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Abstract. Anaerobic biotechnology is a viable solution for recovering biomethane from organic waste, thereby
mitigating GreenHouse Gas (GHG) emissions. This study investigated the development and performance of an
anaerobic underground Fixed-Dome Reactor (GFDR) designed to optimise methane production from livestock
manure, offering a sustainable approach to waste management and renewable energy generation. The reactor
was evaluated using manure from horses, cows, camels, and sheep, and key operational parameters (total solids,
volatile solids, total nitrogen, and pH) were monitored throughout the process. The biogas produced by the
GFDR contained 56.40% methane and 34.80% carbon dioxide, demonstrating its efficiency in methane recov-
ery. Additionally, the nutrient-rich digestate was assessed for its potential use as a biofertiliser, contributing to
sustainable agricultural practices. This study provides a detailed characterisation of the feedstock and reactor
performance, highlighting the ability of the system to reduce GHG emissions and promote sustainable waste-to-
energy technologies. A preliminary economic feasibility analysis estimates that constructing a 22 m® GFDR
would be financially viable. This study underscores the cost-effectiveness of biomass energy recovery, although
further advancements in sensor technologies and biogas production processes are necessary to enhance effi-

ciency and reduce costs.
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1 Introduction

Energy is an essential resource. As traditional energy
sources are limited and potentially depleted, there is an
urgent need to explore alternative and environmentally
friendly energy sources [1]. In recent years, the world has
turned to energy alternatives and has sought solutions to
provide energy through the management of unwanted
resources and materials. Biogas is an alternative energy
source [2]. Biogas energy is both economical and widely
available, and it can be easily converted into electricity
and heat [3]. Currently, biogas can be processed to produce
biomethane, which can be implemented into natural gas
systems as an alternative to natural gas, utilised as vehicle
fuel, and substituted for natural gas in industrial, residen-
tial, and commercial applications. Carbon dioxide (CO,)
can be separated from biogas and utilised as an initial com-
ponent to produce chemical fuels and as feedstock for green-
houses [4].

Biogas is characterised by its ability to generate energy
from organic materials found in solid waste, such as
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industrial and agricultural waste, sewage sludge [5], animal
manure from dairy farms [6], and food scraps from homes
and restaurants [7]. The use of waste to produce biogas
creates a healthier environment by treating the waste
sustainably and ensuring environmental safety [8]. COq
emitted from biomass into the atmosphere contributes to
the global GreenHouse Gas (GHG) effect and exacerbates
global warming caused by GHG emissions from burning
fossil fuels [8-10]. Therefore, many countries have estab-
lished biogas plants to mitigate these effects [11].

Biomass can produce biogas through anaerobic biodi-
gestion and contains carbohydrate polymers (such as cellu-
lose and hemicellulose), fats (lipids), lignin, and proteins
[12]. It can be converted to biogas in two ways; the first
method is uncontrolled Anaerobic bioDigestion (AD),
which occurs in wetlands and landfills. The second is con-
trolled AD, which is used in sewage and organic material
treatment plants [13]. Methane (CH,) and CO, constitute
the largest part of biogas composition, with CHy concentra-
tion ranging from 55% to 70% and COs from 30% to 45%; it
includes a small amount of additional compounds like
Hydrogen Sulfide (H5S), Ammonia (NHjz), and Other Trace
Compounds [14, 15].

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses /by /4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0009-0001-4051-567X
https://orcid.org/0009-0001-4051-567X
https://orcid.org/0009-0001-4051-567X
https://www.edpsciences.org/
https://stet-review.org
https://stet-review.org
https://doi.org/10.2516/stet/2025027
https://creativecommons.org/licenses/by/4.0/

2 The Author(s): Science and Technology for Energy Transition 80, 47 (2025)

The use of biomass for energy production dates back to
the 19th century [16], with India constructing its first biogas
plant at the beginning of the 20th century [17]. Recently,
bioenergy generation has become increasingly popular
[18]. Biogas is commonly used to produce transport fuel,
heat, and electricity [19]. It offers several additional applica-
tions. Biogas rich in CHy can be used as feedstock to pro-
duce materials and chemicals [20]. The amount of CH, in
the biogas determines its calorific value, which varies
depending on its composition [21]. The energy content of
CH, has been well-documented in various scientific and
engineering studies. The commonly cited value is approxi-
mately 36 MJ/m?®. This value represents the heat of com-
bustion of CHy, which is the energy released when CH, is
completely burned [22].

The AD process produces biogas by digesting organic
matter inside a digester in the absence of oxygen. This pro-
cess involves four functional groups: hydrolysis, acidogene-
sis, acetogenesis, and methanogenesis [23]. Carbohydrate
and amino acid fermenters, Volatile Fatty Acid (VFA) oxi-
disers, and methanogens represent operationally complex
microbial groups that play a role in the multistep microbi-
ological processes of AD [24, 25]. In the first stage, complex
organic compounds are broken down into smaller compo-
nents, such as fatty acids, amino acids, and simple sugars.
The intermediates produced during hydrolysis are trans-
formed into acetic acid, hydrogen (Hy), and CO, by acid-
forming bacteria during acidogenesis and acetogenesis.
The last step in CH, formation is methanogenesis [13].
Some AD processes can be classified into two stages. The
first stage incorporates the first and second phases (Hydrol-
ysis and Acidogenesis). This process creates VFAs and
hydrogen, whereas the second stage incorporates the third
and fourth phases (Acetogenesis and Methanogenesis) to
yield CH, [26]. Biogas generation ceases when hydrolysis
and acetogenesis are inhibited. The optimisation of
methanogenesis is challenging because of microbial growth
limitations and the risk of toxins [27]. Numerous factors
influence biogas production efficiency, including ambient
temperature, pH, loading rate, and Hydraulic Retention
Time (HRT). Additionally, the quantities of VFAs, ammo-
nia, and sulfur play significant roles in the formation of bio-
gas [28]. The pH significantly affects the development of
microorganisms throughout the AD process. Studies have
found that a neutral pH is optimal for producing large
amounts of CH,4, as most methanogenic microbes grow best
in a pH range of 6.7-7.5 [29]. During AD, the methanogenic
stage occurs at a pH range of 6.5-8.2, whereas hydrolysis
and acidogenesis take place in more acidic conditions, with
pH ranges of 5.5-6.5 [30]. D.H. Lee et al. [31] observed that
methanogenesis could be effectively achieved at pH values
ranging from 6.5 to 8.2. Protein disorders can lead to the
accumulation of high ammonium concentrations in anaero-
bic microorganisms, which can be detrimental to AD [32].
Elevated ammonia levels can increase pH, creating a hostile
environment for methanogens. This disrupts the balance
necessary for efficient anaerobic digestion and reduces
CH, production [33].

