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ABSTRACT

Despite advancements in treating Palm Oil Mill Effluent (POME)
using anaerobic methods, challenges persist in optimising biogas
production and effluent treatment due to unpredictable characteristics
influenced by palm oil extraction efficiency and mill processes. Recent
changes in Malaysia's Feed-In Tariff (FiT) program, particularly the
introduction of an e-bidding system have led to reduced average FiT
rates, impacting biogas plant developers with high capital expenditure.
Additionally, long-term operational challenges in biogas plants require an
understanding of POME characteristics and factors influencing anaerobic
digestion performance throughout the Renewable Power Purchase
Agreement (REPPA) period of 21 years. Therefore, the main objective of
this study is to maximise methane yield of the biogas plant through
optimisation analysis and assess its feasibility via techno-economic

analysis.

Initially, this study evaluates different operating systems based on
two years of experimental data in four Palm Oil Mills (POMs) and in-
ground lagoon anaerobic digesters (AD) to identify the most critical
operating parameters. This step is crucial as it contributes valuable
insights to optimize biogas plant operations and enhance their overall
efficiency. As most biogas plants in Malaysia are built for power
generation, the focus of this study is on evaluating four industrial-size
biogas plants (BGPs) participating in Malaysia's FiT Program. The
analysis shows that POM A was the only mill equipped with a three-phase

decanter, which reduced the total solid (TS) concentration in POME and



recorded the lowest TS content (25,580 mg/L) compared to POM B, C,
and D. However, the chemical oxygen demand (COD) of POM A was still
high due to the continuous addition of effluent from the empty fruit bunch
(EFB) press station. POM B and D had the highest COD (more than
80,000 mg/L) due to low water consumption, absence of decanter, and
direct discharge of sterilizer condensate to the sludge pit. ANOVA
analysis concluded that different equipment and processes in POM

produced different qualities of POME characteristics.

Two years of biogas plants (BGPs) operation and process data
show that all BGPs are still functioning well with satisfactory methane
yield (0.135 - 0.364 Nm3® CH4/kgCODremoved) and COD removal
efficiencies (67% - 85%). Sensitivity analysis concluded that moderate
OLR (<1.6), moderate T (<44°C), and moderate RR (<2.3) are required
to achieve optimum COD removal and biogas production for each biogas

plant.

While temperature is identified as a crucial parameter through the
performance evaluation analysis, the existing pretreatment facilities were
not able to control, stabilize, and provide a consistent temperature of
POME entering the AD. To address this, a twin packed crossflow induced
draft cooling tower (CT) was installed at BGP A to control the inlet POME
temperature below 40°C. This strategy was coupled with anaerobic co-
digestion (ACoD) of POME with decanter cake (DC), which is a waste
product in the palm oil mill, to enhance methane yield. The integration of
both the cooling tower and ACoD technology successfully improved the

methane yield by more than 40%.



Performance evaluation, prediction and optimisation of the cooling
tower and ACoD system was conducted using Artificial Neural Network
(ANN) and response surface methodology (RSM) based on six months
of operation data. After the implementation of the cooling tower, the
average outlet temperature of POME in 2022 was 39.29°C+0.91, within
the target range for the operating temperature of mesophilic bacteria. The
methane (CHa) content averaged 65.71%+0.97, with an average biogas
production rate of 12,683 m3/day and a methane yield of 0.3135
Nm3/kgCODremoved. In the ACoD process, the highest methane yield
(0.379 Nm3 CH4/ kgCODremoved) Was found to be at an OLR of 2.5 kg
COD/m3.day and a Treated Effluent/DC ratio of 10. Economic analysis
shows that both cooling tower and ACoD technologies has the potential
to generate revenue of RM879,000/year with a payback period of less
than one year, indicating its effectiveness in improving the economics
aspect of the biogas plants, which can be replicated in existing and new

biogas plants in the near future.

The findings from this research benefit all FiT Biogas Plant
Developers in Malaysia. Future works could focus on evaluating different
pretreatment methods for the DC in the ACoD system to further improve
methane yield and stable biogas production throughout the 21-year
REPPA period. Furthermore, investigating the potential utilization of
byproducts from ACoD, such as the residual sludge, for value-added
applications would be beneficial. This comprehensive approach could
continuously improve the sustainability and profitability of anaerobic

digestion processes in the palm oil industry.
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CHAPTER ONE

INTRODUCTION

1.1  Overview of Palm Oil Industry in Malaysia

The palm oil industry has grown significantly in recent years and has
been an essential economic contributor for countries like Indonesia,
Thailand, Malaysia, Colombia, and other tropical developing regions
(Liew et al., 2015). Figure 1.1 illustrates the global palm oil production
data of various countries obtained from the Foreign Agricultural Services
of United States Department of Agriculture (USDA, 2024). An overall
uptrend is observed within the world production of palm oil from 2016 to
2023. Undeniably, the Southeast Asia region dominates the palm oil
industry due to its higher yield rates and suitable regional climatic

condition (Iskandar et al., 2018).
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Figure 1.1: World palm oil production from 2016 to 2023 (USDA, 2024)



In Malaysia, the palm oil industry has been growing gradually over these
past few decades, securing its position as one of the world’s biggest palm
oil producers. Figure 1.2 shows the global palm oil production in 2023
(USDA, 2024). As the world’s largest palm oil producers, Malaysia and
Indonesia contribute a total of 84% of the world’s palm oil production. The
palm oil industry has become one of the leading agriculture industries in
Malaysia, with average palm oil production of over 13 million tons
annually (Bala et al., 2015a). In 2023, Malaysia had produced 19.0 million
tons of palm oil which contributed 24% of global production. Meanwhile,
Thailand takes third place where it contributes 4% of the world’s palm oil
production and Indonesia is remain the largest producer to date with

market share of 59% (USDA, 2024).

World Palm Qil Production (2023)

2%
2% 7

4%\‘

= Indonesia = Malaysia = Thailand Colombia = Nigeria = Others

Figure 1.2: World palm oil production in 2023 (USDA, 2024)

In 2006, the Government of Malaysia released a National Bio-fuel Policy
to utilise sustainable energy sources to reduce dependency on fossil

fuels. There are a few other initiatives and policies, such as the National



Green Technology Policy (2009), National Renewable Energy and Action
Plan (2010), Sustainable Energy Development Act (2011), and National
Energy Efficiency Action Plan (2014). One of the objectives of these
plans is to stabilise the palm oil industry (Wahab, 2020). The government
aims to promote the demand for palm oil as the first option for bio-fuel
production in Malaysia (S. Lim & Teong, 2010). Under the Renewable
Energy Act, the Malaysian government established a feed-in-tariff (FiT)
system to promote renewable energy generation. The implementation of
such policy has re-positioned palm oil as a valuable renewable asset in
Malaysia. Not only that, with the recent development on the National
Energy Transition Roadmap, government have listed biogas and
bioenergy as one of the key sectors towards generation of new economic
model that will benefit the country. According to the roadmap, bioenergy
sector will contribute towards clean energy development with few
mechanism such as alternative fuel for power generation, rural
electrification with micro grid, green transportation and green industrial

applications (Ministry of Economy, 2023).

Nonetheless, Yule (2008) and Laurance et al. (2010) point out that the
sustainability of palm oil production has always been questioned by non-
government organisations (NGOs). They had claimed that further
expansion of palm oil plantations would cause severe environmental
impacts such as deforestation, destruction of habitat, and greenhouse
gases (GHG) due to over-exploitation of peatland. However, the major
setback in palm oil production is the wastes generated from palm oil mills

and not really on the plantation expansion plan. According to Awalludin



et al. (2015b), the valuable oil extracted from the oil palm fruit only
consists of 10 wt% while the remaining 90 wt% is discarded as waste. In
addition to that, 452 palm oil mills are currently operating in Malaysia,
producing a remarkable amount of crude palm oil and waste. Based on
Sustainable Energy Development Authority (SEDA) Malaysia, waste
generated from palm oil or landfill is the one of the key sectors that
contributed towards energy transition plan in Malaysia (SEDA Malaysia,
2022a). With the new market being developed, waste generated from the
palm oil industry will slowly become an asset for Malaysia and will bring

a better image for the country.

1.2  Overview of Biogas Industry in Malaysia

A large quantity of POME treated in the open ponding system releases a
significant amount of greenhouse gas (GHG) into the environment (Chin
et al.,, 2013a). Under the Malaysia National Energy Plan 2022-2040,
which was launched by the Prime Minister of Malaysia, the government
is committed to strengthen the energy market in Malaysia. One of the
initiatives is by promoting green energy through solar projects, hydro
power plants and bioenergy sector. This effort is supported by a few
prominent agencies under Ministry of Energy and Natural Resources.
Sustainable Energy Development Agency (SEDA) is the responsible
agency that has been given a mandate to administer and manage the
implementation of Feed-In-Tariff (FiT) Mechanism in Malaysia. Through
this mandate, SEDA introduced a platform for a biogas plant developer

and mill owner to venture into renewable energy sector. As end of 2022,



SEDA reported in total of 262.88 MW from 144 biogas plant projects has

been achieved under FiT mechanism (SEDA Malaysia, 2022a).

There are few types of biogas plant installation in Malaysia. Most
common installation reported by SEDA Malaysia is by using anaerobic
digester tank or in-ground lagoon anaerobic digester. Concord Green
Energy Sdn Bhd (CGESB) is one of a biogas project developer in
Malaysia and has built four biogas plants utilising a POME produced by
four POMs owned by FGV Holdings Berhad. CGESB invest in all biogas
plant under a mechanism of FiT. Generally, construction cost of the
biogas plant with a capacity of less than 2 MW is capped below RM 20
million. This large amount of investment is demanding an optimum and
efficient process, operation and maintenance (O&M) of biogas plant to

ensure the investment returns as per initial prediction.

1.3  Palm Oil Mill Effluent (POME) Characteristics

POME is the thick brownish characteristic of POME from various sources
and its standard discharge limit effluent that is typically discharged at a
temperature between 80 °C to 90 °C with a pH of 4 to 5. According to
Table 1.1, POME is a colloidal suspension that contains 95-96% water,
0.6— 0.7% oil and 4-5% total solids including 2—-4% suspended solids,
which is mainly the debris from the palm fruit mesocarp. Although POME
is a non-toxic liquid waste as typically no chemicals were added during
the oil extraction process (Saad et al., 2021a), it can still cause serious
pollution and environmental problems to the river bodies if it is discharged
untreated. Table 1.2 shows the physicochemical set by the Malaysia

Department of Environment. POME has a fluctuating characteristic due



to various sources of wastewater, and POME collected from different
mills, batches or days will give analytical results (Liew et al., 2015). Thus,
the characteristics of POME are dependent on the efficiency of the

operation and process control of the mill.

POME can cause significant water pollution due to high amounts of
organic matter, which is closely related to high levels of COD and BOD.
According to Table 1.2, POME has a COD value in the range of 50,000-
150,000 mg/L-1 and the BOD value of 25,000-75,000 mg/L-1. POME also
contains an average value of 4000 mg/L-1 oil and grease, 40,000 mg/L-
1 of total solids, and 750 mg/L-1 of nitrogen. Besides, the acidic pH
condition of POME is reported due to the presence of organic acids in
complex form (Mohamad Anuar Kamaruddin et al., 2021a). The presence
of degradable organic matters in the discharged POME will encourage
the growth of microorganisms, in which these microorganisms will
compete with aquatic life for the uptake of oxygen, consequently leading
to depletion of dissolved oxygen in the water (Ehsan et al., 2015a;
Khadaroo et al., 2019a). Thus, this phenomenon hinders the growth of

aguatic creatures and endangers the marine ecosystem.

POME is made up from main elements such as carbon (C), oxygen (O),
hydrogen (H), nitrogen (N), phosphorus (P), potassium (K), calcium (Ca),
zinc (Zn), Copper (Cu) magnesium (Mg), iron (Fe), boron (B) and
chromium (Cr) (Saad et al., 2021a). Table 1.3 shows the nutrients and
heavy metals concentration in POME. (lzzah et al., 2017) and (Kamyab
et al., 2018a) reported that these significant number of nutrient elements

such as N, P, K, Mg and Ca are vital for plant growth while the dissolved



components such as carbohydrate, fat, protein, and minerals could be
converted into valuable materials through microbial processes.
Carbohydrates such as cellulose, starch and sugars make up the majority
of biodegradable material, proteins are made up of long chains that
contains large number of amino acids while lipids are made up from long
chain of fatty acids (Kelleher et al., 2002a). Another chemical composition
that could be detected from raw POME are ash and lignin. According to
Awalludin et al. (2015b), lignin is an important chemical constituent in oil
palm biomass, which acts as a binder that supports all the cells and
microfibrils in lignocellulosic structure. While toxic heavy metals such as
lead, mercury and manganese are not present in POME, which makes it

a non-toxic wastewater, it still has potential to pollute the environment.

Table 1.1: Composition of POME (Igwe & Onyegbado, 2007; Lam &
Lee, 2011a; Zinatizadeh et al., 2006)

Composition %
Water 95-96
Solid 41-5

Qil 0.6— 0.7

Table 1.2: Characteristics of POME and discharge limits set by
Malaysian Department of Environment

(Bala, (Alhaji (Lee et (Akhbari (Elvitriana (C.C. Standard

Parameters Lalung etal., al., etal., etal., Yap et Discharge
and(Bala et 2016a) 2019b) 2020a) 2021) al., 2021) Limits
al., 2015)
Ismail,
2015)
Temperature - 85 90 85 65 - 45
Q)
pH 4.74 4.7 4.3 5 4.07 3.90 5-9
Oil and grease 191 4,000 4,000 4,000 - 4,633 100
Fatty acids - - - - 1,855 11,874 -
Biological 34,393 25,000 27,000 25,000 26,818 73,412 50
Oxygen
Demand
(BOD5)
Chemical 75,900 50,000 57,500 50,000 60,396 146,824 100
Oxygen
Demand
(COD)




Total solids - 40,500 45,250 40,000 - -
Total 14,467 18,000 29,500 18,000 47,375 29,138 400

suspended
solids

Total volatile 13,033 34,000 40,500 34,000 - - -
solid

Total nitrogen - 750 790 750 700 1126 150

Ammoniacal- - 35 42 35 - - -
nitrogen

a All parameters are in mg L-1 except temperature and pH.
B (Alhaji et al., 2016a; Lam & Lee, 2011a)

Table 1.3: Nutrients & Heavy metal in POME (A Aziz et al., 2020a,;
Alhaji et al., 2016b; I1zzah et al., 2017; Lee et al., 2019a; Loh et
al.,2017; Zainal et al., 2017)

Element Unit Average Standard
Concentration Discharge Limit
Carbohydrate g/100g 15 -
Protein g/100g 0.83 -
Fat g/100g 0.71 -
Ash g/100g 0.65 -
Lignin ppm 4700 -
Carbon to Nitrogen (C/N) mg L? 49,000 -
ratio
Manganese mg L? 2 10
Zinc mg L 2.3 10
Copper mg L1 0.89 10
Iron mg L 46.5 50
Magnesium mg L 615 -
Boron mg L 7.6 -
Calcium mg L1 439 -
Phosphorus mg L? 180 -
Potassium mg L? 2270 -
Chromium mg L*? 10.2 -

The characteristics of POME are largely dependent on the efficiency of
the operation and process control of the mill. In Malaysia, the widely used
method to extract palm oil from fresh fruit bunches (FFB) is by wet palm
oil milling process (T. Y. Wu et al., 2010a). The unit operations used for
extractions are a steriliser, a stripper, a digester, a press machine, a
clarifier, a separator, an extractor, and a purification system (Ehsan et al.,
2015a). By understanding the role of each unit operation in the extraction
process, steps can be taken to optimize efficiency and reduce negative

environmental impacts. The typical processes of wet Palm Oil Mill



(POM)s include sterilization of FFB, stripping, digestion, and pressing,

clarification and kernel oil recovery.

1.4 In-ground Lagoon Anaerobic Digester Processes and
Technology
The production of biogas from POME requires an anaerobic digestion
process, which is a complex mechanism involving interactions between
microorganisms through four successive stages, hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. Anaerobic digestion
is widely used as a treatment system for industrial, agriculture and
municipal wastes while producing renewable energy source, that
involves the breakdown and stabilisation of organic matters in absence
of oxygen which leads to the formation of a mixture of gases, mainly
methane and a combination of solid and liquid effluents, known as the
digestate (Anukam et al., 2019a; Y. Chen et al., 2007a; Kelleher et al.,
2002a; L Chen & H Neiibling, 2014a). The general reaction for anaerobic

digestion is shown:

Anaerobe

Organic matters + — CH4 + CO2 +
Microbial biomass

+ NHs + H2S +

Figure 1.3: General reaction of anaerobic digestion

Several advantages of the anaerobic digestion of POME reported in
various studies are reducing greenhouse gas emissions to the
atmosphere. It eliminates most of the harmful pathogens, enables energy

recovery through methane production, produces nutrient-rich fertiliser,



and efficiently treats the wastewater (Anukam et al., 2019a; Khadaroo et
al., 2019a; L Chen & H Neiibling, 2014a). The chemistry of the four pivotal
steps of anaerobic digestion is explained in the following subsections,
and its reaction sequences in these critical steps are also depicted in

Figure 1.3.

Generally, four main steps are involved in the anaerobic digestion
process; hydrolysis, acidogenesis, acetogenesis, and methanogenesis.

Figure 1.4 illustrates the complete steps of anaerobic processes:

Complex organic matter

v

Carbohydrates Protein Lipid

|

Sugars, Amino Acids, Fatty Acids

!
\g__/

Intermediary Products

Volatile Fatty Acids (VFA), Alcohols

!

. .
Acetate / Ha, CO2
\ Methanogenesis

| CHs, CO2, H2O |
Figure 1.4: Anaerobic digestion processes
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In the integrated system, four parameters are condemned to be crucial in
the anaerobic digestion of POME: temperature, solid and hydraulic
retention time, pH, and organic loading rate. This is due to the microbial
community in the anaerobic digestion process being highly sensitive to
the process parameters function in a favourable condition (Khadaroo et
al., 2019a). Thus, the following subsections discuss the significant

parameters needed to monitor the anaerobic digestion of POME:

1.4.1 Temperature

In anaerobic digestion process, temperature plays the most crucial role
to maintain a healthy digester as any fluctuation that occurs could have
a negative impact on the microbial community and biogas production.
Temperature has a direct influence on the pH, solid and Hydraulic

retention time as well as organic loading rate of the digestive system.

1.4.2 pH

pH also plays an important role in the anaerobic digestion process. Each
of the microbial communities has a specific pH region for optimal growth
and their adaptability in the anaerobic digestion (Appels et al., 2008a).
The methanogens are highly sensitive to the pH with an optimum value
of 6.5 - 7.2, while the fermentative microorganisms are less sensitive and
can operate in a broader range of pH around 4 - 8.5 (Hwang et al., 2004a,;

Khadaroo et al., 2019a; Turovskii & Mathai, 2006a).

1.4.3 Solid & Hydraulic Retention Time
Another characteristic that determines the effectiveness of an anaerobic

digestion system is the solid retention time (SRT) and hydraulic retention
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time (HRT). SRT is the amount of time solids spend in the digester, while

HRT is the amount of time liquid sludge stays in the digester.

1.4.4 Organic Loading Rate (OLR)

The organic loading rate is defined as the amount of organic matter which
is measured by COD of substrate treated by a specific volume of
anaerobic digester in each amount of time. The OLR of a process closely

related with the HRT.

1.5 Cooling Tower

Anaerobic digesters operate using either mesophilic bacteria optimized
at around 35-40°C or thermophilic communities over 55°C. Mesophilic
digestion forms the conventional standard allowing stable and resilient
processing. However, thermophilic digestion accelerates reaction rate
but demands stricter environmental controls. Although thermophiles
enhance productivity potential via elevated temperatures, small
fluctuation will risk stagnating its biochemistry. Meanwhile, mesophiles
can tolerate large deviations in temperature before slowing down its
activity (J. K. Kim et al., 2006a). The effectiveness of biogas plants in
attaining targeted COD levels and biogas production rate is contingent
upon properties of POME and temperature at which POME enters the
anaerobic digester This parameter directly influences the percentage of
COD removal, a critical factor in meeting the treated effluent discharge
standards established by Department of Environment in Malaysia (Yong

et al., 2023).
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Conventional way for cooling POME is by utilizing cooling pond and
mixing tank. Natural cooling in cooling pond is achieved through hydraulic
retention time (HRT) while cooling in mixing tank is achieved by
recirculation sludge which mixes with POME causing reduction in
temperature (Mohammad et al., 2021). Mesophilic components are
present in POME which are temperature sensitive. They play a significant
role by converting organic waste to renewable gas (i.e., methane).
However, since raw POME are usually discharged between 80-90 °C,
this reduces mesophilic activity thus reducing biogas output and quality
from anaerobic digester. Hence, a decent and stable temperature control
system is required to maintain temperature of POME at optimum
mesophilic temperature (30-40 "C) before feeding into anaerobic digester
for quality biogas production (Sodri & Septriana, 2022; Yusof et al.,

2024).

Utilizing cooling pond (CP) serves some drawbacks in the treatment
plant. CP is an open space with a large body of water. With CP system,
effluent or water can be lost through evaporation. Another drawback is
the release of methane gas from CP which causes ozone layer to
deplete. Finally, effectiveness of CP will also decrease over time due to
the reduced HRT and capacity of pond as the scum and sludge tend to
clump up with each other. Furthermore, based on the study conducted
by Yusof et al. (2024), it is proven that this conventional method cannot
efficiently control the temperature of POME. Hence, it is proposed to
replace these CP and mixing tank with a cooling tower (CT) in this study.

CT is a heat exchanger that is commonly utilized for reduction in process
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effluent temperature by evaporation. A new technique used in POME
treatment plant in recent times are also by introducing CTs for a more
stable temperature control before feeding them into the anaerobic
digester. There are two types of CTs, natural and mechanical cooling
towers. Natural CTs are more commonly used in large power plants as
they are bulky. Mechanical CT draws air into system with the aid of fans.
Surrounding air drawn into tower will be used to cool down incoming

effluent.

1.6 Decanter Cake

Palm oil as a ubiquitous global commodity, produce significant by-
products which one of it is palm oil Decanter Cake (DC), within its
production cycle. Palm oil DC is a residual biomass generated from the
oil clarification process, holds the potential as a co-substrate for biogas
production for its richness in organic matter. Through the anaerobic
digestion (AD) of organic matter, in this case, anaerobic co-digestion
(ACoD) of POME with palm oil DC. The biogas produced mainly
composed of methane, CHa (55-70%), carbon dioxide, CO2 (30-45%),
hydrogen sulphide, H2S (0.1-5%) and other trace compounds. It holds
promise as a versatile energy reservoir applicable to electricity

generation, heat production and transportation fuel.

Both DC and POME transcend mere waste, presenting an opportunity for
waste-to-energy initiatives. Recent studies highlighted the ACoD
tehcniques as an innovative pathway to enhance biogas production,
significantly contributing to renewable energy portfolio (Mehariya S,

Patel AK, Obulisamy PK, Punniyakotti E, 2018); (Mirmohamadsadeghi et
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al., 2019). ACoD involves simultaneously co-digestion POME and DC
within an enclosed tank, thus generate a higher methane vyield in the
biogas, owing to improved nutrient balanced and digestion rates.
However, past studies have primarily operated on a laboratory-scale,
focusing on and optimize parameters such as DC: POME mixing ratio,
pH, organic loading rate (OLR), temperature and hydraulic retention time

(HRT), in which may impact the ACoD performance.

1.7 Problem Statements

Despite implementing such advanced technologies to treat POME
anaerobically, part of the problem persists in the palm oil mill domain,
such as optimising the factors that affect the biogas production process
and efficient effluent treatment aspects in the anaerobic digester. As it
was observed that the main challenge lies within the characteristics of
the POME itself as it depends on the efficiency of the palm oil extraction
process, the quantity and the quality of FFB processed as well as the
process control of the mill (Khadaroo et al.,, 2019b). The different
equipment, processes and operational practices applied in the POM
contributed to the complication in understanding the POME quality.
Hence, the quality of POME is always unpredictable. Understanding the
POME characteristics and its effect to the AD design and operational
performance become crucial especially for biogas plant developer, who
finance and developed the biogas plant for power generation purposes.
Malaysia introduced Feed In Tariff (FiT) program in 2016. Initial FiT
program introduced by Sustainability Environmental Development

Agency (SEDA) was programmed for 16 years, in which the biogas plant

15



developer will sign a Renewable Power Purchase Agreement (REPPA)
with Tenaga Nasional Berhad. Later at 2021, SEDA improved the
program by introducing new FiT scheme with 21 years PPA period. Under
this new scheme, biogas plant developer has to enter into e-bidding
system to secure the FiT quota. Based on the reported data by SEDA
Malaysia, the average FiT rate was reduced after the implementation of
e-bidding system (SEDA Malaysia, 2022a). This scenario affected the
biogas plant developer to maintain high and rising capital expenditure
(CAPEX) year by year to develop good quality biogas plant. Apart from
this, long term operational aspects of biogas plant are another challenge
for biogas plant developer. To maintain its performance for 21 years
throughout REPPA period, biogas plant developer must understand all
aspects that will affect the AD performance. In this case, understanding

of POM and AD is crucial aspects.

The performance of the anaerobic digester (AD) depends on a few critical
factors, such as the characteristics of raw POME in terms of Chemical
Oxygen Demand (COD), Biological Oxygen Demand (BOD), pH and
temperature. The fastest way for the biogas plant developer to assess
the performance is by comparing the revenue generation from each
biogas plant that sells the green electricity to Tenaga Nasional Berhad
(TNB) through FiT program. However, it is found that there is a gap in the
performance evaluation of each biogas plant, even though the design of
the covered lagoon and installed capacity are similar. Hence, this study
aims to evaluate and compare the performance and efficiency of all four

biogas plants owned by CGESB. This study would be able to identify and
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compare the process and operation parameters that affect the
performances of the biogas plants. The investigation started with
evaluating raw POME quality entering the AD through the pretreatment
process in the conventional cooling pond and mixing tank. The
recirculation sludge is added to the mixing tank to increase the pH and
decrease the temperature of raw POME entering the AD. The
performance of the AD is studied by analysing hydraulic retention time
(HRT), organic loading rates (OLR), bottom sludge quality and treated
effluent quality. Concerning the biogas quality and quantity, comparison
in terms of methane (CHa), carbon dioxide (CO2) and hydrogen sulfide
(H2S) composition, and total biogas produced is evaluated. The novelty
of this study lies in its comprehensive evaluation and comparison of the
performance and efficiency of the industrial size biogas plants,
considering various process and operation parameters. By identifying the
key factors that influence plant performance, this study contributes
valuable insights to optimizing biogas plant operations and enhancing

their overall efficiency.

Among few issues related to performance of AD are low biogas
production and treatment capability that could be observed for several
reasons, such as unbalanced nutrients due to low C/N ratio in POME,
insufficient POME production for the anaerobic digestion, ineffective
pretreatment process, imbalance of effluent recirculation ratio, and the
case of diluted POME due to the processes practice and design in POM.
The co-digestion of POME with various waste is widely reported to be

able to enhance the production of methane (A Aziz et al., 2020b; Seekao
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et al., 2021). One potential substrate that could be co-digest with POME
is decanter cake due to its high COD, nutrient content, and
biodegradability (Kaosol & Sohgrathok, 2014; Khairul Anuar et al., 2018).
Thus, this study has been formulated to improve biogas production
through anaerobic co-digestion of POME and decanter cake. To improve
the pretreatment process especially on temperature control due to the
limitation on the process control of using cooling pond and recirculation

sludge in the mixing tank, cooling tower was introduced.

Among the various biogas capturing technologies available, the In-
Ground Lagoon Anaerobic Digester technology is widely preferred for the
POME treatment. It is simple, capable of tolerating a high OLR, has a
stable operating system, and is easier to operate (Sharvini et al., 2020).
However, there are some limitations, such as the necessity to maintain a
mesophilic condition, lack of mixing element, and loss of effective volume
due to sedimentation (Harris & McCabe, 2020). Therefore, an analysis of
the economic performance is needed by conducting a techno-economic
analysis to estimate the capital and operating cost as well as the selection
of the optimal technology for the anaerobic digester. Subsequently, an
effective POME treatment system is introduced using the In-Ground
Lagoon Anaerobic Digester technology through new engineering design

and operational practises with sets of optimum operating conditions.

1.8 Research Objectives
The general objective of the entire study is to determine the optimum
operating parameters to improve the performance of the in-ground

lagoon anaerobic digester. Optimisation strategies were implemented
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after identifying the crucial parameters, and their effectiveness was
assessed. This study was conducted in four different biogas plant
locations in Malaysia. Despite the uniform engineering and technical
principles underlying the design of these plants, variations in
performance were observed. Hence, the entire study focused on detailed
information about the effect of critical parameters, operation practices,
and process control of the in-ground lagoon anaerobic digester.
Additionally, the study explores the impact and correlation of different
Palm Oil Mill Effluent (POME) qualities originating from four distinct palm

oil mill (POM) processes and designs.

The specific objectives of this research are as follows:

a) To compile, analyse, and compare two years of operational and
process data collected from four biogas plants and palm oil mills
in Malaysia

b) To identify critical parameters affecting industrial anaerobic
digester performances

C) To optimise industrial in-ground lagoon anaerobic digester
performances by controlling incoming POME temperature via
cooling tower application

d) To improve and optimise biogas quality and quantity via industrial
anaerobic co-digestion (ACoD) of POME and decanter cake (DC)

e) To perform a techno-economic analysis of the optimisation plan
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1.9 Research Scope

The following research scopes are carried out to ensure that the research
objectives (Section 1.7) are achieved. In order to identify the critical
parameters that affected performances of four in-ground lagoon
anaerobic digesters, the profiling of palm oil mills and biogas plants was
conducted. The data was gathered through physical interviews, and its
authenticity was checked based on the Written Declaration Document
submitted to the Department of Environmental Malaysia. Among the
parameters recorded and investigated are the palm oil mill processes
information, equipment used, and process control practices. As for the
biogas plants, design data such as organic loading rate (OLR), sizing,
hydraulic retention time (HRT), pre-treatment process, mixing
mechanism and biogas collection and treatment process were collected.
The monitoring instrument and equipment, such as flowmeters,
transmitters, online and portable biogas analyser and SCADA system

were also recorded and validated.

The first important milestones for this research were achieved with the
POME Characteristics Study. The weekly data was collected for 2 years,
from July 2019 to June 2021. Several important parameters were
analysed such as COD, BOD, TSS, total solid, oil and grease,
temperature, and pH. The POME produced for all four palm oil mills was
compared to specific processes and effluent management practices
involved in each palm oil mill. This study is critical because the in-ground
lagoon anaerobic digester requires detailed information on POME

characteristics. The study was conducted by collecting POME in the drain
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after the cooling pond. This sampling point was chosen because of the
existing intake point of POME to the biogas plant. The effluent drainage
flows to the open pit, where the pumps were installed. Subsequently,

POME is delivered to the mixing tank or cooling tower through piping.

In parallel with the POME characteristics study, the data on the in-ground
lagoon anaerobic digester process were collected. The study on
performance evaluation of AD was divided and focused into two main
segments of AD, which are effluent and biogas. Under effluent segment,
the pre-treatment process, bottom sludge quality and treated effluent
quality were examined. While for biogas, its quantity and quality were
researched. Under the pre-treatment segment, inlet and outlet POME
temperature and pH were recorded. The mixing tank efficiency in
controlling pH and temperature was evaluated by recording the amount
of bottom sludge and treated effluent recirculated to the mixing tank.
Then, the ratio of POME and recirculated effluent and sludge was
calculated based on the reading recorded by the flowmeter. On the
bottom sludge study, there are few parameters analysed such as pH,
temperature, COD, TSS and total solid. The bottom sludge sample was
collected by running a pump to withdraw the sample from the piping that
connected at the bottom part of the anaerobic digester. This study was
crucial because most of the methanogenic bacteria lives in the bottom
sludge. Hence, this study will provide more clarity on the biogas
production and its quality study. As for the treated effluent quality study,
all the data collected was the same compared to the bottom sludge. Both

study of bottom sludge and treated effluent was designed and conducted
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to examine the efficiency of the in-ground lagoon anaerobic digester. Few
crucial findings were derived and explained such percentage of total solid
and COD removed, total COD loaded and removed, hydraulic retention
time, and organic loading rate of the in-ground lagoon anaerobic digester.
Whilst for biogas segment, few key parameters were recorded such as
total monthly biogas production and biogas concentration focuses on
quality of methane, carbon dioxide, oxygen, and raw and treated
hydrogen sulfide. All these data were used to analyse methane and
biogas yield and its relation to the COD loaded and removed, amount of
biogas produced and its relation to OLR, biogas quality and its relation to
the bottom sludge characteristics and finally to evaluate the biological

scrubber efficiency.

In order to determine the most critical parameters and the significant
differences between the operational data that affected AD performance
from all four biogas plants, the two years of data were analysed in detail
using various machine learning and statistical methods. The results are
analysed using methods such as Analysis of Variance (ANOVA) and
Statistical Analysis. Further analysis is also conducted by using a
mathematical model, surface, interaction, and box plots. Once the critical
parameters affected the AD performance was determined, the

optimisation plan was introduced.

The first optimisation plan conducted is related to temperature control
and its affect to the AD performance. The study was conducted in BGP
A. Industrial twin packed crossflow induced draft cooling tower was

designed based on the input POME characteristics and parameters such
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as POME flowrate, POME inlet temperature, POME desired outlet
temperature, relative humidity, and air inlet temperature. After completion
of cooling tower construction, operational data were collected for a period
of 6 months from January to June 2022. The six months operational data
analysed in details such as the inlet and outlet cooling tower temperature,
OLR of AD, bottom sludge and treated effluent pH and temperature,
biogas production and biogas quality. The collected data were compared
with two years operational data using various machine learning and
statistical analysis such as Atrtificial Neural Network (ANN) and sensitivity
analysis to understand the impact and effectiveness of the optimisation

plan.

The second optimisation plan to further improve the performance of AD
is by introducing co-digestion process. Decanter cake produced in the
POM A was collected and analysed. The first step on this study is
characterisation study of the decanter cake. Four tests consisted different
ratio of dilution rate of decanter cake and distilled water (1:1, 1:5, 1:10
and 1:20) was designed. Each test was duplicated for 12 samples.
Among studied parameters are pH, temperature, COD, BOD, TSS, total
solid and volatile solid. The results were analysed by comparing its
characteristics to POME. The field trial was conducted for a period of 6
months from July 2021 to December 2021. The decanter cake collected
in POM A was introduced to the AD through temporary mixing facilities
built in BGP A. Diluted decanter cake was transferred using pump and
piping system to the inlet mixing tank before pumping into the AD.

Throughout 6 months field trial, important parameters recorded and
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analysed are daily POME feeding, POME COD, daily decanter cake
feeding, daily biogas production and biogas quality, bottom sludge and
treated effluent quality in terms of pH, temperature, COD, TSS and total
solid. The data obtained for a period of six months field trial are compared
with previous two years operational data without decanter cake co-
digestion application. The collected data were further analysed by
running simulation to predict its performance by using SuperPro
Designer. The machine learning study using ANN was designed and
studied to understand the long-term impact of decanter cake application
in the AD. Both optimisation studies also focused on the economic
analysis as part of final evaluation on the effectiveness of the proposed
solution. Key parameters discussed in economic analysis are capital
expenditure (CAPEX), operational expenditure (OPEX), internal rate of

return (IRR), return of investment (Rol) and payback period.

1.10 Thesis Organisation

The summary of the entire research objectives and planning is illustrated
in the Figure 1.5 below. This report consists of six chapters. Chapter One
(Introduction) briefly explained the current status of palm oil industry in
Malaysia, characteristics of palm oil mill effluent (POME), in-ground
lagoon anaerobic digestion process, cooling tower technology, and palm
oil decanter cake characteristics. This chapter also includes problem
statements explaining the challenges of various POME characteristics
and their effect on the anaerobic digester performance. Possible
solutions, such as the application of a cooling tower and co-digestion of

decanter cake into POME to optimize AD performance, were also
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discussed. This was also followed by the objectives presented with the
research scope. An organisation of this thesis was also summarised in

the final section of this chapter.

Analysis of POME
characteristics and its
relation to the POM
processes

Selection of four
POME biogas
plant in Malaysia

Palm oil mill (POM)
and biogas plants
background study

POME characteristics
study for a period of

Construction of
cooling tower and
decanter cake co-
digestion facilities

2 years (July 2019to
June 2021)

Biogas plant
operation data
collection for a period
of 2 years (July 2019
to June 2021)

Design of
optimisation studies
based on identified
critical parameters

Analysis of critical
parameters affected
biogas plant
performances

l

Optimisation plan 1:
Decanter cake

Optimisation plan 2:

POME temperature

codigestion trial and control using cooling

data collection (July tower (Jan to June
to Dec 2021) 2022)

Data analysis,
economic study and
conclusion of applied

optimisation plans

Figure 1.5: Summary of the entire research objectives and plan

Chapter Two (Literature Review) covers the review of Malaysia's palm oil
industry, mainly focusing on the detailed processes and equipment in the
mill, such as sterilisation, fruit stripping, digestion, clarification, empty fruit
bunches (EFB) pressing, separation, and oil recovery. The source of

effluent generated throughout the processes was thoroughly
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investigated. Furthermore, this chapter presents an overview of the four
stages of the anaerobic process. Then, there will be an in-depth
explanation of one of the research core scopes; the anaerobic digester
technology and important/critical parameters influencing its performance.
The study explores the outputs of AD, such as biogas quality and
guantity, as well as effluent characteristics, to understand its relations to
the input of AD, which is POME quality. These aspects are also
discussed by examining the impact of AD design parameters, including
hydraulic retention time (HRT), organic loading rate (OLR), temperature
control process and sludge management. A review of different methods
of data analysis technique, machine learning and optimisation software
used in the study were also discussed. Finally, the detailed concept of
cooling towers co-digestion of POME and decanter cake were also

presented.

Chapter Three (Materials and Methods) provides the list of site locations
and all the materials, procedures, and analytical methods used to
conduct the present study. This was followed by an experimental
procedure including POME, effluent, biogas sampling analysis and
procedures, and research parameters. Various data analysis techniques
and methods used in this research were also discussed. The chapter
meticulously details the methodology employed in the investigation's
primary research scopes, namely the study of POME and decanter cake
characteristics, the evaluation of AD performance, POME co-digestion,
and the application of cooling tower technology. Each aspect is presented

separately, offering a clear and systematic overview of the experimental
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procedures. Lastly, an overall experimental flowchart was presented that

illustrates a clearer picture of the experimental works involved.

Chapter Four (Results and Discussion) is the core of this thesis with three
main studies. The first section of this chapter discussed the profile of all
four palm oil mills and in-ground lagoon AD. The details of engineering
design parameters, equipment used, and process data were compared
and investigated. All information in the first section is crucial, which
contributed to the analysis of results obtained from the process data of
the AD. The second section discussed the AD's two-year operational
data. The third section focused on the optimisation plan. There are two
main scopes for this section: temperature control of incoming POME by
cooling tower and co-digestion of POME with decanter cake (DC). Both
studies were conducted based on the analysis results obtained from the

second section and conducted in one of the plants (BGP A).

Chapter Five (Conclusions and Recommendations) concludes the work
that has been carried out and the important outcomes obtained from this
research study. The conclusions reflect the achievements of the listed
objectives that were obtained throughout the study. Finally, the
recommendations for future study were listed as well. These
recommendations were presented in view of their significance and

importance related to the current research.

Chapter Six (References) contained the list of references used for this

study.
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Chapter Seven (Appendices) contained the list of tables and figures that

supports this study.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Palm Oil Industry in Malaysia

The abundant quantity of palm oil processing mills in Malaysia observed
leads to that large amount of POME released annually during palm oll
extraction. Based on the data on the amount of crude palm oil production
each year, the quantity of POME production can be estimated. According
to Chin et al. (2013), about 2.5-3.75 tons of POME are generated for
every ton of crude palm oil production. By taking the average of 3 tons of
POME generated for every ton of crude palm oil produced (Chin et al.,
2013), the amount of POME generated from 2015 to 2020 is calculated
and illustrated in Figure 2.1. It is estimated that about 59.88 million tons
of POME were generated to produce 19.96 million tons of crude palm oil
in 2015. Meanwhile, in 2020, with 19.0 million tons of crude palm oil,
57.42 million tons of POME were generated. POME is considered the
most significant pollutant, and with a great amount of POME released
from palm oil mills every year, it will have a severe impact on the
environment if no proper waste management practices are enforced

(Lam & Lee, 2011b).

Table 2.1: Composition of products/wastes from the production of FFB
(Abdullah & Sulaiman, 2013)

Products/Wastes Weight percentage to FFB composition on
dry basis (%)
Palm oil 21
Palm Kernel 7
Fiber 15
Shell 6
Empty fruitbunches (EFB) 23
POME 28
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Figure 2.1: Number of palm oil mills operating in Malaysia from 2013 to
April 2021
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Figure 2.2: Estimated POME generation based on the CPO production
in Malaysia
The effluent from palm oil mills is often treated through a series of
ponding stages via waste stabilisation. (Genderen, 1995) defined waste
stabilisation ponds as a lagoon with shallow dyked structures explicitly
designed to treat wastewater by "self-purification” and utilising natural
biological, chemical, and physical processes. It is a system which

consists of a cooling pond, an anaerobic pond, a facultative pond, and
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followed by a maturation pond (Chia et al., 2020). Furthermore, a waste
stabilisation system is suitable for warm tropical countries due to their
temperature and lengthy duration of exposure to sunlight which offers
high efficiency and satisfactory performance of the treatment process
(Kayombo et al., n.d.). The general POME treatment system by Palm Oil

Mills (POM) in Malaysia is illustrated in Figure 2.3.
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Figure 2.3: Process flow diagram of the palm oil mill effluents (POME)
treatment system in mills
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2.2 Biogas Industry in Malaysia

The rapidly and steadily growing biogas industry in Malaysia has been
driven by many factors such as the increasing awareness of
environmental sustainability and need for renewable energy. The
Malaysian government plays a crucial role and remains as one of the
main players in the industry, particularly through organizations like the
Sustainable Energy Development Authority (SEDA). The mainly oversee
the implementation of renewable energy policies and initiatives by
implementing and administering programs like the Feed-in-Tariff (FiT),
which acts as a financial support for biogas projects. Apart from the
government authorities, private and agricultural companies particularly in
the palm oil industry represent key players in the development of biogas
projects. The installation of biogas projects typically depends on organic
waste from palm oil mills, livestock farms and food processing plants

through the process of anaerobic digestion.

The biogas installations in Malaysia primarily focus and consist of the
lagoon and tank system. The lagoon system stores the effluent in a
shallow underground basin where the effluent is left to settle. The tank
system on the other hand stores the effluent in a sealed tank typically
made of durable material like stainless steel to withstand the corrosive
nature of the effluent and biogas being produced. Despite there being
ample amounts of potential for biogas production in Malaysia, the
industry is slower moving when compared to European countries due to
lack of notoriety, technological constrains and limited infrastructure

(SEDA Malaysia, 2022b). However, Malaysia has introduced the
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Malaysia National Energy Plan 2022-2040, which is committed to
strengthening the renewable energy market in Malaysia through
introduction of the solar, hydro and also the biogas sector. As the
prioritization of bioenergy in Malaysia increases alongside organizations
like SEDA, the biogas industry is expected to play a significant role in the

country's energy transition.

2.3 POME Characteristics and POM Processes

Palm Oil Mill Effluent (POME) is the thick brownish effluent typically
discharged at a temperature between 80 °C to 90 °C with a pH ranging
from 4 to 5. While POME is generally regarded as a non-toxic liquid waste
since chemicals are not used during oil extraction (Saad et al., 2021a),
its discharge without treatment can have significant environmental
consequences, particularly for rivers, due to its high organic content and
the large volume produced by palm oil mills. POME has fluctuating
characteristics due to a combination of wastes from three main sources
such as sterilisation of FFB, clarification of extracted crude palm oil, and
hydro cyclone separation of cracked mixture of shell and kernel. It leads
to 36%, 60%, and 4% of POME comprises steriliser condensate,
clarification wastewater, and hydro-cyclone wastewater, respectively
(Sethupathi, 2004a). Table 2.2 shows the psycho-chemical

characteristics of POME from various sources.
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Table 2.2: Characteristics of each source of effluent of POME in palm
oil mills (Ahmed et al., 2015a)

Parameters Units Steriliser Clarification Hydro cyclone
condensate wastewater wastewater
COoD mg/L 47,000 64,000 15,000
BOD mg/L 23,000 29,000 5,000
Dissolved solids mg/L 34,000 22,000 100
(DS)
TSS mg/L 5,000 23,000 7,000
Total Nitrogen (TN) mg/L 500 1,200 100
Ammoniacal mg/L 20 40 -
nitrogen
Oil and grease mg/L 4000 7,000 300
(GG)
pH - 5.0 4.5 -

The characteristics of POME are largely dependent on the efficiency of
the operation and process control of the mill. In Malaysia, the widely used
method to extract palm oil from fresh fruit bunches (FFB) is by wet palm
oil milling process (T. Y. Wu et al., 2010a). The unit operations used for
extractions are a steriliser, a stripper, a digester, a press machine, a
clarifier, a separator, an extractor, and a purification system (Ehsan et al.,
2015b). By understanding the role of each unit operation in the extraction
process, steps can be taken to optimize efficiency and reduce negative
environmental impacts. The typical processes of wet Palm Oil Mill
(POM)s include sterilization of FFB, stripping, digestion, and pressing,

clarification and kernel oil recovery.

The first step in extraction of crude palm oil is sterilization, where the FFB
is subjected to heat treatment. The FFB is sterilized using pressurized
steam at the pressure of 3 x 10° Pa and the temperature of 140°C for 60
to 90 minutes (Pratap Singh et al., 2010). The hot pressurized steam in
the steriliser will force the kernel to detach from the shell wall. It is also

used to deactivate hydrolytic enzymes and prevent rapid formation of free
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fatty acids (Lam & Lee, 2011a; T. Y. Wu et al., 2010b). In the recent
development, there has been increasing use of continuous steriliser, a
moving conveyor with steam injection at atmospheric pressure (Chew,
Ng, et al., 2021). This sterilisation process generates condensate, which
contributes to one of the major sources of POME, where the latter
produces more (Chew, Low, et al., 2021). The characteristics of steriliser
condensate are shown in Table 2.2. As shown in Table 2.2, the total
dissolved solids in steriliser condensate are significantly higher than

hydro cyclone wastewater.

During stripping process, the sterilised palm fruits are separated from the
bunches through a rotating cage (Chew, Low, et al., 2021) The empty
fruit bunches (EFB) are collected and conveyed to the plantation ground
to be used as raw fertilizers or fuel for the boiler (T. Y. Wu et al., 2010b).
Meanwhile, the detached palm fruits are conveyed to the digester. In the
digester, the fruits are mashed by a steam-heated cylindrical vessel fitted
with a central rotating shaft at 80-90 °C (Lam & Lee, 2011a). During
digestion, the fruit's mesocarp is loosened from the nuts and directed into
the mechanical press machine to extract the crude palm oil out of the
mesocarp (Harsono et al., 2014). After pressing, the palm fruits are
separated into two parts: press liquor and press cake. Press liquors
consist of mixture of oil, water and some solid impurities, while press cake

consists of fiber and nut.

