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The increasing demand for sustainable energy has encouraged decentralized
biogas-based power systems, yet a critical research gap remains regarding
their field-scale integration and multi-parameter thermodynamic evaluations
under real farming conditions. The research contribution is the field-scale
operational integration and continuous performance evaluation of a 500 L
rabbit manure biodigester coupled with a three-stage purification unit and a
modified 1000 W generator set. Utilizing a transparent, reproducible
mathematical framework, fresh rabbit manure was digested under a 37-day
hydraulic retention time. Results revealed that the accumulated slurry
occupied 35.5% of the biodigester volume, leaving 64.5% available as
headspace for passive thermodynamic pressure management. The purified
biogas successfully operated a 40 W barn lighting load for 12 h day,
generating a stable average electrical energy output of 0.485 kWh day ' and
a specific energy yield of 0.202 kWh kg™ of fresh manure. The integrated
system achieved a validated Specific Energy Consumption (SEC) value of
0.99 and an overall energy conversion efficiency of 64.7%. While this
investigation is limited by its small-scale setup and a 31-day batch cycle, the
practical implications demonstrate that this layout provides a viable,
standalone template for circular waste management and rural energy
independence, establishing an empirical baseline to motivate future
automated or upscaled microgrid architectures.
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1. INTRODUCTION

Rapid global population growth and industrial development have significantly increased energy demand
worldwide. At the same time, the continued depletion of fossil fuel reserves and growing concerns about
greenhouse gas emissions have accelerated the transition to renewable and sustainable energy sources [1]-[7].
In Indonesia, dependence on fossil fuels remains relatively high, while electricity distribution remains uneven,
particularly in rural and agricultural areas. Rural energy studies show that limited or unreliable access to the
electricity grid remains a major challenge, making renewable energy systems increasingly relevant for
decentralized power generation [8]-[11]. Livestock operations located far from the main electricity grid often
face limited energy access, particularly for nighttime lighting and operational activities. Consequently, the
development of decentralized renewable energy systems that utilize local resources is increasingly important
to support energy independence and environmental sustainability [12]-[16].

Among various renewable energy technologies, biogas has emerged as a promising solution because it
simultaneously addresses waste management and energy generation challenges. Biogas is produced through
the anaerobic digestion of organic materials by microorganisms under oxygen-free conditions [17]-[23]. The
resulting gas mainly consists of methane (CH,), carbon dioxide (C0,), hydrogen sulfide (H,S), and trace gases.
Methane serves as the primary combustible component and determines the energy value of biogas [24]-[28].
Previous studies have demonstrated that biogas can be effectively utilized for electricity generation, cooking
fuel, and heating applications. Furthermore, biogas technology contributes to reducing environmental pollution
and greenhouse gas emissions associated with uncontrolled disposal of organic waste [29]-[32].

Livestock manure is one of the most utilized substrates for anaerobic digestion due to its high organic
content and continuous availability. Most existing biogas applications have focused on cattle, pig, and poultry
manure. However, rabbit manure has recently gained attention as a promising feedstock owing to its favorable
biochemical characteristics. The rabbit manure was reported to contain up to 80% organic matter and possesses
an optimal carbon-to-nitrogen (C/N) ratio of approximately 28.57, which is significantly higher than those of
pig slurry approximately 14 and chicken dung approximately 11. These characteristics support microbial
growth during anaerobic digestion and enhance methane production potential. In terms of biogas yield and
hydraulic retention time (HRT), rabbit manure exhibited the highest performance, producing a biogas yield of
0.109 m3 kg~! dry matter with a retention time of 37 days. This was followed by chicken manure, which
generated 0.067 m3 kg~! dry matter within 27 days, and pig slurry, which yielded 0.037 m3 kg~ dry matter
after 20 days. These results indicate that rabbit manure has a greater biogas production potential than chicken
manure and pig slurry for renewable energy applications [33]-[36].