The substrate type, toxicity, stirring, nutrients, slurry
composition, plant construction, size, carbon-to-nitrogen

ratio, alkalinity, initial feeding protocol, overall volatile
acids, Chemical Oxygen Demand (COD), Total Solids
(TS), and Volatile Solids (VS) influence the rate of biogas
production [34]. In addition, the temperature within the
biodigester plant significantly affects biogas generation [35].

Various pretreatment techniques have been developed
to improve CHy production by enhancing the AD of ligno-
cellulosic substances in feedstock [36]. These techniques
vary based on feedstock characteristics and operating con-
ditions. Pretreatments can be classified into four main
types: physical, chemical, physicochemical, and biological
[37]. Each method has its advantages, but no single
approach is ideal for all types of feedstock [38]. The common
goal of all pretreatment strategies is to boost biogas produc-
tion and generate a nutrient-rich digestate for use as fer-
tiliser. Batch, continuous, and semicontinuous systems are
the primary feeding systems used in anaerobic biodigesters.
Batch systems are simple and cost-effective, in which feed-
stock is added and left to decompose until biogas is pro-
duced; however, they have limited capacity. In contrast,
continuous systems allow for steady biogas generation by
continuously feeding new materials while discharging the
digested residue at the same rate. However, continuous
systems may face challenges such as VFA accumulation,
which can inhibit digestion [14]. These systems can be
further categorised into single- or multi-stage processes
[39]. A semicontinuous system combines the advantages
of both batch and continuous systems. Feedstock is added
at regular intervals, typically daily or weekly, and a portion
of the digestate is removed accordingly. This system facili-
tates more stable biogas production than batch systems,
requiring less constant feeding than fully continuous
systems. Semicontinuous systems are often preferred for
small-to-medium-scale operations because they offer
steady-state operations with a lower risk of VFA accumula-
tion and process inhibition, making them more practical for
farms or small biogas plants [40].

Despite its potential, the utilisation of biogas as an
energy source remains limited, primarily because of institu-
tional, technological, financial, societal, and environmental
barriers [41]. Furthermore, biomass availability varies
regionally, posing challenges for biogas production in areas
with limited feedstock resources. Establishing a biogas plant
requires a significant initial financial investment, and the
lack of political support may hinder the advancement of bio-
gas generation [42]. Reports in the literature clearly show an
increase in CH, concentration by applying manure to a fixed
dome biodigester. Ajieh et al. [43] utilised fixed-dome co-
digestion of cow dung waste and water hyacinth inside a
biodigester for 21 days until reaching CH, 56.4%. Obileke
et al. [44] reported that producing favourable biogas out-
comes via an insulated fixed-dome underground biodigester
helps offer a more consistent internal temperature. Other
work pointed in the same direction; Oji Achuka et al. [45]
compared a 32 L fixed-dome biodigester load with Cow
Abdominal Waste (CAW) and Poultry Waste (PW) at an
HRT of 30 days. The concentrations were 68.39%, 66.41%,
and 57.74% for the highest CH, yields underground with
CAW, underground with 1 CAW:1 PW, and non-under-
ground with CAW, respectively.
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The digestate from anaerobic digesters can be used
effectively and safely in agriculture, providing a sustainable
alternative to conventional fertilisers. Using digestate as a
fertiliser in agriculture can offer significant benefits such
as nutrient-rich fertilisation, reduction of chemical fertilis-
ers, and waste recycling [46].

This study aims to contribute to the development of a
sustainable and renewable energy source by harnessing bio-
gas produced from livestock manure in Saudi Arabia. We
focused on the design, construction, and performance anal-
ysis of a novel anaerobic underground Fixed-Dome Reactor
(GFDR) specifically tailored for this purpose. The GFDR is
designed to enhance methane production while minimising
environmental impacts, offering a potential solution for
waste management and energy generation in the region.
This study provides a comprehensive characterisation of
the feedstock, a detailed analysis of the biodigester design
and operation, and an assessment of the potential of the
digestate as a biofertiliser. Furthermore, we explore the
energy balance and economic feasibility of implementing
similar biodigester systems in Saudi Arabia. Our research
aligns with the Sustainable Development Goals (SDGs)
by promoting a cleaner and more sustainable future
through waste management and renewable energy produc-
tion. A preliminary life-cycle assessment suggested that the
GFDR system could significantly reduce greenhouse gas
emissions, and future studies should delve deeper into quan-
tifying energy savings and nutrient recycling.