The purpose of clarification is to separate oil from the press liquor that
contains high amount of non-oil component. Hot water is added into the

clarifier to reduce oil viscosity and facilitate separation of the oil from the
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insoluble solids (Harsono et al., 2014). The crude palm oil (CPO), at this
stage, contains a mixture of palm oil (35-45%), water (45- 55%) and
fibrous materials in different portions (Pratap Singh et al., 2010). The
insoluble solids and water are settled to the bottom of the clarifier tank,
while the crude palm oil is extracted from the top layer of the clarifier tank.
The heavy oily sludge that settled at the bottom of the clarifier tank is sent
to a decanter or a sludge separator to recover the remaining crude palm

oil.

In the conventional clarification process, oil separation is achieved by
settling tanks gravity separation. However, in a modern mill setup, two-
phase or three-phase decanters are installed to further recover oil from
clarifier underflow replacing continuous settling tanks combined with a
sludge centrifuge. A two-phase decanter separates the press liquor into
a heavy phase (decanter cake) and a light phase (oil and water) (Mamat
et al., 2016). Meanwhile, a three-phase decanter separates the press
liquor into three parts which are solid (sludge/decanter cake), heavy liquid
(wastewater) and light liquid (oil). The recovered crude palm oil is
recycled back to the clarifier. The wastewater is either returned to the
clarifier to make up the dilution water or released as POME. As for the
sludge, it is sent to the bio-composting plant for land application.
Accordingto T. Y. Wu et al. (2010b), 1.5 tons of sludge waste is obtained

per ton of produced CPO.

In the kernel oil recovery process, press cake from the press machine
consisting of nut and fiber is channelled to a nut/fiber separator. The

separation process is accomplished through strong air current induced
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by a suction fan (Lam & Lee, 2011a). The fiber is usually sent to the boiler
as fuel while the nuts are sent to a nutcracker. During the cracking
process, palm kernel is loosened from its shells. The cracked nut is then
sent to winnowing for air separation to recovery the kernel. The residue
of the shell and broken kernels are sent to a hydro cyclone for further
kernel recovery (Harsono et al., 2014). The wastewater from the hydro

cyclone is discharged as the final source of POME.

According to Wu et al. (2010b), approximately 0.1 tons of liquid effluent
per ton of produced CPO is generated as POME. POME can cause
significant water pollution due to the high contents of COD and BOD
levels. As shown in Table 2.3, the characteristics of POME vary
considerably, with COD value in the range of 50,000-150,000 mg/L* and
BOD value of 25,000-75,000 mg/Lt. POME also contains an average
value of 4000 mg/L Oil and grease (OG), 40,000 mg/L of Total Solids
(TS), and 750 mg/L of Total Nitrogen (TN). Besides, the acidic pH
condition of POME is reported due to the presence of organic acids in

complex form (Mohamad Anuar Kamaruddin et al., 2021b)

Table 2.3: Literature data of raw POME characteristics

(Bala (Alhaj (Lee (Akhba (Elvitrian (A. Average
Parameters et al., iet et al, rietal, a et al, Yapet POME
2015 al., 2019  2020b) 2021) al., characteristi
b) 2016 b) 2021) cs
a)
Temperatur 85 90 85 65 81.3
e (°C)
pH 4.74 4.7 4.3 5 4.07 3.90 4.5
0G 191 4,000 4,000 4,000 - 4,633 3364.8
Fatty acids - - - - 1,855 11,874 -
BOD 34,39 25,00 27,00 25000 26,818 73,412 35,270.5
3 0 0
COD 75,90 50,00 57,50 50,000 60,396 146,82 73,437.7
0 0 0 4
Total - 40,50 45,25 40,000 - 41,916.7
Solids 0 0
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TSS 14,46 18,00 29,50 18,000 47,375 29,138 26,080.0

7 0 0
Total 13,03 34,00 40,50 34,000 - - -
Volatile 3 0 0
Solid (TVS)
TN - 750 790 750 700 1126 -
Ammoniac - 35 42 35 - - -
al-nitrogen

The environmental challenges posed by POME are significant due to its
high levels of COD and BOD (Table 2.3), which can lead to water
pollution. In order to comply with the discharge limits set by Department
of Environment (DOE), POMs must adopt cost-effective and efficient
processes to reduce POME's polluting strength. One possible solution is
to use technologies such as three-phase decanters or sludge separators,
which have proven to be effective. However, if POMs intend to construct
an anaerobic digester to trap methane gas for power generation, such
technologies may not be advisable since less COD will result in lower

methane production and reduced power generation capacity.

2.4 In-ground Lagoon Anaerobic Digester Processes and
Technology

2.4.1 Anaerobic Digestion

The production of biogas from POME requires an anaerobic digestion
process, which is a complex mechanism involving interactions between
microorganisms through four successive stages, hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. Anaerobic digestion
is widely used as a treatment system for industrial, agriculture and
municipal wastes while producing renewable energy source, that
involves the breakdown and stabilisation of organic matters in absence

of oxygen which leads to the formation of a mixture of gases, mainly
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methane and a combination of solid and liquid effluents, known as the
digestate (Anukam et al., 2019b; Y. Chen et al., 2007b; Kelleher et al.,
2002b; L Chen & H Neiibling, 2014b). The general reaction for anaerobic

digestion is shown in Figure 2.4:

Anaerobes CHs+ CO2 +
Organic matters +
Microbial biomass +

Figure 2.4: General reaction of anaerobic digestion

Several advantages of the anaerobic digestion of POME reported in
various studies are reducing greenhouse gas emissions to the
atmosphere. It eliminates most of the harmful pathogens, enables energy
recovery through methane production, produces nutrient-rich fertiliser,
and efficiently treats the wastewater (Anukam et al., 2019b; Khadaroo et

al., 2019b; L Chen & H Neiibling, 2014b).

2.4.2 Anaerobic Digestion Stages
Generally, four main steps are involved in the anaerobic digestion
process; hydrolysis, acidogenesis, acetogenesis, and methanogenesis.

Figure 2.5 illustrates the complete steps of anaerobic processes:
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Figure 2.5: Anaerobic Digestion Processes
2.4.2.1 Hydrolysis
The first step in the anaerobic digestion process is hydrolysis, where the
organic matter such as carbohydrates, protein, and lipids are hydrolysed
from their complex form to their respective monomers. The reactions that

occurred in this process are shown in Figure 2.6.
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Figure 2.6: Hydrolysis Process

The hydrolysis process is conducted by a group of hydrolytic bacteria.
Most of them are strict anaerobes such as Clostridia and Bifidobacteria
and some facultative anaerobes such as Streptococci and
Enterobacteriaceae (Weiland, 2009). Hydrolysis is carried out by several
hydrolytic enzymes such as amylase, cellulases, lipase, and protease.
The large complex substrate such as carbohydrates, proteins, and lipids
are breakdown into smaller molecules of sugar, a long chain of fatty acids
(LCFA), and amino acids, respectively. In this stage, all the raw materials
will be converted into amenable forms for the further microbial activities
to take place. According to Meegoda et al. (2018), the optimum
temperature for the hydrolysis process ranges between 30-50 -C and

with an optimum pH of 5-7.

Hydrolysis process is a rate-determining step with a relatively slow step
which can limit the rate of the overall digestion (Anukam et al., 2019b) as
certain substrates such as cellulose, lignin, and hemicellulose, are
difficult to degrade, and can be inaccessible to microbes due to their

complex structures (Meegoda et al., 2018a). In fact, the main constituent
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of oil palm biomass is holocellulose which is composed of cellulose and
hemicellulose (Awalludin et al., 2015a). POME as a lignocellulosic
matter, needs to be properly treated before being used as a substrate for
biogas production in order to increase the degradation rate of POME as
well as to boost the biogas production (A Aziz et al., 2020b). Apart from
that, the presence of high oil and grease and suspended solid fractions
in POME are considered to be obstacles for anaerobic digestion,

especially the hydrolysis process (J. Wang et al., 2015).

Thus, various pre-treatment processes are recommended and have been
developed which includes mechanical, thermal, chemical and biological
interventions to the feedstock in order to enhance the hydrolysis process
and to reduce the substrate limitations in anaerobic digestion (Appels et
al., 2008b; Roussel et al., 2014). Moreover, (Khadaroo et al., 2019b) also
agreed that the biological pre-treatment processes such as ozonation,
acidification, ultrasonication, microwave irradiation and alkali pre-
treatment does enhance the hydrolysis process as the increase in

methane production can be observed.

2.4.2.2 Acidogenisis

Acidogenesis, also known as fermentation process, is the second stage
of the anaerobic digestion process, where the hydrolysed products from
the first stage (hydrolysis) are degraded into much simpler products.
Interestingly, all acidogenic bacteria are also able to participate in the
hydrolysis process, but they are more dominant in the acidogenic phase
(Deublein & Steinhauser, 2008). The hydrolysed molecules such as

simple sugars, amino acids, fatty acids, and glycerol are degraded to
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carbon dioxide, hydrogen, acetate, ethanol, volatile fatty acids (VFA)
such as propionate acid, butyric acid, valeric acid and lactic acid as well
as several inorganic compounds such as ammonia and hydrogen
sulphide (A Aziz et al., 2020b; Gozan et al., 2018). VFAs are short-chain
organic acids (C2—-C6) and regarded as important intermediates for
methane production (Deublein & Steinhauser, 2008). Acidogenic bacteria
such as Syntrophomonas, Pseudomonas, and Flavobacterium will
degrade the hydrolysed molecules to form intermediary compounds such

as alcohols (aldehydes) and volatile fatty acids (Divya et al., 2015).

According to Deublein and Steinhauser (2008), acidogenic bacteria have
a regeneration time less than 36 hours, which makes the acidogenesis
process proceed at a faster rate than other stages of anaerobic digestion.
By taking the rapidity of this stage into consideration, it is hecessary to
note that although the production of VFAS to be the precursors in the final
stage of methanogenesis, it is widely reported that, VFA acidification

could cause the failure of the digester (Meegoda et al., 2018a).

2.4.2.3 Acetogenesis

Acetogenesis, which is the third stage of anaerobic digestion process,
converts the complex intermediary products and higher VFA that are yet
to be made accessible in the methanogenesis process into acetate and
hydrogen. This is due to some products from acidogenesis that cannot
be directly used by the methanogens that include fatty acids longer than
two carbon atoms, alcohols longer than one carbon atom, and branched-
chain as well as aromatic fatty acids (Boe, 2006). Thus, Acetogenic

bacteria such as Acetobacterium woodii, Clostridium acetium,
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Desulfovibrio and Clostridium degrades these products (propionic acid,
butyric acid, valeric acid, lactic acid, and ethanol) to form acetate, carbon
dioxide, and hydrogen (A Aziz et al., 2020b; Deublein & Steinhauser,

2008; Weiland, 2009).

While acetogenic bacteria are mainly hydrogen producers, high
concentration of hydrogen exhibits toxic effects towards them (Ali Shah
et al., 2014). Thus, a syntrophic interaction between acetogenic bacteria
and methanogenic bacteria (Meegoda et al., 2018a) is necessary in order
to solve this problem. This syntrophic relationship is known as the
syntrophic methanogenesis process which is achieved through

interspecies electron transfer (IET) (M. Zhang & Zang, 2019).

According to Deublein & Steinhauser (2008), Acetogenic bacteria could
only survive and grow at a very low hydrogen concentration for the
acetogenesis process to be thermodynamically favourable (AG < 0) while
hydrogenotrophic methanogenic bacteria need higher hydrogen partial
pressure to survive. The authors mentioned that the hydrogenotrophic
methanogens could constantly eliminate the products of metabolism of
the acetogenesis process and maintain a low hydrogen partial pressure

for the acetogenic bacteria.

2.4.2.4 Methanogenesis

Methanogenesis is the most final and crucial stage for methane
production. On the biochemical viewpoint, methanogenesis is considered
as an intriguing microbial process as the methanogens are the only

microorganisms with a specialised metabolism that are able to produce
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large amount of methane while reducing carbon dioxide, hydrogen and
cleaving acetate into methane and carbon dioxide (Stams et al., 2006).
The regeneration time of methanogens are significantly slower compared
to other microbial community in anaerobic digestion, in which they would
generally take around 5 to 16 days to regenerate and they are also
extremely sensitive to changes in environment, (Anukam et al., 2019b;
Deublein & Steinhauser, 2008). The methanogens are strictly anaerobic,
where they have acute sensitivity towards oxygen. According to a study
done by Kiener & Leisinger (1983), 99% of Methanococcus voltae and
Methanococcus vannielii are killed upon exposure to oxygen within 10

hours.

Methanogens are classified into two different groups of bacteria, which
are Acetotrophic methanogens and Hydrogenotrophic methanogens.
Acetotrophic methanogens convert and cleave acetate into methane and
carbon dioxide, while Hydrogenotrophic methanogens use hydrogen and
carbon dioxide to form methane. Hydrogenotrophic methanogens use Hz
as electron donor and CO:2 as electron acceptor to produce biomethane
(Demirel & Scherer, 2008). According to Weiland (2009), only few
species can degrade acetate into CH4 and CO2, e.g., Methanosarcina
barkeri, Metanonococcus mazei, and Methanotrix soehngenii, whereas
all methanogenic bacteria are able to use hydrogen to form methane.
Despite the fact that only few species of methanogens are able to
produce methane through acetate, A Aziz et al. (2020) reported that a

vast majority of methane, which is around 70% formed through
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ectotrophic methanogens pathway, while only 30% of methane is

produced through hydrogenotrophic methanogens pathway.

2.4.3 Parameters Affecting Anaerobic Digestion

In the integrated system, four parameters are condemned to be crucial in
the anaerobic digestion of POME: temperature, solid and hydraulic
retention time, pH, and organic loading rate. This is due to the microbial
community in the anaerobic digestion process being highly sensitive to
the process parameters function in a favourable condition (Khadaroo et
al., 2019b). Thus, the following subsections discuss the significant

parameters needed to monitor the anaerobic digestion of POME.

2.4.3.1 Temperature

In anaerobic digestion process, temperature plays the most crucial role
to maintain a healthy digester as any fluctuation that occurs could have
a negative impact on the microbial community and biogas production.
Temperature has a direct influence on the pH, solid and Hydraulic
retention time as well as organic loading rate of the digestive system.
Anaerobic digestion can be conducted at three different temperature
regime, which are psychrophilic (<25 °C), mesophilic (35-42 °C) and
thermophilic (45-60 °C) condition (El-mashad, 2004; Khadaroo et al.,
2019b; Weiland, 2009). However, according to Engin (2017), only
mesophilic and thermophilic ranges could provide optimum conditions for
the anaerobic digestion process. The comparison of anaerobic
processes done in thermophilic and mesophilic conditions is summarised

in Figure Error! Reference source not found.2.4.
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Throughout the research, thermophilic conditions have been reported as
being superior to mesophilic conditions as it offers many advantages
such as reducing pathogens at a higher rate, enhancing chemical and
biological reaction rate as well as increasing biodegradation rate of
organic matters up to 50% higher (El-mashad, 2004; Khadaroo et al.,
2019b). As reported by Jeong et al. (2014a) and Weiland (2009), the
increase in specific growth rates of microorganisms especially
methanogens in thermophilic conditions, increases the production rate of
biogas in anaerobic digestion of POME. On that note, in a study done by
Fikri Hamzah, Md Jahim and Mohamed Abdul, (2019), it had been
reported that thermophilic anaerobic digester could produce 20.0 day* of
biogas which is higher than biogas produced in a mesophilic condition,
13.5 day? at organic loading rate (OLR) of 15 kg COD/m?3/d. Therefore,
higher operating temperature provides a faster degradation and
conversion process due to high microbial growth rate and diffusion rate
of organic matters. Consequently, it is reported that, thermophilic
digesters could provide a higher OLR or could be operated at a lower
hydraulic retention time (HRT) compared to mesophilic condition, in
which, typically only 7-14 days are required for the digestion to take place
in thermophilic condition while for mesophilic condition, it takes around
30- 40 days to complete the digestion process (Alepu et al., 2016a,;

Weiland, 2009).

Additionally, in thermophilic conditions, the optimum operating conditions
for anaerobic digestion are achieved faster as the oxygen becomes less

soluble at a higher temperature (Deublein & Steinhauser, 2008).
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Furthermore, thermophilic condition provides a slightly better COD
removal rate efficiency with an average value of 91.16%, while the
mesophilic condition was 84.49% (Engin, 2017). This is due to the

insufficient biodegradation rate at low HRT in mesophilic temperature.

Despite having several significant advantages, thermophilic anaerobic
treatments have a lower stability compared to mesophilic treatments (L
Chen & H Neiibling, 2014b). According to Weiland (2009), the application
of higher temperature could increase the concentration of free ammonia,
which could adversely affect the microbial community as well as the
treatment performance by inhibiting the role of microorganisms in
anaerobic processes. Consequently, when the process is inhibited by
ammonia, the concentration of volatile fatty acids (VFA) will increase to
counteract the effect of free ammonia by decreasing the pH value
(Weiland, 2009). Although the process remains stable, the methane yield
is reduced as methanogens are inhibited at pH 7.6 under thermophilic
condition (Appels et al., 2008b). Meanwhile, under mesophilic conditions,
the inhibition of ammonia is reduced due to low concentration of free

ammonia produced (Deublein & Steinhauser, 2008).

Moreover, thermophilic microorganisms are more sensitive towards
temperature fluctuation compared to mesophilic microorganisms
especially methanogens as they are sensitive to rapid changes of
temperature (Deublein & Steinhauser, 2008; L Chen & H Neiibling,
2014b). Weiland (2009), reported that mesophilic microorganisms could
still tolerate the temperature fluctuation of +/-3°C without significant

reductions in methane production. As for the operating cost, although L
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Chen and H Neiibling, (2014) stated that the cost to maintain thermophilic
condition is higher. However, argued that it depends on the type of
effluents, for instance, effluent from cannery, palm oil mill and coffee
processing plant are typically discharged at a higher temperature. Hence,
a costly pre-cooling system is necessary to treat these effluents under
mesophilic conditions. Nevertheless, mesophilic condition is still
preferable due to greater stability and robustness compared to

thermophilic conditions.

Table 2.4: Comparison between mesophilic and thermophilic condition
for anaerobic digestion

Condition Mesophilic Thermophilic References
Optimum temperature 35°C 55°C (Engin, 2017)
Hydraulic retention time 15-30 days 7-14 days (A Aziz et al.,
(HRT)* 2020b; Alepu et
al., 2016a)
COD removal rate 76.36 - 92.62 % 89.12 - 93.20 % (Engin, 2017)
Degradation rate lower higher (El-mashad, 2004)
Microbial growth rate slower faster (Weiland, 2009)
Biogas production rate lower higher (Jeong et al.,
2014)
Pathogen destruction lower higher (El-mashad, 2004)
Energy requirement lower higher (Ruffino et al.,
2015)
Size of reactor larger smaller
Operation cost* lower higher (LChen &H
Neiibling, 2014b)
Degree of imbalance lower larger (Weiland, 2009)
Degree of ammonia lower higher
inhibition
Sensitivity towards lower higher (Saad et al.,
temperature fluctuation 2021b; Weiland,
2009)

*Depends on the process effluent

2.4.3.2 pH
pH also plays an important role in the anaerobic digestion process. Each
of the microbial communities has a specific pH region for optimal growth
and their adaptability in the anaerobic digestion (Appels et al., 2008Db).

The methanogens are highly sensitive to the pH with an optimum value
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of 6.5 - 7.2, while the fermentative microorganisms are less sensitive and
can operate in a broader range of pH around 4 - 8.5 (Hwang et al., 2004b;
Khadaroo et al., 2019b; Turovskil & Mathai, 2006b). According to Boe,
(2006), fermentative microorganisms tend to produce acetate and
propionic acid at higher pH and acetate and butyric acid at lower pH.
Therefore, the suggested optimum pH range is 6.5-7.5, to achieve a good
stability and performance of anaerobic digestion system as both bacterial

groups can function efficiently within this range.

Besides, it is widely reported that instability of pH level could also lead to
microbial activity inhibition. Divya, Gopinath and Merlin Christy (2015)
stated that the increase in pH over 8.5 could lead to the accumulation of
ammonia. Meanwhile, the metabolism rate of methanogens is reported
to deteriorate and causes the VFA conversion rate to decrease as the pH
dropped below its optimum value of 6.5 (Akhbari et al., 2020a; Y. Chen
et al., 2007b). Usually, the reduction of pH value is countered by the
methanogens as they produce alkalinity in the form of carbon dioxide,
ammonia as well as bicarbonate (Turovskii & Mathai, 2006b).
Furthermore, the authors also stated that the concentration of carbon
dioxide in the gas phase and bicarbonate in the liquid phase control the

pH of the digestive system.

However, while VFA is a key intermediate in anaerobic digestion process,
it is capable of inhibiting methanogens at a high concentration (Khadaroo
et al., 2019b; Weiland, 2009). Appels et al. (2008) outlined that the
production of VFA is toxic to the microbial community, especially to

methanogens at a concentration of 6.7—9.0 mol/m3. Since methanogens
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are unable to convert acetate, butyric acid, and hydrogen fast enough
into methane and other by- products as the pH of the system is lower
than their optimum pH range, the VFA will continue to build-up.
Consequently, as the organic acid concentration increases, the pH level
continues to drop and this acidic nature could also cause the hydrolysis
and acetogenesis to be inhibited (Appels et al., 2008b). Therefore, it can
be perceived that the inhibiting effect of VFA increases as the pH of the
system is low. As pointed out by Zhai et al. (2015), the undissociated form
of VFA moves spontaneously through the cell membrane where they
dissociate, causing reduction in pH value, eventually interrupting the

homoeostasis of the process.

Thus, the best way to increase pH and buffering capacity of the system
is by adding buffer materials such as sodium bicarbonate, sodium nitrate,
lime as well as ammonium bicarbonate (Saad et al., 2021b). According
to Jun et al. (2009), the addition of ammonium bicarbonate in order to
control the alkalinity of the system isreported to be able to maintain
a pH close to neutral inside cells which is called ‘metabolism generated
alkalinity’. Additionally, ammonium bicarbonate is also able to enhance
the pH of raw POME (4 to 5) and sustain the pH of the digestion system
to almost neutral (Akhbari et al., 2020a; Lin et al., 2011). Meanwhile, the
addition of lime could also increase the bicarbonate alkalinity but it may
result in the formation of scale (calcium carbonate) (Turovskii & Mathai,
2006b). However, Sri et al. (2015) stated that there is no need to apply
any alkaline additive for POME digestion system as treated effluent of

POME contains buffer alkalinity from bicarbonate, thus by recirculating
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the treated effluent and mixing it with the raw POME will able to maintain

a neutral pH of the system.

Nonetheless, in several studies, it is mentioned that it is important to note
that VFA accumulation can be taken as a response to a process
imbalance occurring in the system such as variation in temperature,
organic overloading, pH and presence of toxicants (Abdurahman et al.,
2013; Akhbari et al., 2020a; Mechichi & Sayadi, 2005). Thus, VFA
concentration could be a good indicator for the operators to monitor the
pH value, the stability of the digestive system and to be able to take

curative action in time.

2.4.3.3 Solid & Hydraulic Retention Time

Another characteristic that determines the effectiveness of an anaerobic
digestion system is the solid retention time (SRT) and hydraulic retention
time (HRT). SRT is the amount of time solids spend in the digester, while
HRT is the amount of time liquid sludge stays in the digester. The
SRT/HRT ratio can be adjusted by separating the solids and liquids
downstream of the digester and recycling one of the separated streams
(Appels et al., 2008b). Khadaroo et al. (2019) reported that SRT has a
huge impact on the subsequent stages of anaerobic process, in which
the decrease in SRT causes the decrease in the extent of anaerobic

reactions.

This has something to do with the fact that is mentioned by Turovskii &
Mathai (2006b), that each time when the digested sludge is withdrawn, a

fraction of bacterial population is also removed, thus to avoid the
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declination of the bacterial population in the digester and to assure a
steady-state system, the rate of cell growth must at least compensate the
cell removal. Otherwise, it could lead to process failure. SRT should be
long enough to allow microbial activity, especially the hydrolysis process
of the sludge, to take place optimally (Y. Chen et al., 2018). Figure 2.5
summarises the influence of SRT on the breakdown efficiency that could
be related to the biogas production. The recommended SRT values for
the design are in the range 15 to 20 days (Turovskii & Mathai, 2006b).
Interestingly, according to a study that is conducted by Aznury et al.
(2017) on POME anaerobic digestion, by extending the SRT through the
application of recycle sludge able to achieve better volatile solid
degradation rate and COD removal efficiency compared to the digester

without recycle sludge.

In comparison to the SRT, the hydraulic retention time (HRT) works
differently. HRT usually represents the digester's capacity. As stated by
Khadaroo et al. (2019b), the shorter the HRT of a process, the smaller
the size of the digester used. The formula to calculate the HRT for POME

is shown in Figure 2.7 below.

Volume of digester (m?)

HRT = 3
POME flowrate (m)

Figure 2.7: HRT calculation formula
As a matter of fact, for a large-scale biogas plant, a shorter HRT is

desired as it could reduce the capital cost of the system by reducing the
volume of the digester as well as increases the net electrical energy

recovery through an enhanced biogas production (Khadaroo et al.,
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2019b; W. Zhang et al., 2017). Although a shorter HRT is reported to
increase the process efficiency, longer HRT is necessary for the digestion

of lignocellulosic waste such as POME (Meegoda et al., 2018a).

As one of the key parameters in biogas processes, HRT influences the
degradation process efficiency, system stability, biogas production,
biomass concentration as well as the composition of the microbial
community (Schmidt et al., 2018; W. Zhang et al., 2017). Further to this,
washing of microbes could happen when the microbial regeneration time
is shorter than HRT, which could lead to process failure (Schmidt et al.,
2018). Moreover, a shorter HRT could also lead to inhibitory effects as
commonly it is associated with VFA acidification (Meegoda et al., 2018a).
Therefore, the control of HRT for anaerobic digestion is crucial although
it depends on the technologies used, process temperature as well as type
of effluents (Lang, 2007).

Table 2.5: The influence of SRT on the breakdown efficiency
(Khadaroo et al., 2019b)

SRT Observation
<5 days VFA concentration increases due to the loss of methanogens
5-8 days VFA concentration was stillslightly elevated as only partial
disintegration of organic compounds occurred
8-10 days VFA concentration decreases as lipids aresolubilised
>10 days The sludge has significantlysolubilized

2.4.3.4 Organic Loading Rate

The organic loading rate (OLR) is defined as the amount of organic
matter which is measured by COD of substrate treated by a specific
volume of anaerobic digester in each amount of time. The OLR of a

process closely related with the HRT. A shorter HRT would result in a
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higher OLR as well as reduce the contact time between substrate and
biomass (Meegoda et al., 2018a; Poh & Chong, 2009).While high OLR
would reduce the anaerobic treatment efficiency, it is reported that
increasing the OLR up to a certain extent would increase the production
of biogas as the methanogens are functioning effectively (Saad et al.,
2021b). However, after that certain extend when the methanogens are
not able to convert acetic acid to methane at a fast rate, the biogas
production deteriorate as the methanogens are inhibited by the
accumulation of VFA and thus reduces the pH of the system (Poh &

Chong, 2009; Saad et al., 2021b).

Nonetheless, according to Meegoda et al. (2018), following cost-benefit
analyses of municipal wastes, it was discovered that digesters operating
at a low OLR and a high HRT provide the highest benefit especially for

the digestion process that is operating under mesophilic conditions.

2.4.4 Biogas

Biogas is a colourless and odourless gas which mainly consists of
methane (CHa4), carbon dioxide (COz), a small amount of hydrogen
sulphide (H2S), hydrogen (H2), nitrogen (N2), and trace amounts of
carbon monoxide (CO) and oxygen (O2). It is about 20% lighter than air
and has an ignition temperature between 650°C and 750°C (Sri et al.,
2015). The production of biogas provides a versatile carrier of renewable
energy, as methane can be used for the replacement of fossil fuels in
both heat and power generation and as a vehicle fuel (Chin et al., 2013b;
Weiland, 2009). The percentage composition of biogas produced from

anaerobic process is often determined by the type of feedstocks and the
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relative content of methane and carbon dioxide depends on several
factors such as the degradability of organic matter, digestion kinetics,
digester temperature as well as retention time (Dobre et al.,, 2014;
Monnet, 2003). The general range of percentage composition of biogas
is shown in Figure 2.6. The efficiency of the anaerobic digestion process
is typically determined by the methane yield as it is the main energy

carrier in biogas (Anukam et al., 2019b).

There are various kinds of feedstocks such as food waste, animal
manure, municipal waste, sewage sludge and agriculture waste that
could be used for anaerobic digestion to produce biogas (Divya et al.,
2015). According to A Aziz et al. (2020b), biogas production from agro-
industrial wastes is favourable, cheap and available in abundance

compared to other waste effluents.

Table 2.6: The range of percentage composition of biogas (Sri et al.,

2015)
Element Composition (%)
Methane 50-75
Carbon dioxide 25-45
Water 2-7
Oxygen 0-2
Nitrogen 0-2
Hydrogen sulfide 0-2
Ammonia 0-1
Hydrogen 0-1

Table 2.7 shows comparisons of biogas and methane yields that can be
produced from different types of feedstocks in relation to their methane
compositions. POME is regarded as a potential substrate for biogas
production as it generates a relatively higher value of biogas and

methane yield compared to food, vegetable, and manure wastes.
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According to several studies on POME treatment using anaerobic
digestion system, the end products were consisted primarily of methane
(63-75%) and carbon dioxide (35-37%) (A Aziz et al., 2020b; A. Yap et
al., 2021). Yap et al. (2021) estimated that 1m? of POME could generate
25 m? of biogas, resulting in the production of 14.35 x 108 m3 of biogas in
2020. The estimated methane production from POME based on the CPO
production of Malaysia in 2020 is calculated and summarised in Table
2.8. It is expected that more than 500k tons of methane could be
produced as an energy source if all these POME are treated

anaerobically.

Table 2.6: The range of percentage composition of biogas (Sri et al.,

2015)
Element Composition (%)

Methane 50-75

Carbon dioxide 25-45
Water 2-7
Oxygen 0-2
Nitrogen 0-2
Hydrogen sulfide 0-2
Ammonia 0-1
Hydrogen 0-1
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Table 2.7: Comparison of biogas, methane yield and methane content
from different potential feedstocks

Feedstock Biogas Methane yield Methane  C/N Reference

yield (LCH4/kgVS) content (%) ratio
(L/kg VS)
Food waste 600 440 60-70 3-17 (Divyaetal.,
2015; R. Zhang
et al., 2007)
POME 717 450-500 63-75 13.7 (A Azizetal,

2020b; Samsu
Baharuddin et al.,
2013; A. Yap et

al., 2021)
Cattle 400-450 200-250 49-55 16-25 (A Azizetal.,
manure 2020b; Divya et
al., 2015)
Vegetable 450 190-400 65 7-35 (A Azizetal.,
waste 2020b; Divya et
al., 2015)
Swine 400-450 250-350 65 6-14  (Chae et al,,
manure 2008; Divya et
al., 2015)

Table 2.8: Estimated methane production from POME based on the
CPO production of Malaysia in 2020

Parameter Unit Value
CPO production Tons 19,140,000
POME m3 57,420,000
generated?
Biogas produced® m3 143,550,0000
COD level in mg/L 51,000
POME®
COD converted® Tons 2,342,736
Methane Tons 585,684
produced®
Energy ratef MJ 29,284,200,000

aAssume that 3 m® POME generated per tonne CPO produced (Chin et al., 2013b)

b Assume that 25 m® biogas produced per tonne POME generated (A. Yap et al., 2021)

¢ CPO production and COD of POME based on mean value given by Malaysia Palm Oil Board (MPOB)
4 Assume that digester efficiency is 80% (Chin et al., 2013c).

¢ Theoretical methane conversion factor is 0.25 kg CH4 per kg COD (Chin et al., 2013c)

f Calorific value of CH4 is 50 MJ/kg (Chin et al., 2013b)

2.5 Cooling Tower
2.5.1 Importance of Pre-treatment in Anaerobic Digester
POME is a lignocellulosic (plant dry matter) material (Maniruzzaman

Aziz, Khairul Anuar Kassim, Moetaz ElSergany et al., 2019). This means
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it must be adequately pre-treated before it can be used for biogas
production. Various methods include mechanical, thermal, chemical and
biological methods (Ariunbaatar et al., 2014). A different pre-treatment
method is applied when treating the raw POME before allowing it to enter
the anaerobic digester. The reason for the pre-treatment method is to
enhance the anaerobic digestion process. Raw materials that have not
been pre-treated take a long time to process. The pre-treatment part
enhances or accelerates the hydrolysis step and improves the quality of
valuable components (Ariunbaatar et al., 2014). Pre-treatment may also
increase the quality of the output of the gas collected from the digester.

This process also acts as a catalyst.

When choosing the pre-treatment method, it is important to know the type
of substrate used for biogas production. Not all methods of pre-treatment
can be applied to treating POME. The effects of pre-treatment are diverse
and depend on the treatment's mechanism (Carlsson et al., 2012). Using
the wrong method may lead to the formation of toxic products or can even

ruin the microbes inside the material.

2.5.2 Sensitivity of Methanogenic Bacteria on Temperature

The gas formed from the anaerobic digestion of POME contains
methane, carbon dioxide and hydrogen sulphide. The digester's
temperature affects the anaerobic bacteria's activities and waste
decomposition. Methanogenic bacteria present in the digester are
responsible for converting CO2 to methane (Parry, 1999). Methanogenic
bacteria are susceptible to temperature change. Thermal shock will

reduce the level of methane production. Reducing the temperature by
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10°C will reduce the bacteria activity and growth rate by 50% (Cioabla et

al., 2012).

A study by Mei et al. (2016) studied the effect of heat shock on the
performance of the bacteria. Between 45°C and 50°C, methane
production was not inhibited. Production was partially inhibited between
55°C and 60°C, but the microbes recovered. When the temperature was
above 60°C, the performance was inhibited, and there was no recovery.
It was concluded that the heat shock increased in severity, and methane
production started to reduce (Mei et al., 2016). Another study found that
biogas production reduces rapidly as the temperature is reduced (S.
Wang et al., 2019). As the temperature decreased by 5°C (starting from
35°C), the methane produced also reduced. At 30°C, the amount of
methane is 24% less than the initial. By dropping another 5°C, the
amount was significantly reduced until the activity was inhibited.
Therefore, it is essential to monitor the temperature and retain the correct
temperature window to prevent a reduction of performance in the

digester.

2.5.3 Optimum Growth Temperature Range

For the mesophile to grow, there are conditions for it to produce an
optimal result. Different researchers have indicated that the temperature
for the microorganism to grow can be more than what is typically stated.
The typical range for the mesophile to grow is around 20°C to 45°C, with
an optimum growth temperature of 30°C to 39°C (Zuberer & Zibilske,
2021). Research by Moestedt et al., 2017 compared the usage of two

other temperatures to the current 38°C (Moestedt et al., 2017). This
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research used mixed sludge obtained from a Swedish wastewater
treatment plant. It was found that at 42°C, gas yield reduced, the process
became unstable and volatile fatty acid (VFA) accumulated. At 34°C, the
production of gas was low. Thus, 38°C is the optimum condition. These
researchers concluded that the anaerobic digester's operating range is

around 34°C until 42°C.

Another study found that operating the bioreactor at the temperature of
37°C is excellent for the mesophilic bacteria for POME (Choorit &
Wisarnwan, 2007). Instability can be overcome by adjusting the OLR.
The operation temperature varied due to the build-up of total VFA. It was
found that for POME operating at 37°C, to obtain satisfactory results.
Instability can be adjusted by reducing the OLR. Table 2.9 provides the
data collected by the researcher. The optimum temperature should be in

the range of 37°C to 42°C.

Table 2.9: Operating temperature for mesophiles

Temperature Range Optimum Temperature Source
(°C) (°C)
34-42 38 (Moestedt et al., 2017)
37-43 37 (Choorit & Wisarnwan, 2007)
35-42 - (Aznury et al., 2017)

30-42 - (Akhbari et al., 2020b)
25-34 31-34 (Babaei & Shayegan, 2020)

2.5.4 Design of CT

a) Sizing

The size of the tower is important when designing the column. The area

of the CT will determine its size.
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A= area
Q= volumetric flowrate

Cw= concentration of water

The CT's length, width and height can be calculated using the Equation
(1) below, by obtaining the area. The length of the CT must always be
1.5 of the width. The tower dimension will determine the size of the tower.

This will also will provide the land area required for installing the tower.

L=15w
A=LxXW
A=15W (1)

All the values are multiplied by 20%, which is the safety factor.
b) Basin Dimension

The basin is located below the CT. This is the part where the cooled liquid
will be collected. Using the Equation (2) below, the sizing of the basin is

obtained.

Basin Volume = Q X holding time (2)

|4
LxW

Basin Height =

The length and width of the basin should be the same as the length and

width of the CT. Length and width are obtained from the dimensions
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calculated in the tower dimension. The factors that affect the basin

volume are the holding time and flow rate of POME.
c) Fan Power required

In this section, the horsepower is typically provided by the supplier. An
assumption of the tower performance is made before choosing the fan

horsepower. The horsepower can then be obtained from this chart.
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Figure 2.8: Horsepower required per square feet of tower area

Assuming the standard tower performance to be 100%, the horsepower
of the fan would be 0.041 hp/ft2. To find the power the fan uses, the
tower's size is multiplied by the horsepower obtained, as in the Equation

(3) below.
HP of fan = 0.041hp/ft?
Power = A X HP of fan (3)

Once the power of the fan required is obtained, the approximate
efficiency of the motor is obtained. This is done by using the figure

provided below.
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Size(kW) Efficiency (%)

S 30

15 85

75 90

200 92
750 95
>4000 97

Figure 2.9: Approximate efficiencies of electric motors

The motor's efficiency is obtained by relating it to the size of the motor
which was calculated in the previous section. by dividing the efficiency by
the fan's power, the actual horsepower used is obtained as in the

Equation (4) below.

power (4)

actual power =
p %ef ficiency

d) Water Loss

Since CT uses water, it is important to know how much water is lost from
the system. Water loss is calculated from the evaporation that is
occurring, the drift that carries water droplet as well as the blowdown rate
which all occurs inside the CT. By knowing this, the amount of water
required can be determined. Evaporation loss (E) is the water evaporated
for cooling duty. C is the amount of liquid circulating in the CT. Equation

(5) derived the detail calculation of evaporation loss.

E= CX(T;=Tp)XCp (5)

A

Drift loss (Equation (6)) is the water droplet formed which is carried along

in the air. These water droplets will result in water loss. It will also cause
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corrosion or stain, or damage the structure of the CT. Circulating fluid can

be in the range of 0.1% to 0.3%
D = % of circulating fluid X C (6)

The cycle of concentration (COC) value ranges between 3.0 to 7.0
(Tjahjono et al., 2020). It specifies how often freshwater is added into the
loop and used/pumped around before the water needs to be removed.
The total dissolved solid increases over time as the tower operates. This
is because as evaporation occurs, solid residue is left behind. The

Equation (7) derived the detailed calculation of blowdown rate.

_E
T (coc-1)

(7)

Blowdown rate/draw-off is a discharge of a small amount of water to
prevent scaling and corrosion (American Society of Heating & American

Society of Heating, n.d.).

The total loss (Equation (8)) is the complete water loss from the CT to the
environment. This is done by totalling the drift loss, evaporation loss and

blowdown rate.

M=D+E+B(8)

e) Cooling air requirements

Once everything is calculated, it is important to know the requirement for
the cooling air. The amount of heat absorbed(Q) is calculated using the

Equation (9) below.

Q = mCpAT (9)
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From Mollier's chart, the enthalpy of dry air is obtained. In this case, the
enthalpy of dry air is the same as the sensible heat of air. The specific

humidity of dry air is also required to get the value.

Once this is done, the amount of cooling air required (Equation (10)) is

calculated by dividing the amount of heat absorbed by the specific

humidity of the air.

Q
m= . — (10)
sensible heat of air
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Figure 2.10: Mollier's chart

2.6 Decanter Cake
A large amount of biomass waste prompted concern about the palm oil
industry's environmental consequences and sustainability. The

sustainable waste management approach seeks to decrease waste by
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turning it into high-value products. For each tonne of fresh fruit bunches
(FFB), a typical palm oil mill produces 0.6-0.8 m3 of palm oil mill effluent
(POME), 23% of empty fruit bunch (EFB), 13.5% of palm mesocarp fibre

(PMF) and 3.5% of palm oil DC (F. Y. Ng et al., 2011).

The DC is the solid residue that is retained from the decanting process
of POME. Its high biodegradable organic content and nutrient-rich
composition is an excellent feedstock for bioenergy generation such as
biomethane and biohydrogen via fermentation. Over the past decade,
most DC have been utilised as animal feed and fertiliser, as a raw
material for cellulose, biobutanol and biodiesel production, and as a
waste product (Kanchanasuta & Pisutpaisal, 2016a). Generally, the cost
of producing bioenergy is heavily influenced by the cost of feedstocks. In
view of this, agro-industrial wastes have been appealing as low-cost
feedstocks for biogas generation by the palm oil mill sector since they
can be used immediately on-site for biogas engines, among other
purposes. Hence, the DC is a possible feedstock for biogas generation

due to its high organic content and low cost.

2.6.1 Decanter Centrifuge

A decanter centrifuge, also known as a solid bowl centrifuge, constantly
separates solid materials from liquids in a slurry and has become a vital
component in wastewater treatment as well as the chemical, oil and gas
drilling, industrial and food processing sectors. Various decanter
centrifuges are used today, the most common types being vertical,
horizontal, and conveyor centrifuges. The principle of gravitational

separation governs the operation of a decanter centrifuge. A decanter
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centrifuge’'s main inner component is a concentrically screw conveyor
placed concentrically within a bowl. These two components allow for the
mechanical separation of particles and liquids pushed outside the bowl

(Anlauf, 2007).

2.6.2 Types of Decanter Centrifuge

Decanter centrifuges are widely used in various industrial applications
due to their flexibility. The decanter is one of the most important
mechanical inventions in the fruit oil extraction industry for separating the
husk from the liquid phases (Tamborrino et al., 2015). It is utilised in a 2-

phase or 3-phase configuration.

In a 3-phase decanter centrifuge, the waste is commonly carried to the
conical side of the bowl into the centrifugal extractor by a variable flow-
rate cavity pump. The two liquids, oil and process water, are discharged
through two different liquid weirs on the cylindrical side, while the solids
are discharged through husk holes on the opposite, conical side of the
bowl (Leone et al., 2015). Adding warm water to the waste inlet at a
variable composition of 10 - 30% facilitates the 3-phase sedimentation.
The addition of water results in a considerable flow of wastewater and

DC which contains 50 — 55% humidity (Dermeche et al., 2013).

2.6.3 Working Principle of POME 3-Phase Decanter Centrifuge
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Figure 2.11: lllustration of a 3-phase decanter

In a horizontal cylindrical bowl fitted with a screw conveyor, the palm oll
mill effluent (POME) is separated into dry solids (DC), mill effluent
(water), and recovered oil fractions. The POME enters the decanter
through the inlet feed, which offers practical and moderate acceleration,
resulting in fewer emulsions and no plugging. The dry solids settle on the
walls of the decanter instantly due to centrifugal force, while the liquid
phases - heavy phase (water) and light phase (oil) — separate into two

layers.

Ultimately, the 3-phase decanter separates the POME into three different
phases — solids (DC), heavy phase liquid (water) and light phase liquid
(recovered oil). The conveyor moves the solids to the conical end of the
decanter, which rotates in the same direction as the bowl but at a different
speed. Prior to being discharged into the collecting vessel, the solid DC
is removed from the liquid and centrifugally dewatered. The liquid then
overflows into the decanter's casing via an opening in the bowl's
cylindrical end. Gravity flow through outlets under the machine allows
both phases to exit the collecting chambers in the hood (High-

performance Three-phase Decanter Centrifuges).

2.6.4 Characteristics of Palm Oil Decanter Cake

Table 2.10 shows the characteristics of the palm oil DC obtained from
various studies. The DC has varying properties owing to the multiple
waste sources collected from different mills during different seasons (Y.

F. Lim et al.,, 2021a). As a result, the characteristics of the DC are
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generally determined by a mill's operational efficiency and process

control.

Water content is considered one of the most crucial parameters
influencing the entire anaerobic digestion process. Thus, the total solids
(TS) content of a medium is commonly used to define two types of
processes; wet digestion, in which TS content is less than 15% and dry
digestion or high solid, in which TS content is more than 15% to 20%
(Karthikeyan & Visvanathan, 2013). Ultimately, the TS content should be
optimised for efficient anaerobic digestion to take place, as reports have
shown that TS content higher than 30% may inhibit the digestion
performance and contribute to low methane production due to the
accumulation of volatile fatty acids (VFAs) (Motte et al., 2013). Besides
that, it is also important to identify the ratio of volatile solids (VS) to TS as
this reflects the digestibility of the substrate, with a lower value signifying
a longer retention time required for the anaerobic digestion (C. C. Yap et

al., 2020).

The DC may also cause considerable water pollution due to high organic
matter concentration, directly related to biological oxygen demand (BOD)
and high chemical oxygen demand (COD) levels. As seen in Table 2.10,
the amount of COD found in DC ranges from 270,000 — 1095,000 mg/kg.
Additionally, BOD/COD ratio signifies the biodegradability of the
wastewater and should exceed 0.5 to be deemed suitable for biological

treatment (C. C. Yap et al., 2020).
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The major portion of biodegradable material is composed of
carbohydrates such as sugar, starch, cellulose, hemicellulose, proteins
consisting of long chains of amino acids, and lipids, which consist of long
chains of fatty acids. According to Table 2.10, the carbohydrates found
in DC range from 8,000 — 427,000 mg/kg. More importantly, the digestion
of cellulose and hemicellulose contributes to biogas production. It can be
seen that the DC contains cellulose, ranging from 147,000 to 719,000
mg/kg, as well as hemicellulose 13,000 — 531,000 mg/kg, making it a

viable source of biomass for bioenergy production.

Another significant characteristic detected is the presence of lignin, a
chemical component in lignocellulosic feedstock that functions as a
binder, supporting the cellulose and hemicellulose in the lignocellulosic
structure (Awalludin et al., 2015a). In Table 2.10, the lignin content in DC
ranges from 269,000 — 321,000 mg/kg. Due to the nature of lignin, its
complex structure makes cellulose and hemicellulose inaccessible to be
digested in the anaerobic digestion process. Hence, pre-treatment
methods to remove the lignin to make the microorganisms more
accessible to digest the cellulose and hemicellulose are important in

ensuring a high biogas yield.

