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Abstract: This study presents the development, performance evaluation, and environmental impact
assessment of an optimized biogas-powered injera baking stove designed to enhance energy
efficiency and reduce greenhouse gas emissions in rural Ethiopia. The system integrates a 45° conical
burner, insulation, and optimized air-fuel mixing to achieve a thermal efficiency of 36% —more than
double that of traditional three-stone biomass stoves. Experimental results show a 40% reduction in
energy consumption per injera, with combustion characterized by stable blue flames and uniform
heat distribution. Analytical and empirical evaluations indicate that widespread adoption of this
stove by 5 million rural households could reduce national CO; emissions by 3.8 million tons annually
and yield energy savings of 23,160 TJ (6.43 TWh). In parallel, injera quality —measured by porosity,
texture, and flexibility —was consistently high and culturally acceptable. The findings demonstrate
that the biogas stove offers a sustainable, efficient, and appropriate alternative to wood fired mass
stoves, with significant implications for clean energy transitions and climate change mitigation.

Keywords: biogas stove; injera; thermal efficiency; CO:z emission reduction; energy saving

1. Introduction

Injera, a spongy flatbread made from teff, is Ethiopia’s staple and culturally significant food,
consumed daily across nearly every household. Its preparation is highly energy-intensive,
traditionally carried out using wood-fired stoves. This process contributes significantly to national
fuelwood consumption and places pressure on forest resources. The inefficiency of conventional
injera baking methods, particularly the widespread use of three-stone stoves, results in high energy
demands and extensive environmental degradation [1].

Ethiopia’s energy mix remains dominated by traditional biomass sources, which account for
approximately 89% of the total national energy supply. In contrast, modern energy sources such as
petroleum and electricity contribute only 7.7% and 3%, respectively, despite large investments in
hydropower infrastructure [2]. The ongoing reliance on firewood for injera baking not only limits
progress toward sustainable energy goals but also accelerates deforestation.

Yet, Ethiopia is well-positioned to transition toward cleaner alternatives, particularly biogas.
With an estimated 56 million cattle generating about 280,000 tons of manure daily [3], there is a
substantial resource base for anaerobic digestion. Household-scale biogas systems can produce
between 0.5 and 1.2 m® of biogas per day from livestock manure [4]. Co-digestion with agricultural
residues, such as cereal straws and coffee husks—of which over 12 million tons are produced
annually—can further enhance methane output by up to 22% [5]. Additionally, integrating
wastewater treatment streams, such as brewery effluent, has been shown to increase biogas
production and improve waste management efficiency [6].

Technological developments are enhancing the performance and viability of biogas systems.
Innovations such as artificial intelligence-based digester control, nanoparticle-enhanced microbial
activity, and IoT-enabled monitoring have contributed to improved methane yield, thermal stability,
and system reliability [7]. Financial feasibility studies in Ethiopia suggest that household-scale biogas
systems can achieve economic viability within 3.2 to 4.1 years, depending on regional conditions [8].
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However, widespread adoption faces several challenges, including high initial costs limited user
maintenance capacity, and cultural preferences for traditional wood-fired injera preparation [9].

Despite these barriers, biogas technology presents a compelling pathway for Ethiopia’s energy
transition [9]. It supports renewable energy production, reduces pressure on natural forest resources,
and provides co-benefits such as digestate for use as organic fertilizer [10]. While biogas-based injera
stoves represent a promising alternative to traditional biomass systems, current designs still exhibit
limitations in heat distribution, which affects the uniformity of injera baking [11]. While solar cookers
have been considered for injera preparation, their reliance on variable sunlight and limited heat
output render them unsuitable for meeting the high and consistent thermal demands of traditional
injera baking [12].

This research aims to develop and evaluate an optimized biogas stove specifically designed for
injera baking, targeting four key areas: (1) improving thermal efficiency by enhancing heat transfer
mechanisms; (2) maximizing fuel savings through air-fuel ratio optimization; (3) achieving uniform
heat distribution compatible with traditional injera preparation methods; and (4) assessing
environmental benefits such as firewood displacement and CO, emission reduction. The stove is
intended to serve as a practical and culturally aligned solution for both household and small-scale
commercial applications in rural and peri-urban Ethiopia.

2. Method and Materials

2.1. Design and Construction of the Biogas-Powered Injera Baking Stove

The biogas-powered injera baking stove was designed and constructed from mild steel,
galvanized mild steel was used for the gas pipe. The stove was fabricated using a combination of
rolling, cutting, drilling, and welding techniques. Gypsum was chosen as the insulating material. The
design features a conical combustion chamber at the top of the stove, where combustion occurs. The
combustion chamber, with a diameter of 450 mm and fixed at a 45° inclination.
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Figure 1. Biogas Injera baking stove.

