ranges encountered in the experiment. The emissivity of the receiver is
. . ey d

taken to be constant. The heat transfer process is quasi-equilibrium therebyd—: = 0. The surface area of

the objects surrounding the receiver is much greater than the surface area of the receiver and that the
surrounding objects are at ambient temperature. Taking these assumptions into consideration eq. (14)
is further simplified in to eq. (15).

0 = hyA(T, — T,) + €cA(T¢ — T2) (15)

hy, is found using a correlation of eq. (16) developed by Rabadiya and Kirar [15]. This correlation was
derived using experimental results and was found to be more accurate than other older correlations.

Nu = 0.0723Re?773 py0-333 (16a)
hy, === (16b)

By inserting the receiver temperature in eq. (15) the power at the output of the pipe is
calculated using eq. (17).

0, = hyA,(Tys — Ty) + €0A, (T —TH (17)

Q4 can be calculated from

Q1 = IRAG,f (18)

Where A and f are constants, Gy is from the Holland and Orgill correlation [14]. Using eq. (19) and
Q1 from eq. (18) the power intercept ratio is found as:

IR = Ry Ar(T1s—Tf)+€0 Ar(TH—Tg) (19)
GpAf

Therefore, the transmission coefficient can be calculated from eq. (20)

_ hywAr(Tzs—Tf)+€0 Ar(Tos—Ta)
IRAGyf

T (20)

IV. RESULTS
4.1. System details

This section presents the findings from the experiments conducted to determine the transmission
coefficient of the optical pipe. Experiments to test the optical pipe were carried out in May and June



2013 between 10AM to 3PM. June is a transitional month for the dry and rainy seasons in Mekelle,
Ethiopia (13°28 N, 39°29 E and 2218 m elevation). It is characterized by intermittent clouds on some
days and clear sky on other days. Tracking was done manually with the assistance of a simple
tracking aid that was attached to the edge of the dish shown in Fig. (11). A manual tracking aid is
used to ensure the dish was in-line with the sun by adjusting until the rod on the tracking aidbecome

free of shadow.

Fig. 11: Actual experimental set up during testing

4.2.  Intercept Ratio

Figure 12 shows the relation between the incident beam radiation on the primary dish and receiver
temperature at the inlet to the optical pipe. The receiver has thermal inertia causing the apparent lag in
response to changes in beam radiation intensity. Averaging the instantaneous power at the primary
collector and the receiver, at the optical pipe inlet, minimizes the effects of this lag and the ratio of the
averaged powers gives the intercept ratio. Intercept ratio is the fraction of incident radiation at the
primary reflector that reaches the optical pipe inlet after undergoing second reflection at the secondary
reflector. The value of the intercept ratio during the experiments was found to be 29.25%.
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Fig. 12: Effect of beam radiation on receiver temperature at optical pipe inlet

4.3. Transmission Coefficient of the Optical Pipe

Efficacy of an optical pipe is quantified by its transmission coefficient. In order to determine the
transmission coefficient of the optical pipe, the inlet power into and outlet power from the optical pipe
are measured. The experiment was run five times and the results were consistent. Figure (13) shows



how the inlet and outlet power responded to changes in beam radiation. As the intensity of beam
radiation increased, both the inlet and outlet power increased.
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Fig.13: Effect of beam radiation on optical pipe inlet and outlet power

Transmission coefficient is the slope of a plot of outlet power against inlet power. Ray tracing
simulations predicted a constant transmission coefficient graphically presented as a straight line.
Figure (14) shows a plot of the measured outlet power against that of inlet power. It is not a straight
line but there is a noticeable correlation between the inlet and outlet power.
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Fig. 14: Outlet power vs Inlet Power

A linear model using least squares method was used to find the best curve fit to the data in Fig.(13)
and the result is shown in Fig. (15). The slope of the curve is 0.196. This slope represents the
transmission coefficient of the optical pipe.
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Fig.15: Curve fitting using a linear model

V. DISCUSSION

Ray tracing simulations predicted a transmission coefficient of 35%; however, an experimental value
of 19.6% was found representing an attenuation coefficient of 3.08dB/m. expressing the transmission
characteristic of the optical pipe in terms of attenuation coefficient helps to quantify the transmission
losses per unit length of the optical pipe. Estimations of the transmission coefficient for different
lengths of the optical pipe can be found from the product of the pipe length and the attenuation
coefficient. Reasons for the difference between the simulation and experimental values of
transmission coefficient are: manufacturing and assembly errors, reflective surface contamination
with dirt, manual tracking, and micro-bending of the reflective surface. Nonetheless, the optical pipe
was able to transmit concentrated solar radiation over a 2.3m distance and through two 90 degree
bends. This shows that the optical pipe can be used to transmit solar radiation over a few meters from
a parabolic dish concentrator to a fixed remote receiver

VI. CONCLUSION

This study successfully demonstrated that the optical pipe is capable of transmitting concentrated
radiation over short distances. A transmission coefficient of 19.6% or an attenuation coefficient of
3.08dB/m was attained with a 2.3m long, 70mm diameter optical pipe having two 90 degree bends.
The main challenge was in directing the radiation into the optical pipe. Less than 30% of the radiation
incident on the primary reflector entered the optical pipe as such future work should focus on
optimizing the optical system with emphasis on the secondary reflector and then to use the optical
pipe to transform outdoor parabolic solar cookers into indoor solar cookers.

The result of this study has indicated a reliable future of radiation transportation in solar thermal
applications. The particularity of the result is in the application of indoor solar cookers. As a
continuation of this work an optimized flexible wave guide design and development will be developed
to suit with the two axes tracking of double reflector collector. This flexible guide will further coupled
to another straight and stationary guide. A full scale optimized system should be developed and tested
for real cooking or boiling applications.
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Charging-discharging of a household size PCM storage

1. Introduction

1.1. Background on solar cookers

Many developing countries use biomass as primary energy supply for their household’s energy
consumption. This energy affects the environment, health and livelihood development. Women
and children are often in charge of fetching firewood and cooking, in which they spent most of
their valuable energy and time traveling long distance in search of this fuel. In addition, they are
also the most affected from indoor air pollution caused by this energy.

The progress of solar cookers is very slow in spite of their benefits. One reason for this can be
lack of integration between social and technology side researchers. Secondly, the outreach of these
cookers often do not include the active participation of end users. In addition, many studies of solar
cooker with heat storage have been concentrated on low temperature cookers.

Many of the developing countries, who are dependent on biomass, have huge potentials for solar
energy that can potentially substitute the role of the biomass. However, solar energy technology
has been rarely introduced in these places. Moreover, generally solar thermal technology has not
reached a robust stage of mass production and distribution. Although some countries have
introduced solar box cookers, their success has been limited due to technological and social factors
in which none of the cookers enabled night cooking and indoor use. These technical limitations
also affect users’ norm of cooking, which may cause a social limitation on the adaption to new
technology.

To improve acceptance of solar cookers and assure their widespread use, a continuous
advancement in both technical development and social awareness is required. One of the key
elements for the success of solar cookers is thermal energy storage. Thermal energy storage helps
to store the surplus solar energy during the day and keep it for late evening use. In addition, it helps
to supply nearly uniform heat during the process of cooking. Some solar cooker design features
also allow to charge and use the cooker simultaneously. A. Lecuona et al.’s solar cooker could
cook family lunch while charging the storage simultaneously [1]. The stored heat of this cooker
allows dinner cooking and breakfast heating for the following day. Such design features help to
expand the acceptance of solar cooking. Another solar cooker design, which used heat pipes, flat-
plate collector and integrated indoor phase change material (PCM) storage, was able to cook food
at noon, evening and keep the food warm at night and morning [2]. Even though the past three
decades showed investigations and developments of PCM storage, M.M. Kenisarin’s review on
PCM storage shows the limitation of these researches to measurement of melting temperature and
heat of fusion [3]. The methods used in studying these thermal properties were differential thermal



analysis (DTA) and differential scanning calorimetry (DSC), which are quick methods but show
significant discrepancies in the results. PCM materials generally have low thermal conductivity
that slows their charging and discharging process. However, the use of fins can improve this
shortcoming. Lizarraga-Garcia and Mitsos’s study on heat transfer structure has significantly
decreased the cost of thermal energy storage (TES) and improves discharge efficiency and
discharging time of the storage [4].

