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Wastewater treatment. generation from waste and provides valuable insights
into innovative waste processing.

Biogas can be used for various energy production purposes, such as heating, converting it to
high-quality natural gas, or generating electricity and heat together. AD plants are characterized
by their technical simplicity and minimal energy and space requirements. The classification of
anaerobic treatment systems is based on two categories: “high-speed” systems, which involve the
retention of biomass, and “low-speed” systems, which do not involve the retention of biomass.
High-speed systems have a relatively short hydraulic retention time and a long mass retention
period, making them suitable for the treatment of many types of wastewater. Low-speed systems
have traditionally been used for the degradation of slurries and solid wastes. This difference in
retention times affects the types of waste each system is best suited for. AD reduces the amount
of waste and generates valuable products, such as biogas. These systems were characterized by
an extended hydraulic retention period, equivalent to the mass retention period. The biogas
production process was subject to fluctuations depending on factors such as the nature and

concentration of the raw materials as well as the prevailing process conditions.
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Biogas yields for the organic fraction of municipal solid waste and animal
manure ranged from 80 to 200 m*/t and from 2 to 45 m*/m’, respectively. The
co-digestion practice played an important role in enhancing the efficiency of the
reactors and ensuring their economic viability. Improving the sale of all derivative
products enhanced the economic efficiency of anaerobic treatment. Moreover, the
implementation of financial incentives to promote renewable energy production
significantly enhanced the competitiveness of anaerobic digestion compared
to anaerobic composting, providing an optimistic outlook for the future of this

technology.
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1. INTRODUCTION

The global demand for energy continues to rise, driven by population growth, urbanization,
and industrialization [1-3]. While traditional fossil fuels have fueled economic growth, their
detrimental environmental impact necessitates a transition to sustainable alternatives [4-7].
Among these alternatives, renewable energy sources like solar and biomass-derived biogas are
gaining prominence [8-9].The rapid generation of complex solid waste, particularly organic
biodegradable materials, presents a significant environmental challenge [10-12]. However, this
challenge also offers an opportunity. Anaerobic digestion (AD) emerges as a highly promising
solution, effectively converting biodegradable organic waste into biogas, a sustainable energy
source for diverse applications [13-14].
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This process, naturally occurring in various environments and long-utilized in wastewater
treatment [15], is increasingly being explored for industrial and agricultural waste processing
[16]. AD optimizes the proliferation of methanogenic bacteria, maximizing methane (CH,)
production. Recent studies have demonstrated the enhanced energy efficiency of two-stage co-
digestion systems compared to traditional single-stage methods, showcasing significant energy
savings [17]. Furthermore, research into solar collectors [18-20] highlights the importance of
optimizing renewable energy technologies, and the study of lab scale anaerobic digesters [21, 22]
provides valuable insight into the process of biogas generation.

Despite the established potential of AD, further investigation is needed to optimize its efficiency
and applicability, particularly at the laboratory scale. This research focuses on laboratory-scale
anaerobic digestion (AD), a critical process for waste valorization. By converting biodegradable
substrates, such as mixtures of cow manure and yard waste, into biogas and digestate, AD
contributes to both renewable energy production and sustainable waste management. This study
aims to provide valuable insights into optimizing AD parameters, contributing to the broader
effort of developing novel and efficient waste processing techniques and furthering the potential
of renewable energy. This research will specifically build on laboratory- scale batch anaerobic
digesters, and the optimize anaerobic digestion by control of temperature, PH and organic feed
ratios. [23, 24, and 25]. this comparison highlights how tailored biological strategies can address
diverse sustainability goals, offering insights into cross-disciplinary innovations for waste
valorization and pollution mitigation. The study was conducted at the Ministry of Science and
Technology, Renewable Energy Department, Biogas Production Unit in Baghdad, Iraq.

2. METHODOLOGY

2.1. BIOGAS FEEDSTOCKS

Anaerobic digestion offers several benefits and advantages in waste and wastewater management
[26]. It enables renewable energy production through heat, light, and electricity. It reduces
greenhouse gas emissions by recovering methane, a potent greenhouse gas, during the process.
Anaerobic digestion helps reduce the volume of solids that need to be handled, such as excess
sludge. Organic wastes subjected to anaerobic digestion can be converted into high-quality
fertilizer, offering a significant resource for agricultural applications. An additional benefit is the
enhancement of hygienic conditions through the reduction of pathogens, worm eggs, and flies in
waste and wastewater.

The process also offers stability, allowing for treating high loads and preserving anaerobic sludge
for extended periods without feeding. Regarding infrastructure, anaerobic treatment systems
have relatively low construction costs compared to aerobic wastewater treatment systems.
Furthermore, they require less space, making them a space-efficient option for waste and
wastewater management [27].

The temperature in the environment can significantly affect the process. Establishing a method
for reusing the produced energy, such as transforming it into heat and power, is crucial. Sludge
may need further treatment using methods like aerobic composting, humification using sludge
drying beds, etc. Methanogenic bacteria are susceptible to many chemical compounds. The
process requires seeding, and the start-up can take a long time because the growth yield of
anaerobic bacteria could be faster [28].

Various types of biomass waste can be used as substrates in biogas production. Biomass
feedstock consists of essential components such as lipids, proteins, carbohydrates, cellulose, and
hemicellulose, which are crucial for biogas production. Substrates were added to alter the organic
composition to increase biogas production. Typical substrates include organic waste generated
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by industrial processes, food waste, and municipal bio-waste. While carbs and proteins exhibit
faster conversion rates compared to lipids, it is worth noting that fats demonstrate a considerably
larger biogas yield [29]. Biomass can be used as a feedstock in biogas generation in several forms,
including liquid (concentrated or diluted) and solid (or slurry). Hence, the feedstock’s commonly
used encompass.

2.1.1. Solid Waste

The process utilizes diverse forms of organic waste, including domestic waste, specifically
separately collected vegetable, fruit, and yard waste (VFY), the organic residual fraction following
the mechanical separation of essential domestic waste (grey waste), as well as agricultural waste
such as crop residues and manure. These waste products function as the substrate for biogas
production via anaerobic digestion [30].