2.2. Instruments, Testing Protocol, and Data Collection

A comprehensive evaluation protocol was developed to assess the biogas-powered injera baking
stove, combining controlled laboratory experiments with real-world field observations [13]. The
study employed a comparative design, testing the biogas stove using standardized 45 cm clay mitad
baking surfaces . All trials followed the ISO 19867-1 (2018) testing standards and were conducted in
triplicate to ensure reliability. Key performance metrics included thermal efficiency measured
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through a modified Water Boiling Test [14], pressure was monitored using water manometers, baking
time recorded with precision timers, and cooking surface temperature tracked via infrared
thermometer [15]. Injera quality assessment incorporated both quantitative and qualitative measures,
including pore uniformity (15+2 pores/in?) evaluated through visual inspection, thickness consistency
(2.040.3 mm) verified with digital calipers, and mechanical properties tested via standardized folding
procedures [16]. The economic analysis utilized established cost-benefit modeling techniques to
calculate fuel savings and payback periods, while adhering to the Clean Cooking Alliance's
Performance Testing Guidelines for quality assurance [17]. The study utilized various instruments
and materials, including a digital weighing scale for measuring batter and injera mass, a thermal
imaging camera and infrared thermometer for analyzing heat distribution across the baking pan, a
biogas plant as the fuel source, a plastic tank for batter storage, a traditional sefied for removing
cooked injera.

Biogas Flow Rate and Pressure

Volumetric biogas flow rates were measured with pressure U-water manometer gauge (Figure
2), while flow dynamics were modeled using a modified Bernoulli equation, [18]

Q = 0.0467C 4, \/% 1

where Cd (0.85) is the discharge coefficient, Ao the nozzle area, P the absolute pressure, and s
the biogas density (0.94 kg/m? at STP). The key equation (2) that relates gas pressure to flow is
Bernoulli’s theorem (assuming incompressible flow) is as follows [19].

Py 4_;Pvlz =P, *—2,01722 2
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Figure 2. Flow and Pressure Measurements.

2.3. Preheating, Baking Time, and Idle Time

The thermal and operational performance of the optimized biogas injera stove was assessed by
measuring three key time parameters: preheating time (duration to reach optimal baking temperature
of 230°C [20], baking time (active injera production period per batch), and idle time (intervals
between batches with the stove lit but inactive) .

Measurements were conducted under standardized conditions with a fixed biogas flowrate of
0.6 m?®/hr. Trained operators manually recorded timings using digital stopwatches. Data collection
began at ignition (preheating), first batter pouring (baking), and between batches (idle). Each trial
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included three full baking cycles, with all values logged in triplicate to ensure consistency and
reliability (ISO 19867-1:2018).

2.4. Surface Temperature

To support heat loss estimation and combustion analysis, surface temperatures were recorded
at critical components of the stove: the top and bottom surfaces of the injera baking pan, the stove
cover, the combustion chamber cone, and the insulation layer [21]. These measurements are crucial
for identifying thermal gradients and loss pathways that impact efficiency and user safety [22].

Temperature data were collected under steady-state conditions using infrared thermometer
placed at designated points on the stove body. The results are summarized in Table 1.

Table 1. Surface Temperatures of Key Stove Components.

No. Component Surface Temperature (°C)
1 Injera Baking Pan (Top) 230

2 Stove Cover 72

3 Injera Baking Pan (Bottom) 400

4 Insulation Layer 102

5 Combustion Chamber Cone 225

2.5. Environmental Influence on Quality of Injera and Baking Time

Moisture content was analyzed using AOAC method [23] . Weight (W) of the dough and weight
of water was placed in plastic container and weight of injera is measured after baking.

The initial moisture content (Mo) of the batter was determined by weighing the individual
weight of water (Ww) and flour (wf) used in preparation. Mo = Initial moisture content and It was
calculated as follows [24].

__wy
Mo = Wy +Wp

x 100 3
w,,= = Weight of water
W= Weight of flour
As the batter bakes, the moisture content M(t) changes as water evaporates. The rate of moisture
loss can be modeled using the evaporation equation [25]:

M(t) = Moe_(Tinj_Tamb)t 4

Where:

a = Evaporation constant (depends on batter, airflow, and altitude).

Tinj = Injera surface temperature (°C).

Tambient = Ambient temperature (which varies with altitude)

M,= Initial Moisture Content

The baking time for injera was calculated using an evaporation-based model incorporating
environmental parameters and a crust correction factor (Table 2). The fundamental equation for
baking time determination is:

M
n o M
t=( (/(t)))xC 5
“(Tinj_Tamb)
t represents the total baking time (seconds)
M, is the initial moisture content of the batter (dimensionless)
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M(t) is the target moisture content after baking (dimensionless)

a denotes the evaporation constant (s7°C1), adjusted for local conditions
Tinj is the injera surface temperature during baking (°C)

Tamb is the ambient temperature (°C)

C crust is the crust correction factor (dimensionless)

Table 2. Evaporation Constant (a) Adjustment Formulas.