The use of integrated thermal storage in solar cookers can solve these barriers and enable users
to perform any time indoor cooking practice. Thermal energy can be stored as sensible or latent
heat form. The stored heat in both storages can be used for cooking purpose. However, the later
provide higher storage capacity, compact size, and nearly isothermal heat supply. The motivation
of the present study is to design a PCM storage, which can be used to store heat for baking the
Ethiopian food called Injera.

Injera, a yeast-risen flat bread with slightly spongy texture, is the most common staple food type
served three to four times a day in Ethiopia. A similar food type is also eaten in, Eritrea (Injera),
Somalia (Canjeero), Sudan and Yemen (Lahoh) [5]. Injera demands a significant amount of energy.
The main energy supply for Injera baking comes from biomass as most of the population live
without connection to the power grid. The kitchen of the biomass stove (“Mitad”) is full of smoke
and soot that affects the health of millions. The solar stove designed in this study has tried to give
a solution for this acute problem.

1.2. Back ground on thermal storage and charging

Sensible heat storages such as Rock bed, water, oil etc. are larger storage and the temperature
decays faster compared to latent heat storages of the same capacity. However, these properties can
be improved by combining PCM material in their design as studied by D. Okello et al. [6]. The
PCMs used in solar energy applications undergo solid-liquid phase transition to store the heat and
vice versa to release the stored heat. The use of PCM storage for cooking is increasing and
diversifying with time. For example, H.M.S. Hussein et al. [2] have tested a PCM storage coupled
to flat plate collectors for indoor cooking and heating of food during the evening. In addition, A.
Lecuona et al.’s [1] portable solar cooker with PCM storage enables day and nighttime cooking.

In general, PCM materials have poor thermal conductivities and they took longer time to charge
them. In addition to thermal conductivity, mass flow rate and inlet temperature of the heat transfer
fluid (HTF) affects the charging-discharging process as shown by A.A. Al-Abidi et al. [7].
However, the charging-discharging process can be improved by designing multi stage storages with
different thermo physical properties as shown in Aldoss and Rahman [8] study. Murray and Groulx
[9] have shown the advantage of fast flowing over slow flowing HTF used in PCM charging-
discharging process. In this study, two-phase closed loop thermosyphon based heat transfer was
used to charge the PCM storage. This requires a height difference between the evaporator and the
condenser in the thermosyphon loop to drive the natural circulation by the gravity difference. Two-



phase closed loop thermosyphon is then capable of transferring heat from a heat source to a separate
heat sink over some distance [10]. Apart from nuclear cooling two-phase closed loop thermosyphon
was also used for electronic cooling [11].

2. Materials and Methodology

2.1. PCM storage

The PCM used in the experiment of this study was 20 kg of solar salt (nitrate salt mixture 40%
KNOs3 and 60% NaKO3). Computationally, the latent heat can be described in terms of an effective
heat capacity in a narrow temperature range of melting [12]

o=[mc,dr

g (1)
0.75 T<110°C )
42 110°C <7 <120°C

ColkJ 1kg]=11.4 120°C <T < 210°C
12 210°C < T <220°C
1.6 T>220°C

In this study, two units with frying pan and solar salt heat storage were developed and tested.
The frying pans have imbedded heat transfer pipes. The first frying pan has 30cm diameter, the
fins were attached to it after its casting and machining process was finished as showing in Fig.1

(a).

i

WA

@ (b)

Figure 1: Design and development process of a PCM storage; (a) 30cm stove and (b) 50cm stove

During casting of this unit a silicon additive was used to harden its baking surface, however, this
additive made it very difficult for machining. The second unit was 50cm in diameter and it was



casted after the fines were attached to an aluminum plate serving as a jig for the steam pipe as
shown in Fig. 1 (b). The machining of this unit was easy and the required surface texture was found
using a universal milling machine.

The embedded SS steam pipe in the frying pan acts as the heating element of modern electric
stoves. These units have the same heat storage capacity but they were coupled to two different
collector sizes. The 30cm diameter was coupled to 1.2m parabolic dish filmed with tiles of glass
reflector and the 50cm diameter was coupled to 1.8m parabolic dish collector filmed with alando
solar reflector. These systems were tested at two sites: Norway (63°25'6.94"N latitude) and
Ethiopia (13°28'48.30"N latitude) respectively. The latitude difference gave the units different
baking height and size. Figure 1 (a) and (b) shows the picture of the actual units during development
process, 30cm and 50cm frying pans.

The concentrators’ design are based on polar mounted reflectors with fixed receivers. These
concentrators are coupled to PCM storage with a thermosyphon loop and the systems used real sun
and artificial heating to charge the storage. Table 1 gives the list of sensors and equipments used
during the experiment with these systems.

Table 1: system components

Label Description Label  Description

A Pressure relief valve I Inlet, out let and directional control valves
B Pressure gauge J DC Power regulator

C PCM storage K Parabolic dish reflector

D Inlet steam line L Data logger

E Outlet steam line M Thermocouples

F Tracking sensor N Data recording board

G Sprocket and chain drive (0] Receiver

H

DC motor

2.2. Heat transfer mechanisms
a) Steam based PCM charging

Charging with hot water or oil utilizes the medium’s sensible heat capacity, in which the amount
of energy released per unit volume is relatively low. However, charging with saturated steam
utilizes the latent heat released during its condensation. The condensate exits the PCM storage at
temperatures close to the inlet steam. Figure 2 shows a schematic of the PCM storage and the two-
phase closed loop thermosyphon systems used to charge this storage.
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Figure 2: Schematic of storage integrated solar stove with two-phase thermosyphon loop heat transfer

The loop was first flushed to free any trapped air and filled 2/3 of its volume with water. There is
no expansion tank in this loop design. A boiling-condensing mode of heat transfer technique was
followed to transport the heat from the receiver to the frying pan. Theoretically, the mass flow rate
of the fluid circulating in the loop can be found by conducting a momentum balance around the
loop [13] and the heat transfer in the imbedded pipe is treated as film condensation in nearly
horizontal pipes.

b) Heat transfer between pipe and frying pan
The mode of heat transfer between the stainless steel pipe and aluminum block is a pure
conduction between composite solids as shown in Fig. 3. This heat transfer was analyzed using
Fourier’s conduction equations (3-5).
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Figure 3: Composite materials of aluminum and SS




Assuming small pipe wall thickness (L) compared to pipe diameter:

. dTr
Qeond = _kAE

(3)
. .
dex=—jde )
A5 7

If the small variation of k is ignored the equation simplifies in to:

* kA
0=—(T-T,)
L iTh 5)

L . . .
Where — is the thermal resistance of a material,

The overall thermal resistances of composite wall is treated in the same way as total series
resistance of electric circuit. Assuming 2D geometry for simplicity: the fin and the plate
temperature progress is the same and change in area (A) and thermal conductivity (k) with
temperature is negligible, T3 (fin temperature) is then calculated by:

=g el | 0
S§ Al

¢) Heat transfer to the fins
In a heating plate temperature-time profile, the analysis of the heat transfer rate from the heating

plate (frying pan) to the fins and from the fins to the PCM is performed using eq. (7 and 8)
respectively [13].

