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ABSTRACT

Palm oil mill effluent (POME) is a source that can be used for biogas
generation that can be a substitute for fossil fuel. High content of biological oxygen
demand and chemical oxygen demand of POME has the advantage to produce large
amount of biogas through anaerobic digestion. The purpose of this research was to
develop a mathematical model to determine the optimal process pathway of biogas,
covering from the purification technology to the mode of transportation and utilisation
by using a mixed integer programming model and general algebraic modeling system
as the solver software. A case study based on PPNJ Kahang palm oil mill was
conducted to run and test the model, in which different target locations with different
utilisation modes were chosen. The model chose membrane scrubber as the
purification technology and truck transportation to the targeted site, and electricity
generation as the optimal pathway for biogas processing and utilisation. Total capital
investment of 2,934,564 USD and yearly operational cost of USD 350,843 would give a
payback period of 6 years for this optimal pathway. Sensitivity analysis on feed-in-tariff
(FIT) determined that FIT should be increased to 0.116 USD/kWh to ensure that
investment in biogas is worthwhile. Sensitivity analysis on compressed biomethane
(CBM) was performed to determine the impact of product price on the biomethane
process pathway selection. The sensitivity analysis revealed that the price of CBM has
an impact on the model. Sensitivity analysis suggested that the CBM sales price should
be at least 8.2 USD/MMBtu to be economically feasible and 12.9MMBtu to be
profitable. In addition, a subsidy of 2.67 USD/MMBtu should be imposed for CBM
project to ensure its economic viability and 7.37 USD/MMBtu to be a more economically
attractive option than utilised as electricity.
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ABSTRAK

Air kumbahan kilang kelapa sawit (POME) adalah sumber penjanaan biogas
yang boleh menjadi pengganti bahan bakar fosil. Kandungan tinggi permintaan
oksigen biologi dan permintaan oksigen kimia POME mempunyai kelebihan untuk
menghasilkan sejumlah besar biogas melalui pencernaan anaerobik. Tujuan
penyelidikan ini adalah untuk mengembangkan model matematik untuk menentukan
pilihan laluan proses biogas yang optimum, meliputi teknologi penulenan hingga mod
pengangkutan dan penggunaan dengan menggunakan model pengaturcaraan integer
bercampur dan sistem pemodelan algebra umum sebagai perisian penyelesai. Kajian
kes di kilang sawit PPNJ Kahang digunakan untuk menjalankan dan menguji model,
di mana lokasi sasaran yang berbeza dengan mod penggunaan yang berbeza dipilih.
Model ini memilih pembersin membran sebagai teknologi penulenan dan
pengangkutan trak ke lokasi yang disasarkan, dan penjanaan elektrik adalah sebagai
pilihan yang optimum untuk pemprosesan dan penggunaan biogas. Jumlah pelaburan
modal sebanyak USD 2,934,564 dan kos operasi tahunan sebanyak USD 350,843
memberikan tempoh pembayaran balik selama 6 tahun untuk laluan optimum ini.
Analisis kepekaan pada feed-in-tariff (FIT) menentukan bahawa FIT harus
ditingkatkan menjadi 0.116 USD/KWh untuk memastikan pelaburan dalam biogas
berbaloi. Analisis kepekaan pada biometana termampat (CBM) pula dilakukan untuk
menentukan kesan harga produk terhadap pemilihan laluan proses biometana. Analisis
kepekaan menunjukkan bahawa harga CBM memberi kesan kepada model. Analisis
kepekaan mencadangkan harga jualan CBM sekurang-kurangnya 8.2 USD / MMBtu
dapat dilaksanakan untuk tujuan ekonomi dan 12.9MMBtu untuk keuntungan. Sebagai
tambahan, subsidi sebanyak 2.67 USD / MMBtu harus dikenakan untuk projek CBM
untuk memastikan daya maju ekonominya dan 7.37 USD/MMBtu menjadi pilihan

yang lebih menarik dari segi ekonomi daripada penggunaanya sebagai tenaga elektrik
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CHAPTER 1

INTRODUCTION

1.1  Background of Research

One of the largest Malaysia’s key economy development is from the palm oil
industry. During the production of crude palm oil (CPO) from fresh fruit bunch (FFB),
it has created huge wastes, such as palm based biomass (empty fruit bunch, mesocarp
fiber and palm kernel shell) and palm oil mill effluent (POME) (Chin et al., 2013). In
recent year, palm based biomass has become a new source of income for palm oil mill

and serving the demand of biomass as source of fuel for industrial heating application.

POME is one of the major environmental pollutants in Malaysia. It contains
high biochemical oxygen demand (BOD) and chemical oxygen demand (COD) which
makes it more polluted than the municipal sewage. The effluent also is regarded as a
complex compound which consists of carbohydrates, nitrogenous compounds, free
organic acids, water soluble components of palm fruits and suspended materials (Lok
et al., 2020). Therefore, discharging POME directly into the river body without
treatment can be a huge threat to the environment and it is an offend against Malaysia’s
Law of Environmental Quality Act (EQA) as the final effluent of the treated POME
must comply with the discharge standards set by the Department of Environment
(DOE), Malaysia (Kamyab et al., 2018). The fact that the potential energy from POME
cannot be utilised or transported to elsewhere before treatment makes POME left

untapped abundantly compared to palm based biomass.

