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Abstract: The disposal of olive wastes and their wastewater is a major problem worldwide. An
important recycling chain can be formed through biogas production and energy conversion from
olive waste. This study developed an efficient and effective sustainable model for biogas production
using anaerobic digestion conditions with the co-digestion of pretreated olive waste. The sample
used was hard olive pomace, which was dried in an oven before being crushed to fine particles with a
mortar and pestle. The sample was analyzed by a CE-440 Elemental Analyzer, and Fourier Transform
Infrared Spectrophotometer (FTIR) analysis was performed using Shimadzu IRTracer-100. Through
the analysis, a substantial amount of electrical energy of 769 kWh/t was found to be generated
per ton of olive pomace due to the high volatile solid (VS) percentage of organic waste material
incorporated during the calculation. Reduced land area for landfilling olive waste was calculated to
be 108 m2 per year, whereas the potential to reduce landfill leachate production was evaluated to be
0.32 m3 per year.

Keywords: biogas; olive pomace; renewable energy; olive wastewater; feedstock

1. Introduction

Cultivation of olive trees, scientifically known as Olea europaea, is one of the oldest
processes in the world, with an estimated global cultivation area of 9 million hectares [1].
The world’s largest modern olive farm is located in Saudi Arabia, where olive trees are
grown on a large scale for the production of olive oil to meet consumer demand. Olive oil
extraction occurs via the traditional pressing and centrifugal processes, and this extraction
process generates massive quantities of waste [2]. Different processes are included in olive
oil extraction, as shown in Figure 1. The physicochemical properties and magnitude of the
generated waste and effluents are contingent on the extraction procedure implemented.
The extraction of olive oil produces two streams: one is solid waste known as olive pomace
(OP), and the other, olive mill wastewater (OMWW) [3]. Both of these falls into the category
of high pollutants and phytotoxic wastes. The disposal costs of these wastes are very high,
and because they are produced by small enterprises, they are not treated properly due to
financial limitations.
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has the potential of being economically valuable and can be treated to be used as valued 
antioxidants agents and fertilizers, and to fulfil fatty acid requirements in the human diet. 
OP also has potential economic value as it can be a renewable energy source and a good 
alternative to fossil fuels, having an energy density of 23 MJ/kg [3]. Residual solids and 
treated OMWW can be utilized for soil amendment, which significantly contributes to the 
agriculture sector. Olive leaves comprise lignocellulosic compounds such as cellulose, 
hemicellulose, and lignin in different concentrations. When treated, olive leaves have 
many applications, such as cattle food, pharmaceutical, new materials, fertilizer and com-
post production, food products, and energy generation. They can be treated biochemically 
and thermochemically for energy generation. OMWW can be treated in multiple ways, 
such as biological treatment, composting, membrane filtration, chemical-physical treat-
ment, and these treatment processes release important products such as biogas [4]. An-
aerobic treatment of OMWW can convert this waste into biogas. 

The olive oil industry produces a large amount of waste, which releases odors and 
ammonia into the environment, causing environmental problems. These wastes are pro-
duced in a short time and contain an average of 28.5% water, 21.5% pulp, 41.5% hull, and 
8.5% oil in semi-solids, with a high humidity level and a high organic load [5]. Organic 

Figure 1. A flow process diagram of olive pomace waste generation.

Olive waste is a by-product formed from a process called tree-pruning, which is a
step of olive oil production, the source of which is olive leaves [1]. Olive leaves have a
polyphenolic composition for which they can be applied in multiple processes. OMWW
has the potential of being economically valuable and can be treated to be used as valued
antioxidants agents and fertilizers, and to fulfil fatty acid requirements in the human diet.
OP also has potential economic value as it can be a renewable energy source and a good
alternative to fossil fuels, having an energy density of 23 MJ/kg [3]. Residual solids and
treated OMWW can be utilized for soil amendment, which significantly contributes to
the agriculture sector. Olive leaves comprise lignocellulosic compounds such as cellulose,
hemicellulose, and lignin in different concentrations. When treated, olive leaves have many
applications, such as cattle food, pharmaceutical, new materials, fertilizer and compost
production, food products, and energy generation. They can be treated biochemically and
thermochemically for energy generation. OMWW can be treated in multiple ways, such
as biological treatment, composting, membrane filtration, chemical-physical treatment,
and these treatment processes release important products such as biogas [4]. Anaerobic
treatment of OMWW can convert this waste into biogas.