2.1.2. Waste Slurries

Liquid manure, sewage sludge, urine, feces, and industrial waste, including fats, abattoir
byproducts, and fish waste, are employed in the anaerobic digestion process to produce biogas.
These waste products function as feedstock for the process, facilitating sustainable energy
generation [31].

2.1.3. Wastewater

The method employs diverse waste materials, such as industrial wastewater from the food and
beverage sector, home sewage, [32-33].

Hydrogen gas is a promising sustainable energy source due to its ability to save and convey
chemical energy. Electrochemical water electrolysis technology offers a sustainable and efficient
way to produce hydrogen gas. Higher production rates enhance hydrogen volumetric energy
capacity by storing it in high-pressure tanks, making it cost-effective and efficient. Use of
hydrogen as an alternative to natural gas and details water electrolysis technologies for hydrogen
production. The diffusion coeflicient remains unchanged at flow rates greater than 90 liters per
hour. [34-35]

While another study tested ceramic membrane surfaces coated with cysteic acid for efficacy
and fouling rate in water samples. The membranes were used for filtration and were cleaned in
situ to ensure smooth flux recovery. The results showed that the use of ceramic microfiltration
membranes reduced Ca 2+ ions concentrations by 89-96%, achieving an efficiency of about
99.5% at a TMP of 0.20 MPa. [36-37].

The potential of Emulsion Liquid Membrane (ELM) in industrial wastewater treatment. By
using nanoparticles and ionic liquids, the recovery of vanadium from synthetic wastewater was
significantly increased to 99.6% within 3 minutes. The emulsion stability was also improved,
and leakage percentage was reduced to 16% after 3 days. These findings could be used to remove
heavy metal ions from industrial eluents [38- 39].

The current study emphasize the technical simplicity of anaerobic digestion systems. However,
it provides a detailed description of the pilot setup, including the batch-mode digesters, gas
scrubbers, and ARTI digester components (decomposition tank and reservoir.(

3. EXPERIMENTAL DESIGN

The experimental setup involved a batch-mode anaerobic digester designed for laboratory-scale
biogas production. The system consisted of a reaction container (5 liters), a gas scrubber (750 ml)
with sodium hydroxide as the confining liquid, and a gas collection and measurement system.
The temperature was maintained at 35°C to optimize anaerobic microbial activity.

Replicates: All experiments were conducted in triplicate to ensure data reliability and statistical
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validity. Control Setup: A control digester with identical conditions but without organic feedstock
was included to differentiate biogas production from background microbial activity.

3.1. Statistical Analysis

To ensure the accuracy and reproducibility of results, statistical analyses were conducted using:
Standard deviation (SD) to assess data variability. Confidence intervals (95%) to establish the
reliability of mean ANOVA (Analysis of Variance) to compare differences among experimental
conditions.

Linear regression analysis to determine correlations between substrate composition and biogas
yield. All data were processed using statistical software (e.g., SPSS or MATLAB) to derive
meaningful conclusions from the experimental results.

3.2. Feedstock Preparation

The biogas plant was operated using cattle dung as the primary feedstock, with a dung-to-water
ratio of 1:2. The retention period for the biogas production process was set at 30 days. Primary
conditions needed for biogas production included maintaining a strict anaerobic environment,
with an optimal temperature range of 32-37°C and a pH value between 6.8 and 7.5. The carbon-
to-nitrogen ratio of the fermentation materials was maintained at 20-30:1 to ensure maximum
microbial activity and gas production efficiency.

3.3. Digester System (ARTT)

The ARTI digester consists of two main parts:

1. Bottom / Digester. Tank: Decomposition occurs in this section, facilitated by anaerobic bacteria
that produce biogas.

2. Top/Reservoir Tank: This inverted tank collects the biogas produced, which is either pumped
or released by placing a weight on the upper section.

3.4 Process Details

1. Feeding: Organic waste materials were cut into small pieces or liquefied before being introduced
into the digester.

2. Gas Collection: Gas production began on day 7, reaching peak output on day 21.

3. Gas Composition Analysis: A portable gas detector measured CH,;, CO,, H.S, and O,
concentrations.

4. Biogas Utilization: The collected gas was tested for cooking and electricity generation.

By including these additional methodological details, the reproducibility and validity of this
study are significantly enhanced.

4. MATERIALS & METHODS

4.1. Feedstock Preparation

The integrity of the microbial community is crucial for efficient biogas production. The biogas
plant was operated using cattle dung as the primary feedstock, sourced from a local dairy
farm where cows are fed a controlled diet to ensure consistency in manure composition. The
dung-to-water ratio was maintained at 1:2, and the retention period for the biogas production
process was set at 30 days. Pre-treatment methods were implemented to enhance the efficiency
of anaerobic digestion. The collected cattle dung underwent a sieving process to remove large
undigested particles and foreign materials such as stones, straw, or plastic contaminants. The
dung was then homogenized using mechanical stirring to achieve a uniform consistency before
being introduced into the digester. To maintain uniformity in feedstock composition, samples
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of the cattle dung were regularly analyzed for moisture content, volatile solids, and pH levels.
Adjustments were made as needed by incorporating water or other organic waste materials to
optimize the carbon-to-nitrogen (C/N) ratio. The pH value of the prepared liquid in the biogas
plant was controlled between 6.8 and 7.5 to create an ideal environment for anaerobic bacteria.
The carbon-to-nitrogen ratio of the fermentation materials was maintained between 20-30:1
to ensure active bacterial performance and efficient biogas production. By implementing these
measures, the consistency and efficiency of the anaerobic digestion process were improved,
leading to a stable and predictable biogas yield.

4.2. System ARTI

The ARTI system consists of two main components: the digester tank and the gas storage unit.
The digester tank, typically made of reinforced concrete or high-density polyethylene (HDPE),
has a diameter of 1.2 meters and a height of 1.5 meters, providing a total capacity of approximately
1.5 cubic meters According to ASTM standard. The gas storage unit is an inverted drum, made of
mild steel, which moves up and down based on gas accumulation.

The system operates with a daily feed input of 3-5 kg of cattle dung . The expected biogas yield
is approximately 2400-4000 litter gas , with a methane concentration of 60-65%. The produced
biogas is used for cooking and lighting applications. The outlet slurry, rich in nutrients, serves as
a high-quality organic fertilizer.