Factor Formula

Baseline (Sea Level) asea~0.001 s-1°C (for injera batter)

Altitude (h) Psea
Ap1t=Aseq ﬁ

-h
Proc = Pseqe /1800

Humidity (RH) aRH = ag;. (1 — RH)
Airflow Xairflow = aRH.C,
No fan, C=0.000575

Batter Thickness Cori = 1

thick kS

D
Porosity (Cpagter) 1.0 (dense) to 1.3 (porous)
3. Energy Analysis

Heat transfer within the stove was analyzed using standard conduction, convection, and
radiation equations. The total energy required for baking was modeled. The heat energy demand of
a biogas-powered Injera baking stove can be calculated using the following fundamental equation
[26]:

Q =mbatterCp(Tboil — Troom) + (Wepaphfg) + Qioss 6

Where:
Q = Total heat energy required (in MJ )
Mparrer= Mass of batter (Mitad)
Cp = Specific heat capacity of the batter
Tyoi = Boiling Temp of water
Tr0om = Room Temp
hsq = Latent heat of evaporation
Quoss = Heat lost to surroundings due to inefficiency (radiation, convection, conduction)
Wevap =M, — My (Initial moisture content (M,) and Final moisture content M)

The major structural components contributing to heat loss include the aluminum pan cover, the
bottom, and the side surfaces of the baking stove. Heat is transferred from the primary heat source —
the injera baking pan—to the surrounding components and the baked product (injera).Figure 3
schematically represents the paths of heat flow through the stove structure, highlighting radiation
and convection as the dominant heat transfer mechanisms. Accordingly, the total heat loss from the
stove system was estimated by summing up radiative and convective losses from the top, bottom,
and sides, based on the following equation derived from standard heat transfer principles [27].

Total heat loss (Qiossesy was calculated as the sum of radiative (Qrad) and convective (Qconv) losses
from each region in equation 4 :

Qlosses= Z(Qrad,top + Qconv,top)+(Qrad,bottom + Qconv,bottom)+(Qrad,top+QConv,top) 7
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Thermal energy losses were evaluated via radiation and convection from three critical regions
as shown in Figure 3.

Top: Baking pan — aluminum cover — ambient

Bottom: Baking pan — combustion cone — ambient

Side: Pan/cone — gypsum insulation — ambient

Figure 3. Heat Transfer Path.

Radiation Heat Transfer

The net radiative heat transfer between two gray, diffuse surfaces with different temperatures
and emissivity is described by the generalized Stefan-Boltzmann law [28]:

Q _ G-ASur-(T514_T524) 8
rad — 1 1
Gt D
s1 €s2

The convective heat transfer between the pan ,bottom, upper and side part of Stove :

Convection is the transfer of heat between a stove surface, combustion gases within the stove
enclosures and ambient air.

The convective heat transfer is given by Newton’s law of cooling [18]

Qeonv = hine-Asur- (Ts1 — Ts2) 9

Heat Transfer Between the Pan and Side Part of the Stove

In this study, the upper part of the stove—comprising a cylindrical pan fabricated from mild
steel and surrounded by gypsum insulation—serves as a critical pathway for heat flow [29]. The heat
transfer between the pan and the side structure of the stove involves a series of heat transfer
mechanisms: convection from the hot gases or inner stove volume to the inner surface of the steel
wall, conduction through the wall, and convection from the outer wall surface to the ambient
environment (Figure 4). This layered mechanism governs the radial energy flow from the high-
temperature stove interior to the external environment.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Heat transfer through insulator.

(Thot=Tcold) 10

2nriLhg; " 2mKsL 2mKgL' 2mKsL ' 2mraLhco

Qeyl =

Where, Tp,, is the temperature on the hot side (°C), T, 14 is the temperature on the cold side (°
C) and 11, 12, 13, 14 are the concentric radius of the internal diameter of different layers. Ks and Kg is

the thermal conductivity of steel and gypsum, respectively (W/mK), hiand hoare the convective heat
transfer coefficient.

Empirical Correlations for Heat Transfer Coefficients

To accurately estimate the convective heat transfer coefficients in various parts of the biogas
injera stove, empirical correlations based on Nusselt number (Nu) were employed (Table 3). These
correlations relate the Nusselt number to the Rayleigh number (Ra) and are applicable for natural
convection regimes, as observed in the stove system. Following the guidelines in Reference [32]. This
correlation is suitable for horizontal flat plates subjected to natural convection.

Table 3. Empirical correlation applied to heat transfer.

