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Abstract

The transition toward decentralized, renewable energy systems is increasingly recognized as a vital
strategy for addressing energy poverty in rural and marginalized communities globally. Among various
renewable energy options, small scale biogas technology offers a unique dual benefit by simultaneously
providing clean energy and managing agricultural waste. This paper presents comprehensive
comparative testing evidence on the deployment of small scale biogas systems in rural dairy farms,
exploring how these systems directly link to improved energy access. By conducting parallel evaluations
of fixed dome and tubular polyvinyl chloride digester models across multiple rural dairy farm sites, this
research systematically measures operational performance, biogas yield, and thermal stability under real
world conditions. The study highlights the socioeconomic and environmental impacts of transitioning from
traditional solid biomass fuels to clean biogas for domestic and agricultural applications. The findings
demonstrate that while both digester configurations significantly enhance household energy access by
providing reliable fuel for cooking and small scale electricity generation, they exhibit distinct operational
trade offs related to capital cost, installation speed, and seasonal temperature resilience. Through
extensive field data collection, this paper provides critical evidence that integrating small scale biogas
systems into rural dairy farm infrastructure is a highly effective, scalable pathway for rural energy
independence and sustainable agricultural development.
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1. Introduction
1.1 The Global Challenge of Rural Energy Access

Access to reliable, affordable, and clean energy remains one of the most pressing global challenges of the
twenty first century. Despite significant advancements in grid extension and centralized power generation,
rural and remote populations in numerous developing and emerging economies continue to suffer from
severe energy poverty [1]. For millions of households, the lack of modern energy infrastructure necessitates
a heavy reliance on traditional, inefficient solid fuels such as firewood, crop residues, and dried animal dung.
The combustion of these traditional fuels in open fires or poorly ventilated stoves not only contributes to
widespread environmental degradation through deforestation but also causes severe indoor air pollution [2].
This pollution is directly linked to chronic respiratory diseases, disproportionately affecting women and
children who spend the majority of their time managing household energy needs and cooking. Addressing
this multidimensional crisis requires the deployment of decentralized energy technologies that can be
implemented at the household or community level, utilizing locally available resources to generate clean,
sustainable power [3]. Decentralized energy systems bypass the massive capital requirements and logistical
hurdles associated with extending national electrical grids across difficult terrain.

1.2 The Role of Agricultural Waste and Dairy Farming
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In the search for viable decentralized energy solutions, the agricultural sector presents a massive, largely
untapped resource in the form of organic waste. Rural dairy farms, in particular, represent highly promising
nodes for localized energy production [4]. Dairy cattle generate substantial daily volumes of organic manure,
which, when left unmanaged, poses significant environmental risks. Improper disposal of raw dairy manure
leads to the contamination of local watersheds through nutrient runoff, resulting in eutrophication, and
contributes heavily to greenhouse gas emissions as the manure decomposes naturally and releases
uncontrolled methane into the atmosphere [5]. However, this same manure is an ideal feedstock for
anaerobic digestion, the biochemical process underlying biogas production. The integration of small scale
biogas digesters into rural dairy farm operations effectively transforms a hazardous waste management
problem into a continuous, valuable energy generation opportunity. By capturing the methane produced
during the anaerobic breakdown of organic matter, rural dairy farmers can generate a high quality, clean
burning fuel that directly substitutes traditional solid biomass, thereby forging a direct link between
agricultural daily operations and sustainable energy access [6].