Technical specifications:

Digester tank material: Reinforced concrete or HDPE.

Tank dimensions: Diameter: 1.2m, Height: 1.5m.

Gas storage unit: Inverted mild steel drum.

Biogas production: 2400-4000 Litter.

Methane concentration: 60-65%.

These engineering specifications ensure the ARTI system operates efficiently, providing a
sustainable solution for biogas production and waste management.

Figure 1. Reservoir production tank.

4.3. Process

1. At the beginning of decomposition, wine made from cow or sheep excrement must be added.
2. Feeding, i.e., cutting the materials into very small pieces or something like liquid, and these
wastes enter through a tube inside the tank.

3. The flame of this gas is pure blue because the percentage of methane is between (60-85).
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4. When adding nutrients to the tank, the liquid becomes an organic fertilizer with excellent
levels of nitrogen and phosphate.

4.4. Batch Mode Digester

The batch-mode digester is used for laboratory tests. It contains a reaction container (5 liters)
and a well closed gas scrubber 750 ml size and has the confining liquid (sodium hydroxide). The
gas generated is measured via a gas pipe and subsequently introduced into the water, maintained
at a consistent temperature of 350C. Figure (2) indicates the digester for biogas production for
laboratory objectives.

Influent -

. Effluent

Graduated
flask

Water bath

LS

Gasholder

Figure 2. The scheme of the batch mode biogas anaerobic digestion system.

4.5. Analysis Methods

Laboratory work involves taking specific quantities of feed materials for the required tests
(Figure 3). A variety of instruments were used, including a portable gas detector to measure
gas composition (CH4, CO;, H,S, and O), a weighing balance, a pH meter, an oven, a grinding
mill, and a Biogas burner. Notably, these instruments are not just off-the-shelf items, but are
locally manufactured to suit our specific needs. The gas detector, for instance, is a product of
our resourcefulness, and it plays a key role in determining the exact composition of Hydrogen
sulfide-produced biogas (Figure 4).

Solid waste sample in total wet weight (g)

Total solid (%) Moistu(l;z )content
' Fixed solid (%) ' V°'*‘?}/i)s°“d

Figure 3. Lab analysis methods. Figure 4. Hydrogen sulfide gas analyzer.

Various measures can be conducted to ascertain the feedstock’s or slurry’s characteristics.

4.6. Total Solids Analysis:

Determining total solids entails introducing a quantified sample into an oven and subjecting it to
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a drying process lasting several hours at 105°C [40]. It is recommended to store the sample in a
ceramic container with high-temperature glazing. Also, precautions should be taken to prevent
the dried model from reabsorbing moisture from the surrounding atmosphere before weighing.
Determining the quantity of total solids in the model is achieved by dividing the weight of the
dried model by the moist original weight.

_ weight of the dried sample divided 5

7S 100 e

he weight of the wet original.
TS= Total solids.

4.7. Volatile solids analysis:

The concentration of volatile solids is determined by heating the dry sample in a furnace for several
hours at (500 or 600)°C and weighing the excess. Burning Animal dung to high temperatures
causes it to burn, and the furnace should be located somewhere where the poisonous smoke
produced does not offend. The percentage of volatile solids is calculated by dividing the weight of
the dried model before and after burning by the weight before.

VS = weight of the dried sample before minus weight of the dried sample after.

Measurement of the pH using an accurate pH meter.

Figure5. pH meter 102 MW.

4.8. Nitrogen molecules

Because anaerobic bacteria require nitrogen molecules to thrive and replicate, the carbon-to-
nitrogen ratio (C: N) is necessary. However, too much nitrogen can limit methanogenic action.
Fresh cow manure’s total solids and volatile solid content, total nitrogen content, pH, and other
parameters were determined.

Figure 6. Oven CPH-80.
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5. RESULTS AND DISCUSSION

5.1. substrates Characteristics

Despite the fact that dietary practices exhibit significant regional variation influenced by cultural
practices, socioeconomic factors, and environmental conditions, the fundamental nutritional
requirements necessary to sustain human health remain consistent across populations. Within
this framework, the Iraqi dietary pattern aligns closely with the broader culinary traditions of
the Arabian Peninsula, characterized by the consumption of diverse food groups such as cereals,
seasonal fruits and vegetables, dairy products (including cheeses), and both white and red meats.
Consequently, it is reasonable to hypothesize that the principal constituents of food waste derived
from Iraqi households share compositional similarities with those observed in other Arab nations.
To investigate this hypothesis, investigations incorporated empirical data obtained from typical
food waste samples collected in Baghdad. These samples were sourced from municipal solid waste
streams, with a focus on agricultural residues and bovine manure, two predominant organic
waste categories in the region. Preliminary assessments indicated that these waste substrates
exhibited comparable physical and biochemical profiles, differing only marginally in quantitative
measurements of specific parameters (e.g., moisture content, lignocellulosic composition, and
nutrient concentrations).

As shown in Table 1 the analyzed bovine manure exhibited a total solids (TS) content of 27%,
with volatile solids (VS) constituting 73% of TS, indicating a high organic matter content suitable
for anaerobic digestion. Organic substrates with VS exceeding 60% are generally considered
optimal for biogas production due to their biodegradability and energy potential [41]. Elemental
analysis revealed a carbon (C) content of 40% TS and nitrogen (N) ranging between 3-4% TS,
yielding a carbon-to-nitrogen (C/N) ratio of 20-30. This ratio aligns with the ideal range (20-35)
for anaerobic digestion, as nitrogen is essential for microbial protein synthesis, while excessive
nitrogen (e.g., C/N < 15) can inhibit methanogenesis by elevating ammonia concentrations [42].

Table 1. Cow manure properties as biogas producing material.

Total Solids, TS% 27
(Volatile solid), VS% 19.71
(Carbon) (C) % 40
(Nitrogen) (N) % 3-4
C/N 20-30
pH 6.95
H20% 72-85
CH3% 73

The pH of the feedstock was measured at 6.95, slightly below the optimal range (7.0-7.5) for
methanogenic archaea. However, minor pH deviations can be mitigated during digestion through
buffering agents such as bicarbonate ions. Moisture content (72-85%) and ambient humidity
were observed to influence temporal reductions in nitrogen and water content, emphasizing the
need for feedstock stabilization prior to digestion to minimize nutrient loss.