The procedure to extract the oil requires essentially extensive amounts of
sterilisation of fresh fruit bunches and refining the extracted oil. According to Chin et
al., (2013), in each tonne of fresh fruit bunches (FFB) processing, it is estimated
around 3 m® of water are typically end up as discharge water known as POME. Based
on the statistical value from the study by Madaki et al. (2013) on total CPO production



in May 2011, the production of 985 065 tonnes of CPO consumed a total of 1.5 million
m? of water, with 738 797 m*® of POME generation and 20 686 176 m® of biogas

production in one month alone.

POME is a concentrated yellow fluid with a particular intimidating smell. It
has a high chemical oxygen demand value ranging from 44 300 to 102 691 mg/L. The
biochemical oxygen demand also in a high value ranging from 25 000 to 65 714 mg/L.
The other attributes of POME include its acidic nature (pH 3.4-5.2), high salt and
suspended solids (18 000— 46 011 mg/L), and high oil and grease (4 000—9 341 mg/L)
substance (Chin et al., 2013). POME can cause extensive threat to the environment if
released with no compelling treatment (Wang et al., 2015). POME has a chemical
oxygen demand (COD)/ biological oxygen demand (BOD) ratio of 0.5, indicating its
biodegradable constituent. Good value of COD/BOD ratio reflect the effective POME
treatment is by the means of biological process (Metcalf, 2003). Crude palm oil (CPO)
production in Malaysia from 2013 until 2020 (MPOB, 2021) and estimated POME
available is shown in Figure 1.1. The estimation of POME generation is based on
based on 3m® POME generated from 1 tonnes of CPO processing (Abdullah & Lazim,
2007). The trend in Figure 1.1 shows an increments with an average of 460 654 tonnes
increments of CPO production annually. This reflect that the potential of POME

generation is also increase.
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Figure 1.1 Estimated POME Generation Based on The Crude Palm QOil Production
in Malaysia (MPOB, 2021)



The common treatment system for POME in the palm oil mills are anaerobic
and aerobic ponds. Anaerobic digestion (AD) is the biodegradation of organic matter
under the absence of oxygen, and energy-containing biogas such as methane (CHa) is
produced. Methane generation from POME is also known as biomethane. The
potential of biomethane generation through biological means remains untapped. Since
POME is non-toxic by nature and contain high numbers of organic matter, it can be a
good source of nutrients for the microorganisms to produce CHa. A palm oil mill plant
of 400,000 m® POME annual capacity can produce up to 3.8 MW power generation
plant capacity with 40% efficiency of gas engine (Albatayneh et al., 2020).

The potential of biomethane yield form POME in Malaysia is shown in Table
1.1. The capacity of biomethane generated is based on the production of POME.
Considering the year of 2020 alone, more than 70 million m*® of POME is produced
with a potential power estimated of 545.2 MW (assuming the gas engine operating
8000 hr/yr with 40% efficiency). This figure shows that POME as a palm oil waste can
be a promising source of renewable energy in Malaysia after it is converted into
biomethane. However, according to Gonzalez (2019), Malaysia currently has 68 MW
installed biomethane capacity under the feed in tariff (FiT) scheme which is less than
20% utilisation of total biomethane from POME potential.

Table 1.1 Estimated Biomethane Potential from POME in Malaysia from 2013 to
2020

Year CPO Production | Potential Biomethane | Estimated Power Plant
(Tonnes) Available (NKEA Capacity (MW)
(MPOB, 2020) EPP5, 2011)

2020 23,362,350 1,962,437,400 545.2

2019 19,858,367 1,668,102,828 463.4

2018 19,516,141 1,639,355,844 455.4

2017 19,919,331 1,673,223,804 464.8

2016 17,319,177 1,454,810,868 404.1

2015 19,961,581 1,676,772,804 465.8

2014 19,667,016 1,652,029,344 458.9

2013 19,216,459 1,614,182,556 448.4




As reported by Malaysian Palm Oil Mill (2020), the palm oil mill plantation
from year 2016 to 2019 has increase from 5,642,943 hectares to 5,900,157 hectares.
The difference of 257,214 hectares or 5% increment shows that the palm oil plantation
in Malaysia has expended significantly. According to SEDA (2016), only 20% of
biomethane potential has been tapped and commissioned from POME biomethane
plant. The remaining biomethane potential is left unutilised.

In 2019, 19 638 638 tonnes of crude palm oil (CPO) is produced whereby 53%
of total CPO is contributed from West Malaysia and the 47% from East Malaysia.
Figure 1.2 shows the total 2019 CPO production from each state in Malaysia. Johor
Darul Takzim hold the third highest plantation area in Malaysia and CPO producer
whereby it is recorded 3,157,647 tonnes or 16% of total CPO production is came from

Johor.

