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ABSTRACT

he rapid growth of biogas plants in 
Malaysian palm oil mills in recent 
times can be attributed to the keen 
interest of the industry to reduce 

the greenhouse gas (GHG) emissions from 
palm oil production, coupled with the potential 
benefits which can be realised by capturing 
and utilising the large quantities of biogas to 
produce renewable energy. During the initial 
development in the last five to six years, we 
have observed the applications of the various 
anaerobic digester technologies for biogas 
recovery mainly from palm oil mill effluent 
(POME) treatment systems, where to date, close 
to 10% of the palm oil mills have installed some 
forms of biogas-capture systems. Exponential 
growth is expected with this trend extending 
to cover all of the approximately 1000 mills 
in the ASEAN region. With the expansion of 
the biogas industry, the potential of the next 
generation biogas production using alternate 
sources can be expected. Palm oil mill residues, 
like POME slurry, solid palm waste materials 
(empty fruit bunches and oil palm by-products) 

can become alternative or supplementary 
feedstock materials, to give much higher biogas 
yields than that from POME. Accompanying 
this development, various methods of utilisation 
of the biogas generated has been realised, but 
it was limited mainly to on-site applications 
in accordance with site specific factors. These 
include applications for thermal energy recovery 
in the different types of boiler systems and for 
power generation via gas engines for on-site 
use or connection to the grid. However, the 
challenges still remained for development of 
off-site utilisation for the biogas recovered. 
Prospective applications after upgrading of the 
biogas (biogas refining), such as compressed 
natural gas (CNG) equivalent (transport 
fuel), feeding to natural gas (NG) pipeline and 
bottling, and transportation for offsite industrial 
use, also can be foreseen.

INTRODUCTION

The capture of biogas from palm oil mill 
effluent (POME) treatment system using 
a  closed-tank anaerobic digester system 
by the palm oil industry has been reported 
since the early 1980s (Quah and Gilles, 
1981; 1984). However, due to the high cost 
of construction and the lack of economically 
attractive utilisation of the biogas recovered, 
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there has been, until very recently, only one 
successful closed-tank anaerobic digester 
system built in nearly 400 palm oil mills in 
Malaysia (Chua and Gian, 1986; Tong and 
Bakar, 2005). The system which has been 
in continuous operation for over 27 years 
to date is the one at Keck Seng Palm Oil 
Mill in Masai, Johor, which is located next 
to a palm oil refinery complex, with high 
demand for energy supplies.

However, a rapid growth of new POME 
biogas plants has been observed over the 
last five to six years. The main motivating 
factor for  this development is  the desire to 
reduce the greenhouse gas (GHG) emissions  
which lead to a reduction in  the carbon 
footprints during  palm oil production.  
The other  benefit is capturing of  the large 
quantities of biogas for  utilisation as a form 
of clean renewable energy (RE). 

This article reviews the methane 
production potentials, technology and the 
utilisation development extending from the 
present generation of POME biogas plants 
to the development of the large scale next 
generation biogas production, making use 
of other abundant palm oil mill biomass 
residues or by-products as feedstock 
materials. 

METHANE PRODUCTION POTENTIALS 
OF PALM OIL MILL BIOMASS 

RESIDUES

Palm oil represents the largest proportion 
of the world’s vegetable oil production in 
recent decades. The combined world palm 
oil production of 45.06 million tonnes and 
palm kernel oil of 5.21 million tonnes in 
2009 accounts for 36.02% of the total world 
vegetable oil production at 139.59 million 
tonnes. The combined total for Malaysia and 
Indonesia at 18.50 and 20.75 million tonnes, 
respectively, amounts to 87% of the total 
world palm oil production. On this basis, 
the scale of biomass residues availability 
from the oil palm plantation and palm oil 
industrial sector has been recognised as an 
important resource of biomass feedstock for 
RE  generation.  

Table 1 adapted from Ma et al. (1999) 
summarises the energy potentials of the 
various biomass residues from the oil 
palm sector in Malaysia for 2009.  Biogas 
production via the biochemical processes 
is one of the major means of tapping the 
energy potentials from these biomass feed-
stocks.

