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Abstract: Biogas-fueled injera baking stoves offer a promising solution for sustainable cooking in
Ethiopia, addressing both energy efficiency and environmental concerns. This review
comprehensively explores the technological advancements, performance challenges, and research
gaps in the development of biogas-powered injera stoves. Recent innovations in burner design, heat
distribution, and material engineering are highlighted, with a focus on improving thermal efficiency,
reducing fuel consumption, and enhancing injera quality. Key challenges include the mismatch
between biogas pressure and stove design, inconsistent heat distribution across the mitad surface,
and low thermal efficiency. Despite significant progress, several gaps remain, including the lack of
standardized testing protocols, limited experimental validation of simulation-based designs, and the
need for optimized insulation materials. The article also identifies future research directions,
including the development of pressure-adaptive burner designs, the exploration of advanced
insulation materials, and the adaptation of stove systems for diverse environmental conditions.
Addressing these challenges is essential for transitioning from experimental prototypes to scalable,
efficient, and culturally acceptable biogas injera stoves that align with national energy goals and
improve household food security.

Keywords: biogas injera stoves; energy efficiency; burner design; clean technology

1. Introduction

Injera, a traditional Ethiopian flatbread made from fermented teff flour, holds central cultural,
nutritional, and economic significance in Ethiopia and Eritrea[1,2]. Traditionally baked on a large
circular griddle known as a mitad, the process demands a substantial and sustained thermal energy
supply[1]. In rural households, the predominant energy source has historically been biomass,
particularly firewood, crop residues, and animal dung[3]. This reliance has contributed to
deforestation, indoor air pollution, and labor burdens, particularly on women and children. Despite
the growing urban shift toward electric stoves, rural communities continue to face energy poverty
and infrastructure limitations[4].

Biogas, produced from anaerobic digestion of organic waste such as animal manure, emerges as
a renewable, locally available, and environmentally sustainable cooking fuel[5,6]. Its application in
domestic and institutional cooking, especially in injera baking, offers a potential pathway toward
clean cooking goals aligned with Ethiopia’s Climate Resilient Green Economy [CRGE] strategy and
Sustainable Development Goal 7 [access to affordable, reliable, sustainable, and modern energy][7].

This review article critically examines the technological evolution, performance evaluations, and
design innovations of biogas-fueled injera baking stoves. It highlights thermal efficiency, burner
geometry, manifold configurations, and heat distribution strategies. Special attention is given to how
these engineering solutions interact with sociocultural factors such as injera quality, user
acceptability, and scalability. In doing so, it identifies research gaps and provides future directions to
improve adoption and performance.
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The Ethiopian government has undertaken multiple initiatives to disseminate domestic biogas
systems through programs such as the National Biogas Programme of Ethiopia [NBPE], supported
by agencies like SNV Netherlands Development Organization[8]. While biogas has found moderate
success in heating and lighting applications, its use for injera baking remains at an early stage due to
technical and cultural challenges. The high thermal demand, large griddle size, and need for even
heating make injera baking a particularly demanding application compared to boiling or frying[9].

Initial biogas stove designs were adopted from general-purpose cooking burners, leading to
suboptimal outcomes. Issues such as uneven heat flux, poor injera texture, and long warm-up times
limited household acceptance[10,11]. Moreover, biogas pressure from small-scale digesters is
typically low, below 50mbar, which complicates its direct use in high-flame applications like injera
baking[8,12,13]. These early limitations highlighted the need for specialized design tailored to the
thermodynamic and combustion requirements of injera.

Recent efforts have focused on adapting burner geometries, insulating materials, and griddle
configurations to improve thermal efficiency and user satisfaction. Focus on insulation
performance, while computational fluid dynamics [CFD] approaches provide insights into burner
optimization was studied[14]. Nonetheless, a gap persists in transitioning from simulation to field-
validated, community-scale designs.

This review synthesizes technical findings across three decades, connecting design evolution
with practical deployment outcomes. It emphasizes the critical importance of integrating engineering
design with end-user requirements, particularly in rural Ethiopian contexts where injera baking is
not merely culinary but also a daily ritual embedded in social life.