2019 CPO PRODUCTION (TONNES)

KEDAH, 239,073

KELANTAN,
332,438

NEGERI
/SEMBlLAN,

698,440
SABAH, 5,037,168

PERAK, 1,854,050

TERENGGANU, SELANGOR,
556,230 521,837

Figure 1.2 2019 Crude Palm Oil (CPO) Production in Malaysia (MPOB, 2020)

This figure indicates that the total POME produced in Johor is estimated around
9, 141,147 m® which equivalent to 255, 952, 116 m® of biomethane production. There
are 65 palm oil mills in Johor which potentially can generate biomethane. This research
will be carried out in Kahang palm oil mill cluster. There are 5 mills in that area which
has 1,058,400 m® of POME capacity in total annually (SIRIM, 2014). The estimated

POME and biomethane generation for each mill in Kahang is shown in Table 1.2. The
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overall plant capacity that can be harnessed from POME biomethane in Kahang is
around 8.2 MW where the largest contributor is from Kilang Kelapa Sawit Sungei
Kahang (3.2 MW).

Table 1.2 Estimated POME Biomethane Potential in Kahang Palm Oil Mill
Cluster

Name Of Mill Average Average Energy (MJ) | Power
POME Biomethane Plant
Generated Generated Estimated
(m3/year) (m3/year) Capacity
(ETRC, 2014) | (NKEA EPP5, (MW)

2011)

K.K.S Ladang 72,000 2,016,000 40,320,000 | 0.6

Padang

K.K.S. Kahang 194,400 5,443,200 108,864,000 | 1.5

Kahang Palm Oil | 144,000 4,032,000 80,640,000 | 1.1

Mill Sdn. Bhd.

Kilang Kelapa 216,000 6,048,000 120,960,000 | 1.7

Sawit PPNJ

Kahang

Kilang Kelapa 432,000 12,096,000 241,920,000 | 3.4

Sawit Sungei

Kahang S/B

Total 1,058,400 29,635,200 592,704,000 | 8.2

Generation of biomethane from POME treatment in AD can give a great
revenue to the palm oil mill in term of using the energy for onsite application (heat
source or electricity) and selling excess biomethane for offsite application. Production
of electricity by biomethane as source of fuel for gas engine can also be injected into
national grid and sell. However, since the receiver power station has a fix capacity,
excessive electricity supply from substation will cause power trip. Hence, the excess
of biomethane is flared to prevent over generated electricity. If the excess biomethane
is utilised, it can be stored in a tank (bottling) and sell for other offsite application (i.e
cooking, boiler).



Based on energy potential estimated in Table 1.2, a comparison of gross profit
from selling biomethane as compressed biomathene (CBM) and electricity from each
palm oil mill in Kahang is shown in Table 1.3. The gross profit in presented in Table
1.3 is estimated based on selling price of 5.535 USD/MMBtu (ST, 2021) for CBM and
0.077 USD/kWh (SEDA, 2021) for electricity under Feed in Taarif (FIT) scheme. The
annual total potential gross profit from Kahang palm oil mill cluster is estimated at
USD 3,110,025/y for CBM selling and USD 5,071,318/y for electricity selling. This

is an enormous economic potential that worth exploring.

Table 1.3 Estimated Gross Profit from Utilisation of Biomethane in Kahang Palm
Oil Mill Cluster
Name Of Mill | Potential Annual Energy Estimated Gross Profit (USD/y)
MJ MMBtu Compressed Electricity
Biomethane
K.K.S Ladang | 40,320,000 38,223 211,566 344,988
Padang
K.K.S. 108,864,000 | 103,203 571,229 931,467
Kahang
Kahang Palm | 80,640,000 76,447 423,133 689,975
Oil Mill Sdn.
Bhd.
Kilang Kelapa | 120,960,000 | 114,670 634,699 1,034,963
Sawit Ppnj
Kahang
Kilang Kelapa | 241,920,000 | 229,340 1,269,398 2,069,926
Sawit Sungei
Kahang S/B
Total 592,704,000 | 561,883 3,110,025 5,071,318




1.2 Problem Background

As the global demand of oil and fat increased, the numbers of CPO generation
will also continue to increase. As a result of increment of CPO production, POME will
also increase in its generation. High organic content showed by high value of chemical
oxygen demand (COD) and biological oxygen demand (COD) prove that POME can
be a threat to the environment if it is not properly treated before discharge to the river.

In Malaysia, open pond system is the utmost conventional treatment method
that has been practice by 85% of palm oil mill player. This system if found to be both
effective and incurred low operation and maintenance cost (Wu et al., 2011). Apart
from water pollution, open ponding system also contribute to air pollution such as
global warming due to emission of greenhouse gases. A better option to treat POME
is by anaerobic decomposition of POME with a biomethane capturing system. This
solution reduces the impact of global warming as well as generating useful energy for
various utilisation options. According to Lam and Lee (2011), with almost 50% of
overall Malaysian palm oil mills still lacks of comprehensive biomethane capturing

system, the potential to harness green energy from POME is vast.

Biomethane generation after treatment by means of anaerobic digestion
process is required to be captured. Therefore, it is compulsory for palm oil mill to
invest for a biomethane capture system in order to tap biomethane from POME.
Biomethane recovered from anaerobic digestion process is usually used to generate
electricity onsite through gas engine. The electricity generated can be used onsite or
injected to the power station. However, as palm oil mills are located in remote area,
the energy demand is often low and excess biomethane that is generated has to be
flared to prevent over accumulation of biomethane. The practice to flare biomethane
is a waste of energy. To prevent such wastage, biomethane can be upgrade into

biomethane after purification and transported by truck or pipeline to an off-site facility.