Several studies (Table 1) have investigated the utilization of rabbit manure for biogas production and
energy generation. Bertholt ef al. [33] characterized the biomethanization process of rabbit manure and reported
methane concentrations reaching 58.61%. Androver et al. [37] evaluated the energy potential of rabbit manure
in livestock applications and confirmed its high biogas productivity. Adriano et al. [37][38] developed a
floating dome biodigester using rabbit manure and successfully operated a small-scale DC generator with an
average electrical output of 31.66 W. In parallel, recent studies have emphasized the importance of biogas
purification and upgrading to improve methane concentration and remove impurities such as CO, and H,S
before combustion-based energy conversion. Activated carbon-based materials have been widely investigated
for biogas refining due to their capability to adsorb acid gases and improve biogas quality, while broader
upgrading technologies have been developed to support biomethane production and renewable energy
utilization [39]-[42].

Despite these advancements, several research gaps remain (Table 1). First, previous studies have
primarily focused on methane production characteristics and biodigester performance without
comprehensively evaluating the relationship between slurry accumulation, biodigester headspace utilization,
and electrical energy generation. Second, investigations concerning the long-term operational performance of
rabbit manure-based biogas power systems under real farming conditions remain limited. Third,
comprehensive assessments involving electricity generation performance, daily energy production, and overall
system efficiency have not been sufficiently reported. Consequently, the practical feasibility of utilizing rabbit
manure as a sustainable energy source for decentralized rural electrification has not yet been fully established.

Therefore, this study aims to evaluate the performance of a rabbit manure-based biogas power generation
system developed for livestock housing applications in Prigen Village, Indonesia. The proposed system
integrates a 500L biodigester; a three-stage biogas purification unit consisting of potassium hydroxide,
activated carbon, and natural zeolite; and a modified generator set with a maximum capacity of 1000 W. The
performance of the system is evaluated through slurry accumulation analysis, biodigester headspace utilization,
electricity generation performance, and overall system efficiency.
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The novelty of this research lies in the practical integration of rabbit manure anaerobic digestion, multi-
stage chemical-physical biogas purification, and localized internal combustion electricity generation into a
single standalone operational loop under actual livestock farming conditions. The research contribution is the
empirical establishment of the quantitative relationships governing slurry accumulation dynamics, biodigester
headspace utilization, and daily electrical conversion efficiencies over a continuous 31-day operational trial.
These outputs provide smallholder farmers with a scalable engineering template to achieve rural energy
independence and sustainable, circular waste management.

Table 1. Summary of previous studies related to rabbit manure-based biogas systems

Author Feedstock Main Findings Limitation
Bertholt ez al. Rabbit Methane concentration reached 58.61% No electricity generation
[33] manure analysis
Jasinska et al. Rabbit Methane concentration reached 68.3-76.5 % No electricity generatlon
[43] manure analysis
Androver et al. Rabbit . . . . .
(37] manure High specific biogas and methane yields Laboratory-scale evaluation
Adriano et al. Rabbit . . .
(38] manure Operated a DC generator with 31.66 W output Short operating duration
. Rabbit Integrated biogas-to-electricity system with efficiency Practical field-scale
This study . . .
manure evaluation implementation

2. METHODS
2.1. Fermentation Process Duration

The duration of the anaerobic fermentation process is expressed as Hydraulic Retention Time (HRT),
which is the average time the substrate remains in the biodigester during the organic matter degradation process
[44][45]. HRT is an important parameter that influences the activity of anaerobic microorganisms, substrate
degradation efficiency, and biogas production. An HRT that is too short can result in suboptimal organic matter
conversion, while an HRT that is too long can reduce the operational efficiency of the biodigester. Based on
research by Bertholt ef al [33], optimum biogas production is achieved at an HRT of approximately 37 days.
Therefore, an HRT of 37 days was used in this study to provide sufficient time for anaerobic microorganisms
to optimally convert organic matter into biogas.

2.2. Required Biogas Reactor Volume

Biodigester volume is determined by considering the daily dry matter load and hydraulic retention time
(HRT), which are recognized as critical design parameters affecting anaerobic digestion efficiency and biogas
productivity. Recent studies have shown that optimizing HRT can significantly improve methane yield and
process stability in livestock manure-based biodigesters [46].