2. Historical Development of Biogas Injera Baking Stoves

The technological evolution of biogas injera baking stoves in Ethiopia reflects over three decades
of iterative experimentation and engineering adaptation, driven by the urgent need to replace
inefficient biomass-based cooking practices[15]. Traditional clay-based stoves, such as the widely
used Mirt stove, offer low thermal efficiency —often below 20%—and are heavily dependent on
fuelwood, contributing to severe deforestation and domestic air pollution[16]. In response,
researchers have sought to develop biogas-fueled alternatives that meet the thermal, spatial, and
cultural demands of injera baking. This chapter traces the major research milestones in biogas stove
design for injera preparation, highlighting innovations in combustion geometry, insulation,
modeling, and field implementation.

The first notable attempt to design a biogas injera stove dates back to 1996, when Dereje
introduced a steel-pipe burner composed of three concentric rings [Figure 1]. Operating at a gas flow
rate of 41 liters per minute [approximately 2.5 m?%h], the stove delivered a thermal output of 11 kW
and achieved a thermal efficiency of 16%. Despite improved flame coverage relative to single-point
burners, the system suffered from high heat losses and poor insulation. Each injera consumed
approximately 193 liters of biogas, reflecting the inefficiency of early biogas combustion systems.
Dereje's work underscored the need for enhanced combustion control, optimized flame distribution,
and insulation mechanisms to retain thermal energy.

b Nozzle (Injector Ori-
fice)

Figure 1. steel-pipe burner composed of three concentric rings[17].
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Nearly two decades later, Dejene Kebede and Alemayehu Kiflu [2014] shifted the research focus
toward thermal retention and insulation [ Figure 2]. Their analytical study employed Fourier’s law
of heat conduction to examine the impact of insulation materials—such as vermiculite, ceramic fiber,
and locally sourced clay—on heat loss through the stove’s walls and base[14]. While no baking
experiments were conducted, simulations revealed that a 30 mm clay-insulated wall could reduce
heat loss by 28% compared to an uninsulated setup. This study introduced the importance of material
properties in stove design, particularly thermal conductivity and insulation thickness, laying the
groundwork for future systems that integrated both burner optimization and heat
containment[14,18,19].

Figure 2. Insulated Biogas Burner [14].

The integration of computational modeling into stove design was first realized by Bezuayehu
Mulugeta, Shewangizaw W. Demissie, and Derese T. Nega in 2017[20]. Using ANSYS Fluent for
computational fluid dynamics [CFD] simulations, the team analyzed the effects of burner port
diameter, number of ports, and manifold geometry on temperature distribution and flow patterns
across the mitad surface [Figure 3]. Their simulations identified a 26 cm manifold as optimal for
achieving uniform thermal distribution, especially when paired with a dense radial pattern of small
flame ports. However, this advanced modeling effort lacked experimental validation, and the
absence of real-world performance metrics left open questions about the applicability of CFD
outcomes in dynamic baking environments.

117505000

1 538a=003
1 318000

e — -
& e d——— |

LL =)
454304000
299000

Figure 3. CFD Simulation of Burner[20].

A turning point in the field came with the work of Derese T. Nega and colleagues in 2021, who
implemented a full-scale system integrating a CFD-informed burner design with a custom-fabricated
clay mitad[20]. The design featured a 260 mm steel manifold drilled with flame ports tailored to a 540
mm diameter baking surface, closely aligning with hotel-scale injera production. Field trials
conducted at Jimma Degitu Hotel confirmed improved baking outcomes, including better browning
uniformity and reduced biogas consumption. While thermal efficiency metrics were not fully
quantified, the successful field deployment demonstrated the feasibility of CFD-optimized designs
under real cooking conditions[Figure 4].
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Figure 4. Composite Fabricated Clay mitad[21].

In a parallel development, Getu Alemayehu [2012] explored the scalability of biogas injera stoves
for communal use [Figure 5]. His prototype featured a reinforced clay mitad [530 mm in diameter]
paired with three concentric burner rings, operating at 0.93 m3/h of biogas. Deployed across five rural
households in the Amhara region, the stove exhibited social acceptability and continuous baking
capability. However, technical challenges emerged, including uneven heat distribution and
insufficient flame intensity at the griddle’s edges. These findings emphasized the importance of
aligning burner geometry with the mitad’s surface area to avoid cold zones and ensure uniform injera

quality.

Figure 5. Composite mitad with ring burner.