The olive oil industry produces a large amount of waste, which releases odors and
ammonia into the environment, causing environmental problems. These wastes are pro-
duced in a short time and contain an average of 28.5% water, 21.5% pulp, 41.5% hull, and
8.5% oil in semi-solids, with a high humidity level and a high organic load [5]. Organic
waste decomposes and releases methane and carbon dioxide (CO2) into the environment.
This natural process results in environmental contamination, as methane has a global
warming potential 20 times greater than that of carbon dioxide [6]. The disposal of olive
waste may degrade soil and water quality, posing a severe environmental threat to Saudi
Arabia’s aquatic and land ecosystems. However, olive mill wastes are not reusable, and
therefore a sustainable approach to transferring energy from waste is required to reduce
pollution. Renewable energy sources, such as bioethanol, biodiesel, solar, biogas, and
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wind, can significantly reduce greenhouse gas (GHG) emissions [7]. Olive mill waste is
one of these sources that may be utilized to generate high-quality renewable fuels, such as
biogas [8]. Olive wastes include substantial amounts of fat, protein, and carbohydrates [9],
making them ideal for biogas generation. Moreover, the digest produced during biogas
generation is used as a source of organic fertilizer [10]. In addition to bioenergy production,
the most significant benefit of the recovery process is the reduction in waste volume, the
reduction in waste disposal negatives in different sectors, and the reduction in land use for
waste disposal [11].

Biogas generation from olive mills is a viable approach for reducing the environmental
effect of olive oil industry effluent. Biogas can be utilized to generate heat or electricity
and renewable transportation fuel [12]. A general process flowchart of a biogas plant is
shown in Figure 2. There are several environmental benefits and improvements from the
utilization of biogas [13]. Biogas production creates novel opportunities for integrating
nutrient recycling and energy production, maximizing underutilized resources’ utilization.
It can also help to reduce CO2 emissions and substitute chemical fertilizers [14]. However,
there are some disadvantages of biogas utilization, such as fewer technological advance-
ments, economic infeasibility, formation of toxic intermediate composites, low production
of biogas, and unstable nature of biogas [15,16]. There has been less technological progress
made in making biogas production more cost-effective and feasible on a large scale due to
a dearth of investors [17]. Amplification of digestion plant treatment capacity is required
to counterbalance the high operational and installation costs [15]. Furthermore, biogas
becomes flammable and can cause explosions when it comes into contact with O2. The key
factors influencing the environmental and public health impacts of biogas systems de-
pend on raw material selection, the final application of the biogas and digestate, and the
production process [12,18].
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Figure 2. General process flowchart of a biogas plant (Liu et al., 2011).

Pretreatment is a critical step in the bioconversion of olive biomass for use in biorefiner-
ies, both technically and economically. The characteristics and properties of the material
have a significant impact on the selection of the most appropriate pretreatment method.
It has been reported that Fenton pretreatment increases the amount of biogas produced
from olive waste by a significant amount [19]. The biogas generation was investigated
by Al Afif and Linke [20] from three-phase olive mill solid waste under mesophilic and
thermophilic conditions. The results revealed that biogas yield increased by 8% under ther-
mophilic conditions in comparison with mesophilic conditions, while the presence of the
enzyme in thermophilic conditions increased methane yield by 10%. When Al-Addous [21]
examined the biogas production potential of olive pomace, it was found that the produced
amount was only 20–40% of that traditionally generated by substrates. However, mixing
feedstock can be an effective solution to maximize heat and biogas production. Valenti [22]
generated biogas from biomass via a system based on sustainable intensification of crop
rotation and utilization of by-products derived from the concept of BIOGASDONERIGHT.
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Olive pomace was considered a by-product for this study to find a way to reduce the
environmental burdens that occur due to waste disposal by residues of olive oil industries.
According to the findings of this study, the whole amount of accessible olive pomace
can theoretically yield 1.9 million Nm3 biogas. This proves the high potential of olive
pomace to be converted into a renewable energy source. The experimental research of [23]
employed a simple and easy pretreatment process using hydrogen peroxide in alkaline
conditions in the absence of the catalyst. This process improves the ability to anaerobically
treat wet olive wastes, resulting in a methane production of 0.328 LCH4/gCODremoved on
processed waste.