The biomass's total nitrogen content is important as nitrogen aids in the
replication of microbial cells for protein synthesis. The total nitrogen
content detected in DC ranged from 31.30 — 33,000 mg/kg. Although the
nitrogen content is considerably lower, when the DC is added as a co-
substrate in the digester system, it provides sufficient nitrogen content to

make up the nutrients for sufficient microbial activity to occur (C. C. Yap
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et al., 2020). The carbon to nitrogen C/N ratio is a significant parameter
in determining the availability of nutrients to enable microbial
development in the DC. As can be seen in Table 2.10, the C/N ratio
detected in DC was from 9 to 25%. (Choong et al., 2018) proposed that
the optimal C/N ratio is 20 — 30, as skewed values will negatively impact
the anaerobic digestion. If the C/N ratio is too high, slow degradation of
biomass occurs, and if it is too low, inhibitors such as ammonia will

accumulate.

The ideal pH for the digestion of DC and POME is 6.8 — 7.2, which is the
optimal range for methanogenesis. However, it can be seen from Table
2.10 that the pH detected in DC is around 5, which is lower than the ideal
pH requirement. The pH must be enhanced and maintained during the
anaerobic digestion since it influences the development of microbial cells

and methanogen and the concentration of VFAs (C. C. Yap et al., 2020).
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Table 2.10: Characteristics of palm oil decanter cake

(Suk (Kancha (Ma (Tep (Ch
(Chaiki song nasuta mimi sour (Sar (Y.' F. an (Kumar
afet Lim Mamin
Charact tkaew et & n et et et .
L . . al., etal, dlapelli
eristics  etal,, al., Pisutpai al., al., 202 2021 al., ot al
2015a) 2015 sal, 2019 2019 0a) b) 202 2022’5

a) 2016b) a) a) 1la)

TS 94.1% 99.1 754,480 297. 17.8 210, 260. 255 17%
6% ma/kg 5 6% 000 8 %
a/kg mg/  g/kg
kg
VS 76.6% 80.7 212,283 242. 155 155, 199. 819 15%
4% mg/kg 2 1% 000 1 %

o/kg mg/  g/kg
kg
COD - - 508,810 - - 270, 1,09 834, 100,00
mg/kg 000 5,00 110 Omg/L

mg/ 0 mg/
kg mg/k kg

g
Cellulos 14.7% 32.7 - 32.8 - - 18.4 14.7 18%
e 8% % 8% 9%
Hemicel 53.1% - - 33.1 - - 56.4 46.5 4.8%
lulose % 1% 9%
Lignin 321,00 - - 34.1 - - 25.1 38.6 12%
0 % 0% 2%
Nitroge 33% 31.3 - - 2.22 - 211 214 2.4%
n 0% % a/kg 0
mg/
L
Lipids 11.5% - - - 256 70 - 15.3 -
% mg/ 8%
kg
Carboh 11.9% 8.0% - - 42.7 - 189. - -
ydrates % 4
g/kg
pH 4.71 - - 4.7 427, 5.1 4.8 4.8 3.8
000
C/IN 25% - - - 19.2 5.1 898 495 18
ratio 3% 5

2.6.5 Anaerobic Digestion of Palm Oil Decanter Cake

A study on waste utilisation of DC for biogas fermentation showed
promising results (Kanchanasuta & Pisutpaisal, 2016a). The DC was co-
digested with anaerobic sludge seed in a batch fermentation system set
up at 370C and 150 rpm. It was reported that the DC functioned

syntrophically in the presence of the sludge seed, which was inclusive of
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methanogenic bacteria and indigenous microorganisms as the efficiency
of biogas generation was greatly increased throughout the whole
process. The highest methane generation of 418.9 mL/g was obtained
with 2.5% total solids (TS) content after 72 hours of fermentation. The
addition of sludge seed significantly enhanced the microbial cells and
microbial groups which improved and maximised biogas production yield.
It was concluded that the type of inoculum determined the type of fuel

gases generated by the fermentation of the DC.

Another study by Saraf et al. (2020b) on biogas production from DC with
a combination of solid and liquid state anaerobic digestion showed a
significant decrease in Chemical Oxygen Demand (COD). The decanter
cake was oven dried for 48 hours in a convection oven at 95°C, prior to
the anaerobic process. The DC characterised after the anaerobic
digestion showed a COD reduction in 70 to 93%. It was also recorded
that further increase in the reduction of COD resulted in an increase in
biogas generation up to 93%, which corresponded to 0.120 m3/kg. The
study also highlighted the importance of the temperature of the anaerobic
process on COD reduction and subsequent biogas production. As the
temperature increased to 380C, the COD reduction was at its highest, at
93%, with biogas production increasing up to 0.120 m3. This inferred that
an optimal temperature is needed for the anaerobic process in order to

yield a higher production of biogas.

Furthermore, a study on the solid-state anaerobic co-digestion of Palm
Oil Empty Fruit Bunches (EFB) and Palm Oil DC was done using 15%

TS content under mesophilic conditions of 350C (Tepsour et al., 2019b).
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The mixing ratio of EFB to DC varied from 1:1 to 19:1, with a 5% addition
of Palm Oil Ash (POA). The results showed that the highest methane
yield was obtained at 414.40mL/g-VS, using an EFB:DC ratio of 1:1. This
can be attributed to the synergistic effect between the two substrates in
co-digestion due to the difference in C:N ratio between both substrates.
The EFB is a carbon rich substrate with an 88.8 ratio while the DC is
nitrogen-rich, with a ratio of 19.23. Since a C:N ratio of 20-30 is best
suited for anaerobic digestion systems, the co-digestion of EFB with
another low carbon substrate, such as the DC, balances the C:N ratio
needed for the optimum anaerobic process. Even though a 1:1 ratio
provided the highest methane yield, the other mixing ratios also provided
relatively good methane yield, which concludes that the anaerobic co-
digestion mesophilic operation is more flexible in adjusting mixing ratios

according to the availability of substrates.

A similar study done by Chaikitkaew et al. (2015b) on the solid-state
anaerobic digestion of DC exhibited comparable findings. The solid-state
anaerobic digestion was carried out at a TS content of 25%, with palm oil
biomass at mixing ratios ranging from 2:1 to 6:1. The experiments were
conducted under mesophilic conditions of 370C for 45 days. It was also
found that the methane yield decreased as the mixing ratio increased.
The highest methane yield was recorded at a ratio of 2:1, with the DC
producing 130 mL/gVS. In terms of methane production, 41 m3/ton-waste
was obtained from the DC. This was inferred due to the high presence of
lignin in the DC, which hinders enzymatic conversion of cellulase during

the anaerobic process. The lignin inhibits cellulose accessibility to
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enzymes, which in turn causes a lower methane yield. It was also noted
that higher mixing ratios may cause organic overloading, which is the
presence of organic acid at higher concentrations that contribute to the
increase in volatile fatty acids (VFA). This hinders methanogens in the

anaerobic digestion system resulting in lower biogas yield.

In addition, (Suksong et al., 2015b) research on anaerobic co-digestion
of Palm QOil Mill Effluent (POME) and DC with different mixing ratios to
produce biohythane, a combination of biomethane and biohydrogen, also
showed exciting results. Thermophilic conditions of 600C and 700C at a
constant pH 5.5 were used in the study to cultivate the inoculum needed
in the first and second stages of the process. After 20 days of anaerobic
digestion, the highest methane yield obtained from the second stage of
the co-digestion was recorded at 391.62 mL/gVS, with a mixing ratio of
1:5. Also, the COD removal efficacy recorded for the same mixing ratio
was higher than 58%, which subsequently led to a maximum methane
production of 51.59 m3/ton-waste. As the substrate ratio increased, there
was a relative reduction in removal efficiency of VS, with the data being
60.4% for a mixing ratio of 1:5. Significantly, the study also proved
promising results in terms of the removal efficiency of cellulose,
hemicellulose, and lignin. With a 1:5 mixing ratio of POME to DC, the
removal efficiency of cellulose, hemicellulose and lignin were the highest

at 57.60%, 40.98% and 27.21%, respectively.

An identical study was done on the enhancement of biohythane
production from two-stage thermophilic fermentation of POME and DC

by (Mamimin et al., 2019b). The biogas production from co-digestion of
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DC with POME was conducted with a variation of 5 to 20% TS content
which corresponded to the initial VS loading of 48 to 72 g VS/L. In the
second stage, the methane yield obtained from the co-digestion with the
DC was 248 mL/gVS. Overall, the biohythane production recorded for the
co-digestion of POME with the DC was 22.1 to 26.5 m3/ton waste, with a
10% TS. This was considered suitable for biohythane synthesis as it was
a 67% improvement as compared to the mono-digestion of POME. It was
concluded that the co-digestion of POME with solid waste is favourable
for biohythane generation and cost effective due to the interaction impact
of the solid waste with POME having synergistic effects on methane

generation, resulting in an increase in biohythane production.

Moreover, a study by Y. F. Lim et al. (2021a) also achieved strong
potential regarding the anaerobic co-digestion technology. In this study,
the DC was pre-treated with steam at 105°C prior to the process.
Mesophilic conditions were adopted in this study with a pH of 7. The
results showed that the highest methane production was obtained at
1417.2 mL, which was 185.9% higher than mono-digested POME, with a
DC to POME ratio of 0.8 (42.985 DC/L POME). It was also reported that
methane generation decreased as the ratio exceeded 0.8, attributed to

the increase in carbon sources due to the addition of substrate.

The pre-treated DC was easily accessible by the bacteria to hydrolyse
the cellulose and hemicellulose. As a result, methane production
increased. In terms of solids content removal, the co-digestion achieved
an overall removal efficiency of 42.41% TS, 51.74% VS and 49.21% TSS.

This indicated that the mixture ratio of 0.8 offered the most significant VS
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reduction compared to other mixing ratios and mono-digested POME
because it also produced the most methane. The COD removal efficiency

was recorded at 90.20%, while the VFA was 94.44%.

The significance of this study was the analysis of electricity produced
from methane production. It was reported that the co-digestion at an
optimal ratio of 0.8 with steam pre-treatment of the DC was able to
generate 4.82 MW of electricity, which was 5.13 times greater than mono-

digested POME.

Table 2.11: Comparison of various literature on the anaerobic
digestion of Decanter Cake
Organic

Operating  Mixing Ratio Methane

Substrate Conditions (POME:DC) Matter production/yield Reference
Removal
DC Mesophilic 1:2 - 41m3/ton-waste (Chaikitkaew et
(37°C) 130 mL/gVS al., 2015a)
Thermophilic 1.5 58% 51.59 m3/ton- (Suksong et al.,
(60°C, pH COD waste 2015a)
5.5) 391.62 mL/gVS
Mesophilic - 24% TS - (Kanchanasuta
(37°C,pH 7) &  Pisutpaisal,
2016b)
Thermophilic 10% TS - 26.5 m3/ton-  (Mamimin et al.,
(55°C) waste 2019a)
Mesophilic 15 93% 0.120 m3/kg  (Saraf et al.,
(37°C) (DC:Water) COD decanter 2020a)
Mesophilic 11 - 414.40 mL/gVS (Tepsour et al.,
(35°C) (EFB:DC) 2019a)
DC +
Empty
Fruit
Bunch
(EFB) +
5% Palm
Oil Ash
(POA)
Steam Mesophilic 1:0.8 90.20% 1417.2 mL (Y. F. Lim et al.,
pre- (pH 7) COD 0.515L/gvS  2021b)
treated 42.41%
DC TS
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2.6.5 Pre-treatment of Palm Oil Decanter Cake

As previously mentioned, it is found that DC has high contents of lignin,
hemicellulose, and cellulose, which categorises it as a lignocellulosic
feedstock. Cellulose and hemicellulose are types of carbohydrates that
can be broken down into simpler sugars by hydrolytic bacteria, which
become necessary in the production of biogas in an anaerobic digester.
However, the presence of a complex organic polymer known as lignin
that acts as a structure binder in the lignocellulosic structure reduces the
degradation of DC, which may inhibit the conversion of biomass into
biogas, and cause process instability in an anaerobic digester. Hence, it
may be worth considering an investment in the pre-treatment of DC in
order to reduce the recalcitrance of the lignocellulosic structure to
increase its biodegradability, and, ultimately, the production of biogas in

an anaerobic digester.

Lignocellulosic Plant cells Cell wall —
substrates o, 7

Figure 2.12: Components and structure of lignocellulosic plant cell walls
(Brethauer et al., 2020)
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Several methods of pre-treating lignocellulosic feedstocks have been
documented in the literature. Feedstock size reduction through
mechanical comminution (such as milling or grinding) has proven to be
one of the most essential means of pre-treatment; it is present in most
anaerobic digestion techniques, as it increases specific surface area
while decreasing the crystallinity and degree of polymerisation of
cellulose. Besides size reduction, other lignocellulosic pre-treatment
methods include autohydrolysis (steam explosion), biological hydrolysis
(fungal), chemical hydrolysis (acidic and alkaline), irradiation
(microwave), thermal steaming, and ozonation. The types of
lignocellulosic pre-treatment methods, their effects, and their limitations

have been summarised below in Table 2.12.

Although there are several literatures on the pre-treatment of
lignocellulosic materials, there seems to be a lack of research on palm
oil mill DC as of 2022. It is imperative to note that despite being a
lignocellulosic material, DC is unique in that it contains trace amounts of
oil and grease, which may vyield different results if it undergoes
conventional lignocellulosic pre-treatment methods. Hence, it is
important to refer to studies that focus on DC or any other substrates that
are similar. The following analyses focus entirely on the pre-treatment of

DC for biogas production, and they have been summarised in Table 2.13.

A comparative study by Chan et al. (2021b) investigated the effects of
oven drying DC at 80°C for one day before grinding into powder form, as
well as oven steaming DC at 90°C for 16 hours, as pre-treatment

methods for the use of biogas production through the anaerobic co-
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digestion of DC and POME with a 0.3:1 ratio under mesophilic conditions.
The study found that using steam pre-treated DC in anaerobic co-
digestion with POME increased methane yield by 1.7 when compared to
using untreated DC, implying that steaming DC could reduce
lignocellulosic structural recalcitrance and expand internal surface area.
The removal efficiency of the co-digestion of steam pre-treated DC and
POME with a 0.3:1 ratio was recorded to have a 97.7% reduction in COD,
16.9% in BOD, 78.8%in TS, and 94.1% in VS. The study also discovered
that the methane vyield from DC pre-treated with drying and grinding is
higher than that of steaming due to the effective mechanical disruption of
the lignin complex. However, more research is needed to validate this

because the higher yield could be due to a higher mixing rate.

Additionally, the effects of partial ozonation pre-treatment with an O3
loading of 250 mg/h for 20 to 60 minutes, and thermal pre-treatment using
a heated water bath at 100°C for 30 to 90 minutes for biogas production
via the anaerobic mono-digestion of DC under mesophilic conditions
were studied by Rongwang et al.,, 2017a. It was found that the
fermentation of DC that was ozonated for 60 minutes resulted in a highest
methane yield of 580.63 mL CH4/g TSadded, while the untreated DC had
a highest yield of 382.38 mL CH4/g TSadded; this equated to a 52%
increase in methane yield. On the other hand, the fermentation of DC that
was thermal pre-treated for 60 minutes resulted in a highest methane
yield of 417.65 mL CH4/g TS added, which is only a 9% increase in
methane yield. According to the analysis on the total sugar content in DC

after pre-treatment, the O3 loading of 250 mg/h for 60 minutes achieved
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a 67% increase in the release of total sugars in comparison to untreated
DC, which implied that ozonating DC increased the surface area of
cellulose and hemicellulose that was accessible for hydrolysis. It was also
found that amount of lignin decreased between 40 and 60 minutes of O3
loading. The removal efficiency of the fermentation of DC that underwent
ozonation pre-treatment for 60 minutes was observed to have a 33%

reduction in TS.

Another study by Kaosol & Rungarunanotai (2016a) investigated the
effects of microwave pre-treatment on the Biochemical Methane
Potential (BMP) of DC. In this study, DC was pre-treated with microwave
irradiation at a power of between 160 and 800 watts for 2 to 8 minutes. It
was found that the microwave pre-treatment of DC using a capacity of
160 watts for 8 minutes was most effective as its fermentation resulted in
the highest methane vyield of 309.9 mL CH4/g COD removed. Whereas
the fermentation of untreated DC obtained a methane yield of 248.7 mL
CH4/g COD removed, which is a 24.61% increase in methane yield. The
removal efficiency of the pre-treated DC at 160 watts for 8 minutes was
recorded to have a 18.9% decrease in TS, 10.3% in TDS, 27.8% in TVS,

and 27.2% in Total COD.

Table 2.12: Pre-treatment methods of lignocellulosic materials, their
effects, and limitations

Pre- Effects Limitations Reference
treatment
method
Size Increased surface area High energy consumption (Mayer-Laigle et al.,
reduction  Larger pore size High equipment cost 2018; Mustafa et al.,
Lower crystallinity May require additional pre- 2017)
treatment
Steam Increased surface area Incomplete degradation of (Ramos, 2003;
explosion Larger pore size lignin-carbohydrate Yunos et al.,, 2012;
Solubilisation of complex Zhou et al., 2016)

hemicellulose
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Inhibitor generation at
higher temperatures
Risk of destruction of

hemicellulose

Acid Hydrolysis of Corrosive to equipment (Solarte-Toro et al.,
hemicellulose Expensive 2019)
Disruption in cellulose
structure
Increased surface area

Alkali Lignin cleavage Less effective if content is (Mirahmadi et al,
Increased internal high in lignin 2010)
surface area Requires high
Reduction in degree of temperatures
polymerisation

Fungal Removal of lignin Very slow rate (Kainthola et al.,
Partial hydrolysis of Partial consumption of 2021); (Vasco-
hemicellulose carbohydrates Correa & Shah,
Disruption in 2019)
lignocellulosic
structure

Oxidation  Removal of Expensive (Garcia-Cubero et
hemicellulose and High energy consumption al., 2010)
lignin
Exposure to cellulose

Microwave Chemical bond Uneven distribution of (Hoang et al., 2021)

cleavage
Increased surface area

microwaves on material
due to non-homogeneity
Leads to local overheating
(heat spots)

Generally, the pre-treatment of DC has shown results in increasing

methane yield and removal efficiency during the AD process. Even

though almost all of the previously reported research was done on a lab

scale, it is proven that co-digestion of DC will increase the biogas yield.

However,

due to differences

in operating conditions and DC

characteristics, the effectiveness of the studied DC pre-treatment

methods cannot be directly compared.
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Table 2.13: Comparison of various literature on the pre-treatment of Decanter Cake

Substrate Digestion method Pre-treatment Inoculum Temp. pH Fermentation Non-pre- Pre- Biogas Ref.
method type period treated treated yield
biogas biogas increase
yield yield
POME:DC  Batch co-digestion, Drying for 24 hours at  Anaerobic 35°C 6.8- 35 days - ~370 mL - (Chan et al.,
(ratio of mesophilic, with 80°C, followed by sludge from 7.2 CH4/g VS 2021a)
1:0.3) mixing at 145 rpm grinding POME
Batch co-digestion,  Steam (thermal) for digestion ~100mL ~270mL  ~170%
mesophilic, with 16 hours at 90°C CH4/g VS CHalg VS
mixing at 110 rpm
DC Batch mono- Steam (thermal) for Anaerobic 37°C 7.0 - 382.38 417.65mL 9.22% (Rongwang et
digestion, mesophilic, 60 minutes at 100°C  sludge seed mL CHs/lg CHa/g TS al., 2017b)
with rotary shaking at from TS added added
100 rpm Ozonation for 60 beverage 580.63 mL 51.85%
minutes with Oz processing CH4lg TS
loading of 250 mg/h  wastewater added
DC Batch mono- Microwave irradiation ~ Anaerobic 35°C 7.2 45 days 248.7mL 309.9mL 24.61% (Kaosol &
digestion, mesophilic, at 160 watts of sludge from CHa/g CHad/g Rungarunanotai,
with manual shaking  heating power for 8 POME COD COD 2016b)
twice a day minutes treatment removed removed
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CHAPTER THREE

MATERIALS AND METHODS

This chapter are divided into 4 main categories which are material and
methods for POM profiling and POME characteristics study, biogas
plants profiing and AD performance study, temperature control by
cooling tower and co-digestion of decanter cake with POME. The
summary of overall study plan for this research are summarized in Figure

3.1 below.

START: Research objectives

Compiled profiles for four palm oil
mills (POMs), including details on the
equipment used, processing
capacity, effluent sources, and
practices emp]oyed in each mill Collected data from July 2019to
June 2021 using methods like
interviews (online and offline), log
sheets, sample collection, lab
analysis, and retrieval from the
SCADA system

Compiled two years data for four in-
ground lagoon anaerobic digesters
(AD), including digester engineering
design and sizing information, as
well as AD performance and process

data

-
Compared and analysed the
operational and process data for all Analysis work was conducted from
four AD, POME characteristics and =~ | June 2021 to December 2021
identified the critical parameters
affecting AD performance

———
Introduced two optimisation plans in The DC co-digestion temporary
BGP A to improve the inlet POME facility was built in May 2021. The
temperature to the anaerobic DC trial started in July 2021 until
digester (AD) and to increase the _— December 2021. The cooling tower
organic loading rate (OLR) of the facility was constructed in
system. This was achieved by December 2021, and the trial
implementing a cooling tower and began from January 2022 until June
co-digestion of decanter cake 2022

_
Compiled and analysed operation
data of BGP A and concluded the -

) Analysis work was conducted from

effectiveness of the proposed and —
) L July 2022 to December 2022
implemented optimisation plan at
BGP A

_

END: Thesis writing

Figure 3.1: Summary of overall research methodologies
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3.1 POM Profiling and POME Characteristics Study
This section explained the site location of the study and detailed
processes involved in completion of the POME characteristics study. The

first step involved in this study is gathering of POM data.

3.1.1 Site Locations

For on-site sampling and sample collections, 4 mills were selected from
mills available in Malaysia. The 4 selected mills as illustrated in the Figure
3.2 were as follows: Kilang Sawit Lepar Hilir, 26300 Kuantan, Pahang
(POM A); Kilang Sawit Adela, 81930 Bandar Penawar, Johor (POM B);
Kilang Sawit Keratong 2, 26900, Bandar Tun Razak, Pahang (POM C);

Kilang Sawit Lok Heng, 81930 Kota Tinggi, Johor (POM D).

Lepar Hilir Palm Oil Mill,
Gambang, Pahang, Malaysia
3.6435° N, 103.0113°E

Keratong 2 Palm Qil Mill,
Bandar Tun Abdul Razak,
Pahang, Malaysia
2.9188° N, 102.8732°E

Lok Heng Palm Qil Mill,
Kota Tinggi, Johor, Malaysia
1.7205° N, 104.1199°E

Adela Palm Oil Mill,
Bandar Penawar, Johor,
Malaysia
1.4654° N, 104.2003° E

Figure 3.2: Palm oil mills location
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3.1.2 POMs Processing Information

Mills operation data and processing information were collected through
semi-structured interviews with the person in charge assigned by the mill
manager. The group of operators, lab technicians, and mill management
team (mill managers or assistant palm oil managers) were selected and
interviewed in the focus group discussion. The qualitative data obtained
from the focus group and semi-structured interview discovered the
reason for particular issues or problems and actual operation practices in
the specific stations and processes plant inside the POM. This technique
is in line with the Iterative Research Process presented by Busetto et al.,
2020. The design information related to effluent generation factor for the
POM, processing capacity and effluent treatment plant design data were
obtained from Written Declaration submitted to Department of
Environmental (DOE). All of the questions are prepared and used for this

study are shown in Appendix 1.

3.1.3 Sampling Method of POME

For POME, grab samples of POME were taken from each mill every week
for two years, starting from July 2019 to June 2021. The samples were
collected from the drainage line after a cooling pond in each POMs, as in
Figure 3.3 below. POME samples taken were stored in the chiller at 4
deg C to prevent excessive deterioration, which will change its
characteristics. The lab analysis work is conducted within 48 hours of
post-sampling time. This sampling technique is based on the DOE
Malaysia Standard Methods for Analysis of Rubber and POM Effluent (4%

Edition, 2019).
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A

Figure 3.3: POME sampling point
3.1.4 Parameters for the Characteristic Study of POME and
Analytical Methods
On-site parameters such as temperature, volumetric flowrate and
appearance of the collected sample in a vial were recorded. The COD,
BOD, TS, SS, pH, oil, and grease were analyzed, and the average
monthly results were recorded from July 2019 to June 2021. Table 3.1

illustrates the list of parameters and standards used in this study.

Table 3.1: Methodologies implemented in analysing POME
characteristics parameters

Parameters Methodology
BODs 3-day BOD test at 30 °C
CODcr HACH method 80002
TS APHA 2450 B
SS HACH method 8006 (photometric)
oG APHA 5520 B
pH In situ test using pH meter (Mettler Toledo)

2HACH methods that comply with the APHA standards
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All analysis were performed in duplicate and the average values were
presented in tables and figures. Analysis of variance (ANOVA) was
performed to determine if there is a statistically significant difference

between the studied parameters.

3.2 Biogas Plant Profiling and In-ground Lagoon AD
Performance Study

This section explained the detailed study conducted in understanding the

factors affecting AD performance. The analysis of impact of POME

characteristics to the AD performance in terms of effluent treatment

capability and biogas generation performance were assessed.

3.2.1 Site Locations

The four selected biogas plants (BGPs) were as follows: Lepar Hilir
Biogas Plant, 26300 Kuantan, Pahang (BGP A); Adela Biogas Plant,
81930 Bandar Penawar, Johor (BGP B); Keratong 2 Biogas Plant, 26900,
Bandar Tun Razak, Pahang (BGP C); Lok Heng Biogas Plant, 81930
Kota Tinggi, Johor (BGP D). All of the biogas plants owned by Concord
Green Energy Sdn Bhd (CGESB) and constructed side by side to each
palm oil mills. CGESB is the biogas plant developer and owner. The
biogas plants were developed for Feed-In-Tariff (FiT) program. These
four plants were chosen because they share a similar in-ground lagoon
AD design, despite variations in the characteristics of the POME they
process. This targeted selection allows for a more in-depth analysis of
the critical parameters affecting AD performance within this specific

design framework.
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3.2.2 Biogas Plant Profiling

The data related to all biogas plants were gathered based on the Focused
Group Discussion (FGD) with CGESB. The Biogas Plant Profiling Form
(Appendix 2) was prepared in advance before the discussion and filled
up during the session. There are few key personnel involve during the
FGD session, where mainly all of them are CGESB staff. The key
departments involve during the session are Engineering Design, Project
Management and Operation and Maintenance. Among the key personnel
involved such as Engineering Manager, Project Manager, Site Engineer,
Operation and Process Manager and Maintenance Manager. The
representatives from all BGPs are also involved during the discussion

and meeting.

3.2.3 Biogas Plant and AD Data Collection

There are two main components for inground lagoon AD, which are the
effluent and biogas line. Hence this section explained both methods and
parameters recorded and analysed for the AD performance study from
June 2019 to July 2021. A composite sample collection method was used
for inlet POME, bottom sludge, and treated effluent. Each composite
sample is a combination of three grab samples that was taken at different
times. Lab analysis was conducted on collected samples to determine
pH, temperature, chemical oxygen demand (COD), biological oxygen
demand (BOD), total solids (TS), and total suspended solids (TSS) as
shown in Table 3.2. Analytical determinations of all parameters were
carried out in accordance with the Standard Methods for the examination

of water and wastewater (Chan et al., 2021b).
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Table 3.2: Methods implemented in analysing effluent and sludge

parameters
Parameters Methodology
pH
Temperature
BODs 3-day BOD test at 30 °C
CODcr HACH method 80002
TS APHA 2450 B
TSS HACH method 8006 (photometric)

2HACH methods that comply with the APHA standards

The Supervisory Control and Data Acquisition (SCADA) installed in all
four plants were used to record all operation data, which includes effluent,
sludge and biogas flow rate, biogas temperature and pressure, biogas
quality (methane, carbon dioxide, hydrogen sulphide, and oxygen), pump
operation and status, etc as shown in Figure 3.4. The quality of biogas
produced from the plants was determined using a portable and an online
gas analyser, as shown in Figure 3.5. The reading obtained from the
portable biogas analyser was manually recorded by the BGP operator,
while the SCADA system captures the online biogas analyser reading.
All of the data extracted from SCADA were further validated and verified
on site by manually checking each instrument's reading. The log sheet
and checklist were prepared for the operator to fill up (Appendix 3). Apart
from this, interviews with focus groups consisting of plant heads from
each biogas plant were conducted to understand each plant’s operational

practises and issues.
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Figure 3.4: SCADA system for biogas plant
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3.2.4 AD Process Data Analysis Methods

As shown in the process flow diagram in Figure 3.6, this data analysis
processes consists of five stages. The first stage is to identify the problem
through various literature resources to plan the process flow. Next, data
is collected from each set of experiments consisting of different variables
on two responses: COD removal and biogas production. The results are
analysed using methods such as ANOVA and Statistical Analysis.
Further analysis is also conducted by using a mathematical model,
surface, interaction, and box plots. These methods are represented
graphically and are easier to comprehend. Furthermore, optimisation of
the model is performed, and sensitivity analysis is conducted to identify
the crucial parameters affecting the responses before a conclusion is
made. To identify the crucial parameters that affected the output/results
of AD performances (COD removal efficiency, biogas production and
methane yield), several input parameters were identified and analysed.

The input and output parameters were explained as in the Table 3.3. All
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of the input parameter were compiled and analysed from the study of

POME characteristics and biogas plant and AD data collection.

Stage 1: Problem Statement

Literature Review &
Identify Process Flow

Stage 2: Data Pre.processing A

. '

Analysis of Variance
(ANOVA)

................................................. R S
I

Data Analysis

Statistical Analysis

Stage 3: Data Analysis

Surface and

Mathematical Mode! Interaction Piots

Stage 4: Meeting the Objectives
Optimisation

COD removal
Biogas Production

Sensitivity Analysis

Stage 5: Decision Making

Identify the Optimal
Parameters and
Responses

Figure 3.6: Process flow diagram of AD process data analysis

Table 3.3: Parameters analysed for the AD performance study

Input parameters Output parameters
OLR, HRT, pH and temperature of AD COD removal

TS, TSS, BOD, COD, OG of POME, treated effluent and Biogas production
bottom sludge

Recirculation ratio Methane yield
Location

Mixed liguor suspended solid of bottom sludge
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3.2.4.1 Analysis of Variance (ANOVA)

The statistical analysis was carried out using Design Expert software
version 13 to investigate potential differences among the studied
parameters. In this study, data were collected from four distinct biogas
plants, each with unique conditions and characteristics. Despite using the
same in-ground lagoon anaerobic digester, these plants are not
traditional replicates due to substantial operational differences. As a
result, assumptions related to replicative data, such as normality of
residuals and variances equality were not applied. This approach
accurately reflects the variations in operational parameters among
different plants. While it may limit the generalizability of the findings
beyond the specific plants studied, it mirrors the real-world conditions of
biogas production, where variations among plants are common. These
assumptions impact the scope of generalization but are crucial for
maintaining the authenticity and applicability of the research within the

industrial context.

ANOVA analyses the parameters using an F-test to determine the
significant change in quality standards in a certain design of experiment.
The ratio of mean square and residual error is applied to evaluate the
significance of a factor among the parameters in the F-test tool. The
mathematical equation representing the average of the test is expressed

below as in the Equation (11).

SSr = Xie (i — Um)z (11)
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Where SS_T denotes the total sum of squared error, n is the number of
datasets, n_i is the mean of signal to noise (S/N) ratio of the test, n_m is

the total average S/N ratio.n_m is the total average S/N ratio.

3.2.4.2 Development of Mathematical Model and Statistical Analysis
Statistical analysis is conducted on the output parameters includes
coefficient of determination (R?), mean absolute error (MAE) and mean
square error (MSE) (Jahed Armaghani et al., 2018; Uzuner &
Cekmecelioglu, 2016). The statistical analysis shows the correlation of
output variables on the input parameters with the aim of evaluating the
representation of response parameters on the calculated mathematical
equations. The equations for statistical analysis are denoted in below
equations (Equation (12), Equation (13) and Equation (14)).
2

2= 1 - el 12)

MAE = =31 ly; - 91 (13)

MSE =—%X, (y; — 9)? (14)

By utilising Design Expert software for ANOVA studies, it is possible to

predict the regression coefficients and equations that correlate to the
historical data from the four biogas plants. The expression that satisfies

the polynomial equation will be fitted in the Equation (15) below (Passos

et al., 2014; K. Wang & Lam, 1999),

mAYTM by ixx;
F(x1,%3,.., %) = by + X%y bjx; + <71 JE2TUT 4
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Where by, bj, b;;, and b;; are regression coefficients for intercept, linear

ijs
coefficient, interaction coefficient and quadratic coefficient respectively;

x; and x; are input variables in the regression function; m=7 represents

the total number of variables; and F (x4, x5, .., x,,) is the output variables.

3.2.4.3 Optimisation Model for each BGP

The objective function of the optimisation model in the below Equation
(16) is to estimate the COD removal rate f; (x) and biogas production rate
f2(x) for each BGP. The weighting sum (w;) is calibrated as 0.5 for each
output parameter indicating that each output represents an equal

magnitude in the study.

maximum f(x) = X%, w;f; (16)
To solve the multi-objective optimisation model, upper (ij) and lower
limits (ij) are defined for the prominent parameters (x;) including OLR,

Temperature and RR. The upper and lower boundary limits are
enumerated from the maximum and minimum operating conditions of the
historical data. The inequality constraints of the prominent parameters as
specified in below Equation (17) are typically represented by the low and
high bounds and certain penalties for a more consistent optimised
expression. Regarding the operating capability of the anaerobic digester,
the lower boundary limit for RR is defined as well as the upper limit of
operating temperature to construct a more feasible optimal solution for

the stability of the system.

x <x <x (17)
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3.2.4.4 Application of Theoretical Models for Prediction of Methane
Production
Numerous predictive models of methane productivity are proposed by
researchers based on the feedstock’s organic composition (Ali et al.,
2018). It is important to identify the organic composition of the feedstock
to predict the methane productivity and the design parameters of the
anaerobic digester during commissioning to improve the plant’s
performance (Nielfa et al., 2015). The BMP test is associated with a
respirometry test to estimate the amount of methane generated under
anaerobic conditions where the amount, composition of waste,
temperature and pressure are defined (Lesteur et al., 2010). Numerous
BMP test protocols have been developed over the years such as

BMPthCOD, BMPthAtC and BMPthOFC). Figure 3.4 summarises the

overview of the BMPth models.

Table 3.4: Overview of the BMPth models

Models Advantages Disadvantages References
BMPthCOD Could be used on different Complete (Nielfa et al.,
types of feedstocks biodegradation or 2015;
Saves time and cost anaerobic process did Raposo et
Provides details on not carry out al, 2011)
important parameters (i.e., successfully leading to
COD concentration) of the inaccuracies
feedstock
BMPthOFC Better theoretical estimates The model provides (Lesteur et
on feedstock originating recommendations with al., 2010;
from animal manure and high lipid content where Nielfa et al.,
agri-food waste excess lipid 2015)
concentration will inhibit
the methanogenesis
process
BMPthAtC The model emphasises The model is presented (Nielfa et al.,
more on the atomic assumes that 2015;
composition of the methanogen bacteria Raposo et
feedstock to predicts the break down the N, C, O al, 2011)

methane production. The
understanding on atomic
composition gives a good
estimation based on the
stoichiometric equation of
the anaerobic process.

and H atoms
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BMPthCOD test estimates the methane potential from the quantity of the
feedstock and COD concentration. The equation used is shown in below

Equation (18) (Angelidaki et al., 2011).

NcH,RT

BMPypcop =

(18)

PVSadded

where BMPy,cop represents the theoretical value of methane at
laboratory conditions, T is the temperature of the operating conditions, p
is the operating pressure, R is the universal gas constant, VS,44ea

denotes the volatile solids of the substrate and n¢y, which is the quantity

of methane in terms of mol can be derived from below Equation (19).

coD
Nen, = 64(g/mol) (19)

Since the total solid (TS) and solid fraction (Equation (20)) of the
inoculum and substrate can be measured using the thermogravimetric
method, the volatile solid (VS) added can be assumed (Sluiter et al.,

2010).

Solid fraction = % (20)

3.3 Methods and Parameters of Optimisation Study 1: Cooling
Tower

In the following section, several factors are studied to understand the

effect of using a CT to cool down the POME and positively impact

anaerobic digestion. The POME entering and leaving the CT was

investigated to observe the temperature change. The impact on bottom

sludge and treated effluent were studied to observe the effectiveness of
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the optimisation plan. The raw biogas quality was checked to understand
the effect of controlling the temperature of POME entering the AD.
Several analysis methods were used to study the effectiveness of the CT.

All of these aspects were compiled and summarised in Figure 3.7.

The design starts in Stage 1 where scope identification is carried out
through background research and literature reviews. In Stage 2, data
collection from biogas plant is obtained such as inputparameters, output
parameters, and cooling tower design datasheet. Data standardization is
also employed with the aid of MS Excel. Moving into Stage 3 where the
algorithm of ML model (ANN) and cooling tower design are conducted.
In the ML modelling section, performance evaluation is performed by
obtaining the highest coefficient of determination, R? and the lowest
mean square error(MSE). After the design of cooling tower, process
simulation and techno-economic analysis are executed using SuperPro
Designer V9 to examine the economic feasibility of incorporating cooling
tower into the treatment plant, enhancing on payback period and internal
rate of return (IRR). Model optimization is performed by searching the
optimal parameter value and response which yields the highest methane
yield and biogas production in Stage 4. In stage 5, the process is then

concluded witha sensitivity analysis of the obtained optimal parameters.
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3.3.1 Site Location

The trial of the first optimisation plant was introduced at BGP A. Only one
site was selected for the optimisation plan based on the discussion with
CGESB in order to check its effectiveness before introduce to the rest of

BGPs.

3.3.2 CT Unit Design Parameters

CT is placed in the pre-treatment process line. The POME passes
through the CT before it is delivered to the digester. The CT replaces the
mixing tank where POME was initially cooled down with. For this study,
the POME was collected before entering the cooling pond. This sampling
point was decided based on the worst case scenario if cooling pond is
not functioning. Hence the inlet temperature chosen for CT design was
higher compared to the average temperature of POME analysed in
POME characteristics study. The data in Table 3.5 provides the basic
data used to design the CT. Twin-packed crossflow induced draft CT was
chosen for the installation at BGP A decided by CGESB, as illustrated in
Figure 3.8. While, the industrial CT constructed at BGP A after

completion of the design process can be found in Figure 3.9.
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Stage 1: Problem Identification
Background Research/ Design Scope
Literature Review Identifications
Stage 2: Pre-processing Data \
MS Excel
Data Collection
l A A 4
Output Parameters
iput Patamiters (Inlct (Outlet temperature, Cooling Tower Design
temperature, POME A 1
feeding rate, COD) methane yield, biogas Data
g rate, production)
Y
Data Standardisation
Stage 3: ML Model/

. . ) A Y
Design Synthesis ) ———
MATLAB/MS Excel/ Artificial Neural Cooling Tower Desi
SuperPro Designer V12 Network (ANN) J &n
Mean Square Error (MSE) Pt sl Techno-Economic Payback Period
Coefficient of Determination R? & Analysis Internal Rate of Return (IRR)

N S
Stage 4: Optimisation
Y
Optimal Parameter and
Response
Stage 5: Sensitivity Analysis
Parameter Sensitivity
Analysis

Figure 3.7: Summary of overall CT study
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Table 3.5: Cooling tower database design

Parameter Value Unit Reference
POME Volumetric 60 ms/hr Biogas Plant
Flowrate
Inlet Temperature 80 ‘C -
Outlet Temperature 40 ‘C -
Air Inlet Temperature 31 ‘C Relative to Location
Relative Humidity 77 % Relative to Location
Web Bulb Air 28 ‘C Psychometric Chart
Temperature
Wet Air Specific Humidity 0.022 Ka/kg Psychometric Chart
Water Concentration 0.95  Gal/min.ft? Perry’s Chemical Engineering
Handbook, 7t Edition
Safety Factor 20 % -
Holding Time 1 hr Assumed for Cooling Tower

Dimensions

Water
distnbution
system Warm water in

§ Cooled water out

Figure 3.8: Concept of twin-packed crossflow induced draft CT

Figu .9: CTinstaIIed at BGP A
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3.3.3 Methodology of Effluent and Sludge Data Collection for CT
Study
The sample was collected to check the temperature change of the raw
POME before entering and after leaving the CT. Its impact on the
anaerobic digester performance was studied by analysing the bottom
sludge, treated effluent and biogas composition quality. The samples
were collected daily for six months, from January 2022 until June 2022.
The data collected was then compared with the BGP A previous two

years historical data.

Obtain POME
sample from inlet —>
and outlet of CT

Sample was sent to S Temperature and pH
lab for analysis was recorded

v

Data collected was
compared with two
years historical data

Data collected was >
tabulated in excel

Figure 3.10: Summary of POME temperature and pH data collection

The sampling point for temperature and pH change of POME was
collected at two points. For the inlet temperature and pH, a raw POME
sample was tapped directly from the mill at the inlet of the cooling pond,
as illustrated in Figure 3.10. For the outlet readings, the sample was
collected at the outlet of the CT. The sample was directly and immediately

transferred to the lab for analysis. As for the sample of bottom sludge
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treated effluent and biogas production, the data were collected from the

AD as explained in the AD profiling and performance study.

Figure 3.11: Sampling point of inlet CT temperature at inlet of CP

3.3.4 CT Process Data Analysis Methods
There are a few steps involved in the detailed data analysis works such
as data standardisation, Artificial Neural Network (ANN) performance

evaluation, optimisation process and sensitivity analysis.

3.3.4.1 Data Standardisation

Data standardisation (normalisation technique) is employed as a step in
Stage 2 (Pre-processing data). This is a crucial step to determine the
significance of independent variables to dependent variables. Data

normalization is especially important in machine learning to convert
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different parameters into ananalogous scale which in turns improve the

training stability of the model (Google Developers, 2023).

Table 3.6: Statistical data value used in ANN modelling

Parameters Units Class Max Min Average Standard
Deviation

Temperature °C Input  42.0 325 39.3 1.60

POME Feeding m3/day Input 859.0 8.0 449.3 168.2

Rate

Biogas ms/day Output 14588.0 760.0 11054.2 2275.1

Production Rate

Methane Yield Nm3/kg Output 1.07 0.09 0.32 0.15

CODremoved

Data normalisation technique can be expressed as shown in Eqn (1).

_ X-u
Z==X1)
where X = actual data

u = sample mean value

o= standard deviation

3.3.4.2 Artificial Neural Network (ANN)

Artificial Neural Network (ANN) is a computational model which was
inspired to work like the human nervous system (Y. Wu & Feng, 2018).
ANN consists of several layer of nodes interconnecting to each other
known as neurons. Nodes comprises of input layer, hidden layer(s), and
output layer. Connection between nodes is linked with bias weights that
determines its connection strength (Walczak & Cerpa, 2003). Input data
undergoes randomization and subsequently partitioned into three sets
mainlytraining, validation, and testing. The setup designates 80% of the

datasets for training the model, while 10% is allocated to both validation
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and testing for accessing model accuracy. MATLAB R2022a

programming is employed to create the ANN model.

In this ANN model generation, there are two input layer which is the
temperature and POME feeding rate, 20 hidden neurons (basis from
MATLAB) and two output later which is biogas production rate and
methane vyield. Levenberg-Marquardt network training algorithm,
specifically the“trainlm” function is chosen for forecasting methane yield
and biogas production in ANN (Kumaraswamy, 2021). This algorithm
operates through iterative modification of weight vectors in ANN to
minimize disparity between predicted outputs and actual observed
outputs. During each epoch,errors are retroactively propagated through
the network. Weights assigned to each input and node are proportionally
updated to reduce overall error. This iterative process continues, with
residual error being back propagated through the network and weights
are readjusted strategically. Across each epoch, readjustments
progressively diminish total error across all training data points until the

ANN model achieves a high level of predictive accuracy (Udoka, 2016).

3.3.4.3 Performance Evaluation of ANN

To access reliability of the model in POME treatment plant, its projected
performance will be compared against key benchmarks (Treve et al.,
2022). By quantifying metrics of accuracy and precision between
observed and predicted parameters, the model's strengths and
limitations can be examined in real-world plant conditions. Additionally,
the model's proficiency in capturing dynamic phenomena related to
POME properties, such as variation in effluent composition over time, will
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be scrutinized. Systematic measurement of model performance on
relevant process attributes will determine whether the developed model
is a suitable surrogate for studying the POME system, particularly for
potential optimization, design, and control applications (Najib et al.,

2020).

The primary indices calculated included the coefficient of determination,
R?, and mean square error (MSE). R? shows the proportion of total
variance in the test data that can be elucidated by the model’s predictions
(Johnson & Schielzeth, 2017) while MSE quantify deviations as the
average squared differences (Wallach & Goffinet, 1989). Collectively,
these indices enable an evaluation of whether the model exhibits robust
generalization capabilities beyond the training data or if it encounters
significanterrors and uncertainty when applied to unseen data samples.

Eqn (21) and (22) shows the equation to obtain R? and MSE respectively.

Prediction model with the most favorable statistical performance (i.e.,
highest R? and lowest MSE) is made to pinpoint the optimal operating
conditions that result in the highest biogas productionrate and methane

yield.

2 _ 4 _ Siactual-gi?
=1 S(yi,actual—y)>2 (21)

ZN (y_— $)2 22)

where yi = predicted value of yi
y = mean value of yi

N = total number of datasets
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3.3.4.4 Optimisation Analysis of Cooling Tower Study

The objective of this optimisation model is to pinpoint the input and output
variables that adhere to constraints and boundary limits while maximizing
outcomes. Formulated using the MATLAB R2022a programming
language, the optimization problem employs built-in MATLAB functions
to discern optimal operating conditions and output values. The
generation of 135 datasets utilizes the linearly spaced vector function
linspace(), and the determination of the largest output value is achieved
through the max() function applied to an array. Subsequently, a while()
loop within a control flow statement is employed to execute the code until
a Boolean condition is met. Specifically, the function identifies the dataset
row providing the maximum values for both output variables and optimal

input parameters.

Methane vyield (Equation 23) represents methane composition
percentage within total biogas generated, normalized per unit COD
removed. Accordingly, higher absolute biogas output directly elevates its
methane constituent linearly as well, explaining the high R2 fit to a
straight-line trend. So, optimizing one parameter inherently enhances the
other to a proportional degree. Therefore, exploring these two target
variables together may offer limited additional optimization and sensitivity
insights beyond investigation either one independently (D. Chen & Li,

2020).

Methane Yield =

CH4 quality x Biogas Production Rate ( 3)
POME Feed Rate X(CDin—CODout
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3.3.4.5 Sensitivity Analysis of Cooling Tower Study

Sensitivity analysis is a quantitative technique used to assess the impact
of variations in input parameters on the outcomes of a model. It helps to
understand how changes in values of certain factors influence the results,
providing insights into the robustness and reliability of the model (Kenton,

2023).

This analysis is employed to determine how input parameters
(temperature and POME feed rate) would affect the output parameters
(biogas production and methane yield) when its key parameters are
altered by 80% and 120% from optimized values. MS Excel software is
utilized as a platform to execute the sensitivity analysis calculations and
visualize the results. Excel allowed implementing data manipulation
scripts to efficiently automate parameter variations. Overall, conducting
analysis through Excel balanced algorithmic control, output
management, and visualization tools for flexible sensitivity screening

(Zebra BI, 2023).