Building on these advances, an adjustable conical burner design was introduced that
emphasized heat focus and fuel efficiency[8]. By reducing the mitad diameter to 400 mm and
incorporating an internal flame-guiding cone, the design achieved a significant improvement in
combustion efficiency, with a measured thermal efficiency of 25%. The system operated at 605 L/h of
biogas, achieving a rapid warm-up time of just three minutes and an average baking time of four
minutes per injera. The conical geometry enhanced flame velocity and centralized heat delivery,
although scalability for larger households or institutional settings remained a concern [Figure 6].

Figure 6. Conical Burner [22].

Collectively, these research efforts represent a trajectory of progressive refinement, moving from
rudimentary steel-ring designs to analytically informed, field-validated prototypes. The integration
of modeling, thermal insulation, geometric adaptation, and user-centered field trials has shaped the
current understanding of how biogas injera stoves can achieve both thermal and operational
efficiency. However, the need for standardized performance testing, environmental adaptability, and
cost-effective scalability remains critical to widespread adoption.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Recent Innovations and Performance Enhancements in Biogas-Fueled Injera
Baking Stoves

In response to the growing demand for cleaner cooking technologies in Ethiopia, research into
biogas-fueled injera baking stoves has undergone significant development, transitioning from basic
experimental models to more advanced, performance-optimized systems. Several key innovations
integrate empirical testing, material enhancements, and improvements in burner design, aiming to
balance both energy efficiency and culinary quality.

One notable advancement in stove design work and development of a full-scale biogas injera
stove incorporating an optimized burner manifold and a thermally efficient clay mitad was
conducted [21]. The system was designed with a 260 mm manifold, equipped with evenly distributed
flame ports, which were modeled using computational fluid dynamics [CFD] simulations from
previous studies[21]. The aim of this design was to provide uniform heat distribution across a 540
mm mitad, aligning with the standard size used in commercial kitchens and cooperative centers. A
field implementation of the system at Jimma Degitu Hotel utilized biogas sourced from an 8.5 m?
household digester, which had a retention time of 45 days, offering sufficient gas for continuous stove
operation. Although the study primarily focused on qualitative performance indicators, such as heat
distribution, user satisfaction, and operational stability, it demonstrated several practical benefits.
These included faster warm-up times of approximately 4 minutes, lower gas consumption per injera,
and uniform browning with consistent texture. Despite these promising outcomes, quantitative
metrics such as thermal efficiency and gas utilization rates were not explicitly measured, which limits
the ability to make broader comparisons to other stove models. Nonetheless, this research provided
important insights into integrating both structural and thermodynamic design elements in a field-
tested biogas stove. While many designs for biogas injera stoves have concentrated on household use,
Getu Alemayehu [2012] focused on scalability, developing a stove suitable for community-level
implementation. Alemayehu’s design featured a circular triple-ring flame port configuration and a
530 mm mitad, operating at a flow rate of 0.93 m3/h. The stove was piloted across five households
under semi-controlled conditions. A key aspect of this design was its attention to social compatibility,
which is essential for successful adoption in rural areas. Alemayehu’s findings highlighted several
strengths, such as the stove's ability to support sequential baking for family-sized needs and the
manageable maintenance requirements, which could be handled with basic training. However,
technical evaluations revealed some shortcomings, including low flame temperature near the stove’s
periphery, which resulted in uneven injera edges, and long preheating times compared to traditional
wood or electric mitad. Additionally, inconsistent gas pressure regulation led to suboptimal
combustion. These challenges underscored the gap between design intent and actual thermal
performance, signaling the need for further refinements in burner control and manifold adjustments
to enhance the stove’s functionality for community-scale adoption.

Another significant development was introduced a conical burner design aimed at improving
flame directionality and focus[22]. Unlike traditional flat or ring-shaped burners, this innovation
featured an inner conical insert that compressed and directed the flame toward the center of the
mitad. This design improved flame intensity and velocity in the central region, allowing for faster
preheating times —reduced to just 3 minutes—and average baking times of approximately 4 minutes
per injera. The stove, designed for smaller households, operated at 605 L/h of biogas and achieved a
thermal efficiency of 25%, among the highest recorded in biogas stove literature. However, the conical
structure posed fabrication challenges, requiring precision-cut sheet metal and a fixed mounting
system to prevent warping under high heat. Despite these fabrication issues, the design significantly
improved the quality of the baked injera, particularly in terms of uniformity of texture and visual
appearance.