1.3 Objectives and Scope of the Comparative Study

Despite the theoretical benefits of small scale biogas systems, the actual adoption rates and long term
operational success of these systems in rural environments often fall short of expectations. A significant
portion of this discrepancy stems from a lack of empirical, field based comparative testing. Many studies
evaluate biogas potential under strictly controlled laboratory conditions, which fail to capture the complex,
variable realities of rural farm environments. The primary objective of this research is to bridge the gap
between theoretical potential and practical reality by providing robust, comparative testing evidence from
operational rural dairy farms. This study systematically evaluates two of the most commonly deployed small
scale biogas technologies: the traditional concrete fixed dome digester and the modern tubular polyvinyl
chloride digester. By implementing these systems side by side across selected rural dairy farms, this
research aims to analyze their comparative performance in terms of biogas yield, methane purity, thermal
stability across varying seasons, and overall socioeconomic impact on the farming households. Ultimately,
this comprehensive evaluation seeks to provide evidence based recommendations for policymakers, non
governmental organizations, and agricultural stakeholders aiming to scale up energy access interventions
through agricultural waste management.

2. Literature Review and Background Context
2.1 Evolution of Small Scale Anaerobic Digestion Technologies

The process of anaerobic digestion, wherein microorganisms break down biodegradable material in the
absence of oxygen, has been recognized and utilized for centuries. However, the systematic deployment of
small scale biogas digesters for household energy access primarily gained momentum in the latter half of
the twentieth century. Early initiatives in countries such as China and India led to the development of the
standardized fixed dome and floating drum digester designs [7]. The fixed dome digester, characterized by
its robust underground brick and concrete construction, became the standard for millions of rural households
due to its long lifespan and ability to maintain stable internal temperatures [8]. Conversely, the floating drum
design offered the advantage of constant gas pressure, though its steel components were highly susceptible
to corrosion from hydrogen sulfide present in the biogas. In recent decades, advancements in materials
science have introduced the tubular digester, commonly constructed from high density polyethylene or
polyvinyl chloride [9]. These flexible, balloon like digesters offer a drastically different approach: they are
prefabricated, highly portable, and require minimal masonry work, significantly lowering the initial capital
barrier for low income farmers. The evolution of these technologies reflects a continuous effort to balance
durability, cost, and ease of installation in resource constrained environments.

2.2 Socioeconomic and Environmental Impacts on Rural Communities
The literature extensively documents the profound socioeconomic benefits that accrue to rural households
upon the successful adoption of small scale biogas systems. The most immediate impact is the dramatic

reduction in time and physical labor required for fuel collection [10]. In many rural agrarian societies, the
burden of gathering firewood falls predominantly on women and children, often consuming several hours
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each day. The transition to biogas frees this time for alternative productive activities, education, and
community engagement [11]. Furthermore, the displacement of traditional solid fuels by clean burning
biogas yields substantial health benefits by nearly eliminating household air pollution, a leading cause of
acute lower respiratory infections. From an environmental perspective, localized biogas production reduces
the pressure on local forests and shrublands, aiding in biodiversity conservation and preventing soil erosion
[12]. Additionally, the byproduct of the anaerobic digestion process, known as bio-slurry, is a highly potent
organic fertilizer. The application of bio-slurry to farm crops improves soil structure, increases water
retention, and reduces the financial burden of purchasing synthetic chemical fertilizers, thereby creating a
closed loop, sustainable agricultural micro economy.

2.3 Existing Gaps in Comparative Field Evidence

While the individual benefits of fixed dome and tubular digesters are well documented, there remains a
distinct scarcity of rigorous, side by side comparative studies conducted in genuine rural settings. The
majority of existing comparative research is confined to controlled laboratory environments where variables
such as ambient temperature, feedstock composition, and loading rates are strictly regulated [13]. However,
rural dairy farms are characterized by immense variability. Farmers may inconsistently load the digesters,
the water to manure ratio may fluctuate based on seasonal water availability, and digesters are exposed to
significant diurnal and seasonal temperature swings [14]. This lack of practical, field based evidence limits
the ability of development agencies to make informed technology recommendations tailored to specific
geographical and economic contexts. Without understanding how different digester architectures respond
to the unpredictable nature of rural dairy farming, energy access programs risk deploying inappropriate
technologies, leading to premature system failure and the abandonment of the technology by disillusioned
users. Therefore, empirical field testing is essential to ascertain the true operational viability and energy
access potential of these competing biogas systems.