3.3.4.6 Techno-economic Analysis of Cooling Tower Study

Techno-economic analysis (TEA) evaluates the commercial viability of
technologies across their life cycle by holistically assessing technical
performance, cost, and revenue opportunities. Implementing TEA entails
progressive modeling and quantification modules covering process
simulation, equipment specifications, capital/operating expenses
estimation, and financial analysis. Unlike narrow evaluations focused
solely on engineering optimizations, TEA adopts an interconnected
methodology spanning project development phases from concept to
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commissioning. This approach provides vital insights accounting for
complex real-world independencies affecting the operational,
environmental, and fiscal outcomes from an engineering managerial

perspective (Chai et al., 2022).

By employing SuperPro Designer, it becomes possible to simulate a
comprehensive process flowsheet for the entire palm oil mill effluent
(POME) treatment plant. This simulation facilitates the utilization of built-
in functions within the software to generate an economic analysis report
with the incorporation of cooling tower, replacing cooling pond and mixing
tank. Furthermore, the simulated flowsheet allows for a thorough
comparison between the results obtained from simulated data and real-
world industrial data. This in-depth comparison aims to ascertain the
reliability of utilizing simulation in the assessment of the POME treatment

process.

3.4 Methods and Parameters of Optimisation Study 2: Decanter
Cake
The following sections of this study explained the potential of DC as a co-
substrate to improve the AD performance particularly in the biogas
production aspect. The raw DC from the POM A was studied to evaluate
their biodegradability, suitability and applicability in the AD. The
production and quality of biogas from anaerobic digestion were also
studied to better understand the performance of the AD during the co-

digestion of DC with POME.
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3.4.1 Characteristic Study

DC sample collection and overall study was carried out at BGP A. This
location was selected based on the availability of DC production. The
samples for raw POME were taken between the cooling pond and the
anaerobic digester, while the samples for raw DC were taken directly
after the 3-phase decanter centrifuge, as in Figure 3.12. 12 raw DC
samples were taken from the 3-phase decanter centrifuge over the
course of one month. The raw DC samples were diluted with distilled
water at different dilution ratios of 1:20, 1:10, 1:5 and 1:1. To study their
characteristics, the laboratory examination was conducted to assess pH,
COD, BOD, TS, and SS. The lab analysis standard as explain in the
Table 2.4. The dilution ratios were then compared to find the ideal ratio
used for the co-digestion with POME. Figure 3.13 shows the flowchart of

the DC characterisation study.

Figure 3.12: Decanter cake produced at POM A
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Obtain raw DC from
palm oil mill

Transport DC from
palm oil mill to
biogas plant

Obtain twelve DC
samples for each
dilution ratio of 1:20,
1:10,1:5and 1:1

v

Dilute DC samples
with water at their
respective ratios

Measure pH,

temperature, COD,

BOD, TS, SS, and

Analyse
characteristics of
dilutions of DC

VS of diluted DCs

v

Select ideal dilution
ratio for
implemention in
anaerobic co-
digestion

Figure 3.13: Flowchart of the DC characterisation study

3.4.2 Operation of Biogas Plant for Co-digestion of POME with DC

The feeding rate of POME was kept constant at 350 m®/day with a co-
digestion of 10 m3 DC, during the first stage of study period from July to
September 2021. This decision was made by the BGP A plant owner.
The main objective of this first trial is by fixing the feeding rate is to check
the suitability of DC co-digestion in the AD and to ensure no process
disruption of the plant which will affect its performance, which
subsequently will affect the revenue generation from BGP A. After first
trial, CGESB agreed to proceed with three more months (October to
December 2021) of study with random amount of DC ranging from
5m3/day to 20 m3/day. The POME amount also was not control during
the entire period of second trial. This resulted the variety of OLR of the

AD.
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The raw DC was transported from the 3-phase decanter centrifuge from
the palm oil mill to the biogas plant using a truck with a maximum load of
one tonne, as shown in Figure 3.14 below. Figure 3.15 shows a
temporary mixing facility consisting of an HDPE-lined pond installed
between the treated effluent discharge line and the existing mixing tank
to dilute DC with treated effluent. The DC was diluted at a ratio of 1:10.
This ratio was selected based on the analysis from the characterisation
study. The diluted DC was introduced into the mixing tank and mixed with
POME before entering the anaerobic digester. The SCADA which was
installed in the biogas plant, was used to record operational data,
including effluent flow rate, biogas flow rate, effluent and biogas
temperature, biogas quality (methane, carbon dioxide, hydrogen
sulphide, and oxygen), and pump operation. Figure 3.16 summarises the

DC application processes conducted at BGP A.

Figure 3.14: Collection of decanter cake from palm oil mill
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Figure 3.15: Dilution of decanter cake in temporary mixing facility

Dilute DC with
treated effluent in
——>| temporary mixing
facility (1:10

ratio)

Obtain raw DC
from palm oil mill

!

ix di i Introduce
Pl\é)l)l\(/lcljzllilﬁ?gizr?gv:gr?k N D%Ea%%%iicnto
(pre-treat to stabilise

digester and run
temperature and pH) fo?three months

Take daily aﬁgglr)cgsb?c
readings from N digester
SCADA system f d
for three months Wl
biogas quality

Figure 3.16: DC application and data collection processes

3.4.3 Anaerobic co-digestion (ACoD) performance analysis
methodology

The effects of co-digestion on biogas yield were studied by comparing

the theoretical maximum potential biogas yield from POME with the total

actual volume of biogas recorded by the flowmeter in the biogas plant

during the co-digestion of POME with DC. The theoretical maximum
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potential biogas yield from POME was calculated based on past
operational data from July 2019 to June 2021, using the average POME
COD of 67 kg/m3, the maximum COD removal rate of 85%, the COD to
the methane conversion rate of 0.315. The daily biogas quality data from
the anaerobic digester was measured and recorded in the SCADA
system. POME COD value was verified once a week during three months
of study duration and was consistent with two years of historical data.
Various analysis techniques used for this study explained in the below
subtopic. Figure 3.17 explained the detailed analysis carried out for

ACoD study.

[ Problem Statement — Identify Project’s Aims J

§"s'{aigé'i'f)'a'{e{ﬁéiféé{i'dﬁ"""'""""'""'""'""""'"""""""""'L """"""""""""""""""

: [ Collection of 6 months industrial (input and output) data ]

i"s’{égééi’f)l{té’iiféﬁr’ééé’s’sih’g’""”’"""””"""”"l ”””””””””” — l
Scattered Pl Data

cattered Flot Normalization

| Stage 4: Development of Simulation Ll """"""""" L

. Flowsheet and Machine Learning Model

flowsheet and ANN model

I

[ Model performance evaluation ]

[ Development of Simulation }

E"S'{égé'iMé&félﬁﬁ;ifriifs!ﬁbﬁ""""""'""""'""'""""""""'""i """""""""""""""""" ?
: [ Optimisation and modification of model ] :

Figure 3.17: Summary of overall ACoD study
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3.4.3.1 Machine learning using Neural Networks

Machine learning (ML) algorithms play a crucial role in predicting the
biogas production and methane vyield by leveraging complex
relationships with diverse datasets. ANN method was used to predict the
future performance under different conditions, enabling optimization
strategies for DC: TE dilution ratios, DC: POME mixing ratios, process
parameters adjustments and digester design modifications. In this study,
ANN is developed using MATLAB R2020b, to predict methane yield and
TS content for the ACoD of POME and DC. TS was selected as one of
the key parameter due to the characteristics of DC, which is high with

impurities such as sand, fiber etc.

3.3.3.2 Parameter Selection of ACoD

Careful selection and optimization of process parameters are vital in
ACoD, significantly influencing the synergistic effects that dictate biogas
production. Precise parameter choice is pivotal for accurately predicting
and enhancing the ACoD process performance in biogas generation.
Temperature regulation in the ACoD process is a critical determinant of
microbial activity and subsequent biogas production dynamics. The OLR
stands as another critical parameter in ACoD process, directly impacting

digestion performance and system stability (H. Zhang et al., 2023).

The neural network toolbox in MATLAB 2020b provides few statistical
analyse metrics to evaluate the performance of ANN model, including
model performance metrics, gradient, Mean Squared Error (MSE),
regression plots, coefficient of determination (R?) and error histograms.
Among these metrics, MSE, coefficient of determination (R?) and error
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histograms are employed to evaluate the performance of the ACoD
process. Table 3.7 below shows the statistical analysis used for the

performance evaluation of ANN model.

Table 3.7: Equation of error functions for performance evaluation of

ANN model
Error Function Equation References
Mean Squared Error I ) (Betiku & Taiwo,
(MSE) MSE = ;Zizl(oi — P 2015)
Coefficient ; of RZ = (pi —0)*(pi — D) (Aklilu & Waday,
Determination (R?) " (0;—0)2 X" (s — P)? 2023)

3.4.4 Economic analysis of ACoD

A comprehensive economic assessment is conducted to evaluate the
financial feasibility and profitability of anaerobic co-digestion of DC and
POME, by employing the integrated economic evaluation tool within
SuperPro Designer v9.0. Through the analysis, potential financial risks
and uncertainties associated with the project are systematically
identified. Table 3.8 summarises the cost indicators and their equations.
Total capital investment encompasses the fixed costs of the ACoD
process, the summation of direct fixed capital cost, working capital,
startup and validation cost, up-front research and development (R&D)
cost and up-front royalties (Intelligen Inc., 2023). Moreover, the
calculation of operating costs incorporates optimized process
parameters, encompassing expenses associated with materials, labour,

air emissions treatment, utilities, and transportation.
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Table 3.8: Cost indicators for economic evaluation

Cost Indicator

Equation

Gross Profit

Gross Profit = Total Revenues — Operating Cost

Net Profit

Net Profit = Gross Profit — Taxes

Gross Margin

, Total Capital Investment—Gross Profit
Gross Margin = - X
Total Capital Investment

100%
Return On Investment ROI = Total Capital In'vestment—Net Profit % 100%
(RO|) Total Capital Investment
Payback Time Payback Time = Total Capital Imfestment
Net Profit
Internal Rate of Return . ruture vatue Yperioas _ 1
(|RR) " Present Value
Net Present Value (NPV)  ypy — E&IIOW _ piviol Investment

(1+i)t

i = Discount rate (7%)

t = Number of time periods
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 POMs Profiling and POME Characteristics Study

This section discussed the profile of each palm oil mill, focusing on its
design and operation principle, equipment used, and specific processes
that affected POME characteristics. Detailed POME characteristics and
analysis from two years of collected data are also presented and

discussed.

4.1.1 POMs Profile

All four POMs studied in this research vary in a few aspects, such as mill
capacity and processing principle. Table 4.1 summarizes the specific key
operational aspects of the selected POMs in different processing units,
including a frontline system, a steam and power generation system, a
clarifier system, an EFB plant, a kernel crushing plant, and a conventional
treatment of open ponding system. Figure 4.1 is the general process flow
chart of all four POMs. The operational differences are depicted in the

rectangle box.

Table 4.2 shows the primary difference among the mills lies in their
clarifier system. Specifically, POM A is the only mill with a three-phase
decanter unit. In contrast, the other three mills have conventional sludge
separators to remove oil from the high solid concentration of sludge in
the wastewater. Using a three-phase decanter improves oil, solids, and
oil-free wastewater separation, reduces water consumption by 10-30%,

and produces solids with lower moisture (50-55%) (Dermeche et al.,
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2013). The decanter treats the clarification tank underflow by separating
the remaining CPO from the sludge before feeding it into the purification
tank (Saad et al., 2021b). Therefore, the usage of a decanter reduces the
sludge separator capacity. POM B’s total sludge separator capacity is the
highest due to its higher mill capacity and the absence of a decanter.
While POM A has a higher overall capacity (54 tons/hr) than POM D (40
tons/hr), both have the same total sludge separator capacity of 40
tons/hr, indicating a lower necessity for sludge separation in POM A due

to the presence of a three-phase decanter.

Fresh FruitBumch, .
(FFB)

% 1 1.POMA, C and D use a continuous steriliser system, while POM B ‘

- | uses a conventional fruit cage steriliser system. POM A and C

Sterilizer | recycle the Steriliser Condensate in the Clarification Station, while |
»<_ Steriliser Station ——%  Condensate i POME B and D discharge the Steriliser Condensate into the Siudge |
i (Wastewater) | | Pit. H

2. Only POM A continuously runs the EFB Plant.

|
A4

3. Hydrocyclone Process Water in POM C is discharged into the )
Cooling Pond, while Hydrocyclone Process Water in POMA, Band |

Fruit Stripping D are discharged into the Facultative Pond.

[
|Empty FruitBunch|,
(EFB)

Process
I— 4.0nly POM A is equipped with a 3-Phase Decanter and a Sludge
a1 Separator. POM B, C and D utilise a Sludge Separator only.

‘ Separation
.| steam f» Digester — > PressCake ————»< Process (Fibre and_>—» Fibre
2 i | Nut Cracking

EFB Press Juice
(Wastewater)

EFE Press Station > v v

i Crude Palm Oil 3 !
: » Clarification Stat :
| [ (cPO) » Hydrocyclone —> Kernel and Shell | .

|
|

Passsdion prom— | .

| i4
i Hydrocyclone
i il R y Stati q
Steam |--»< Clarification Sludge >y O\l Recovery Station Recovery Oil | .--i-- Process Water
" (Sludge Separator) ! e
i H (Wastewater)

|

i Effluent and i
i | Sludge/Decanter | i
| Cake (Wastewater) |

st e S > Siudge Pit
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Figure 4.1: General flow chart of all POMs
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Table 4.1: Summary of the processing units of mills

Mill Information

Mill Name Units POM A POM B POM C POM D

Address - Kilang Sawit |Kilang Sawit |Kilang Sawit |Kilang Sawit
Lepar Hilir Adela Keratong 2 Lok Heng
26300 Kuantan 81930 Bandar 26900 Bandar 81930 Kota

Penawar Tun Razak Tinggi
Pahang Johor Pahang Johor
Operation Information
Capacity | tons/hr | 54 | 54 | 40 | 40

A) Frontline system

Conventional

cages X - -

Indexing system - - -

Con_t!nuous X ) X X

steriliser

Vertical steriliser - - -

Number of unit 6 6 4 4

SCrew press

B) Steam and power generation

Boiler capacity | tons/hr 45 40 40 45

Number of

boilers 1 1 1 1

Turbine capacity] kW 1600 1600 1600 1200

C) Clarifier system

Three-phase

decanter unit 1 (30 ton/h) N/A N/A N/A

Sludge

separator unit 5 (8 ton/h) 4 (15ton/h) | 4 (6ton/h) | 4 (10 ton/h)

Sludge pit unit 2 2 2 2

Sludge handling To sludge pit | To sludge pit | To sludge pit | To sludge pit
then to the |then to the |then to the |then to the
cooling pond |cooling pond |cooling pond | cooling pond

Steriliser Recycle to | To sludge pit [Recycle to |To sludge pit

condensate CCT?, sludge |then to the |CCT, sludge |[then to the

handling from CCT to |cooling pond |from CCT to |cooling pond
the sludge pit the sludge pit

Number of pre{ unit 6 4 4 4

cleaners

Waste of pre- To sludge pit | To sludge pit | To sludge pit | To sludge pit

cleaner handling then to the [then to the |then to the |then to the
cooling pond | cooling pond |cooling pond |cooling pond

D) EFB plant

Number of EFB unit 3 3 3 3

shredded

Number of EFB unit 3 3 3 3

press

EFB pressed Recycle to |Recycle to |[Recycle to |Recycle to

juice handling CCT & |CCT & |SPO? tank VCT® no. 3
settling tank | settling tank

E) Kernel crushing plant

Number of |unit 4 4 4 2

hydro cyclones

Hydro cyclone To facultative | To facultative| To hydro pond| To facultative

wastewater pond pond then overflow pond

handling to the cooling

pond
F) Conventional treatment of open ponding system
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Capacity of 2,000 m3 2,000 m3 3,639 m? 650 m3

cooling pond

Capacity of 4,000 m3 2,800 m3 - N/A

mixing pond

Capacity of 51,824 m?3 56,000 m?3 81,720 m3 17,231 m3

anaerobic

pond

Capacity of 22,804 m3 20,000 m3 37,736 m3 6,994 m3

facultative

pond

Capacity of 20,250 m?3 24,000 m3 17,017m3 1 unit of

algae pond 3,73Tmi &1
unit of
13,547 m3

Capacity of NA 1 unit & 50 NA NA

polishing plant m3/hr

1CCT: Continuous clarifier tank; 2SPO: Sludge palm oil; *VCT: Vertical clarifier tank

Regarding FFB sterilisation, the conventional POMs use a “triple-peak
sterilisation” process, which affects the performance of the threshing
machine as the fruits may be inadequately heated, resulting in poor
seeds stripping from the bunches. This, in turn, can cause an adverse
effect on the oil extraction rate (Akhbari et al., 2020b). As shown in Table
4.1, only POM B utilises the conventional cages sterilisation. Newer
sterilisation systems, such as the continuous sterilisation (CS) system,
utilise saturated steam at a lower pressure of 1 atm and a temperature of
100°C, with a cooking time of about 80 minutes. This system provides
efficient and effective heat transfer to each fruit bunch, and the
continuous flow of sterilised fruit to the thresher at a constant speed
reduces oil loss during the CS process and facilitates excellent
separation of fruits from the bunch (Sivasothy et al., 2005). As a result,
more conventional mills, including POMs A, C, and D, have been
focusing on utilising the CS system. The discharge condensate and water
from the sterilisation process are treated differently in each mill, and this

difference in arrangement will have an impact on COD content in the

123



POME. In POM B and D, the steriliser condensate is sent to the sludge
pit then to cooling pond, whereas in POM A and C oil is recycled back to
oil room and a continuous clarifier tank (CCT) respectively, before
sending it to the sludge pit. The POM A has 2 more pre-cleaners than the
rest of the mills and all mills send the pre-cleaner handling waste to
sludge pits except for POM C and D where the waste is sent to cooling

ponds subsequently.

Besides, the handling of pressed juice in the EFB plant varied among the
mills to recover the remaining oil in sludge. EFB, a by-product of POMs,
is characterized by high moisture content of up to 70% and high organic
matter, including carbon of about 490 kg/ton dry weight of EFB as well as
nitrogen of about 7 to 9 kg/ton dry weight of EFB (Purnomo et al., 2018).
In POM A and B, the EFB juice was recycled to the CCT and settling tank,
and the oil recovery process was optimized through two steps of
clarification processes. The extracted data from the mills showed that the
oil content in EFB is about 2 to 4%, and it was collected as EFB juice and
recycled back to the clarifier and settling tanks in POM A and B.
Conversely, in POM C and D, the EFB juice was recycled back to the
sludge palm oil (SPO) tank and vertical clarifier tank (VCT). According to
the focus group interview, only POM A ran the EFB plant continuously,
while the remaining POMs did not operate their EFB plant due to cost

control.

In the effluent treatment plant, the overall capacity of cooling ponds,
facultative ponds, and algae ponds for the mills is in descending order,
i.e., POM C, B, A, and D. Only POM A and B have mixing ponds, with
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respective capacities of 4,000 m® and 2,800 m3, which are designed to
adjust the pH and temperature of the effluent overflowing from the cooling
ponds before it enters the anaerobic ponds. The capacity of anaerobic
ponds for the mills is in descending order from POM C, B, D, and A, while
the polishing plant is only present in POM B with a capacity of 50 m3/h.
The different sizing and number of ponds installed in all POMs are based
on the DOE's theoretical BOD reduction and mass balance approval.
Apart from that, the differences are also attributed to research and

development activities planned and executed by the mill owners.

4.1.2 POME Characteristics for all POMs

The utilization of different types of equipment and process flows in the
milling process may lead to variations in the quality of POME as
discussed in Section 4.1.1. This section summarizes and compares the
average characteristics of the POME based on two years of data
collected from the mills. The summary of two years POME characteristics
data was presented in the Table 4.2. The ANOVA analysis showed that
the POME characteristics, including COD, BOD, TS, OG, SS, and pH,
demonstrated statistically significant differences among the various mills
(p < 0.05). This provides evidence that the factors or processes
contributing to the generation of POME differ between mills and
necessitate customized treatment approaches for effective management.
These findings emphasize the need to develop mill-specific POME
treatment strategies that consider the distinctive POME characteristics

generated by each mill.
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Table 4.2: Two years of POME characteristics data
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AVG 2019

AVG 2020

AVG 2021

127



POME QUALITY-KERATONG 2 (POM C)

POME QUALITY-LOK HENG (POM D

Month/ eop H TS ss | Bop | oil& coD ’ TS ss | Bop |N&
Venr (mg/L) P (mg/L) (mg/L) | (mg/L) |Grease|  (mglL) P (mg/L) (mg/L) | (mg/L) | =0
64,025 + 89,800 * 56,420 *
Jul-19 oor7  |459%022|27,760 £ 4,460 | 21,340 | 34,476 g0 |465£0.26) LU (45240 | 44,320
78,645 * 54,283 *
Aug-1o | 61300£8,903 | 4.61+0.16 323903908 | 24,300 (35110 | 4266 | ‘p3oof  |477+016| YCS | 39,850 40800 | 2,431
Sep-10 | 60:233%2,409|5.00 £ 0.08 | 27,385 * 2,808 | 16,783 | 25,389 S2oM Y |4.68+0.11|49,378+ 9,309 | 37,144 | 45,780 | 3,490
81,788 * 45,000 *
Oct.1g | 60.546% 6,243 5,14+ 0,15 25,460 £ 4,932 | 12,987 | 28,683 | 10887 | “pufe0 " 4732013 DU 13844240700 | 2,837
77,340 « 43,000 *
Nov.1o |53.654 4,590 |4.76 £ 0.07 | 27620 £ 3,489 | 15,760 | 22,900 oee, [4d9x007| O 129943 | 36500 | 2638
Dec-19 | 56,330 + 4,870 | 4.84 + 0.12 | 21,450 5,714 | 17,210 | 23,587 78,400 + 8,642 |4.50 + 0.12| 53,214 + 4,703 | 38,871 | 40,380 | 1,608
83,400 * 44,300 +
Jan.oo | 56:179+7,521 | 4.63 £ 0.08 | 29,100 + 1,820 | 16,926 | 25,430 oo, |470%000| S 156450 39,800 | 2,820
Feb-20 | 55,900 + 2,309 |4.75 + 0.08| 32,520 + 3,098 | 18,900 | 24,800 87,200 * 5,790 |4.50 + 0.23| 48,000 * 2,354 | 57,650 | 41,290
68,354 + 34,110 +
Mar-20 oo |487 £008| S 119,856 | 29,800 82,300 + 9,876 |4.50 + 0.07 | 55,505 + 5,678 | 34,600 | 40,540
84,000 * 41,474 %
Apr-20 | 600001436 |4.73 £0.15| 34,800 908 | 23,900 | 29,650 0o |485x0.10| AT (26,900 | 44,100
05603+ |, 74 +0.08|33,500 + 9,802 | 23,450 | 26,780 88,700 + 1,450 |4.79 + 0.10| 42,738 + 980 | 22,250 | 46,700
May-20 10,900
Junoo |61.200£6,782 [5.02 +0.06|31,820 + 8,235 | 19,000 | 27,100 Oy |4.96+0.10| 48,625 + 4,160 | 20,458 | 45,600
Jul-20 | 59,340 * 3,820 |4.78 +0.07| 32,171 + 4,819 | 25,600 | 36,504 84,200 * 8,199 |4.73 + 0.10| 41,105 * 3,081 | 29,175 | 44,440
62,300+ 1476 +0.17|21,300 8,709 | 18,700 | 36,700 88,300 + 8,777 |4.76 + 0.05| 48,635 + 8,710 | 27,900 | 40,800
Aug-20 11,908

128



55,700 +

Sep-20 Ty |482 £0.26| 27,152 9,980 | 17,174 | 28,900 88,700 + 470 |4.76 £ 0.05| 53170203 |32,733 | 43560
Oct-20 | 59,000 « 7,834 |4.72 £ 0.20| 29,913 £ 7,540 | 19,000 | 27,650 | 9,332 | 86,300 £ 9,087 |4.48 £ 0.10 | 51,700 £ 3,470 | 30,145 | 38,790
Nov-20 | 55,300 + 2,560 |4.81 % 0.13] 30139 £ 2,490 | 21,000 | 29,000 | 5,814 | 85,400 % 2,789 [4.71 £ 0.13| 49,300 £ 908 | 25,623 | 39,760 | 7,790
Sec.0n |56:900%7,620 [4.75 +0.15| 25,413 £ 3,476 | 21,000 | 27,430 | 4241 |  TS90% 1470+ 0,15 46,740 + 3,510 | 36,012 | 41,450 | 3,450
Jan-21 58,300 = 7,100 |4.51 £ 0.03| 24,320 £ 4,519 | 18,902 | 27,885 | 4,100 | 72,648 = 8,095 |4.70 £ 0.10 | 50,333 2,376 | 28,963 | 38,760 | 3,155
enol IRt |a.65 +0.07| 28,563+ 8,051 | 20,100 33,462 | 5,039 | 75,205+ 7,080 |4.67 £ 0.05| 44,125 + 5,616 | 28,073 | 42,310 | 2,190
arpq  64375+8519 4,63+ 007 | 33,017 5463 | 21,450 | 28,760 | 10,760 | 2200 14.94+0.22|37,700 +7,196 24,978 | 47,520 | 5,235
Apr-21 53,450 £ 4,071 | 4.60 £ 0.07 | 30,607 £ 2,309 | 16,540 | 27,885 | 8,478 | 91,113 £ 9,627 |4.81 £ 0.06 | 44,517 £ 6,315 | 30,027 | 41,290 | 4,595
May-21 57,890 + 7,187 | 4.55  0.07 | 28,600 £ 5,024 | 18,650 | 25,857 | 6,746 | 78,667 £ 6,559 |4.69 + 0.15 38,105 + 5,678 | 26,519 | 44,670 | 4,665
Junat OO | 4.61+0.05| 29,780 + 4,642 | 23,450 | 28,710 90,800 + 5,222 | 4.78 + 0.08 | 49,800 + 8,000 | 30,600 | 43,290
84083 29,616
AVG 2019 59,952 + 6,832 | 4.82 +0.14 | 28,123 3,910 | 18,234 | 29,312 | 7,577 | 14,810  |4.66£0.15| 11,427 | 38,124 |41,620 | 2,849
AVG 2020 59,723 + 7,974 | 4.78 + 0.13 | 30,162 £ 6,006 | 20,376 | 29,145 | 6,462 | 85,283 + 8,485 |4.68 £ 0.10| 47,608 4,770 | 34,075 | 42,236 | 4,687
AVG 2021 59,053 + 8,472 | 4.59 + 0.06 | 29,148 £ 5,032 | 19,849 | 28,760 | 7,026 | 83,472 % 9,039 |4.77 + 0.11 | 44,097 + 5,864 | 28,193 | 42,973 | 3,968
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Figures 4.2, 4.3 and 4.4 summarize the average characteristics of raw
POME from the four mills (the error bars are the standard deviations).
Based on the literature data in Table 4.3, the COD level of POME is found
to be in the range of 50,000 to 146,824 mg/L. This range is comparable
to POM A and C, with an average COD of 66,900 mg/L and 59,576 mg/L,
respectively. However, POM B and D have COD levels of 81,608 mg/L
and 84,280 mgl/L, slightly higher than the average COD concentration
reported in the literature. These data are consistent with the solid
contents in both POMs. It shows that low solid content will affect the COD
content of POME. Overall, POM C COD is the lowest. This is due to high
water usage in the POM. Eventhough the dilution is more than double
comparing to POM A, B and D, but COD result is not reduced two times.

This is contributed by the highest oil and grease content.

The presence of high organic content in POME leads to high BOD as the
oxygen demand to degrade organic matter increases. The amount of
BOD can also be affected by excessive FFB processing that exceeds
regular processing hours (Akhbari et al.,, 2020b). Similar to COD
concentration, POME in POM A and C have BOD levels within the
average literature value of BOD, whereas POM B and D have slightly
higher BOD levels than other mills. BOD level of POM A is the lowest,
followed by POM C, B, and D being the highest. Besides, BOD/COD ratio
ranges from 0.4075 to 0.5016, where POM A has the lowest and D has
the highest value. This indicates that the raw POME from POM D is more
easily treatable by the anaerobic microorganism compared to other

POMs.
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TS is a form of organic matter abundantly present in POME, contributing
to increased BOD and COD content. Referring to the literature (Table
4.3), the TS concentration ranges from 27,645 mg/L to 52,355 mg/L. It
can be observed that POM B, C, and D are within the concentration
range, which is 45339 mg/L, 29,114 mg/L, and 47,107 mg/L, respectively.
Meanwhile, POM A has the lowest TS content, which falls below the
lower limit of the concentration range, mainly due to the installation of a
three-phase decanter. As for SS, the result shows similar trend to TS.
POM D recorded highest SS due to direct discharge of effluent from
sludge separator or steriliser station which may carry foreign materials
like dirt, mesocarp fibre etc. After various stages of milling process (i.e.
sterilization, stripping, digestion, pressing, and clarification), there is often
a fraction of uncovered palm oil in the POME known as Oil and Grease
(OG). Typically, fresh POME contains OG with 130 to 18,000 mg/L
(Kamyab et al., 2018b). These oil droplets are present in two phases,
floating in the supernatant of POME and suspended in the solids of
POME. About 2,000 mg/L residue oil is emulsified in the supernatant of
POME. Oil removal or recovery from the effluent is difficult as POME has
an extremely high concentration of surfactant compounds that help to
stabilize the oil droplets. Residue oil in the effluent is one of the main
parameters that affect the COD and BOD values of POME (Sethupathi,
2004b). Adela Bukhari & Kheang Loh, 2013 also stated that the value of
OG content in POME could be influenced by the amount of volatile fatty
acids. Based on Figure 4.3, it can be observed that POM B and POM D

have lower average OG content in POME compared to the other two
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mills, with values of 2,532 mg/L and 3,835 mg/L, respectively, which fall
within the average literature value range of 3364.8 mg/L shown in Table
4.3. On the other hand, POM C had the highest average OG content of
7,022 mg/L, while POM A had an average value of 6,426 mg/L. The
results suggest that the OG content in POME can vary depending on the
source, and factors such as the amount of volatile fatty acids present can
also influence the OG content. Therefore, it is important to consider the
source of POME and the treatment processes employed to reduce the

OG content in the effluent.

POME is typically an acidic effluent with a pH range from 3.2 to 5.2 due
to the presence of organic acids in complex forms that can be used as a
carbon source. POM B has the most acidic POME, with an average pH
value of 4.5. POM A is the least acidic, with an average pH of 4.8. POM
C and POM D have the same pH value of 4.7. However, these pH values

are still acceptable, as shown in Figure 4.4.
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Figure 4.2: Average COD, BOD levels, and TS content of raw POME
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Figure 4.4: Average pH content in raw POME

4.1.3 Factors affecting the quality of POME in different mills
Identifying the factors that determine the POME characteristics is crucial
so that the resulting POME can generate sufficient biogas to safeguard

the profitability and sustainability of the POME-based biogas plants.
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4.1.3.1 Selection of Clarifier System

The two most common technologies used in POM to treat the underflow
sludge from the clarifier system are a three-phase decanter or a sludge
separator. A three-phase decanter is valuable as it is cost-effective, has
high throughput capacities for a continuous process, and can produce
drier solids than a sludge separator. On top of that, it can recover the
remaining oil from the sludge channeled from the bottom of the oil
clarification tank. It also generates low solids concentration in
wastewater, and low water consumption is used to ease the oll
separation. On the other hand, a sludge separator only removes oil from
the sludge, but the separation process is relatively ineffective compared
to a decanter. Therefore, a three-phase decanter proves to be more
efficient than a sludge separator in terms of effectiveness, oil losses, and
water consumption. This is evident from the results obtained from the
mills, where POM A has the lowest TS content of 25,580 mg/L (Figure
4.2) due to the use of one three-phase decanter and five sludge
separators in the clarifier station. Furthermore, the use of a three-phase
decanter reduces the TS content, which should lower the COD of POME.
However, this is not the case for POM A due to the high COD addition
from EFB juice produced in the EFB plant, which balances out the
reduction of COD by the three-phase decanter and sludge separators.
Therefore, the choice of technology for treating underflow sludge should
take into account the specific conditions of each POM, such as the

amount of EFB juice produced in the EFB plant.
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4.1.3.2 Amount of Water Consumed

The quality of POME is greatly affected by the amount of water consumed
during the extraction process. As reported by Ahmed et al. (2015b), a
huge amount of water is used in the crude palm oil extraction process,
with approximately 1.5 m?3 of water being used to process one tonne of
fresh fruit bunch, and half of the water exits as wastewater, known as
POME. The effluent generation factor (EGF) for all POMs ranges from
0.6 to 1.3 m3/TFFB, with POM C having the highest EGF range between
1.0 and 1.3 m3/TFFB, while POM D has the lowest range between 0.6 to

0.8 m3/TFFB.

Dilution is a common practice used in mills to improve oil separation from
solids and sludge, which results in increased efficiency of oil extraction.
The high water usage during extraction enables better oil recovery and
reduces the amount of total solids (TS) in POME. This is demonstrated
in POM C, where the water used for separation was nearly double
compared to POM A, B, and D, as shown in Figure 4.5. This resulted in
a lower content of TS in POME in POM C as illustrated in Figure 4.2,
which is almost comparable to that of POM A, where a three-phase
decanter was used. Furthermore, POME in POM C was further diluted by
hydrocyclone wastewater and cleaning water, which resulted in the
lowest COD level (Figure 4.2) among all POMs. Therefore, it can be
concluded that separation is enhanced by the massive consumption of
water. However, it is important to note that high water usage can lead to
an increase in the volume of POME generated, which can result in

environmental pollution. Therefore, mills must balance water
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consumption with the need for efficient oil extraction while ensuring

environmental sustainability.

Apart from this, the operation of the desanders unit after the clarifier is
also critical in removing impurities such as sand and fiber trapped by the
clarifier. To achieve this, operators must flush the desander with a high
amount of water, which can further dilute the POME in the sludge pit. This
practice can help to reduce the concentration of TS and COD in POME,
which improves the quality of the effluent and reduces the environmental
impact of POME. As mentioned in Section 4.1.2, the reduction of TS in
POME for POM A and C resulted in lower levels of COD and BOD
compared to POM B and D (Figure 4.2). Additionally, it was expected that
the OG content in POME for POM A and C would be lower due to the
trapping of OG in solids. However, this was not the case as the OG
content in POME for both POMs was also high (Figure 4.3). The reason
behind this is poor operation control by the operator in the clarification

station.

One of the issues is with the manual sludge discharge process, which is
not easy to operate as the oil can be carried out together with the sludge
if the discharge valve is not carefully controlled. Furthermore, the
continuous and fluctuating flow of sludge into the clarifier mixed the
settled sludge and floated oil. This inconsistency is due to the incoming
flow rate to the clarifier tank, which stirs the top and bottom parts of the
clarifier whenever the flow rate is too high. To address these issues, it is
crucial to improve the operation control in the clarification station. The
operators should be trained to discharge the sludge properly and control
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the discharge valve to avoid carrying oil out with the sludge. Moreover,
the incoming flow rate to the clarifier tank should be regulated to maintain
consistency, ensuring that the settled sludge and floated oil are not
mixed. These improvements would result in lower OG content in POME,

which can further reduce the COD and BOD levels.
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Figure 4.5: Water usage in the mills. The error bars are the standard
deviations

The high water usage in the POMs processes is not a sustainable
solution. The water source for mill operations typically comes from a
nearby river or state clean water provider. Some POMs have to pay a
substantial cost for this matter. POMs must be accountable for their high
water usage consumption, especially for dilution purposes during
processing palm fruit, because it affects the overall water footprint around
the palm oil mill area (Subramaniam et al., 2014). Furthermore, the

reduced water usage in POM B has resulted in a decreased dilution effect
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of organic acids in POME. This may explain why POM B has the lowest
pH level, as depicted in Figure 4.4. It is imperative that POMs consider
sustainable alternatives to water consumption to mitigate their

environmental impact and reduce their operational costs.

4.1.3.3 Installation of EFB Press Station

Despite all mills being equipped with EFB plants, only POM A conducts
EFB pressing operations continuously and efficiently, while POMs B, C,
and D do not. This is due to the high maintenance cost of the screw press,
which often experiences wear and tear and requires regular
replacements. Therefore, POM A recovers additional oil from EFB
pressing, resulting in more oil being recycled back to the clarifier station,
and ultimately leading to higher OG levels in the POME (Figure 4.3),
despite the use of a three-phase decanter for better separation.
According to Akhbari et al. (2020b), about 4% of oil remains in EFB,
further contributing to the high OG levels in POM A's POME. However,
the EFB pressed juice also increases the COD content of POME in POM
A, which explains why even though POM A recorded the lowest TS, the
COD reading is still considered high (Figure 4.2. The COD content of the
EFB juice produced in Lepar Hilir was found to be 72,400 mg/L based on
laboratory analysis data. This value is slightly lower than the reported
value by Boe (2006), which is 74,750 mg/L. Not many studies report the
COD value of EFB pressed juice characteristics, with most focusing on
the physical characteristics of EFB and its suitability for co-digestion with
POME for biogas generation or composting business. Therefore, despite

the advantages of EFB pressing, the high maintenance cost and
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increased COD content of POME should be taken into account before

implementing EFB pressing operations.

4.1.3.4 Selection of Steriliser Type

POM B is the only mill equipped with a conventional cages system to
sterile the FFB. This mill recorded the lowest OG content (Figure 4.3). It
proved that a conventional cages system with an application of steam is
able to reduce the oil losses that might trap in the steriliser condensate.
On the other hand, POMs A, C, and D recorded higher OG content in
POME, which can be attributed to the sterilizer condensate handling
principle and the amount of water used in the mills. In POM C, excessive
water is used in the separation process in the clarification tank, which
leads to the mixing of bottom sludge with the floating oil. This results in
some oil flowing out with the underflow sludge to the cooling pond. In
POMs A and D, the high OG content is related to poor handling at the
clarifier station. Moreover, the direct discharge of sterilizer condensate to
the sludge pit without clarification in POM B and POM D resulted in higher
COD content in both POMs. The use of bunch splitter cutters in the CS
system prior to sterilization, as based on the input from the mill manager
experience, could potentially increase oil losses in the condensate.
However, this finding could benefit the biogas plant project developer, as
higher COD content in POME results in more biogas production and

maximizes power generation capacity.
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4.2 Inground Lagoon AD Profiling and Performance Study

This section will explain the findings of design parameters of all AD and
its performance in terms of effluent, sludge, and biogas production. The
AD profile is summarised in Table 4.3. The historical data from July 2019
to June 2021 of OLR, HRT, pH, temperature, recirculation ratio, TS, SS,
BODs, COD and biogas production collected from the biogas plants were
analysed and summarised in Table 4.3 before conducting the ANOVA
analysis for each parameter. Table 4.3 provides a comprehensive
overview of the variability observed in the measured parameters.
Detailed monthly data was compiled in the Appendix 4. The standard
deviations offer insights into the extent of variation within each
performance indicator and help to assess the consistency of the digester
performance. The subsequent ANOVA analysis delves deeper into
identifying significant differences or similarities between groups,
providing valuable insights into the factors affecting the digester
performance. By utilizing both the standard deviations and ANOVA
analysis, a comprehensive understanding of the consistency of the
digester performance can be obtained, and any significant differences
among the studied variables can be determined. This approach enables
the drawing of robust conclusions regarding the factors influencing the

digester operation and their impact on performance indicators.

4.2.1 In-ground Lagoon AD Profile
All of the AD utilised the in-ground lagoon AD system based on the
decision made by the CGESB management. The main reason for

choosing this technology is the bigger biogas storage underneath the AD
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cover, allowing them to optimise biogas engine operation to generate
electricity consistently without interruption of gas supply. According to
CGESB, the selection was made based on the advice of FGV engineers
managing different types of AD technologies. FGV experienced inground
lagoon AD has better process control than the tank system. Generally,
all of the AD was designed using the same value of OLR, which is at 2.1
kgCOD/m3.day. The in-ground lagoon AD was equipped with a series of
pipelines: POME feeding, POME mixing in the AD, bottom sludge piping
system to handle accumulated sludge at the bottom part of AD, treated
effluent pipeline, biogas pipeline surrounding the AD (underneath the
cover) to collect the biogas and also for gas flaring facilities. The mixing
of POME in the digester was done by the pumps connected to the mixing
tank. This tank is the pre-treatment facility for all BGPs to control the pH
and temperature of POME entering the AD by mixing the recirculation of
bottom sludge and treated effluent with POME. Mixing tanks, pumps, and
piping sizes for all BGPs are identical. However, the AD capacity sizing
varied due to the POM processing capacity. CGESB assessed and
analysed at least five years of historical and projection data of FFB
processed for each mill before designing the AD. Table 4.4 below is the

summary of the design data of each BGP.
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Table 4.3: Profile for all in-ground lagoon AD

BIOGAS PLANT INFORMATION

PLANT NAME BGP A BGP B BGP C BGP D
ADDRESS 26300 Kuantan 81930 Bandar Penawar 26900 Bandar Tun Razak 81930 Kota Tinggi

Pahang Johor Pahang Johor
BIOGAS PLANT BACKGROUND
SEDA FEED-IN-TARIFF (FiT) INFORMATION
Net Export Capacity | kW/hr 1500 1500 1300 1300
Installed Capacity kWrhr 1800 1800 1500 1500
Commissioning Year Dec-18 Jun-19 Feb-19 Jun-19
DESIGN INFORMATION
AD Capacity m?3 37000 39000 33000 30000
Type of AD In-ground lagoon digester In-ground lagoon digester In-ground lagoon digester In-ground lagoon digester
Type of Feedstock POME POME POME POME
OLR kgCOD/m3.d 2.1 2.1 2.1 2.1
HRT days >29 > 37 >33 > 45
Mode of AD

Mesophilic Mesophilic Mesophilic Mesophilic

Condition
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POME Pretreatment

80m?3 mixing tank, POME to

80m?3 mixing tank, POME to

80m3 mixing tank, POME to

80m?3 mixing tank, POME to

Information mix with recycle sludge mix with recycle sludge mix with recycle sludge mix with recycle sludge
Post AD Treatment Not available; after the AD, | Not available; after the AD, | Not available; after the AD, | Not available; after the AD,
Information the treated effluent is | the treated effluent is | the treated effluent is |the treated effluent is

delivered to an open
ponding system for further
conventional effluent
treatment (facultative and

algae open ponds)

delivered to an open
ponding system for further
conventional effluent
treatment (facultative and

algae open ponds)

delivered to an open
ponding system for further
conventional effluent
treatment (facultative and

algae open ponds)

delivered to an open
ponding system for further
conventional effluent
treatment (facultative and

algae open ponds)

Mixing Mechanism

By hydraulic mixing using

pumps

By hydraulic mixing using

pumps

By hydraulic mixing using

pumps

By hydraulic mixing using

pumps

Sludge Handling

By pumps; inlet suction pipe
at the bottom of AD

By pumps; inlet suction pipe
at the bottom of AD

By pumps; inlet suction pipe
at the bottom of AD

By pumps; inlet suction pipe
at the bottom of AD
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Analysis parameters

Pre-treated
POME

Operating
parameters

Treated Effluent

Performance

indicators

Temp.
pH
RR
OLR
HRT
T

pH

COD

BOD

TS

TSS
Biogas
Production
Rate

Methane Yield

Methane
content
H>S
COD
removal
COD
Removal
Rate
BOD
removal
TS removal

Units

°C

days
°C

mg/L
mg/L
mg/L
mg/L
Nm3
/month
Nm3 CH4 /
kg COD
removed
%

mg/L
%

kgCODr
/month

%

%

Table 4.4: Summary of two years AD process parameters
BGP A

Min
35.9
6.91
0.18
0.91

40.26

37.8

7.1
10330
2356
7505
8769

64731

0.135

60.80
2
68.0

300935.9

81.32
66.8

Max
45.2
7.40
2.28
1.51
74.13

42.5

7.4
20800
4440
16540
16660

483126

0.364

63.91
1073
83.8

1137195

91.14
85.0

Average
41.39+2.35
7.08+0.10
0.99+0.47
1.12+0.17
61.4+9.55

40+1.3

7.19+0.07
14814+2589

35791524
12639+2192
12663+1931

276956.94+86073

0.221+0.053

62.75+0.94
653.92+280

78.6+0.04965

767063.8+186550.9

86.85+2.72

77.69+0.0486

Min
37.6
6.8
1.24
0.98
49.87

36.7

7.3
14500
3450
11150
8460

223490

0.191

55.74
805
75.5

369942

82.77
54.8

BGP B
Max
43.2
71
4.42
1.62
87.92
41.0

7.7
19340
5670
21480
19900

468521

0.360

62.38
1887
81.4

1209674

92.31
77.3

Average
40.41+1.37
6.97+0.08
2.3910.74
1.301£0.15
64.04+7.83

39+1.3

7.45+0.10
17546+1283

45624552
15932+2569
12576+2523

0.250+0.040

58.62+1.32
1291.3+236

78.7£0.01755

906847+179807

88.47+2.30
64.78+6.0

378874.72+67967
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Analysis parameters

Pre-treated
POME

Operating
parameters
Treated Effluent

Performance
indicators

Temp.

pH

RR

OLR

HRT

T

pH

CcCOoD

BOD

TS

TSS
Biogas
Production
Rate
Methane
Yield
Methane
content
H2S

COD removal
COD
Removal
Rate

BOD removal
TS removal

Units

°C
days

°C
mg/L
mg/L
mg/L
mg/L

Nm?3/month

Nm3CHa / kg
COD removed
%
mg/L
%
kgCODr/month

%
%

Min
37.9
6.78
0.76
0.85

34.04

35.8

7.0
9200
1990
8570
386

173153

0.173

57.82

535
70.7

417221

79.8
31.0

BGP C

Max
44.2
6.98
3.06
1.78
65.81
42.5
7.2
18300
5780
19700
11659

424648

0.292

64.02

1680
83.6

1098279

93.3
74.0

Average
41.71+£2.23
6.88+0.05
1.32+0.64
1.29+0.23
47.62+8.55
39.842.3
7.11+0.05
1331312404
816
1204812417
7542+3863.36

320825.07+68541

0.246+0.032

61.09+1.23

1167.29+278
78.3+0.04195

806224+184258

88.3+3.40
57.36%£11.0

Min
37.8
6.75
0.55
1.22
50.48
35.3
7.15
13450
2680
10100
8700

18320

0.037

57.90

246
69.9

266099

89.00
45.1

BGP D
Max
48.7
7.1
3.07
1.77
67.97
445
7.55
23670
4560
25652
21300

396169

0.316

62.53

1797
84.8

1102973

93.81
77.4

Average
43.081£2.91
6.89+0.08
1.39
1.46+0.15
57.924+4.70
39.6+2.7
7.3240.10
1819743195
34281504
1692514186
1391743366

272378.47£100745

0.237+0.062

60.47+0.97

1167.29+269
79.0+0.0449

640250+207357

91.80+1.36
63.44+£10.8
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4.2.2 Analysis of Pre-treated POME at the Mixing Tank

The outlet mixing tank temperature trend in all BGPs is inconsistent.
Figure 4.4 shows the monthly average mixing tank outlet temperature,
pH and recirculation ratio data in the four different BGPs. Figure 4.6(a)
shows that the temperature entering the AD is fluctuates between 36 to
49 °C. There was a huge drop in the temperature of BGP A between Oct-
19 to Feb-20. An abnormal temperature trend for BGP B's mixing tank
from July-19 to Dec-19 is observed. For BGP C, the outlet temperature
of the mixing tank from t-19 to Apr-20 and Nov-20 to Feb-21 experienced
a major decline. As for BGP D, it is seen that the outlet temperature of
the mixing tank is not only high but also fluctuates most of the time and
reached the highest at 49 °C in Oct and Nov-19. This is mainly due to the
high loading of POME and poor control of the re-circulation ratio (56-
58%). Based on the data obtained (Table 4.5), the BGP B has the closest
outlet temperature of 40°C compared to the literature data of 37°C. As
for BGP A and C, they have comparable outlet temperatures at 41°C and
were slightly higher than BGP B. This is because of a few factors, such
as the poor efficiency of the cooling pond to reduce the raw POME
temperature consistently, sudden environmental changes such as
extreme temperature drops during rainy days, and recirculation amount
is not easily controlled due to the limitation of the pump flowrate and the
manual operation, which requires skilled operators. A high amount of
recirculation, an average of 250%, reduced the mixing tank's temperature
outlet, as proved by BGP B. Hence, BGP B shows the most stable and

the lowest temperature outlet from the mixing tank compared to the
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remaining BGPs. BGP A, BGP C, and BGP D's average recirculation

ratio are below 120%.