Q = P / (7)
p.f RP,/
. T, —T,.
O pevr = % ®)
f.PCM

Theoretically, the temperature development of the fin is found by using eq. (9) and the heat
transfer rate from the fin at temperature, T, to the PCM at temperature, Ty, , in the storage must

equal to the heat transfer rate from the plate to the fin as shown in eq. (10).

dT/’ _ QP'f - Qf,F('m (9)
dt mc,
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On rearranging of eq. (10), the PCM temperature simplifies to eq. (11). Figure 4 shows the
COMSOL mesh of the PCM material adjacent to the fin.

_ TfRPCM,f + TfRf,PCM, (11)

T =
CM
RP,f +R/’,PCM
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Figure 4: Mesh of PCM material during conduction charging
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2.3. Parabolic dish concentrator design

In solar power generation, the use of pressurized steam is a common practice. However, its use
for small-scale application such as cooking is rare. Even though there exists some large-scale steam
solar cookers, they use low-pressure steam. For example, Scheffler steam rice cooker uses steam
in the range of 3bar. However, high-pressure steam solar cookers are not commonly used due to
their technical and safety concerns while generating the steam.

a) Collector design

In this study, a parabolic dish with fixed receiver was used to generate steam in order to charge
the PCM storage. Parabolic dishes can be manufactured from optimized petal shaped sheets with
due attention on precision design and manufacturing as studied by Lifang and Steven [14]. The
other and easier way to get parabolic dish for solar concentration purpose is to customize existing
satellite dishes by filming them with appropriate reflector materials. The parabolic dishes used in
this study are single unit and six petal satellite dishes. The single unit uses tiles of glass mirrors
and the six-petal dish used aluminum reflector with self-adhesive, Miro high reflective 95 and
thicknesses of 0.5mm. The concentration ration (C) of the concentrators depends on the size of the
receiver [15].

A
C=4e (12)
A

b) Receiver design
The receiver used in this research is developed by welding of two cylindrical cups of black steel.
The cups have 100mm diameter, Smm thickness and 40mm height. Figure 5 (a) and (b) shows the
actual pictures of the two receivers used to generate steam using solar radiation and artificial
heating (electric heating element) respectively.



Random temperature measurements in the illuminated area of the solar receiver lies between
300 to 600°C in the 1.2m dish and between 300 to 1150°C in the 1.8m dish. However, larger part
of the receiver is exposed to radiation loss. On the other hand, the heating element coiled around
the receiver, in the artificial heating case, is kept at a regulated maximum temperature of 450°C
and it is well insulated to avoid any loss.

Figure 5 Receiver of a parabolic dish collector: (a) solar test and (b) heating element (before insulation)

¢) Thermal performance
The thermal efficiency of the system is given by the ratio of the useful energy stored to the
energy incident at the concentrator’s aperture. The storage energy is the sum of the energy stored
in the PCM and in the aluminum. Therefore, the thermal efficiency of the system is computed by:

cdl

mAlcpAI (T _7;) tm P
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Where cp is the effective heat capacity of the PCM (eq.2)
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Both normal and diffuse radiation enters the aperture area of any solar collectors. However, in
concentrating collectors only the direct radiation can be focused on the receiver.

The thermal analysis of the system was performed only for its solid phase sensible heat-storing
ability as it was not fully charged. The systems of Fig. 6 and 7 reached 157°C and 187°C of
maximum temperature respectively during the experiments mentioned in this study. Therefore,
their thermal performance during these days was calculated as 19% and 23% respectively. The
performance of the systems was affected by non-smooth manual tracking, dust on the reflector and
some damages on the collector. The system of Fig. 7 use manual tracking after its gear mechanism
was failed and the collector was somehow damaged and was not focusing 100%. In addition, this



system was exposed to higher wind speed, which resulted in higher convective loss from its
receiver and the system as whole. The two systems were tested in two different regions and seasons
and have different global solar radiation.

d) Tracking mechanism

The two units used two different auto trackers to track the sun in the east-west direction. The
1.2m uses a chain and sprocket tracker mechanism and the 1.8m dish uses a gear mechanism. Both
trackers have the same carrying capacity and use the same driving motor (9V DC motor). The
motors get its power from a 10W photovoltaic (PV) source and from a voltage regulator. The gear
ratio of the motors is 1:600 and its shaft runs at 9 rpm. This speed is further reduced in to a 1:10
gear/sprocket ratio to transfer the required torque to track the concentrator. This speed of the motor
allows the mechanism to catch up with the position of the sun in case the sun comes out, after a
longer period with clouds. A light diode and a shading device control the motor. The reflector starts
to track the sun automatically until the sensor becomes perpendicular to the sun radiation. Tracking
happens when the sun shines and if there is no sun, there is no tracking.

e) Insulation
Aecrogel and Rockwool insulations were used to insulate the storage and the steam pipelines
respectively. Although the insulations maximum working temperature is about 650°C, the
maximum working temperature of the systems’ was set to 250°C (by adjusting the pressure relief
valve) and the design thickness of the insulation is 25mm for the storage and 50mm for the pipeline.
The insulations thermal conductivity is 0.03W/Km and 0.07 W/Km respectively and they have the
same surface emissivity of 0.05.

f) Pipe lines

The size of the steam pipeline were 10mm and 8mm pipe with Imm thickness. The 8mm
diameter pipe is used only as a heating element for the 30cm frying pan; however, the 10mm pipe
is used as a pipeline for the two units and as a heating element for the 50cm frying pan. The pipes
have 100bar design pressure but used for 40bar working pressure. The pipeline used Swagelok
connectors and valves. A pressure gage is used to measure the pressure of the steam and regulated
with the help of a safety valve that reliefs the pressure when it passed the preset value (40bar). The
pipeline was used to flash before the beginning of experiment to avoid air inclusion.

3. Results and discussion

The two storage integrated solar stove units developed in this research are shown in Fig. 6 and
7. The polar mounted concept eases the tracking mechanism in the secondary axis. The fixed focus
of the concentrator, receiver, was found suitable for steam generation. The steam circulates
between the evaporator (receiver) and frying pan (condenser) in a closed loop naturally. The steam
carries the heat from the receiver and deposits it on the frying pan (casted aluminum plate). The
fins attached to this plate in return carries this energy to the PCM storage. These units were tested
for indirect charging, simultaneous charging-discharging and discharging of a fully and partially



charged storage. The solar radiation used when analyzing the systems’ thermal efficiency are
shown in Fig. 8 and 9 at NTNU and Mekelle respectively.

The storage charging process has also been simulated using COMSOL multiphysics 4.3. The
2D and 3D simulation results show the 20kg solar salt storage is fully charged in about seven hours,
when it is heated by a 250°C continuously circulating steam. The simulation considers a constant
loss of 15°C from the storage. For model simplicity, the fins in the COMSOL simulation used in
Fig. 10(a-c) has considered circularly rolled plate fins instead of many cylindrical fins. This fin
assumption has an impact on lowering the overall charging time of the storage. The simulation
shows the charging of the PCM found between two fins is very quick as shown in Fig. 10(c),
however, the PCM adjacent to the storage wall and bottom changes its phase very slowly. This
simulation result suggests to half the dimension of the gap between the fin and the storage wall and
bottom. Therefore, the PCM thickness between the fin and the wall and between the fin and the
bottom should be 20mm. Moreover, it was found rolled plate fins charge the PCM quicker than rod
fins. In addition to the PCM charging development, the simulation has also run to show the thermal
resistance effect of the SS pipe wall on the frying pan as shown in Fig. 10(d).

