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A B S T R A C T   

The quantitative understanding of the heat transfer mechanism of injera baking technology is critical to evaluate 
energy consumption, cooking time, and thermal loss of the technology. However, the impact of the heating 
element layout on the heat transfer process has not been studied. Here, this paper studies four heating element 
layout arrangements consisting of a fixed power input with a varying power density as a function of layout design 
to investigate wiring layout impact on product performance. The conduction heat transfer of each heating 
element layout modelled using transient finite element simulation. Results indicate that higher power density 
bear a strong, positive correlation with startup time, which showed a 13% better performance when compared 
with the benchmark. The temperature distribution, however, incurs a 32% higher deviation. Whereas the model 
with the least favourable startup time shows a threefold higher performance than the benchmark. The results 
show wiring layout has influence over the key performance parameter of the technology.   

1. Introduction 

The latest world energy outlook report emphasises the global energy 
crises in the reported year could push over 100 million people back to 
using biomass for cooking [1]. Today, over half of the African popula
tion relies on wood gathering and agricultural and animal waste for 
cooking applications. The traditional use of this energy account for final 
energy use increased by over 40% between 2010 and 2019 [2]. To cope 
with the challenges, the development of efficient and clean cooking 
technologies with integration of renewable energy sources [3,4]has a 
critical role to play in energy democratisation in the developing world. 

In a large part of Ethiopia, 82% of the population including 54% of 
the urban population, rely on solid biomass cooking fuel [5]. The 
traditional cooking setup is based on the use of biomass via processes 
with very low energy conversion efficiency of biomass. In Ethiopia, 
injera (flat bread from cereal teff) baking accounts for 85% of household 
energy use in urban areas [6]. Studies estimated the efficiency with 
which energy is used in the traditional setup of injera baking to be 
around 5–15% [7–10]. In addition, biomass usage for injera baking is 
associated with rapid deforestation and indoor air pollution [11–15]. 
Therefore, to introduce clean energy sources in the energy mix for the 
injera baking process, notable efforts made in the areas of solar, biogas, 

and electric baking technologies. 
In research conducted by Hassen et al. [16] and Tesfay et al. [9], a 

new type of baking system powered by solar energy was proposed. The 
research also focuses on the integration of thermal energy storage in the 
baking system to bridge the mismatch between supply and demand. The 
proposed system introduces parts with a complex assembly process [17]. 
Therefore, the authors need to justify the economic strain of their pro
posed system as it requires higher capital costs and regular maintenance 
for its wide adaptation. Gallagher [18] also produced a solar-powered 
baking mechanism. However, the proposed setup only works for out
door and sunny-environment applications, limiting its use. 

In the biogas realm, research focuses on the development of a biogas 
burner that ensures uniform heat distribution to the baking surfaces [19, 
20], as heat distribution remains the major quality control parameter. 
Still, the thermal efficiency of the proposed biogas technologies remains 
a major concern as the provided air inlet can allow the escape of thermal 
energy. On the other hand, electricity-based injera baking technology 
demonstrated to be dependable and flexible in use. Simple in design and 
small components as shown in Fig. 1, allows the technology to be widely 
available in urban areas. The efficiency of the product ranges between 
45 and 55% [17,21]. Even though the introduction of the 
electricity-powered injera baking technology dated back to the 1980s, 
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there has not been any significant advancement documented. In 2016, 
the Ethiopian Standard Agency (ESA) and Ethiopian Energy Authority 
(EEA) established standards for locally produced electric injera baking 
stoves (ES ISO 04090:2016), and in 2020, a Voluntary Minimum Energy 
Performance Standard (MEPS) for the injera baking technology pub
lished. However, these standards have not yet been enforced and the 
manufacturing of the technology remains the same. 

A typical locally manufactured electric injera baking technology 
requires a power input ranging from 3.5 kW to 4 kW [23], and the 
Ethiopian energy authority’s 2015 report [24] projects the technology to 
reach over a million households in 2020. The estimation indicates the 
use of the technology has a significant strain on the power grid and 
indicates there is a need towards energy efficiency measures in the 
technology. After carefully examining all the available literature on the 
subject, the latest review article authored by Adem and Ambie [23] 

concluded that electric power injera baking stove technology is well 
established, and only requires an improvement in efficiency. 

To improve energy efficiency in the technology, the literature con
centrates on improving the thermal conductivity of the baking plate. 
Ceramics presented as an alternative to clay-made baking plates. Higher 
thermal conductivity and density of ceramics can allow the 
manufacturing of thinner baking plates for rapid heat transfer [16,25, 
22]. Another study [26], introduced new baking plate material which 
they claim to be more efficient, and the authors keep the thermophysical 
properties of the material confidential. Berhanu et al. [27] investigate 
copper powder as an additive material mixed with clay to manufacture a 
composite baking plate. Their study shows the additive manages to 
improve thermal conductivity by 62.4%. However, the effect of the 
proposed composite baking plates on the physicochemical parameters of 
the food remains unknown. 