2 Materials and methods

2.1 Case study

This study investigates the performance of an anaerobic
underground fixed-dome reactor (GFDR) designed to
enhance methane production from livestock manure. The
GFDR was constructed and operated in Dahaban, Saudi
Arabia, using a semi-continuous feeding system. The key
components of the GFDR, feedstock composition, and the
methodology for data collection and analysis are detailed
in the following sections. Considering Saudi Arabia as the
case study, it is necessary to briefly investigate its potential
for biogas production. This includes exploring modern tech-
nology, the current state of exploration, and different types
and sizes of biogas reactors. The GFDR was established at
a farm in Dahaban, located in the western part of Saudi
Arabia, northeast of Jeddah City. The geographical coordi-
nates of the farm are latitude 21°57'12” N and longitude 39°
08'30" E, as seen in Figure 1. Dahaban is an appropriate
location for a biodigester reactor as it is primarily populated
by farms and factories. Therefore, site selection depends on
factors such as proximity to the feedstock source, accessibil-
ity, and safety regulations.

The climate of Jeddah is characterised by hot desert
conditions. The city’s weather is characterised by consis-
tently high temperatures, with the highest temperatures
occurring during the summer months. The average annual
temperature is approximately 33.0 °C. In May, Jeddah
starts to transition into its summer heat, with average high
temperatures ranging from 24 °C to 38 °C [47].

2.2 Fabrication of the anaerobic biodigester

The anaerobic biodigester system comprises several compo-
nents: a feedstock inlet chamber, a digested compost cham-
ber, a transition compartment, and a biodigestion chamber.
A GFDR with a bulk size of 22 m® was installed as an
underground biodigester system. A plant fabricated from
brick, cement, and High-Density Polyethylene (HDPE)
was used in this study. The biodigestion chamber has a
height of 3.3 m and a radius of 1.45 m, giving it a total vol-
ume of 22 m?®, without continuous stirring to avoid frequent
breakdowns. HDPE was chosen as the fermentation cham-
ber because of its ability to withstand exposure to moisture,
corrosive gases, and raw material digestion, and its effec-
tiveness in preventing gas emissions. HDPE also maintains
warmth and acts as a good insulator. It offers excellent air-
tightness, corrosion resistance, and ease of manufacturing
and construction. Most importantly, these bacteria can en-
dure adverse environmental conditions while preserving
their anaerobic state [48]. Additional materials such as Te-
flon, Acrylonitrile Butadiene Styrene (ABS), and fibre-rein-
forced plastic were used for the structure of the
fermentation and gas storage chambers. A resistant foam
material covering all sides of the dome was designed to
withstand severe climatic conditions and prevent gas leak-
age. All four stages of biogas production occur in the lower
region of the biodigestion chamber, whereas gas storage
occurs in the upper region. The feedstock inlet, trawere
included to prevent over-pressurization compartment and
digestate compost chambers were constructed from locally
made bricks and cement mortar, which was a mixture of
cement and sand. The dimensions of the feedstock chamber
are 2.5 m in height and 1 m in width. The transition com-
partment, located between the biodigestion and digestate
compost chambers, measures 3 m in height and 1.5 m in
width, while the digested compost chamber measures
2.8 m in height and 1.9 m in width. The feedstock inlet
chamber was connected to the biodigestion chamber
through a 45 cm diameter PVC pipe set at a 35° angle to
the vertical. The transition compartment is connected using
a PVC pipe with a diameter of 60 cm. Figure 2 schemati-
cally illustrates the GFDR.

The system begins with a fermentation chamber, where
the organic material breaks down to produce biogas. The
feedstock inlet introduces a slurry mixture into the cham-
ber. Once generated, the biogas is stored in a gas storage
chamber and transferred through a gas hose.

The transition compartment buffers the material flow
and prevents blockage. The digested compost chamber
facilitates the natural flow of digestate, while additional bio-
gas storage is handled by a 1 m*® PVC gas balloon.

The entire biodigester was installed underground and
was fully insulated, as shown in Figure 3. The materials
used, such as HDPE and reinforced concrete, were selected
for their durability, corrosion resistance, and insulation
properties. The underground installation helps maintain a
stable temperature within the reactor, minimising the
impact of external temperature fluctuations.

The GFDR was designed to optimise biogas production
with reactor dimensions based on the anticipated feedstock
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Fig. 1. Location of the study area.

1t 2.

Fig. 2. Schematic of the GFDR showing key components: Fermentation chamber (1), feedstock inlet (2), gas storage chamber (3),
gas hose (4), sensor box (5), transition compartment (6), digested compost chamber (7), and PVC gas balloon (8).

Fig. 3. The design of the installed biodigester reactor.

volume and HRT. HDPE and reinforced concrete were  reactor maximised contact between the feedstock and
selected for their durability, corrosion resistance, and insula-  microbial populations for the effective breakdown of organic
tion properties to ensure efficient AD. The shape of the  matter. The insulation maintained stable conditions
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essential for optimal performance in various climates. Safety
features, such as pressure relief valves and gas monitoring
systems, were included to prevent over-pressurisation.

The gas outlet system featured a 1/2-inch galvanized
iron pipe integrated into the dome, which was linked to
the gas collection bag via PVC pipes, serving as the main
gas line. Valves were installed along the gas line to regulate
the gas flow and ensure control over its distribution. In
addition, a tube connected to the gas line served as an indi-
cator of gas production, and another pipe was used for the
combustion test.

Designed for easy access, the system allows routine
maintenance and inspection, including testing the integrity
of gas lines and valves to prevent leaks. This setup ensures a
reliable and controlled biogas supply for cooking, heating,
or electricity generation.

Overall, the gas outlet system was designed to ensure an
efficient gas flow and safe operation.