Biogas Composition and Critical Parameters

Methane (CH,) constituted 73% of the biogas by volume, a value exceeding typical ranges (45-
75%) reported for cattle manure digesters [43]. This elevated yield likely reflects the high VS
content and balanced C/N ratio, which synergistically enhance hydrolytic and acetogenic activity.
Carbon dioxide (CO,) accounted for the remaining 27%, consistent with its role as a byproduct of
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carbohydrate fermentation. While CO, reduces biogas calorific value, its presence is unavoidable
and does not inherently compromise system efficiency unless concentrations exceed 40% (v/v).
Hydrogen sulfide (H,S), though not quantified here, poses a critical operational risk due to its
reactivity with moisture, forming sulfuric acid that corrodes infrastructure. Proactive measures
such as iron chloride dosing or biofiltration are recommended to mitigate H,S-induced
degradation.

Temperature fluctuations directly influence microbial kinetics in anaerobic systems. Mesophilic
conditions (35-40°C) are ideal for balancing reaction rates and microbial stability, whereas
thermophilic regimes (>50°C) risk enzyme denaturation and process inhibition. Similarly,
pH stability is paramount; deviations below 6.5 or above 8.0 disrupt methanogen activity,
necessitating automated monitoring systems to maintain neutrality via alkali supplementation
or CO; stripping.

The bovine manure analyzed in this study demonstrates strong potential as a biogas feedstock due
to its high organic content (73% VS), balanced C/N ratio (20-30), and favorable methane yield
(73%). However, operational challenges such as H,S corrosion, pH sensitivity, and moisture-
dependent nutrient loss necessitate integrated management strategies.

5.2. Biogas Composition

The compositional dynamics of biogas were quantitatively assessed through daily monitoring of
methane (CH,), carbon dioxide (CO,), and oxygen (O,) volumetric fractions. Methane content
exhibited a progressive increase, achieving a peak concentration of 73% (v/v) by day 14, after
which biogas production entered a stabilized phase. Initial methane generation commenced on
the first operational day, attaining 30% (v/v) by day 10, concurrent with a decline in CO, levels
attributable to microbial inoculation processes. Post-stabilization, the mean biogas composition
comprised 73% CH,, 28% CO,, and 0.4% O, (v/v), aligning with established profiles reported in
prior experimental systems [23-25]. This optimized composition, characterized by high methane
yield and minimal oxygen content, demonstrates suitability for direct utilization in combined
heat and power systems, thereby validating its efficacy for renewable energy applications.
Methane, as the primary combustible component, demonstrated properties critical to energy
recovery. Table 2 provides a concise summary of methane chemical and physical properties.
Carbon dioxide, while non-toxic, reduced the biogas calorific value, necessitating an evaluation
of impurity removal strategies to enhance fuel quality and system longevity.

Table 2. Methane Chemical and Physical Properties.

Physical Characteristics Colorless, odorless

Specific Gravity 0.55at21°C

Density 0.042 kg/m’ at 21°C

Hazard Tremendously flammable

Flammability Limits in surrounding (Air). Mixes explosively with air (5-15% volume). Never use

naked flames or spark-
producing instruments when
un-burned gas is present.

Toxicity High concentration asphyxiate (cause insufficient
intake of oxygen).
Typical heating value 37.750 MJ/m’. Since it includes 60-65% methane, the

biogas lower heating value is 22.400 MJ/m’.
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5.3. Biogas Impurities

5.3.1. Biogas Contains

Biogas Contains contaminants such as particles or dust, hydrogen sulphide, and siloxanes. At the
digesters’ operational temperature, the biogas will also exhibit saturation with moisture.

5.3.2. Carbon Dioxide

Carbon dioxide present in digester gas should not be inherently classified as a pollutant; however,
it does reduce the calorific value of the gas. The volumetric composition of biogas generally
contains methane levels between 45% and 75%, while carbon dioxide (CO,) constitutes the
majority of the remaining components. The variance indicates that the energy content of biogas
is variable, with the lower heating value (LHV) ranging from 16 to 28 MJ/m’. The economic
feasibility of carbon dioxide removal technologies is potentially constrained by their elevated
costs, rendering them viable only if the captured gas can be upgraded to a quality akin to natural
gas and marketed commercially. The power generation equipment designed for alternative fuels
can handle a carbon dioxide concentration of (30-50) % by volume in the gas composition. Thus,
utilizing biogas for electricity generation eliminates the necessity for carbon dioxide extraction.
5.3.3. Moisture Reduction via Clay Filtration

Biogas moisture saturation (>95% relative humidity) was mitigated using a porous clay filter. The
system reduced humidity to 20% within one hour, preventing condensate-induced corrosion
in downstream components. Regeneration of the clay medium at 105°C for 3 hours restored its
absorption capacity, enabling cost-effective reuse over multiple cycles.

5.3.4. Hydrogen Sulfide (H,S) Removal Efficiency

H,S concentrations in raw biogas averaged 4000 ppm, posing risks of corrosion and equipment
degradation. A novel gelatin gel infused with Fe’® ions was tested for H,S scrubbing. Biogas was
passed through the medium at 1 L/min, achieving 99% removal efficiency within 60 minutes as
list in Table 3. The reaction mechanism involved the formation of insoluble iron sulfide (Fe,Ss),
validated by post-treatment gas chromatography.

The working principle of a ferric ion-impregnated gelatin matrix (Fe,X) was used to isolate
hydrogen sulfide (H,S) from biogas. As the gas passes through the medium, the hydrogen sulfide
(H,S) reacts with the Fe,X, forming insoluble iron sulfides (such as FeS) or elemental sulfur,
purifying the gas stream. The experimental gas flow assembly is configured where the raw biogas
is directed to a reaction column containing a ferric ion-impregnated gelatin matrix. A controlled
gas flow rate of 1 liter per minuteX' is maintained to optimize the contact time between the
hydrogen sulfide (H.S) and the reaction medium. The post-treatment gas is collected at the outlet
for quantitative analysis of the reduced H,S concentration. As for the composition of the gelatin
medium, gelatin was prepared by dissolving gelatin in 100 ml of distilled water heated to 50°C
under continuous stirring. Ferric chloride (FeCls) solution was added to the dissolved gelatin to
ensure homogeneous dispersion of Fe, ions. The mixture was transferred to a glass column and
cooled to room temperature to achieve solidification.