Researchers also employed numerical methods to facilitate the 
research to optimize injera baking operations’ performance indicators. 
In Ayalew’s PhD dissertation paper in 2009 [28], the Finite Element 
Method (FEM) was used for the first time in the subject area. Following 
the first attempt, similar studies conducted [29,30]. And the Finite 
Difference Method (FDM) was used in the study conducted by Awash in 
2011 [25]. These studies share a similar objective where the baking pan 
alternative material thermal conductivity investigated. All the 
mentioned studies employed 2D transient simulation. However, after a 
careful examination of the injera baking problem and the baking tech
nology, the 2D analysis used in the mentioned literature cannot address 
the problem. The 2D simulations do not resolve and consider the heat 
flow in the third (spanwise) direction nor the true asymmetrical heat 
load boundary condition, both of which can affect the heat transfer 
process. 

In general, the technology has a small number of parts and requires 
no continuous maintenance. In most cases, the stove incurs a repetitive 
heating coil failure. A preliminary survey conducted for this study shows 
that a typical electrical baking stove could need an average of five 
heating coil replacements over its lifetime. The replacement process 
requires a total disassembly, hence, high maintenance costs. In all cases, 
the failure results from the formation of hotspots on the heating element. 
Hot spots on the heating element may result from uneven temperature 
distribution. Higher temperature concentrations at certain portions of 
the element will cause rapid oxidation of the heating element. Local 
oxidation reduces the cross-section of the heating element which in turn 
produces more heat locally and results in heating element breakdown. A 

Fig. 1. Schematic overview of an electric injera baking technology [22].  

Fig. 2. Heating element embedding process: a) Back side of clay plate with groove and resistor embedded; b) Sealed with gypsum; c) Plate dimension.  
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sharp and short pitch distance in the design of the heating element could 
exacerbate this problem. 

To start the baking process, the baking surface needs to reach the 
baking temperature. Various pieces of literature propose 200 ◦C as an 
optimal temperature to start the baking process. The heat-up time of the 
baking plate depends on the power input, the thermal conductivity of 
the plate, the thickness of the plate, and the heating coil arrangement 
[27]. Depending on the factors, the heat-up time may range from 7 to 10 
min. A shorter heat-up time can improve the baking cycle. The second 
parameter is temperature distribution on the baking plate. The baking 
plate has a wide surface area, therefore, uniform temperature distribu
tion across the baking plate is required to avoid overbaking in certain 
portions of the plate. Mineral distribution in the clay used for 
manufacturing the baking pan and heating coil arrangement influence 
temperature uniformity on the baking surface. 

Heating coil arrangement influence both performance indicators, 
however, there is no specific research work on the issue. Despite there is 
evidence that indicates the effect of wiring layout on the performance of 
injera baking technology we could not find any piece of literature 
dedicated to a quantitative understanding of the issue. Therefore, this 
study aimed to quantitatively understand the parametric relation the 
wiring layout has over the performance parameters through numerical 
analysis using four comparative models with different wiring layouts. 
The quantitative understanding of the effect will help to evaluate energy 
consumption, energy cost, cooking time, thermal energy loss, and heat 
transfer behaviour of the technology. 

2. Materials and methods 

The manufacturing of the technology involves three main steps. The 
first step is purely a pottery process where plastic clay moulded into a 
backing plate geometry. The clay plate has a high-quality smooth sur
face finish on the baking surface for waterproofing. The clay product 
then burnt at higher temperature for curing. Since there is no standard 
sizing of the baking plate, the dimensions may vary from one manu
facturer to another and mostly range between 2.5 and 3 cm in thickness 
and between 50 and 60 cm in diameter [31]. The thermal conductivity 
of clay products is dependent on where the clay soil sourced which af
fects the mineral content of the soil type. Studies done by Geng and Sun 
[32] showed that the firing temperature also determines the product’s 
thermal conductivity. 

Next, after a quality check, the clay plate passes to electrical work. At 
this stage, the main objective is to embed the heating element in the 
baking plate. To do that, the backside of the clay plate grooved 

manually, and Fig. 2A present the final product. Because of the differ
ence in thermal conductivity from plate to plate, the depth and pitch of 
the grooves are determined by studying the heating condition of the 
baking surface through trial and error. Therefore, the depth of the 
groove may vary between 1 and 2 cm. For heating purposes, the R09 
nichrome resistor coil with a rated power of 1500 W used as a heating 
element. The R09 resistor has a standard length of 650 mm with a coil 
diameter of 6 mm. The heating coil has a helix structure with no pitch 
dimension when supplied. In the installation process, the wire stretched 
to increase its pitch, aiming to fit the length of the grooved space pro
vided at the bottom of the pan. As the length of the grooved space in
creases, the coil also stretches to cover it. Based on the layout, the coil 
may stretch up to 12 m. The heating element then embedded in the 
groove as shown in Fig. 2A. In all cases, to achieve the length require
ment with an acceptable power density and avoid overstretching, two 
heating coils used and connected in a series configuration. A plaster 
gypsum used to seal the heating element in the grooved area as pre
sented in Fig. 2B. The gypsum layer will have a maximum of 1 mm of 
thickness off from the bottom side of the baking clay pan and the layer 
serves as an electric insulation material [31]. The final stage involves the 
outer bodywork, which has no relevance to the heat transfer process. 