To purify the biomethane, several technologies such as chemical absorption,
pressure swing absorption and scrubber can be implemented to remove CO> and H>S.

COzisagas that will reduce the calorific value while H2S is corrosive and will damage



the system. As for transportation, biomethane can be bottled and delivered by truck or
injected into a natural gas pipeline. There are also several options for utilisation other
than generating electricity, such as CBM, and used as cooking gas. However additional
transportation and treatment exponentially increases the cost of investment and
without substantial government support, off-site biomethane utilisation will not be
possible. It is important to study the process of treating, transporting and utilizing
biomethane in order to identify the optimal technology that results in highest rate of
return of investment while exploring possible subsidy schemes that could make off-

site biomethane implementation more attractive.

1.3  Research Objectives

The overall objective of this research is to optimize off-site utilisation of
biomethane generated from palm oil mill effluent (POME). The overall objective can
be further divided into:

To identify the optimal pathway to purify and transport biomethane generated
from palm oil mill effluent (POME) in remote area for off-site utilisation via

mathematical modelling approach

To evaluate the techno-economic analysis of the optimal pathways to identify
suitable subsidies to support off-site biomethane utilisation

1.4 Scope of Study

In order to achieve research objective, the scope of work is listed below:

Studying the state-of-art for POME biomethane purification technology

Primary data collection from palm oil mill effluent (POME) biomethane plant

at PPNJ Kahang palm oil mill:



Vi.

Vii.

a. Composition of biomethane.

b. Caloric value of biomethane.
Secondary data:

a. Costing of biomethane scrubbing,

b. Costing of biomethane compression

c. Costing of biomethane transportation

Development of superstructure for offsite utilisation pathway from POME

biomethane plant to the point of distribution.

Mathematical model formulation from the POME biomethane utilisation

problem.

Application of case study in PPNJ Kahang palm oil mill by coding of

mathematical model in GAMS.

Sensitivity analysis to study the changes of input data in term of capacity, local
demand and distance point of distribution.

1.5  Significance of Study

The generation of biomethane through AD offers huge substantial advantage
over different types of renewable energy (RE) resources. It can significantly reduce
the greenhouse gas (GHG) emissions contrasted with fossil fuel by usage of locally
available resources (Weiland, 2010). Currently, fossil fuel is the primary energy
resource in Malaysia. The increase in energy demand and environmental concern has
stimulated the advancement of renewable energy. Renewable energy has been
included in the Fifth Fuel Policy by the Malaysian Government in the effort to promote
renewable energy (Chin Haw et al., 2006). The effort to harness power from
biomethane while preventing CHs emission as a greenhouse gas is in line with

Malaysia’s government voluntary commitment to reduce the country’s carbon



intensity by 40% by year 2020 as well as to comprehend the government’s energy
policy stated in Rancangan Malaysia Kesepuluh (RMK10) which encourages the use

of renewable energy (RE) in anticipation of fossil fuel depletion.

This study is expected to assist and guide the decision maker to select the
suitable location (point of biomethane distribution), technology (biomethane scrubber
and compressor) and mode of biomethane transport (pipeline or truck), by considering
the trade-off between economic and process performance. This study will contribute
to make the biomethane sustainable and meet the supply and demand chain. A proper
government incentive and policy need to be introduce in order to make sure an
appropriate framework for renewable energy (gases) is established. The establishment
of framework from policy maker will open ample windows of opportunities to palm
oil industries and its supply chain network in sustaining a green and renewable

business model through POME biomethane.

Biomethane standard will be varies depending on the application of end user.
These different standard will reflect the requirement of biomethane purification and
upgrade in order to make sure it is safe to be transport and use. This study focusing on
utilising biomethane for offsite usage will help to broaden the range of its application.
An upgraded biomethane that is ready to be transported offsite will not just be benefit
for its many applications but, it will give a proper quality standard which equivalent
to petroleum gas in term of transporting the material at the point of the delivery as
well. Hence, biomethane recovery and utilisation system from POME will help to
determine the suitable technology in converting the composition of biomethane
(percentage of CH4, CO2, H20 and H>S) into tolerable value and value added product;

electricity and heat.

The purified and compressed biomethane makes it easy to be transportable as
it equivalent to petroleum gas where the characteristic is almost similar and its
infrastructure for transportation (gas pipeline and tanker truck) is already exist.
Malaysian standard and legislation for gas transportation is established to give
guideline for handling and transporting as well as ensure the quality of the biomethane

is up to certain standard that it will not cause any safety issue. Transporting biomethane

10



with truck relatively lower cost compared to pipeline, however, there is a strict safety
requirement on the road. On the other hand, pipeline transportation using existing
infractruction required stringent biomethane quality set by the local gas pipeline. This
study will help to a deeper understanding the more sensitive cost and analyse the best

option of biomethane transport in term of cost, safety and efficiency.

Last but not least greenhouse gas (GHG) is one of the side products when
producing energy in power plant. The well-known GHG are carbon dioxide and
methane. The utilisation of methane will decrease the usage of energy thus lessen the
production of GHG. This unwanted gas is further reduced by the application of
renewable energy in energy sector. Utilising biomethane both onsite and offsite of the
plant will not only help stakeholder to gain a better revenue in a green business sector
but in a bigger picture, it is also promote toward saving the earth and a better

environment.