Table 3 Experimental Results for Hydrogen Sulfide (H,S) Removal Efficiency Using a Ferric Ion-Impregnated
Gelatin Matrix.

Time (min) | H2S concentration before | H.S concentration after Removal efficiency %
(ppm) (ppm)
0 4000 3800 5%
10 4000 2500 37%
30 4000 800 80%
60 4000 50 99%
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5.4. Electricity Generation from Digester Gas

The efficiency of biogas applications is governed by multiple factors, including production
volume, energy demand, and operational parameters. Beyond conventional uses in cooking
and heating, biogas serves as a versatile energy source for residential and industrial systems.
Notable applications include illumination (biogas lamps), thermal regulation (radiant heaters),
agricultural support (incubators), refrigeration, and mechanical power generation via adapted
internal combustion engines, such as modified four-stroke diesel and spark-ignition engines.
A prominent application of biogas involves its conversion into electrical energy using engine-
generator systems. In this study, an anaerobic digester was fed daily with 3.5 L of cow slurry
characterized by a total solids (TS) content of 27% and a specific gravity of 1.04. The resultant
biogas was directly utilized to fuel the generator, enabling on-site power production. To optimize
system performance, critical parameters such as volatile solids (VS) concentration (73% of TS) and
volatile solids reduction (VSR) efficiency (40%) were incorporated into the design calculations.
These metrics ensure precise scaling of the engine-generator capacity to match biogas availability,
maximizing energy output while minimizing waste as shown in Table 4.

Table 4. Calculation table Electricity generation potential.

Total solid% specific gravity =~ Carbon content %  volatile solids
27 1.04 40 73
Therefore;

1. Volatile solids reduction 0.295 (kg/day) is produced by digester biogas,

VSR = _ .Volumex. den51.tu of water )
specific gravity x volatile solids% x Carbon content %

The expected amount of biogas produced is 0.0737 m?/day, assuming 0.25 m’ biogas/kg VSR.
2. The maximum amount of power 1650.88 kJ/day that an engine generator can produce.

Maximum electricity generation (kJ/day)= volatile solids reduction (VSR)x22,400 (3)

3. Electricity generation potential of 160.63 W/day, assuming 35% efficiency for engine generators:

Electricity generation potential (p) = maximum electricity generation (E)

xefficiency for engine Generatorsx0.000278 (4)

The anaerobic digestion of cow slurry (3.5 L/day, 27% total solids, specific gravity 1.04) yields
biogas through microbial decomposition of volatile solids (73% of total solids). Table 5 contains
the volatile solids reduction (VSR), calculated as 0.295 kg/day, and quantifies the organic matter
converted into biogas. Using a biogas yield factor of 0.25 m®/kg VSR, the system produces 0.0737
m?®/day of biogas.

Table 5 comparison between theoretical calculations and experimental data for a 5 kW biogas generator.

Factors Theoretical value Experimental value
VSR (kg/day) 0.295 0.280

Biogas (m*/day) 0.0737 0.070
Energy content of biogas (M]/m?) 224 21.8
Maximum available energy (kJ/day) 1650.88 1526.4
Assumed generator efficiency (%) 35 30
Electricity production (W/day) 160.63 137.4
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Biogas energy content (22,400 kJ/m?, derived from methane’s lower heating value) translates to a
theoretical maximum energy output of 1,650.88 kJ/day. However, practical electricity generation
depends on the engine-generator’s efficiency (35% theoretical vs. 30% experimental). After
accounting for conversion losses, the system generates 160.63 W/day theoretically, aligning
closely with experimental data 137.4 W/day.

5.5. Biogas Utilization for Cooking Applications

The combustion efficiency of a biogas stove was experimentally validated through standardized
tests involving water boiling and rice cooking. Biogas consumption was quantified using a flow
meter installed between the digester and stove. Results indicated a consumption rate of 450 L/h
at a supply pressure of 1,600 Pa. Concurrently, a biogas-powered lamp equipped with a (60-100)
W incandescent bulb demonstrated a consumption rate of 70 L/h. These findings underscore the
operational feasibility of biogas systems in meeting household energy demands while emphasizing
the interdependence of appliance efficiency and gas supply dynamics.

5.6. Comparison of Key Results

A comparison with other studies was performed to validate the findings and as shown in Table 6.

Table 6 comparison between the results extracted from the study and [23-25].

Parameter Current Study [23] [24] [25]
Methane Content 73% 50-75% 53.64% 60.6%
Carbon Dioxide Content 25-45% 30-50% 46.36% 40.1%
Temperature 32-37°C 25-35°C 35°C 35°C
pH Range 6.8-7.5 6.5-7.5 7.16 7.5

This work offers new comparisons to the literature by enabling the understanding of anaerobic
digestion (AD) processes in advanced laboratory-based ways unlike [23], [24], and [25].

It also strives to prove why the lower 50 for [23] range methane estimate was retained until this
work refined the empirically validated upper boundary to 73% under mesophilic practices. Good
methane production can be achieved under good substrate governance and process control, so
previously set standards are meant for good technique.

The argument changes from feedstock pretreatment of in situ enhancement, hydrolysis, or
optimization of microbial community to overcome the [24]53.64 and [25]60.6methane share
mark, thus yielding practical guides on how to replicate efficient AD systems.

The void between theoretical knowledge and lab investigation scales is confirmed, showing means
to efficient paths suggesting practical boundaries of achieving maximum methane production
limits highlighted in literature.

The studied cases focus on the preset control condition on [24] and [25] at 35° along with the
former at 32 and the later at 37°C, bringing new ideas into discussion. For practical purposes where
minute precise temperature control isn't feasible, pointing out system temperature robustness
signifies resilience to minor thermal stress. Though more aligned with optimal methanogenic
6.5-7.5 range than [23]’s 6.5-7.5, pH 6.8-7.5 proves more constrained and accentuates the need
of buffer—like ammonium or bicarbonate—used to stem AD system’ acidification failure mode.
It critiques setting control focus—and blending strong with flexible parameters like constant
temperature in [24-25]—suggesting encouraged diverse frameworks sustaining strong output
under alterations.