2.1. Simulation setup parameters 

2.1.1. Geometrical modelling 
In this study, the conventional wiring layout will serve as a bench

mark for the parametric study of three newly proposed wiring layouts. 
To prepare the CAD model, the study followed up with the 
manufacturing process of a single baking stove. Fig. 2a shows the 
backside image of the case baking pan after the groves are prepared and 
the resistor embedded. The image used as a direct reference to trace the 
heating element path in the CAD software. Fig. 2b shows the backside of 
the plate sealed with gypsum and all the necessary dimensions of the 
baking plate are shown in Fig. 2c. The case baking plate has a 0.56 m 
diameter and a thickness of 0.025 m. The top surface has an effective 
baking surface diameter of 0.52 m, circled with a 0.02 m higher notch 
that aims to keep the batter inside the effective baking area. On the 
bottom, the groove path is directly traced from the image as shown in 
Fig. 2b, and the case model has a groove depth of 0.012 m and a pitch 
distance of 0.01 m. Thus, there is a 0.013 m effective distance between 
the baking surface and the heating medium. The plaster gypsum has an 
effective thickness of 0.002 m from the bottom surface of the plate. 

The main drawback observed from the conventional wiring layout 
(shown in Fig. 2) is that the layout design has a small pitch distance and 

Fig. 3. Wiring layout design, the red part indicates heat load boundary condition: a) conventional wiring layout; b) model 1; c) model 2; d) model 3.  
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sharp turns. As discussed in the early section, this could result in heat 
spots that result in rapid oxidation of the heating element on turning 
corners. On the other hand, if a wider space is used, the heat distribution 
uniformity on the baking surface could be affected. Hence, when pro
posing a new wiring layout, the smallest distance that can allow a 
minimum of 0.01 m radius is presented as an acceptable turn radius to 
avoid the formation of hotspots. After experimenting with the CAD 
model, the ample gap was identified to be 0.03 m and used in the wiring 
layout design of Model 1 and Model 2 shown in Fig. 3. Whereas, Model 3 
has a 0.04 m pitch distance. The use of different pitch distances will 
result in different contact surface areas that influence the power density 
of the design. All CAD models are presented in Fig. 3. 

2.1.2. Thermophysical property 
The use of refractory material in high-temperature cooking appli

cations has the advantage of higher resistance to temperature-induced 
wear. This property gives the product a longer life cycle. The numeri
cal analysis of a heat transfer problem can be treated using heat diffusion 
equations. The heat diffusion equation requires the density (ρ), specific 
heat (Cp) and thermal conductivity (k) variables. These variables in the 
current proposed problem require an experimental measurement of the 
clay material and the sealing gypsum plaster. Despite different con
straints that come into play to determine the thermophysical property of 
the clay plate, surprisingly three research conducted independently re
ported near similar values. A study conducted by Awash [25] and 
Getenet [29] reports clay property values ρ = 1900 kg/m3, Cp = 835 
J/kg and K = 0.5 W/m2. The latest paper on the topic [27] also reports 
Cp = 790 J/kg and K = 0.5 W/m2. Therefore, in the current study, the 
average value of the reported experimental values was used to get 
representative data to characterise the thermophysical property of the 
clay plate for numerical analysis. 

Gypsum plaster has a wide application in different construction ap
plications worldwide. As a result, there are different studies scrutinising 
its property under different conditions and the thermophysical proper
ties are different across the literature. Therefore, for the current study, 
the thermophysical properties needed to define the gypsum material in 
the simulation were taken from the literature [33,34]. The literature 
highlights that the density and thermal conductivity of the gypsum 
plaster is highly dependent on temperature. In that regard, as the baking 
stove is expected to work between the temperature ranges of 150 and 
200 ◦C, the average value of the required parameter (ρ = 836.4, Cp =
950, and k = 0.25) is used as in the specified temperature range. 

2.1.3. Boundary condition 
SimScale with Code Aster solver is used to perform transient heat 

transfer analysis. During operation, the heat transfer process can be 
analysed as follows: When the electric resistors, embedded in the baking 
pan, are powered, the coil will generate a heat flux. The heat flux is the 
ratio of the resistor power and the heating element surface area, also 
known as wattage (watt density) shown in Equation (1). Embedded 
heating elements have direct contact with both the baking plate and the 
sealing material. Thus, the generated heat flux transfers through con
duction, reaching all corners of the product as a vector quantity. Based 
on this analysis, the conduction heat transfer analysis type was selected 
to solve the problem. Conduction heat transfer treated using Equation 
(2). To account for the time-variant effect of the transfer phenomena, 
Equation (3) treats the problem as transient heat diffusion [34]. The 
thermophysical properties needed to solve the system problem are 
defined in the early section. 

Watt Density= power/ surface area (1)  

q
t
=
kA dT
d

(2)  

∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2 +

q
k
=
ρcp
k

∂T
∂t (3)  

Where q represents heat transfer (w); t represents time (s); k represents 
thermal conductivity; A represents heat transfer area (m2); d represents 
material thickness (m); dT = T1-T2 represents temperature gradient (◦C); 
ρ represents density (kg/m3); Cp represents specific heat (J/kg K). 