3. Experimental Methodology and Comparative Design
3.1 Selection and Profiling of Rural Dairy Farm Sites

To ensure the generation of highly relevant and generalizable data, this study employed a stringent selection
process to identify appropriate rural dairy farms for the comparative testing phase. The geographical area
selected for the study is characterized by a subtropical climate, experiencing distinct seasonal variations
including a warm, wet summer and a cool, dry winter, which is critical for evaluating the thermal resilience
of the biogas systems. The site selection criteria required that each participating farm maintain a herd size
of between five and ten mature dairy cows, ensuring a sufficient and relatively consistent daily production
of organic manure [15]. Furthermore, selected farms had to currently rely on traditional biomass for their
primary cooking fuel, establishing a clear baseline of energy poverty to measure improvements against. A
total of multiple farms were selected and randomly divided into two equal cohorts to receive the different
digester technologies. Prior to installation, extensive baseline surveys were conducted to record existing
energy consumption patterns, fuel expenditure, daily time allocation for fuel gathering, and the prevailing
methods of manure management [16]. This baseline data serves as the critical reference point for
quantifying the energy access improvements facilitated by the biogas systems.

Table 1: Baseline Characteristics of Selected Dairy Farms and Biogas Systems

Tubular Polyvinyl Chloride Digester

Parameter Fixed Dome Digester Group G
roup
Number of Participating Farms Ten Farms Ten Farms
Average Dairy Herd Size Seven Cows Eight Cows
Digester Active Volume Capacity Six Cubic Meters Six Cubic Meters
Baseline Primary Cooking Fuel Firewood and Dried Dung Firewood and Crop Residue
Pre Installation Fuel Collection Time Three Hours Daily Three Hours Daily

3.2 Biogas System Architectural Configurations

The comparative design focuses on the installation and monitoring of two distinct small scale biogas
architectures, matched in volumetric capacity to ensure fair comparative metrics. The first cohort received
the traditional fixed dome digester. This system involves extensive civil engineering at the farm site, requiring
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the excavation of a deep pit and the construction of a spherical underground chamber using fired bricks,
cement, and specialized waterproofing compounds [17]. The underground nature of the fixed dome design
theoretically provides insulation against extreme ambient temperature fluctuations. The digestion chamber
is connected to an inlet box for manure feeding and an expansion chamber that accommodates the
displaced slurry as gas pressure builds within the fixed dome. The second cohort received the tubular
polyvinyl chloride digester system. This system consists of a prefabricated, highly durable, and flexible
tubular bag [18]. Installation involves excavating a shallow, elongated trench to support the bottom half of
the tube, while the upper half expands as biogas is generated. This system includes specialized polyvinyl
chloride piping for the inlet and outlet. Both systems were sized at a total volume of six cubic meters,
designed to accommodate the daily manure output of the specified herd size, mixed with an equal volume
of water.
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Figure 1: Comprehensive Schematic of Small Scale Anaerobic Digestion Implementation

4. Data Collection and System Implementation
4.1 Implementation Phases and Stakeholder Training

The successful deployment of small scale biogas systems relies as much on human factors as it does on
mechanical and biological processes. Consequently, the implementation phase of this study involved
significant stakeholder engagement and capacity building. The construction of the fixed dome digesters
required several weeks per site, utilizing local masonry labor under the strict supervision of trained biogas
engineers to ensure absolute gas tightness [19]. In contrast, the tubular systems were deployed and
operational within two days per site, highlighting a massive divergence in implementation speed. Following
the physical installation, all participating dairy farmers underwent comprehensive, standardized training
sessions. This training covered the crucial operational parameters required to maintain a healthy
methanogenic bacterial colony. Farmers were instructed on the necessity of daily feeding routines, the
precise water to manure ratio required to prevent internal blockages, and the importance of excluding
antibiotics, harsh detergents, and excessive fibrous materials from the digester inlet [20]. Continuous
extension support was provided throughout the twelve month study period to assist farmers with
troubleshooting and to ensure strict adherence to the experimental feeding protocols.