Lower levels of CO, that were detected in the current study compared to 24 and 25 indicates
an improved phase balance between acidogenesis and methanogenesis. This aligns with the
advances in management of microbial consortia.
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[23-25] Focused on specific feedstocks — municipal or agricultural waste, the present work aligns
with multiple organic substrates suggesting supporting waste valorization approaches while
maintaining the quality of biogas. It illustrates, with emphasis on in-situ process optimization,
that reduction of CO, can be achieved without costly post-processing techniques. This advances
the discussion regarding the versatility of substrates and biogas upgrading. This work refines the
empirically validated upper boundary to 73% under mesophilic conditions, surpassing earlier
benchmarks due to optimized substrate governance and microbial consortia management.

5.7. Contributions to Knowledge

This study significantly contribute to the development of anaerobic digestion technology by:
 The study provides insights into improving reactor efficiency through co-digestion and
highlights the role of financial incentives in promoting renewable energy technologies.

o Present a detailed methodologies for optimizing laboratory-scale anaerobic digestion
parameters, paving the way for scalable applications in biogas production.

 Enhance understanding of the technical, economic, and environmental aspects of anaerobic
digestion systems, while addressing gaps in substrate-specific yield data and system scalability.
« Provide a scalable framework for transitioning from laboratory prototypes to field applications,
reducing commercial risks.

« Demonstrate the interplay between oxygen availability, microbial toxicity, and contaminant
degradation in heterogeneous environments.

« Provide an advanced technologies for removing impurities (hydrogen sulfide, moisture) and
improving the overall biofuel consumption factor in rural/industrial environments.

« Contributing to renewable energy strategies by measuring the conversion of biogas to electricity
and valorizing digestion products.

o The use of bioremediation studies for prototypes and microbial augmentation can inspire
scalable biogas systems, particularly when incorporating field-specific modifications.

o The biogas study’s focus on microbial community dynamics and process optimization can
enhance bioremediation strategies, particularly in managing toxic substrates.

6. LIMITATIONS AND FUTURE DIRECTIONS

Limited analysis of microbial diversity and reliance on grid sampling in hotspot areas. Future
studies could explore advanced microbial profiling and the use of surfactants to address rebound
effects. The focus is on laboratory scale; field validation and large-scale economic feasibility
remain untested. Future research could incorporate real-world waste variability and hybrid
systems (e.g., solar-powered digesters). Future work should explore pretreatment methods (e.g.,
co-digestion with nitrogen-rich substrates) to enhance process resilience and output consistency.

7. CONCLUSION

By improving the optimization of substrate characteristics, in light of global apprehensions around
climate change, pervasive pollution, and the scientific community’s endeavors to mitigate carbon
emissions, biomass conversion technologies exhibit considerable potential, notably anaerobic
digestion (AD). The anaerobic digestion (AD) process is an economically efficient and versatile
technology that can utilize various feedstocks, including farmyard trash and manure.

Anaerobic digestion (AD) is an intricate biological process that requires extensive research to
identify the influential components and optimal circumstances for stabilization, increased yield,
and enhanced productivity of novel high-value products, such as hydrogen and volatile fatty
acids (VFAs). The following conclusions can be taken from this research:

« Reducing energy expenses and selling digestate as fertilizer for the soil can make small-scale
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biogas digesters (such as those on farms) economically feasible.

o Anaerobic digestion (AD) effectively mitigates waste while concurrently producing valuable
byproducts, including biogas and nutrient-dense digestate. This is in contrast to the widespread
use of digesters in rural regions, where animal dung is used as a feedstock despite its evident
potential.

« The anaerobic digestion of organic carbon entails the involvement of indigenous bacterial
populations. The digestion process occurs when organic substances decompose in an environment
devoid of oxygen.

« Biogas is a versatile and sustainable form of renewable energy that can serve as an alternative to
conventional fossil fuels for generating heat, power, and fuel vehicles. However, biogas pollutants
encompass several undesirable components and gases present in biogas.

Author Contributions: All authors have made a substantial, direct, and intellectual contribution
to the work and approved it for publication.

Funding: This research received no external funding.

Data Availability: The data are available at request.

Conflicts of Interest: The authors declare that they have no conflict of interest.

REFERENCES

[1] Copinschi, Philippe. “Energy and the Economy in Sub-Saharan Africa.” The Palgrave handbook
of international energy economics. Cham: Springer International Publishing, 2022. 693-712.

[2] Mohammed, Akeel Abdullah, Ansam Adel Mohammed, and M. A. Falleh. “Heat Transfer
Augmentation in Tube Fitted with Rotating Twisted Tape Insert.” Journal of Mechanical Engineering
Research and Developments, ISSN, 1024-1752, 2020

[3] Rajesh, Paneti, and V. Subhashini. “Susitainable packaging from waste material: A review on
innovative solutions for cleaner environment.” Bioremediation and Green Technologies: Sustainable
Approaches to Mitigate Environmental Impacts (2021): 259-270. https://doi.org/10.1007/978-3-
030-64122-1 18

[4] Costa, A.L., Anaerobic digestion and its applications. Land Remediation and Pollution Control
Division, National Risk Management Research Laboratory, 2015.

[5] Moeller, L. and Zehnsdorf, A., “Process upsets in a full-scale anaerobic digestion bioreactor:
over-acidification and foam formation during biogas production” Energy, Sustainability and

Society, 6, pp.1-10, 2016. https://doi.org/10.1186/s13705-016-0095-7

[6] Fedailaine, M., Moussi, K., Khitous, M., Abada, S., Saber, M. and Tirichine, N., “Modeling of
the anaerobic digestion of organic wasie for biogas production”, Procedia Computer Science, 52,
pp-730-737. 2015. https://doi.org/10.1016/j.procs.2015.05.086

[7] Mohammed, A.A., Mohammed, A.A. and Sadeq, L.A., "Heat transfer augmentation in an
inclined tube using perforated conical ring inserts”, Journal of Mechanical Engineering Research
and Developments, ISSN, pp.1024-1752. 2020.