Figure 6: 1.2m parabolic dish with PCM storage (Trondheim unit)
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Figure 7: 1.8m parabolic dish collector with PCM storage (Mekelle Unit)
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Figure 8: Trondheim’s global and normal beam radiation for 25-07-2013
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Figure 9: Global solar radiation of Mekelle on 27-02-2014, when the stove reach 187 C
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Figure 10: COMSOL simulation of PCM charging and heat transfer between SS and aluminum wall

3.1. PCM Storage charging

The charging testing of the PCM storage was carried out from real sun and artificial heat
source.

3.1.1. Trondheim PCM charging-discharging test

a) Simultaneous charging-discharging

When the solar reflector starts focusing the solar radiation on the receiver, the water inside
the receiver starts boiling and a vapor at low temperature starts circulating. The stagnation
temperature of this unit could not reach the melting point of the PCM. The storage was tried to
charge in successive days using the advantage of the PCM material’s heat retention ability.
However, this did not help to charge fully, this was probably due to the losses at the receiver.

Simultaneous charging-discharging was then carried out during the peak hours of solar
radiation. When simultaneous charging-discharging test was started, the circulating steam and
PCM storage had reached a temperature of about 160°C and 150°C respectively. During this
test, both Injera and bread were baked. When the Injera baking was started, the circulating
steam and the PCM storage have experienced a sudden drop in their temperature. However, the
temperature has slowly been raising during the baking period. Figure 11 shows the charging
and simultaneous charging-discharging behavior of the unit.

During the first cycles of the Injera baking, the progress of the storage temperature was very
slow, because there was large radiation loss while taking of the Injera. However, when the
baking surface become suitable as shown in the last two cycles of the Fig 11(b), the baking
speed and storage temperatures have improved.
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(b)
Figure 11: PCM charging and baking practice simultaneously from the sun

In the beginning of Injera baking on this stove, the surface texture of the frying pan was
rough and it stacked the Injeras. Taking out the baked Injera from the surface of stove was a
big challenge. In addition, the quality of the Injera was not attractive. To avoid the sticking
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impact of the silicon mixed aluminum-baking surface, a borosilicate glass has been placed on
top of it as shown in Fig. 12 (D), but the Injera quality was not attractive. The Injera quality
was poor for two reasons. One, the ingredient of the dough was different from the ordinary
Injera ingredient. Secondly, dough contained more water than the expected water flour ratio of
the ideal Injera that comes as a result of the first reason. The sticking nature of the stove results
in longer baking cycle per Injera, which was because of the additional time taken to take off the
Injera from the sticky surface piece-by-piece. Despite of the sticky surface challenge, the
average Injera baking speed was recorded 3minutes/Injera that was quite good compared to
ordinary stove baking speed.

The frying pan has not faced the same challenge during bread baking. The baking surface
was found comfortable during the baking process as shown in Fig. 12 (A and C). Simultaneous
changing-discharging process helps to utilize more energy during the day. However, the storage
charging process takes more time as the inlet heat splits in to charging and baking.

Figure 12: baking process and quality of food during simultaneous charging-discharging

The heat distribution and propagation nature of the frying pan was also simulated in
COMSOL multiphysics. The 3D simulation of the pan when the steam circulating at 250°C in
the SS pipe is shown in Fig. 13. The simulation shows the propagation of the heat in the baking
plate is very fast and the surface temperature reached uniform to the source temperature within
five minutes.
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Figure 13: COMSOL simulation of frying pan with embedded SS steam pipe

b) Discharging of a fully charged PCM storage

An artificial heating element was coiled around the receiver in order to melt the salt fully,
see Fig. 5(b). The heating element has been delivering a uniform and regulated heat. The heating
element was set to a maximum temperature of 450°C, at which it was delivering an average
power of about 700W to the receiver. This power was equivalent to the solar power supply
obtained from a 1.2 m parabolic dish concentrator with 80% optical efficiency and 800w /m?
average beam radiation. The storage took about eight hours of phase change duration.

The temperature development of the steam and the PCM during the charging process are
given in Fig. 14. The stored heat was tested to bake Injera and bread needs of an average
household size, i.e. 19 Injeras and six breads. The stored heat was run for about four hours of
intensive baking and the remaining heat was left to discharge naturally while it was still capable
of performing another cooking. The Injera baking speed of this test was faster compared to
ordinary stove baking speed.

The Injera baking process was carried out while the PCM was in phase transition. During
the baking process, the top and medium part of the PCM have undergone phase transition while
the bottom was still in its liquid phase as shown in Fig. 15. The nearly uniform temperature
drop with short baking cycle during Injera baking shows the role of the heat buffer/storage to
perform isothermal practice.

The sticking problem of the baking surface has been improving with continuous heating and
polishing with oil. Consequently, the baking process and the quality of the Injeras were
improved during this test as shown in Fig. 16. However, the quality of the Injera is still poor
compared to the quality of the ideal Ethiopian Injera, possibly due to different flour mixture.
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Figure.15: PCM discharging through backing
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3.1.2. Mekelle PCM charging-discharging test

a) Discharging of partially charged storage

The frying pan of the Mekelle system was casted from aluminum ingots and has 3cm
thickness that embedded a 10mm diameter coiled SS steam pipe. The plate was machined to
the required thickness and surface finish using universal milling machine. Since the casting of
this plate did not contain any additive, its machining process was easier compared to the frying
pan developed at NTNU. This pan has 120 aluminum rod fins. The fins are 20mm in diameter
and 140mm long. The Al fins were immersed into a 20kg PCM storage that was coupled to
1.8m diameter parabolic dish concentrator. During a one day charging, the storage was able to
reach a maximum temperature of 187°C. The charging was run for successive days to melt the
salt, but the temperature inside the storage could not attain higher temperature.

The next trial for this system is to prove if it works for cloudy seasons in which the available
radiation is not capable of melting the salt. Injera baking test has run for several days from the
partially charged storage. This system has smooth baking surface texture similar to the ordinary
stove and it used oil seeds to polish it. Unlike oil, oil seeds have the ability to give smooth
baking surfaces by filling its irregularities. The several baking tests show smooth baking
process with very good Injera quality, which is the same as the quality of Injera baked on
customary Injera stove as shown in Fig. 17.
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Figure 17: Injera baking process and the final Injera quality

This system has been giving demonstration of solar Injera baking to local media, Mekelle
University communities, and external guests in all the Injera baking process tests. The
demonstration has impressed many students, internal and invited professors from six
universities, media and to the university community at large. In addition to the routine solar
Injera baking on test demonstration, one planed demonstration was arranged. The aim of this
demonstration was to create awareness how solar energy was able to bake Injera and cook the
different common Ethiopian dishes. The university community has appreciated the innovation
of the research’s role in mitigating climatic and health problems caused from extensive use of
biomass fuel during Injera baking and cooking processes. Figure 17 shows the Injera baking
process, which includes polishing, pouring, and taking off and the final Injera.