Anaerobic digestion (AD) is a well-known and viable technique for biogas genera-
tion [24]. It produces biogas by utilizing organic waste from farms and agriculture [25].
Therefore, it has been presented as a potential technique for producing biogas from olive
oil waste. This is because the anaerobic digesters are designed and operated in a rel-
atively low cost and simple manner [26]. Numerous studies [27–30] investigated vari-
ous anaerobic digestion techniques for olive mill wastewater. Several technologies and
different pretreatment techniques were explored for assessing their impact on the diges-
tive process. Alagöz et al. [27] reported that treatment of olive pomace and wastewater
sludge in the anaerobic digestion process increased biomethane production when com-
pared to microwave and ultrasonic pretreatment. In another study conducted by Gunay
and Karadag [28], a co-digestion approach was proposed to enhance the generation of
biomethane with olive effluent pretreatment. Up-flow sludge blanket reactors were found
to be highly effective in treating high-strength olive mill wastes and highly adaptable to
changing operating conditions. Agriculture waste streams co-digested in two-stage anaero-
bic systems produced good treatment efficiency and energy generation. Carlini et al. [26]
analyzed the potential of bio-methane from the anaerobic digestion of olive mill waste
with inoculum, in addition to the co-digestion of olive mill waste with the substrates cattle
slurry and cattle manure. The analysis comprised pollutant waste generated through olive
oil processing using centrifugation systems of three-phase. To evaluate the biogas yield, a
batch stirred tank reactor was employed under mesophilic conditions (38 ◦C). The olive
mill waste with pit performed better when employed in co-digestion with different sub-
strates. The optimum mixture was found to be 72.10% cattle slurry, 4.65% cattle manure,
and 23.25% olive mill waste, with total solid composition of 14%.

In the efficacy of anaerobic digestion, temperature is one of the most important techno-
logical factors [31]. Mesophilic (30–35 ◦C) and thermophilic (55–60 ◦C) circumstances were
used as frequently as possible under various anaerobic digestive conditions [23]. Com-
pared to mesophilic temperature, thermophilic operation improved performance because
of its faster biochemical reaction and higher degradation rate of organic matter [30]. In
comparison to two-phase olive mill waste, co-digestion increased the amount of accumu-
lated methane (L) by 264–319%, the methane output by 293–351% (LCH4/kgVSadded), and
the volatile solids consumed by 312–342% (LCH4/kgVSremoved). As a result, there is
huge potential for improving biogas production from olive mill waste through anaerobic
digestion; however, this has not been investigated in Saudi Arabia yet. Therefore, the
present study aimed to maximize the energy produced by bioenergy products derived
from olive wastes. Based on anaerobic digestion conditions with the co-digestion process
of pretreated olive wastes, an efficient and effective sustainable model was developed for
producing biogas. Thermophilic conditions can be maintained in anaerobic digestion to
produce biogas from olive mill wastes by utilizing Saudi Arabia’s plentiful solar energy.
Saudi Arabia is endowed with both solar energy and olive mill wastes as biomass, both of
which are used to improve the techno-economic potential of the country.