[8] Mohammed, A.A., Jaber, M.W.K., Ghafoor, Q.J.A., Mahmoud, M.S. and Khudheyer
A.F, ”Investigation of the thermal performance for a square duct with screwtape and twisted tape
numerically”, International Journal of Mechanical Engineering, Vol. 7, no.1, pp.685-688, 2022.

[9] Mahmoud, Mahmoud Sh. “Numerical investigation of conjugate combined convective heat
transfer for internal laminar flow of AL203/water nanofluid through tube—flat plate solar collector.”
Journal of Engineering Science and Technology , Vol.16, no.3, 2378-2393, 2021.

Solar Energy and Sustainable Development, Votume (14)- N (1). June 2025 536



Ansam Adil Mohammed et. al.

[10] A. A. Mohammed and A.J. ali,” Experimental units for biogas production from anaerobic
digestion — review” international Journal of Latest Engineering and Management Research
(IJLEMR) ,Volume 07 - Issuell , PP. 68-72 ,November 2022.

[11] Zullo, L., VerdeNero, L.L.C., Arlington, H. and Arlington, V.A., “Anaerobic Digestion Industry
Overview and Opportunities for Process Intensification”, International journal of environmental
research and public health, Vol.15,n0.10, p.2224.. 2016.

[12] Global Methane Initiative. “Successful applications of anaerobic digestion from across the
world.” Retrieved from , 2013.

[13] Uddin, M.N., Siddiki, S.Y.A., Mofijur, M., Djavanroodi, F., Hazrat, M.A., Show, P.L., Ahmed,
S.F and Chu, Y.M., “RETRACTED: Prospects of Bioenergy Production From Organic Waste Using
Anaerobic Digestion Technology: A Mini Review”, Frontiers in Energy Research, Vol. 9, p.627093,
Feb. 2021. https://doi.org/10.3389/fenrg.2021.627093

[14] Kumar, A, and S. R. Samadder. “Performance evaluation of anaerobic digestion technology
for energy recovery from organic fraction of municipal solid waste: A review.” Energy , Vol.197,
117253. April 2020. https://doi.org/10.1016/].energy.2020.117253

[15] Abdelgadir, A., Chen, X., Liu, J., Xie, X., Zhang, J., Zhang, K., Wang, H. and Liu, N.,
“Characteristics, process parameters, and inner components of anaerobic bioreactors”, BioMed
research international, no.l1, p.841573. 2014. https://doi.org/10.1155/2014/841573

[16] Harirchi, S., Wainaina, S., Sar, T, Nojoumi, S.A., Parchami, M., Parchami, M., Varjani,
S., Khanal, S.K., Wong, J., Awasthi, M.K. and Taherzadeh, M.J., “Microbiological insights into
anaerobic digestion for biogas, hydrogen or volatile fatty acids (VFAs): a review”, Bioengineered,
Vol.13, no.3, pp.6521-6557, 2022. https://doi.org/10.1080/21655979.2022.2035986

[17] Baldi, F., Pecorini, I. and lannelli, R., “Comparison of single-stage and two-stage anaerobic
co-digestion of food waste and activated sludge for hydrogen and methane production”, Renewable
Energy, Vol. 143, pp.1755-1765. 2019. https://doi.org/10.1016/j.renene.2019.05.122

[18] Park, Y., Khim, J. and Kim, J.D., “Application of a full-scale horizontal anaerobic digester for
the Co-digestion of pig manure, food waste, excretion, and thickened sewage sludge”, Processes,
Vol.11, no.4, p.1294, 2023. https://doi.org/10.3390/pr11041294

[19] Ghafoor, Q.J.A., Jaber, M.W.K., Mahmoud, M.S. and Khudheyer, A.F.,. “Absorber with
Triangular Cavity for a Linear Fresnel Collector investigated numerically”, Int J Mech Eng,Vol.
7, pp.616-619, 2022.

20]] Priadi, C., Wulandari, D., Rahmatika, I. and Moersidik, S.S.,” Biogas production in the
anaerobic digestion of paper sludge”, APCBEE procedia, Vol.9, pp.65-69. 2014. https://doi.
org/10.1016/j.apcbee.2014.01.012

[21] Richard, E.N., Hilonga, A., Machunda, R.L. and Njau, K.N.,” A review on strategies to optimize
metabolic stages of anaerobic digestion of municipal solid wasies towards enhanced resources
recovery”, Sustainable Environment Research, Vol. 29, pp.1-13. 2019. https://doi.org/10.1186/
§42834-019-0037-0

[22] Admasu, A., Bogale, W. and Mekonnen, Y.S., “Experimental and simulation analysis of biogas
production from beverage wastewater sludge for electricity generation”, Scientific Reports, Vol.
12, no.1, p.9107, 2022. https://doi.org/10.1038/s41598-022-12811-3

[23] Maghanaki, M. Mohammadi, B. Ghobadian, G. Najafi, and R. Janzadeh Galogah. “Potential
of biogas production in Iran.” Renewable and sustainable energy reviews 28 (2013): 702-714.
http://dx.doi.org/10.1016/j.rser.2013.08.021

[24] Mihi, Miriam, Badr Ouhammou, Mohammed Aggour, Brahim Daouchi, Soufyane Naaim, El

537 Solar Eneryy and Sustainable Development, Volume (14) - No (1). June 2025



Study of prototypes for biofuel production Extraction from biodegradation in oxygen-free environments Processing Wastewater.