2.3 Construction of control unit

A Gas Pressure Monitoring System (GPMS) was developed
to monitor the operations and record data for the biogas
digester. In this study, real-time data were collected using
the Message-Queuing Telemetry Transport (MQTT) ser-
vice provided by Adafruit 10, which is a lightweight messag-
ing protocol designed for efficient device communication in
environments with limited network resources. The GPMS
includes sensors for detecting CH,; and CO, gas voltage
levels (up to 10,000 ppm), a pressure sensor, and a type K
thermocouple for temperature measurements.

Table 1 presents the equipment used for measurements
in the development of the biodigester.

These components were housed in a sensor box installed
in the biodigester, as shown in Figure 2, which contained a
WiFi + Bluetooth development board for mobile monitor-
ing, an expansion board, and a power supply module
(HiLink AC DC-15M05C) to ensure continuous operation.
All the sensors were enclosed in a waterproof box designed
for this study, ensuring protection and reliable operation
under varying environmental conditions, as shown in
Figure 4.

A ventilation test was conducted after the fabrication to
verify that the biodigester was leak-free. Constructed in
July 2023, the biodigester reactor was operated from
August 2023 to June 2024. During this period, the system
was monitored regularly to assess the efficiency of organic
waste management and biogas production. The GFDR fea-
tures an underground design that stabilizes temperature for
consistent biogas production, while its gas storage system
ensures a reliable energy supply. With low-cost construction
and 22 m? capacity, it offers an affordable, scalable solution
for small-to-medium agricultural operations in regions with
limited renewable energy access.

2.4 Sample collection, preparations, and biogas
production

The feedstock used included a mix of manure from horses
(60%), cows (20%), sheep (10%), and camels (10%). Fresh

manure was collected from animal enclosures and stored in
covered containers to prevent moisture loss and contamina-
tion. Before being fed into the biodigester, the manure was
thoroughly mixed to ensure homogeneity. These were cho-
sen because of the availability of these animals in the area
and their additional benefits, such as reducing odours and
pathogens, the ability to produce biogas, and minimising
environmental damage caused by traditional manure dis-
posal techniques. This selection is further supported by the
literature, indicating that horse and cow manure typically
generate higher biogas yields owing to their rich organic
and volatile solid content, providing an optimal balance for
methane production. The use of these raw materials in Saudi
Arabia has enormous potential for supplying clean energy
and reducing environmental impact. In addition to reducing
waste volume, this approach contributes to a more sustain-
able energy matrix [49]. Moharir et al. [50] have compared
cow dung and horse manure, demonstrating that horse man-
ure generated substantially more biogas, with a total volume
0f 35,366.03 cm® over a 14-day cycle. They highlighted horse
manure as a promising biomass source for biofuel produc-
tion. The manure was diluted with water at a ratio of 1:2;
that is, 1 kg of manure was mixed with 2 L of water. An Or-
ganic Loading Rate (OLR) of 20.6 kg VS/m® day was
achieved by feeding the biodigester 500 kg of mixed manure
and 1000 L of water daily. The OLR was chosen based on
literature recommendations and previous studies on the
AD of livestock manure. Jeppu et al’s [51] study on the
AD of cow dung found that a dilution ratio of 1:2 (cow dung
to water) resulted in a higher biogas yield because of
reduced inhibition issues. The selected OLR ensured a
balance between substrate availability and microbial activ-
ity, promoting efficient biogas production while maintain-
ing process stability. The daily feeding regime allows for a
consistent supply of nutrients to microorganisms, enabling
steady-state operation of the biodigester. The gas valve
was left open on the first day of feeding to allow air to flow
throughout. After the fourth day, biogas was collected and
recorded. On the 14th day, a biogas sample was collected
from the inside of a special cylinder using an air compressor
and transported to the laboratory for analysis. These
analyses are essential for optimising biogas production pro-
cesses. Each sample was analysed in triplicate to ensure the
reliability of the results, and statistical tests were applied to
assess significant differences between the datasets, enhanc-
ing the robustness of our conclusions.

The pH was regularly measured to assess the perfor-
mance and stability of the system. The temperature inside
the biodigestion chamber was recorded twice daily using a
thermocouple for accurate monitoring throughout the
14 days. Table 2 shows ambient and internal biodigester
temperatures.

The operation, initiated in August 2023, was intended to
optimise feedstock selection and increase biogas production.
Consequently, the study was conducted semi-continuously
over 14 days. Mixed manure feedstock consisting of sheep,
cow, horse, and camel wastes was used because of its high
potential to enhance biogas yield. The biodigester was sup-
plied with a fresh mixture of feed and water every 24 h. All
the data were recorded from 26 April to 9 May 2024.
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Table 1. Information on equipment used for measurements.

Equipment used

Parameter Ranges of measured data used (unit)
Methane (CHy) 0-4095 (VL)

Dioxide (COy) 0-4095 (VL)

Gas pressure 5-100 PSI

Internal temperature 20-60 (°C)

Ambient temperature 20-60 (°C)

QM-4 sensor module
MQ-9 sensor module
Transducer sensor (1/8NPT)
Waterproof digital temperature sensor (DS18B20)
Waterproof digital temperature sensor (DS18B20)

CH4 sensor

CO2 sensor

Gas pressure
sensor

Internal
temperature

Controller

External
temperature

Power supply
module

Fig. 4. (a) View of the gas-pressure monitoring system and (b) Rear view of the control box within the waterproof housing.

Table 2. The ambient and internal biodigester temper-
atures (°C) over 14 days.

Days Internal Ambient
temperature temperature
6 a.m. 6 p.m. 6 a.m. 6 p.m.