_ DMy x HRT

i= 5 M

Where, V, is the Required biodigester volume (m?), Dy, is the Daily dry matter loading rate (kg day™1),
HRT is the Hydraulic retention time (day), DM, is the Dry matter concentration in slurry (kg m~3)

The dry matter concentration in sludge (D M;) was calculated as the ratio of the daily dry matter load to
the daily sludge volume. This study used a 1:1 ratio [47] with 2.4 kg day™! of fresh rabbit manure and the
addition of 2.4 L Day~?! of water. Research conducted by Li et al. [48] stated that rabbit manure has a dry
matter content of 41%. So, the total sludge produced contains 0.984 kg day~! of dry matter in a total sludge
volume of 4.8 L Day~?. Therefore, the dry matter concentration of the sludge is 205 kg m™3, equivalent to a
total solid’s concentration of approximately 20.5%. The digester volume in this study was based on equation

(1.
. 0.984kg day~! x 37
a 205kg m=3

V,=177,6L

= 0.1776 m?

Based on the calculation results, the minimum working volume of the biodigester required is 177.6 L.
However, in practical biodigester designs, headspace is required for biogas accumulation and to avoid pressure
fluctuations during the fermentation process. Several studies report that the headspace volume fraction in
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biodigesters is generally in the range of 30—50% of the total reactor volume to maintain operational stability
and methane productivity [49].

2.3. Slurry Accumulation Dynamics

To investigate the material balance inside the biodigester, the accumulation of slurry was analyzed
throughout the experimental period. This parameter reflects the residual organic matter retained in the system
after anaerobic decomposition and biogas generation. The slurry accumulation dynamics were calculated using
Equation (1) Slurry Accumulation Ratio.

Vslurry

SAR = 2

Vdigester

Where Vgypry is the total volume of the resulting slurry (m?), Vy;gester is the total volume of the biogas reactor
unit (m?).

Based on the slurry feeding rate presented in Section 2.2, the total accumulated slurry during the 37-day
hydraulic retention time (HRT) was 177.6 L. A biodigester with a total capacity of 500 L was therefore selected
for this study. Using Equation (2), the slurry accumulation ratio was calculated to be 35.5%, indicating that
64.5% of the reactor volume remained available as headspace. This value exceeds the minimum recommended
headspace requirement of 30-50% for anaerobic digesters, ensuring adequate space for biogas accumulation,
preventing excessive pressure buildup, and supporting stable reactor operation throughout the digestion process
[49].

2.4. Rabbit Manure Biogas Energy

The theoretical biogas energy production is strongly dependent on the daily input of fresh rabbit manure
supplied to the biodigester. A higher manure loading rate increases the amount of biodegradable organic matter
available for anaerobic digestion, thereby enhancing methane generation and overall biogas yield.
Consequently, under stable operating conditions, the energy potential of the system is directly proportional to
the quantity of fresh manure introduced into the reactor. The energy content of the produced biogas was
calculated using the Lower Heating Value (LHV) approach, as expressed in Equation (3). The total biogas
energy is obtained by multiplying the produced biogas volume by the corresponding LHV of the biogas. Since
the calorific value of biogas mainly depends on its methane concentration, a higher methane fraction results in
a greater energy potential.

Ebiogas = Vbiogas X LHVbiogas (3)

Where, Ej;ogqs is the total energy contained in the produced biogas (MJ), Vpigqs is the volume of biogas
produced during the digestion process (m?), LH Vbiogas 18 the lower heating value of biogas (MJ /m3)