In addition to these design innovations, recent research has also focused on refining the
geometry and layout of the burner ports. Studies have shown that smaller port diameters
[approximately 1.5-2.0 mm] can increase gas velocity while reducing backpressure. Uniform spacing
of the flame ports ensures symmetrical heat distribution, while slightly raised ports [2-4 mm] help
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reduce soot accumulation. Research by Mulugeta et al. [2017] and Nega et al. [2021] demonstrated
that uneven or clustered port distribution can lead to thermal hotspots, which negatively impact the
quality of the injera and reduce overall fuel efficiency. Consequently, modern designs are
increasingly incorporating laser-cut or CNC-drilled burners to achieve precise and standardized port
geometries, thus optimizing thermal performance.

Material innovation has also contributed significantly to performance improvements.
Traditional mitad griddles were often uninsulated or made from low-thermal-mass clay, which led
to rapid heat loss during cooking. Recent stove designs have incorporated multi-layered composites
to address this issue. These composites typically consist of a high-density clay inner layer with
alumina additives for thermal mass, a middle layer of perlite or rice husk ash for insulation, and an
outer structural clay layer reinforced with wire mesh. This multi-layer design has been shown to
reduce heat loss by up to 35%, according to comparative field trials [20]. Furthermore, the inclusion
of materials such as expandable vermiculite or kaolin has improved the durability of the stoves by
enhancing crack resistance under cyclic thermal loading —an essential feature for stoves used in rural
environments where durability is a major concern.

The last decade of research has thus seen substantial advancements in biogas injera stove design.
While earlier efforts primarily focused on flame containment and matching combustion pressure to
fuel input, more recent innovations integrate both structural and material improvements to enhance
performance on multiple fronts. These advancements have led to notable outcomes, including
efficiency gains from less than 20% to approximately 25%, reductions in baking time from 7-10
minutes to around 4 minutes, and improved injera quality in terms of consistent browning and edge
cooking[8] .Moreover, there is an increasing emphasis on ensuring that designs are scalable for
community-level adoption, taking into account both technical feasibility and social acceptability.
However, the absence of standardized test procedures and universally accepted performance metrics
remains a barrier to the widespread adoption of these improved stoves, and continued efforts are
needed to address these challenges. Despite these limitations, the ongoing development of biogas-
fueled injera stoves represents a promising step toward more sustainable cooking technologies that
can reduce fuel consumption, enhance cooking efficiency, and support environmental conservation
in Ethiopia.

4. Performance Metrics and Design Considerations

Evaluating the performance of biogas injera baking stoves necessitates a comprehensive
approach that integrates thermal, structural, and user-centered metrics [Table 1]. Various studies
have attempted to characterize stove performance using differing methodologies, flow rates, and
validation techniques, often making cross-comparison difficult due to the absence of standardized
protocols. For instance, Dereje [1996] experimentally reported a thermal efficiency of only 16% using
a three-ring manifold and a flow rate of 41 L/min, whereas Chala [2019], employing an adjustable
conical burner and a mitad size of 400 mm with a biogas flow rate of 605 L/h, achieved a higher
efficiency of 25% under experimental conditions. Mulugeta et al. [2017] used computational fluid
dynamics [CFD] to simulate burner performance with a 26 cm manifold diameter, though without
field validation, while Nega et al. [2021] conducted a field test with a 540 mm mitad and a stove
supplied by an 8.5 m?® biogas plant, albeit without reporting efficiency values. Alemayehu [2012]
tested a circular ring burner stove with a 530 mm mitad across five households using a flow rate of
0.93 m3/h, but similarly did not quantify efficiency.

Thermal efficiency remains the most commonly cited performance indicator; however,
reproducibility is limited due to non-uniform testing conditions and lack of consensus on evaluation
criteria. Additionally, critical performance parameters such as baking time, preheat duration, and
injera quality —particularly texture consistency, doneness, and edge completeness—are often
reported subjectively or anecdotally, rather than through systematic or quantitative measurement.