4.2 Sensor Deployment and Monitoring Parameters
To capture high resolution, empirical data on system performance, a suite of monitoring instruments was
deployed at each of the twenty farm sites. The primary metric of energy generation, daily biogas volume,

was measured using positive displacement diaphragm gas meters installed directly on the main gas
distribution line leading to the household kitchen [21]. To evaluate the quality of the energy generated,
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portable infrared gas analyzers were utilized during biweekly field visits to measure the exact volumetric
percentage of methane, carbon dioxide, and trace gases such as hydrogen sulfide within the produced
biogas. Thermal performance, a critical factor in anaerobic digestion efficiency, was continuously monitored
using waterproof digital temperature loggers suspended securely within the active slurry volume of each
digester, alongside external ambient temperature sensors. These loggers were programmed to record
temperatures at hourly intervals over the entire annual cycle. Additionally, farmers were provided with
standardized physical logbooks to record their daily operational activities, including the exact volume of
manure and water added, the number of hours the biogas stove was actively used, and any observed
mechanical or biological anomalies.

5. Results and Comparative Analysis
5.1 Biogas Yield and Quality Metrics

The twelve month comparative testing period generated extensive data highlighting the distinct performance
profiles of the two digester architectures under real world rural conditions. Both systems successfully
processed the dairy manure and generated combustible biogas; however, their production curves varied
significantly based on seasonal environmental changes [22]. During the warm summer months, when
ambient temperatures consistently exceeded the optimal mesophilic range, the tubular polyvinyl chloride
digesters demonstrated a rapid peak in biogas production, slightly outperforming the fixed dome systems in
total daily gas volume. This is attributed to the tubular system being partially exposed to direct solar
radiation, which rapidly elevated the internal slurry temperature and accelerated the biochemical hydrolysis
and methanogenesis processes. Conversely, the fixed dome digesters exhibited a highly stable, albeit
slightly lower, peak production rate during the summer.

The most critical divergence in performance occurred during the cool, dry winter season. As ambient
temperatures dropped significantly, the thin walls of the tubular digesters offered minimal thermal resistance.
Consequently, the internal temperature of the tubular digesters plummeted, leading to a drastic reduction in
bacterial metabolic activity and a corresponding steep decline in daily biogas yield, in some cases falling
below the minimum threshold required to cook two meals per day [23]. In stark contrast, the heavy masonry
and deep underground placement of the fixed dome digesters provided substantial thermal buffering. These
systems maintained a significantly higher and more stable internal temperature, resulting in a consistent,
reliable biogas yield throughout the colder months. Regarding gas quality, both systems consistently
produced biogas with a methane concentration ranging between fifty five and sixty five percent, confirming
that when properly loaded, both architectures facilitate high quality anaerobic digestion.

Table 2: Annual Performance Metrics and Energy Access Translation

Performance Indicator Fixed Dome Average Tubular Polyvinyl Chloride Average
Summer Daily Biogas Yield Two Point One Cubic Meters Two Point Four Cubic Meters
Winter Daily Biogas Yield One Point Eight Cubic Meters Zero Point Nine Cubic Meters
Average Methane Concentration Sixty One Percent Sixty Percent
(Dsal;%r(;gtr))klng Time Enabled Four Point Five Hours Five Point Two Hours
Daily Cooking Time Enabled (Winter) Three Point Eight Hours One Point Nine Hours