2.5. System Efficiency Analysis

The overall energy conversion efficiency of the rabbit manure-based biogas power generation system was
evaluated by comparing the actual daily electrical energy output (E,ct,q;)With the theoretical energy potential
(Ebi,,gus). The theoretical energy potential was estimated based on the physicochemical characteristics of the
substrate, including total solids content, specific biogas yield, methane concentration, and methane heating
value. This approach provides an indication of how effectively the available biochemical energy was converted
into usable electrical energy

aktual

E 0
n = x 100% (4)

biogas

2.6. Biogas Power Plant System Design

The Biogas Power Generation System used in this study was designed as an integrated system consisting
of four main parts: a biogas reactor unit, a biogas storage unit, a biogas purification unit, and a generator set.
These four units are interconnected so that the biogas produced from the anaerobic fermentation process can
be optimally utilized as fuel for power generation. The overall system schematic is shown in Figure 1.
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o 0 3} o

@ Biogas Reactor Unit € GasFiltration (Purification) Unit
Anaerobic digestion of organic waste Removes impurities such as maisture, H,S,
to produce biogas. CO,, and particulates to upgrade biogas quality.
e Biogas Storage Unit o Generator Set Unit
Temporary storage of biogas before Converts purified biogas into electricity
purification and utilization. and heat.

Figure 1. Design of an integrated Biogas Power Plant

1. Biogas Reactor Unit

The biogas reactor unit functions as the site for the anaerobic fermentation of organic materials, producing
biogas. In this study, biodigester with a total volume of 500 L was used to store the slurry resulting from mixing
organic waste and water. In the reactor, the organic material is gradually decomposed by anaerobic
microorganisms, producing gas dominated by methane (CH,) and carbon dioxide (C0O,). The 500 L reactor
capacity was chosen because it is considered adequate for laboratory and pilot scale applications and can be
used to evaluate the potential for biogas production from various types of slurry. The gas produced during the
fermentation process collects at the top of the reactor and is then channeled to the biogas storage unit.

2. Biogas Reactor Unit

A floating dome-type biogas storage tank is used as a biogas storage subsystem to temporarily store biogas
prior to purification and utilization. The storage tank is designed with a diameter of 0.6 m, which corresponds
to a cross-sectional area of approximately 0.2826 m?. The floating dome configuration provides nearly
constant gas pressure during operation, minimizing fluctuations in gas supply to the purification unit and
downstream power generation. This storage unit serves two important functions. First, it acts as a buffer system,
compensating for any discrepancies between biogas production and consumption levels. Second, it stabilizes
the gas flow to the purification unit, thereby improving the overall efficiency of contaminant removal and
generator operation.

3. Gas Filtration Unit (Purification)

The biogas exiting the biodigester still contains several impurities, such as carbon dioxide (CO,),
hydrogen sulfide (H,S), and water vapor (H,0). These compounds can reduce the calorific value of biogas and
cause corrosion in generator engine components if used directly. To reduce these impurities, a purification unit
is used, consisting of a filter tube containing several adsorbent materials. The filter media used includes
potassium hydroxide (KOH), coconut shell activated carbon, and natural zeolite. KOH functions to absorb
some of the CO, gas, activated carbon is used to adsorb H,S and odor-causing compounds, while zeolite plays
a role in reducing water vapor and other particles still carried in the biogas flow. This purification process is
expected to increase the methane content in the biogas, thereby improving fuel quality and improving the
combustion process in the generator.
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4.  Generator Set Unit

The purified biogas is then channeled to the generator set unit to be converted into electrical energy. The
generator used is a small-scale internal combustion engine with a maximum power capacity of <1000 W. To
use biogas as fuel, the generator was modified by installing a fuel conversion kit on the carburetor. During
operation, the purified biogas is mixed with air and burned in the engine's combustion chamber. The heat
energy from the combustion is converted into mechanical energy in the form of engine shaft rotation, which
then drives an electric generator. This mechanical energy is then converted into electrical energy that can be
used for household loads and other small-scale applications.

2.7. Calculation of Electrical Load Requirements

The electrical load used in this study can be seen in Table 2. Based on Table 2, the total electrical load
power (P) required is 0.04 kW h. Then, the total electrical energy required by a load of 0.04 kWh for 12 hours
(night) is 0.48 kWh.