1 35 35.5 31 38
2 35 35.5 29 36
3 36 36 28 34
4 36 37 28 35
5 36 37 28 34
6 35.5 36 25 32
7 35 36 24 33
8 35 35.5 24 31
9 33 35 24 32
10 35 35 25 32
11 34 35 26 36
12 34.5 35.5 25 35
13 34.5 35 25 34
14 34 35 25 36

2.5 Lab analysis

A sample of the feedstock mixture was analysed to evaluate
the physicochemical characteristics of the livestock feed-
stock used in the reactor. Physical and chemical analyses

of the collected samples were conducted in duplicate at
the Pioneers Laboratory of Soil, Water, and Plants Analy-
sis (Jeddah, Saudi Arabia). The properties of the feedstock
determined included TS, VS, organic dry matter, Total
Nitrogen (TN), ammonia, phosphorus, potassium, oil and
grease, and pH. Analysing the digestate material during
AD is a critical practice that verifies that the process runs
efficiently, safely, and in an environmentally sustainable
manner. Gas analysis was conducted in duplicate at Abdul-
lah  Hashim Industrial Gases & Equipment Co., Ltd.
(Jubail, Saudi Arabia) using an AGILENT 7890 B Gas
Chromatograph (GC) in conjunction with a residual gas
analyser (RGA) 2 (SGC-JU-L-E/A 018). The reference
number used for this analysis is GC-GN0022696.

3 Results and discussions
3.1 Physiochemical characteristics of feeds

The properties of the feed used for AD play a critical role in
determining the efficiency and effectiveness of the biodiges-
tion process. Table 3 shows the findings for these
characteristics.

The following technique was used to analyse the charac-
teristics of the substrates: VS measurement by burning at
550 °C (APHA 2540 E), which provided insights into the
organic matter content of substrates [52]. This method,
outlined in the APHA 2540 E standard, involves drying a
substrate sample and subjecting it to high-temperature
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Table 3. Properties of feeds that are essential to AD.

Parameter Result Unit Methods
Total solids (TS) 72.35 % EPA1684
Volatile solids (VS) 27.47 % APHA 2540 E
Organic dry matter 33.77 % ASTM D2974-20
Total nitrogen (TN) 1.55 % Kjeldahl
Ammonia 368.60 mg/kg EPA 1690
Phosphorus 3.45 % XRF
Potassium 13.36 % XRF

Oil and grease 8.091 mg/kg APHA 9071B
pH 7.1 - pH meter

combustion, where the VS is vaporised and non-volatile
solids are left behind [53]. Another technique was TS mea-
surement via drying at 105 °C, as described in the EPA
1684 method. This approach involves the evaporation of
the liquid portion of the sample, leaving behind the total
solid content, which includes both organic and inorganic
matter [54].

Total nitrogen in the sample was determined using the
APHA-provided standard micro-Kjeldahl technique. This
method involves digestion of the sample using a strong acid,
converting all nitrogen forms into ammonium ions (NH;),
followed by distillation and titration of the released ammo-
nia, which allows for quantification of the total nitrogen
content [55]. The organic dry matter content of the samples
was measured using the ASTM D2974-20 standard. This
method involves drying a sample at a specific temperature
and measuring the remaining organic matter content [56].
Ammonia was determined using EPA 1690, a colorimetric
method that utilises phenol and hypochlorite to form a blue
complex, which was quantified using a spectrophotometer
[67]. Phosphorus and Potassium were analysed using
X-ray Fluorescence spectroscopy, a non-destructive analyt-
ical technique that determines the elemental composition of
a sample [58]. The oil and grease contents of the samples
were determined using the APHA 9071 B method, which
involves the extraction of lipophilic substances from the
sample followed by quantification. Finally, the pH was
measured using a pH meter.

The feedstock properties were analysed to show that
they were well-suited for AD. The high TS and VS contents
indicated a substantial amount of organic material for
digestion. High-solid-content anaerobic biodigestion, also
known as dry AD, efficiently treats organic waste with min-
imal addition of water [59]. Most Franca and Bassin [60]
studies have found that dry and continuous digestion sys-
tems perform better for biogas generation in both mono-
and co-digested AD systems. Furthermore, because of the
reduced demand for digestate dewatering following treat-
ment, these techniques have proven to be more efficient
and cost-effective.

Adequate levels of nitrogen, phosphorus, and potassium
are required for microbial growth and activity. The pH was
near neutral, which is ideal for anaerobic processes. Rela-
tively low oil and grease content minimises the risk of pro-
cess inhibition. Overall, the feedstock characteristics

suggest a high potential for efficient biogas production and
nutrient recycling. This mixture contained a low quantity
of ammonia, 368.60 mg/kg; it is highly unlikely that this
level would inhibit CH4 production during AD. High levels
of ammonia in animal waste can inhibit CH, production
during AD. This inhibition occurs because ammonia concen-
trations above certain thresholds are toxic to methanogens,
which are the microorganisms responsible for producing
CH,. Research indicates that ammonia concentrations
above 1500 mg/L can inhibit biogas production, with severe
inhibition typically observed at levels above 3000 mg/L [61].

3.2 Physiochemical characteristics of digestate

Physical and chemical analyses of the biodigester outlet
provided a comprehensive overview of various parameters
that indicate the quality and characteristics of the diges-
tate. Table 4 summarises the key characteristics of the
digestate.