Several design elements critically affect stove performance. Burner geometry directly influences
flame shape, heat flux distribution, and combustion efficiency, while manifold pressure and flow
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control mechanisms determine the stability and consistency of flame jets. The thermal conductivity
and structural integrity of the mitad, particularly the choice of insulation materials, significantly
impact heat retention, baking uniformity, and fuel consumption. User-centric features, including the
ergonomic design of the stove interface, ease of ignition, and maintenance accessibility, also play a
pivotal role in long-term adoption, safety, and usability —especially in rural settings where technical
support is limited. Despite these multifactorial considerations, the lack of a universal testing
standard, such as ISO/IWA Tier indicators used for other types of cookstoves, continues to hinder
comparative evaluations and technological advancement. Developing harmonized, context-specific
evaluation frameworks for biogas injera stoves would greatly enhance the reliability of performance
assessments, support evidence-based design improvements, and enable effective policy formulation
and certification schemes.

Performance analysis of biogas injera baking stoves requires multidimensional metrics that
capture thermal, structural, and user-centered criteria. This section compares key designs using
quantitative and qualitative indicators.

Table 1. Performance of Biogas Stove.

Study Year | Manifold Mitad Biogas  Flow | Efficiency | Validation
Diameter Size Rate Method

Dereje 1996 | N/A [3-ring] N/A 41 L/min 16% Experimental

Mulugeta et | 2017 | 26 cm N/A Simulated N/A CFD only

al.

Nega et al. 2021 | 26 cm 540 mm | 8.5 m’ plant N/A Field-tested

Alemayehu 2012 | Circular rings 530 mm | 0.93 m*h N/A 5-household test

Chala 2019 | Adjustable 400 mm | 605 L/h 25% Experimental
conical

5. Technical Challenges and Research Gaps

The development of biogas-powered injera stoves has shown significant promise in improving
cooking efficiency and sustainability, but several technical challenges and research gaps remain.
These challenges hinder the widespread adoption and optimal performance of biogas stoves,
necessitating further investigation and innovative solutions. This chapter highlights key technical
issues and identifies areas where research is needed to advance biogas stove technology.

One of the most significant challenges faced by biogas injera stoves is the mismatch between the
biogas pressure provided by rural digesters [typically below 50mbar] and the energy demands of
large-diameter mitads, often 50mbar or larger. Insufficient biogas pressure results in weak flame jets
that cause uneven heat distribution, leading to cold spots and longer baking times. While pressure
regulators and compensating valves can help alleviate this issue, few stove designs are fully adaptive
to the local pressure fluctuations of biogas systems. Emphasize on the need for pressure-stabilized
burner manifolds tailored to the characteristics of local biogas production capabilities[21,22]. A more
thorough investigation into burner designs that can accommodate variable pressure is crucial for
optimizing the performance of these stoves.

Achieving uniform heat distribution across the mitad surface remains another persistent
challenge. Central overheating and peripheral underheating result from poor flame geometry,
inadequate port distribution, and lack of reflective insulation[21,23,24]. Although computational
fluid dynamics [CFD]-based studies have simulated more uniform heat profiles, these models have
not been extensively validated in real-world field conditions[20]. The discrepancy between
simulation and real-world performance calls for more experimental validation to ensure that design
solutions can achieve their intended outcomes.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Thermal efficiency and fuel consumption are additional areas of concern. Many biogas injera
stoves operate at thermal efficiencies below 30%, with high specific gas consumption [greater than
150 L per injera][22,25]. This inefficiency is significantly higher than that of electric stoves or advanced
biomass cookstoves. Several factors contribute to this inefficiency, including heat loss to the
environment due to inadequate insulation, excess air entrainment leading to incomplete combustion,
and suboptimal burner-to-mitad spacing[18,26,27]. These issues collectively reduce the cost-
effectiveness of biogas utilization and limit the environmental benefits of the technology. Further
research into optimizing stove efficiency through improved insulation, combustion control, and
burner design is essential for reducing both fuel consumption and environmental impact.

In addition to thermal inefficiency, the limited experimental validation of simulation-based
designs remains a critical gap. While computational tools such as CFD and finite element analysis
have been increasingly used to design efficient burners and manifolds [20], many promising designs
have not undergone thorough lab or field validation. This lack of empirical testing leaves theoretical
designs unproven, with uncertainties surrounding their scalability and real-world performance.
Bridging this gap requires cross-disciplinary collaboration between design engineers, combustion
scientists, and field practitioners to ensure that simulation-based solutions are tested and optimized
in practical, real-world environments.