The heat transfer problem, in the current problem, has three main 
parts which are the heating element as the heat flux generator, the clay 
baking pan, and the sealing gypsum plaster. The configuration of the 
heat transfer parts allows no relative displacement between two con
nected solid bodies, hence, the contact between parts is defined as 
“bonded contact” in the simulation setup. Following contact definition, 
the initial condition of the problem is defined as the global temperature 
of the system being at 20 ◦C. Next, the heat flux load of the system is 
applied as the only boundary condition. The heat load can be applied as 
a fixed temperature or as a surface heat flux. The problem heating 
element is known; therefore, the power/watt density of the problem can 
be calculated using Equation (1). 

Direct usage of Equation (1) will give a similar power density for all 
cases as a boundary condition. However, direct use of the formula can 
fail to define the heat flux distribution across the given heat transfer 
system and does not define the relationship between the heating element 
and heat-receiving parts. In such a case, the author proposes to define 
the power density of the system as a function of contact surface area 
instead of the area of the heating element. The definition of power 
density as a function of element wattage and contact surface area be
tween the heating element and both the plate and gypsum helps simplify 
the model. 

The proposed function allows the direct application of boundary 
conditions as surface heat flux on the contact surface area without the 
need to model the heating element, reducing the CAD model into two 
parts. The heating medium has a direct heat load on both the clay plate 
and the sealing gypsum; therefore, the contact area is measured as both 
the surfaces of the baking plate and the sealing gypsum. The element 
wattage remains constant in all models as a controlled parameter of 3 
kW. Therefore, the surface heat flux load applied in the simulation for 
each model is defined as the ratio of power input of the heating element 
divided by the contact surface of the baking plate of each model. The 
surface heat flux of the heating element is calculated, and the results are 
shown in Table 1 for each case and applied to highlighted areas in Fig. 2, 
with their respective value. 

2.2. Record keeping and performance analysis parameters 

As indicated earlier, in this study three performance parameters were 
used to conduct a cross-model comparison while using the result from 
the conventional design as a benchmark. The three parameters are heat- 
up time, heat uniformity, and efficiency. This section discusses the 
record-keeping mechanism employed to measure the required parame
ters in the computational environment for a given performance indicator 
of the technology. 

2.2.1. Startup time 
The startup time tells us the duration it takes for the baking floor to 

reach a baking temperature from the surrounding temperature. The 
baking temperature is widely accepted to be around 200 ◦C, in a 

Table 1 
Watt density of the heating element layout design.  

Configuration Baseline 1 2 3 

Rates Power (W) 3000 3000 3000 3000 
Length of grooved space (m) 11.13 6.912 7.42 5.96 
Heat source contact area (m2) 0.21 0.13 0.14 0.11 
Surface heat flux (W/m2) 14299.25 22995.02 21458.66 26891.05  
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temperature range that can vaporise water content in the batter. A 
shorter heat-up time would allow for the early commencement of the 
baking process and fast baking surface temperature recovery between 
the baking cycles. This will increase the total productivity of the process. 
The temperature value calculated over the mesh nodes presented on the 
surface of the baking floor is shown in Fig. 4b over the solution time. 
Both the maximum and minimum temperatures were solved on the 
baking surface. The average temperature distribution of the baking 
surface was also included in the result control parameter. The maximum 
and minimum temperature spots can be located using a colour map of 
the result and the average temperature was used to determine the heat- 
up time. 

2.2.2. Temperature distribution 
As indicated in the introduction section, temperature uniformity 

across the baking surface has a direct relationship with product quality. 
To investigate temperature uniformity, the temperature data were 
recorded on proposed measuring points over the transient time and 
standard deviation was used as a method of statistical analysis of the 
result [18]. highlighted that special attention should be given to the 
temperature data measurement spot at the baking surface and recom
mends a symmetric arrangement of the measuring points in eight 
dominant directions shown in Fig. 4a, and this study adopted the rec
ommended arrangement to place the measurement points. To supple
ment the result discussion, the colour-mapped temperature distribution 
results of the baking surface were used for graphical inspection. 

2.2.3. Thermal performance 
Finally, the concept of efficiency in an injera baking stove differs 

across the energy inputs. In the case of electric baking technology, both 
thermal and electrical terms are used to calculate efficiency. Equation 
(4) presents a general term that is widely used to calculate energy effi
ciency. The technical and performance requirement for household single 
plate resistor-based electric injera baking stove draft standard (ES ISO 
04090:2016) introduced Equation (5) to determine the energy efficiency 
of injera baking technology. The introduced formula encompasses 
operational parameters to calculate efficiency. However, when 
employing numerical methods for product optimization, such as the 
current study, does not necessitate the operational parameters to eval
uate performance. Therefore, it was found essential to introduce a new 
performance evaluation method for the current study objectives. 

η= Total Energy utilised
Total Energy Input

× 100% (4)  

nth(PHU)=
KwmbCpw(Tb − Tiba) + meLv + KfmbCpf (Tba − Tiba)

Input power (Amps x volts x 3.6)
× 100%

(5)  

Where nth(PHU) is the baking technology thermal efficiency, cpw repre
sents specific heat capacity of water, Cpf represents specific heat ca
pacity of teff flour, Lv represents latent heat of vaporisation of water, Kw 
represents water fraction in the batter, Kf represents flour fraction in the 
batter, Tb represents water boiling point, Tiba represents the initial 
temperature of batter, Tba represents baking temperature, mb represent 
the mass of batter, me represents the mass of water evaporation. 