11



REFERENCES

Abatzoglou, N. and Boivin, S. (2009). A review of biogas purification processes.
Biofuels, Bioproducts and Biorefining, 3(1), pp.42-71.

Albatayneh, A., Assaf, M. N., Alterman, D., & Jaradat, M. (2020). Comparison of the
Overall Energy Efficiency for Internal Combustion Engine Vehicles and
Electric Vehicles. Environmental and Climate Technologies, 24(1), 669-680.
https://doi.org/10.2478/rtuect-2020-0041

Ahmed, Y., Yaakob, Z., Akhtar, P., & Sopian, K. (2015). Production of biogas and
performance evaluation of existing treatment processes in palm oil mill effluent
(POME). Renewable and Sustainable Energy Reviews, 42, 1260-1278.
http://doi.org/10.1016/j.rser.2014.10.073.

Ali, G. and Abbas, S. (2013). Exploring CO 2 Sources and Sinks Nexus through
Integrated Approach: Insight from Pakistan. Journal of Environmental
Informatics, 22(2).

Ardolino, F., Cardamone, G. F., Parrillo, F., & Arena, U. (2021). Biogas-to-
biomethane upgrading: A comparative review and assessment in a life cycle
perspective. Renewable and Sustainable Energy Reviews.
https://doi.org/10.1016/j.rser.2020.110588

Auburger, S., Jacobs, A., Marlander, B. and Bahrs, E. (2016). Economic optimisation
of feedstock mix for energy production with biogas technology in Germany
with a special focus on sugar beets—Effects on greenhouse gas emissions and
energy balances. Renewable Energy, 89, pp.1-11.
doi:10.1016/j.renene.2015.11.042.

Bauer F, Persson T, Hulteberg C, Tamm D. (2013). Biogas upgrading - technology
overview, comparison and perspectives for the future. Biofuels, Bioprod
Biorefin;7:499-511.

Bakonyi P, Nemestdthy N, Bélafi-Baké K. (2013). Biohydrogen purification by
membranes: an overview on the operational conditions affecting the
performance of non-porous, polymeric and ionic liquid based gas separation

membranes. Int J Hydrogen Energy;38:9673-87.

73



Bozorg, M., Ramirez-Santos, A. A., Addis, B., Piccialli, V., Castel, C., & Favre, E.
(2020). Optimal process design of biogas upgrading membrane systems:
Polymeric vs high performance inorganic membrane materials. Chemical
Engineering Science, 225, 115769. https://doi.org/10.1016/j.ces.2020.115769

Belotti, P., Kirches, C., Leyffer, S., Linderoth, J., Luedtke, J. and Mahajan, A. (2013).
Mixed-integer nonlinear optimisation. Acta Numerica, 22, pp.1-131.

Bradley, H., 1977. Chapter 13 - Nonlinear Programming. Applied mathematical
programming, pp.410-464.

Capra F, Magli F and Gatti M. (2019). Biomethane liquefaction: A systematic
comparative analysis of refrigeration technologies. Applied Thermal
Engineering. 158:113815

Chin, M. J., Poh, P. E., Tey, B. T., Chan, E. S., & Chin, K. L. (2013). Biogas from
palm oil mill effluent (POME): Opportunities and challenges from Malaysia’s
perspective. Renewable and Sustainable Energy Reviews, 26, 717-726.
http://doi.org/10.1016/j.rser.2013.06.008.

Chinneck, J.W. (2015). Chapter 16: Introduction to Nonlinear Programming. Practical
Optimisation: a  Gentle Introduction, pp.1-13.  Available at:
http://www.sce.carleton.ca/faculty/chinneck/po.htmi

Choong MY. ‘Useless’ bioethanol now finds wide uses. The Star. (2 October 2012)
[Online].  Awvailable  from:  (http://thestar.com.my/lifestyle/story.asp?
file=/2012/10/2/lifefocus/11267349); 2012

Demirbas, M.F. and Balat, M., (2006). Recent advances on the production and
utilisation trends of bio-fuels: a global perspective. Energy Conversion and
Management, 47(15), pp.2371-2381.

Demirel B, Scherer P. (2008). The roles of acetotrophic and hydrogenotrophic
methanogens during anaerobic conversion of biomass to methane: a review.
Rev Environ Sci Biotechnol 2008;7:173-90.

Environmental Technology Research Centre (ETRC).(2014) Report for Palm Oil Mill
Distribution in Malaysia., SIRIM Berhad: Malaysia. p. 77.

Gan, P. Y., & Li, Z. D. (2014). Econometric study on Malaysias palm oil position in
the world market to 2035. Renewable and Sustainable Energy Reviews, 39,
740-747. https://doi.org/10.1016/j.rser.2014.07.059

74



Energy Commission. Natural Gas Pricing in Malaysia,
https://www.st.gov.my/en/contents/presentations/2017/3Penetapan%20Tarif
%20Gas.pdf/, 2017. [accessed 15 February 2021].