Another critical challenge is the lack of standardized insulation materials for biogas stoves.
Traditional clay mitads often have high thermal conductivity and poor resistance to cracking under
cyclic heating, leading to heat loss and reduced stove longevity. Recent efforts to incorporate
alternative materials such as rice husk ash, vermiculite, and ceramic fibers [21] have shown some
promise, but a standardized, universally effective insulation solution has yet to be developed.
Furthermore, few studies have examined how different insulation materials impact the quality of the
baked injera, particularly in terms of texture, thickness, and moisture content. These factors are
essential for consumer acceptance and should be prioritized in future material studies.

Environmental variability, particularly Ethiopia's diverse altitudes and climates, also poses a
significant challenge. The performance of biogas stoves can vary greatly depending on local
conditions such as altitude, humidity, and temperature. Current stove designs are often not adapted
to these environmental variations, which can affect flame behavior, combustion rates, and insulation
performance. There is a need for more research into altitude-sensitive burner configurations and
humidity-tolerant insulation materials to ensure that biogas stoves can perform optimally across
Ethiopia's diverse regions[11].

The absence of standardized testing protocols for biogas injera stoves is another significant
barrier to progress. Most studies rely on inconsistent or bespoke performance metrics, which makes
cross-study comparisons unreliable. There is currently no ISO-compliant framework for evaluating
biogas cookstoves, making it difficult to establish a benchmark for performance[19]. Incorporating
internationally recognized standards, such as ISO/IWA Tier indicators for cookstoves [thermal
efficiency, indoor emissions, durability], would provide a reliable framework for evaluating and
certifying stoves, facilitating their adoption and scaling as shown in table2 below.

Table 2. ISO/IWA Tier Indicators for Cookstoves.

Attribute Description Tiers [0 to 4]
Thermal Measures how efficiently a stove converts fuel into usable heat Tiers 0 [low] to 4
Efficiency for cooking. [high]

Emissions — CO Carbon monoxide emissions per useful energy delivered Tiers O [high] to 4

[g/MId]. [low]

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Emissions — Fine particulate matter emissions [pg/MJd], impacting health Tiers 0 [high] to 4
PM2.5 and environment. [low]
Safety Risk of burns, tipping, fuel overflow, etc., assessed by user Tiers 0 [unsafe] to 4
interaction tests. [safe]
Indoor Contribution of the stove to indoor air pollution [for non-vented Tiers 0 [high] to 4
Emissions stoves]. [low]

Finally, non-technical factors such as user training and stove usability also play a significant role
in the success or failure of biogas stove adoption[28]. Improper use, lack of maintenance knowledge,
and low perceived benefits often lead to stove abandonment. Few studies have incorporated user-
centered design approaches, behavior studies, or ergonomic assessments to ensure that stove designs
are aligned with cultural practices and are easy to operate and maintain. A techno-social approach
that integrates both technical and social considerations is essential for the successful adoption of
biogas stoves, particularly in rural communities where these stoves are most needed[7,29].

In conclusion, while significant progress has been made in the development of biogas-powered
injera stoves, several technical challenges and research gaps remain. These challenges include the
mismatch between biogas pressure and stove size, inconsistent heat distribution, low thermal
efficiency, limited experimental validation, and the absence of standardized insulation materials.
Furthermore, environmental variability and the lack of standardized testing protocols hinder the
ability to scale these technologies effectively. Addressing these issues will require a concerted effort
from researchers, engineers, and practitioners, with a focus on integrating computational analysis,
field validation, material innovation, and socio-cultural considerations into stove design.

6. Future Research Directions

Addressing the challenges identified in the previous chapter requires a multi-faceted research
approach that integrates thermodynamic modeling, material science, user-centered design, and
policy alignment. The following high-priority research directions are essential for advancing the
development of biogas injera stoves and overcoming the existing barriers.

Development of Pressure-Adaptive Burner Designs

One of the primary obstacles in biogas stove performance is the mismatch between the low and
fluctuating pressures of rural biogas digesters and the energy requirements of larger stoves. Future
research should focus on designing stoves that can accommodate these variable pressures. Key areas
of investigation include modeling the flame characteristics of low-pressure jets, integrating dynamic
flow regulators to maintain stable combustion, and testing nozzle geometries that enhance mixing
and flame stability. Variable-orifice burner designs, which adjust to changes in gas pressure, could
offer an adaptive solution to inconsistent biogas production.