To bridge the gap, the presented study introduces additional per
formance characterization concepts in the baking technology from a 
numerical analysis standpoint. In the early section of the study, the 
operation of the baking technology was analysed. From the analysis, it 
can be understood that there are two main heating phenomena in the 
technology operation. Since heat flux is a vector quantity, the transfer 
phenomena occur in all directions of the baking pan, towards the baking 
area, Fig. 4b, and to the non-baking area of the plate, shown in Fig. 4C. 
In a numerical setup, the value of heat flux can be calculated at a specific 
area of interest. Therefore, a ratio between heat flux values measured at 
baking and non-baking surface as they happen simultaneously could 
give needed insight into the technology performance. 

Qbs
Qnbs

(6) 

Based on that, Equation (6) was proposed as a performance evalua
tion of the baking technology defined as flux ratio, where Qbs indicated 
the heat flux to the baking surface and Qnbs indicated heat flux to the 
non-baking surface. A similar performance analysis approach is used to 
determine aerofoil performance in different industries. From the rela
tion, it can be understood that a higher flux ratio indicates better per
formance of the system. To help record the desired quantities, two result 
control parameters are employed. The baking surface average heat flux 
result control applied to the surface is shown in Fig. 4b, while the non- 
baking surface heat flux control parameter applied to the surface is 
shown in Fig. 4c. 

Fig. 4. Recording keeping a) point temperature data collection; b) baking surface heat flux recording; c) non-baking surface heat flux recording.  
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3. Accuracy of the numerical simulation 

3.1. Mesh independency test 

Prior to the heat transfer simulation, a grid independence study was 
conducted over three grid resolutions. For this purpose, the geometrical 
model of the conventional wiring layout was used. The heat transfer 
occurs between the heating element and the baking plate contact area; 
therefore, a particular effort was made by adding surface refinement to 
ensure the contact surface has higher mesh quality. In this study, with a 
fixed grid ratio of 0.5, three computational meshes were prepared with a 
mesh size of 500 K, 1 M, and 2 M cells. 

For a comparative study, the average temperature of the baking 
surface was recorded for every 30s intervals of the 900s simulation time 
step. A transient heat transfer simulation was conducted for all three 
cases with similar boundary conditions discussed in the early section. 
The result of the numerical calculation is presented in Fig. 5. The 
average temperature value of the coarse mesh size and the intermediate 
mesh size recorded a coefficient of divergence (R2) value of 0.994, which 
is lower than the tolerance value of 1%. A similar R2 value is also ob
tained when the result of the coarse mesh is compared with the fine 
mesh size as shown in Fig. 5B. The final figure shows the comparison 
result of moderate and fine mesh size and a remarkable R2 value of 1 
obtained, exhibiting there is no result dependency resulting from the cell 
size difference. Considering computational efficiency, the mesh gener
ation setup used to generate the intermediate mesh size was adopted for 
further simulation conducted in this study. 

3.2. Model validation 

Because of the absence of comprehensive experimental studies 
recognizing the current study objective, experimental results were 
needed to adequately validate the numerical accuracy. First, a produc
tion of the baking technology with a conventional wiring layout was 
followed at the host production enterprise. After the compilation of the 
technology production, a test run was conducted on a case clay pan 
shown in Fig. 2. Using a non-contact infrared thermometer, the tem
perature at the centre of the clay baking plate was measured for 600s 
with 30s intervals. The experiment was conducted following a test 
procedure outlined in a technical standard (ES ISO 04090:2016). 

At the beginning of the measurement, the surrounding temperature 
was recorded at 18.7 ◦C. For calculation purposes, the author proposed 
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Fig. 6. Comparison of temperature value from experiment and numerical 
simulations. 
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that the initial global temperature be set at 20 ◦C after the power supply. 
To achieve the desired initial temperature, the baking stove was pre
heated to 20 ◦C through continuous monitoring of the temperature at the 
proposed centre point of the pan before beginning the record keeping. 
The record-keeping was conducted manually by registering the value on 
a timesheet. After the temperature of the baking surface was calibrated, 
the record-keeping continued for the proposed period, and the cali
brated temperature was considered as the initial time step. A tempera
ture comparison between the experiment and the recorded data was 
used to evaluate the accuracy of the numerical result. 

In the computational model, the simulation is set up following the 
parameters discussed in section 2.3 using the conventional wiring layout 
geometrical model shown in Fig. 2b depicting the exact geometrical 
feature as that of the experimental baking plate. The probe point at the 
centre of the geometrical model shown in Fig. 5a proposed to record the 
numerical temperature value with a similar time interval as that of the 
experiment. This allows the generation of a similar data set with the 
experiment result that can be directly compared. Fig. 6 compares the 
temperature value in the numerical simulation and the experimental test 
of the baking pan. In general, the temperature value obtained in the 
numerical simulation is lower than the corresponding temperature in 

the experimental test with a larger deviation at the start and final stage 
of the record keeping. A good agreement was found in between. The 
deviation may occur from external environmental effects in the experi
mental setup that the simulation setup does not consider. Nonetheless, 
the root mean square error of approximation between the experimental 
and numerical temperature result is 0.022 showing a good fit. 