2. Material and Methodology
2.1. Data Collection

The hard olive pomace sample was collected from the Hill-Zafran company, Jouf, Saudi
Arabia, and then crushed with a mortar and pestle to produce fine particles for testing.
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Ultimate analysis of the sample was undertaken using a CE-440 Elemental Analyzer and
Fourier Transform Infrared Spectrophotometer (FTIR) analysis was performed using a
Shimadzu IRTracer-100. Taking a basis of 1-ton olive pomace as feed and using the ultimate
analysis data, the biogas quality and quantity was theoretically assessed from various
equations as outlined in the following section. The local area data such as annual rainfall
and landfill depth were also collected from online sources [32,33].

2.2. Calculations and Projections
2.2.1. Biogas Constituents

The proportion of the biogas components (methane to carbon dioxide) was deter-
mined by Equations (1) and (2) [34], which were revised from the method of Buswell and
Mueller [35]:

XCH4 = (4C + H − 20 − 3N − 2S)/8 (1)

XCO2 = (4C − H + 20 + 3N + 2S)/8 (2)

where XCH4 and XCO2 represent the proportion of CH4 and CO2 respectively; wt.% of
the elements, namely carbon, hydrogen, oxygen, nitrogen, and sulfur are derived from
ultimate analysis data and denoted by C, H, O, N, and S, correspondingly. These values
were, in turn, calculated using Equation (3).

Ei = (Eult)/Mi (3)

where Ei represents the wt.% of the individual elements, Eult stands for respective pro-
portions from ultimate analysis data, and Mi denotes individual molecular weights of
the elements.

2.2.2. Biogas and Methane Gas Yield

The amount of CH4 and VM was determined by Equation (4) [34,36], and the aggregate
volume of biogas, Vbio, was evaluated from Equation (5) using the values of VM and XCH4 :

VM = c × (0.01XCH4 ÷ MC)× VI × 0.01VS × 0.75 × MMSW (4)

Vbio = VM ÷ 0.01XCH4 (5)

where VM defines the volume of the pure methane yield (m3/day), VS represents the
volatile solid amount of organic waste, c is the constant for biogas production (taken as
0.375 g carbon/g volatile solid) with a 75% VS degradation, MC denotes the molecular
weight of carbon (12 g/mol), VI = one mol gas volume at STP (22.4 L), MMSW signifies the
mass (incoming) of the organic waste stream (kg/day), and Vbio represents the yield of
biogas volume (m3/day).

2.2.3. Estimated Potential of Biofertilizer and Bioenergy

The production of electrical energy from biogas was estimated by Equation (6) [34].
The electrical power output, PEbio, in Equation (7) was then evaluated from the electrical
energy, EEbio.

EEbio = VM × EC × η × 10−3 (6)

PEbio = EEbio ÷ 24 (7)

where EEbio denotes electrical energy output (MWh day−1), VM gives the volume of
methane yield (m3 day−1), EC stands for methane energy constant (taken as 10 kWh/m3),
η represents electrical effectiveness of the biogas engine (taken as 40%), and PEbio is the
electrical power output (MWh).

Equation (8) was used to calculate the amount of biofertilizer produced from di-
gested olive pomace [36]. Biogas output for the organic fraction of MSW constitutes 75%
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of the entire VS content [37]. The remaining portion of the VS was used to estimate
biofertilizer output.

BF = [(DM − VS) + 0.25 VS × (MMSW ÷ 1000)]÷ 100 (8)

where BF gives the biofertilizer output (ton day−1), DM represents the dry mass % of
organic solids, VS stands for volatile solids % and indicates the fraction of DM converted
into biogas, and MMSW denotes the organic waste input (kg day−1).

2.2.4. Contribution to Environmental Protection

CO2 emissions avoidance was calculated using Equation (9) [38], whereas Equations (10)
and (11) were used to measure the landfill area reduction and leachate circumvention [39],
respectively:

EACO2 = XC × EEbio (9)

where EACO2 represents carbon dioxide circumvention (t day−1), XC indicates the base
factor for offsetting CO2 by generating electricity from renewable energy (kg MWh−1), and
EEbio denotes the electrical energy output (MWh day−1).