The Injera baking cycles plotted in Fig. 18 shows the Injera baking process was taking on
average three minutes per cycle. This graph indicates another important point, i.e. during Injera
baking; it is not the surface temperature that matters most but also the heat transfer. In many of
the experiments, the baking surface temperature was unbelievably abled to bake Injera as low
as at 60 and 80°C. For instance, nearly all of the Injera baking cycles shown in Fig. 18 are below
110°C. This result is very attractive compared to literature values (180-220°C), which can
possibility revolutionized the stove technology.
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Figure 18: Injera baking from a partially charged PCM storage

Conclusion

A concept for Injera baking (Ethiopian bread) on top of a heat storage charged from a solar
concentrator has been developed and demonstrated. Heat transfer is by a thermosyphon
principle, with water as the working fluid at about 35-bar pressure. Vapor is generated at the
heat absorber in the focus point of the parabolic concentrator and condenses in coiled tube,
which is casted into an aluminum baking plate. The baking plate has heat-conducting rods
extending into a latent heat storage (“solar salt”, Nitrate mixture). Two systems have been
constructed and tested, one at NTNU (Norway) and one at Ethiopian Institute of Technology —
Mekelle. The following conclusions can be noted:

Injera can be baked on an aluminum surface, provided the surface is sufficiently smooth
and otherwise prepared similarly as for the traditional clay based pan during the frying
process.

Injera can be baked at lower temperatures (110-150°C) than previously assumed (180-
220°C), as long as sufficient heat transfer can be maintained during the baking process.
The required temperature will then depend on the material of the baking plate.

A boiling/condensing natural circulation loop (thermosyphon) is feasible with water as
the heat transfer fluid. As the water volume is small, the high pressure is manageable
but requires high quality pipe and valve components. A boil-off startup procedure is
operationally easy.

The system can be optimized with respect to losses in the heat transfer loop, in particular
at the absorber. The absorber is a spherical boiler in a fixed position, with the solar
illuminated area moving from one side to the other during the daily sun tracking.
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Abstract

The global shift towards renewable energy is manifested in developing countries such as Ethiopia primarily because of continuous
economic growth in the last two decades and secondly due to the vast untapped potential resources. In addition to other factors, the
lack of accurate data of the resources has, however, hampered the development of solar energy technologies. The aim of this paper
is to investigate the resource estimation by undertaking direct measurements at selected sites in the Northern part of Ethiopia.

This paper presents an assessment of the solar energy resource based on the primary data collected between January 2011 and
December 2012. The daily and monthly average global solar radiation is analyzed based on the 10 minute interval measurement
retrieved from the data loggers.

From the analysis it is seen that the measured values give a better accuracy and distribution of the global solar radiation than earlier
Fig.s that were based on satellite images and model calculations. Furthermore, these results can be used to determine the solar
resource potential of Northern Ethiopia for further energy development.
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1. Introduction

The backbone of Ethiopia’s energy supply remains to be hydroelectric power supplying a staggering 90% of the
total electricity while the newly emerging wind energy comprises 3.7% with further wind parks under commissioning.
With only 6.1% of electricity derived from fossil (diesel) generators [1], Ethiopia’s electric energy source can be
dubbed a clean one. Nonetheless, despite the remarkable improvements, more than half of the population is not
connected to the grid and has little or no access to electricity [2]. This segment of energy demand is met by traditional
means of biomass energy where by it contributes to the degradation of the environment through deforestation.

The global shift towards renewable energy is gaining momentum as the technology to harness those resources
further matures. Recent researches in the areas of solar technology continue to produce promising innovative
technologies that not only could bring the costs down but also do increase system efficiency [3]. These factors
certainly boost the initiatives by which developing countries like Ethiopia could benefit by utilizing their untapped
renewable energy resources, albeit indirectly. This is a good news for a country whose economy has experienced a
strong and broad based growth over the past decade, averaging 10.6% per year in 2004/05 - 2011/12 compared to the
Sub-Sahara Africa (SSA) that stood at an average of 5.2% as indicated in the Fig. 1. [4].
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Fig. 1 Ethiopia GDP Growth Rates, 2004 to 2011 [4]

In addition to its double digit economic growth, Ethiopia is the second most populous country in the SSA region
(estimated 84.73 million in 2011) with an annual growth of 2.2%. These factors add up in looking for alternative ways
to supply the ever increasing of energy demand estimated to be growing at 25% annually for the last five years [5]. It
is thus significantly relevant to seek alternative means of satisfying the energy supply of the rural community that is
distributed across a wider range of area in a country known for its rugged plateaus and mountains. Even with the
Ethiopian Electric and Power Corporation’s (EEPCo) continued effort to more than double the generation capacity,
addressing the energy demand of the rural community will continue to be a challenge for which there should be an
alternative other than the grid system. Further issues that are related to the supply and demand of energy in the country
have been discussed in other works [6], [7].

Although the government of Ethiopia (GoE) has yet to ratify an updated energy policy, various developers are
showing their interest to invest in the energy sector. To cater the demands in this sector, the Ministry of Water and
Energy (MoW&E) has prepared a national master plan on the wind and solar energy resources[8]. The MoW&E in its
recent assessment report of solar and wind resources has indicated significant improvements to the previous estimates
from satellite data including that of the Solar and Wind Resource Analysis (SWERA) conducted and was jointly
sponsored by Global Environment Facility (GEF) and United Nations Environment Programme (UNEP) to about
1,350GW potential, up by about 30% [9].

However, there is limited study of solar energy resource assessment in Ethiopia that is based on a consolidated in-
situ measurement of the wind and solar resources. Meteorological stations in the country lack radiation data
measurement equipment and as a result radiation data was only available for the capital city, Addis Ababa [6]. Most of
the studies were based on meteorological data of specific locations estimating total daily or monthly solar irradiance
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with the help of different solar radiation models. Mekonnen [10] has used Simple Model of Atmospheric Radiative
Transfer of Sunshine (SMARTS) that predicts solar irradiance high spectral resolution, and under variable atmospheric
conditions and Vapour Pressure Radiation Model (VP-RAD) which uses average relative humidity. Drake and
Mulugetta [11] on the other hand, have developed a localized radiation-sunshine regression equation based on the data
from seven meteorological stations. Schillings, Meyer and Treb also performed high resolution solar radiation
assessment based on data of the geostationary satellite Meteosat [12].

It is therefore the main objective of this paper to contribute towards establishing an accurate and actual ground-level
data of the renewable energy resources. The scope is, however, limited to sites in the Northern part of Ethiopia where
four sites were selected and studied for their wind and solar energy potential. Hence, the results will be useful to
understand the long-term spatial and temporal distributions of available the solar resources which is fundamental to
determining the potential and feasibility of any solar energy application. Information derived from historical solar
resource data can be used to make energy policy decisions, select optimum energy conversion technologies, design
systems for specific locations, and operate and maintain installed solar energy conversion systems [13].

1.1. Geographical locations of study area

Ethiopia is geographically located between 33° and 48° East longitudes and between 3° and 15° North which is
within the solar belt. This study further investigates the resource estimation by undertaking a direct measurement of the
global horizontal irradiation (GHI) in selected sites on Northern part of the country. These sites are located in the area
called the Geba catchment in Tigray Region, Northern Ethiopia. The catchment covers an area of 5133 sq. km with an
elevation ranging from 955 m to 3295 m with a mean elevation of 2164 m above sea level [14]. The catchment’s
geographical coordinates are 38°38° to 39°48” E (longitude) and 13°18’ to14°15 N (latitude) [15]. The raining season
of this catchment is from end of July to beginning of September the remaining of the year with clear sky. In the region
more than 80% of the population is engaged in agricultural sector. Fig. 2 shows the base map of Geba catchment. Even
though there is no study to date about the energy utilization of this catchment, it is believed that the 80% of population,
dependent on agriculture, has little access to modern energy.
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Fig. 2 Base map of Geba Catchment (a) situation map [15]; (b) measurement sites