4. Results 

The result section was divided into two parts. In the first section, the 
baseline study performance result was presented whereas the second 
section presents all three newly proposed wiring layout performances. 
The result of the three performance parameters of the case models is 
presented in each own subsection. 

4.1. Baseline study 

The three performance parameters that this study investigates are 
heat-up time, temperature distribution and efficiency. In action to point 
data of the temperature distribution results, a graphical inspection of the 
heat distribution on the baking surface was also presented. 

Fig. 7. Temperature record on the baking surface.  

Fig. 8. Temperature distribution on the baking surface.  
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4.1.1. Heat-up time 
The heat-up time for the current study was accepted as 200 ◦C. As 

highlighted in the early section to help measure the heat distribution 
simulation result at the baking surface, a result control parameter was 
used, and the result is presented in Fig. 7. The horizontal axis represents 
the simulation time value where the result is recorded, and the vertical 
axis shows the corresponding temperature value recorded at the baking 
surface. The result shows there is uneven temperature distribution on 
the baking surface which will be discussed in the next subsection. 

For comparison observation, the maximum and minimum tempera
tures recorded at the baking surface are plotted on the graph. The linear 
trendline analysis of the three temperature values in the plot shows an 
upward trend where the maximum temperature (Tmax) has an increasing 
trend slope of 15.7 and the minimum temperature (Tmin) on the baking 
surface has a 3.77 increasing trend. The conventional wiring layout 
average temperature (Tavg) distribution on the baking surface passes the 
acceptable baking temperature of 200 at 570s, establishing the design 
heat-up time. 

4.1.2. Temperature distribution 
Fig. 8 presents the colour-mapped temperature distribution result of 

the conventional heat coil layout on the baking surface for four repre
sentative solution times of 330, 420, 510, and 600 s after the power 
supply is initiated. Graphical inspection of the numerical result can help 
identify the potential cold and hot spots on the baking surface. As the 
time step increases, the temperature at the baking surface increases 

revealing both the hot and cold spots on the surface. The colour map 
result is scaled linearly to illustrate a temperature range between 20 and 
350 ◦C. 

The colour-mapped result shows that the layout design creates a cold 
spot at the centre of the baking plate. The wiring layout also has a hot 
spot at the edge of the pan. The review of the layout design shows at the 
middle of the plate the pitch distance of the heating element is larger. 
This creates a cold spot as observed. Whereas the hot spot occurred 
because of a small heating coil pitch gap. The graphical inspection of the 
colour-mapped result illustration highlights the cold and hot spots of the 
wiring layout design. To have a better quantitative understanding of the 
temperature distribution, the recorded temperature at the 33 measuring 
points, Fig. 4a, was analysed to draw a statistical relation. 

The result presented in Table 2 and only seven of the total 32 solution 
time presented in the table. The standard deviation of the temperature 
result on the 33 locations shows a 13% increase in average for every 90s 
increase in the solution time. However, as the temperature increases 
with a direct relation to the solution time, the standard temperature 
deviation recorded on the location tends to decline. This shows the 
conventional wiring layout has better temperature uniformity across the 
baking surface at a higher working temperature. 

4.1.3. Thermal performance 
The applied boundary condition has a surface flux property, and the 

transport phenomena in the system defined by the thermophysical 
properties of the material determine the system energy performance. 
The applied surface heat flux has a fixed value that is not time depen
dent. The applied heat flux spontaneously flows along the temperature 
gradient between the heating element and the baking plate. In the 
presence of a constant supply of heat flux from the heating element, the 
temperature will increase over time as shown in Fig. 7 on the baking 
surface. However, heat flux on the other hand, implied by the energy 
conservation principle that is dictated by the first law of thermody
namics, remains constant once the optimal transfer is reached. 

Therefore, as the solution time increases, the heat flux value is ex
pected to reach thermal equilibrium. This indicates the system’s ability 
to transfer the applied heat flux in the desired direction defines the 
system’s performance. Fig. 9 plots the average heat flux value recorded 
on both baking surface and non-baking surfaces indicated in Fig. 4b and 
c. In the graph, the black bar indicates the average heat flux value that 

Table 2 
Summary of temperature measurement on the probe points for conventional 
wiring layout.  

Baseline model Temperature (◦C) 

Observation 
points 

Time step 
(s) 

Mean Std. 
Dev. 

Maximum Minimum 

33 60 42.3 10.6 59.0 22.0 
33 150 77.3 13.0 99.0 36.0 
33 240 112.1 14.9 139.0 58.0 
33 330 146.0 16.7 176.0 83.0 
33 420 179.4 18.4 209.0 109.0 
33 510 212.4 20.0 242.0 136.0 
33 600 245.1 21.7 278.0 164.0  

Fig. 9. Heat flux delivery to the baking surface and non-baking surface.  
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Fig. 10. Temperature recording on the baking surface: a) model 1; b) model 2; c) model 3.  
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reaches the baking surface and is considered useful energy utilised for 
baking operations. Whereas the brown bar indicates the average heat 
flux value delivered to the baking plate’s non-working part. 