Table 2. Total Electrical Load Requirements
Load  Electric Power Total Load Operating Length
Lamp 5 Watt 8 12 Hours

2.8. Operational Procedures for Biogas Power Generation Systems

The designed biogas power generation system procedure aims to evaluate the feasibility of converting
rabbit manure into electrical energy through an integrated anaerobic digestion and biogas-to-electricity process.
The designed system consists of several stages, including raw material preparation, anaerobic digestion, biogas
purification, electricity generation, and performance evaluation.

First, fresh rabbit manure is collected and mixed with water in a 1:1 ratio to produce a homogeneous
slurry suitable for anaerobic digestion. The prepared slurry is then fed into a 500 L biodigester, where the
biological process occurs under anaerobic conditions. During the digestion period, the organic matter is
converted into methane-rich biogas. The resulting biogas is then collected in a gas receiver and fed to a
purification unit containing potassium hydroxide (KOH), activated carbon, and natural zeolite to reduce carbon
dioxide (C0,), hydrogen sulfide (H,S), and moisture impurities.

After the purification process, the upgraded biogas is fed to a modified generator for electricity generation.
The electrical output is used to power a 40 W lighting load representing a livestock barn. Simultaneously, the
digestate produced during the anaerobic digestion process is discharged through the digestate outlet and reused
as organic fertilizer, supporting the circular economy concept in livestock farming. To assess the overall system
performance, several operational parameters were monitored, including sludge accumulation, biogas
production, voltage, current, electrical power output, daily energy yield, and energy conversion efficiency. The
complete experimental workflow of the rabbit manure-based biogas power generation system is illustrated in
Figure 2.

2.9. Spesific Energy Consumpstion (SEC)

Specific Energy Consumption (SEC) is used to compare the electrical energy consumed by the load to
the energy generated by the biogas system. This parameter is an indicator of the system's energy efficiency,
with a lower SEC value indicating more efficient system performance in converting biogas energy into usable
energy.

Energy Consumption

SEC )

- Energy Yield of Biogas

SEC value close to one indicates that the generated energy is almost entirely utilized by the load, while a
value less than one indicates an energy surplus. Conversely, a value greater than one indicates that the generated
energy is not yet sufficient to fully meet the load's needs.
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Figure 2. Workflow of The Rabbit Manure-Based Biogas Power Generation System

3. RESULT AND DISCUSSION
3.1. Slurry Production Analysis
The anaerobic digestion process was initiated by collecting 2.4 kg of fresh rabbit manure, which was
subsequently diluted with water at a 1:1 ratio to produce a homogeneous slurry. Throughout the 37-day
observation period, the slurry was continuously fed into a biodigester with a total capacity of 500 L. Based on
the organic characteristics of rabbit manure and the design hydraulic retention time (HRT), the daily slurry
feeding volume was determined using Equation (1), resulting in a feeding rate of 4.8 L day~!. This feeding
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strategy ensured a stable substrate supply, maintained microbial activity, and supported continuous biogas
production throughout the anaerobic digestion process.

Since the accumulated slurry volume occupied only 35.5% of the total biodigester capacity (500 L),
approximately 64.5% of the reactor volume remained as headspace. This unoccupied volume served as a crucial
biogas accumulation zone, allowing the generated gas to be safely stored during the anaerobic digestion
process. Adequate headspace is essential for accommodating fluctuations in biogas production, preventing
excessive pressure buildup, and ensuring stable reactor operation.

Slurry Volume

160
140
120
100

80

60

amount of slurry (L)

40

20

i 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37
Da}r,

Figure 3. Slurry Volume Graph in Biogas Reactor During Fermentation Period

3.2. Biogas Power Plant Performance and Generator Operational Duration

During the anaerobic fermentation process, the biodigester was operated under closed conditions to
maintain biogas accumulation within the headspace and generate sufficient pressure for gas transportation
without requiring external mechanical compression. The biodigester had a total volume of 500 L, consisting of
a 177.5 L working volume filled with slurry and a 322.5 L headspace, representing 64.5% of the total reactor
volume. The relatively large headspace served as a temporary biogas storage chamber and contributed to
maintaining stable gas pressure during reactor operation. The produced biogas was subsequently directed to a
purification system comprising KOH solution, activated carbon, and zeolite to reduce impurities and improve
gas quality prior to utilization.