Component Characteristic Nu Ra, Range References
Length Lc (m) | Correlation
Combustion  Cone | 0.20 Nu=0.59Ra/s | 105<Ra<107 [30]
(Bottom)
Baking Pan | 0.225 Nu=0.54Ra"/+ | 10<Ra<10° [31]
(Horizontal)
Pan Cover (Top | 0.225 Nu=0.27Ra'/+ | 105<Ra<10” [31]
Cone)
Side Insulator (Wall) | 0.20 Nu=0.59Ra /4 105<Ra<107 [30]
Grashof number ( Gr) = gB(TSU;ZTW)ﬁ, B= Ti , T = TstTeo, Rayleigh number (Ra) = Gr=Pr, 11
f T2
Reony = xdkom , Convective Heat Transfer Coefficient 12
Rrqq = €0 (Ty + Tourr) (Ts* + Toyrr?), Radiation heat transfer Coefficient 13

3.1. Thermal Efficiency

Thermal efficiency is a critical performance metric for evaluating the effectiveness of a biogas-
powered injera baking stove, as it quantifies the proportion of energy extracted from the biogas fuel
and converted into useful heat for baking injera [32]. In this study, thermal efficiency was evaluated
based on both the sensible and latent heat involved in the baking process and the input energy
derived from biogas consumption using parameters ( Table 4) [33].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Eabsorbed:Qsensible+Q1atent= mbaerp ( Toil- Troom)+(mbatter—minjera)hfg 14

The energy input to the stove is derived from the biogas used during the baking process. The
biogas consumption is determined by the biogas flow rate and the calorific value of the biogas [34].
Total energy consumed= Total biogas consumed. Calorific value of biogas

n = Energy Absorbed + 100 15

" Total amount of Biogas Consumed=Calorific value

Combustion Stoichiometry, Air-Fuel Equivalence Ratio (A) and Flame Color

The combustion of gas involves mixing air with fuel gas, igniting the biogas resulting in air-gas
mixture. The chemical reaction of combustion of biogas containing 60 % methane and 40 % carbon
dioxide and air mixture is shown below [35].

To optimize combustion performance, stoichiometric analysis was conducted based on the
biogas composition utilized in this study (60% CH,4 and 40% CQO,). The stoichiometric air requirement
was determined to be approximately 5.72 m? of air per 1 m® of biogas, derived from complete
oxidation of methane [10]:

CH4+2(02+3.76 N2)—CO2+2 H20+7.52 N2 16

Assuming standard ambient conditions, the required air volume was used to calculate the air—

fuel equivalence ratio (A), defined as [19]:

Actual Air Supplied

" Stoichiometric Air Required

Combustion regimes were classified as follows:

A = 1: Stoichiometric (ideal, blue flame),

A < 1: Fuel-rich (incomplete combustion, yellow flame, soot),

A >1: Fuel-lean (cool flame, lower efficiency).

17

Targeting A = 1 allowed for maximized combustion efficiency and thermal output while

minimizing pollutant formation.

n(A) = Ao. (1 — a(d = Astoc)?)

Table 4. Experimental Inputs and Reference Values for Thermal efficiency.

18

Qp(1) = Qmax-n(A)

19

Item Parameters Reference

Biogas Pressure gauge Reading(kpa) 5 Experimental
Volume flow rate (m3/hr) 0.600 Experimental
Mass of dough  (kg) 0.58 Experimental
Mass of injera (kg) 0.232 Experimental
Moisture mass loss 0.348 Experimental
Specific heat capacity of batter (kJ/kg-K) 3.6 (19)

Room temperature (°C) 21 Experimental
Boiling temperature of water (°C) 93 (18)

Latent heat of vaporization of water (kJ/kg) 2260 (19)

Calorific value of biogas (kJ/kg) 22,000 (18)

Heat-up time 20 min Experimental
Baking time to bake 1 injera 3 min Experimental
Idle time between injeras 3 min Experimental
Total number of injera baked 15 Experimental
Calorific value of biogas( kJ/kg ) 22,000 (35)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Total number of injera baked 15 Experimental

4. Economic Feasibility and Energy Saving Analysis: Input Parameters

The energy savings achieved by transitioning from a traditional wood-burning stove to a biogas
stove for injera baking were quantified by comparing the energy consumption of both systems under
standardized conditions (Table 5). The energy savings (ES) were calculated as the difference between
the energy required for wood combustion and that for biogas, expressed as [32]:

Energ:VSaving = EnergyBiogas - Energy Wood 20
Energyconsumea =M. Co.n 21
Where:

mruel is the mass of fuel consumed (kg or m?3),

CvFuel is the calorific value (MJ/kg or MJ/m?),

n Stove is the stove efficiency expressed as a decimal

Energy wooq, is the energy required using biomass,

Energygiogas stove is the energy used by the biogas stove.

To compute the amount of fuel required and the associated cost, following relationship was used
[8,32,36]. The actual input energy Qi, needed to meet the useful energy demand depends on the
thermal efficiency of the stove. To compare the cost-effectiveness of the biogas-based stove with the
traditional wood-fired injera baking stove, we adopt an empirical framework that evaluates the cost
of useful energy required for daily baking operations in a typical Ethiopian household [1,36,37]. The
daily useful energy demand, Q,, required to bake injera is calculated as.