The pH of each biogas plant is considered consistent in the data, as
shown in Figure 4.6(b). The average pH recorded in all BGPs are
between 6.9 to 7.1. This value is considered good for the pre-treatment
section. Recirculation ratio from treated POME is prevalent to maintain
the alkalinity of the pH level to 7.0. While specific alkalinity measurements
are not carried out in this study, the understanding of the relationship
between alkalinity and pH supports the justification for maintaining high
alkalinity levels to ensure a desired pH of 7.0 in the system (Fikri Hamzah
et al.,, 2019a). The preservation of high total alkalinity that acts as pH
buffer for the anaerobic digestion system. With the presence of pH buffer,
it can prevent notable change in pH and able to eliminate the remaining
volatile fatty acids during the AD. Unstable pH causes the methanogens
not being able to carry out neutralisation of volatile fatty acids properly in
the anaerobic digester (Fikri Hamzah et al., 2019)Click or tap here to
enter text.. However, the methanogens favour the pH conditions as it is
near the neutral condition. The minimum pH recorded was 6.75 in BGP
D on Nov-19. A pH spike in BGP could be observed from Jul-19 to Aug-
19 where the pH increased by 0.7. However, pH for BGP B and D is
relatively more stable than BGP A and C as the pH values were well

maintained within the margin of £0.5.
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Figure 4.6: Analysis of mixing tank outlet (a)temperature, (b)pH and
()RR of biogas plants from July-19 to Jun-21

Generally, the fluctuations in the recirculation ratio can be attributed to
the manual operation of the recirculation process in the biogas plants.
The recirculation of bottom sludge to the mixing tank is carried out
manually using a centrifugal pump connected to a pipe that reaches the
bottom part of the anaerobic digester. In this manual mode, the flow rate
of the pump cannot be precisely controlled by the operators. The
recirculation process relies on the operators manually turning on the
pump whenever POME is pumped into the mixing tank. Due to the
manual nature of this operation, inconsistencies in the flow rate of the
bottom sludge occur (between 15 m3/hour to 40 m3/hour), leading to
fluctuations in the recirculation ratio. Furthermore, difficulties may arise
with the airlock inside the piping, resulting in pipe clogging. These
incidents can significantly reduce the flow rate during such occurrences.
Conversely, when the bottom sludge is diluted, typically containing fewer

total solids, the flow rate tends to increase.
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As shown in Figure 4.6(c), BGP A shows the highest ratio of recirculation
of treated effluent and bottom sludge to POME from July-19 to Sep-19.
In July-19, the recirculation ratio recorded is 228% and it eventually drops
to 96% with an increasing POME load. The huge decrease in the
recirculation percentage greatly reduces the pH but not the temperature.
The increase in outlet temperature of the mixing tank could be because
of the high POME load which makes it difficult to maintain the

temperature.

As for BGP B, a significant increase in the ratio of recirculation to POME
can be seen in Figure 4.6(c) from July-19 to October-19. This change has
not much effect on the pH but on the outlet temperature which can be
seen increasing. This clearly show that the inlet temperature of the mixing
tank (i.e. raw POME from the cooling pond) was the disturbance that
causes the temperature rise. Although, the data shows that the treat
effluent and the bottom sludge from the lagoon have low temperature,
yet it could not do much to the outlet temperature of mixing tank. Apart
from that, there was a sudden rise in Feb-20 to Mar-20 (305% to 442%)
but no significant change in the temperature and pH was observed.
Temperature and pH were well maintained as the POME loading

(approximately 1.0 kg CODin/m?3 day) is quite low.

For BGP C, there is a massive drop in the recirculation ratio, though a
consistent temperature and pH was recorded based on the data in Figure
4.6(c) from Jul-19 to Oct-19. Another relationship can be seen from Jan-

20 to May-20 when the recirculation percentage drops from 254% to
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78%. The pH is well maintained but the temperature is increased

resulting from the high inlet mixing tank temperature.

Similarly, for BGP D, a huge rise in the recirculation ratio from May-20 to
Sep-20 does not affect the pH much but a temperature drop was
observed. Although the inlet temperature was high, yet it is stable, and
the outlet temperature can be easily controlled through the recirculation
ratio. The only attention that needs to be focused on is the POME loading
as low loading of POME might require a high recirculation ratio. This is
because a lower POME loading means there is a reduced amount of
fresh POME entering the system. To ensure optimal performance and
maintain the desired operational conditions, a higher recirculation ratio is
often implemented to compensate for the lower POME input and sustain
the required levels of substrate and microbial activity within the anaerobic

digester.

4.2.3 Analysis of Treated Effluent at Anaerobic Digester

The temperature of all the treated effluent ranges from 35.3°C to 44.5°C.
Figure 4.7(a) presents the temperature trend of treated effluent from BGP
A, B, C and D. All the temperatures obtained show a similar trend with
pre-treatment inlet temperature readings. As for the temperature, many
factors such as the temperature from the bottom sludge and treated
effluent, inlet mixing tank temperature and POME loading can greatly
influence the process of anaerobic digestion. BGP C demonstrates the
least stability among all the other BGPs while BGP B shows the most
stable temperature readings. These temperature readings heavily

influenced by the processing of FFBs, which led to the quality of raw
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POME. This is because the maximum specific methanogenic activity was
affected by daily upward temperature fluctuations rather than daily

downward temperature fluctuations (EI-mashad, 2004).

As shown in Figure 4.7(b), the pH values of all treated POME ranges from
7.0 to 7.68. It can be deduced that the pH obtained for all the treated
POME in all the BGPs are satisfactory and within the standard discharge
limit set by DOE (5-9). The pH fluctuations were due to inconsistent
POME feeding, which resulted different loading rate every day. It can be
concluded that most biogas plant can control the pH well by adjusting the

ratio of the total recirculation to POME.
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Figure 4.7: a) Temperature and b) pH of the treated effluent in biogas
plants from July-19 to Jun-21

Figure 4.8 shows the monthly average BOD, COD and TSS
concentrations of the treated effluent. Referring to Figure 4.8(a), BGP C
and D has a comparable average BOD content of about 3,400 mg/L
which have also the lowest BOD content in the treated effluent. BGP A
has a slightly higher BOD content (3,579 mg/L) as compared to BGP C
and D. The highest BOD concentration in treated effluent was recorded
as 4,562 mg/L at BGP B. According to the DOE, the BOD contents of the
treated effluent of all BGPs have yet to meet the discharge standard limit
of 20 mg/L (Mohammad et al., 2021). Hence, further treatment like

aerobic pond which helps to reduce BOD is mandatory (Chin et al., 2013).
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Figure 4.8: a) BOD, b) COD and c) TS of the treated POME in biogas
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plants from July-19 to Jun-21

Figure 4.8(b) shows the COD trend of treated effluent of BGP A, B, C and
D. The average COD level in BCP D (18,197 mg/L) is the highest followed
by BGP B (17,546 mg/L), BGP A (14,814 mg/L) and lastly BGP C (13,313
mg/L) in a decreasing order. By comparing the influent COD with the
effluent COD of the anaerobic lagoon, it shows all BGPs have achieved
the desired COD content at the treated effluent. About 80% of the COD
is said to be successfully removed from the untreated POME to produce
methane gas for power generation. However, 20% of the COD is
remained in the treated effluent which is still high as seen in the Figure
4.8(b) ranging from 10,000 to 20,000 mg/L. Thus, the COD value of the
treated effluent must be lowered and further treated. This treated effluent
will be conveyed to the facultative ponds, algae ponds and finally

discharge to waterways.

Figure 4.8(c) shows the total solids concentration at the treated effluent
of all BGPs. BGP C has the lowest total solids concentration (12,048
mg/L) followed by an increasing solids content at BGP A (12,639 mg/L),
then BGP B (15,932 mg/L) and lastly BGP D (16,925 mg/L) having the
highest concentration. In BGP D, there is an increasing trend of total
solids due to the high total solids in the raw POME from POM D. This will
cause some drawbacks to the AD as it is unstable and low methane yield

would be formed due to the high concentration of inactive biomass.
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4.2.4 Operating Parameters and Performance Indicators of
Anaerobic Digester
The designed loading rate of each covered lagoon digester for the plants
is 2.1 kg CODin/m? day. Alexiou & Mara (2003) claimed that the best
COD removal efficiency can be achieved when the operating OLR of the
pond is lower than the designed loading rates. Figure 4.9 shows the OLR,
HRT and TS of the bottom sludge of the anaerobic digester while Figure
4.10 shows the COD removal of the anaerobic digester. Figure 4.11
shows the total biogas production of four plants. Referring to Figure
4.9(a), OLR of all the BGPs are lower than designed loading
rate. The average OLR for BGP A, B, C, and D ranges from 1.13
to 1.47 kg CODin/m?3 day. These results are satisfactory and acceptable
as methane production can be accomplished. However, the design
loading for the covered lagoon can be optimised to achieve
higher OLR as increase in OLR would increase COD removal, and thus

higher methane production.
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Figure 4.11: a) Total biogas production b) Methane composition c) H2S
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Between the month of July-19 to Oct-19 in BGP A, an increase of OLR
from 104 to 151 kg CODi/m3day (Figure 4.10(a)) has
improved the COD  removal rate from 652,039 to 1,103,369
kg CODr/mth (Figure 4.11(a)). Similar trend is observed with all the other

BGPs where OLR contentis directly proportional to the total COD

160



removed. This result is consistent with studies conducted by Musa et al.
(2018), where it was determined that high COD removal as well
as decrease in volatile solids concentrations in the treated effluent would
indicate a successful substrate consumption to generate methane in
anaerobic digestion. The factor underlying the increase in OLR
with increase in COD removal is that the methanogens have adjusted
and adapted to the new environment effectively, and thus they become
more active in digesting organic materials (Kanimozhi & Vasudevan,
2010). Moreover, the increase in substrates in the anaerobic
digestion can improve methanogenic growth which gradually increases
the substrate conversion to methane by methanogens. Subsequently,
high OLR can result in a highly productive and efficient performance
of anaerobic digestion. On the contrary, excessively high OLR could lead
to failure of AD as it could cause low COD removal and VFA
accumulation. It could reduce biogas productivity due to high food to
microorganism ratio (F/M), leading to inhibition of methanogens
growth, and hence low methane yield (Hamzah et al., 2020). Referring to
Figure 4.10(a), highest OLR was recorded in BGP C and BGP D
amounting to 1.78 and 1.77 kg CODin/m?3 day
respectively. However, there was no overloading of organic matter
during anaerobic digestion at the highest OLR as no significant reduction
of methane yield could be observed for all plants. Based on the results
obtained for the COD removal (Figure 4.11 (b)), the optimum range of

OLR to achieve COD removal of above 80% for BGP A, B, C and D
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is1.10 to 1.45, 128 t0143, 1.00 to 151, and 127 to

1.49 kg CODin/m?3 day, respectively.

The performance of digester with respect to COD removal was found to
be influenced by HRT. This was verified using the ANOVA analysis.
Figures 4.10(b) and 4.11(b) indicates that COD removal in BGP
A increases from 82.1% to 85% as HRT decreases from 70 to 40 days.
This could be due to soluble biodegradable matters in the effluent
increase with the rise of OLR as Figure 4.10(a) shows that an increase
of OLR from 0.91 to 1.45 kg CODin/m?® day during this period. This also
indicates that the anaerobic digester of BGP A is performing efficiently to
achieve COD removal of above 80% with high OLR and low HRT. A
similar trend can be observed in BGP C between Jul-19 to Oct-19 where
HRT decreases from 48 days to 34 days with increasing COD removal
from 71.4% to 74.8% as well as increase in OLR from 1.32 to 1.78
kg CODin/m® day. BGP D also depicts the same trend in Jan-21 to Apr-
21 where COD reduction efficiencies increases with increasing OLR and
decreasing HRT. These findings are consistent with the results obtained
by Wong et al. (Wong et al., 2013) where HRT of anaerobic digestion
was inversely proportional to COD removal efficiency and OLR. It can be
concluded the performance of digester during these times are
productive as most of the operational parameters are within appropriate

range and able to yield methane.

Overall, BGP A has the lowest average total solids in the bottom sludge
followed by BGP C (25719 mg/L), while BGP B and D have comparable
TS of 37251 mg/L. Figure 4.10(c) shows BGP A starting from Mar-20 to
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May-20 experienced a sharp drop in total solids which also implies that
there is a decline in suspended solids. BGP A is shown to have the lowest
total solids (23,616 mg/L) among all BGPs. However, BGP A is said to
be quite stable except during the desludging process which results in a
decreased in total solids. BGP D shows an increasing trend in 2020
indicating that there is accumulation of solids in the digester where the
COD removal experienced a sharp drop to 70% (Figure 4.11(b)) due to
the high total solid content (TS of 49,000 mg/L) found at the bottom
sludge. This will reduce the treatment capacity and HRT due to the
accumulation of inactive sludge, leading to insufficient time for the
methanogens to digest the POME. Therefore, desludging was conducted
from Jan-21 to Apr-21 to remove the excess total solids from the digester.
This remediation was successful as the COD removal increased

gradually to 75% in Jun-21.

A relationship is seen between total COD removed which is directly
proportional to the total COD load. Similarly, COD removed per month is
dependent on the HRT, OLR and COD removal efficiency of the system.
Figure 4.11 (a) depicts that BGP A has inconsistent COD removed in
each month which could be due to different amount of COD load,
recirculation ratio and raw COD POME supplied into the digester. In BGP
B, as shown in Table 29, the COD removed is the highest
(906,847+179807) and quite consistent except that in Mar-20 when it is
the lowest (369,942 kg CODr/mth) due to low COD load and total feed to
the digester as the plant operates 12 days only in that month. This leads

to low biogas production, but high COD removal efficiency was
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maintained with high HRT of 88 days. This is because high HRT with low
feeding can help to increase the contact time between the
substrates (COD) and microorganisms to maintain high COD removal
efficiency (Wong et al., 2013). As for BGP C,COD removed
increases from Jan-20 to Apr-20 along with increasing OLR from 1.07 to
1.23 kg CODin/m3.day  (Figure  4.10(a)). Although  there  was
a significantdropin COD removal efficiencyin Feb-20,it was
then increased to more than 80%. In BGP D, the COD removed
increases from Aug-20 to Nov-20. The OLR decreases
with increasing HRT which leads to low content of VFA that is insufficient
for the methanogens to produce methane gas (Wong et al.,
2013). Consequently, this caused low biogas production as well as
decreasing efficiency of the COD removal. Other than that, the operating
days in Aug-20, Sep-20 and Oct-20 was very low which could also lead

to low biogas production as compared to Nov-20.

Referring to the recorded data in Table 4.5, the average COD removal
efficiency of all BGPs are almost comparable to each other of about
78%. Judging on the data obtained, BGP A with the
lowest COD removal efficiency was observed in Feb-21. A decreasing
trend is also seenin Figure 4.11(b) from Sep-20 to Feb-21. This is
because of the different total feeding into the digester that based on
the number of operational days in that particular month. The decreasing
COD removal efficiency has negative impact on the biogas
production. Hence, COD removal efficiency is proportional to the biogas

production.
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As shown in Figure 4.11(b) and 4.11(c), BGP B has the most consistent
COD reduction efficiency compared to other BGPs with the least
standard deviation (Table 4.5). As a consequence, BGP B also has the
highest average biogas production (378,874 Nm?3/mth) (Figure 4.12(d)).
BGP C has the lowest COD removal efficiency in 2019 but it gradually
increased to about 80 % efficiency in 2020 and 2021. The data shows
that there is sufficient POME feeding in 2019 as compared to year
2020 and  2021. The  performance and  stability of the
digester is seemed operating at optimum condition of the pH (around 7)
and temperature (<40). However, the biogas production keeps
fluctuating and this might be due to the mixing intensity. According to
Singh et al. (2020), intense mixing has a negative impact on the biogas
generation resulted from low methanogenesis rate caused by low
presence of methanogens. Besides, it was found that the COD of the
treated effluent in 2019 was very high due to high OLR which obviously
indicate there is high content of VFA in the digester and hence low

removal of COD efficiency (Wong et al., 2013).

In BGP D, a decreasing trend is observed from Sep-20 to Jan-21 (84.7%
to 70.7%). The digester efficiency (COD removal) reduced with an
increase in the COD effluent, implying that a high VFA content present in
the digester. Meanwhile, a high total solid content is found at the bottom
sludge which could be one of the factors affecting the efficiency of the
digester. An abnormal trend can be seenfrom Sep-20to  Oct-
20 and Dec-20 to Jan-21 with POME feeding at about 4000 m3/mth and

10000m3/mth, respectively. From the data, despite having reduction in
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COD removal with almost the same feeding amount (4000 m3/mth) yet
the biogas production is seen increasing from Sep-20 to Oct-20.
However, for the case of Dec-20 to Jan-21, further COD
reduction occurred at POME feeding of 10000 m3/mth but there is a
decreasing in the biogas production as well as methane yield which
agrees to a report by Fikri Hamzah et al. (2019). Consequently, high
COD in the effluent is noticed due to the low consumption of substrate
concentration and hence producing low methane yield as shown in the

results.

Despite BGP B fed with high COD of POME (Table 4.3), which
contributed to higher OLR, it achieved the highest COD removal rate as
shown in Figure 4.11(d). This is probably due to their lower oil and grease
concentration of POME (2,477+975 mg/L) (Table 4.3) as compared to
other BGPs, which led to efficient biodegradation of POME in the
anaerobic digester with minimum operational problems. Besides, this
might be associated to the efficient mixing process in the anaerobic
digester of BGP B, which conforms to the contact of bottom sludge and
POME. Apart from this, the TS of the bottom sludge in BGP B is stable
and has fewer fluctuations than other BGPs. The TS content was
maintained at an average of 35,000 mg/L. This might give a better
environment for the bacteria to perform digestion activity. Sludge
management is important because it can increase solids hydrolysis

process and methane generation (Young et al., 2012).

Figure 4.12(a) shows that low biogas production experienced in BGP D.
Although, the BGP D has long HRT which is 80 days, but it still did not
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increase the biogas production. This result did not match the study done
by Alepu et al. (Alepu et al., 2016), as high HRT will increase the biogas
production. This could be due to methanogens being incompletely
acclimatised to the optimal conditions required for the anaerobic digester
(Fikri Hamzah et al., 2019) especially high temperature and low pH can

be observed from the pre-treated POME entering the digester in BGP D.

The stability of the digester plays a vital role in determining the
performance of the digester as parameters such as pH and temperature
will affect methanogenesis process significantly. From the data obtained
on the parameters (pH and temperature), it was observed that BGP D
was unstable as it fluctuates a lot, compared to the other BGPs. On Sep-
20, the lowest biogas production is generated with low OLR as only a
small portion of POME (4060 m3/mth) is fed into the digester. However,
high ratio of recirculation (bottom sludge and treated effluent) to POME
is carried out to gradually increase the biogas production which can be
seen from Figure 4.7Error! Reference source not found.(c) after Sep-
20. According to Fikri Hamzah et al. (2019), the increased in biogas
production is also contributed by high microbial activity and stability in

digester, hence accelerating the decomposition rate.

As for BGP A, a drop in biogas production is observed from the Figure
4.12(a) in Feb-21. Based on the findings obtained, the pH and
temperature are in the optimal conditions of AD. From the biogas
composition, about 63% is methane which indicates that there are no
issues with the pH and temperature as these parameters are the main

factors that affect the biogas production rate. The HRT in this month is
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also quite long (167 days) which allows microorganism to interact with
the substrates efficiently. However, the concern in the historical data is
the critically low OLR value which is the main reason of the decline of the
biogas production. Microorganism requires food to perform microbial
growth which is associated with the OLR supplied into the digester
(Meegoda et al., 2018). The pH result during this month is close to neutral
pH which is seemed to be normal as this means that no excess food was
supplied into the digester. Although, the OLR is low, yet the methane

yield is still satisfactory with that amount of biogas produced.

BGP A shows an obvious result of high average methane content
(62.8%) generated from POME digestion in Figure 4.12(b). This is
followed by BGP C (61.1%), BGP D (60.5%) and lastly BGP B with the
lowest (58.6%). These averaging values are indeed within the literature
range from Table 4.5, which implies that the anaerobic digester is
operating optimally at its best efficiency (Shakib & Rashid, 2019).
However, high methane composition does not imply high biogas
production as this is seen from the recorded data showing that BGP A
has the second lowest biogas production (276956.9 Nm3/month) in

average compared to BGP B and C.

Table 4.5: Composition of biogas components in all biogas plants and
literature values

Component Biogas Biogas Biogas Biogas (Shakib (Bharathiraja (Huertas
inBGP inBGP inBGP inBGP & etal., 2018) etal,

A B c D  Rashid, 2020)
2019)
CHs (%)  60.80— 5574— 57.82— 57.90— 50— 40-75% -
63.91 62.38 64.02 6253 75%
CO2(%)  31.81— 32.88- 31.94— 3292- 24— 15-60% -
36.42 4357 3580 38.20 45%
02 (%) 026— 001—- 002- 034- <2% <2% -

0.59 1.04 0.15 0.75
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H:S (ppm)  220—- 805- 535—- 246— <2%  0-5000 100 —
1073 1887 1680 1797 ppm 30,000
ppm

In Figure 4.12(b), a sudden drop in methane content to 61% is seen in
BGP A in Jan-20. This is probably due to a reduction in organic loading
rate (OLR) to 0.91 kg CODin/m3.day, lowest OLR in BGP A. Besides, the
total COD removed during this period is also the lowest which concludes
why there is a reduction in methane content in Jan-20 (Hamzah et al.,

2020).

BGP B shows a decreasing trend of methane composition from July-19
to Sep-19 but there is an increase in the methane production per COD
removed or supplied. Other factors like carbon dioxide increment in
biogas can also cause the decreased in methane composition but this
does not imply that the methane production decreases as the recorded

data shows high methane generation in Sep-19.

From Figure 4.12(b), the lowest methane composition (57.8%) is seen in
Jul-19 at BGP C. Perhaps, this is due to the low removal of total solids
(TS) and COD at 47% and 71.4% respectively. Low TS removal indicates
that the removal of volatile solids (VS) is low as well. A low removal of
VS and COD implies that methanogenesis was inhibited by the presence

of high VFA concentration in the digester (Wong et al., 2013).

It is observed BGP D has the lowest methane composition (57.9%) in Jul-
19 as well. This is resulted from the low methane generation per COD
supplied or removed in the anaerobic digester. However, in Jul-19 the

total biogas produced is relatively high. Since methane generation is low
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but with high biogas production rate, this deduce that carbon dioxide
increment is due to the acetogenesis process (Wong et al., 2013).
Therefore, if methanogens are weak during that period, this carbon
dioxide will not be consumed leading to high carbon dioxide

concentration and low methane content in biogas.

Referring to the data presented in Table 4.5 and Figure 4.12(c), H2S
content in raw biogas increases from 773 to 1,007 ppm between the
months of Jul-19 to Sept-19, as CH4 concentration decreases from
63.48% to 62.48%. This trend can also be seen in BGP B during the
same period where methane content decreases from 60.8% to 55.74%
H2S which increasing from 1,132 to 1,448 ppm. It can be concluded that
the methane concentration in biogas from POME is inversely proportional
to H2S content. From data of H2S content in raw biogas obtained, the
average H2S obtained for all the plants ranges from 653.91 to 1291.30
ppm. The highest H2S readings were recorded in POM B and D. This is
probably related to microorganism activity in the AD. Sulphur-reducing
bacteria can inhibit methanogenesis due to the competition for a wide
variety of organic and inorganic substrate which resulted lower methane
content and higher H2S content in POM B and D. This is also possibly
related to high total solid content in the bottom sludge of POM B and D
which reduced the efficiency of mixing and slower down methanogenesis
process in the AD. The H2S content for all the plants is comparable to the
literature data showed in Table 4.5. Other than that, the data calculated
for H2S concentration in treated biogas for all the BGPs is rather optimal.

This is because the data of H2S content in treated biogas for all the plants
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is less 500 ppm. Concentrations exceeding 500 ppm in a closed
environment can lead to death within 30—-60 min, while concentrations
exceeding 1000 ppm is instantly fatal. Therefore, H2S concentration in for

all the BGPs in treated biogas is acceptable for the environment.

Figure 4.12(d) shows that BGP B has the highest maximum biogas
production rate, which is consistent with the results obtained in COD
removal rate (Figure 4.11(d)). This is mainly due to the appropriate COD
concentration of POME (81,987+2149 mg/L) and adequate bottom
sludge concentration (32,736+5115 mg/L) in the anaerobic digester.
POME with higher COD (>84,000 mg/L) is not a guarantee to produce
optimum biogas production. In particular, BGP D has the highest COD
concentration of POME (Table 4.2), but its biogas production rate is the

lowest as compared to other BGPs.

Overall, the results show that the standard deviations for the observed
parameters are relatively low (<20%) except for the biogas production
rate, suggesting a consistent and stable performance of the digesters.
The observed fluctuations in the digester performance are mainly due to
the normal operational fluctuations (OLR, HRT, recuirculation ratio), raw
POME quality, variations in the environmental conditions (temperature,
bottom sludge quality, etc.) and desludging activities. Nonetheless, the
deviations remained within an acceptable range, indicating an overall

consistent performance of the digesters.
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4.3  Statistical Analysis of AD Performance Study

In the literature, there are many operating parameters reported to have
significant effects on biogas production and COD removal, though it does
not applicable to all biogas plants as shown in the history data analysis
(Section 4.1). Therefore, ANOVA studies was carried out using the
Design Expert software to identify the most critical parameters that have

statistically significant effects on biogas production and COD removal.

Table 4.6 shows the descriptive statistics of the input and output
parameters for AD process with their responses. ANOVA studies was
carried out using Design Expert software to identify the most critical
parameters that have statistically significant effects on biogas production
and COD removal. The regression coefficient and the equations that
correlates to the historical data from the four biogas plants were predicted

(Table 4.7 and 4.8).

Table 4.6: Descriptive statistics of the AD data utilised in the four
POME treatment plants

Parameter Unit Category  Min Max Average  Standard
Deviation

Temperature °C Input 31.98 44.10 39.35 212

(A)

OLR (B) kgCOD;, Input 0.981 1.685 1.305 0.134

/m3month

Recirculation - Input  0.1784 4.44 1.52 0.8424

Ratio (RR)

(®)

Biogas Nm3 Output 18840 484225 3.114E+05 95492.44

Production /month

Rate

COD kgCOD;, Output 276208 1.22967E+06 7.921E+05 2.109E+05

Removal /month

Table 4.7: ANOVA and significance test of each model term for COD

removal
Source Sum of Squares df Mean Square F-value p-value
Model 3.322E+12 21 1.581E+11 13.35 < 0.0001
A-OLR 1.151E+12 1 1.151E+12 89.48 < 0.0001

172



D-Temp (C) 5.525E+10 1 5.525E+10 4.71 0.0302
F-RR 1.249E+11 1 1.249E+11 9.71 0.0028
L-Location 1.639E+12 3 5.464E+11 46.57 < 0.0001
AD 9.459E+09 1 9.459E+09 0.8061 0.3722
AF 1.402E+10 1 1.402E+10 1.19 0.1789
AL 5.524E+10 3 1.841E+10 1.57 0.1080
DF 3.876E+08 1 3.876E+08 0.0330 0.7469
DL 1.229E+11 3 4.097E+10 3.49 0.0185
FL 1.986E+11 3 6.621E+10 5.64 0.0012
A? 1.412E+10 1 1.412E+10 1.20 0.2874
D2 7.777TE+08 1 7.777TE+08 0.0663 0.6975
F? 8.704E+10 1 8.704E+10 7.42 0.0085
Residual 8.683E+11 74 1.173E+10

Cor Total 4 189E+12 95

R? 0.8023

Adjusted R? 0.7749

Predicted R2 0.7123

Notation: df is degree of freedom.

Table 4.8: ANOVA and significance test of each model term for Biogas

Production

Source Sum of Squares df Mean Square F-value p-value
Model 5.919E+11 21 2.915E+10 7.58 < 0.0001
A-OLR 1.581E+10 1 1.581E+10 4.21 0.0321
D-Temp (C) 9.961E+10 1 9.961E+10 26.70 < 0.0001
F-RR 3.325E+10 1 3.325E+10 8.85 0.0032
L-Location 2.091E+11 3 6.971E+10 18.62 < 0.0001
AD 6.806E+07 1 6.806E+07 0.0172  0.7935
AF 1.579E+10 1 1.569E+10 4.18 0.0442
AL 1.792E+10 3 5.941E+09 1.49 0.1878
DF 1.814E+09 1 1.804E+09 0.4816  0.4874
DL 1.976E+10 3 6.554E+09 1.75 0.1622
FL 5.887E+10 3 1.959E+10 5.23 0.0015
A? 2.898E+10 1 2.894E+10 7.73 0.0049
D? 3.445E+07 1 3.438E+07 0.0092  0.9245
F2 3.77T1E+10 1 3.764E+10 10.05 0.0018
Residual 2.784E+11 74  3.548E+09
Cor Total 8.664E+11 95
R? 0.8907
Adjusted R? 0.7912
Predicted R? 0.7042

Notation: df is degree of freedom.

The statistical analysis conducted using the Fisher test (F-value) and a
95% confidence level for probability (p-value) demonstrates the statistical
significance of both models. Specifically, the model focusing on COD

removal as the response variable yields an F-value of 13.35 with a p-
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value of <0.01, indicating an extremely low likelihood (0.01%) of such an
extreme F-value occurring due to random chance (Table 4.7).
Additionally, the p-value <0.01 suggests the significance of model terms
A, D, F, L, DL, FL, and F2. Conversely, values greater than 0.1 imply the
insignificance of model terms, prompting consideration for model
reduction. In this context, terms AD, AF, AL, DF, A2 and D? are
considered insignificant. The adjusted R? of 0.7749 and predicted R? of

0.7123 reflect a robust correlation with COD removal.

For the model focusing on biogas production, it exhibits an F-value of
7.58 and accompanied by a low p-value of <0.01. This indicates that there
is only 0.01% chance for such an F-value to occur due to noise, otherwise
the model is significant (Table 4.8). In this model, terms A, D, F, L, AF,
FL, A2, and F? are considered significant model terms, while AD, AL, DF,
DL, and D? are regarded as insignificant. To enhance the model, model
reduction is recommended. The adjusted R? of 0.7912 and predicted R?
of 0.7042 indicate a strong correlation with biogas production. Overall,
the key parameters that accurately represent both responses with p<0.05
are A (OLR), D (Temperature), F (RR), FL and F? with p<0.05. Notably,
OLR (A) emerges as the most influential parameter, highlighting its
critical role in shaping both wastewater treatment and biogas production
outcomes. The effects of these parameters on the biogas production and

COD removal will be discussed in detail in Section 4.3.3.

Subsequently, 3D surfaces and contour plots obtained from the
equations are used to study the individual and interactive effects of the

observable parameters on both responses (Section 4.3.2). This approach
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is important to determine the optimal input parameters that will maximize
the theoretical biogas production and COD removal by employing

numerical and point prediction methods.

4.3.1 Box Plot Analysis

The most significant input parameters obtained in Section 4.3 including
OLR, temperature, and RR are evaluated by using the box plots as
shown in Figure 4.12. From Figure 4.12(a), the OLR for BGP A has the
lowest median with a relatively low interquartile range. This can infer that
the OLR for BGP A is the lowest overall, with an average value of

1.12+0.17 kgCODin/m3.day.

For temperature, the ranges of BGP A, B, and C are rather consistent
with each other (32.3°C-44.0°C) as described in Figure 4.12(b).
Conversely, BGP D shows higher data spread with average value of
43.08+2.91 due to the inefficiency of the cooling pond. According to the
previous studies, mesophilic conditions are fundamental to in-ground
lagoon type anaerobic digester compared to thermophilic conditions. The
temperature of the digester should be maintained in a narrow range to

prevent a sudden increase in temperature.

Figure 4.12(c) shows that the RR of BGP B is relatively higher than that
of BGP A, C, and D, with an average value of 2.39£0.74, while the others
have average values of 0.99 — 1.39. It is found that a controlled
recirculation system potentially increases methane yield from the
anaerobic digestion of citrus waste in a two-stage process at high OLRs

(Lukitawesa et al., 2018). However, D. Chen & Li (2020) have also
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discovered that an RR of 0.6 performed better in continuous dry
anaerobic digestion for biogas production and methane yield than a lower
RR of 0.5. Conclusively, a high RR is favourable in sustaining biogas
production by the anaerobic digester. However optimal conditions must
be prioritised considering the operational costs as well as the efficiency

of the anaerobic process.
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Figure 4.12: Box plots of the studied input parameters for each biogas
plant (a) OLR (b) temperature (c) recirculation ratio.
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Figure 4.13 shows the responses of each biogas production plant in the
form of box plots, these parameters are the COD removal of wastewater
and the biogas production in BGP A, B, C and D. Figure 4.13 shows that
the COD removal for BGP A, B and C fluctuates relatively less compared
to BGP D, which has a larger range of intermediate values (2.66x10°-
1.11x108 kg CODr/mth). This means that the instability of BGP D’s
performance in removing COD from the wastewater due to various issues
such as long hydraulic retention time and high variation in temperature
(Figure 4.13(b)) (Shi et al., 2017). Nonetheless, results obtained from
BGP B with an average value of 7.67x10°kg CODr/mth is significantly
higher than that from BGP A, C, and D. This correlates with the higher

efficiency of wastewater treatment by the plant amongst the others.

Figure 4.13(b) depicts the biogas production per month for each plant
because of anaerobic digestion whose product is a form of energy.
Among the data obtained, BGP B has an overall higher biogas
production, ranging from 2.23x10° to 4.69x10° Nm3/mth, which also
signifies stability due to its smaller range compared to BGP A, C and D.
It also has the highest median of all at 3.99x10°> Nm3/mth, and an
interquartile range of 3.35x10° to 4.42x10° Nm3/mth. When placed
among other BGPs, BGP B shows the most cost-effective performance

as it is the most efficient in biogas production as well as COD removal.
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Figure 4.13: Box plots of the studied response parameters for each
biogas plant (a) COD removal (b) biogas production.

4.3.2 Development of Mathematical Model

Each mathematical model is a four-level factor which includes three
numerical factors (OLR, T and RR) and one categorical factor (mill
location: BGP A, BGP B, BGP C and BGP D). The main effects and
interaction effects on CODremoval and biogas production are illustrated in
Equation (24) and Equation (25). Referring to both equations, HRT, pH,
MLSS, TS, SS, BOD as well as the concentration of oil and grease are
excluded from the equations since they have p-value greater than 0.05,
indicating that these parameters do not exhibit a significant effect on the

outputs (Di Leo & Sardanelli, 2020).
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COD_removal (kg COD;,,/month) = 755500 + 2750004 + 56237.11D —
289900F + 226600L[1] + 52453.36L[2] + 8243.04L[3] — 98480.48A4D —
188900AF + 173900AL[1] — 30054.52AL[2] — 20347.48AL[3] +
19998.97DF — 175700DL[1] + 40250.36DL[2] — 17808.55DL[3] +
413100FL[1] + 4366.24FL[2] — 240200FL[3] — 87519.67A% —
18661.58D* — 356300F> (24)

Biogas prodcution (Nm3/month) = 268500 — 32526.034 +
112900D — 194200F + 138800L[1] + 36877.81L[2] — 138500L[3] —
8353.94AD — 1999004F + 106600AL[1] — 6155.22AL[2] —
98278.93AL[3] + 43140.95DF — 85243.42DL[1] — 9532.7DL[2] +
67002.49DL[3] + 248900FL[1] — 20124.72FL[2] — 221100FL[3] —
1253004% — 3923.65D% — 234300F? (25)

Where A represents organic loading rate (kg CODin/m? day), D denotes
the anaerobic temperature (°C) whereas F is the recirculation ratio. The
main effect of mill location namely BGP B, BGP C, BGP A and BGP D

are in the form of L[1], L[2] and L[3] respectively.

The boundary limits for temperature (°C) (Equation 26) and recirculation
ratio (Equation 27) are determined based on the previous studies

conducted in the biogas plant.

Temperature (°C) < 40 (26)

ecirculation ratio > 1.0 (27)
The coefficient of determination (R?) for COD removal is 0.7927. This
indicates the high correlation between the actual and the estimated
output variables, hence, there is a substantial accuracy for the reduced

order quadratic model to study the COD removal (Henseler et al., 2009).
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On the other hand, the predictive ability of the reduced polynomial order
for biogas production was confirmed by the R? value of 0.6807. By
adhering to the rule of thumb when deducing the strength of correlation
between the predictive model based on the R? values, the value is

generally regarded as moderate effect size (Leysieffer, 1999).

Additional performance evaluation analysis is employed to understand
the historical data of four different mills. Root means square error is
accessed as it is widely applied to define the errors for numerical
predictions (Christie & Neill, 2022). Generally, low RMSE values indicate
low errors, meaning that the predicted values are close to the actual
values. In this study, the RMSE values for COD removal and biogas
production are 9.51E+4 kg CODin/month and 5.37E+4 Nm3/month
respectively. This provides insights that the errors are considerably high
for both models. The large errors are also reflected by the measurement
of mean absolute error (MAE), quantifying at 6.97E+4 kg CODin/month
and 4.16E+4 Nm3month for COD removal and biogas production

respectively.

4.3.3 Effects of Process Parameters on the Studied Output
Variables

4.3.3.1 Effect of OLR on COD Removal

Based on the results generated in the surface and contour plots shown

in Figure 4.14 and the interaction plot shown in Figure 4.15, the increase

in OLR shows a positive impact on the COD removal of the raw POME,

regardless of the variation in temperature. Ramanathan et al. (2022)

concluded that OLR is an important factor that affects the production of
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biogas in anaerobic digestion, particularly in a continuous flow process.
They proposed that the ideal value for OLR ranges from 0.5 to 2 kg for
entire volatile solids in a unit volume of digester per day with regards to
hydraulic retention time, temperature, and feedstock. Nevertheless, the
increase in OLR reaches a plateau after peaking at the maximum
allowable range. This is supported by findings where excess OLR will
result in the inhibition of COD removal, subsequently reducing the biogas
production rate (Hussain et al., 2021). This is because the increase in
OLR increases the acidity of the digester which will affect the microbial
growth in the digester (Periyasamy et al., 2022). However, when the
recirculation ratio is on the higher side (4.42), the COD removal will
become less sensitive to the OLR due to the high dilution factor caused

by the high flow rate of treated effluent.

4.3.3.2 Effect of Temperature on COD Removal

Temperature is often regarded as one of the important parameters for
COD removal and biogas production. High temperature increases the
metabolic rate of the microorganisms, thus improving the anaerobic
performance. This claim was supported by Hu et al. (2018) where high
temperature produces satisfactory results for COD removal and biogas
production. Referring to Figure 4.16(a) and Figure 4.16(b), the COD
removal slightly increases with the constant value of OLR. Moreover, an
increment of COD removal could be visible in Figure 4.16(a) for the
increase in temperature and recirculation ratio. However, only the BGP

B plant decreases in COD removal with the rise of mesophilic
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temperature whereas temperature has positive effects on BGP A, BGP

C and BGP D (Figure 4.16(b)).

4.3.3.3 Effect of Recirculation Ratio and Location of the Plant on
COD Removal
The recirculation ratio of effluent is defined as the ratio of recycling
treated substrate against the incoming untreated substrate in the mixing
tank. The unrecycled treated wastewater will be transported from the
anaerobic digester to the setting pond and discharged as treated effluent.
The purpose of recirculation from a methanogenic lagoon is to increase
the alkalinity of the reactor for optimal anaerobic digestion. Recycling
treated POME further increases the pumping of healthy microorganisms
into the system, leading to better COD removal efficiencies in the
anaerobic digester (Y. Zhang et al., 2009). Hence, a supervised
recirculation ratio increases the COD removal efficiencies in the digester.
Figure 4.17 illustrates that the optimal range of recirculation ratio differs
for each plant. This is because each plant has different capacities and
POME sources. Therefore, the location factor in the interaction plots
demonstrated in Figure 4.16 (b) and is averaged over to produce
generalized projections for better statistical evaluation of the impact of
each parameter. However, each location displayed that there is a
maximum point for COD removal for the recirculation ratio. The general
optimal range for the recirculation ratio of BGP A, BGP B, BGP C and

BGP D is in the range of 1.2 -2.3 (Figure 4.17).
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4.3.3.4 Effect of OLR on Biogas Production

As shown in Figure 4.18 (a), the gradual increase of OLR will contribute
to the surge of biogas production where it will reach a maximum value.
Biogas production from the methanogenesis process is correlated to the
mass density of methanogenic archaea bacteria (Eslami et al., 2018).
The active bacteria will produce a byproduct namely volatile fatty acids
(VFA) when decomposing the organic matter in the POME effluent.
These VFA are a source of nutrient for archaea, and it is the key reactant
to produce biogas and COD removal (Dinh et al., 2014; Kwon &
Nakasaki, 2015; Palatsi et al., 2011). However, excess OLR will result in
organic load shock to the anaerobic digester, inflicting a negative effect
on the biogas production rate. Thereafter, the accumulation of VFA and
Oxidation-revival Potential (ORP) will surge. The acidic environment will
lead to stunted growth of archaea bacteria, leading to lower biogas

production output (Kwon & Nakasaki, 2015).

4.3.3.5 Effect of Temperature on Biogas Production

Figure 4.19 (a) shows the biogas production as a function of temperature
and OLR. When the OLR is constant, it is visible that the biogas
production increase with increasing temperature. Kim et al. (2006b)
elaborated that the effect of temperature increases the kinetics of the
process, leading to better digestion of the raw POME in the digester.
Since literature studies reviewed that mesophilic temperature ranges
from approximately 35°C to 40°C (depending on sources), the results
from the surface plots support the claim of the past literature (Sanchez et

al., 2001). However, Bouallagui et al. (2004) suggested the
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implementation of thermophilic temperatures as it is more effective for
biogas production compared to existing mesophilic temperature, but the
former is more sensitive to environmental changes (Ahn & Forster, 2002;

El-Mashad et al., 2003; M. Kim et al., 2002).

4.3.3.6 Effect of Recirculation Ratio and Location on Biogas
Production
The recirculation ratio acts as a buffering agent to maintain the pH level
of the anaerobic digester to regulate and stabilize the pH level within the
anaerobic digester, which is an essential aspect of alkalinity control in
anaerobic digestion (Gottardo et al., 2017). Moreover, the recycling of
treated effluent will increase the degree of degradation of the POME
(Aslanzadeh et al., 2013). The optimal recirculation ratio is configured to
increase the biogas production from the AD performance. However, the
optimal recirculation ratio is not a one-size-fits-all solution; instead, it is
intricately tied to the specific characteristics of the feedstock and the
microbial community within each biogas plant. Based on the interaction
plots of the biogas production for recirculation ratio for each location, it is
deduced that each plant has a different optimal ratio for maximum biogas
production which has a similar scenario when evaluating the COD
removal. BGP B proposed the highest recirculation ratio range, spanning
from 2.5 to 3.0. Studied mills such as BGP A, BGP C and BGP D have
lower recirculation ratio ranges, with 1.0-1.5, 0.2-0.7 and 1.3-1.8
respectively (Figure 4.20). Since recirculation could potentially enhance
AD performance by increasing the alkalinity and speeding up the nutrient

uptake by the microorganisms, the optimal ratio is highly dependent on
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the number of substrates and VFA concentration in the raw feedstock

(Lukitawesa et al., 2018).

One key consideration is the diversity of substrates present in the raw
feedstock. Different palm oil mills may receive POME with varying
compositions, which can result in different alkalinity needs. A higher
recirculation ratio can help buffer pH in cases where the influent POME
has a lower alkalinity. This is particularly relevant in situations where
POME characteristics may fluctuate seasonally or due to variations in

palm oil production practices.

Moreover, the concentration of volatile fatty acids (VFAS) in the influent
can significantly impact the alkalinity balance within the digester. VFAs
are intermediates in the breakdown of organic matter and can lower pH
if their accumulation surpasses the buffering capacity of the system
(Lukitawesa et al., 2018). An optimal recirculation ratio should consider
the potential VFA concentrations in the raw feedstock. In cases where
VFAs are prevalent, a higher recirculation ratio may be required to

counteract their acidifying effects and maintain stable pH conditions.

In light of these complexities, optimizing the recirculation ratio is not a
one-time endeavour but an ongoing process that considers the dynamic
nature of POME characteristics and microbial dynamics (Hwu et al.,
2013). This highlights the need for continuous monitoring and adjustment
of recirculation ratios in biogas plants to ensure consistent and efficient
AD performance. Additionally, it highlights the importance of site-specific

studies to tailor AD processes to the unique conditions of each palm oll
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mill, ultimately maximizing biogas yield and wastewater treatment

efficiency.
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Figure 4.14: (a) Surface and contour plot for COD removal as a function of OLR and temperature; (b) Surface and contour plot for

COD removal as a function of OLR and recirculation ratio.
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Figure 4.16: (a) Surface and contour plot for COD removal as a function of temperature and recirculation ratio; (b) Interaction plot
for COD removal as a function of temperature and location
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Figure 4.17: (a) Surface and contour plot for biogas production as a function of temperature and OLR; (b) Surface and contour plot
for biogas production as a function of recirculation ratio and OLR; (c) Interaction plot for biogas production as a function of
recirculation ratio and location.
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Figure 4.18: (a) Surface and contour plot for biogas production as a function of recirculation ratio and temperature; (b) Interaction

plot for biogas production as a function of temperature and location.
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4.3.4 Optimisation and Sensitivity Analysis of AD Performance
Study
A comprehensive optimization study was conducted on the operating
conditions to achieve efficiency of 85% removal of COD, BOD and TSS
removal in compliance with the effluent discharge limit and production of
methane gas with a purity of 60% with good stability by considering the
trade-off between capital cost, operating cost and revenue. The
optimization study under mesophilic conditions was conducted by using

Design Expert 13 software on a nonlinear multiple regression model.