Optimization of Heat Transfer and Mitad Compatibility

Achieving uniform heat distribution across the surface of the mitad is critical for improving
cooking efficiency and injera quality[20,24,26]. Experimental studies should investigate how to better
match burner output with the thermal properties of the mitad material and size. Techniques such as
infrared thermography and finite difference modeling could be employed to identify cold zones and
optimize flame port layouts. Hybrid heat transfer enhancement methods, such as concentric ring
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burners combined with radiant reflectors, offer potential solutions for improving heat uniformity
across the cooking surface.

Exploration of Advanced Insulation Materials Insulation plays a crucial role in enhancing stove
efficiency by reducing heat loss. Further research into lightweight, low conductivity materials that
can withstand thermal cycling without compromising injera quality is necessary. Aerated ceramics,
geopolymer composites, and nanomaterial-based coatings are promising alternatives[30].

The performance of these materials should be evaluated in terms of heat retention, cost-
effectiveness, and food safety, ensuring that they meet the needs of both efficiency and quality.

Validation of CFD-Based Designs Through Field Trials

While computational fluid dynamics [CFD] studies have shown great potential in optimizing
burner designs, physical prototyping and field trials are essential to validate these designs under real-
world conditions. Future research should integrate CFD with Design of Experiments [DoE] methods
to streamline the optimization of parameters such as flame shape, burner geometry, and fuel-to-air
ratio. Field trials should focus on evaluating stove performance in terms of efficiency, flame shape,
user feedback, and the texture, doneness, and palatability of the injera.

Development of Hybrid Energy Systems

Biogas supply can be unreliable, particularly in rural areas with fluctuating gas yields. Exploring
hybrid energy systems, such as combining biogas with solar thermal concentrators, could help
mitigate gas shortages and enhance stove performance during low gas yield periods. Additionally,
solar-assisted preheating or electric ignition systems may improve user convenience and increase the
energy resilience of the stove, making it more versatile and reliable for everyday use. Adaptation for
Diverse Environmental Conditions. Ethiopia’s diverse geographic conditions, ranging from highland
to lowland areas, significantly influence biogas stove performance[31,32]. Burner designs need to be
adaptable to these environmental variations, particularly the sensitivity of the air-fuel mixture to
altitude and humidity. Researchers should conduct controlled lab simulations to understand how
different temperature and pressure conditions affect combustion rates and flame behavior. This will
inform the development of stove variants tailored to specific regions and environmental conditions.
User-Centered Design and Socio Technical Integration. To increase adoption and ensure the long-
term success of biogas stoves, it is crucial to understand user behavior, cultural preferences, and local
practices. Research in user-centered design, particularly participatory design frameworks, can help
improve stove ergonomics, safety, and cooking outcomes. Furthermore, integrating training modules
and visual manuals tailored for low-literacy users will ensure that stoves are used efficiently and
properly maintained. These studies should also consider gender roles and the division of labor in
cooking tasks to ensure the technology is culturally acceptable and beneficial.

Standardization and Certification Protocols.

There is a significant need for standardized testing protocols for biogas stoves in Ethiopia,
aligned with international standards such as ISO/IWA Tier indicators for cookstoves. Collaborative
efforts between academic institutions, governmental bodies [e.g., the Ministry of Water and Energy],
and NGOs could facilitate the establishment of testing and certification pathways, ensuring that
biogas stoves meet established benchmarks for thermal efficiency, emissions, and durability.
Standardization would also enable better cross-study comparisons and support the scaling up of
successful stove models[13,16].

Life-Cycle Assessment and Economic Feasibility Analysis

To assess the long-term viability of biogas injera stoves, comprehensive life-cycle assessments
[LCA] and techno-economic evaluations are essential. These assessments should consider factors
such as feedstock availability, stove lifespan, maintenance costs, and the potential for carbon
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offsetting[33]. Furthermore, economic feasibility analysis should incorporate subsidy models and
micro-finance solutions to make these stoves affordable and accessible to low-income households.
Understanding the cost-benefit ratio and environmental impact of biogas stoves will support
decision-making for policy development and large-scale implementation[29].
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