Qq = NXEy, 22

The actual input energy Qi, needed to meet the useful energy demand depends on the thermal
efficiency of the stove

Q
Q; = 7‘1 23
Fuel required = 24
LHV
C¢=Fuel requiredX C,, 25
CAnnual = Cf X365. 26

Where:

LHYV = Lower Heating Value of the fuel
Cu = Unit cost of fuel

Cannuar = Annual cost of fuel

Cr = Cost of fuel

N= Number of injera baked per day,

E= Useful energy required per injera(M]J)
Qd= daily energy demand (M]/day),

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 5. Energy Saving Calculations Parameters.
Parameter Biomass Stove | Biogas Stove References
(Wood-Fired)
Thermal Efficiency 15% 36% [38]
Annual Injera Consumption 7.375 billion kg 7.375 billion kg [21]
Specific Fuel Consumption 0.535 kg/kg injera 0.244 m3/kg injera | [39]
Energy Content 15 MJ/kg 20 MJ/m? [38]
Injera Consumption per Person per
295 kg 295 kg [21]
Year
Injera Consumption per
1475kg | - Calculated
Household per Year
Biogas Consumption per kg Injera | — 0.244 m3 Experimental
5,000,000
National Biogas Adoption -
households
Fuel unit cost $0.25/kg $0.05/m? [17,36]

This study employs a quantitative optimization methodology to minimize the Levelized Cost of
Biogas (LCB) for injera baking through Excel-based modeling (Table 6). The LCB model integrates
variables such as feedstock availability, digester efficiency, and household energy demand, aligning

with methodologies used in sub-Saharan Africa for decentralized biogas system.

Table 6. Material and Operational Cost of Stove.

No. Type Size Cost (USD)
1 Clay Pan 45cm (Dia),1.5cm(Thickness) 8
2 Lid 45cm (Dia),20cm (Height) 15
3 Sheet Metal 2000mm*1000mm*1.5mm 40
4 Gypsum Insulation 2kg 0.6
5 Gas Supply Line with valve " 2
6 Exhaust RES 20mm*30mm*1.5mm and length 5
180mm
” Machine Cost 15
(Cutting, Drilling, Welding)
8 Labor Cost 10
9 Biogas Plant 1800
10 O& M 100/year
11 Discount rate 11%
12 Life span 20
13  Biogas production 2.5m?/day
Total Cost 1895

The total Present Value (PV) of costs over the 20-year project lifespan quantifies the current

monetary worth of all future expenditures, discounted at an annual rate of 11%. This analysis

aggregates the initial capital investment (100/year). The O&M costs are discounted using the annuity

formula [36].

Coam
a+nt

PV = Ceqp

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The system's total biogas production is calculated by multiplying the daily output by the number
of operational days over the project lifespan. The Levelized Cost of Biogas (LCB) is a financial metric
that represents the average cost per unit of biogas produced over the entire lifespan of a biogas plant,
accounting for all capital and operational expenses. It is expressed in USD per cubic meter (m3) of
biogas and allows for [40].

LCB = Total PV Cost 28

Total Biogas Produced’

5. Climate Mitigation Estimation

Assuming a potential adoption by five million rural households (Table 7), national estimates for
firewood savings and CO, emission reductions were computed to highlight the macro-level
implications of technology transition [32,41,42].

Table 7. Input Parameters for CO, Emission.

Parameter Biomass Stove Biogas Stove Reference
CO; Emission Factor 1.83 kg CO/kg wood 1.9 kg CO»/m3 biogas (39)
National Adoption - 5 million households 3)

AECO2 = Eyyp0a co, — Ebiogas COo, 29

Ewood co, = Annual CO, emissions from biomass stove (kg CO,/year)
Egiogas co, = Annual CO, emissions from biomass stove (kg CO,/year)

6. Result and Discussion

6.1. Thermal Efficiency

The experimental evaluation of the biogas-powered injera baking stove demonstrated
substantial thermal performance improvements when compared to conventional biomass-based
stoves. The system achieved a measured thermal efficiency of 36%, representing more than a two-
fold increase over traditional three-stone stoves, which typically operate at 10-15% [1,43] .

This notable improvement was primarily the result of several targeted technical innovations,
including a precision-engineered 45° conical burner, 3 cm thick gypsum-based insulation, and
optimized air-fuel mixing [44], where the excess air coefficient was maintained near A = 1, ensuring
efficient combustion with minimal heat loss [32,45] .

In particular, the conical burner geometry promoted uniform flame distribution and stable blue
flame characteristics, indicative of complete combustion, while the insulation minimized conductive
losses to the stove body [46]. The integration of these design features enabled the system to reach a
thermal efficiency comparable to or exceeding modern improved cookstoves used in other biomass
or gas-based applications [47].