The heat flux transfer to these parts is an undesired transfer of en
ergy. The plot shows the system heat flux transfer rate reaching equi
librium on both surfaces after 150 s of solution time. The energy 
performance of the system is calculated using the newly proposed per
formance calculation, Equation 7, using the average heat flux value 
recorded at 570s, system heat-up time. The system delivers a total of 
827 W/m2 of heat flux to the baking surface and 106 W/m2 of surface 
heat flux delivered recorded on the non-baking surface. Therefore, using 
Equation 7, the heat flux ratio of the baking and non-baking surfaces of 
the system is calculated to be 5.3. 

4.2. Proposed wiring design performance 

Each subsection presents the result from the three new proposed 
design models. 

4.2.1. Heat-up time 
Fig. 10 demonstrates the temperature measurement of the baking 

surface of all three models. In the case of model one, Fig. 10a, all the 

temperature measurements show an upward trendline over time. The 
maximum temperature trendline has a 13.6 slope value whereas the 
minimum temperature recorded on the surface has a 3.51 trendline 
slope. The average temperature value has a 9.79 slope increment rate. In 
model two, the maximum, minimum and average temperature all show 
an increment slop value of 14.5, 0.78, and 11.3, respectively. Finally, 
model three, Fig. 10c, recorded 17.5, 0.64, and 11.1 slop increment rates 
on the maximum, minimum and average temperature on the system, 
respectively. The result shows that designs two and three have lower 
performance in delivering heat in all parts of the baking surface. 

The near solution time indicates model one passes the baking tem
perature of 200 ◦C at 600s solution time, whereas the near solution from 
the graph indicates model two and three the average temperature at the 
baking surface passes the baking temperature at 540s solution time. 
Since the employed recording method has a 30s gap, the exact solution 
time that the average temperature reached the 200 ◦C threshold is not 
recorded. To fill the gap, a linear interpolation is used to calculate the 
result using the adjacent values and the result indicates that model two 
reached the threshold at 515 s, whereas model two has a startup time of 
522 s. 

Fig. 11. Temperature distribution on the baking surface: a) model 1; b) model 2; c) model 3.  
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4.2.2. Temperature distribution 
Fig. 11 presents the temperature distribution of all the new proposed 

layout designs in four-time steps. All the colour-mapped results pre
sented in Fig. 11 have a linear temperature scale that ranges from 20 to 
350 ◦C. The graphical heat distribution result distinctly shows the wiring 
layout on the baking surface as a function of temperature distribution. In 
configuration one, shown in Fig. 11a, the circular arrangement of the 
coils exhibits a total of six cold spots that are positioned on the vertical 
centre line of the model. The vertical line has a pitch distance of 0.03 m 
that passes at the centre, separating the round curve of the lateral coil 
turning points. This arrangement aided by a turning radius creates a 
wider gap between the coils and leads to the formation of cold spots. 

Similarly, model two, illustrated in Fig. 11b, also exhibits cold spots 
on the vertical line passing through the centre; the main cold spots occur 
at the outer part of the braking surface. This is the result of the hori
zontal arrangement of the heating element, as it experiences a shorter 
length due to the circular shape of the pan and the turning radius further 
increases the pitch. Despite the cold and hot spots formed at the vertical 
centre line, the model has a genuine uniform heat distribution when 
compared with model one. Model three in Fig. 11c experiences cold 
spots in the upper section of the baking surface. The short and sharp 
heating element turns introduced in the design decrease the pitch dis
tance that intensifies the hot spots formation at the outer opposing 
heating element vertical lines, making it the least favourite of the models 
under graphical inspection. 

To further study the temperature uniformity quantitatively, the 
result at the probe point was analysed and presented in Table 3. As 
discussed earlier, using the measurement points in eight dominant di
rections from the centre of the baking surface, a total of 33 probe points 
were used. The temperature value at each measuring point is recorded 
for 32 solution steps of the transient simulation and only four solution 
times are presented in the table for each model. The recorded result 
standard deviation was calculated to determine temperature uniformity 
between the measuring points. A smaller deviation value indicates that 
the system has a uniform temperature distribution. The standard devi
ation calculation indicates for model one at a baking temperature so
lution time of 600s the temperature deviation was recorded to be 46 ◦C. 
Whereas for models two and three temperature deviations within the 
observed points at the respective start-up time were recorded to be 34 ◦C 
and 39 ◦C, respectively. From the presented result, model two has a 
better temperature distribution. 

4.2.3. Thermal performance 
As shown in the graphs presented in Fig. 12, models two and three 

show a slightly higher heat flux delivery to the baking surface than 
model one. This is related to the higher power density the system has. 
However, the systems also have a deficit in releasing more heat through 
the non-baking surface. The higher heat delivery to a non-baking surface 
may reduce the flux ratio of the designs. Using equation (6), the flux 
ratio of models one, two, and three at the respective heat-up time are 
32.31, 4.17, and 5.07, respectively. And the flux ratio result shows that 
even though model one has the least amount of flux delivery to the 
baking area than the other models, the minimal heat delivery of the 
system to the non-baking surface has helped achieve a higher flux ratio. 