Both outputs (COD removal and biogas production) are calibrated
whereby both weights are equally as important to achieving maximum
value. The parameters that are considered statistically significant for both
responses are only altered in the study. Table 4.9 illustrates the optimal
conditions of the biogas plants with the objective to maximise COD
removal and biogas production. BGP B can achieve the highest COD
removal (1.21 X 10% kg CODin/month) as well as biogas production rate
(4.12 X 10° Nm3/month), with a corresponding methane yield of 0.28 Nm?3
CHa/kg CODremoved When the optimal operating parameters for OLR,
temperature and recirculation ratio are configured at 1.60 kg CODin/m3

day, 37.7 °C and 2.08 respectively.

Table 4.9: Optimised values for each BGP plant

Location OLR (kg Temperature Recirculation COD removal Biogas
CODin/m3 (°C) ratio (kg production
day) CODin/month)  (Nm3/month)
BGP A 1.49 40.0 1.00 1.07 X 1068 3.23 X 10°%
BGP B 1.60 37.7 2.08 1.21 X 1068 412 X10°
BGP C 1.64 40.0 1.00 1.06 X 108 3.69 X 10°%
BGP D 1.60 40.0 1.00 7.94 X 10°% 3.07 X 10°
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A series of sensitivity analyses are performed on each of the plants to
evaluate the effect of an independent variable on the dependent variables
of a process under a given set of assumptions. The advantage of
sensitivity analysis is that it identifies important areas to improve the
performance of the model and that the crucial parameters can be
monitored once identified (Kaplan Financial Limited, 2020). The
independent variables are the input parameters of the process which are
OLR, temperature and RR. While the response by which analysis is
conducted is the COD removal. The results obtained are normalised and

represented in pie charts (Figure 4.21).

Firstly, BGP A is analysed according to the database provided on OLR,
temperature and RR. The percentage change of COD removal when
each of the input parameters (OLR, temperature, and RR) is brought
upon a change of +10% based on its original mean value. It is found that
OLR plays a major role in contributing to the removal of COD, making up
about 71% of the three parameters evaluated (Figure 4.21 (a)). From the
results, an increase of 10% in the OLR amounts to a decrease of
approximately 12% in COD removal. This indicates that the model is
sensitive to OLR change compared to temperature and RR. Although the
effects of temperature and RR on the COD removal efficiency on the
plant are both rather low, the temperature still impacts the responses
more than RR, implying that temperature is a relatively sensitive
parameter compared to RR. However, being the most sensitive input,
OLR must be monitored from time to time to ensure its stability for

efficient COD removal.
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Figure 4.20: Sensitivity analysis of OLR, temperature and RR on a)
BGP A, b) BGP B, c) BGP C, d) BGP D
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BGP B is like BGP A for its trend of OLR being the most sensitive
parameter, followed by temperature and finally RR (Figure 4.21 (b)). With
an increase in 10% of OLR, the percentage of COD removal has
decrease by approximately 12%. While the increase in 10% of
temperature and RR of BGP B has increased 9.5% and decreased 0.77%
of the initial COD removal respectively. In BGP B, OLR has occupied
66% of the pie chart followed by 27% of temperature and 7% of RR.

Overall, the sensitivity trend observed in BGP B is same as BGP A.

Similar to BGP A and BGP B, it can be observed that BGP C follows the
trend of decreasing sensitivity from OLR to temperature and RR (Figure
4.21 (c)). However, it is also found that the percentage change in COD
removal due to OLR is gradually decreasing compared to the previous
BGPs, while OLR makes up to only 59% of the pie chart. This indicates
decreasing sensitivity of OLR and increasing sensitivity of temperature

and RR to 38% and 3% respectively.

Finally, the trend previously observed among the parameters for BGP A,
B and C are not representative of BGP D. Temperature makes up the
largest portion of the pie chart following normalising, occupying up to 60%
of the pie chart (Figure 4.21 (d)). Hence, the temperature has a relatively
high sensitivity contributing to the COD removal of the wastewater by the
treatment plant. This means that a small change in temperature may
inflict a major change in COD removal. This is possibly due to the smaller
cooling pond size in BGP D which results in lower cooling efficiency.
Thus, the optimum temperature must be maintained and monitored from

time to time to prevent sudden temperature fluctuations in BGP D.
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4.3.5 Theoretical Models for Prediction of Methane Production

The first type of theoretical bio-methane productivity model is
implemented in this study. The methane potential calculated by the BMP
test is an important input variable and it is applied to study cumulative
methane production. The calculated theoretical BMPth results provide a
higher methane production than the actual data since the model provides
an assumption where 100% of the organic materials are digested
anaerobically by the system. However, the estimation is considered
accurate if the difference remains below 15% (Nielfa et al., 2015; Raposo
et al., 2011). Despite that the model can be applied for homogeneous or
heterogeneous feedstocks, physiochemical parameters such as pH,
temperature, total suspended solids, total alkalinity, dissolved oxygen etc

are often disregarded (Ali et al., 2018).

Figure 4.22 illustrates the average methane productivity of the
experiments for each plant. Based on the outcomes, BGP A is projected
to generate the highest productivity values (0.655 mLCHa4/gVS). This is
followed by mills in BGP B, BGP C and BGP D valued at 0.647
MLCHa4/gVS, 0.496 mLCHa4/gVS and 0.478 mLCHa4/gVS respectively.
Hence, it is concluded that BGP A has the highest productivity, despite
using a similar type of substrate. This is because bio-methane
productivity is estimated as a function of volatile solids (VS), and BGP A

has the lowest average VS in the effluent compared to the other mills.
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Figure 4.21: Average methane productivity of each biogas plant.

4.3.6 Limitations and Further Improvements of AD Performance
Study Analysis
Due to the dependency on the quality and flow rate of raw POME inlet
affecting the anaerobic performance of palm oil mills, the incoming
capacity of POME is often irregular due to the harvest season of the FFB.
Therefore, there are uncertainties which affect the generation prediction
model using the plants’ historical data. In addition, since the performance
monitoring is conducted monthly, any spike would not be captured in the
data as it only reflects the mean operating conditions during the uptime
of the mill. This would reduce the prediction range as the process

parameters are only controlled in a certain desirable range.

The low R? values would also cause several complications when
estimating the biogas and COD removal. Moreover, the design models
implemented for the study are reduced quadratic models. This is because

there is insufficient data to represent the prediction model to a higher
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order polynomial equation. In addition, the development of mathematical
model from the given number of datasets are surreal (K. H. Ng et al.,
2020). This is because most responses could not be defined using
polynomial equations and the development of polynomial model without

validation steps are generally unreliable.

Prediction models could be applied to accurately estimate the anaerobic
performance of the biogas plant. Supervised machine learning models
such as Support Vector Regression (SVR), Adaptive Neuro-Fuzzy
Inference System (ANFIS), and Artificial Neural Network (ANN) can be
employed in this scenario. SVR has the capability to minimise prediction
errors by assuming the shortest distance between the actual and
estimated output values (Lépez-Martin et al., 2020). It is particularly
suitable in this historical dataset as statistical evaluation witnesses a high

MAE and RMSE for both reduced order quadratic output models.

ANN machine learning model has been extensively employed in the
prediction of biogas using different types of substrates (Ghatak & Ghatak,
2018a). Furthermore, the application of ANN machine learning model in
biogas prediction has been further improved by coupling optimisation
algorithms such as Genetic Algorithm and Particle Swarm Optimisation.
This approach can troubleshoot various complex mathematical modelling
that requires huge computational operations (Z. Zhang et al., 2018). ANN
modelling could be implemented since the anaerobic digestion exhibit
several complex reactions such as hydrolysis, acidogenesis,
acetogenesis and methanogenesis. Similarly, ANFIS has been adopted

in the palm oil mill industry to study the effect of pH, COD, TTS and

205



methane composition (Tan et al., 2018a). Literature findings support the
usage of ANFIS as it had successfully maximised the biogas production
from AD after optimising the input process parameters (Zareei & Khodaei,

2017a).

4.4  Six Months Operation Data Analysis of Cooling Tower
Application

Based on the overall result analysis presented in the Section 4.3,

temperature control is one of a key parameters to optimise AD

performance. Hence, cooling tower study was introduced and its effect

was analysed.

4.4.1 Analysis of the Temperature and pH Change

4.4.1.1 Analysis of the Effect of Applying CT on the Temperature
Inlet and Outlet

Temperature is one of the main factors which affects biogas production.

The initial temperature is collected from the POME entering the CT, and

the outlet temperature is data recorded from the POME leaving the CT

before entering the anaerobic digester. In this section, the temperature

change before and after CT can be observed.
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Inlet and Outlet Temperature of Cooling Tower
(Jan-22 to Jun-22)
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Figure 4.22: Inlet and outlet temperature of CT from January 2022 until
June 2022

The usage of CT has successfully reduced the temperature of the POME
by at least 46%. The average temperature of POME entering the CT is
73.06°C, and exiting is at 39.3°C. This is within the target range of the
operating temperature of mesophilic bacteria. From Figure 4.23, on 27/2,
the lowest outlet temperature recorded was 31.5°C. This is due to the
inlet temperature being at its lowest, which is 58.0°C compared to the
average of 73.06°C. The outlet temperature's standard deviation is low,
indicating that the data does not deviate from the average. It can be seen
that there is minimal fluctuation in the reading of the outlet temperature.
Despite a high fluctuation in the inlet temperature reading, the outlet
temperature reading is stable and does not fluctuate by much. This
proved that the CT could reduce the inlet temperature while controlling
the fluctuation of the POME at the outlet. Hence, a better quality of POME

entered the AD.
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Table 4.10: Comparison between inlet temperature and outlet
temperature from 2019 until 2022

Inlet Temperature (°C) Outlet Temperature (°C)
Min Max Average Dev Min Max  Average Dev
2019 53.00 56.00 5432 1.09 40.00 42.80 41.85 1.04
2020 5220 58.00 55,54 1.71 38.60 46.20 42.96 2.25
2021 5290 56.20 54.83 1.19 3590 41.20 39.37 1.98
2022 69.95 75.64 73.04 226 38.28 40.55 39.29 0.91

The data collected from 2019 until 2021 was when a CT was not installed
in the pre-treatment section of raw POME. During this period, the CP and
mixing tank was used to cool down the POME before releasing it into the
AD. From Table 4.10, it can be seen that the inlet temperature is between
the range of 52°C to 58°C. The inlet temperature recorded in 2022 is
between 69.95°C and 75.64°C. This is because the inlet temperature
from 2019 until 2021 was sampled from the entry point into the mixing
tank in the biogas plant compound, where the POME generated from the
mill has passed through the CP. Meanwhile, the temperature recorded in
2022 was tapped directly from fresh raw POME generated from the mill.

This was done to study the optimum performance of the CT.

Outlet Temperature Recorded from 2019 to 2022
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Figure 4.23: Outlet temperature recorded from July 2019 to June 2022
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From Table 4.10, the deviation recorded for 2019 until 2021 is high in
each respective year, between 1.04°C to 2.25°C. This shows that the
combination of the mixing tank and CP is not able to control the
temperature properly. It also indicates that the outlet temperature
fluctuates. On the other hand, the deviation of the outlet temperature
recorded after applying the CT is below 0.91°C, which is lesser than
previously recorded. This shows that the outlet temperature of POME
leaving the CT is stable, as shown in Figure 4.23. The average outlet
temperature recorded in 2019, 2020 and 2021 is 41.85°C, 42.96°C and
39.37°C, as seen in Table 4.10. This outlet temperature is higher than
the one recorded in 2022, where the outlet temperature is 39.29°C.
Despite having a higher inlet temperature, the outlet temperature
recorded when using the CT is lower than when a combination of CP and
mixing tank was used. From Figure 4.23, Figure 4.24 and Table 4.10
show that the CT can reduce the temperature of POME much better than
a CP and mixing tank. Another finding observed is that the CT can
provide a stable outlet temperature despite being fed a range of

temperatures that fluctuate significantly.

4.4.1.2 Analysis of the Effect of Applying CT on the pH Outlet

A CT is used only to reduce the temperature and does not alter the pH of
the effluent. As stated in Section 4.1.1, the sample was tapped directly
from raw POME generated by the mill. The POME provided by the mill is
typically in the acidic range. Thus, the pH value should be between 4 and
5. As seen in Figure 4.24 and Figure 4.25, the inlet pH of the POME that

enters the CT ranges from 4.40 to 5.68. There appears to be no change
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in the range of the pH reading recorded on both sides. The average pH
inlet and outlet are constant at 4.57. This proved that the CT function is
for temperature reduction. No chemical or biochemical processes

occurred to adjust the pH.

pH Inlet of Cooling Tower from Jan 22 -Jun 22
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Figure 4.24: pH Inlet of CT from January 2022 until June 2022

pH Outlet of Cooling Tower from Jan-22 until Jun-22
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Figure 4.25: pH Outlet of CT from January 2022 until June 2022
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4.4.2 Analysis of Bottom Sludge

4.4.2.1 Temperature change of Bottom Sludge

Bottom sludge is formed and sedimented in the digester during gas
formation processes. The sludge would be recirculated back to the mixing
tank to reduce temperature and adjust the pH of effluent before entering
the AD. The recorded temperature is 32.5°C to 35°C, with an average
reading of 33.1°C. Figure 4.26 shows that for the first 13 days of January,
the temperature fluctuates between 32.5°C and 33°C. The second
anomaly was between 24/6 and 30/6, with the temperature at 35°C.
Despite this, the data is still within the operating range of the mesophile.
This anomaly may be due to the input temperature of the raw POME,
which causes a difference in the values with the previous days. Despite
this, the values do not fluctuate by much and are still within the operating

range of mesophiles.

Temperature of Bottom Sludge from Jan-22 until
Jun-22
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Figure 4.26: Temperature of bottom sludge recorded from January 2022
until June 2022
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The average temperature of the bottom sludge recorded before applying
the CT is greater than the average reading recorded after using CT in the
pre-treatment process. Compared with the data collected from 2019 until
2021, the deviation recorded is higher than in 2022. This is because the
temperature is not adequately controlled in the mixing tank, which
increases the bottom sludge's temperature, as seen in Table 4.11 below.
In 2022, the average temperature for bottom sludge was 33.1°C
compared to the average recorded in 2019, 2020 and 2021, which gives
a reading of 39.9°C, 39.9°C and 37.8°C respectively. This proves that
applying the CT reduces the bottom sludge's temperature fluctuation,

allowing for a more controlled environment for the mesophiles to nurture.

Table 4.11: Temperature of bottom sludge from 2019 until 2022
Temperature of Bottom Sludge (°C)

2019 2020 2021 2022
Min (°C) 38.8 36.0 35.6 32.9
Max (°C) 41.0 43.0 39.5 335
Average (°C) 39.9 39.9 37.8 33.1
Dev 0.744 2.109 1.438 0.202

4.4.3 Analysis on Treated Effluent

4.4.3.1 Temperature of Treated Effluent

The temperature of the treated effluent is between the range of 31.0°C to
32.5°C with an average reading of 31.9°C, as shown in Figure 4.27. The
temperature does not deviate by much, which is only 0.2°C. It can be
assumed that there appears to be little to no difference in the temperature
of the treated effluent. From Figure 4.27, the reading is stable because
the temperature was controlled during the pre-treatment phase. The

reading of the temperature is within the operating range of mesophiles.
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Temperature of Treated Effluent from Jan-22
until Jun-22
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Figure 4.27: Temperature of treated effluent from January 2022 until
June 2022

Table 4.12: Temperature of Treated effluent from 2019 until 2022

Temperature of Treated Effluent (°C)

2019 2020 2021 2022
Min 37.8 40.8 38.8 31.6
Max 40.4 42.5 39.5 32.1
Average 39.6 41.5 39.0 31.9
Dev 0.985 0.686 0.25 0.187

Table 4.11 summarised average reading recorded in 2019, 2020 and
2021. The reading are 39.6°C, 41.5°C and 39.0°C, respectively, while in
2022, the average reading is much smaller, which is only 31.9°C. The
deviation recorded in 2022 is the lowest compared to the previous three
years. This proves that by controlling the inlet temperature to the AD, the

temperature fluctuations in the AD will be reduced and improved.

4.4.4 Analysis on Raw Biogas Quality in Lepar Hilir
4.4.4.1 Analysis of Gas Quality from January 2022 until June 2022
In the raw quality of biogas, four main gaseous were examined and

checked. These gases are methane (CHa4), carbon dioxide (CO2), oxygen
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(O2) and hydrogen sulphide (H2S). The gaseous quality was compared
from 2019 to 2022 to check and compare the effect of temperature control

on the biogas quality.

The average percentage of CH4 present in the biogas was at least
65.91%. The CH4 produced was around the range of 60% to 70%. Figure
4.28 shows that CH4 produced in the biogas does not fluctuate by much,
and the values are stable. The reading of CO2 recorded is within the
range of 25.5% to 86%, which is not in the standard range. On 20/5, there
was an abnormal reading of COz2, which is at 86%. This is due to an error
caused by the biogas analyser. The rest of the reading recorded is within

the optimal range of CO:2 recorded, and the deviation is also relatively

small.
Percentage of CH, and CO, in Raw Biogas from Jan-22
until Jun-22
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Figure 4.28: Percentage of CO2 and CHa4 in Biogas from January 2022
until June 2022
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Percentage of O, in Raw Biogas from Jan-22 until
Jun-22
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Figure 4.29: Percentage of Oz inside biogas collected from January
2022 until June 2022

There were traces of Oz inside the biogas due to recycling the gas from
the biological scrubber. However, the Oz presence is less than 1%, as
seen in Figure 4.30. The highest amount of O2 present in the raw biogas
was on 28/4 where the reading collected 1% of Oz present inside the
biogas. From January until June, the reading showed that there were little

to no traces of Oz in the biogas collected.
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Figure 4.30: Presence of raw H2S inside biogas collected from January
2022 until June 2022
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The average amount of raw H2S detected is 641ppm. The amount of H2S
inside the gas is within the range of 35ppm to 2553ppm, as seen in Figure
4.31. These values show that the amount of H2S is within the expected
range. The highest amount of H2S detected occurred on 13/4, where the

reading was 2553 ppm.

4.4.4.2 Comparison of CH4 Quality (Pre and Post-CT Installation)
The production of CHs is essential because this will determine the
amount of energy generated by AD. The percentage of CH4 in biogas is
typically 50% to 75% (Lok et al., 2020). A high CHa4 rate proved that the
application of CT provides a positive output. As long as the reading of the
methane percentage is not below previous years' reading, the usage of
CT will prove beneficial.

Table 4.13: Percentage of CHa4 in raw biogas from 2019 until 2022

Methane Percentage in Raw Biogas (%)

2019 2020 2021 2022
Min 62.48% 60.80% 62.13% 64.12%
Max 63.66% 63.42% 63.91% 66.64%
Average 63.31% 61.86% 63.09% 65.71%
Dev 0.44 0.82 0.61 0.97

A higher methane percentage inside the raw biogas is obtained by using
a CT to control the temperature of the POME entering the digester. The
average percentage of CH4 produced in 2022 is 65.71%. This average
is much higher than the ones recorded in 2019, 2020 and 2021; the
readings recorded are 63.31%, 61.86% and 63.09%, respectively. From
Table 4.13, it can also be seen that the lowest amount of methane
detected in the raw biogas is 64.12%. This value is still much higher than

the maximum value recorded from the previous three years. The mixture
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of using CP and mixing tank provides less amount of CH4 compared to

using a CT to control the temperature.

4.4.4.3 Comparison of CO2 Quality (Pre and Post-CT Application)

The amount of COz in the biogas reduces after applying a CT. Before
using the CT, the amount of COz ranged from 29.95% to 36.42% from
201910 2021, as seen in Table 4.14. After using the CT, the average CO2
percentage was 31.04%. This average is much lower compared to the
previous years. The average reading for 2019, 2020 and 2021 was
33.47%, 34.25% and 32.25%, respectively. The highest amount of CO2
present inside the biogas is 34.42%. Overall, the reading of CO2 is not

much different compared to the previous years

Table 4.14: Percentage of CO2 present in biogas from 2019 until 2022

Carbon Dioxide Percentage in Raw Biogas (%)

2019 2020 2021 2022
Min 32.90% 31.81% 29.95% 29.55%
Max 34.06% 36.42% 33.38% 34.42%
Average 33.47% 34.25% 32.25% 31.04%
Dev 0.60 1.50 1.24 1.82

4.4.4.5 Comparison of Hydrogen Sulphide Quality (Pre and Post CT)
H2S is often produced from the microbial breakdown of organic matter in
the absence of oxygen. This occurs when the sulphate present in the
material is broken into gas. H2S is corrosive and poisonous. The amount
of H2S presence should be in the range of 50 ppm to 5000 ppm for crude
biogas (Konkol et al., 2021). H2S will cause corrosion to the equipment

that will use this biogas.
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Table 4.14: Presence of Hydrogen Sulphide in Biogas from 2019 until

2022
Hydrogen sulphide detected in biogas (ppm)
2019 2020 2021 2022
Min 261 220 325 397
Max 1007 1073 819 1022
Average 645 765 550 628
Dev 282 304 195 209

It can be seen that the amount of H2S present in the gas after the usage
of CT fluctuates in the same way as before a CT is applied. The amount
of H2S present inside the gas after using the CT ranged from 397 ppm to
1022 ppm. The amount of H2S present in the raw biogas in 2019, 2020
and 2021 are between 261 ppm to 1007 ppm, 220 ppm to 1073 ppm and
325 ppm to 819 ppm, respectively, as seen in Table 4.15 The average
amount of H2S detected from the raw biogas in 2022, at 628 ppm, is
within the acceptable range, as stated earlier. The reason for the amount
of H2S to be high may be due to the amount of POME being fed into the

digester.

4.4.5 Optimisation of AD by Cooling Tower Application
4.45.1 Performance Evaluation of Biogas Plant Using Artificial
Neural Network (ANN)

The statistical data for the biogas production rate and methane yield used
for ANN training, validation,and tests is presented in Table 3.6 in the
methodology section. Temperature input data has a relatively low
standard deviation (£ 1.60°C) and averages around 39.3°C which is at
optimal range for mesophilic temperature condition for biogas production
plant. However, the input data for POME feeding rate varies (+ 168.2

m3/day) due to availability of Fresh Fruit Bunches (FFB) and the milling
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operations in the mill. Since measurements are taken daily, biogas
production rate cannot be observed directly from the daily POME feeding
rate as there is accumulation of POME feed from the previous days. So,
the measurements will consider the total amount of POME feed rate per
month and biogas production rate per month. Hence, this shows the large
variation in biogas production rate (+2275.1 m®day) as there are
accumulation in biogas when measurements are taken daily. However,
methane yield shows moderate variation (+ 0.15 Nm3kg CODremoved) With
an average value of 0.32 Nm3kg CODremoved. With these variables, an
ANN model will be implemented to provide high accuracy prediction to
improve the palm oil industry processes. Figure 4.32 depicts the
regression model plot for training, validation, and testing. All the datasets
undergo randomized evaluation and testing to generate output
parameters, including biogas production rate and methane yield. Table

4.16 shows the attributes of neural network utilized in system.

The forecasting model employs a multi-layer feedforward neural network
trained with Levenberg-Marquardt (trainlm) algorithm. The network
architecture comprises 2 input layer, two intermediary hidden layers,
each containing 20 neurons and a linear output layer featuring 2 neurons
representing desired output parameters. Non-linear association within
the data are captured by hyperbolic tangent sigmoid activation function
applied to hidden layers. This function introduces non- linear
transformations to weighted sum inputs received by each hidden unit.
Signals from the second hidden layer are then transmitted to the output

layer, which utilizes linear activation functions, offering flexibility in
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modeling potential output ranges without constraints (Won-Kee Hong,

2023). This enables reasonably accurate predictions of end-parameters

based on a given set of initial inputs. Figure 4.32 displays outstanding

outcomes with an R? more than 0.9. This suggests that the neural network

model establishes a strong linearity with targeted values.

Table 4.15: Attributes of neural network utilized

Characteristics

Value

Network Type
Neuron Count in Input Layer

Neuron Count in Hidden Layer(s)
Neuron Count per Hidden Layer

Neuron Count in Output Layer

Training Function

Feed-forward
2
2
20
2
Tangent Sigmoid

Transfer Function

Performance Function

Levenberg-Marquardt (trainlm) Algorithm

MSE

Predicted Values

Predicted Values
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Figure 4.31: Regression plot from training, validation, test and overall
phase in neural network
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As illustrated in Figure 4.33(a), the mean squared error (MSE) plotted
against training iterations(Epochs) which reveals a minimum validation
error at 0.20959 at epoch 4. This signifies the neural network’s robust
generalization capability on unseen data. MSE serves as a metrics to
evaluate model performance by averaging the squares of deviations
between actual and predicted outcomes across data instances. Smaller
MSE value indicates higher predictive accuracy with minimal variability in
errors. The Levenberg-Marquardt algorithm facilitates automated weight
adjustments over successive epochs to attain the lowest validation of
MSE, halting further training to prevent overfitting beyond optimal point.
Furthermore, the coefficient of determination R?, representing the
percentage ofvariance in the validation response value, corroborates the
superiority in epoch 4. By considering multiple evaluation metrics on
different datasets, the optimal trained network architecture is selected
based on comprehensive evidence of its ability to generalize rather than
merely fit training data. The resulting neural network can effectively
predict unknown outcomes within the given problem domain when

presented with new input combinations (Taghi Sattari et al., 2012).

The error histogram presented in Figure 4.33(b) represents the
distribution of deviations betweenactual and model predicted values on
the training dataset. It is divided into 20 vertical bars, each representing
bins across numeric ranges. An error histogram provides insight into the
frequency of data points experiencing various levels of errors, facilitating
an analysis of predictive variability. Positive and negative errors indicate

over and underestimation, respectively, in comparison to true values.
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The highest bin, with count exceeding 100 instances, reveals error
concentrated at around +67.94. This suggests that majority of output
deviations in the training data falls within a narrow biasof +67.94, with
fewer instances at significantly higher or lower errors. Overlapping
between lowest error bin and the zero-error x-axis reference line confirms
the near elimination of zero deviation, indicating a close alignment
between numerous predictions and targets (MathWorks, 2023) . In
summary, the error histogram illustrates the trained neural network’s

ability to centralize most outputsaround a tight error margin.

Coefficient of determination, R?, metric expresses the proportion of
variance in the target parameter captured by the model, with values close
to 1 indicating greater predictive power (Figure 4.32). As anticipated,
MSE reaches its lowest point during training when connection weights
are calibrated on the same dataset. However, MSE increases when
tested on previously unseen data, revealing unmodeled variations in new
samples. Despite this, consistently accepted R? scores during validation
tests underscore the network’s ability to generalize learnings beyond the
training cases with reasonable accuracy (Chicco, Warrens, et al., 2021).
The process of refining the model involved running it 20 times, each
iteration adjusting the architectural configuration. The most effective
network architecture found the optimal balance—minimizing validation
error while preserving generalization ability, as evidenced by a high R?
approaching 1 (Stangierski et al., 2019).This indicated that the model
effectively explains a significant portion of the actual output variance

rather than merely fitting the training data. A reasonable correlation
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extending from training to validation suggests suitability for accurately

forecasting outputs with novel inputs within the domain.

Best Validation Performance is 0.20959 at epoch 4 Error Histogram with 20 Bins
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Figure 4.32: (a) Performance plot with MSE function; (b) error histogram

plot with 20 Bins in ANNModel

ANN model has proven to show the lowest MSE and highest R? value as

shown in the above section. Fromsix months operation data, a total of

135 sets of data are used to plot the graph of methane yield against

biogas production rate. Based on Figure 4.34, the strong linearity

correlation observed between methane yield and biogas production rate

signifies direct proportionality.
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Figure 4.33: Plot of methane yield against biogas production rate
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The optimization strategy increases simulated biogas production to
12,683 m3/day, a 28% improvement over average levels. Similarly,
methane yield rose to 0.31 Nm3kg CODremoved, up to 11% from
baseline average (0.28 Nm3kg CODremoved) . This demonstrates the
potential to considerably enhance digester performance and economics
by shifting operating points to algorithmically derived optimum input
values, implying optimization elevates overall production capacity beyond
just increasing methane fraction itself. While further real-world validation
is required,the strategy charts a feasible path to extract greater value
from existing infrastructures through data-driven process alterations that

could outpace returns from capital investments.

The optimization model also predicted an ideal temperature of 38.9 'C
from cooling tower for mesophilic anaerobic digester operation, closely
matching known optimal levels. This estimated parameter aligns with the
findings from (Moestedt et al., 2017) who also reported 38 °C as the peak
temperature for mesophilic digesters through previous experimental
work. Overall, the independent optimization and derivation of nearly
identical optimal temperatures by two separate approaches lends
increased confidence regarding 38-39 °C being the truly optimal target
given the underlying biological kinetics. Future industrial efforts can now
use this temperature set point when designing and operating mesophilic

digesters for POME without needing to re-verify assumptions.

A key technical challenge faced when training ANN models is the risk of
overfitting, evident when a model fits training data very closely but cannot

generalize well to unseen inputs. Overfitting creates fragility and
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uncertainty issues when attempting to apply the model practically on
varying real- world data. Careful generalization testing reduces
deployment risks of unexpected behavior (Piotrowski & Napiorkowski,

2013).

4.4.5.2 Sensitivity analysis of cooling tower study

At optimized biogas modelling, biogas production yields to 12,683 m3/day
and methane quality yields to 0.31 Nm3kg CODremoval at temperature
38.9 ‘C and POME feeding rate of 503 m3day with organic loading rate
(OLR) of 1.12 (kg/m3.day). A sensitivity analysis based on Figure 4.35(a)
for biogas production rate when input parameters are increased 80% and
120% respectively. It was observed that biogas production rate is
sensitive to both temperature and POME feeding rate. At lower optimized
value (80%), biogas production rate is more sensitive to temperature. At
high optimized value (120%),biogas production rate should show a linear
increase when POME feed rate was also increased. However, it is not
true in this case as increased POME feed rate caused accumulation of
biogas in the covered anaerobic digester which are not collected as they
are measured daily. Temperature affects biogas production rate as
POME contains mesophilic microbial activity which performs best at

optimum temperature.

Based on Figure 68(b) methane yield is highly sensitive to temperature
changes. This is because mesophilic microbes in POME can impact
biogas quality under or beyond optimal temperature. Fluctuations in
temperature can affect microbial ecology and process parameters like pH
and volatile fatty acids, leading to instability which reduces methane gas
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yields. Temperature also directly controls the reaction rates of biomass
hydrolysis, acidogenesis, and methanogenesis steps that generate
biogas. This highlights the importance of the cooling tower in providing a
foundation for stable and efficient biogas production in the palm oll
industry. Methane yield is not as sensitive to POME feeding rate as

microbial presence is linear to the amount of POME fed.

Hence, the ANN model proposed that the most optimal operating
conditions would be the feeding POME at the rate of 503 m3/day at 38.9

°C to promote the optimal biogas production rate and methane yield.

Biogas Production Rate Methane Yield
120.00% 11963.00 120.00% o
12192.00 0.12
12683.00 031
11932.75 0.19
11400.00 11600.00 11800.00 1200000 12200.00 12400.00 12600.00 12800.00 0.00 0.05 0.10 0.15 020 025 030 035
u POME Feeding Rate u Temperature ®POME Feeding Rate  ® Temperature
(a) (b)

Figure 4.34: Sensitivity analysis on input parameters to (a) biogas
production rate (b) methaneyield
4.45.3 Parameter Comparison between Process Simulation and
BGP A Data
Comparing between simulation results to real industrial values recorded
in BGP A serves important purpose such as modelvalidation where this
ensures the simulation accurately represents true physical systems
before relying on predictions. This also builds credibility as correlation
with plant data demonstrates model viability to end users for driving
decisions. Hence, matching models to industrial data ensures actionable

and responsible decision support (Mourtzis, 2020).

226



Figure 4.36 outlines the modified process flow diagram for biogas
generation from POME as modeled in SuperPro Designer software. The
updated arrangement incorporates consolidating the existing separate
cooling pond and mixing tank units into a combined cooling tower system
responsible for a more efficient heat removal duties. Visual mapping the
interconnected equipment topology allows tracing mass, energy, and
cost flows across the integrated biological, separation, and heat
exchange steps. Comparing the redesigned flowsheet architecture
versus traditional layout enables assessing infrastructure and operational
changes and consider its cost-effective alternatives. Simulating the
flowsheet with optimized variables and economics quantifies the system-

wide impact beyond just individual unit efficiencies.

Figure 4.35: Simulation flowsheet for biogas production from} pbme with
cooling tower

Based on Table 4.17, comparing simulation outputs to real industrial data
indicates robust model performance and reliability. Across key system
parameters, SuperPro predictions closely matched with historical data
provided — meeting the performance target of less than 15% deviation.
This low deviation demonstrates the simulated model suitability to
accurately mirror real industrial size anaerobic digester and serve as a

reliable virtual environment testing to guide better decisions.
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Table 4.16: Summary of parameter performance between simulation

and BGP A
Parameter Units Process BGP A Data Percentage
Simulation Difference
POME Flowrate m3/day 500 449.3 10.1
CT Ouitlet °C 39.1 39.3 0.5
Temperature
Biogas Flowrate m3/day 11,062.8 11,028.1 0.3
Methane % 61.3 64 4.2
Composition
COD Removal % 97 87 10.3
Methane Yield Nms3/COD 0.28 0.3 6.7

removed

4.4.6 Techno-Economic Analysis of Cooling Tower Application

Table 4.18 summarised the capital for equipment/process expenditure in
Lepar Hilir for pretreatment of POME focusing on temperature control
aspect. Transitioning from cooling pond and mixing tanks to an integrated
cooling tower system reduced estimated capital expenditure on
equipment 65%. Similarly, projected yearly maintenance overhead
lowered by 67% with the upgraded configuration. The stark savings
demonstrated substantial higher upfront affordability and lower
sustaining cost offered through consolidation using cooling towers for
waste heat removal and stable temperature control. Further validation of
energy, water, andchemical costs would show a fuller picture of expense
reduction opportunities. Hence, quantifying financial factors would
thereby build a business case for proactively updating aging infrastructure

with advanced heat exchanger equipment for enhanced profitability.
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Table 4.17: Indicative CAPEX and OPEX for cooling Pond, mixing tank
and cooling tower

Estimated Approximated Maintenance
Equipment Equipment Price Maintenance Price (RM) Justification
(RM)
Cooling Pond 60k 100k/year Desludging ponds
everyyear
Mixing Tank 100k 15k/year Mixer and coating in the
tank
Cleaning works and
Cooling 55k 20k/year mechanical or parts
Tower change

4.4.6.1 Capital and Operational Expenditure
Low CAPEX and OPEX of CT application offers a great economics return
to the projects. Table 4.19 summarised the CAPEX and OPEX for CT

application.

Table 4.18: CAPEX and OPEX of cooling tower application

No Item Unit CO.St Amount Cost
(RM/unit) (RMlyear)
1 Capital Expenditure (CAPEX); Construction of CT facility
Industrial Cooling Tower 55,000 1 55,000
Concrete tank and pump station 100,000 1 100,000
Pumps (duty and standby unit) 12,000 2 24,000
Supply and install of piping system 50,000 1 50,000
Temperature indicator 500 2 1,000
Mechanical and electrical 30,000 1 30,000
TOTAL CAPEX 205,000
2 Operational Expenditure (OPEX)
CT cleaning (2 times a year) 15,000 1 15,000
Scheduled Maintenance 5,000 1 5,000
TOTAL OPEX 20,000

4.4.6.2 Potential Revenue with CT application

Based on simulation data, CT application is able to improve the biogas
generation by 20% if the temperature control set at 38.9 °C with 503 m?
of POME feeding on daily basis. This offers a great benefit to the FiT
biogas plant developer to improve the economics of the project. Table

4.20 summarised the potential revenue of CT application.
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Table 4.19: Potential revenue calculation with implementation of CT

No Iltem Unit Value
1 Fresh fruit bunches (FFB) processed ton/yr 200,000
2 Effluent generation factor (EGF) m3/TFFB 0.7
3 Total POME produced per year m3 POME/yr 140,000
4 POME COD kg/m3 67
5 Total COD load kgCOD/yr 9,380,000
6 COD removal (85%) kgCODreml/yr 7,973,000
7 Methane yield Nm? CHa/ 0.315
kgCODreml/yr
Total methane production- POME Nm?3 CHalyr 2,511,495
Min methane concentration in biogas % 60
10 Total biogas production per year Nm? bg/yr 4,185,825
11 Additional biogas from CT application @ Nm3 bg/yr 837,165
20% extra biogas
12 Max 10% biogas use Nm? bg/yr 83,717
consumption
13 Balance 90% biogas for power generation NmS bg/yr 753,449
14 Biogas electricity conversion kW/Nm? bg 25
15 Total power production kW/yr 1,883,621
16 Feed-in-Tariff (FiT) rate RM/kW 0.4669
17 Revenue from CT application RM/yr 879,463
4.4.6.3 Economic analysis indicator

Table 4.21 summarise all of the important indicators related to the

optimization project using CT. The potential of this project is exceptionally

good and outstanding based on the value recorded by the internal rate of

return (IRR), return of investment (ROI) and project payback period. The

economic analysis was conducted based on the remaining years of the

Renewable Energy Power Purchase Agreement (REPPA), which is

approximately 11 years. The period of this analysis is from 2024 to 2034.

2023 was reserved for the construction of the project.
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Table 4.20: Economic analysis indicators for CT application

No Item Unit Value

1 Capital expenditure (CAPEX) RM 205,000
2 OPEX inflation rate % 5

3 Revenue from CT application RM/yr 879,463
4 Operation expenditure (OPEX) RM/yr 20,000
5 Net profit from CT application RM/yr 853,632
6 Project IRR % 419%
7 ROI % 4719%
8 Payback period year 0.23

4.5 Six Months Operation Data Analysis of Decanter Cake
Application

4.5.1 Analysis of Decanter Cake Characteristics

The palm oil mill process flow and technology, the kind or age of fruit,
and the production process condition and climate heavily influence the
quality of POME and DC. In this section, the characteristics of POME and
DC are evaluated based on the effluent parameters, including pH, COD,
TS, SS, and BOD, which are summarised in Table 4.22 and Table 4.23.

The characteristics of DC are also compared to existing literature.

45.1.1 pH
One of the most critical feedstock characteristics for biogas production is
the effluent pH. The average pH value obtained from POME was 4.80,
while the average pH values for DC at different dilution factors were
slightly more acidic. It was also discovered that the pH increases with
increased DC dilution rates. DC diluted at a ratio of 1:20 has the highest
pH of 4.34, whereas DC diluted at a ratio of 1:1 has the lowest pH of 4.07.
Nonetheless, the pH values of DC at dilution ratios of 1:20, 1:10 and 1:5
are still within a range relative to the pH of POME, indicating that their

addition as a feedstock to the anaerobic digester will not significantly alter
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the operating pH. DC diluted at a ratio of 1:1, however, would be
unsuitable for use as a co-substrate in the AD because of its very low pH,
as it could potentially disrupt the anaerobic digestion process by inhibiting
microbial growth. According to a literature study reported in Chapter 2,
the reported pH in DC is around 5, which is higher than that of DC from
Kilang Sawit Lepar Hilir. The optimum pH for AD is 6.8 to 7.2. Hence, the
pH of the substrate must be increased and maintained during anaerobic

digestion.

4.5.1.2 Chemical Oxygen Demand (COD)

COD is another critical parameter because it typically reflects the number
of organics present in the effluent. COD has a huge potential for
significantly enhancing methane gas production during anaerobic
digestion. The COD of POME was found to be 66,900 mg/L. This value
is similar to the average value of the past two years operation data. The
average COD of diluted DC at ratios 1:20 and 1:10 were found to be
22,363 and 48,146 mg/L, respectively, which were much lower than
POME. Meanwhile, the average COD of DC at dilution ratios 1:5 and 1:1
was found to be 86,385 and 132,428 mg/L, respectively, significantly
higher than that of POME. Generally, a moderate COD content is found
to be more favourable for the AD process as it contributes to the organic
loading in the digester. All COD data obtained from these four dilution

ratios were in a similar range to the literature study.
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4.5.1.3 Total Solids (TS)

TS is a type of organic matter abundant in DC and usually contributes to
an increase in BOD and COD content. In general, DC had much higher
TS values compared to POME. The average TS present in POME was
25,580 mg/L, while the DC at dilution ratios 1:20, 1:10, 1:5, and 1:1 had
average TS values of 18,223, 33,542, 48,319 and 60,474 mglL,
respectively. DC at a dilution ratio of 1:20 has the lowest TS due to the
abundance of water added to the DC. In general, a higher TS would be
more favourable for anaerobic digestion. However, high TS could also be
contributed to the presence of indigestible content, which could inhibit the
anaerobic digestion process. It is also important to note that a higher TS
content in the effluent will require higher electricity usage for the pumps
in the biogas plant to function effectively. The TS data from the dilution
ratio of 1:20 and 1:10 is within a similar range to two years historical

POME TS data recorded for Kilang Sawit Lepar Hilir.

4.5.1.4 Suspended Solids (SS)

SS is the amount of indigestible matter found in effluent. Out of all the
dilution ratios, DC at a dilution ratio of 1:20 had the lowest SS of 8,474
mg/L, which was also much lower than the SS of 15,295 mg/L found in
POME. The low SS found in 1:20 diluted DC was caused by the high
amount of water used for dilution. DC with dilution ratios of 1:10, 1:5 and
1.1 had high SS values of 15,585, 29,108 and 45,088 mg/L respectively.
Due to its indigestibility, the presence of SS in an effluent tends to reduce
the efficacy of the AD process. It has the potential to produce scaling and

clogging concerns in downstream equipment. It is much preferred that
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the SS of the effluent is low, as it would improve the AD process and
reduce wear and tear in biogas plant equipment. Regarding SS, ratio 1:20

and 1:10 is considered safe for AD operation.

4.5.1.5 Biological Oxygen Demand (BOD)

BOD is a measure of biodegradable organics in an effluent. It was found
that the average values of BOD in DC were much lower than that of
POME. The BOD of DC at dilution ratios 1:20, 1:10, 1:5 and 1:1 was
measured at 8,417, 8,281, 8,421 and 8,006 mg/L respectively, whereas
POME had a high BOD value of 27,264 mg/L. BOD levels can be
detected when COD levels decrease throughout the anaerobic treatment
process due to a slower decomposition rate by microbes. Hence, these
parameters are considered not so important for this study. A high BOD
content has a less significant effect on anaerobic digestion and biogas

production.

Table 4.21: Characteristics of POME and diluted DC from Kilang Sawit

Lepar Hilir

Characteristics POME DC A (1:20) DC B (1:10) DCC DCD

(1:5) (1:1)

pH 4.80 434 431 4.26 4.07
COD (mg/L) 66,900 22,363 48,146 86,385 132,428
TS (mg/L) 25,580 18,223 33,542 48,319 60,474
SS (mg/L) 15,295 8,474 15,585 29,108 45,088

BOD (mg/L) 27,264 8,417 8,281 8,421 8,006

Table 4.22: Characteristics of DC dilutions from Kilang Sawit Lepar Hilir
Characteristics  DC A (1:20) DC B (1:10) DC C (1:5) DCD (1:1)
Diluted Raw Diluted Raw Diluted Raw Diluted Raw
COD (mg/L) 22,363 447,267 48,146 481,458 86,385 431,923 127,800 127,800
TS (mg/L) 18,223 364,450 33,542 335,417 48,319 241,596 60,474 60,474
SS(mg/L) 8,474 169,483 15,585 155,854 29,108 145,539 45,088 45,088
VS (mg/L) 16,153 323,067 29,408 294,075 43,108 215,542 51,943 51,943
BOD (mg/L) 8,417 168,338 8,281 82,808 8,421 42,103 8,006 8,006
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4.5.2 Analysis of Decanter Cake Dilutions

The diluted samples of DC, at ratios 1:20 (DC A), 1:10 (DC B), 1:5 (DC
C), and 1:1 (DC D), were studied. It was found that the measurements of
the raw characteristics for dilutions A, B and C are generally similar.
Dilution D generated anomalous results as its raw characteristics had
very different values despite being a dilution of the same raw DC, i.e.,
raw DC from the mill should have a COD value that ranges between
431,923 and 481,458 mg/L; however, DC D has a raw COD of 132,428
mg/L. The analysis can be concluded as an error due to a very thick

dilution that might interrupt the

The 1:10 dilution ratio was applied to the biogas plant to study anaerobic
digester performance and biogas quality. It can be seen that the dilution
ratio of 1:10 is an ideal selection due to its moderate COD value and
tolerable TS and pH value, which makes it applicable for the anaerobic
digester. The overall reading obtained from this ratio is considered within
a similar range of raw POME, which will possibly reduce the risk of

anaerobic digester upset, process interruption and operation instability.

4.5.3 Performance of Anaerobic Co-digestion of POME with DC

A period of 6 months, from 1t July 2021 to 315t December 2021, was set
to evaluate the AD's performance with an application of DC. Due to DC
characteristics rich with solids and nutrients, the AD performance
analysis focused on the biogas composition quality, AD bottom sludge

condition, and biogas yield.
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4.5.3.1 Bottom Sludge Quality

Fundamentally, DC has high COD and TS contents despite being diluted
with treated effluent at a 1:10 ratio, as shown in Tables 4.22 and 4.23.
There is a concern that adding DC for the co-digestion with POME may
significantly increase the TS content in the digester, which may result in
the accumulation of TS in the digester. Hence, the quality of the bottom
sludge must be studied to provide information on the stability and

condition of the anaerobic digester.

The TS content in the bottom sludge from co-digestion was found to be
slightly higher than that of the bottom sludge from mono-digestion, as
shown in Table 4.24. This is to be expected as DC is naturally rich in TS
content. The slight increase in TS content in the bottom sludge may not
be alarming, but it may cause TS accumulation if kept uncontrolled.
Hence, it would be ideal for practicing frequent desludging in a controlled
manner in the anaerobic digester to avoid sudden fluctuations in bottom

sludge quality and maintain the effective digester volume.

Table 4.23: Bottom sludge quality from mono- and co-digestion

Bottom POME (2 years of POME+DC POME (3 months post DC
Sludge historical data) and POME co-digestion
Quality
pH 7.15+0.09 7.11+0.04 7.10+0.02
COD (mg/L) 26,863+4,286 23,016+1,888 21,591+1,553
TS (mg/L) 23,616+5,328 24,292+1,729 22,256+1,636
SS (mg/L) 20,039+5,861 23,238+1,771 19,970+989

4.5.3.2 Biogas Composition
As seen from Table 4.25, it was found that mono-digestion generated a
higher percentage of methane than co-digestion on average. However,

this does not necessarily mean that mono-digestion produced a higher

236



methane yield. Additionally, the maximum methane percentage produced
from mono-digestion was only 63.91% based on two years of historical
data and 63.72% based on post-DC and POME co-digestion, whereas
co-digestion generated 64.90%. It was also found that although the
average H2S generation rate in mono-digestion is lower, its maximum
range is 1073 ppm, whereas the maximum range H:2S in co-digestion is
970 ppm. It is preferable that the percentage of Hz2S in biogas is minimal
as itis responsible for wear and tear in pipes caused by corrosion. Hence,
the quality of biogas produced by co-digestion is arguably superior to that

produced by mono-digestion.