LAMSW =
MMSW ÷ 1000

CD × HL
(10)

where LAMSW is the requisite organic waste landfill area (m2 day−1); MMSW, the waste
feed mass (kg day−1); CD, the compressed density of waste (t m−3); and HL, the of landfill
depth (m).

VLD = (15 × AR × LAMSW)/100 (11)

where VLD is the leachate ejection volume (m3 day−1); AR, the yearly rainfall (m); and
LAMSW, the requisite organic waste landfill area (m2 day−1).

3. Results and Discussion
3.1. Characterisation of Olive Waste
3.1.1. Composition and Yield of Biogas

The ultimate analysis of olive waste indicates that the waste contains 64.56% carbon,
9.29% hydrogen, 5.24% nitrogen, and 20.91% oxygen (Figure 3). Based on ultimate analysis
data, the amounts of CH4 and CO2 were calculated to be 62.90 and 37.10%, respectively [40],
which were within the limit of conventional biogas compositions, with methane accounting
for around 60–65% and CO2 accounting for 35–40% [41,42]. The outputs of pure CH4
and biogas from 1 ton olive pomace input were 192.2 and 305.5 m3 day−1, respectively.
In addition, around 330.24 L of pure methane was estimated to be produced per kg
of VS, which falls within the typical limits (250–550 L CH4/kg VS) found in many on-
field functions of solid waste anaerobic digesters (AD) installed in various countries
worldwide [43–46].
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3.1.2. FTIR Analysis

Electromagnetic radiation, via absorption, transmission, reflection, dispersion, or
photoluminescence, can reveal a large amount about a substance’s molecular composition
and energy level shift [47]. The collected sample of olive pomace was analyzed through a
Fourier Transform Infrared (FTIR) Spectrophotometer. When a small amount of olive waste
is placed in the path of an infrared beam, it absorbs and transmits light, which then passes
through the sample to the detector. The detector monitors the amount of radiation that
enters a sample, in addition to the amount of radiation that passes through it. A computer
converts its output as a function of time into a plot of transmittance against wavenum-
ber using the Fourier transform method, as illustrated in Figure 4. The graph shows
multiple visible peaks in the diagnostic region (1500–3000 cm−1), indicating the presence
of several functional groups [48–50]. The sample has C=C stretching at a wavenum-
ber of around 1600–1650 representing alkene compounds, C=O stretching at a wavenum-
ber around 1700–1850 indicative of carbonyl compounds, C≡N at a wavenumber of ap-
proximately 2200–2250 representing nitrile compounds, N-H at a wavenumber of about
2600–2700 representing amines, C-H at a wavenumber of approximately 2900–3100 for
alkanes, O-H at a wavenumber of around 3200–3500 for alcohols, etc. [48,49]. Using the
spectrophotometric data and irAnalyze-RAMalyze (version 7.0.4.0) software, the main
functional groups identified to be present in the sample were aliphatic nitrile, carbonyl,
metal carbonyl, aliphatic amine, aliphatic isonitrile, aliphatic cyanate, aromatic amino acid,
a tertiary alcohol, and aromatic rings.
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3.2. Electrical Potential and Biofertilizer Output

The electrical energy generated by biogas (EEbio) and the capacity or output power
of a biogas-based power plant (PEbio) were calculated using Equations (6) and (7), as
summarized in Table 1. The biogas engine efficiency was set at 40%, considering typical
industrial gas engine efficiency as a reference. The final values for EEbio and PEbio were
found to be 0.769 MWh per day and 0.032 MW, respectively. Electrical energy of 769 kWh
was generated per ton of olive pomace, which was found to be greater than the reported
literature values of around 200–400 kWh/t [51,52]. This may be because of the high VS
content considered in the calculation.
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Table 1. Electricity potential from the generated biogas.