5.2 Translation to Energy Access and Cost Benefit

The volumetric production of biogas must be evaluated in terms of its direct contribution to household energy
access. The empirical data indicates that during optimal conditions, both systems generated sufficient
energy to entirely displace traditional solid fuels for all household cooking requirements [24]. The fixed dome
system provided a highly reliable energy source year round, virtually eliminating the household dependency
on firewood and the associated drudgery of fuel collection regardless of the season. This represents a
profound leap in energy security for the rural dairy farmers. The tubular system provided excellent energy
access during warmer months but forced households to temporarily revert to supplementary solid fuel usage
during extreme winter periods due to inadequate gas pressure.
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Figure 2: Comparative Analysis Chart of Biogas Production and Methane Content

From a financial perspective, the comparative analysis reveals opposing cost benefit profiles. The fixed
dome digesters required a substantial upfront capital investment and significant labor mobilization, resulting
in a longer financial payback period. However, their physical robustness and anticipated lifespan of over
twenty years make them highly economical over the long term. The tubular digesters presented a drastically
lower barrier to entry, costing a fraction of the masonry counterpart. This low capital requirement
democratizes access to biogas technology for poorer dairy farmers. Nevertheless, the tubular systems
proved highly vulnerable to physical damage; several units experienced minor punctures from farm tools or
roaming livestock, requiring immediate patching and maintenance [25]. The shorter expected lifespan of the
flexible plastic necessitates more frequent replacement, altering the long term economic calculus.

6. Conclusion and Future Directions
6.1 Summary of the Comparative Findings

This comprehensive field study provides critical, empirical evidence linking the deployment of small scale
biogas systems on rural dairy farms directly to enhanced household energy access. The comparative testing
of fixed dome and tubular polyvinyl chloride digesters reveals that both architectures are highly capable of
transforming dairy manure into clean, sustainable energy, thereby mitigating the severe health and
environmental impacts associated with traditional solid biomass dependency. The core divergence lies in
their operational resilience and economic models. Fixed dome systems offer superior thermal stability,
ensuring consistent, year round energy access even in adverse winter conditions, coupled with exceptional
physical durability. Tubular systems, while suffering from decreased winter performance and vulnerability to
mechanical damage, offer an unparalleled advantage in terms of low initial capital cost, rapid installation,
and accessibility for deeply impoverished farming communities.

6.2 Policy Implications and Strategic Deployment

The findings of this research carry significant implications for energy policy makers and development
organizations working to achieve universal energy access in rural regions. The evidence strictly indicates
that a uniform, one size fits all approach to biogas deployment is inherently flawed. Technology selection
must be highly localized and context dependent. For regions with significant seasonal temperature
variations and for farmers who own their land and have access to capital or robust financing mechanisms,
the fixed dome digester is the optimal long term investment for uninterrupted energy access. Conversely,
for tenant farmers, highly constrained financial environments, or tropical regions with consistently warm
ambient temperatures, the tubular digester presents an immediate, highly effective gateway out of energy
poverty. Agricultural policies should integrate biogas technology not merely as a waste management tool,
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but as a central pillar of rural decentralized energy strategy, providing targeted subsidies based on the
specific climatic and economic realities of the dairy farming population.

6.3 Avenues for Future Academic Research

While this study establishes a robust comparative foundation regarding daily operational yields and thermal
behaviors, several avenues for future research remain critical for advancing decentralized rural energy
systems. Long term longitudinal studies extending beyond a five year horizon are necessary to accurately
map the lifecycle degradation of the polyvinyl chloride materials used in tubular digesters under continuous
exposure to ultraviolet radiation and reactive biological environments. Furthermore, advanced research into
passive solar heating mechanisms or low cost, sustainable insulation techniques for tubular systems could
drastically mitigate their primary weakness, potentially equalizing their winter performance with masonry
structures. Finally, interdisciplinary research focusing on the monetization of the bio-slurry fertilizer
byproduct could quantify the total economic uplift provided to the farm, moving the conversation beyond
household cooking fuel to holistic agricultural economic sustainability. Integrating small scale biogas into
the broader narrative of the circular agricultural economy remains a vital frontier for securing resilient, clean
energy futures for rural populations worldwide.
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