Energy Commission. Piped Gas Distribution Industry Outlook 2016.
https://www.st.gov.my/ms/contents/publications/outlook/Peninsular%20Mala
ysia%20Piped%20Gas%20Distribution%20Industry%200utlook%202016.pd
f/, 2016. [accessed 8 Jan 2021].

Energy Commission. Gas Prices and Tariffs,
https://www.st.gov.my/en/web/consumer/details/2/10/, 2021 [accessed 2
February 2021].

U.S. Energy Information Administration (EIA). Capital Cost Estimates for Utility
Scale Electricity Generating Plants,
https://www.eia.gov/analysis/studies/powerplants/capitalcost/, 2016.
[accessed 5 Jan 2021].

U.S. Energy Information Administration (EIA). Henry hub natural Gas spot Price
(Dollars per Million Btu), https://www.eia.gov/dnav/ng/hist/rngwhhdm.htm/,
2021. [accessed 20 Jan 2021].

Fehrenbach, H. (2007). Criteria for sustainable bioenergy use on a global scale. BfN-
Skripten (Bundesamt fur Naturschutz), (211), pp.118-130.

Gonzalez, M. (2019). Market report. Cleanroom Technology, 27(11), 19-20.
https://doi.org/10.1021/ie50288a027

Galvez, D., Rakotondranaivo, A., Morel, L., Camargo, M. and Fick, M. (2015).
Reverse logistics network design for a biogas plant: An approach based on
MILP optimisation and Analytical Hierarchical Process (AHP). Journal of
Manufacturing Systems, 37, pp.616-623. Available at:
http://dx.doi.org/10.1016/j.jmsy.2014.12.005.

Gaikwad, V.R. & Katti, P.K. (2014). Design of Biogas Scrubbing , Compression &
Storage System. IOSR Journal of Electrical and Electronics Engineering, 1(2),
pp.58-63.

Gil-Carrera L, Browne JD, Kilgallon I and Murphy JD. (2019). Feasibility study of an
off-grid biomethane mobile solution for agri-waste. Applied Energy;239:471-
81.

75



Global Petrol Prices (GPP). Malaysia Diesel prices,
https://www.globalpetrolprices.com/Malaysia/diesel_prices/; 2021. [accessed
25 February 2021].

Ho J and Manan MA. (2019) A Study on Commercial Vehicle Speeds and Its
Operational Characteristics. Journal of the Society of Automotive Engineers
Malaysia;3

Hengeveld, E. J., Bekkering, J., van Gemert, W. J. T., & Broekhuis, A. A. (2016).
Biogas infrastructures from farm to regional scale, prospects of biogas
transport grids. Biomass and Bioenergy, 86, 43-52.
https://doi.org/10.1016/j.biombioe.2016.01.005

Hosseini, S. E., & Wahid, M. A. (2013). Feasibility study of biogas production and
utilisation as a source of renewable energy in Malaysia. Renewable and
Sustainable Energy Reviews, 19, 454-462.
http://doi.org/10.1016/j.rser.2012.11.008

Kapdi, S.S., Vijay, V.K., Rajesh, S.K. and Prasad, R. (2005). Biogas scrubbing,
compression and storage: perspective and prospectus in Indian context.
Renewable energy, 30(8), pp.1195-1202. doi:10.1016/j.renene.2004.09.012.

Kumaran, P., Hephzibah, D., Sivasankari, R., Saifuddin, N. and Shamsuddin, A.H.
(2016). A review on industrial scale anaerobic digestion systems deployment
in Malaysia: Opportunities and challenges. Renewable and Sustainable Energy
Reviews, 56, pp.929-940.Available at:
http://dx.doi.org/10.1016/j.rser.2015.11.0609.

Krich, K., Augenstein, D., Batmale, J.P., Benemann, J., Rutledge, B. and Salour, D.
(2005). Biomethane from dairy waste. A Sourcebook for the Production and
Use of Renewable Natural Gas in California, pp.147-162.

Kamyab, H., Chelliapan, S., Din, M. F. M., Rezania, S., Khademi, T., & Kumar, A.
(2018). Palm Oil Mill Effluent as an Environmental Pollutant. Palm Oil, July
2018. https://doi.org/10.5772/intechopen.75811

Koten, H. (2020). Compressed Bio Gas (CBG) in Diesel Engine. Diesel and Gasoline
Engines, 1-16. https://doi.org/10.5772/intechopen.82206

Lee, M. K., Hashim, H., Ho, W. S., Muis, Z. A,, Yunus, N. A., & Xu, H. (2020).
Integrated spatial and pinch analysis of optimal industrial energy supply mix
with consideration of BioCNG derived from palm oil mill effluent. Energy,
209, 118349. https://doi.org/10.1016/j.energy.2020.118349

76



Lee, M. K., Hashim, H., Lim, J. S., & Taib, M. R. (2019). Spatial planning and
optimisation for virtual distribution of BioCNG derived from palm oil mill
effluent to meet industrial energy demand. Renewable Energy, 141, 526-540.
https://doi.org/10.1016/j.renene.2019.03.097

Lok, X., Chan, Y.J., & Foo, D. C. Y. (2020). Simulation and optimisation of full-scale
palm oil mill effluent (POME) treatment plant with biogas production. Journal
of Water Process Engineering, 38(March).
https://doi.org/10.1016/j.jwpe.2020.101558

Lam, M.K. & Lee, K.T., (2011). Renewable and sustainable bioenergies production
from palm oil mill effluent (POME): Win-win strategies toward better
environmental protection. Biotechnology Advances, 29(1), pp.124-141.
Available at: http://dx.doi.org/10.1016/j.biotechadv.2010.10.001.