The digestate obtained from the biodigester was anal-
ysed for nutrient content, including nitrogen, phosphorus,
and potassium. These results indicate that the digestate is
rich in essential plant nutrients, making it a valuable biofer-
tiliser. The analysis revealed that the digestate contained
high moisture and significant levels of nutrients, especially
nitrogen and potassium, with a lower phosphorus content.
This suggests that the fertiliser was tailored to provide sub-
stantial potassium, which is vital for crops such as fruits,
vegetables, and root plants. Furthermore, low concentra-
tions of harmful substances, such as free chlorine and hydro-
gen sulfide, enhance its potential as a valuable fertiliser and
soil amendment. However, the digestate also had high oil
and grease content, along with elevated Biological Oxygen
Demand (BOD) and Chemical Oxygen Demand (COD)
levels. As a result, this fertiliser is rich in organic content
and beneficial for soil health, but requires careful manage-
ment to avoid environmental issues such as soil clogging
and water oxygen depletion.

The digestate was stored in covered tanks to prevent
nutrient loss and odour emissions. Field trials assessing its
effectiveness as a fertiliser for various crops have demon-
strated improved soil fertility and higher crop yields than
those of conventional fertilisers.

The use of digestate as a biofertiliser offers a sustainable
solution for nutrient recycling and reduces dependence on
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Table 4. Physical and chemical analysis of digestate.

Parameter Result Unit Methods

pH 7.53 H' Activity SM 9040 B
Total solids (TS) 1.96 % ASTM D2974-20
Volatile solids (VS) 0.52 % ASTM D2974-20
Alkalinity 166 mg/L SM 2320 B
Dry solid matter 1.44 % ASTM D2974-20
Moisture content 98.04 % ASTM D2974-20
Total nitrogen (TN) 1535 mg/L Kjeldahl
Ammonia-N 4.80 mg/L EPA 1690
Phosphorus 192.51 mg/L EPA 200.7
Potassium 2916.87 mg/L EPA 200.7
Sulphur (S) 221.92 mg/L EPA 200.7
Oil and grease 2542 mg/L SM 5520 B
Biological oxygen demand (BOD) 10,200 mg/L SM 5210 B
Cation exchange capacity (CEC) 9.50 mg/L EPA 200.7
Chemical oxygen demand (COD) 21600 mg/L SM 5220 D
Chlorine (Cl) free <0.01 mg/L SM 4500 Cl1 G
Dissolved oxygen (DO) 0.41 mg/L SM 4500-O G
Electrical conductivity (EC) 30,800 uS/cm SM 2510 B
Hydrogen sulphide (H,S) 0.015 mg/L SM 4500-S%-D

synthetic fertilisers. Its characteristics make it suitable for
agricultural use, provided that it is applied in a controlled
manner to maximise benefits and minimise potential nega-
tive impacts.

3.3 Biogas production analysis

The biodigester was closely monitored for 8 months, and
the feeding ratio was changed many times to obtain the
best results. Throughout all feeding phases, the main com-
ponent of the feeding mixture was horse waste (total aver-
age fraction 70%), which was co-digested with various
animal wastes such as cows, sheep, and camels. The main
objective of this study was to manufacture and investigate
the performance of a biogas production reactor from live-
stock manure using an AD semi-continuous system for 14
days. After 14 days, feeding and production monitoring
continued.

Table 5 shows the average voltage levels of the CH, and
CO, produced inside the GFR.

The voltage level is not accurate and may be higher than
the observed value because it has an upper limit of 10,000.
However, a high voltage level indicated an increase in the
gas percentage. The highest recorded CH, and COs produc-
tivity were 4094.11 and 3417.08 on the 13th and 7th day,
respectively. High CH, voltage levels were recorded from
day 7 of digestion to day 14, indicating that most of the
feedstock was digested. From day 14 to day 20, the rate of
productivity was considered stable with semi-continuous
feeding; a very slight decrease in the voltage level does not
mean that the production of CH4 has decreased because
these values are average readings over an entire day. After
14 days, feeding was continued daily to maintain a steady
state. Utilising a mixture of livestock waste is effective for

Table 5. The average quantity of CH, and CO, produced
inside the biodigester.

Days Average COy Average CHy
content (VL) content (VL)

1 2697.55 0

2 1778.70 122.90
3 1675.32 186.66
4 453.68 653.58
5 2006.01 1238.25
6 2778.92 1761.02
7 3417.09 3584.78
8 2511.88 4083.75
9 2418.31 4074.39
10 2158.46 4067.26
11 2069.29 4074.26
12 2189.40 4089.81
13 2676.41 4094.11
14 2384.44 4084.56
15 2758.55 4082.10
16 2872.67 4082.45
17 2159.79 4087.26
18 2805.57 4084.62
19 2437.30 4080.02
20 1375.49 4072.36

biogas production. This is because the system is naturally
stable owing to its high buffering capacity and sufficient
trace-element content. Additional interventions are not
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Table 6. Comparison analysis of key parameters for GFDR, HST, and CSTR reactors for biogas production.

Parameter GFDR HST CSTR

Reactor volume 22 m* (medium-scale) 340 m® (large-scale) 10 L

Main substrate Livestock manure (horses, cows, Food waste Poultry, swine, and
camels, sheep) cattle manure

Methane content (%) 56.40% 58 + 0.2% 51.4%

Hydraulic retention 14 days 48 days 20 days

time (HRT)
Economic feasibility Low cost, feasible for small-to-
medium scale operations

Reference This study

High capital cost, but cost-effective High cost, flexible at a
at a large scale small scale

Westerholm et al. [64] Samiotis et al. [65]

required to maintain optimal conditions. Specifically, there
was no need to actively adjust the pH or add additional trace
metals to the biodigester [62].