Table 4.24: Biogas compositions from mono- and co-digestion

Biogas POME (2 years of POME+DC POME (3 months post

Component historical data) DC and POME co-
digestion

CHa4 (%) 62.75+0.96 61.87+1.33 62.19+0.96

CO2 (%) 33.32+1.48 32.02+1.40 32.23+1.03

O2 (%) 0.41+0.08 0.44+0.11 0.46+0.09
H2S (ppm) 654+280 785184 749487

45.3.3 Biogas Yield

During the month of July, co-digestion cumulatively yielded up to 377,517
m?3 of biogas, whereas mono-digestion would have theoretically yielded
314,247 m?3 of biogas, which is roughly a 20% increase. Almost similar
trend was recorded in August, September and October 2021, which
resulted of 25%, 23% and 16% increased respectively. During this period,
decanter cake was fed almost consistently on daily basis at 10 m3/day,
with an average of 250 m3®month. Then, in the subsequent months
(November and December 2021) the decanter cake amount was reduced

in the mill due to the maintenance and few occasions of machine
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breakdown. Over the course of six months, from July to December as
shown in Figure 4.37, the total cumulative biogas yield for co-digestion
was 1,991,991 m3, and theoretically 1,780,307 m® for mono-digestion,
which is a 12% increase in biogas yield. Hence, it is clear that, under the
different operational conditions and parameters, the co-digestion of DC
with POME is capable of yielding more biogas in comparison to the
mono-digestion of POME. Once the DC application was slowly reduced
from November to December 2021 and completely stopped from January
to March 2022, the potential biogas yield is reduced. As shown in Figure
4.38, the biogas production per m?3 of POME is reduced over a time from
November to March 2022. This is also correlate with the amount of DC
co-digested with POME. This shows that if more DC added into the AD,
the potential biogas production is more, as shown in the month of July to
October 2021. The data shows that without co-digestion of DC, the
biogas yield is approximately 19 Nm?2 biogas/m3 POME, which is within

the similar range to the data recorded between June 2019 to July 2021.

Biogas Production July to Dec 2021

2,500,000
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1,500,000
1,000,000
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POME (Nm3 Biogas/day)

POME+DC (Nm3 Biogas/day)
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Linear (POME+DC (Nm3 Biogas/day))

Figure 4.36: Chart of cumulative biogas yield over time
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Figure 4.37: Biogas production indicator

4.5.4 Simulation Results

The simulation of anaerobic co-digestion of POME with DC is performed
under continuous flow, steady-state conditions. The objective of running
simulation is to investigate the viability and feasibility of DC as co-
substrate in enhancing the biogas production while removing
environmental contaminants and pollutants such as COD and BOD. The
Monod kinetic model is used in the simulation, owing to its versatility in
representing microbial growth kinetics and substrate utilization rates in
complex biological systems. The empirical equation and rate of substrate
utilization for Monod kinetic are shown in Table 4.26 respectively. In
anaerobic co-digestion systems, microorganisms play a pivotal role in
decomposing complex organic matter, therefore Monod model is
applicable to describe substrate utilization by diverse microbial

populations in POME and DC. It can effectively simulate how
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microorganisms prioritize and utilize different substrates, aiding in

understanding their interplay during anaerobic co-digestion.

Table 4.25: Equation for Monod kinetic and rate of substrate utilization

Equation
Monod Equation _ [S]

nu' - .u-max KS + [S]
Rate of Substrate Utilization . uX

STy

u = Growth rate of a considered microorganisms

Umax = Maximum growth rate of this microorganisms

[S] = Concentration of the limiting substrate S for growth

K = Half velocity constant — the value of [S] when —*— = 0.5

max

X = Total biomass (since the specific growth rate, p is normalized to the total biomass
Y = Yield Coefficient

The simulated based scenario yields a methane composition of 60.27%,
which proved the accuracy of kinetic models, stoichiometry and
coefficient, these aspects should be taken into consideration when
comparing with the Lepar Hilir (BGP A) co-digestion data. The integrand
simulation shows 14,474 m3/day of biogas is produced, marked
approximately 85% reduction in COD value with the methane yield of
0.348 Nm?3 CHa4/ kg COD:x. All these values are compared with the BGP A
data, to prove the stability and feasibility of the anaerobic co-digestion

process, a summary is provided in Table 4.27.

Table 4.26: Summary of ACoD performance in simulation scenario and
industrial case

Percentage

Parameter Simulation BGP A Data Differences
(%)

Flowrate of DC (m?/day) 8.00 7.42 7.82
Flowrate of POME (m3/day) 384.00 371.00 3.50
Flowrate of Biogas Produced 14.474.12 11.874.98 2188
(m3/day)
Methane Composition (%) 60.27 62.19 1.92
COD Removal (%) 84.13 852 0.87
Methane Yield (Nm3® CHa/ kg
CoDy) 0.348 0.334 4.19
Bottom Sludge TS (mg/L) 10,699.60 23,889.03 55.19

a = Assumption made: COD removal of 85%.
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The simulation-based scenario employed the dilution ratio of DC: Treated
Effluent (TE) of 1:20 by considering the recycling ratio of TE, for instance
60% of TE is recycled to dilute DC. Conversely, the BGP A characteristics
study of DC co-digestion has discovered the best dilution ratio is 1:10, to
maximize the methane yield. Notably, only a small difference (4.19%) is
spotted in methane yield, showing a positive result in long run.
Percentage difference for each parameter is calculated and included
Table 4.27, marked a huge difference in bottom sludge TS. While the
COD removal has recorded 0.87% differences, as the BGP A co-

digestion study has assumed 85% removal.

The bottom sludge TS for simulation case is 55.2% less than BGP A
setting, owing to higher inoculum volume in the influent. As more sludge
is recycled to dilute DC, high inoculum volume leads to enhanced
microbial activity during ACoD process. Inoculum volume represents the
initial microbial consortium introduced to the digester, which may
significantly impact the microbial population establishment and activity,
leading to different composition and characteristics for bottom sludge. A
higher inoculum volume often leads to an increase in microbial activity,
potentially accelerating the degradation of organic matter and
subsequent conversion into biogas constituents (H. Zhang et al., 2023).
This enhanced microbial activity might result in the production of bottom
sludge with reduced TS content due to more efficient substrates

utilization.

The divergence between the simulation and BGP A data might be due to

the simplicity of the Monod kinetic model in SuperPro Designer v9.0. The
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simulation potentially oversimplifies the intricate microbial interactions
and substrate utilization dynamics inherent in co-digestion systems.
Moreover, the critical factor of pH, pivotal in biogas production, remains
unexamined and unfixed in the simulation. Optimal pH levels, typically
between 6.8 to 7.2 for anaerobic co-digestion, are not determined in the
simulation. In contrast, BGP A data analysis indicates a pH around 5 for
both POME and diluted DC. Consequently, maintaining and elevating
substrate pH during the process becomes crucial to prevent potential

disruptions to anaerobic digestion by impeding microbial growth.

4.5.5 Optimisation of Anaerobic Co-digestion Process

Comparing the simulation-based scenario with BGP A data output at a
1:10 dilution ratio (as illustrated in Table 4.28), a higher biogas yield of
14,141.62 m3/day is noted in the simulation, representing a 16% increase
over BGP A production. However, the discrepancy could be attributed to
the simplification of Monod kinetics in defining microbial activity and
substrate utilization, as discussed in Section 0 above. Nonetheless, the
simulation results demonstrate the potential for process optimization
within industrial practices, in terms of enhancing microbial activities and
substrates utilization while maintaining the optimal operating parameters
for the ACoD process. Overall, the observed differences, all below 10%,

affirm the stability and feasibility of the industrial process.
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Table 4.27: Summary of ACoD performance with dilution ratio of DC:

TE of 1:10

Percentage

Parameter Simulation BGP A Data Differences
(%)

Flowrate of DC (m%/day) 8.00 7.42 7.82
Flowrate of POME (m3/day) 384.00 371.00 3.50
Flowrate of Biogas Produced 14, 141.62 11, 874.98 16.03
(m3/day)
Methane Composition (%) 60.72 62.19 1.47
COD Removal (%) 90.78 852 5.78
Methane Yield (Nm3 CH4/ kg
CODY) 0.327 0.334 2.10
Bottom Sludge TS (mg/L) 21, 710. 33 23, 889.03 9.12

a = Assumption made: COD removal of 85%.

In the optimization stage, the chosen variable parameter revolves around
the dilution ratio of DC: TE, specifically targeting the BGP A process’s
established ratio of 1:10 (DC:TE), in addition to POME flowrate as it has
significant impact on OLR. OLR denotes the amount of organic matter
fed into the digester within a specific volume or timeframe, thus POME
as a substrate, different flowrates will fluctuate the OLR. SuperPro
Designer v9.0 is utilized to investigate the effects of dilution ratio of DC:
TE and POME flowrate on methane yield as well as the total solid content
of bottom sludge. Whereas Design Expert Trial Version is employed to
generate three-dimensional (3D) surface plots for better visualization of
optimized results, using response surface methodology (RSM). Despite
the compliance with environmental effluent discharge limits, the
optimization phase also considers the trade-offs between capital costs,

operations expenses and revenue.

Figure 4.39 illustrates the 3D response surface plot depicting methane
yield concerning the TE/DC dilution ratio and the flow rate of POME.

Higher methane yield aligns positively with variations in the TE/DC ratio
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and POME flow rate, albeit this trend diminishes when the POME input
flow rate rises, indicating a subsequent drop in ACoD performance. This
decline is attributed to escalated volatile fatty acids (VFAS) levels in the
digester, linked to increased Organic Loading Rate (OLR) due to higher
substrate amounts. A response surface plot, as depicted in Figure 4.39,
reinforces the significant interaction between OLR, TE/DC ratio, and
methane yield, highlighting the highest methane yield (0.379 Nm?3 CHa/
kg COD) at an OLR of 2.5 kg COD/m3.day and a TE/DC ratio of 10.
However, excessively high TE/DC ratios, while favouring microbial
activity and efficient substrate utilization, may adversely impact ACoD

process performance.

Methane Yield (Nm3 CH4/ kg CODr)

Figure 4.38: Response surface curve of methane yield with variable
POME flowrate and TE/DC dilution ratios
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Methane Yield (Nm3 CH4/ kg CODr)

B: TE/DC

Figure 4.39: Response surface curve of methane yield with variable
OLR and TE/DC dilution ratios

Additionally, Figure 4.40 and Figure 4.41 present surface and contour
plots detailing the total solid content in bottom sludge, demonstrating a
similar trend in both graphs. TE/DC ratios notably impact TS content,
reaching the highest TS content (ranging between 15,000 to 19,000
mg/L) at a TE/DC ratio of 30. Excessive sludge might impede substrate
utilization due to reduced availability of biodegradable organic matter,
influencing the composition and characteristics of the bottom sludge. The
lowest TS content (around 11,000 mg/L) is observed in Figure 4.41 at a
TE/DC ratio of 20, while Figure 4.40 emphasizes that mono-digestion of
POME exhibits the lowest TS content. Both the flow rate of POME and

OLR have minimal influence on TS content.

Validation of the optimized data involves implementing the optimized
conditions within the ACoD process at the biogas plant over six months
to evaluate the efficacy of optimized parameters and the predicted

performance accuracy. Assessment metrics such as percentage error
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and standard deviation for each variable gauge the accuracy of the

optimized model, deemed reliable if the deviation between predicted and

experimental values remains below 10%.

TS (mg/ L)
8
8

30 25

A: POME (m3/ hr)

Figure 4.40: Response surface curve of TS content with variable POME
flowrate and TE/DC dilution ratios

TS (ma/ L)

24 7
23
22 A: OLR (kg COD/ m3 day)

Figure 4.41: Response surface curve of TS content with variable OLR
and TE/DC dilution ratios
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4.5.6 Artificial Neural Network (ANN) of anaerobic co-digestion
study
The ANN machine learning model finds extensive application in
predicting biogas production from various substrates in anaerobic
digestion (AD), as seen in previous studies involving cattle dung, bamboo
dust, sugar-cane bagasse (Ghatak & Ghatak, 2018b), sawdust, and food
waste samples (Goncalves Neto et al., 2021). The regression model's
representation in Figure 4.42 delineates distinct phases: training, testing,
validation, and an overarching evaluation. These datasets undergo
comprehensive assessment to derive two critical output parameters:
methane yield and total solid content. The construction of the ANN model
with dual output variables necessitates normalization of output values
concerning the input variables. The input dataset comprises four crucial
parameters: flowrate of DC, flowrate of POME, temperature, and organic

loading rate (OLR).

Table 4.29 demonstrates the implementation of a feed-forward network
utilizing the Levenberg-Marquardt algorithm to forecast the output
variables. This network incorporates two hidden layers, each hosting 15
hidden neurons, alongside an output layer comprising two neurons
representing the output variables. In the hidden layer, the 'tansig' transfer
function is applied using a sigmoid function, while the activation function
is set as the linear function 'purelin’' (Chong et al., 2023). The four plotted
figures in Figure 4.43 exhibit exceptional results with an R? value
approximating 1, suggesting a robust linearity between the neural

network model and the target values. Additionally, when utilizing
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MATLAB for these predictions, the platform offers valuable tools and

features within its neural network toolbox to optimize network architecture

and performance for such predictive tasks.

Table 4.28: Summary of characteristics of neural network

Parameters Description/ Value
Network Type Feed-Forward Network (FFN)
Number of Input Layer Neurons 4
Number of Hidden Layer(s) 2
Number of Neurons per Hidden Layer 15
Number of Output Layer Neurons 2
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Figure 4.42: Regression analysis of neural network for distinct phases:
training, validation, testing and overall phase
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Figure 4.44 illustrates the error histogram of ANN model, utilizing 20 bins
within the feed-forward neural network model. This visual representation
outlines the quantitative differences between the expected values and
the output values post-ANN construction. It's important to note that errors
can be negative, indicating variations between predicted and actual
values. Each bin in the histogram corresponds to a specific error value;
for instance, a bin displaying an error value of 23.47 signifies that the
training dataset requires around 100 to 120 instances to achieve a lower
error. The zero-error line on the X-axis represents a zero-error value,
positioned beneath the 23.47 bin in the histogram. Moreover, error
histograms generated by neural networks in MATLAB offer insights into
the distribution and magnitude of errors, aiding in understanding the

model's performance and identifying areas for improvement.

Error Histogram with 20 Bins
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Figure 4.43: Error histogram of ANN model
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In MATLAB 2020b, the Mean Squared Error (MSE) and the coefficient of
determination (R?) serve as essential metrics in assessing the accuracy
and performance of neural networks model. MSE throughout the training,
testing and validation stages of the ANN model is shown in Figure 4.45,
in terms of epoch. MSE quantifies the average squared difference
between predicted and actual output values. The model's optimization is
guided by MSE, acting as an indicator alongside the coefficient of
determination (R?). In this context, the lowest MSE, seen at epoch 2 with
a value of 856, 550.14 using the Levenberg-Marquardt algorithm during
training, reflects better performance, signifying smaller errors in
predictions. However, larger MSE values indicate substantial errors
between calculated and actual outcomes. For instance, huge error might

be occurring in this case, between the calculated and actual outcomes.

Best Validation Performance is 856550.1446 at epoch 2
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Figure 4.44: Performance graph of ANN model: MSE versus Epochs
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The R? is elucidating the variance in observable parameters predicted
from the independent variable (Chicco, J. Warrens, et al., 2021), typically,
undergoes minimization during training via weight configurations in the
ANN. Consequently, higher MSE in the testing and validation phases is
observed in Figure 4.45. Despite this, the neural network model
demonstrates strong predictive ability, reflected in high R? values across
training, testing, and validation stages. Through 10 simulations, the
model achieved optimal performance, showcasing lower MSE in the
validation phase and high overall correlation (R?), approximately equal to
1, indicating an accurate model and a close alignment between

calculated and actual values.

4.5.7 Economic analysis of anaerobic co-digestion of DC with POME
The economic performance of anaerobic co-digestion with POME is

evaluated to determine the project's financial and economic feasibility.

4.5.7.1 Capital and operational expenditure

The capital cost to build the DC dilution facility, including civil and
structural works, purchase of equipment and instrumentation, and
mechanical and electrical works, are obtained through a procurement
exercise with the biogas plant owner, CGESB. The operational cost
covered the salary of two operators, the cost of transporting DC from
POM to the biogas plant, maintenance, and purchasing the DC from the
mill. Table 4.20 summarises the capital expenditure (CAPEX) and

operational expenditure (OPEX) of the anaerobic co-digestion project.
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Table 4.29: CAPEX and OPEX of anaerobic co-digestion

No

Item

Unit Cost
(RM/unit)

Amount

Cost
(RM/year)

Capital Expenditure (CAPEX); Constructio

n of DC dilution facility

Concrete tank and pump station 150,000 1 150,000
Pumps (duty and standby unit) 12,000 2 24,000
Mixer (duty and standby unit) 30,000 2 60,000
Supply and install of piping system 50,000 1 50,000
Effluent flowmeter 8,000 1 8,000
Pressure gauge 500 2 1,000
Temperature indicator 500 2 1,000
Mechanical and Electrical 50,000 1 50,000
TOTAL CAPEX 344,000

Operational Expenditure (OPEX)-based on 85% biogas plant uptime

Workers (26 days a month, 12 months) 200 312 62,400
i e L I I
Maintenance 15,000 1 15,000
Purchase of DC (RM20/ton, 10 tons/day) 200 312 62,400
TOTAL OPEX 233,400

4.5.7.2 Potential Revenue from anaerobic co-digestion of DC with
POME
The potential revenue was calculated based on the findings from the
study conducted and summarised in Table 4.31 below. The DC co-
digestion with POME potentially increases the biogas production with an
average of 20% compared to mono digestion. Lepar Hilir Biogas Plant
was constructed for power generation and electricity sales to Tenaga
Nasional Berhad. The Feed-in-Tariff (FiT) approved based on the
certificate signed by the Sustainable Energy Development Authority
(SEDA) Malaysia is at RM0.4669/kwWh. CGESB obtained this approval
for 16 years, from 2019 to 2034. Based on the plant's biogas engine
performance data, the biogas engine's electricity conversion rate is at 2.5
kW/Nm? biogas. Table 4.31 summarises all of the data to calculate the

potential revenue. In one year, with the addition of 10 m3 of DC for 310
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days (85% plant uptime), the potential income that can be obtained is

RM879,463.

Table 4.30: Potential revenue calculation with co-digestion of DC

No Item Unit Value
1  Fresh fruit bunches (FFB) processed ton/yr 200,000
2 Effluent generation factor (EGF) m3/TFFB 0.7
3  Total POME produced per year m3 POME/yr 140,000
4 POME COD kg/m3 67
5 Total COD load kgCOD/yr 9,380,000
6 COD removal (85%) kgCODremlyr 7,973,000
7  Methane yield Nm?3 CHa/ 0.315
kgCODrem/yr
8 Total methane production- POME Nm?3 CHalyr 2,511,495
9 Min methane concentration in biogas % 60
10 Total biogas production per year Nm? bg/yr 4,185,825
11  Additional biogas from DC co-digestion @ 20% Nm? bg/yr 837,165
extra biogas
12 Max 10% biogas use for internal consumption Nm? bg/yr 83,717
13 Balance 90% biogas for power generation Nm? bg/yr 753,449
14 Biogas electricity conversion KW/Nm? bg 25
15 Total power production KW/yr 1,883,621
16 Feed-in-Tariff (FiT) rate RM/KW 0.4669
17 Revenue from DC co-digestion RM/yr 879,463
45.7.3 Economic Analysis Indicator

Table 4.32 summarise all of the important indicators related to the
anaerobic co-digestion of DC with the POME project. The potential of this
project is exceptionally good and outstanding based on the value
recorded by the internal rate of return (IRR), return of investment (ROI)
and project payback period. The economic analysis was conducted
based on the remaining years of the Renewable Energy Power Purchase
Agreement (REPPA), which is approximately 11 years. The period of this
analysis is from 2024 to 2034. 2023 is reserved for the construction of

the project.
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Table 4.31: Potential revenue calculation

No Item Unit Value
1 Capital expenditure (CAPEX) RM 344,000
2 OPEX inflation rate % 5
3 Revenue from DC co-digestion RM/yr 879,462
4 Operation expenditure (OPEX) RM/yr 233,400
5 Project IRR % 186%
6 ROI % 2812%
7 Payback period year 0.4
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In the present research, the palm oil mill profiling and two years in-ground
lagoon anaerobic digester performance has been discussed in details.
Critical parameters affected biogas generation and quality, and it is
relationship to the POME characteristic derived from different processes
philosophy in the palm oil mill has been investigated. All of these aspects
contributed and affected the income generation for CGESB FIT biogas
plants. Two major optimisation plans were introduced in Lepar Hilir
Biogas Plant to investigate their effectiveness improving the economics
aspect of the biogas plants, which subsequently can be replicated into
CGESB existing and new biogas plants in near future. The findings from
this research not only benefited CGESB, but to all FiT Biogas Plant

Developers in Malaysia.

1. Optimizing the process flow of POMs is essential in enhancing
POME characteristics as a valuable bio-energy source. Based on
the collected data in this research, it was found that the highest
polluting strength of POME is generated from the POM that
adopted the conventional process and technology. To meet
environmental, social, and governance (ESG) criteria, a more
sustainable milling process can be developed by altering the

existing process flow and utilizing the Ilatest technologies.
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However, this is not in favour to the FiT Biogas Plant Developer
objective.

The methane yield for POM A, B, C, and D were found to be 0.221,
0.25, 0.246, and 0.237 Nm3 CHas/kg COD removed, respectively.
The lower methane yield observed in Plant A is attributed to the
usage of a three-phase decanter in the milling process, which
results in a lower TS and COD content in the POME. This lower
TS and COD content have limited the amount of substrate
available for the methanogens, leading to a lower methane yield.
Steriliser condensate discharged directly to the sludge pit or
cooling pond will produce higher COD content in POME than the
condensate recycled through the clarification tank before
discharging to the sludge pit or cooling pond.

POM equipped with combined sludge treatment facilities (using a
three-phase decanter and sludge separator) after the palm fruit
digester will significantly reduce the TS content of POME. This in
turn led to a reduction in COD content in the POME, since the TS
and COD are directly correlated.

EFB juice produced from the EFB plant will significantly increase
the COD content of POME. Additionally, hydro cyclone effluent
produced from fiber and nut cracking plants must be diverted from
the POME line because it will dilute and reduce the COD content.
High water usage in the palm oil mill processes will greatly reduce

the COD content in POME.
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Two years in-ground lagoon anaerobic digester performances
study give a valuable insight in understanding the factors affected

its performances.

BGP B plant has achieved the highest COD removal as well as
the biogas production rate of 1.21 X 10°% kg CODin/month and 4.12
X 10° Nm3/month with a corresponding methane yield of 0.28 Nm?
CHa/kg CODremoved respectively. This is supported by the Box Plot
analysis where BGP B demonstrated good stability in terms of
biogas production as compared to BGP A, C and D.

The highest average composition of methane (62.75%) in biogas
is obtained in BGP A, which the inlet pH and temperature
fluctuation into its AD is the lowest compared to other BGP’s.
Although BGP D has the highest HRT, it produced the lowest
average amount of biogas during the analysis period (272,378.5
Nm3/month) due to the unstable performance of the digester and
fluctuating temperature and pH of raw POME.

The low percentage of COD removals (69.9% — 84.8%) in BGP D
is responsible for the low methane yield, which is reflected in the
high COD levels in the effluent. Inefficient pretreatment processes
contributed to this issue.

All in-ground lagoon anaerobic digesters operated below its
designed OLR value (2.1 kg CODin/m3 day). The fluctuation of
OLR input to the digester because of the inconsistency of daily

POME produced by each POMs resulted fluctuation of daily
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biogas production volume, which in general affected income
generation of the biogas plant.

Existing pretreatment facilities (combination of cooling pond and
mixing tank with recirculation effluent) failed to provide the best
solution and ecosystem to optimise AD performances. Both
facilities were not able to control, stabilise and provide consistent
temperature of POME entering the AD.

Two years data analysis concluded that three critical parameters
affected the AD performances which are OLR, temperature and
recirculation ratio. The performances of four different biogas
plants are successfully optimised with a high methane vyield of
0.655 mLCHa4/gVS. The optimised values of OLR, temperature
and recirculation ratio for BGP A, B, C, and D are in the ranges of
1.49-1.64 kg CODin/mé.day, 37.7 — 40.0 °C, and 1.0 — 2.08
respectively. This indicates that moderate OLR (<1.6), moderate
T (<44°C), and moderate RR (<2.3) are required to achieve
optimum COD removal and biogas production.

Sensitivity analysis reveals that BGP A, B, and C show a similar
trend of sensitivity (OLR>Temperature>RR). Conversely, BGP D
is more sensitive to the temperature which is mainly due to its

smaller cooling pond size which results in lower cooling efficiency.

The implementation of a cooling tower for regulating the
temperature of raw palm oil mill effluent (POME) has

demonstrated remarkable efficiency. The improvement on biogas

258



b)

d)

quality and potential in producing more biogas will surely benefit

biogas plant developer.

This temperature control strategy not only resulted in higher
biogas production rates (12,683 m?3/day) but also enhanced
methane yield (0.31 Nm3/kg CODremoved) by 40%.

Employing Artificial Neural Networks (ANN) added a predictive
dimension to this study, enabling the effective prediction of cooling
tower's performance. This predictive modelling aimed at achieving
an optimum outlet temperature at 38.9 °C conducive to maximizing
both biogas production rates and methane yield was proven with
a high R? value of 0.9732 and a low MSE value of 0.2096.
Simulated data consistently matched BGP A’s values within an
acceptable 15% margin of deviation between prediction and
reality. Sensitivity analysis was also carried out which proved that
temperature played a significant role in affecting methane yield.
An increase of biogas production through optimisation strategy by
20% offers additional revenue of approximately RM890,000 per
year for BGP A. This optimisation project resulted a very promising
economics return with a payback period of less than a year.
Hence, to incorporate the cooling tower into the AD design will
surely benefit the plant owner.

Cooling tower is the better option for pretreatment compared to
conventional cooling pond, and combination of mixing tank and

recirculation effluent method.
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The investigation into anaerobic co-digestion (ACoD) of palm oil
decanter cake and POME presents a promising pathway towards
sustainable energy production and environmental stewardship.
Leveraging the organic richness of these residues demonstrates

a substantial potential to generate biogas efficiently.

From July to October 2021, DC was consistently fed at 10 m3/day,
resulting in an average of 250 m3month and vyielding very
promising results, with an average increase in biogas of 20%
compared to mono digestion. However, during the final two
months (November and December), the feeding of DC was
interrupted, leading to a decline in overall performance. Over the
course of a six-month trial period, there was an approximate 12%
increase in the total biogas produced.

DC with dilution rates of 1:10 and 1:20 are viable options for
feeding into the AD and for co-digestion purposes. According to
data from BGP A plant, a dilution ratio of 1:10 was consistently
applied to the AD throughout the entire six-month period.
However, for simulation purposes, a dilution ratio of 1:20 was
utilized and demonstrated results that were approximately similar,
with a methane yield variance of only 4.19%. This signalling further
process optimisation can be done.

Optimized parameters indicate that a TE/DC ratio of 10 and a
POME flowrate of 25 mShour result in the highest methane
content. However, the total solid content in the bottom sludge is

significantly affected by the TE/DC dilution ratio. The lowest total
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solid content is approximately 11,000 mg/L, observed at a TE/DC
ratio of 20. Total solids increase proportionally with the amount of
DC fed into the AD. This represents one of the operational risks
that must be carefully managed.

If based on 4 months data, where the DC was consistently fed into
the AD, 20% more biogas can be produced. This will bring
additional income to the biogas plant by RM 879,000 per year. The

payback period is less than a year.

5.2 Recommendations
1. To maintain a sustainable and profitable biogas plant with minimal
operational problems such as over-acidification, in-active sludge
accumulation and low biogas production, POME should have the
following characteristics as shown in Table 5.1.
Table 5.1: Desirable POME characteristics for maximum biogas
generation
No Parameters Polluting Range Ways to achieve
Strength
1 COD Moderate  60,000- a) Water: FFB ratio below 1.2
85,000 m3/TFFB
mg/L b) Use a single sludge treatment
facility (either sludge separator or
2 BOD Moderate  30,000- three-phase  decanter). It is
42,000 recommended to use sludge
mg/L separators instead of the three-
phase decanter to maintain high
COD and BOD
¢) Reduce water usage for cleaning
and flushing the equipment in the
POM
d) Maximize the operation of the EFB
plant to produce as much as
possible of EFB pressed juice
3 TSS Moderate 19,000 - a) Alltype of steriliser is suitable to be
27,000 used. However, CS is the most
mg/L recommended due to its
performance

b) Itis recommended to use a sludge
separator to maintain a moderate
total solid amount
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c) To check the clarifier system's
performance and the overflow and
underflow quality more frequently.
A sampling at least twice a month

d) To ensure the sludge separator
and/or  three-phase  decanter
operates efficiently

e) To train and monitor the operator’s
work quality over the time

4 oil & Minimum <3,500 a) Alltype of steriliser is suitable to be
Grease mg/L used. However, CCS is the most
recommended due to the lowest
O&G result
b) To check the clarifier system's
performance and the overflow and
underflow quality more frequently.
A sampling at least twice a month
¢) To ensure the sludge separator
and/or  three-phase  decanter
operates efficiently
2. The two years performance study and analysis data can be further
improved by using different machine learning activities and
analyses methods. Larger sets of data are essential for predictive
analysis and mathematical model development.
a) Due to the dependency on the quality and flow rate of raw POME

inlet affecting the anaerobic performance of palm oil mills, the
incoming capacity of POME is often irregular due to the harvest
season of the FFB. Therefore, there are uncertainties which affect
the generation prediction model using the plants’ historical data.
In addition, since the performance monitoring is conducted
monthly, any spike would not be captured in the data as it only
reflects the mean operating conditions during the uptime of the
mill. This would reduce the prediction range as the process

parameters are only controlled in a certain desirable range.
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The low R? values would also cause several complications when
estimating the biogas and COD removal. Moreover, the design
models implemented for the study are reduced quadratic models.
This is because there is insufficient data to represent the
prediction model to a higher order polynomial equation. In
addition, the development of mathematical model from the given
number of datasets are surreal (Ng et al., 2020). This is because
most responses could not be defined using polynomial equations
and the development of polynomial model without validation steps
are generally unreliable.

Prediction models could be applied to accurately estimate the
anaerobic performance of the biogas plant. Supervised machine
learning models such as Support Vector Regression (SVR),
Adaptive Neuro-Fuzzy Inference System (ANFIS), and Artificial
Neural Network (ANN) can be employed in this scenario. SVR has
the capability to minimise prediction errors by assuming the
shortest distance between the actual and estimated output values
(Martin et al., 2020). It is particularly suitable in this historical
dataset as statistical evaluation witnesses a high MAE and RMSE
for both reduced order quadratic output models.

ANN machine learning model has been extensively employed in
the prediction of biogas using different types of substrates (Ghatak
& Ghatak, 2018c). Furthermore, the application of ANN machine
learning model in biogas prediction has been further improved by

coupling optimisation algorithms such as Genetic Algorithm and
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Particle Swarm Optimisation. This approach can troubleshoot
various complex mathematical modelling that requires huge
computational operations (W. Zhang et al., 2018) . ANN modelling
could be implemented since the anaerobic digestion exhibit
several complex reactions such as hydrolysis, acidogenesis,
acetogenesis and methanogenesis. Similarly, ANFIS has been
adopted in the palm oil mill industry to study the effect of pH, COD,
TTS and methane composition (Tan et al.,, 2018b) . Literature
findings support the usage of ANFIS as it had successfully
maximised the biogas production from AD after optimising the

input process parameters (Zareei & Khodaei, 2017b).

Cooling tower optimisation study can be improved by few

approaches as below:

A longer study period is required to assess how various weather
conditions affect the cooling process of raw POME. Given that the
proposed cooling tower is the cross flow induced draft type, the
ambient temperature significantly influences its efficiency.

More precise data is necessary to assess the effect of temperature
control through cooling tower implementation on biogas
production. Since the time gap between the study involving
decanter cake and the cooling tower is less than a month, there's
a possibility that the performance data from January 2022 may not
accurately serve as a basis for evaluating the overall impact of the

cooling tower application.
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It is essential to test the AD using simulated data to ascertain its
real impact on AD performance. Subsequently, a comparison
between the simulation output and industrial AD data can be

conducted.

The inclusion of DC and POME as feedstocks introduces varied
compositions, leading to diverse qualities in the feedstock. Such
dynamic characteristics, encompassing fluctuating nutrient
content and potential contaminants, pose challenges to the
stability and efficiency of the ACoD process by potentially
hindering microbial activity and biogas production. Consequently,
maintaining optimal process parameters becomes notably

challenging due to these factors.

This study was exclusively designed to assess the suitability of DC
for application in industrial-scale AD. Although the results are
promising, further investigation is necessary, particularly through
trials involving various DC organic loading rates (OLR) into the AD.
Such studies would provide a comprehensive understanding of
co-digestion across the entire spectrum.

Developing a feeding formulation for DC based on daily or weekly
POME feeding rates is feasible. This method would maintain
consistent operation of the AD at optimal OLR. Assessing the
effects of this operational strategy on AD performance is essential
for gaining deeper insights and optimizing its functionality.
Utilizing a simulation model using SuperPro Designer v9.0 to
forecast biogas production and methane yield might be limited by
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the Monod kinetic model's simplicity. This model assumes a
simplistic growth rate response, solely based on substrate
concentration, oversimplifies intricate interactions within microbial
communities.

Artificial Neural Network (ANN) models, although powerful
predictors, often operate as 'black-box' models, which complicates
understanding the learned relationships between inputs and
outputs. Reliance on data quality and quantity makes them
susceptible to inaccuracies if industrial data inadequacies exist,
potentially leading to overfitting or data extrapolation issues and
requiring extensive datasets for accurate predictions. In this case,
only 6 months data is available for the ANN model, thus larger
datasets, in which 1 to 2 years industrial data are required for

accurate predictions.

During this study, enhancing the efficiency of AD performance hinges on
effectively managing the daily operations of the biogas plant.
Consequently, a recommendation for both the developer and owner of
the biogas plant is outlined in Appendix 5. This document elucidates

crucial operational parameters and provides guidelines for process

monitoring for the biogas plant operation team.
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APPENDICES

Appendix 1: Questionnaire for POM Profiling Study

Mill Name

Address

Coordinate

Name of mill manager and contact
number

What is the capacity of the mill?

the size and capacity

tons/hr

1) What is the front line system used in the POM? Please choose and explain

Conventional cages system (CCS)

Indexing system (IS)

Continuous steriliser system (CS)

Vertical steriliser system (VS)

Other than the above (please specify
the details)

Number of screw press unit

2) What is the steam and power
generation system used in the

POM?

Boiler capacity tons/hr
Number of boilers unit
Steam turbine kw

Other than the above (please specify
the details)

select and answer the respective q

3) What is the clarifier system used in the

uestions

POM? Please

How is the handling of the light

Decanter unit Please specify 2
phases or 3
phases

Decanter capacity tons/hr

Sludge separator unit

Sludge separator capacity tons/hr

Sludge pit unit

Pre cleaner unit

How is the bottom sludge handled in To check

the clarifier system? operator’s

competency and

phase and heavy phase from the what are the
decanter? common

How is the handling of steriliser problems found?
condensate? How to make
How is the handling of waste from sure there are no
pre-cleaner? oil losses?
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4) Empty fruit bunches (EFB)
plant

Number of EFB shredded unit

Number of EFB press machine unit

Where is the discharge point of EFB
juice?

5) Kernel recovery plant

Number of hydro cyclones unit

Where is the discharge point of
wastewater from a hydro cyclone?

6) Conventional effluent treatment pond

Number and capacity of cooling | unit/ To check what
pond m3 are the common
Number and capacity of mixing pond | unit/ issues and
m3 problems
Number and capacity of anaerobic | unit/ handling the
pond m3 open ponding
Number and capacity of facultative | unit/ system.
pond m3 Desludging
Number and capacity of algae pond | unit/ activities? Cost
m3 every year?

Is there any polishing plant used? If
yes, please explain
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Appendix 2: Biogas Plant and AD Profiling Study Form

PLANT NAME XX
ADDRESS
Net Export Capacity kW/hr
Installed Capacity kW/hr
Commissioning Year
AD Capacity m3
Type of AD
Type of Feedstock

kgCOD/
Organic Loading Rate (OLR) m3.d
Hydraulic Retention Time (HRT) days

Mode of AD Operation

POME Pretreatment Information

Post AD Treatment Information

Mixing Mechanism in AD

Sludge Handling

Process issues encounter since commissioning of the plant

How to optimise profitability of the plant? Any method used previously?

How is the performance of feedstock supply since operation? Shortage of POME supply? Frequent mill breakdown? Equipment failure?
FFB diversion due to pricing? Flood and weather issue?
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Appendix 3: Biogas Plant and AD Logsheet and Checklist

Appendix 3(a): Shift Logsheet

Company Morning shift:
Logo Afternoon shift: Date:
Area Item Units |Time: Time: Time: Comments
1. Raw effluent
FFB processed fruit Ton/d
Mill Hours of processing h/d
POME Totalizer to Biodigester m?
Temperature inlet °C
Cooling towers Temperature outlet °C
pH
Temperature with recirculation °C
Mixing Tank
pH
2. Biodigester
pH
Purged sludge m?
Bottom Sludge
Hours of purged h
Decantation - Imhoff cone ml/L
pH
Biodigester
Temperature °C
(Reactor) outlet
Decantation - Imhoff cone ml/L
pH
Biodigester N
Temperature C
(Reactor) outlet
Decantation - Imhoff cone ml/L
Biodigester Height of the covers (Point A) VH/H/L/VL
(Reactor) Height of the covers (Point B) VH/H/L/VL
Instantaneous flowrate m’/h
External Hours h
Recirculation to n N
reactor Daily flow m?*/day
Temperature °C
pH at External
Decantation - Imhoff cone ml/L
cob
Sedimentation N )
pH at Sedimentation outlet
pond/tank
Sedimentation - Imhoff cone ml/L
Temperature °C
cop mg/L
Ambient Temperature °C
Sample point Engine Flare Engine | Flare Engine Flare
CH4 %
Portable Analyzer Co, %
0, %
H,S ppm
General comments
Operator incharged : Verified by :
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Company Morning shift: Date:
Logo Afternoon shift:
Area Item | Units |Time: Time: Time: Comments
3. Operation of biogas system
Pressure Biogas Engine mbar
Suction
Pressure Biogas Flare mbar
Pressure Before Wet Filter mbar
Pressure After Wet Filter mbar
Filters
Pressure Before Dry Filter mbar
Pressure After Dry Filter mbar
Temperature Before °C
Intercooler
Temperature After °C
Pressure Engine mbar
Biogas Discharge
Pressure Flare mbar
4. Equipments
Totalizer hours fan 1 h
Cooling towers
Totalizer hours fan 2 h
Totalizer hrs air compressor no.1 h
Air compressors Totalizer hrs air compressor no.2 h
Totalizer hrs air compressor no.3 h
Totalizer hours pump no.1 h
Agitation pumps
Totalizer hours pump no.2 h
Totalizer hours pump no.1 h
External recirculation pumps
Totalizer hours pump no.2 h
Totalizer hours pump no.1 h
Treated effluent pumps
Totalizer hours pump no.2 h
WF/S treated effluent Totalizer hours pump no.1 h
pumps Totalizer hours pump no.2 h
Chiller Totalizer hours Chiller h
5. Equipments
B1 totalizer hours h
Gas Blowers
B2 totalizer hours h
Flare Totalizer m?
Flare Instantaneous flow m/h
Temperature °C
Engine Totalizer m?
Engine Instantaneous flow m*/h
Temperature °C
Auto-Consumption (Mill) Active energy kwh Total hour
Self Consumption (Biogas) Active energy kWh Total hour
General comments
Operator incharged : Verified by :
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Appendix 3(b): Operation and Process Monthly Logsheet

Company Logo

Monthly Operation Data Sheet
1 - Effluent

Project

Made by

Country

Consecutive

Date

Milling

Procesed POME

Mill A

Mill B Total

Mill A

Effluent Temperature

(DDIMM/YY)

Ton/d

h/d

Ton/h

Ton/d

Total
h/d |Ton/h| Ton/d Ton/h | Volume
(m3)

Operation Range

XXX

0-24

XX

XXX

m3/d

EFG
(MPITFF)

T (°C)

pH
(units)

Inlet RA | Inlet RA
Mill A Mill B

o)

o

Outlet
(°©

#1-0

#T
between 2
days

Optional
CT

FAN MODE

0-24| XXX XXX XXX

1/01/25

XXX

0,7<x<1,2

<85

>3.4

<85

<85

<42

<2

CT1/CT2

ON/OFF

2/01/25

3/01/25

4/01/25

5/01/25

6/01/25

7/01/25

8/01/25

9/01/25

10/01/25

Average

Total
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Company Logo

Monthly Operation Data Sheet
2 - Biodigester Operation

Project

Country

Date

Internal Recirculation

AD Overflow

Mixing Tank External Recirculation
AD 1

AD 1

Sedimentation Pond/Tank

Overflow

Purging System

Reactor 1

(DDIMMIYY)

Inlet Raw Total Flow Recirc./ Total
Effluent pH | T (°C) | volume POME pH | volume

(m¥d) (m3) M/d) | (05) (m3)

Flow
(m3/d)

Operation Range

Recirc./
POME
(%)

pH

T (°C)

Settleable
Solids
(mL/L/h)

pH

T (°C)

Settleable
Solids
(mL/L/h)

Purged
Sludge
(m3)

Settleable
solids
(mL/L/h)

pH

%TS

XXX >6.8 | <40 #VALUE! | >150% 7 0

1/01/25

0%

37

<600

37

<100

>900

3.0%

2/01/25

3/01/25

4/01/25

5/01/25

6/01/25

7/01/25

8/01/25

9/01/25

10/01/25

Average

Total
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Monthly Operation Data Sheet

Company Logo . . PROJECT/CLIENT LOGO
panyog 3B - Biogas Quality /
Project Made by
Country Consecutive

Operation Range

>50%

<40%

<1.5%

>50% <40% <1.5%
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Monthly Operation Data Sheet

4 -Lab Tests FCo-ro1

Company Logo

Project

Country

POME Bottom Sludge AD Overflow
Raw Effluent Measured

(Mixing Pit: POME + Recirculation)

Date

Pumping Station 1 Recirculation Pumping Station X AD 1

(DD/MMIYY)  [COD (mglL)| TS (%) | VS (%) | VSITS |COD(mglL)| TS(%) | VS(%) | VSITS |cOD (mgiL)| TS (%) pH Temp | VS(%) | VSITS |coD(mgiL)| TS (%) pH VS (%) VSITS  |coD (mg/L)| TS (%) VS (%) VSITS

Operation Range +/-60000 5.0% 4.0% 85% +/-60000 5.0% 4.0% 85% +/-60000 5.0% >7 <42°C 4.0% 85% 3.0% >7 65.0% <15000 <1.0% _

1/01/25

2/01/25

3/01/25

4/01/25

5/01/25

6/01/25

7101/25

8/01/25

9/01/25

10/01/25

Average #DIV/O! #DIV/0! #DIV/0! #DIV/O! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/O! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/O! #DIV/0! #DIV/O! #DIV/0! #DIV/0! #DIV/O!
Total
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Company Logo Mont.hly Operation Data Sh e.et FCO-RO1 PROJECT/CLIENT LOGO
3A - Biogas Users Consumption
Project Made by
Country Consecutive

Operation Range

a
]
H
a
|
a
a
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Appendix 4: Biogas Plant 2 Years Processes and Operational Datasheets

Appendix 4(a): POME Quality

POME QUALITY-LEPAR HILIR (POM A)

| POME QUALITY-ADELA (POM B)

POME QUALITY-KERATONG 2 (POM C)

POME QUALITY-LOK HENG (POM D)

cop TS ss BOD cob s ss BOD | cop TS ss BOD cob TS ss BOD
M\?;atrl mo) | PP moy | mon) | oy | mey | PP | mowy | mom) | mom) | mory | PH (mg/L) mo) | mo) | moy | PP | mo) | mony | mon)
Jue | 65012 | 445 | 24500 | 12,300 | 28858 | 78230 | 452 | 38690 | 20620 | 32,200 | 64,025 | 450 | 27,760 21,340 | 34476 | 89,800 | 4.65 | 56420 | 45240 | 44,320
Aug1o | 59002 | 523 | 21033 | 17065 | 23261 | 77230 | 461 | 42385 | 25580 | 37,000 | 61300 [ 461 | 32.3% 24300 | 35110 | 78645 | 477 | 54,283 | 39,850 | 40,800
Sep-10 | 55957 | 520 | 25276 | 12683 | 23700 | 79,820 | 443 [ 45114 | 28600 | 33560 | 60233 | 500 [ 27,385 16,783 | 25380 | 92,844 | 468 | 49378 | 37,144 | 45780
o1 | 72442 | 510 | 27,543 | 13635 | 20573 | 76,280 | 438 | 49900 | 24829 | 36,700 | 60546 | 5.14 | 25460 12,987 | 28683 | 81788 | 473 | 45000 | 38442 | 40,700
Nov.1o | 63473 | 490 | 25870 | 13655 | 30233 | 81,713 | 445 | 42300 | 28313 | 40,600 | 53654 | 4.76 27620 15,760 | 22,000 | 77,340 | 449 | 43000 | 29,943 | 36,500
bec.1o | 63195 | 465 | 28000 | 14500 | 23027 | 75340 | 429 | 46500 | 20984 | 33240 | 56,330 | 484 | 21450 17,210 | 23587 | 78400 | 450 | 53214 | 38871 | 40,380
Janoo | 64300 | 467 | 24540 | 18600 | 22650 | 82,950 | 437 | 51,200 | 25875 | 41,200 | 56,179 | 463 [ 29,100 16,926 | 25430 | 83400 | 470 | 44300 | 56,450 | 39,800
Fepoo | 69800 | 484 | 23670 | 14434 | 26000 | 85500 | 434 | 49,000 | 23450 | 39,730 | 55900 | 475 | 32520 18,900 | 24,800 | 87,200 | 450 | 48000 | 57,650 | 41,290
varoo | 69.200 | 474 | 28500 | 16500 | 22500 | 86,300 | 420 | 46,780 | 29300 | 44890 | es354 | 487 | 34,110 19,856 | 29,800 | 82,300 | 450 | 55505 | 34,600 | 40,540
ppr-20 | 68900 | 438 | 32520 | 15430 | 23829 | 90,550 | 440 | 45600 | 35460 | 43080 | 60000 | 473 | 34800 23900 | 20,650 | 84,000 | 455 | 41474 | 26,900 | 44,100
May-20 | 67,300 | 460 | 21610 | 16980 | 25400 | 79600 | 459 | 40500 | 26500 | 40,200 | 65603 | 474 | 33500 23450 | 26,780 | 88700 | 479 | 42,738 | 22,250 | 46,700
Junzo | 68000 | 473 | 23470 | 15670 | 28900 | 78200 | 457 | 49,700 | 24000 | 43200 | 61,200 | 502 | 31820 19,000 | 27,000 | 85600 | 4.96 | 48625 | 20458 | 45,600
Jui20 | 67500 | 490 [ 27500 | 16510 | 33576 | 8L900 | 461 | 47,830 | 29080 | 39,000 | 59,340 | 478 | 32171 25600 | 36,504 | 84,200 | 473 | 41,205 | 20,175 | 44,440
Aug20 | 68819 | 500 | 20148 | 15700 | 34476 | 88600 | 442 | 42800 | 26303 | 45780 | 62300 | 476 | 21300 18700 | 36,700 | 88300 | 4.76 | 48635 | 27,900 | 40,800
sep20 | 72838 | 490 | 30630 | 20420 | 27,378 | 85000 | 459 [ 48900 | 22340 | 44760 | 55700 | 482 | 27152 17,174 | 28900 | 88700 | 476 | 53170 | 32,733 | 43,560
oct20 | 67700 | 500 | 28420 | 17,600 | 30400 | 83600 | 451 | 44560 | 29,700 | 35,700 | 59,900 | 472 [ 29,913 19,000 | 27,650 | 86,300 | 448 | 51,700 | 30,145 | 38,790
Novzo | 69583 | 480 | 31100 | 18954 | 32000 | 81,900 | 453 | 48000 | 33,260 | 39,020 | 55300 | 481 30139 21,000 | 29,000 | 85400 | 471 | ,o.00 [ 25623 | 39,760
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56,900 | 4.75 25,413 21,000 27,430
58,300 | 4.51 24,320 18,902 27,885
59,000 | 4.65 28,563 20,100 33,462
64,375 | 4.63 33,017 21,450 28,760
53,450 | 4.60 30,607 16,540 27,885
57,890 | 4.55 28,600 18,650 25,857
61,300 | 4.61 29,780 23,450 28,710
59,952 | 4.82 28,123 18,234 29,312
59,723 | 4.78 30,162 20,376 29,145
59,053 | 4.59 29,148 19,849 28,760
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Appendix 4(b):