Latvia R. GasLiner’s Remote CNG Refuelling System a Response to Europe’s AFI
Directive, https://www.ngvglobal.com/blog/gasliners-remote-cng-refuelling-
system-a-response-to-europes-afi-directive-0811/, 2015 [accessed 30 Jan
2021].

Leven L, Eriksson ARB, Schnirer A. (2007). Effect of process temperature on
bacterial and archael communities in two methanogenic bioreactors treating
organic household waste. FEMS Microbiol Ecol 59:683-693

Lim JS, Abdul Manan Z, Hashim H, Wan Alwi SR.. (2013). Optimal multi-site
resource allocation and utility planning for integrated rice mill complex.
Industrial & Engineering Chemistry Research. ;52(10):3816-31.

Madaki, Y.S. and Seng, L. (2013). Palm oil mill effluent (POME) from Malaysia palm
oil mills: waste or resource. International Journal of Science, Environment and
Technology, 2(6), pp.1138-1155.

Metcalf. (2003). Inc., wastewater engineering, treatment and reuse. New York:
McGraw-Hill.

National Key Economic Area, National biogas implementation (NKEA EPP5),
http://www.mpob.gov.my/en/component/content/article/153-demo-
content/992-nkea-national-biogas-implementation-epp5/, 2011 [accessed 28
February 2020].

Malaysian Palm Oil Board (MPOB). Oil Palm Planted Area. MPOB Portal Economics
and Industry Development Division. http://bepi.mpob.gov.my/, 2020
[accessed 11 November 2020].

77



Malaysian Palm Oil Board (MPOB). Crude Palm Oil Production Statistic. MPOB
Portal Economics and Industry Development Division.
http://bepi.mpob.gov.my/, 2021 [accessed 19 Jan 2021].

Mohtar, A., Ho, W. S., Hashim, H., Lim, J. S., Muis, Z. A., & Liew, P. Y. (2017).
Palm oil mill effluent (pome) biogas off-site utilization Malaysia specification
and legislation. Chemical Engineering Transactions, 56, 637-642.
https://doi.org/10.3303/CET1756107

Nguyen, L. N., Kumar, J., Vu, M. T., Mohammed, J. A. H., Pathak, N., Commault, A.
S., Sutherland, D., Zdarta, J., Tyagi, V. K., & Nghiem, L. D. (2021).
Biomethane production from anaerobic co-digestion at wastewater treatment
plants: A critical review on development and innovations in biogas upgrading
techniques. Science of the Total Environment, 765, 142753.
https://doi.org/10.1016/j.scitotenv.2020.142753

Nixon, J.D. (2016). Designing and optimising anaerobic digestion systems: A multi-
objective non-linear goal programming approach. Energy, 114(1), pp.814-822.
Available at: http://dx.doi.org/10.1016/j.energy.2016.08.053.

International Renewable Energy Agency (IRENA). (2017). Biogas for Road Vehicles
Technology Brief. In IREA International Renewable Energy Agency (Issue
March). https://www.irena.org/publications/2017/Mar/Biogas-for-road-
vehicles-Technology-brief%0Awww.irena.org%0Ahttp://www.irena.org/-
/media/Files/IRENA/Agency/Publication/2017/Mar/IRENA_Biogas_for_Roa
d_Vehicles_2017.pdf

Ohimain EI and Izah SC. (2017). A review of biogas production from palm oil mill
effluents using different configurations of bioreactors. Renewable and
Sustainable Energy Reviews;70:242-53

International Gas Union (IGU). (2012). Triennium Work Report Renewable Gas - The
Sustainable Energy Solution

Persson, M., Jonsson, O. and Wellinger, A. (2006), December. Biogas upgrading to
vehicle fuel standards and grid injection. In IEA Bioenergy task (\Vol. 37).

Petersson, A., Holm-nielsen, J.B. & Baxter, D. (2008). Biogas upgrading technologies

— developments and innovations.

78



Pierie, F., Bekkering, J., Benders, R.M.J., Gemert, W.J.T.v., Moll, H.C. (2016). A new
approach for measuring the environmental sustainability of renewable energy
production systems: focused on the modelling of green gas production path-
ways. Appl. Energy 162, 131e138.

Poeschl, M., Ward, S. & Owende, P. (2012). Environmental impacts of biogas
deployment - Part Il: Life Cycle Assessment of multiple production and
utilisation pathways. Journal of Cleaner Production, 24, pp.184-201. Available
at: http://dx.doi.org/10.1016/j.jclepro.2011.10.030.

Prasertsan P. (1996). Biomass residues from palm oil mills in Thailand: an overview
on quantity and potential usage. Biomass and Bioenergy 1996;11:387-95.