The stove's energy requirement per injera was also significantly reduced. On average, the biogas
system required only 706 k] per injera, compared to the 800-1,200 k] typically consumed by firewood-
based baking systems such as the Mirt stove or traditional three-stone arrangements [39]. This
represents an energy reduction of approximately 40%, further emphasizing the stove’s efficiency and
sustainability advantages.

In addition to improved fuel utilization, the biogas stove contributes to lower indoor air
pollution, faster baking cycles, and enhanced user comfort, making it a compelling clean cooking
solution aligned with national clean energy strategies and international climate mitigation
frameworks [21].
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6.2. Flame Color and Combustion Quality

The color of the flame serves as a visual diagnostic for combustion efficiency and completeness
[48]. As illustrated in Figure 5, the optimized biogas stove was designed to maintain a stable blue
flame, signifying high combustion efficiency and effective thermal transfer to the baking surface. This
feature not only improves overall energy utilization but also reduces indoor air pollution and
enhances the quality of the injera. Visual flame assessment therefore serves as a practical and
immediate indicator of combustion quality in household energy systems. A blue flame typically
indicates complete combustion, characterized by optimal air-fuel mixing and a high-temperature,
clean-burning reaction that results in the efficient conversion of fuel to heat energy. This combustion
state also ensures lower emissions of unburned hydrocarbons. In contrast, a yellow or orange flame
is a sign of incomplete combustion, often caused by a deficiency in oxygen supply or poor mixing,
which results in the formation of soot and other pollutants.

Figure 5. Flame color.

6.3. Heat Loss Characteristics

Accurate evaluation of heat loss pathways in biogas-powered injera baking stoves is essential
for improving overall system efficiency. Based on analytical calculations, the heat losses during each
baking cycle were estimated from various stove surfaces: 4.2 MJ from the sides, 5 M] from the bottom,
6.3 MJ from the pan surface, and 3 MJ from the top, as illustrated in Figure 6. These values correspond
to 17.4% heat loss through the bottom, 17% through the sides, 14.48% through the pan, and 10.34%
through the top, relative to a total input energy of 29 M]J required to bake 15 injera.

These findings align with earlier studies indicating that uninsulated or poorly shielded stove
components can result in substantial thermal losses, especially from the bottom and lateral walls,
which are in continuous contact with ambient air or poorly conductive materials [21]. Moreover,
radiative and convective heat loss from the pan and top surfaces contributes to overall inefficiency if
not properly mitigated through insulation or heat recirculation designs. Hence, addressing these
thermal loss points is critical for improving the energy performance and fuel economy of the stove.

Percentage Description of Heat Loss

14.48%

10.34%

17.24% = Input Energy 29M]
= Energy Utilized 10.5M]

’ = Side Loss 5M]J
Bottom Loss 6.3M]
= Top Loss 3M]J

= Pan 4.2M]

Figure 6. Percentage of Heat loss.
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6.4. Temperature Profile During Stove Operation

The temperature profile observed during the operation of the biogas injera baking stove reveals
three distinct thermal phases: preheating, active baking, and idle. As shown in Figure 7a, the
preheating phase is marked by a gradual rise in temperature from ambient conditions 21°C to the
target baking temperature of 230°C within 20 minutes. This rapid thermal response suggests efficient
biogas combustion and high heat transfer efficiency between the burner and the pan surface [44]. The
ability to reach baking temperatures quickly is a key performance indicator, signifying low energy
losses and strong thermal coupling [29] .

During the active baking phase, the pan temperature stabilized around 230°C, with minimal
fluctuations. This stability indicates a consistent combustion process and uniform thermal output,
which are essential for ensuring even heat distribution and the formation of quality injera with
uniform texture and eyelet patterns [2]. Maintaining a steady baking temperature also minimizes
variations in injera quality across batches, which is crucial for household acceptability.

As the baking session progresses, a gradual temperature decline is observed during the idle
phase, although the surface temperature remains above 120°C for a significant period. This residual
heat is beneficial, as it supports immediate subsequent baking without the need for complete
reheating —thus reducing biogas consumption [40]. The stove’s ability to retain heat reflects high
thermal inertia and effective insulation design, which are advantageous both in terms of energy
efficiency and user convenience [49].

Overall, the observed thermal behavior across the three phases—rapid preheating, stable
baking, and heat retention —demonstrates the stove’s high energy performance and its suitability for
continuous injera baking in domestic contexts [50]. Thermal imaging revealed exceptional heat
distribution uniformity across the injera baking surface (Figure 7b), with temperature differentials
consistently maintained within 25°C, a substantial improvement over earlier stove models ([11]). This
uniformity in heat distribution was primarily attributed to the conical flame geometry of the
optimized biogas burner, which ensured even heat application across the 45 cm clay pan surface—a
critical factor for achieving proper injera structure and texture.