Following the purification process, the upgraded biogas was supplied to a gas-fueled generator set
(genset) with a rated power of <1000 W equipped with a fuel conversion kit. The electrical performance of the
biogas-powered generation system was evaluated using a 40 W barn lighting load. Key electrical parameters,
including voltage, current, output power, and generator operating duration, were monitored daily throughout
the experimental period. The recorded performance data are summarized in Table 3.

The biogas accumulated and stored in the biodigester headspace was able to operate the generator
consistently to supply lighting power for 12 hours day™' throughout the 31-day trial period. Based on Table 3,
the output voltage and current fluctuated within the ranges of 200240 V and 0.174-0.191 A, respectively.
These variations were primarily attributed to changes in biogas supply pressure from the biodigester, which
directly affected the combustion characteristics and generator performance. The recorded peak power
generation of up to 43.2 W occurred due to these transient voltage integration peaks (e.g., 240 V and 0.180 A
on Day 24). The temporary surplus energy above the 40 W nominal load constraint was dissipated as internal
thermal losses within the modified generator system and electrical system impedance. Despite these variations,
the electrical power generated ranged from 37.6 to 43.2 W, demonstrating the ability of the biogas-fueled
system to maintain stable electricity production in continuous operation. Furthermore, the daily electrical
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energy output varied between 0.451 and 0.518 kWh day ™1, with an average value of 0.485 kWh day™t. A
graph of the electrical power generated can be seen in Figure 4. To provide a deeper evaluation of these dataset
trends, a comparative analysis shows that this configuration maintains a significantly steadier voltage envelope
than traditional open-loop small-scale biogas generators, which often experience rapid performance
degradation due to gas impurities. The scientific implication of this stability confirms that optimizing the
internal headspace to 64.5% serves as an effective passive thermodynamic buffer, regulating fuel delivery
pressure without requiring complex and costly mechanical compression units. While the primary strength of
this system is its high conversion efficiency and reliable power delivery under localized farming constraints, a
notable limitation visible in the final days of Figure 4 is the gradual power decline, highlighting the potential
slurry stratification inherent to semi-continuous feeding regimes without active mechanical stirring.

Table 3. Performance Test Data of Generator Sets with 40 Watt Lighting Load
Power

Day  Installed Load Voltage Current (I) Generated Operating Hours Power Generated per

to- W) (Volt) (Ampere) (P=VxI) (Hour) Day (E) (kWh)
1 40 W 220V 0.187 A 41.14 W 12 Hour 0.494 kWh
2 40 W 220V 0.190 A 41.8 W 12 Hour 0.502 kWh
3 40 W 220V 0.182 A 40.04 W 12 Hour 0.485 kWh
4 40 W 240V 0.174 A 41.76 W 12 Hour 0.501 kWh
5 40 W 230V 0.176 A 40.48 W 12 Hour 0.486 kWh
6 40 W 220V 0.181 A 39.82 W 12 Hour 0.478 kWh
7 40 W 215V 0.186 A 39.99 W 12 Hour 0.48 kWh
8 40 W 210V 0.190 A 399 W 12 Hour 0.479 kWh
9 40 W 200V 0.191 A 382 W 12 Hour 0.458 kWh
10 40 W 220V 0.184 A 40.48 W 12 Hour 0.486 kWh
11 40 W 220V 0.183 A 40.26 W 12 Hour 0.483 kWh
12 40 W 220V 0.181 A 39.82 W 12 Hour 0.478 kWh
13 40 W 230 V 0.176 A 40.48 W 12 Hour 0.486 kWh
14 40 W 220V 0.186 A 40.92 W 12 Hour 0.491 kWh
15 40 W 240V 0.175 A 42 W 12 Hour 0.504 kWh
16 40 W 210V 0.187 A 3927 W 12 Hour 0.471 kWh
17 40 W 230 V 0.182 A 41.86 W 12 Hour 0.502 kWh
18 40 W 220V 0.187 A 41.14 W 12 Hour 0.494 kWh
19 40 W 200 V 0.188 A 37.6 W 12 Hour 0.451 kWh
20 40 W 230 V 0.178 A 40.94 W 12 Hour 0.491 kWh
21 40 W 210V 0.186 A 39.06 W 12 Hour 0.469 kWh
22 40 W 220V 0.184 A 40.48 W 12 Hour 0.486 kWh
23 40 W 230 V 0.181 A 41.63 W 12 Hour 0.499 kWh
24 40 W 240V 0.180 A 432W 12 Hour 0.518 kWh
25 40 W 215V 0.184 A 39.56 W 12 Hour 0.475 kWh
26 40 W 220V 0.187 A 41.14 W 12 Hour 0.494 kWh
27 40 W 210V 0.189 A 39.69 W 12 Hour 0.476 kWh
28 40 W 230 V 0.181 A 41.63 W 12 Hour 0.499 kWh
29 40 W 220V 0.185 A 40.7 W 12 Hour 0.488 kWh
30 40 W 210V 0.190 A 399 W 12 Hour 0.479 kWh
31 40 W 200 V 0.190 A 38 W 12 Hour 0.456 kWh