Parker, N. (2004). Using Natural Gas Transmission Pipeline Costs to Estimate
Hydrogen Pipeline Costs. 86. http://escholarship.org/uc/item/9m40m75r

R. C. Assuncdo, L., A. S. Mendes, P., Matos, S., & Borschiver, S. (2021). Technology
roadmap of renewable natural gas: Identifying trends for research and
development to improve biogas upgrading technology management. Applied
Energy, 292(March). https://doi.org/10.1016/j.apenergy.2021.116849

Rahayu, A. S., Karsiwulan, D., Yuwono, H., Trisnawati, I., Mulyasari, S., Raharjo, S.,
Hokermin, S., & Paramita, V. (2015). Handbook POME-to-Biogas Project
Development in Indonesia. Winrock International, 98. http://winrock-
indo.org/4732.htm

Ryckebosch, E., Drouillon, M. & Vervaeren, H. (2011). Techniques for transformation
of biogas to biomethane. Biomass and Bioenergy, 35(5), pp.1633-1645.
Available at: http://dx.doi.org/10.1016/j.biombioe.2011.02.033.

Sustainable Energy Development Authority (SEDA). FiT Rates for Biogas. SEDA
Portal, http://wwwa3.seda.gov.my/iframe/, 2021 [accessed 25 Jan 2021].
Sustainable Energy Development Authority (SEDA). (2013). Procedure on Biogas
Power Plant Acceptance Test and Performance Assessment for Feed in Taarif
(FIT) Projects in Malaysia Sustainable Energy Development Authority

(SEDA). [accessed 23 May 2020].

Sinogas. High Quality Purchase 11 Tubes CNG modular 40ft Container tube skid
Manufacturers, http://www.repowergas.com/product/11-tubes-cng-40ft-
container; 2021 [accessed 30 Jan 2021].

79



Sun, Q., Li, H., Yan, J., Liu, L., Yu, Z. and Yu, X. (2015). Selection of appropriate
biogas upgrading technology-a review of biogas cleaning, upgrading and
utilisation. Renewable and Sustainable Energy Reviews, 51, pp.521-532.
Available at: http://dx.doi.org/10.1016/j.rser.2015.06.029.

Scholz, M., Alders, M., Lohaus, T. and Wessling, M. (2015). Structural optimisation
of membrane-based biogas upgrading processes. Journal of Membrane
Science, 474, pp.1-10. Available at:
http://dx.doi.org/10.1016/j.memsci.2014.08.032.

Seadi, T.A., Rutz, D., Prassl, H., Kottner, M., Finsterwalder, T., Volk, S., & Janssen,
R. (2008). Biogas Handbook. Esbjerg: University of Southern Denmark.

Sarwani, M. K. I., Fawzi, M., Osman, S. A., & Nasrin, A. B. (2019). Bio-methane
from palm oil mill effluent (POME): Transportation fuel potential in Malaysia.
Journal of Advanced Research in Fluid Mechanics and Thermal Sciences,
63(1), 1-11.

Taha, Z., Kurniati, H., Aoyama, H., Ghazilla, R.A., Gonzales, J. and Sakundarini, N.
(2010), April. Linkage of power consumption to design feature on turning
process. In Actes de: 10th WSEAS International Conference on Robotics,
Control and Manufacturing Technology, Hangzhou, Chine.

Theo, W.L., Lim, J.S., Alwi, S.R.W., Rozali, N.E.M., Ho, W.S. and Abdul-Manan, Z.
(2016). An MILP model for cost-optimal planning of an on-grid hybrid power
system for an eco-industrial park. Energy, 116, pp.1423-1441. Available at:
http://www.sciencedirect.com/science/article/pii/S0360544216306533.

Trisakti, B., Manalu, V., Taslim, I. and Turmuzi, M. (2015). Acidogenesis of palm oil
mill effluent to produce biogas: effect of hydraulic retention time and pH.
Procedia-Social and Behavioral Sciences, 195, pp.2466-2474. Available at:
http://linkinghub.elsevier.com/retrieve/pii/S1877042815037726.

Ubando, A.T., Culaba, A.B., Aviso, K.B., Tan, R.R., Cuello, J.L., Ng, D.K. and EI-
Halwagi, M.M., (2016). Fuzzy mixed integer non-linear programming model
for the design of an algae-based eco-industrial park with prospective selection
of support tenants under product price variability. Journal of Cleaner
Production, 136, pp.183-196. Available at:
http://dx.doi.org/10.1016/j.jclepro.2016.04.143

80



Uchytil, P., Schauer, J., Petrychkovych, R., Setnickova, K., & Suen, S. Y. (2011). lonic
liguid membranes for carbon dioxide—-methane separation. Journal of
membrane science, 383(1-2), 262-271.

Wang, J., Mahmood, Q., Qiu, J. P,, Li, Y. S., Chang, Y. S., & Li, X. D. (2015).
Anaerobic treatment of palm oil mill effluent in pilot-scale anaerobic EGSB
reactor. BioMed research international, 2015.

Weiland, P. (2010). Biogas production: current state and perspectives. Applied
microbiology and biotechnology, 85(4), 849-860.

Yousef, A. M., EI-Maghlany, W. M., Eldrainy, Y. A., & Attia, A. (2018). New
approach for biogas purification using cryogenic separation and distillation
process for CO2 capture. Energy, 156, 328-351.
https://doi.org/10.1016/j.energy.2018.05.106

81