The CH, and CO, contents were 56.40% and 34.80%,
respectively, with an uncertainty of 2%. The biogas compo-
sition was analysed using Gas Chromatography (GC) fol-
lowing standard protocols. These concentrations are
within the typical ranges reported for biogas produced from
livestock manure. Trace amounts of other gases, such as
hydrogen sulfide and nitrogen, were also detected. The
specific biogas yield, calculated based on the volume of bio-
gas produced per unit mass of feedstock, was found to be
0.35 m* /kg VS. This yield is comparable to values reported
in the literature for similar feedstocks and biodigester con-
figurations. Angelidaki and Ellegaard [63] discuss CHy
yields and biogas composition from co-digestion with vari-
ous feedstocks, reporting values consistent with 56.40%
CH4 and around 0.35 m®/kg VS yields. Table 6 shows a
comparison analysis of key parameters for GFDR, Anaero-
bic High-Solid Treatment (HST), and Continuous Stirred
Tank Reactor (CSTR) biogas production.

The methane content achieved with GFDR was found
to be 56.40% compared to 58% in the case of HST and
51.4% for CSTR systems. This demonstrates that the
GFDR system’s methane yield is comparable to that of
HST, which operates at a larger scale, while surpassing
the methane content achieved by the CSTR system. The
higher methane concentration in the GFDR suggests its
superior efficiency in methane recovery, particularly when
utilizing livestock manure as the primary feedstock. Figure 5
shows the average CH4 and CO2 voltage levels obtained by
GPMS during the 20 days of digestion.

Higher ambient temperatures within the mesophilic or
thermophilic ranges generally lead to higher biogas produc-
tion rates owing to increased microbial and enzyme activi-
ties. However, the actual temperature inside a biodigester
can be influenced by ambient conditions. Nekhubvi and
Tinarwo [66] concluded the effect of ambient air tempera-
ture on bio-slurry temperature; by using mathematical
analysis, they showed a strong correlation between the bio-
feed temperature inside the biodigester and ambient tem-
perature. They also found that as the temperature
increased, the production rate increased. Sudiartha et al
[67] emphasized the importance of temperature manage-
ment in anaerobic digestion. Temperature shifts, especially
increases, can significantly disrupt biogas production. They

highlighted how temperature (from 42 °C to 45 °C and
beyond) led to substantial decreases in methane production,
due to the impact on key methane-producing microbes.
This study demonstrates the relationship between the inter-
nal temperature of the biodigester and the amount of CH4
produced. During 14 days, the internal temperature of the
biodigester was observed to range between 35 and 37 °C.
After the sixth day, the temperature stabilised at 35 °C,
along with an increase in CH, gas production. However,
underground AD benefits from the Earth’s natural insulat-
ing properties, which help maintain a more stable internal
temperature. This leads to more efficient digestion and
higher biogas production. For instance, in colder climates,
the reactor’s underground placement reduces heat loss,
maintaining optimal operational temperatures for microbial
activity. Similarly, variations in feedstock, such as high-
fiber agricultural residues or food waste, may require
adjustments in HRT and moisture content to prevent insta-
bility and optimize methane production. Future work will
explore these adjustments, particularly in regions with
diverse agricultural waste streams, to determine the most
efficient operating conditions for the GFDR across different
global climates. Figure 6 shows how internal temperature
and CH, production voltage are related.

Several adjustments were necessary during the experi-
ments using the constructed biodigesters. These included
adding insulation to the system to prevent air leakage after
performing a leak test and changing the substance-to-water
ratio to 1:2 to improve the performance.

The GPMS demonstrated that the data functioned
within the required parameters, providing multiple readings
per hour throughout the day, after being continuously con-
nected to the Internet. However, further adjustments were
required. Test experiments conducted on the final days
showed that the system was working, although the read-
ings, especially from the CO, sensor, oscillated. These vari-
ations are likely due to electronic noise in the device. Future
research should investigate the use of more accurate sensors
and gas meters to improve the accuracy of the data collec-
tion and analysis. The solution to this issue involves imple-
menting an advanced sensor and using a gas meter to
calculate the specific biogas yield. However, such improve-
ments incur additional costs.

Despite these challenges, the construction materials
for the biodigester were effective and suitable for AD.
In addition, GPMS successfully allowed continuous
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Fig. 5. The average voltage level of gas produced inside the
biodigester.

monitoring of the internal temperature and gas voltage
levels. The gas sensors effectively detected voltage changes
corresponding to CH, and CO, concentrations, demonstrat-
ing the system’s efficiency and affordability for data collec-
tion and management throughout the study.

De Souza Guimardes and da Silva Maia [68] noticed
that a semi-continuous system demonstrated greater effi-
ciency than a batch system in removing organic matter,
producing biogas volume, and increasing CH, percentage.

The energy management assistance program in South-
east Asia conducted research and found that 14 kg of cow
waste and 0.06 L of diesel fuel may create 1 kWh of electric-
ity [69]. However, CH, content in the biogas produced was
measured at 36 MJ/m® representing its Lower Heating
Value (LHV). This means that for each cubic meter of
methane, 36 MJ of energy can be harnessed. The average
CH, concentration in the biogas was 56.40%, allowing for
energy content calculations across varying CHy
concentrations.

At the lower bound (54.40% CH,), the biogas had an
energy content of 19.584 MJ /m3, equating to approxi-
mately 5.44 kWh/m?® of electricity. At the upper bound
(58.40% CH,), the energy content increased to
21.024 MJ/m?, corresponding to 5.84 kWh/m?®. These re-
sults confirmed the success of biogas production, demon-
strating that the system is highly productive and serves
as a reliable energy source for electricity generation.

Throughout the 14-day experiment, the biodigester’s
biogas production volume indicated that the selected
feedstock was highly suitable for electricity generation.
With an energy content of 5.646 kWh/m{ biogas also
shows promise as a viable option for transportation fuel
when upgraded to biomethane and compressed. Upgraded
biomethane, with a high CH, concentration, is a sustainable
and clean alternative to conventional fossil fuels. When
compressed, its enhanced energy density makes it well-
suited for transportation, offering numerous environmental,
economic, and technical benefits for a more sustainable
energy landscape [70].