Mahdi El Mers, and Tarik Kousksou. “Modeling and forecasting biogas production from anaerobic
digestion process for sustainable resource energy recovery.” Heliyon 10, no. 19 (2024). https.//doi.
org/10.1016/j.heliyon.2024.e38472

[25] Mosquera, Jhessica, Carol Rangel, Jogy Thomas, Angelica Santis, Paola Acevedo, and Ivan
Cabeza. “Biogas production by pilot-scale anaerobic co-digestion and life cycle assessment using
a real scale scenario: Independent parameters and co-substrates influence.” ProcessesVol. 9, no.
11): 1875. 2021 https://doi.org/10.3390/pr9111875

[26] Chen, J., Risberg, M., Westerlund, L., Jansson, U., Wang, C., Lu, X. and Ji, X., “Heat-
transfer performance of twisted tubes for highly viscous food waste slurry from biogas plants”,
Biotechnology for Biofuels and Bioproducts, Vol.15, no.l1, p.74. 2022. https://doi.org/10.1186/
s13068-022-02156-4

[27] Vladimir Mironov, Ivan Moldon, Anna Shchelushkina, Vitaly Zhukov and Nataliya Zagustina,
“Bio-Drying of Municipal Wastewater Sludge: Effects of High Temperature, Low Moisture Content
and Volatile Compoundson the Microbial Community”, Fermentation 2023, 9(6), 570, https.//doi.
org/10.3390/fermentation9060570

[28] Al-Qalamchi, A.A. and Adil, A., “Performance of ice storage system utilizing a combined partial
and full storage strategy”. Desalination, 209(1-3), pp.306-311. 2007. https://doi.org/10.1016/].
desal.2007.04.044

[29] Tan, Y.Y, Huong, Y.Z., Tang, F.E. and Saptoro, A., “A review of sewage sludge dewatering and
Stabilisation in reed bed system: towards the process-based modeling *“, International Journal of
Environmental Science and Technology, Vol. 21, no.1, pp.997-1020. 2024. https://doi.org/10.1007/
513762-023-05063-9

[30] Ayilara, M.S., Olanrewaju, O.S., Babalola, O.0O. and Odeyemi, O., “Waste management
through composting: Challenges and potentials”, Sustainability, Vol.12, no.11, p.4456. 2020.
https://doi.org/10.3390/sul2114456

[31] Singh, A.K., Pal, P, Rathore, S.S., Sahoo, U.K., Sarangi, PK., Prus, P. and Dziekanski, P,
“ Sustainable utilization of biowaste resources for biogas production to meet rural bioenergy
requirements”, FEnergies, Vol .16, no.14, p.5409, 2023. https://doi.org/10.3390/enl6145409

[32] Liu, Z., De Souza, T. S., Holland, B., Dunshea, F., Barrow, C., & Suleria, H. A., “Valorization
of Food Wasie to Produce Value-Added Products Based on Its Bioactive Compounds”, Processes,
Vo.11,n0.3, p.840, 2023. https.//doi.org/10.3390/pri11030840.

[33] Al-Obaidi, Q., Ibrahim, D.S., Mohammed, M.N., Sultan, A.J., Al-Ani, F.H., Abdullah, T A.,
Abdullah, O.1 and Selem, N.Y., “A comprehensive analysis of the hydrogen generation technology

through electrochemical water and indusirial wastewater electrolysis”, Polish Journal of Chemical
Technology, Vol. 26, no.3, 2024.

[34] Al-Obaidi, Q., Aljibori, H.S.S., Abdullah, T.A.,Mohammed, M.N., Abdullah, O.1. ““Performance
Investigation of Surface Modified Ceramic Microfiltration Membranes of lonic Water Treatment”,

Environmental Research, Engineering and Management. Vol.80, no.2, pp. 49-55. 2024. https.://
orcid.org/0000-0002-4874-0775

[35] Al-Obaidi, Q., Selem, N.Y., Al-Dahhan, M.H., “Emulsion liquid membrane (ELM) enhanced
by nanoparticles and ionic liquid for extracting vanadium ions from wastewater”, Environmental
Science and Pollution Research. Vol.31, no.35, pp. 48576—-48589. 2024. https://doi.org/10.1007/
§11356-024-34273-y

[36] Ansam Adil Mohammed]1 , Thamer Adnan Abdullah2 , H. S. S. Aljibori3 , M. N. Mohammed4
, Oday 1. Abdullah5, “Effect of Nanoparticles Flow to Improve the Oil Refineries Wastewater”,
International Review of Mechanical Engineering (IL.RE.M.E.), Vol. 18, N. 7 ISSN 1970 - 8734 July
2024. https.://doi.org/10.15866/ireme.v18i7.24525

Solar Energy and Sustainable Development, Votume (14) - N (1). June 2025

538



Ansam Adil Mohammed et. al.

[37] Miller, K.E., Grossman, E., Stuart, B.J. and Davis, S.C., “Pilot-scale biogas production in a
temperate climate using variable food waste”, Biomass and Bioenergy, Vol. 138, p.105568. 2020.
https://doi.org/10.1016/j.biombioe.2020.105568

[38] Al-Wahaibi, A., Osman, A.l., Al-Muhtaseb, A.A.H., Alqaisi, O., Baawain, M., Fawzy, S. and
Rooney, D.W., “Techno-economic evaluation of biogas production from food waste via anaerobic
digestion”, Scientific reports, Vol.10, no.1, p.15719.2020 . https://doi.org/10.1038/s41598-020-
72897-5

[39] Farghali, M., Osman, A.1., Umetsu, K. and Rooney, D.W., “Integration of biogas sysiems into
a carbon zero and hydrogen economy: a review”, Environmental chemistry letters, Vol.20, no.5,
pp.2853-2927, 2022. https://doi.org/10.1016/].biortech.2020.122823

[40] Christoph T Reh, Ariane Gerber, “Total solids determination in dairy products by microwave
oven technique”, Food Chemistry, Vol. 82, Issue 1, P. 125-131, 2003. https://doi.org/10.1016/
S0308-8146(02)00585-X.

[41] Ngabala, Flaviana John, and Jovine Kamuhabwa Emmanuel. “Potential substrates for biogas
production through anaerobic digestion-an alternative energy source.” Heliyon 10, no. 23 (2024).
https://doi.org/10.1016/j.heliyon.2024.e40632

[42] Kayhanian, Masoud, and George Tchobanoglous. “Characteristics of humus produced
from the anaerobic composting of the biodegradable organic fraction of municipal solid waste.”
Environmental technology 14, no. 9 (1993): 815-829. https://doi.org/10.1080/09593339309385354

[43] Sihlangu, Ephodia, Dibungi Luseba, Thierry Regnier, Primrose Magama, Idan Chiyanzu, and
Khathutshelo Agree Nephawe. “Investigating methane, carbon dioxide, ammonia, and hydrogen
sulphide content in agricultural waste during biogas production.” Sustainability 16, no. 12 (2024):
5145. https://doi.org/10.3390/sul6125145

539 Solar Eneryy and Sustainable Development, Volume (14) - No (1). June 2025