The measurements were taken at four selected sites of the Geba catchment using pyranometers mounted on wind
masts at a height of 2m above the ground. This article assesses the solar energy resource based on data collected for
two years between Jan 1, 2011 to Dec 31, 2012. The daily and monthly average global solar radiation is analyzed from
the 10 minute interval measurement retrieved from the data loggers. The four measurement sites are located far away
from industrial towns and are all considered to be pollution free. With limited budget for instrumentation, the selection
of sites had to consider numerous factors. After identifying potential sites with good solar resource estimates from the
3TIER, extensive site visits were undertaken to make on ground assessment for deploying the instrumentation.
Eventually, four sites were selected that were considered as representative of the geographic and meteorological
variations as possible while following recommendations and practices of the National Renewable Energy Laboratory
(NREL) for measurement sites [13].
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Table 1 Name of the measurement sites, location and altitude and duration of measurement

Site Site Name Location Altitude
No Latitude Longitude (m)
1 Dera 13°59.377°N  39°43.849°E 2870
2 Hagereselam 13°39.623°’N  39°11.530°’E 2632
3 Mayderhu 13°17.670°N  39°23.885’E 2512
4 Mekelle University (MU) 13°28.694’N  39°29.244’E 2208
Campus

2. Materials and Methods
2.1. Materials

The instruments were mounted on wind masts that also had anemometers, wind vanes and temperature sensors in
addition to data loggers powered by alkaline battery. The pyranometers used are of type Si-photodiode pyranometers
DS6450 of ®Davis Instruments Corp, USA. The accuracy of the instrument is £5% of full scale and its sensitivity is 1
W/ny, it has operating temperature of -40° to +65°C and range of measurement from 0-1800 W/m?. These sensors
have been a relatively low-cost alternative for irradiance measurements and nowadays are widely used. They are used
to measure global radiation, the sum at the point of measurement of both the direct and diffuse components of solar
irradiance. The readings were logged into a data logger of type “EKO21 N Data logger. Frequent site visits were
conducted periodically to perform inspections for the overall care and maintenance.

2.2. Methods

Measured data logged every ten minutes including the minimum, average and maximum during the interval in the
data logger is stored in a memory card which is retrieved periodically and backed up to a laptop. The data exported in
text format were further processed using statistical tools and spreadsheet. The collected data from each measurement
site was subjected to validation and filtering. Furthermore, daily and monthly average global solar radiation is
calculated and compared for each measurement site to get the temporal as well as spatial distribution of the global
solar radiation in the catchment. Measurements have been conducted since June 2010 and the analysis covers the time
between June 2011 till May 2012. The average daily solar radiation for each month is then plotted as shown in
subsequent figures.

3. Results and Discussion

The daily average solar energy is obtained from the ten minutes average data recorded from the pyranometers. The
solar radiation in W/m? in each ten minute interval for each day is added and converted in to kWh/m*day. The daily
average solar radiation of the four sites is discussed in subsequent sections. It is worth to note that Ethiopia lies in the
tropical zone laying just above the Equator and below the Tropic of Cancer having four climatic seasons where the
summer months of June, July and August are characterized by heavy rain falls and clouds while in contrast, in the
winter dry season that falls in the months between December, January and February is known for its clear sky and hot
temperatures.

3.1. Spatial Distribution
Apart from the temporal variation, it is quite important to investigate the spatial distribution of the global solar

radiation across the region. Previous works did lack that accuracy through employing approximate models and coarse
satellite resolution resulting in poor estimates.
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Fig. 3 Solar Radiation Measurements of 4 sites for years 2011-1012

It can be seen from Fig. 3 that the measurements for the sites of Hagereselam and May Derhu exhibit a relatively
similar trends than the remaining two. Generally higher average measurements are observed during the dry season
with maximum values (>6.5kWh/m*/day ) for the month of February for all the sites. During the rainy season and
more specifically in the month of July, the solar radiation measured is the lowest for all sites, as expected. MU campus
has relatively higher radiation during the dry season while Dera site’s measurements are on the upper end during the
summer (rainy) season with a measurement of 4.634kWh/m*day. Overall, although the average daily values are very
close, their variation across the sites is not quite predictable in every month. This a rather important point when
considering utilization of the resource for concentrated solar power (CSP) and Photovoltaic (PV) application.

3.2. Temporal variation
Although there is only a two years data of the catchment, the variation of the solar radiation with respect to time for
each site gives an insight about the trend of solar radiation distribution in addition to the spatial distribution among the

various sites.
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Fig. 4 Solar Radiation Measurements for Dera Site
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Dera site located at an elevation of 2870m above sea level is considered to lay in the Dega (cool) region of the
climatic zone of Ethiopia. Yet the measurement results indicate that it is still endowed with a considerable solar energy
resource scoring as high as 7 kWh/m’-day daily average solar radiation. Except for the months of June and July, which
are two of the three months of the rainy season, all the daily average values of the remaining months exceed 5
kWh/m*-day.

During 2011, the site recorded a minimum temperature of 1.6°C and a maximum temperature of 27.2°C. In the
meantime, the incident global solar radiation was maximum on March 11 shortly before noon at 11h51 local time with
1202 W/m® while the average yearly daily solar radiation is 230.1 W/m? (including 24Hr data).

The corresponding values for the year 2012 have a minimum temperature of 2.45°C and a maximum temperature
record 24.96°C. Measurements of incident global solar radiation indicate that the maximum value over the year
occurred on March 4 in the afternoon at 12h31 with a value of 1159 W/m”. The overall average yearly solar radiation
is found to be 239.83 W/m”.

Variations are also observed in average values for similar months in both years. Higher values of solar radiation
increments observed for months of July while April sees the highest decrease. It is worth to note that while the overall
trend seem similar, increments are observed for lower radiation values while higher values saw no significant
increments. Although it is too early to conclude on the trends, however, overall average values of year 2012 are
observed to be higher than that of the year 2011 for this specific site.

3.2.2. Hagereselam Site

The daily average measurements of 2012 are higher than the corresponding values of year 2012 for most of the
months except for the months of April and July. July 2012 also was the month with the least daily average radiation of
less than 4 kWh/m?*/day. The site’s maximum temperature occurred in April 15, 2012 in the afternoon reaching a value
of 31.79°C while the minimum was in February 10, 2012 early morning recording 6.87°C. Whereas the readings of
average daily radiation throughout the year was found to be 223.82 W/m? with the single highest incident radiation
measuring 1137 W/m2 recorded in December 9 afternoon.

Hagereselam
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Fig. 5 Solar Radiation Measurements for Hagereselam Site

3.2.3. May Derhu Site

Measurement values at May Derhu site for both the years exhibit a very close resemblance. With the exception of
January and November, the radiation values seem to have less temporal variation. Accompanying temperature
measurements indicate that the site had a maximum reading of 32.44°C during April while the minimum was 6.03°C in
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late January (In 01/25/2012 at 7:49). The average daily global radiation was found to be 237.67 W/m?* while the
maximum incident radiation was 1194 W/m? in the month of September (in 17/09/2012 at 13:17). This site also has
low radiation measurements during the months of the rainy season between June and August with average reading of

less than 4 kWh/m*/day.
8
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Fig. 6 Solar Radiation Measurements for May Derhu Site

3.2.4. MU Main Campus
The measurements for the MU campus site includes 4 months of recording from 2011 and full data for 2012. Due to
meintenance needs of the data logger in this site, no measurements were taken during the period between May to
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December 2011. However, after replacing the data logger, recordings of measurements continued as of January 2012.

With the exception of the months of July and August, the average daily solar radiation is observed to be greater than
5kWh/m%/day. In fact, this site exihibits measurements greater than 6 kWh/m?/day for half of the year in the months
between October and May. As far as the yearly average solar radiation is considered the average value is found to be
236 W/m® while the single maximum incidence of solar radiation was 1209 W/m? recorded on the May 5, 2012 at
13h13 local time.