The temperature variation of only 25°C across the pan surface is significantly lower than the
55°C variation observed in previous biogas injera baking stoves ([11], reflecting the benefits of
improved burner design and pan contact efficiency. Such thermal consistency enhances not only
product quality —resulting in uniformly browned, evenly cooked injera—but also contributes to
energy savings, as less heat is wasted or unevenly distributed [51].

Moreover, the stable thermal profile reduces the likelihood of undercooked or burnt sections,
which often occur with irregular heat zones in traditional setups. These improvements confirm that
targeted burner geometry and improved heat transfer mechanisms can significantly elevate both the
efficiency and performance of injera baking stoves [47].

Pan Temperature (°C) vs
Time(min)

250
200

Temperature
[y
o
o

Time

Figure 7. a. Temperature Vs time 7b. Heat Distribution.
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When comparing the current biogas stove's performance with that of previous studies, several
notable improvements were observed. The initial heating time in this study was reduced to 20
minutes, compared to 25 minutes. Additionally, the baking time for each injera was reduced to 3
minutes, compared to 4 minutes in the earlier study. The reheat time was also shorter, dropping from
4 minutes to 3minutes, thus improving the stove's overall efficiency [52].

These findings suggest that improvements in stove design, such as better heat distribution and
faster heating, have contributed to the enhanced performance observed in this study. Furthermore,
the lower energy consumption and faster baking times are likely to lead to higher productivity and
lower operating costs, making biogas stoves a more viable option for household injera baking.

6.5. CO, Mitigation of Biogas Injera Baking Stove

Based on the specified parameters, the annual injera consumption for 5 million rural Ethiopian
households is estimated at approximately 7.375 billion kilograms. Utilizing respective specific fuel
consumption values, this translates into an estimated 3.944 billion kilograms of wood for traditional
biomass stoves and 1.800 billion cubic meters of biogas for improved biogas stoves.

Applying standard CO, emission factors—1.83 kg CO,/kg for wood and 1.9 kg CO,/m? for
biogas—the total direct combustion-related annual CO, emissions are estimated at 7.22 million tons
for biomass stoves and 3.42 million tons for biogas stoves. A comparative summary is provided in
Table 2. These results indicate a potential annual reduction of approximately 3.8 million tons of CO,
if biogas stoves were adopted by the 5 million households currently using biomass.

It is important to note that this analysis focuses exclusively on direct emissions from fuel
combustion. However, the broader environmental benefits of biogas adoption extend well beyond
these calculations.

The findings underscore that even partial adoption of biogas stoves—reaching 5 million of
Ethiopia’s 22 million rural households—can yield significant and measurable climate benefits.
Nationwide scaling of this transition could substantially contribute to Ethiopia’s Nationally
Determined Contributions (NDCs) under the Paris Agreement. Additionally, it aligns with the
Sustainable Development Goals (SDGs), particularly SDG 7 (Affordable and Clean Energy) and SDG
13 (Climate Action), reinforcing the multifaceted value of clean cooking technologies in rural
development and climate strategies.

6.6. Energy-Saving Benefits of the Biogas Injera Baking Stove

The analysis reveals a substantial energy saving when transitioning from traditional biomass
(wood-fired) stoves to biogas-powered stoves for injera baking in rural Ethiopia. For a population of
5 million households consuming a total of 7.375 billion kilograms of injera annually, the traditional
wood-fired stoves require approximately 3.944 billion kilograms of wood, equating to a total energy
consumption of 59,160 (TJ). In contrast, the same demand can be met using 1.800 billion cubic meters
of biogas, which corresponds to only 36 billion MJ of energy. This translates to a net energy saving of
23,160 TJ per year, or roughly 6.43 TWh. These savings stem from the higher combustion efficiency
and better heat transfer characteristics of biogas stoves, as well as the absence of energy losses
associated with moisture content in firewood. The 39% reduction in energy use not only underscores
the superior thermal performance of biogas stoves but also indicates their potential to significantly
lower the national energy burden associated with household cooking. Furthermore, this
improvement in energy efficiency directly supports climate goals, resource conservation, and
household energy resilience in off-grid rural areas.

6.7. Injera Quality

Environmental conditions—particularly ambient temperature, relative humidity, and altitude —
significantly affect moisture loss during injera baking and influence final product quality [24,33]. As
ambient temperature rises, air holds more water vapor, accelerating moisture evaporation from the
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batter [40,51]. Moderate heat improves drying efficiency, but excessive temperatures can lead to over-
drying, surface cracking, and a loss of the desired soft and spongy texture. Careful thermal
management is therefore essential to retain moisture without underbaking [24].Relative humidity
influences the evaporation gradient. Low humidity accelerates moisture loss, potentially producing
injera that is dry and brittle. In contrast, high humidity slows moisture removal, yielding a softer
texture but increasing the risk of stickiness or underbaking unless heat input or baking duration is
adjusted (Table 8). Combined, high temperature and low humidity maximize moisture loss but often
degrade softness and structural integrity. Conversely, lower temperatures with high humidity retain
moisture but can result in incomplete baking. These findings emphasize the importance of
environmentally adaptive baking strategies.