Parameter Unit Value

Energy constant, EC kWh/m3 10
CH4 yield, VM m3/day 192.2

Efficiency, η % 40
EEbio MWh/day 0.769
PEbio MW 0.032

The biofertilizer yield (BF) was projected to be 0.2735 t/day for the input using Equa-
tion (8). A similar study found that nutrient content (e.g., nitrogen, potassium, phosphorus)
of liquid and solid biofertilizers generated from AD meets biofertilizer standards, whereas
hazardous content such as heavy metals, in addition to other pathogenic bacteria, are
within the tolerable limits [53].

3.3. Environmental Aspects

In Saudi Arabia, renewable electricity generated from olive pomace can save around
0.53 tons of CO2 per day for a one-ton waste feed, resulting in a cumulative savings of
approximately 190 tons CO2. Table 2 summarizes CO2 reduction, leachate avoidance,
and landfilling area minimization. The factor XC (taken as 694.0 kg CO2 per MWh) is
used as the base for CO2 emissions when generating 1 MWh of energy in the form of
electricity [38]. It represents the total greenhouse gas released into the atmosphere by fossil
fuel-based power plants, which can be offset by generating electricity and distributing it via
sustainable energy sources such as solar, biomass, and biogas. The typically compressed
waste density (CD) was taken as 270 kgm−3 for landfilling [54], whereas the depth of
the landfill (HL) was 12 m [32]. It is noted that the recent average annual precipitation
in Saudi Arabia’s Al Jawf Province was calculated as 0.02 m [33]. Using these values in
Equations (10) and (11), the potential for reducing the land area required for landfilling
olive waste per day was 0.3086 m2, whereas the potential for reducing landfill leachate
production was 0.0009 m3 per day. These values are approximately 108 m2 and 0.32 m3

respectively on an annual basis.

Table 2. Contribution to environmental protection.

Parameter Unit Value

CO2 release reduction, EACO2 t/day 0.5325
Leachate avoidance, VLD m3/day 0.0009

Landfill area saving, LAMSW m2/day 0.3086

4. Conclusions

Despite the abundance of marketable wastes in urban markets, such as olive waste,
initiatives to convert waste to energy remain minimal. These types of wastes have very
high disposal costs, and because they are generated by small enterprises, they are not
effectively processed due to financial constraints. The potential for renewable energy in
Saudi Arabia’s green markets is enormous, but the actual implementation is inadequate.
As a result, employing anaerobic digestion conditions with the co-digestion of processed
olive waste, the present study developed an efficient and feasible model for biogas pro-
duction. To develop the model, the hard olive pomace sample was collected, dried in
an oven, crushed to fine particles, and analyzed using Fourier Transform Infrared Spec-
trophotometer analysis. Due to the high volatile solid (VS) percentage of organic waste
material incorporated throughout the calculation, a significant amount of electrical energy
of 769 kWh/t was found to be generated per ton of olive pomace. In addition, the land
area required for landfilling olive waste could be reduced by 0.3086 m2 per day, whereas
landfill leachate generation could be reduced by 0.0009 m3 per day. Mixing feedstock can
be an effective solution to maximize biogas production.
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The initial investment cost is a significant barrier to biogas uptake in South Arabia,
regardless of government support schemes for renewable energy technologies. Although
biogas production technology has the potential to meet the energy needs of Saudi Arabia,
particularly those of rural residents, the design and installation of digesters are costly.
Numerous biogas digesters fail due to a lack of substrates, and therefore the amount of
substrate entering the digesters should be stable for long-term functioning. There are also
other drawbacks of biogas utilization, including a lack of technological advancements,
economic infeasibility, the formation of toxic intermediate composites, limited biogas
production, and the unstable nature of biogas. Furthermore, Saudi Arabia has a dearth of
biogas research, despite the fact that digesters are being constructed. There is also a lack of
available scientific literature on biogas digesters and laboratory batch digesters. A lack of
awareness programs is another challenge to the advancement of biogas technology. It is
necessary to educate society about biogas technology’s health, environmental, economic,
and social benefits to establish a sustainable and feasible biogas system.
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