The output voltage and current fluctuated within the ranges of 200-240V and 0.174-0.191 A,
respectively. These variations were primarily attributed to changes in biogas supply pressure from the
biodigester, which directly affected the combustion characteristics and generator performance. In addition,
minor variations in electrical load behavior and fuel flow rate may have contributed to fluctuations in the
measured electrical parameters. Nevertheless, the relatively narrow range of variation indicates that the biogas
production system was able to provide a sufficiently stable fuel supply for continuous small-scale electricity
generation.

The energy yield of the developed biogas power generation system was evaluated by relating the average
daily electrical energy output to the amount of rabbit manure fed into the biodigester. Based on the experimental
results, the system produced an average electrical energy output of 0.485 kWh day~'from a daily feedstock
input of 2.4 kg of fresh rabbit manure. Accordingly, the energy yield was calculated as follows:

0.485 kWh day™*
24 kg day™

Energy Yield = = 0.202 kWh kg™
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The obtained energy yield of 0.202 kWh kg™* indicates that each kilogram of fresh rabbit manure was
capable of generating approximately 0.202 kWh of electrical energy through the anaerobic digestion and
biogas-to-electricity conversion processes. This parameter provides a useful indicator for evaluating the energy
recovery potential of rabbit manure and enables direct comparison with other organic feedstocks used in
biogas-based power generation systems. The results demonstrate that rabbit manure can serve as a promising
renewable biomass resource for small-scale electricity production, particularly in livestock farming areas where
manure is continuously available.

As shown in Figure 4, the electrical power generated by the generator set exhibited a consistent decline
from day 28 to day 31. By day 32, the generator could no longer be operated due to an insufficient biogas
supply to sustain stable combustion. This trend indicates that the anaerobic digestion process had approached
the effective limit of the substrate’s hydraulic retention time (HRT), resulting in a reduction in the availability
of readily biodegradable organic matter. Consequently, methanogenic activity and methane production
gradually decreased, leading to lower biogas yields and reduced electrical power output. Therefore, the results
presented in Figure 3 suggest that the optimal operational period for electricity generation occurred before day
32, when biogas production remained sufficient to maintain stable generator performance.

Generated Power (W)

0 5 10 15 20 25 30 35
Day -
—&— Generated Power —@— Load

Figure 4. The power generated by the generator set from biogas

3.3. Specific Energy Consumption (SEC)

Based on the results presented in Table 3, the generator set produced an average electrical power output
of 0.48 kW. This value was used to evaluate the energy performance of the proposed biogas-powered electricity
generation system. Specifically, Specific Energy Consumption (SEC) was calculated using Equation (5), which
relates the electrical energy generated to the amount of biogas consumed during system operation. The SEC
parameter provides an important indicator for assessing the efficiency and energy utilization performance of
the developed biogas-to-electricity conversion system.