Following the GFDR experiment, it was observed that
the GFDR achieved good efficiency in CH, production.
The gas behaviour (CHy and CO,) followed a natural pro-
gression, with high initial CO, production during the aceto-
genesis phase, which gradually decreased as CH, levels
increased. This was accompanied by stable temperature
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e Avarage voltage level of CH4 Internal temperature

Fig. 6. The relation between internal temperature and voltage
level of CH, production.

conditions within the biodigester, which further supported
the efficiency of the system.

This study contributes to the field of anaerobic digestion
by introducing a novel underground fixed-dome reactor
(GFDR) design that is specifically tailored for small-to-
medium-scale agricultural operations. The reactor’s ability
to optimize methane recovery from livestock manure while
also producing nutrient-rich digestate for use as biofertilizer
presents a significant advancement in sustainable waste-to-
energy (WTE) systems. Furthermore, the economic feasibil-
ity of constructing a 22 m® reactor shows that such systems
could be a cost-effective solution for rural areas in develop-
ing countries, advancing the global adoption of renewable
energy technologies.

3.4 Implementation and economic feasibility of AD
system

Implementing an AD system in Saudi Arabia is technically
feasible and holds considerable promise given the country’s
agricultural waste, leftover biomass, and the government’s
push towards renewable energy. However, their economic
feasibility depends on careful planning, government sup-
port, and market dynamics.

In a comprehensive review, Mir et al. [71] studied the
environmental and economic impacts of waste management
practices in Saudi Arabia. They emphasised the importance
of implementing WTE plants. They highlighted the poten-
tial of technologies such as gasification and AD for handling
large amounts of organic waste produced in Saudi Arabia.
Several researchers have developed models to assess the eco-
nomic feasibility of plants in terms of financial viability.
One study by Hadidi and Omer [72] analysed the economic
and environmental benefits of WTE plants, focusing on cost
indicators such as the net present value, internal rate of
return, and levelised cost of electricity. They concluded that
although the initial investment in WTE plants is high, the
long-term benefits in terms of energy savings, reduced waste
management costs, and environmental improvements make
it a viable option for Saudi Arabia.

Biogas plants will assist in minimising the costs of solid
waste management, in addition to being an environmen-
tally responsible approach to handling waste. Sadiq et al.
[73] revealed that the Saudi market has an enormous waste
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potential. Cost analysis of the expected biogas production
revealed that revenue may be obtained rather than paying
money to dispose of garbage. A preliminary cost analysis
indicates that the capital costs for constructing a 22 m?
GFDR in Saudi Arabia, including materials, labour, and
installation, would be approximately $50,000. The opera-
tional costs, including electricity, maintenance, and labour,
are estimated to be $5000 per year. Potential revenue
streams include the sale of biogas for electricity generation
at an estimated price of $0.05 per kilowatt-hour. Addition-
ally, the digestate can be sold as a biofertilizer for $10 per
ton. A simple economic model, considering the payback per-
iod and net present value, suggests that the GFDR system
could be financially viable with a payback period of 5 years.
The findings of this study prove that the energy obtained
from leftover biomass is highly feasible and cost-effective,
although production systems are not yet ideal, with the
need to develop sensor systems and improve substances to
increase organic material hydrolysis and inert particulate
digestion. Furthermore, developments in the production
technology for biogas and syngas will lessen the require-
ments for gas cleaning and modification, thereby minimis-
ing the cost of the process.

Globally, AD systems have been widely implemented,
especially in Europe, which has seen significant growth in
AD facilities, with more than 20,000 full-scale plants oper-
ating by 2022 [74].

In Saudi Arabia, the suggested financial models demon-
strate that developing a WTE system based on AD may
fulfil a portion of the country’s energy demands, lower its
carbon footprint, and increase the rate of return on invest-
ment. Thus, it is economically feasible and advantageous to
produce energy from biomass waste for transportation,
power, and heat generation. To fully realise its potential,
this technology should be promoted in places where it is
currently underutilised and widely embraced in those where
it is already in use.

4 Conclusion

Finally, we draw attention to the purpose of the study in
publishing the research outcomes. This project successfully
constructed a 22 m® HDPE biodigester, connected to a 10
m® gasbag for gas storage. The feedstock consisted of 60%
horse waste, 20% sheep and camel dung, and 20% cow man-
ure sourced from a farm. The analysis revealed that CH4
constituted 56.40% of the biogas generated, whereas CO,
accounted for 34.80%. The GFDR produces significant
amounts of energy and has the potential to become an
excellent reactor for biogas production in the future, espe-
cially for small and medium enterprises or family businesses
that may struggle to dispose of their residues and byprod-
ucts from both management and economic perspectives.
A comparative analysis with similar studies from different
climatic zones showed that our biogas yields were consistent
with or exceeded those reported under comparable condi-
tions, underscoring the efficacy of our reactor design and
operational strategy.

These findings are promising but warrant further
investigation to enhance CH, production and optimise

management parameters, particularly feed type and water
content, which should be higher than those used in this
study. Given the high solids content, increasing the water
quantity is crucial for preventing process instability and
methanogenesis inhibition. This research supports the
advancement of the SDGs and the development of a bio-
based economy, particularly in waste management. By
focusing on efficient biogas production from organic waste,
this study aims to harness biogas for electricity generation
to provide a sustainable and renewable energy source.
The successful implementation of the GFDR could offer
green energy solutions for farms and factories.
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