Table 8. Effect of Environmental Factors on Moisture Loss and Injera Quality.

Environmental Factor Effect on Moisture Loss Effect on Injera Quality
1 Ambient Temperature 1 Evaporation | Softness; risk of cracking
| Ambient Temperature | Evaporation 1 Moisture retention; may

cause underbaking

| Relative Humidity 1 Moisture loss | Sponginess; 1 Brittleness
1 Relative Humidity | Moisture loss 1 Stickiness; may reduce
porosity

The optimized biogas stove consistently produced injera with high-quality characteristics:

uniform thickness (2.0 + 0.2 mm), porosity (15-17 pores/in?), and excellent flexibility —able to fold
180° without cracking (Figure 8). These properties align with traditional tests and cultural standards
in Ethiopia and the Horn of Africa [53].
Its symmetrical, conical burner design ensured even heat distribution, promoting the formation of
the characteristic "eyes" (honeycomb structure) and consistent surface browning. Shelf-life tests
showed injera maintained freshness and palatability for up to 72 hours, equaling or surpassing
traditional biomass-baked injera [54].

Figure 8. Injera Quality.

At higher altitudes, reduced atmospheric pressure lowers the boiling point of water, extending
baking times and slowing moisture evaporation ( Figure 9). This can lead to denser, less spongy injera
if stove parameters—such as biogas flow and heat intensity —are not adjusted to compensate for
reduced heat transfer efficiency. These findings highlight the critical need to tailor stove operation
and baking strategies to local environmental conditions to ensure consistent product quality.
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Figure 9. Effect of Environmental Condition on Baking,.

6.8. Economical Feasibility

The economic comparison between biogas and wood-fired stoves reveals significant long-term
advantages for biogas adoption. On an annual basis, the biogas stove demonstrates superior cost-
efficiency, consuming only 0.244 m? of fuel per kilogram of injera prepared, resulting in an annual
expenditure of approximately $54/ year for an average household. In contrast, traditional wood
stoves require 0.535kg of fuel per kilogram of injera, leading to yearly costs of about $0. 79/year. This
translates to substantial savings of $25 annually (a 31% reduction in fuel expenses) for households
that switch to biogas technology.

While the initial investment of $1,895 for the combined stove and digester system may appear
prohibitive, the payback period analysis shows this cost can be recovered through fuel savings alone
within seven years [53]. The financial viability improves markedly with supportive policies - when a
50% subsidy is applied, the payback period is effectively halved to just 3.5 years. These economic
benefits are further enhanced when considering the additional value of slurry byproducts for
agricultural use and the avoided costs associated with health impacts from wood smoke exposure.
The long-term economic proposition becomes even more compelling when factoring in the rising
costs of firewood due to increasing scarcity and the time savings from reduced fuel collection
burdens, particularly for women and children in rural households.

7. Conclusions

This study presents a comprehensive evaluation of an optimized biogas-powered injera baking
stove, highlighting its significant improvements in thermal efficiency, energy savings, emission
reductions, and product quality compared to conventional biomass-based systems. The stove
achieved a thermal efficiency of 36%, more than double that of traditional three-stone stoves,
primarily due to design enhancements including a precision-engineered 45° conical burner and
optimized combustion air-fuel ratios.

The system demonstrated exceptional energy savings—reducing energy consumption by
approximately 23,160 TJ or 6,430 GWh. annually across 5 million rural households. This translates to
a 39% reduction in energy use compared to biomass-based baking systems. Additionally, the stove’s
ability to maintain a stable blue flame and uniform heat distribution across the baking surface ensures
efficient energy utilization and consistent injera quality.

In terms of environmental benefits, the transition from biomass to biogas cooking could reduce
national CO, emissions by 3.8 million tonnes per year, contributing directly to Ethiopia’s climate
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commitments under the Paris Agreement. These reductions are primarily attributed to lower specific
fuel consumption and more complete combustion rather than differences in emission factors.

The biogas stove also produced injera that met traditional sensory and cultural quality
standards, including optimal porosity, flexibility, softness, and uniform thickness, affirming that
technological advancement need not compromise culinary authenticity.

Overall, the findings strongly support the biogas stove as a sustainable and culturally
appropriate clean cooking solution. Its deployment at scale holds the potential to simultaneously
address critical energy access, environmental, and health challenges in Ethiopia and other regions
with similar socio-economic and energy contexts. Future work should explore integration with Al-
based optimization systems, localized biogas supply chains, and policy frameworks to enhance
scalability and adoption.
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