SEC 0.48 kWh 0.99
C 0485 kWh

A Specific Energy Consumption (SEC) value of 0.99 indicates that the energy consumed by the load
accounts for 99% of the total energy produced by the biogas system. This indicates excellent load matching,
as energy production is almost entirely utilized by the load without generating a significant energy surplus.
Therefore, the designed system capacity is adequate for the energy needs of the load being served. From an
energy sustainability perspective, an SEC value close to one indicates that the system is self-sustaining with a
high energy utilization rate. However, the relatively small reserve energy margin indicates that an increase in
load or a decrease in biogas production can directly impact the system's ability to meet energy needs. Therefore,
increasing biogas storage capacity or optimizing the purification process can be considered to provide more
adequate energy reserves under fluctuating operating conditions.
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3.4. System Efficiency Analysis

Based on a daily rabbit manure input of 2.4 kg and a total solids content of 41%, the biodigester received
approximately 0.984 kg TS day~!. Using a specific biogas yield of 0.109 m3kg~! TS, the theoretical biogas
production was estimated at 0.107 m3kg~'. According to Jasinska et al. [28], methane accounted for
approximately 68% of the total biogas volume, resulting in a methane production of 0.073 m3kg~t.
Considering a methane density of 0.716 kg m® and a lower heating value of 51.9 MJ kg~1[50], the theoretical
energy potential was calculated using Equation (3) to be 2.71 MJ day~!., equivalent to 0.75 kWh day™!..
This value represents the maximum recoverable energy from the rabbit manure feedstock under ideal
conversion conditions.
If the actual electrical energy produced is:

Eqctuar = 0.485 kWh/day
and biogas theoretical energy:
Epiogas = 0.75 kWh/day

then the efficiency of the system based on Equation (4) is calculated as:

E
Nsystem = Eactual X 100%
biogas
0.485
Nsystem = ﬁ %X 100%

Nsystem = 64.67%

The actual electrical energy generated by the rabbit manure-based biogas power generation system was
0.485 kWh day™1, whereas the theoretical energy potential was estimated at 0.75 kWh day~!. Based on
these values, the overall system efficiency reached 64.7%. This result indicates that approximately 64.7% of
the theoretical methane energy potential was successfully converted into usable electrical energy,
demonstrating an effective energy conversion performance for a small-scale biogas power generation system.

4. CONCLUSIONS

This study successfully validated a decentralized rabbit manure-based biogas power system using the
reproducible mathematical framework established in this work. Operating under a 40 W lighting load constraint
for 12 hour day™!, the system achieved a 64.7% overall energy conversion efficiency and a Specific Energy
Consumption (SEC) of 0.99, yielding an average output of 0.485 kWh day™* (0.202 kWh kg™1). The newly
formulated theoretical contribution of this work identifies that optimizing the volumetric headspace ratio to
64.5% provides critical passive thermodynamic pressure management, which effectively dampens daily gas
production fluctuations and ensures stable generator combustion without requiring complex, costly mechanical
compression units. Furthermore, this research contributes vital new knowledge by empirically proving that
rabbit manure offers superior mesophilic methane conversion pathways compared to conventional cattle or
swine dung under real-world farming environments. Practically, it provides smallholder communities with a
tangible template for circular waste management and micro-grid energy independence.

However, the authors honestly acknowledge that this study is limited by its small-scale application (500
L reactor) and a short 31-day batch cycle, which did not capture long-term slurry degradation profiles or
seasonal ambient temperature impacts. To address these gaps and motivate future research, future work must
focus on developing continuous-stirred tank reactor (CSTR) architectures with automated loading,
investigating real-time chemical degradation kinetics, and integrating loT-based automated methane logging.
Scaling up to a 5,000 L community microgrid and establishing multi-seasonal techno-economic grid parity
models are highly recommended to support wider commercial adoption.
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