5. Discussion 

The new layout design follows two major design constraints. The first 
constraint is aimed at manufacturing and electrical work convenience, 
where both ends of the heating element need to start and end at the edge 
of the pan. Second, the layout design aims to maintain a uniform pitch 
distance and parallelism between adjacent parts of the heating coil 
across the design. To separate the coils, a pitch distance of 0.03 m is used 
for models one and two and 0.04 for model three. To avoid a sharp turn 
of the heating coil that could lead to heat flux concentration and lead to 
damage, a radius of 0.01 m was introduced in every corner of the design. 

In general, the new designs lead to a significant reduction of contact 
surface area between the heating element and the baking surface when 
compared with the baseline design and a parametric analysis was con
ducted to investigate its effect on the product performance. The tradi
tional conventional model requires the coil stretched over an 11 m 
length. Whereas, the new layout shown in Fig. 3a, b, and c has 37.1%, 
32.58%, and 45.8% less length than the conventional design, respec
tively. This leads to an increment in the system power density as shown 
in Table 2. The result presented in Table 4 proves the layout design of 
the heating element has a direct impact on the performance of electric 
injera baking technology. The qualitative and quantitative examination 
of the four models indicates every wiring layout has its own positive and 
negative sides. 

The conventional wiring layout has the best heat distribution from 
the proposed models; however, the design has the second highest heat 
transfer to the non-baking surface, compromising its performance. 
Despite model one having the highest system efficiency, it has the lowest 
temperature distribution on the baking surface, which threatens product 
quality. Further analysis of this kind opens a challenge for finding a 
subtle balance between the product performance parameters in the 
wiring layout design process. However, the basic need of the user should 
guide the optimization process. To identify the priority of the user, a 
post-analyst survey was conducted that allowed the product user to rank 
their prioritisation on the three-performance evaluation parameters. 
The survey overwhelmingly shows that uniform temperature distribu
tion over the baking surface is highly prioritised as it relates to the 
quality of the baked goods. Secondly, the survey participant listed effi
ciency as the priority where cost-saving was mentioned as an influencing 
factor for the decision. The heat-up time ranked last. This prioritisation 
should constrain the performance optimization of the baking stove in 
future studies. 

6. Conclusion 

In this study, the impact of heat element wiring layout design on 
electric injera baking technology performance parameters has been 
investigated. For this purpose, a numerical study was employed to 
investigate the proposed wiring layouts and the layouts were evaluated 
based on impact on system efficiency, thermal distribution, and system 
heat-up time. The result shows that the wiring layout has a significant 
influence over the technical performance parameters. The heat-up time 
was found to be highly dependent on the heating flux surface area of the 

Table 3 
Summary of temperature measurement on the probe points for the proposed 
design.  

Model 1 Temperature (◦C)  
Observation 
points 

Time step 
(s) 

Mean Std. 
Dev. 

Maximum Minimum  

33 330 108 37 198 108  
33 420 136 41 229 136  
33 510 165 44 259 165  
33 600 193 46 289 193 

Model 2 Temperature (◦C)  
Observation 
points 

Time step 
(s) 

Mean Std. 
Dev. 

Maximum Minimum  

33 330 116 26 153 55  
33 420 151 30 192 78  
33 510 187 34 230 103  
33 600 223 37 269 123 

Model 3 Temperature (◦C)  
Observation 
points 

Time step 
(s) 

Mean Std. 
Dev. 

Maximum Minimum  

33 330 113 35 178 74  
33 420 147 38 216 104  
33 510 181 39 252 136  
33 600 215 40 288 168  
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Fig. 12. Heat flux delivery to the baking surface and non-baking surface: a) model 1; b) model 2; c) model 3.  
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wiring layout. The proposed model with a lower supply heat surface area 
was found to achieve the heating up temperature 13% faster than the 
conventional model. However, this model was found to have 81% less 
uniformity in thermal distribution. The result also found a model with 
the worst thermal distribution achieved a threefold performance 
improvement. The result presented here clearly shows that the wiring 
layout has a direct effect on the performance of the baking technology. 
Since the baking technology has multi-performance parameters, the 
study of the baking technology wiring layout optimization presents 
property trade off challenges between the parameters. To guide future 
research in the field that aims to find a subtle balance between the 
performance parameters, the study recommends temperature distribu
tion as the major priority followed by system efficiency and start-up time 
to evaluate wiring designs. 
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Performance comparison.   

References baking temperature of 
200 ◦C 

Heat transfer performance Probe point temperature 
distribution 

Models Startup time (s) Baseline 
comparison 

Baking surface (W/m2) Non-baking surface (W/m2) Flux Ratio Baseline 
comparison 

Std. Dev. Baseline 
comparison 

Conventional 570 – 825 106 5.5 – 17.68 – 
One 600 11% 907.10 28.07 32.31 361% 37.51 112% 

Two 540 7.6% 1072.94 257.31 4.17 45% 27.95 58% 

Three 522 13% 1135.80 224.01 5.07 32.4 32.12 81.6%  
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