This site is the nearest one to Mekelle whose solar radiation estimates has been one of the few locations previously
investigated. In its final report the SWERA [9] , [16] has estimated Mekelle’s Average Daily Global Radiation on
Horizontal Surface to be 2.27 kWh/m?/day which is considerably lower than the 2012 yearly average of 5.7412
kWh/m%/day. Yet, NASA’s estimates are found to be the closest with a value of 5.86 kWh/m*/day while results of
CESEN estimates [8] , [16] indicated higher etimates of 6.59 kWh/mz/day.

4. Conclusion

The measurements indicate and justify that the global horizontal radiation of the sites is far greater than the previous
estimates of SWERA. The MoW&E in its recent national master plan report correctly indicates that the Northern part
of the country receive higher radiation due to the movement of high-radiation zone northwards. However, the
conclusion of low solar radiation over the country during the dry season between October to January is not
corroborated by results of the measurements in all four sites. This indicates that there is a strong need for previous
estimates mostly based on models and geostationary satellites reliability to validate their estimates using long term and
in-situ measurements. Based on the two years measurements, the results indicate that Geba Catchment is endowed
with a considerable amount of horizontal solar radiation with an average of 5.59 kWh/m%day. This considerable
potential could a good alternative source of energy for the rural community. The results can also contribute to studies
and developments that are aimed to develop large-scale Photo-voltaic and CSP systems. In conclusion, the measured
values give a better accuracy and distribution of the global solar radiation than earlier Fig.s that were based on satellite
images and model calculations.
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Abstract

Box solar cookers are commonly built with internal sheet metal painted black as an absorber. In order to
increase the performance, a design which incorporates internal reflection is proposed in this paper. The
aim of this paper is to report comparisons made between box solar cookers with and without internal
reflector. Theoretical modelling of the two types of cookers has been made by considering the radiation,
convection and conduction heat transfer employing the thermal network method. The theoretical analysis
made was based on steady state heat transfer analysis of the cookers. Experimental comparisons were also
made on two cookers having the same aperture area and made from the same type of materials except the
internal absorber. The tests were made as per the American Society of Agricultural Engineers (ASAE)
procedure.

The result of the theoretical analysis predicts that the performance will be higher in the cooker with
internal reflector than the same cooker without reflector. The steady state analysis shows that for the
cooker with reflection the temperature of the bottom absorber plate is higher than the cooker without
reflector. Similarly, results of dry test and water boiling test show better performance by the cooker with
reflector. The standard stagnation temperature and the cooking power were higher in the cooker with
reflector as compared to the cooker without reflector. In conclusion, the performance of box solar cookers
can be enhanced by making appropriate angle side walls of the absorber and providing internal reflection.
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1. Introduction

Solar cooking is one of the cheapest alternatives in countries where there is plenty of sunshine. There
are various kinds of solar cooker technologies. One of the simplest technologies is the box solar cooker.
Box solar cookers can be used to cook variety of food items. However, box solar cookers have their own
limitation. It is not possible to cook food items which need high temperature. Hence, the cookers cannot
completely replace other energy sources. It can reduce the dependence on unsustainable use of biomass or
any other non-renewable sources. The other limitation is that box solar cookers need sometime which may
range 2-3 hours to cook food. Compared to electric or biomass stoves, the cooking time is long. This
limitation is probably the most influencing factor for users to accept solar cooking.

Improvements in the performance of box solar cookers will have positive influence in reducing
cooking time and hence increase the acceptance by users. In order to make improvements on performance,
it is essential to look at theoretical models. Such models can be used to study the effect of changing some
parameters on the performance and optimize the geometry, size and materials to be employed. Once such
models are developed experimental tests are necessary to validate the models. The modeling discussed in
this paper is to look at inner reflectors in enhancing performance.

Reflectors on the sides and in the rear of the box are used to increase solar radiation entering into the
cooker. Such reflectors which are commonly made on the outside edges of the box have the advantage of
reflecting solar radiation in to the box. On the other hand, the disadvantages are that the reflector materials
add weight and cost to the cooker and require more frequent tracking to avoid shading. The back reflector
can be kept since it has the additional function of a cover and protection for the cooker glazing when not
in use. The outer side reflectors have to be replaced to avoid the above disadvantages. The design which is
discussed in this paper is to use all the sides of the box cooker as reflector and the bottom as an absorber.

Nomenclature
Ay Aperture area of the cooker [m?]

G Heat capacity of water [J/kg °C ]

G Global solar radiation [W/m?]

I Solar power through aperture of the cooker [W]

Py, Py, Heat input at bottom absorber plate and side plate, respectively [W]
dj Heat flow between nodes i and j [W]

R Equivalent thermal resistance between nodes i and j [°C/W]

SST Standard stagnation temperature [°C]

Tamb T3, Ts Temperature at ambient, node i and at stagnation, respectively [°C]

n Efficiency of cooker
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2. Literature Review

The time needed for cooking food items using box solar cookers is an important factor in acceptance
of the cookers by users. The time needed to cook for different food items are indicated in many reports
and user manuals of cookers, for example [1]. Any improvements in the performance of the box cookers
will have influence in the cooking time. Theoretical analysis coupled with experiments can provide an
optimized option. By making comparison between theoretical and experimental results real situation
thermal behavior can be found. For this reason mathematical structured modeling is useful for designing
solar cookers.

Theoretical modeling of the box solar cookers can be done using different methods. Numerical
methods such as finite difference, finite element and computational fluid dynamics (CFD) are the
alternative techniques. However, the complexity and computational time are high for the methods such as
CFD [2]. The analogy between the equations of heat transfer and electrical circuit can be used quite easily
for the steady state modeling of the cookers. The method is based on the similarities between the
diffusion equation for thermal analysis and electrical circuit analysis. The method is called thermal
resistance network modeling [3, 4]. In this method voltage is analogous to temperature while current is
analogous to heat flow. Hence the nodal analysis method used in solving electrical circuit problems can
be implemented in a spreadsheet to solve for nodal temperatures.

Experimental procedures for performance testing are recommended in international standards. The two
widely reported in literature are the American Society of Agricultural Engineers (ASAE) [5] and
European Committee on Solar Cooking Research (ECSCR) [6]. The standards describe the conditions
during testing, controlled variables, instrumentations and performance parameters.

3. Methodology
3.1 Description of the cookers

The cookers are made from the same types of materials. The outer box is made of wood, the inner box
is made of metal sheet and the upper cover is made of double glazing. The only difference is in the
geometry of the inner metal box. For the cooker without reflector the metal box is painted black all
around the inner surfaces. For the cooker with reflector the sides and front are shaped at 60 degree slope
and the surfaces are covered with reflecting film. Figure 1 shows the schematic diagram of the cookers.
For the cooker without reflector inner metal box is shown in solid lines and for the cooker with reflector
inner metal box shown in dashed lines. The aperture area remains the same for both designs. Table 1
shows dimensions and materials used for the fabrication of the cookers.
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Figure 1 Schematic drawing of the cookers showing the difference between the two designs.

Table 1 Dimensions and materials of the cookers

size

Overall Width

Length

Height at front
Height at back
Aperture area

0.43m
0.48 m
0.15m
0.35m
0.142 m?

Outer box | Wood

Thickness 50 mm

Inner box | Steel sheet

Thickness 1.5 mm

Glazing Glass

Spacing between
upper and lower
glazing

Thickness 4 mm
10 mm
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In order to simplify the modeling the following assumptions are made.

The surfaces of the cookers to be modeled are considered as nodal points and hence isothermal.
The surfaces except the reflector are assumed to be diffuse emitters for thermal radiation.

The input solar energy is assumed to last indefinitely so that steady state temperatures will be

reached.