Pretreatment Process

PRETREATMENT INFORMATION-LEPAR HILIR

PRETREATMENT INFORMATION-ADELA

TE Total Ratio of Ratio of
F;S)%E Temperature Temperature RecBirScuI Recjrc Rec_irc R:?r:ct"ga F;%'\:]E Temperature Temperature RecBir&::ul RecTrIEcula Re-gi)rtglljla Rgf)'rr]ct%la
Cooling | 2ndpHInlet | and pHOutlet | ;0 5 " | ulation | ulation | poyeiy | cogling | @dPHInlet | and pHOutlet | “unnto | “honto tionto | POMEin
Mixing Tank Mixing Tank Rl to to Mixing Tank Mixing Tank on o "
Pond (ETT 01) (ETT 02) Mixing Mixin Mixin the Pond (ETT 01) (ETT 02) Mixing Mixing Mixing the
(EFM 01) Tank 9 9 [ Mixing (EFM 01) Tank Tank Tank Mixing
Tank Tank
Month/ Tank Tank
Year
Ratio of Ratio of
Total BS TE Total Total Total
Feeding to e pH e pH Rec. Rec. Rec. Vel Feeding to e pH e pH S R TE [REE- Rec. Uil
Inlet Outlet Rec. To Inlet Outlet (m3/mont | (m3/mont Rec. To
AD ) Inlet Q) Outlet | (m¥mon | (m3mo (m3/m POME AD ) Inlet ©C) Outlet h) h) (m3/mont POME
3 3,
(m3/month) th) nth) onth_ (%) (m3/month) h_ (%)
Jul-19 14,748 56.0 4.45 41.8 7.40 16,740 16,812 33,552 16,640 48.6 4.52 37.6 7.00 13,775 6,908 20,683
Aug-19 17,239 53.7 5.23 423 7.30 17,499 14,861 32,360 18,115 53.4 4.61 41.4 7.08 17,992 12,735 30,727
Sep-19 22,977 54.0 5.20 428 7.10 9,868 12,084 21,952 15,256 52.7 4.43 42.5 6.90 15,738 27,167 42,905
Oct-19 19,316 55.2 5.10 42.7 7.10 7,674 16,152 23,826 123% 16,438 54.7 4.38 43.2 7.00 19,010 32,180 51,190
Nov-19 19,833 54.0 4.90 415 7.20 9,431 11,005 20,436 103% 14,042 55.2 4.45 41.4 6.90 16,816 25,796 42,612 303%
Dec-19 16,761 53.0 4.65 40.0 7.10 12,739 14,105 26,844 160% 13,957 46.8 4.29 37.9 6.90 16,787 22,533 39,320 282%
Jan-20 10,508 54.2 4.67 39.0 7.01 8,811 4,817 13,628 130% 11,170 55.3 4.37 39.2 6.90 17,176 20,158 37,334 334%
Feb-20 12,789 56.5 4.84 38.6 7.06 3,553 3,845 7,398 58% 13,330 55.0 4.34 39.5 6.84 15,839 24,796 40,635
Mar-20 16,072 54.0 4.74 41.3 7.05 10,678 11,440 22,118 ‘ 5,323 55.8 4.20 39.1 6.90 11,672 11,871 23,543
Apr-20 19,416 56.0 4.38 43.6 7.00 10,532 2,400 12,932 ‘ 13,991 54.4 4.40 41.0 7.00 15,631 21,470 37,101 265%
May-20 18,864 55.0 4.60 44.7 7.03 3,366 3,366 12,660 56.0 4.59 41.4 7.10 16,088 14,253 30,341 240%
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PRETREATMENT INFORMATION-KERATONG 2

PRETREATMENT INFORMATION-LOK HENG

Ratio Ratio
of of
BS TE Total " BS .
F;rool\:’]E Temperature Temperature Recircu Recirc Recirc ﬁifiléﬁ POME from Temperature Temperature Recircu Rec-irrlz::ula Rezci)rtfilla 522';?1
Coolin and pH Inlet and pH Outlet lation ulation ulation to Cooling and pH Inlet and pH Outlet lation P o (@ to
Pondg Mixing Tank Mixing Tank to to to POME Pond Mixing Tank Mixing Tank to Mixin Mixin POME
(ETT 01) (ETT 02) Mixing Mixing Mixing f (EFM 01) (ETT 01) (ETT 02) Mixing 9 9 .
(EFM 01) Tank Tank Tank in the Terik Tank Tank in the
Month/ Mixing Mixing
Year Tank Tank
Ratio Ratio
Total BS TE Total ai Total BS Total o
Feeding to 1;2{2? pH gi?lft pH Rec. Rec. Rec. Loetgl Feeding to -Il—sﬂtp pH gzz‘; pH Rec. (LE/Ei%t Rec. T;;?I
AD ©C) Inlet ©C) Qutlet (m3mo (m3mo (m3/m To : AD ¢C) Inlet Q) Qutlet (m3¥mo h) (m3/mont To :
(m3¥month) nth) nth) onth_ POME (m3month) nth) h_ POME
(%) (%)
Jul-19 17,016 62.4 4.59 44.0 6.92 28,392 23,642 52 034 14,805 57.0 4.65 44.4 6.78 9,109 9.109 62%
Aug-19 19,863 60.6 4.61 44.1 6.90 30,195 18,845 49,040 12,831 54.7 4.77 46.1 6.80 7,165 7,165 56%
Sep-19 22,507 62.0 5.00 44.1 6.90 28,441 28 441 11,035 52.9 4.68 48.6 6.90 7,094 7094 64%
Oct-19 24,236 59.9 5.14 44.2 6.86 25,557 25 557 14,644 55.5 4.73 48.7 6.80 8,250 8250 56%
Nov-19 13,076 56.1 4.76 40.6 6.92 20,022 301 20323 155% 13,473 59.8 4.49 46.0 6.75 7,808 7808 58%
Dec-19 12,536 53.8 4.84 38.4 6.90 29,444 1,064 30.508 243% 14,858 60.1 4.50 46.1 6.90 8,238 8238 5506
Jan-20 9,390 55.2 4.63 37.9 6.82 21,478 2,670 24148 9,859 58.4 4.70 41.0 6.98 16,283 7,432 23715 241%
Feb-20 16,069 58.1 4.75 39.9 6.88 19,302 19,302 8,746 58.0 4.50 41.6 6.97 15,475 6,568 22,043 25204
Mar-20 13,258 55.3 4.87 42.4 6.89 20,012 20,012 10,817 60.1 4.50 43.8 6.96 5,820 7,721 13,541 125%
Apr-20 16,867 56.3 4.73 43.8 6.90 15,830 15.830 7,264 57.6 4.55 43.5 6.96 6,002 4,691 10.693 147%
May-20 15,375 57.7 4.74 44.2 6.98 12,031 12031 7,036 58.3 4.79 44.4 6.94 6,004 1,509 7513
Jun-20 18,326 58.9 5.02 44.0 6.95 14,570 14.570 80% 6,709 57.5 4.96 43.4 6.94 5,020 6,027 11.047
Jul-20 15,894 57.5 4.78 42.0 6.88 17,117 17117 108% 6,497 59.3 4.73 44.0 6.94 4,711 6,115 10.826
Aug-20 15,711 56.3 4.76 42.4 6.84 18,116 18.116 115% 3,577 58.0 4.76 41.5 7.02 9,074 9.074
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Sep-20 18,779 58.5 4.82 43.9 6.85 19,524 19,524 104% 4,060 59.3 4.76 39.7 7.05 12,456 12,456 !

Oct-20 19,988 55.4 4.72 44.0 6.85 21,491 21,491 108% 4,776 58.0 4.48 44.2 6.99 9,178 2,658 11,836 248%

Nov-20 17,994 56.0 4.81 42.9 6.93 18,881 18,881 105% 9,190 57.9 4.71 45.6 6.93 5,725 5,446 11,171 122%

Dec-20 20,457 57.2 4.75 44.1 6.95 18,232 18,232 89% 10,462 59.2 4.70 44.1 6.95 7,181 8,697 15,878 152%

Jan-21 21,349 47.8 451 38.4 6.90 19,700 19,700 92% 10,096 57.5 4.70 37.8 6.91 6,180 10,478 16,658

Feb-21 8,927 50.8 4.65 38.2 6.90 9,004 9,004 101% 9,350 57.9 4.67 39.5 6.88 3,287 5,935 9,222

Mar-21 16,760 50.4 4.63 39.8 6.80 12,670 12,670 10,568 55.9 4.94 40.1 6.78 905 6,898 7,803

Apr-21 20,785 53.7 4.60 39.2 6.80 18,700 18,700 ‘ 11,552 56.7 4.81 39.8 6.86 5,117 9,533 14,650 127%

May-21 20,010 47.8 4.55 42.0 6.85 20,010 20,010 ‘ 10,328 56.1 4.69 39.8 6.86 6,749 4,207 10,956 106%

Jun-21 21,001 51.3 4.61 42.1 6.78 24,300 24,300 10,800 55.8 4.78 40.0 6.90 9,720 4,300 14,020 130%
';S/leg 18,206 59.1 4.82 42.6 6.90 27,009 10,963 34,317 197% 13,608 56.7 4.66 46.7 6.82 7,944 7,944 59%
98/2% 16,509 56.9 4.78 42.6 6.89 18,049 2,670 18,271 117% 7,416 58.5 4.68 43.1 6.97 8,577 5,686 13,316 190%
Q(YZ?. 18,139 50.3 4.59 40.0 6.84 17,397 R 17,397 96% 10,449 56.7 4.77 39.5 6.87 5,326 6,892 12,218 1L7%

Appendix 4(c): Treated Effluent Quality

TREATED EFFLUENT QUALITY-LEPAR HILIR

TREATED EFFLUENT QUALITY-ADELA

TREATED EFFLUENT QUALITY-KERATONG 2

TREATED EFFLUENT QUALITY-LOK HENG

Month/
Year
H Temp COD TS SS BOD H Temp COD TS SS BOD H Temp COD TS SS BOD H Temp COD TS S5 BOD
P (°C) (mg/L) mg/l (mg/L) | (mg/L) p (°C) (mg/L) mg/l (mg/L) | (mg/L) P (°C) (mg/L) mg/l (mg/L) | (mg/L) P (°C) (mg/L) mag/l (mg/L) | (mg/L)
Jul-19 7.20 37.8 20,800 | 15,400 | 16,540 | 3,650 | 7.40 38.0 18,540 | 16,780 | 12,450 5530 | 7.16 41.8 18,300 | 14,650 | 10,710 | 5,780 | 7.28 40.8 15,300 | 13,000 | 10,800 | 3,650
Aug-19 7.10 39.1 17,500 | 11,200 | 16,660 | 3,230 | 7.34 37.0 15,400 | 12,900 9,990 4,980 | 7.18 42.3 17,100 | 15,400 1,220 4,230 | 7.55 44.3 18,700 | 15,400 | 11,900 | 2,970
Sep-19 7.21 40.3 18,600 | 13,450 | 11,111 | 4,050 | 7.40 37.0 19,340 | 16,700 9,790 5670 | 7.21 41.7 16,700 | 15,400 386 4,440 | 7.42 44.5 15,400 | 11,300 | 10,670 | 4,100
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oct-19 | 715 40.1 15,320 | 10,900 | 10,230 | 3,860 | 7.65 37.5 18,650 | 20,900 | 11,778 3,999 | 7.12 41.7 15,230 | 12,600 415 3,980 | 7.39 44.1 21,300 | 12,141 | 9,991 2,970
Nov-19 | 710 39.6 12,780 | 10,800 | 8,769 3,570 | 7.68 40.0 16,790 | 14,300 | 10,162 4,120 | 7.11 40.0 15,230 | 19,000 618 4,627 | 7.50 43.5 15,400 | 12,000 | 10,234 | 3,360
Dec-19 | 720 40.4 18,650 | 16,540 | 14,322 3,990 | 7.57 39.0 16,390 | 14,300 | 12,340 4,530 | 7.10 36.5 16,500 | 12,450 561 4,100 | 7.44 41.3 18,400 | 15,400 | 15,340 | 3,590
Jan-20 | 718 41.7 11,528 | 11,822 | 10,714 | 4,230 | 7.39 38.0 17,800 | 12,755 | 10,605 4,560 | 7.08 36.0 9,200 8,570 5,130 3,250 | 7.23 39.8 14,400 | 19,100 | 12,300 | 3,340
Feb-20 | 731 42.3 11,300 | 11,997 | 11,064 | 4,440 | 7.47 38.0 16,500 | 11,150 8,460 5,640 | 7.11 36.5 14,300 | 13,200 | 10,600 | 3,448 | 7.45 38.8 13,900 | 11,300 | 9,535 2,990
Mar-20 | 728 42.1 12,700 | 12,951 | 12,428 | 3,450 | 7.35 39.0 16,800 | 12,340 | 16,300 3,450 | 7.02 40.5 12,600 | 10,800 9,395 2,383 | 7.15 39.7 13,600 | 10,100 | 8,700 3,200
Apr-20 7.10 42.4 10,330 | 12,958 | 12,324 | 2,990 | 7.46 37.0 17,300 | 13,000 | 10,600 4,320 | 7.12 40.5 10,300 | 9,005 11,010 | 1,990 | 7.22 38.9 14,500 | 15,400 | 12,980 | 3,560
May-20 7.20 42,5 14,020 8,600 12,789 2,356 | 7.46 36.7 15,400 | 15,430 | 11,960 3,980 | 7.00 42.3 11,900 | 9,995 5,690 2,687 | 7.27 37.4 13,500 | 15,800 | 10,800 | 2,890
Jun-20 | 741 40.9 13,443 7,505 12,916 | 4,100 | 7.45 39.6 14,500 | 15,220 | 19,900 3,860 | 7.14 | 423 13,600 | 11,180 | 8,980 3,006 | 7.40 37.5 17,800 | 18,300 | 14,641 | 3,800
Jul-20 7.20 40.8 12,000 9,700 12,031 | 4,348 | 7.40 39.1 15,800 | 16,230 | 12,000 4,400 | 7.10 42.5 10,299 | 9,820 8,805 2,789 | 7.24 37.6 17,000 | 22,475 | 16,200 | 3,750
Aug-20 7.10 40.9 13,730 | 10,800 | 15,367 3,900 | 7.40 39.0 17,800 | 19,340 | 14,635 4510 | 7.14 | 424 10,496 | 11,200 | 8,809 3,040 | 7.20 36.7 13,900 | 16,800 | 12,600 | 2,680
Sep-20 7.10 40.9 11,800 | 14,648 | 13,916 | 3,456 | 7.41 38.6 16,900 | 16,530 | 11,940 3,990 | 7.10 41.5 12,100 | 10,800 9,842 3,130 | 7.32 37.2 13,450 | 12,000 | 10,800 | 2,990
oct-20 | 720 40.9 12,606 | 15,495 | 14,720 | 2,694 | 7.43 40.5 18,300 | 17,770 | 12,270 4,190 | 7.13 40.8 10,900 | 9,920 10,618 | 2,560 | 7.28 35.3 18,300 | 19,602 | 15,400 | 4,250
Nov-20 | 720 41.1 13,820 | 15,833 | 13,782 3,120 | 7.38 41.0 18,800 | 17,320 | 13,725 4590 | 7.04 | 415 11,400 | 8,910 10,192 | 3,090 | 7.35 36.4 18,470 | 21,320 | 18,326 | 4,050
Dec-20 7.20 41.0 14,515 | 14,452 | 13,908 | 3,370 | 7.34 40.6 19,200 | 21,480 | 17,090 4,800 | 7.08 41.0 11,718 | 10,230 | 10,172 | 3,350 | 7.28 35.6 20,766 | 25,652 | 16,200 | 4,560
Jan-21 | 720 38.8 14,670 | 11,822 | 10,714 | 3,460 | 7.33 38.7 17,230 | 18,600 | 12,340 4,440 | 7.06 35.8 10,595 | 9,700 8,830 2,789 | 7.21 37.6 21,300 | 20,800 | 21,300 | 3,350
Feb-21 | 720 38.9 16,320 | 11,997 | 11,064 | 3,870 | 7.38 39.1 18,180 | 15,900 | 12,900 3,980 | 7.08 35.9 12,262 | 11,900 6,706 3,100 | 7.25 38.0 18,200 | 20,140 | 18,650 | 3,100
Mar-21 | 710 39.0 11,230 | 12,951 | 12,428 | 2,970 | 7.64 40.4 17,770 | 14,640 | 11,400 4,620 | 7.09 38.1 12,220 | 12,300 | 10,841 | 3,190 | 7.30 37.5 19,980 | 17,540 | 14,980 | 3,750
Apr-21 7.20 38.9 15,670 | 12,958 | 12,324 | 3,330 | 7.55 39.5 19,210 | 17,650 | 15,400 4,780 | 7.12 38.4 11,719 | 10,920 | 11,659 | 2,738 | 7.25 37.8 22,670 | 20,650 | 18,240 | 4,090
May-21 7.20 39.5 13,870 | 13,429 | 12,789 2,910 | 7.50 37.0 18,230 | 14,280 | 10,900 4,310 | 7.14 | 40.2 11,817 | 10,230 9,722 2,930 | 741 39.0 23,670 | 20,900 | 16,200 | 2,850
Jun-21 | 715 39.1 15,340 | 12,670 | 11,008 | 3,390 | 7.51 38.3 17,540 | 15,550 | 12,900 5,020 | 7.10 40.1 12,560 | 10,500 | 10,105 | 3,080 | 7.35 39.3 22,440 | 21,450 | 17,230 | 2,900
AVG

2019 7.16 39.6 17,275 | 13,048 | 12,939 3,725 | 7.51 38.1 | 17,518 | 15,980 | 11,085 4,805 | 7.15 40.7 | 16,510 | 14,917 2,318 4,526 | 7.43 43.1 | 17,417 | 13,207 | 11,489 3,440
AVG

2020 7.21 415 12,649 | 12,230 | 12,997 3,538 | 7.41 38.9 | 17,092 | 15,714 | 13,290 4,358 | 7.09 40.6 | 11,568 | 10,303 9,104 2,894 | 7.28 37.6 | 15,799 | 17,321 | 13,207 3,505
AVG

2021 7.18 39.0 14,517 | 12,638 | 11,721 3,474 | 7.49 38.8 | 18,027 | 16,103 | 12,640 4,525 | 7.10 38.1 | 11,862 | 10,925 9,644 2,971 | 7.30 38.2 | 21,377 | 20,247 | 17,767 3,340

313




Appendix 4(d): Bottom Sludge Quality

BOTTOM SLUDGE QUALITY-LEPAR HILIR

BOTTOM SLUDGE QUALITY-ADELA

BOTTOM SLUDGE QUALITY-KERATONG

BOTTOM SLUDGE QUALITY-LOK HENG

2
H Temp COD TS SS H Temp COD TS SS H Temp COD TS SS H Temp COD TS SS
Month/ | P cc) | maim) | man | (mon) | P cc) | maiy | man | (mgny | P cc) | mom) [ mgn | mony | P (°C) | (mg/L) | mg/l | (mg/L)
Year
Jul-tg | 729 | 39.4 [ 30711 | 30,700 | 27,737 [ 7.02 [ 323 | 30,900 | 36,790 | 31,633 | 7.05 [ 41.7 | 28,900 | 26,275 | 21,940 | 7.28 | 42.0 | 36,300 | 34,500 | 46,700
Aug-19 | 725 | 40.1 | 30,140 | 30,910 | 25557 | 7.15 [ 364 | 30,660 | 35,696 | 37.440 | 7.05 | 420 [ 28678 | 26,068 | 18,088 [ 7.33 | 44.0 [ 22,070 [ 36,033 | 30,943
Sep-19 | 725 | 410 | 28591 | 26,177 | 16,189 | 7.01 [ 39.4 [ 39,340 | 33498 [ 29,100 | 7.05 | 417 | 25,670 | 25,630 | 18,870 [ 7.38 | 44.0 [ 33,174 | 39,678 [ 24,218
Oct-19 | 709 | 40.1 | 34,902 [ 27,543 | 13,635 | 7.08 [ 41.4 | 34,233 | 37,800 | 38,933 | 7.06 | 417 | 26,500 | 25,600 | 20,800 | 7.38 | 43.7 [ 32,175 | 31,300 | 25,755
Nov-1g | 716 | 39.9 | 29,255 [ 22,213 [ 23,210 | 7.16 | 40.6 | 38,100 | 33,200 | 34,225 | 7.00 | 40.0 | 25400 | 27,450 | 18,880 [ 7.41 [ 43.4 | 36,667 [ 33,560 [ 24,433
Dec.1g | 702 | 388 | 30,287 [ 22,723 | 18,050 | 7.09 | 37.5 | 27,875 | 38,850 [ 32,175 | 7.01 | 36.8 | 21,400 | 22,486 | 20,300 | 7.48 [ 415 [ 22,125 | 28,350 | 20,875
Jan2o | 705 | 36.0 [ 33069 | 20,718 | 16,058 [ 7.13 [ 37.6 | 35800 | 42,550 | 29,870 | 7.03 | 35.6 | 27,799 [ 25,090 | 18,900 | 7.19 | 39.7 | 33,500 | 31,290 | 30,980
Feboo | 700 | 37.0 [ 33384 | 20,860 | 16,840 [ 7.10 [ 37.9 | 31,200 | 35500 | 28,300 | 7.00 | 36.0 | 20,981 | 21,390 | 23,450 | 7.31 | 39.9 | 40,200 | 36,500 | 29,870
Mar-20 | 702 | 380 [ 25600 | 28,600 | 19,040 [ 7.21 [ 386 | 31570 | 33,800 | 24,400 | 6.94 | 39.5 | 26,112 [ 21,780 | 16,595 | 7.08 | 39.9 | 33,000 | 33,450 | 32,650
Apr20 | 700 | 40.0 | 15920 | 11,550 | 9,356 | 7.13 | 404 | 30,200 | 35400 | 34,150 | 6.96 [ 40.5 | 29,801 | 24,560 | 17,680 | 7.20 [ 40.2 | 39,700 | 38,900 | 29,450
May-20 | 7:01 | 410 [27710 | 8460 | 7,060 | 7.30 | 418 [ 31,000 | 33450 | 18100 | 7.00 | 41.5 | 25700 [ 25670 [ 21,390 | 7.25 | 39.7 | 34,000 | 33,670 | 31,450
Jun-20 | 722 | 39.0 | 25670 [ 15,670 [ 8765 | 7.27 | 39.8 | 33,400 | 36,540 | 29,300 | 7.07 | 41.8 | 30,200 | 23,526 | 22,780 [ 7.27 [ 38.6 [ 33,450 [ 39,800 [ 34,807
Jul2o | 720 | 400 [ 25216 | 19,122 | 11,934 [ 7.32 [ 39.1 | 32,400 | 37,000 | 29,400 | 7.16 | 41.8 | 33,900 | 22,600 | 23,000 | 7.28 | 39.9 | 40,075 | 41,350 | 38,169
Aug-20 | 7-10 | 40.0 | 28540 | 24,670 | 25400 [ 7.26 | 38.9 | 33,330 [ 36,700 | 33,270 [ 7.11 | 41.2 [ 24,500 | 24,392 | 21,570 | 7.34 | 36.8 | 41,000 | 43,250 | 41,300
Sep-20 | 710 | 410 | 27,650 | 24,900 | 21,450 | 7.26 [ 384 [ 30,800 | 32,900 | 28,900 | 7.02 | 40.7 | 28,500 | 23,387 | 22,780 [ 7.34 [ 37.1 | 39,870 | 45,690 | 40,200
oct-20 | 720 | 420 | 26,500 [ 25,670 | 22,700 | 7.31 | 40.5 | 31,800 [ 37,650 | 34,500 | 7.05 | 40.6 | 29,400 | 27,306 | 26,900 | 7.35 | 34.0 [ 32,070 | 44,670 | 39,800
Nov-20 | 720 | 43.0 [ 25900 | 25400 | 18,700 | 7.27 | 41.0 [ 42,355 | 38,600 | 32,500 | 7.01 | 38.0 [ 22,800 | 28,846 | 25,300 | 7.28 | 35.6 | 37,215 | 45465 | 42,133
Dec.2o | 7-20 | 420 | 26,700 [ 23231 | 21,890 | 7.23 | 40.6 | 36,516 | 37,500 [ 31,900 | 7.06 | 36.9 | 22,680 | 26,464 | 26,700 [ 7.32 [ 35.7 | 45232 | 49,070 | 41,090
Jan21 | 746 | 37.0 | 23,210 | 21,450 | 25,655 | 7.23 | 387 | 36,590 | 39,672 | 39,700 | 7.05 | 352 | 28,340 | 26,426 | 21,300 | 7.34 | 356 | 37,222 | 44,200 | 41,375
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Feb-21 7.20 35.6 21,985 | 23,400 | 24,816 | 7.23 39.1 33,200 | 40,400 | 41,881 | 7.01 35.3 22,820 26,589 | 19,700 | 7.38 36.1 35,455 | 42,300 | 42,063
Mar-21 7.20 37.3 23,165 | 22,450 | 22,016 | 7.31 40.3 35,670 | 38,710 | 38,000 | 7.04 37.3 24,000 27,297 | 26,575 | 7.30 36.3 31,580 | 39,921 | 37,068
Apr-21 7.11 38.0 26,503 | 25,600 | 24,714 | 7.29 40.2 38,875 | 38,400 | 35,400 | 7.12 37.9 22,900 26,157 | 25,282 | 7.44 38.2 27,600 | 34,678 | 30,100
May-21 7.18 39.1 22,398 | 26,700 | 23,118 | 7.31 40.2 35,600 | 40,110 | 37,490 | 7.09 39.7 26,200 26,350 | 23,090 | 7.40 38.3 36,133 | 33,241 | 30,230
Jun-21 7.13 39.5 21,460 | 20,800 16,400 | 7.28 40.5 34,449 | 38,600 | 35,100 | 7.05 39.8 27,500 29,100 | 25,430 | 7.41 39.0 33,500 | 31,200 | 28,700
AVG
2019 7.18 39.9 30,648 | 26,711 20,730 | 7.08 37.9 33,518 | 35,972 | 33,918 | 7.04 40.7 26,091 25,585 | 19,813 738 431 30,419 | 33,904 | 28,821
AVG
2020 7.10 39.9 26,822 | 20,738 16,599 | 7.23 39.6 33,364 | 36,466 | 29,549 | 7.03 39.5 26,864 | 24,584 | 22,254 797 38.1 37.443 | 40,259 | 35,092
AVG
2021 7.16 37.8 23,120 | 23,400 | 22,787 | 7.28 39.8 35,731 | 39,315 | 37,928 | 7.06 37.5 25,293 26,986 | 23,563 | 7.38 37.2 33,582 | 37,590 | 34,923
Appendix 4(e): Biogas Production and Quality
BIOGAS QUANTITY AND QUALITY-LEPAR HILIR BIOGAS QUANTITY AND QUALITY-ADELA BIOGAS QUANTITY AND QUALITY-KERATONG 2 BIOGAS QUANTITY AND QUALITY-LOK HENG
Month/ H2S H2S H2S H2S
Year Total Raw s Total Raw [k Total Raw HaS Total Raw HaS
Biogas % % %O Biog Blct)gas Biogas % CH % CO %O Biog Blct)gas Biogas % % %O Biog Blctxgas Biogas % % % O Biog Blc:gas
(Nm3/mo CH4 CO2 02 as Enai (Nm3/mo o= o2 02 as Enai (Nm3/m CHa CO2 °~2 as Engi (Nm3/mo CHa CO2 02 as Enai
nth) (ppm ngine nth) (ppm ngine onth) (ppm ngine nth) (ppm ngine
) (ppm) ) (ppm) ) (ppm) ) (ppm)
0348 | 32951 046 | 773 4 0080 | 3086 | 029 | 1132 | 10 | 26154 | °1%7 | 3382 002 14 4e0 9 P10 | 382011 059 1 777 62
Jul-19 | 219,655 333,352 6 339,925
6?;):3 3‘;?5 0628 835 21 590'/070 380)026 0")/%8 1,310 10 349,71 590)004 3:1)096 O(.)ZS 1,310 16 610):30 3?:,)059 0627 913 54
Aug-19 | 264,108 443,300 4 366,223
620)48 320)90 0(.)5)2 1,007 12 550)74 4%)57 0(.]/21 1.448 8 289,65 64;02 330)35 O.O/ll 1,604 25 620)53 320)92 0(.)/34 658 17
Sep-19 | 312,693 ° ° ° 425,146 0 ° ° 3 ° ° ° 373,238 0 0 °
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61 | 34 4 . 8 | 032 62.38 | 33.80 | 0.6 92 | 35 ]
63;/:3 3%06 0%3 610 560/?8 3%/08 00/3; 1346 | 41 | 35546 o 0 wl | 1eso | 21 5%/? 350/3’3 0020 963 51
Oct-19 | 334,646 457,064 4 396,169
63.66 | 33.95 | 0.43 57.07 | 3344 | 001 61.23 | 3391 | 023 61.96 | 33.60 | 054
" o > | ses o i Wb | o0s 5 23049 | °12 o 23 | 43 10 ” i ot | 840 39
Nov-19 | 312,703 411,041 2 361,256
63%21 320)?3 0(.))400 s61 590./:16 34;;13 0620 1178 . 2275 | 0310 | 3184 | 020 | 4o L 600)026 31))?0 0.0;(1)6 058 185
Dec-19 | 248,195 341,079 0 314,103
32.25 | 0.40 58.96 | 3590 | 0.44 60.73 | 35.20 | 0.20 60.20 | 33.68 | 0561
o 0 | 246 o o il | sos 7 20427 | %] 7 20 | 538 6 o o oL | 023 32
Jan-20 | 161,655 367,177 5 357,034
42 | 3437 | 04 7 . . . 401 | 022 . 4.4 67
63;/0 8 %3 0%0 220 55,*% 2 35%?’6 00/508 939 12 | 28751 6(3,/?9 E %? 0% 902 5 6%/5‘8 g A g 002 1,025 | 31
Feb-20 | 197,186 387,919 4 204,628
62%74 3&1)014 0(3/307 so 5%./:33 33:;2 ol.)/zl 1172 | 18 | 2seas | 9020|3480 | 033 |5, ., 5%)?4 3:;:30 0.023 o78 %
Mar-20 | 299.175 223,490 5 374,309
262 | 344 . . 5 | o7 181 | 35.4 1 . . &
60/5’ 3% g 00/308 1,046 5%/58 35(’,: 0% 1,150 21 | 35827 6%? 35"% @ 0%6 1280 | 11 6?,/?6 3?,/39 0%0 901 50
Apr-20 | 371,367 459,193 2 216,801
222 | 34 42 7. 4. . 40 | 34, 21 o7 | 3487 | 07
6% 3%50 0% 1,073 50/58 30/5’6 0025 1,261 16 | 372,07 6(3% © 3%?9 0% 1105 | 23 5?,/3 30/? 0%5 822 30
May-20 | 339,122 398,659 5 161,804
62.12 | 3468 | 047 5845 | 3382 | 1.00 60.71 | 35.80 | 022 60.10 | 3478 | 074
" i | e " i w0 | 2461 | 100 | 30176 | ® " 22 | 126 | 29 " o w1143 | 00
Jun-20 | 216,612 459,086 2 179,462
6143 | 35.35 | 0.48 5838 | 3375 | 102 60.64 | 35.12 | 020 50.80 | 34.67 | 061
" " w2 | 782 " 0 of | 13se | 45 | 3ever | OO o 20 | 1181 [ 18 " " b [ 1163 | 3
Jul-20 | 340,934 454,332 1 202,151
1.1 42| 04 . . . . 2| o 192 | 3547 | o
6% @ 3?% 0%3 896 5%/:’5 33;,/:35 0020 1,112 13 | 31398 5?,/?6 35:% 0‘;6 1,020 | 25 60/? 35% 0025 013 23
Aug-20 | 483,126 391,150 : 67,710
61.87 | 36.20 | 041 5020 | 3357 | 085 61.65 | 35.00 | 0.40 61.90 | 35.93 | 058
” o b | 1023 % i oo [ 1138 | 11 | 33000 | OL " a0 1316 | a7 ” 0 8 | 246 7
Sep-20 | 407,753 400,008 2 18,320
62.00 | 3253 | 043 5872 | 3441 | 085 60.29 | 35.16 | 045 61.00 | 34.90 | 055
" o > | s o o oo | 1515 | 19 | 42464 | %02 " > 1280 | 13 ” " oo [ 1019 | 14
oct-20 | 322,014 468,521 8 83,575
60.90 | 33.27 | 0.46 5853 | 3427 | 083 62.04 | 34.90 | 0.9 50.79 | 34.55 | 0.46
o o ol | 1,020 o o w3 | 1352 | 36 | 27955 | % v a2 | 7aa 9 o o wd | 645 4
Nov-20 | 304,594 414,815 1 247,918
] . . . . . 7 1 42 . . .
6080 | SLEL | 059 1 54 TL [ 3402 | 085 1 1975 | 10 | 3so60 | O07C 35101 042 | 1000 | m 597413590 | 047 | 787 5
Dec-20 | 226,238 416,654 9 313,765
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61.76 | 33.24 | 0.46
% % % 1,153
60.76 | 33.07 | 0.55
% % % 739
61.24 | 33.53 | 0.55
% % % 959
60.66 | 34.55 [ 0.49
% % % 1,352
60.80 | 34.34 | 0.52
% % % 1,322
61.84 | 33.39 | 0.15
% % % 1,203
61.27 | 33.46 0.13
% % % | 1,302
60.84 | 35.10 0.29
% % % | 1,079
61.18 | 33.69 0.45
% % % | 1,121
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Appendix 5: Biogas Plant Process Monitoring Guideline

POME Inlet /
Cooling Tower

Cooling tower function
as a cooling equipment
for the inffluent (POME)
before entering to the
digester.

Tempeowe,in

deg. C

60 to 85

60 to 85

measured

Inlet temperature of POME is
variable and not within Biogas In-
charge and Admin (BIA) scope of
control. However, feedback can
be given to the mill if POME
temperature exceeded operation
range value.

Mill Manager

Tempeowe,out

deg. C

37 to 42

<40

measured

> 40 (for 3
consecutive
days)

1. Reduce flow into the CT

2. Online cleaning (spray system)
and reduce the CT fin

3. Conduct major maintenance (if
all 2 above actions failed)

CoP

CODrowme

kg/m3

40 to 95

40 to 95

Lab analysis

Sample must be analyzed once a
week by accredited external lab.
In a month, minimum 2 data

CoP

BODpowme

kg/m3

20 to 60

20 to 60

Lab analysis

Sample must be analyzed once a
week by accredited external lab.
In a month, minimum 2 data

COP

TSPOME

mg/L

35000 to
75000

40000 to
60000

Lab analysis

Sample must be analyzed once a
week by accredited external lab.
In a month, minimum 2 data

COP

2-
SOs%pome

mg/L

variable

variable

Lab analysis

Sample must be analyzed once a
week by accredited external lab.
In a month, minimum 2 data

COP
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Information must be shared with
Mill Manager in order to find the
root cause. pH of POME become
critical as it affects the pH of mix

<3.8 (for 3 . .
pPHeome NA 3.8to5 3.8to5 measured condsecutive gg%egéatﬁiﬁ?ﬁ:zggggaﬁbﬁs n FM
ays) range, POME feeding can be
continued as usual. Frequency of
the reading collection is at least 2-
3 times per day.
If daily flow > maximum flow
Qrome m3/day varies varies measured design, open by-pass and close COP
entrance to reactor.
1. Increase amount of
There are 3 main recirculation.‘ o
functions of mixing tank: 37<T< > 40 (for 3 iﬁ%hsggé(;?ggg;?gégo;sdg:?t?et
rléc-li—rcé m;?igr?gfﬁjzvr:tth Tempocs deg.C 36 to 40 20 measured conds:;/::)tlve T corrective maintenanpe). COP
(internal or external) for 3 Reduce POME feed_mg and
. improving pH feeding increase _external and internal
Mixing tank and for reducing POME recirculation.
temperature. Increase sludge recirculation (max
2. To distribute the mix 80% to POME entering) or
effluent into the digester. < 6.8 (for 3 | decrease amount of POME per
3. Gauging instrument of pHocs NA 6.5t07.0 >6.8 measured consecutive | hour entering to the cooling tower FE
the effluent days) (max. 50%). Frequency of the
reading collection is at least 3 time
per day (during POME feeding)
OLR must be calculated if real
3 major functions of AR COD and flow entering to reactor
are: Organic K are too different from design
1. To produce biogas Loading Rate COD/?nS/d upto 2.5 upto 2.5 calculated considerations. Verifiy OLR when FE
Anaerobic through anaerobic (OLR) overload is suspected. In a case
Reactor condition OLR is too low, decanter cake
2. To capture biogas cam be introduced to AD
produced Sample must be analyzed once a
3. To treat the effluent CODagr, overflow kg/m3 6to 20 <15 Lab analysis week by accredited external lab. COP

In a month, minimum 2 data
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TSAR, Overflow

mg/L

9000 to
30000

< 10000

Lab analysis

Sample must be analyzed once a
week by accredited external lab.
In a month, minimum 2 data. If TS
too high, consider increasing
sludge purging and reducing
agitation time.

COP

2-
804 Overflow

mg/L

variable

variable

Lab analysis

Sample must be analyzed once a
week by accredited external lab.
In a month, minimum 2 data

CoP

Sedimentable
Solids

mL/L/h

400 - 800

<600

measured

If Sed Solids too high, consider
increasing sludge purging and
reducing agitation time.

PHar, overflow

NA

6.8-75

6.9-75

measured

If below than 6.8, POME feeding
must be reduced immediately and
find out the reason for pH drop.
Then, inform to BIA Facility
Engineer. Frequency of the
reading collection is at least 1 time
per day. In the condition of pH
drop, the frequency of the reading
collection must be done 3 times
per day.

FE

Agitation Pit(s)

Agitation function as a
mixer inside digester.
Purging is to remove
excess solid inside the
anaerobic reactor

Agitation
hours

h/day

4t010

<10

pre-
determinded

Must be perform during POME
feeding. Minimum agitation hours
are function of overflow pH,
organic load and drums presence
in agitation system and SSED for
overflow

CoP

Purging
amount

m3/day

variable

variable

calculated

Purging must be conducted if
bottom sludge more than 5%.
Purging amount must be
calculated to ensure the solid
content of the digester remain
between 2.5 and 3%.

CcoP
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TSpe

mg/L

20,000 to
50,000

25,000 to
30,000

Lab analysis

< 25,000 or
> 30,000
(average

per month)

If less than 25,000 mg/L, purging
amount must be stopped. If more
than 30,000 mg/L, purging amount
must be increased. Sample must
be analyzed once a week by
accredited external lab. In a month
there will be 4 data.

FE

VSap

% of TS

55-70

60 - 65

Lab analysis

Sample must be analyzed once a
week by accredited external lab.
In a month minimum 2 data

COoP

Sedimentable
Solids

mL/L/h

850 -
1000

> 900

measured

If Sed solids too low, reduce or
stop purging activities.

pHap

NA

6.91t07.3

7t07.3

measured

If pH below than 6.9, POME
feeding must be reduced
immediately. If pH more than 7.5,
increase purging amount.
Information must be shared with
BIA Facility Engineer. Frequency
of the reading collection is at least
1 time per day. In the condition of
pH out of range, the frequency of
the reading collection must be
done 3 times per day.

FE

Sedimentation
Pond/Tank
Overflow

Sedimentation
pond/tank will help to
sediment sludge carried

out by digester overflow.

Decanter overflow is the
effluent top layer from
the decanter. This
effluent normally
represent the
performance of biogas
plant in terms of effluent
treatment capacity

Cco DDECANTER,

Overflow

mg/L

4000 -
8000

< 6500

Lab analysis

COD sedimentation pond/tank
overflow could be higher than 8
kg/m3. However,

CcoP

BODDECANTER,

Overflow

mg/L

1000 to
2500

1000 to
2500

Lab analysis

Sample must be analyzed once a
week by accredited external lab.
In a month minimum 2 data

CcoP

TSDECANTER,

Overflow

mg/L

3000 to
9000

< 7000

Lab analysis

Sample must be analyzed once a
week by accredited external lab.
In a month minimum 2 data

COoP

PHoecanTer,

Overflow

NA

7t07.5

7t07.5

measured

Inform BIA Facility Engineer
immediately

FE

Sedimentable
Solids

mL/L/h

50 - 400

<100

measured

If Sed solids too high, reduce
reactor agitation time and increase
purging amount.
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ER : POME

pre-

Biogas under
cover

is depend on the total
gas production for
previous 5 days data.

The data collection must
be done twice a day.
H2S measurements
before and after each
filter.

CH4gg, ar

%

50 to 65

>50

determinded

measured

<50

(for 3
consecutive

days)

gas quality must be observed
especially for oxygen level inside
the biogas. Oxygen level must be
maintained below 2%. If O, level
exceeded 2%, amount of air
injection must be reduced
immediately.

1. Verify process variables: pH
reactor outlet.

2. If proceed, reduce air injection
percentage inside the digester.

3. Increase agitation hours and
external recirculation, if necessary
4. Inform BIA Facilty Engineer

. % 50 - 80 50-80 . FE
External recirculation ratio determinded
use as one of the POME
pretreatment method Amount of ER must be reduce
before entering to the immediately (max 50%). This will
External digester. Th(_e source of affect the pH of mix effluent at
6 Recirculation | this effluentis comes DGB. If pH at DGB drop below
from decanter bottom pHer NA 7.0-7.5 7.0-75 measured than the standard, external FE
sludge. Its help to recirculation must be stop
stabilize the pH and immediately. Internal recirculation
temperature of effluent can be use to replace ER for
at DGB. temporary period only.
Air injection amount is flexible
depending on the gas quality
produced by the digester. High
. amount of air injection will dilute
Function as a H2S gas -
neutralized agent inside the st_concentratlon as well as
digester. The amount of CH4.|nS|de the dllge.ster. So, f
7 Air Injection air injection every week Air volume % 3.0-6.0 3% pre- continuous monitoring system o FE

FE/FM
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1. Check CH4 and O2 trend

> 40 . .
(for 3 2. Increase external recirculation
CO2s6, AR % 30to 40 <40 measured consecutive amount. FE/FM
3. Inform BIA Facility Engineer
days)
1. Check CH4 and O2 trend.
> 1.2 (for 3 | 2. Reduce air injection percentage
0256, AR % 0.1to 15 <15 measured consecutive | inside the digester FE/FM
days) 3. Inform BIA Facility Engineer
1. Increase air injection (max 6%)
> 15%0 (for 2. Reduce the amount of POME
H2Sge, ar ppm <1500 <1000 measured . and feed as consistent as possible FE/FM
consecutive | .
in longer hour
days)
Nm3/h d FE/FM
Wet The data collection must Qo e m measure
. . . be done twice a day.
9 F|Itesr§ﬁ:}|t§gce)?|cal H2S measurements H2S > (1200 1. Verify filters performance.
i before and after each BG, ftters ppm <200 <100 measured . 2. If proceed, schedule filters FE/FM
efficiency ) outlet consecutive .
filter. maintenance.
days)
_ . . Depend on the engine size and
Qsa, engine Nm3 variable variable measured requirement. FE/FM
o The data collection must 50 1. Check intercooler and chiller
11 Engine line be done twice a da @ performance.
y Tempeg, engine °C 35t0 50 <50 measured . 2. Inform BIA Facility Engineer FE/FM
consecutive | : h
days) immediately.
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1. Reduce air injection percentage
inside the digester.

2. Increase agitation hours in
digester if necessary.

3. Check and compare biogas

<50 composition in engine line and
3 biogas under cover. If too much
CHdss, engne % 501065 >50 measured consecutive | different it indicates a leakage FE/FM
days) issue between the line.
4. Verifiy analyzer's calibration if
any doubt about instruments
accuracy.
5. Inform BIA Facilty Engineer
immediately.
1. Compare with biogas under
cover data. If too much different,
> 40 there is a possibility of leakage
3 within the engine pipeline and
€024, engine % 30t0 40 <40 measured | . o tive | digester. Inspection of the line FE/FM
days) must be carried out immediately
2. Inform BIA Facility Engineer
immediately
1. Compare with biogas under
cover data. If too much different,
>15 there is a possibility of leakage
3 within the engine pipeline and
028, engine % 0.1to15 <15 measured consecutive | digester. Inspection of the line FE/FM
days) must be carried out immediately
2. Inform BIA Facility Engineer
immediately
> 100 Check dry filter/wet filter
@ performance. If there is no
H2Sgg, engine ppm <200 <100 measured consecutive problem found, inform BIA Facility FE/FM
Engineer immediately
days)
Presgg, engine bar variable variable measured Depend on the engine size and FE/FM

requirement

324




325