Proper tracking is assumed hence the solar radiation strikes the absorber plate at zero angle of

incidence.

The cooker is modeled into eight nodal points and the ambient condition is considered as the ninth
nodal point. The node numbering and definition is shown below in Table 2. The bottom absorber plate
and side plate are separately included to consider the difference in the two designs. In the case of the
cooker without reflector the side plate will be an absorber while in the case of the cooker with reflector
the side plate will have no absorption and will radiate the incoming solar radiation.

Table 2 Description of nodes.

Node | Description Temp. | Remark
1 Bottom absorber | T, Solar energy input
plate to the node Py,
2 Side plate T, Solar energy input
to the node Py,
3 Cooker inside air | T;
4 Inner glazing T4
5 Outer glazing Ts
6 Side inner Ts
wooden wall
7 Side outer T,
wooden wall
8 Bottom wooden Tg
wall
9 Ambient Tamb
environment

Figure 2 Thermal network model of the cooker.

The thermal network has been developed by considering the heat flow between each combination of
nodes. The thermal network model of the cooker is shown in Figure 2. The node numbers and the
equivalent thermal resistance between nodes are shown in the Figure. At steady state condition the heat
flowing into a node and out of a node are balanced. The following eight simultaneous equations represent
the heat balance at nodes 1-8. The eight equations are sufficient to find the unknown temperatures. Node
9 is with known condition of ambient temperature.

Node 1: Ppsp, + Qs + qi3tqia =0
Node 4: q41+ qa3 + Qs =0
Node 7: q76 + q7amp = 0

Node 2: Py, + g1 + o3 + @6 =0
Node 5: qs4+ Qsamp = 0
Node 8: qg1 + qgamp =0

Node 3: q31 +qa2 +q34 =0
Node 6: g6 + q67=0
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Where q;j represents the heat flow from node i to node j and Py, and Py, are the heat absorbed at bottom
absorber and side plate respectively. The heat flow between nodes can be written in terms of the
temperature difference (T; — T;) and the equivalent resistance between the nodes R.j; , i.e:

qij = (Ti = Tj)/ Reji

The heat flow between nodes can be a combination of the three modes of heat transfer: conduction,
convection and radiation. Therefore, the equivalent thermal resistance is determined by considering the
three heat transfer modes for the specific nodes. The eight simultaneous equations above can be solved
for the eight unknown temperatures. This can be done using an iterative procedure since the convective
and radiation heat transfer coefficients and hence the equivalent thermal resistances are function of
temperature. The iteration was made on an Excel worksheet. The solution method that was used in this
work was the “optimize” add-in program with Newton-Raphson algorithm. The details of the procedure
may be referred in [7].

3.3 Experimental tests

Two box cookers made from similar materials described in previous section, were fabricated in the
same workshop. The difference was the inner metal box as indicated in section 3.1. The cookers were
tested simultaneously following a standard procedure as recommended by ASAE. The test was conducted
with measurements of temperature using k-type thermocouple and National Instruments (NI) data logger.
The main procedures during testing were:

e  Tests were started at around 10:00 AM and were stopped before 2:00 PM.

e The cookers were kept under shading before the start of the tests and brought to receive solar
radiation simultaneously.
Tracking of the cookers was done every ten minutes.
Thermocouples were attached to the center of the bottom absorber plate during the stagnation
test and were immersed into water during the boiling test.

e Halfliter of cold water was used at each start of the boiling test.

e  Solar radiation measurement was taken from a pyranometer in the nearby campus metrological
station.

e  Wind speed measurement was not taken. Any influence of wind speed is assumed to affect both
cookers equally.

Standard stagnation temperature is found from:

SST = (T — Tamp) (850 W/m?)/G
Solar power input I into the cooker was calculated from:

I=GA,
Cooking power P, during boiling of mass of water ‘m’ from initial temperature T; to final temperature T
during time ‘t’ is calculated from:

P.=mCy(T;— T/t
The cumulative efficiency of the cooker after ‘n’ time intervals is found from:

M = 2Pe/2;
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4. Results and Discussion
4.1 Results of theoretical modeling

The set of simultaneous nodal equations were modeled in an Excel worksheet. The constant input data
as well as data which vary with temperature were entered using lookup tables. The steady state solutions
were then determined using the solver discussed in the methodology section. The results are discussed for
each type of cooker as shown in Table 3 (Cooker 1 is without and Cooker 2 is with reflector).

Table 3 shows the temperature at each node for the modeled cookers. The temperature at the bottom
absorber is T| which is expected to be the maximum. For cooker 1 the result shows T, = 153.8 °C while
for cooker 2, T; = 177.6 °C. This temperature is the maximum stagnation temperature assuming solar
radiation of 800 W/m” and ambient temperature of 24°C. The standard stagnation temperature predicted
by the theoretical modeling is therefore 137.9 °C and 163.2 °C for cooker 1 and cooker 2 respectively.
This shows that there is significant difference between the two designs in terms of the stagnation
temperature. The theoretical modeling predicts that the cooker with reflector can perform much better
than the cooker without reflector.

Table 3 Temperature predictions of the nodes

Node 1 2 3 4 5 6 7 8
Temperature

(°C) Cooker 1 153.8 134.0 131.0 104.5 52.5 40.5 243 273
Temperature

(°C) Cooker 2 177.6 159.2 150.1 121.0 59.8 44.4 24.6 26.2

4.2 Results of experimental tests

Stagnation test

Tests were conducted as per the procedure discussed in the methodology section. Temperature was
measured using thermocouples every ten minutes. The plot of temperature and solar radiation for three
days of testing are shown in Figure 3. The standard stagnation temperature for each day and cooker
design has been calculated and the results are shown in Table 5. The experimental result also indicates
that the standard stagnation temperature of the cooker with reflector is higher than the cooker without
reflector. The difference is on average about 22°C. In comparison the stagnation temperature of the
cookers found from experiment is much less than the theoretical prediction. This is due to an unaccounted
heat loss factors in the theoretical prediction such as leakages around the cooker doors and around the
edge of the outer wooden box. However, the stagnation test also indicates that the cooker with reflector
performed better.

Table 5 Results of stagnation test.

Cooker Day 1 Day 2 Day 3
Maximum Average | SST Maximum Average | SST Maximum Average | SST
temperature | radiation temperature | radiation temperature | radiation
0 W) | (O 0 Wm?) | (C) | (C) (W) | (C)
Without | 106.2 785.6 86.8 103.9 719.3 92.1 86.7 868.6 59.4
reflector
With 129.3 785.6 111.8 | 117.8 719.3 108.5 | 111.3 868.6 83.5
reflector
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Figure 3 Stagnation tests, top to bottom, Day 1, 2, and 3.
Boiling tests

Boiling tests were also done in a similar manner with 0.5 liters of water in a cooking pot inside the
cookers. Figure 4 shows plots of temperature and solar radiation data for three different test days (Day 4,
5 and 6). The cumulative efficiency plots for boiling tests of the same three days are also shown in Figure
5.
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5. Conclusion

The study has clearly shown that in both the theoretical prediction and experimental tests, the
performance of box solar cookers can be enhanced using internal reflectors. The steady state theoretical
analysis predicted difference in standard stagnation temperature of about 25°C. The experiment on
stagnation test also concluded that the standard stagnation temperature was higher by about 22°C.
However, the predicted stagnation temperature for both the cookers was higher than the experimental
value. Similarly the boiling test indicated that the water temperature and the cumulative efficiency were
higher for the cooker with reflector. Therefore, the performance of box cookers can be enhanced by
making appropriate angle side walls of the absorber and providing internal reflection.
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