Methane Production from Palm Oil Mill 
Effluent  

Although methane production 
potentials, as shown in Table 1 are much 
higher from the solid biomass residue 
materials, to date only the tapping of 
methane generation from POME has taken 
place since the technology has been well-
developed and readily available. The gross 
energy potential for 2009 is estimated as 
33 900 TJ yr-1 based on the 2009 crude palm 
oil production of 17.57 million tonnes. 
Table 2 shows the estimated quantities of 
potential methane recoverable for both 
Malaysia and Indonesia at 675 000 and 
803 000 t yr-1, respectively in terms of 
weight, and 946 x 106 and 1126 x 106 Nm3  

yr-1, respectively in terms of volume. 
Through the capture and destruction of 
the POME methane, emission reduction 
potentials of 14.2 x 106 CO2-e yr-1 and 16.9 
x 106 CO2-e yr-1 have been estimated for the 
two countries, respectively.

These projected methane production 
potential figures have been proven to be 
achievable based on the actual historical 
biogas production data reported for a 
number of POME biogas plants installed. 
Table 3 shows the theoretical methane/
biogas yields from anaerobic digestion of 
POME. For optimally designed closed-
tank completely mixed anaerobic digester 
system, assuming a chemical oxygen 
demand (COD) input concentration at 
54 000 mg litres-1 and COD removal rate 
of 80%, biogas production of  28 m-3biogas 
m-3 POME  (60% CH4) has been achieved 
consistently. 
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TABLE 1.  ENERGY POTENTIAL OF BIOMASS RESIDUES FROM 
THE OIL PALM SECTOR IN MALAYSIA (2009)

Biomass residues
Quantity Energy potential 

TJ yr-1t t-1 FFB t ha-1 yr-1 total t yr-1

Empty fruit bunches 
(EFB) 0.23 - 20.20 128 000 (biomass)

[126 100 (biogas)]
Mesocarp  fibres 0.12 - 10.51 112 000
Palm kernel shells 0.07 - 6.15    93 000
Palm tree trunks - 2.515 12.15  221 000
Fronds - 10.88 52.55 1 041 000
Palm oil mill effluent 
(POME) 0.67 - 58.79 33 900 (biogas)

Note: FFB – fresh fruit bunches.

TABLE 2.  GROSS METHANE RECOVERABLE FROM PALM OIL MILL EFFLUENT (POME) FOR 
MALAYSIA AND INDONESIA (2009) - FIRST GENERATION BIOGAS PLANTS

Parameter Units Malaysia Indonesia
Annual crude palm oil (CPO) production 106 t-1 17.57 20.90
POME 106 m3 yr-1 52.77 62.80
Total COD loading t yr-1 2 699 000 3 211 000
Potential methane recoverable* t yr-1

106 Nm3 yr-1

   675 000

946

   803 000

1 126
Potential GHG emission reductions 106 CO2-e yr-1 14.2 16.90

Note:  COD – chemical oxygen demand.
 GHG – greenhouse gas.
 * Based on IPCC Guidelines: 0.25 kg CH4/kg COD.

Biogas production rate in practice, on 
the basis of a medium size palm oil mill, is 
shown in  Table 4. Methane recoverable is 
approximately 2657 t yr-1, with an energy 
rate of 133.4 TJ  yr-1 or 3 795 781 litres  yr-1 of 
diesel equivalent. 

Methane Production Potentials of Slurry and 
Solid Biomass Residues 

Methane production potentials of 
certain slurry and solid biomass residues 
from palm oil mills which are available 
in abundance such as the slurry from oil 
extraction decanter systems and empty 
fruit bunches (EFB) have been tested.  Table 
5 presents a set of typical findings. The 

methane yield for decanter slurry of 67 m3 

t-1 fresh slurry (fs) and an energy yield of 
665 kWhr t-1  fs are about 2.4 times higher 
than that of POME, whereas for EFB, the 
methane yield of 174 m3 t-1 fs and an energy 
yield of 1728 kWhr t-1 fs are approximately 
6.2 times that of the liquid effluent.

TECHNOLOgy DEvELOPMENT FOR 
BIOgAS PRODUCTION

FROM PALM OIL MILL BIOMASS 
RESIDUES 

Biogas technologies can be considered in the 
following three categories, in accordance 
with the different characteristics of the oil 
palm biomass residues. 
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Anaerobic digestion of POME

• Organic substance: 1% to 6% total 
solids.

• Technology: complete-mixed stirred-
tank reactor (CSTR) for anaerobic 
digestion – first generation biogas plant.

TABLE 3. THEORETICAL METHANE/BIOGAS YIELDS FROM
PALM OIL MILL EFFLUENT (POME) ANAEROBIC DIGESTION

Theoretical methane yield
Nm-3 CH4  kg-1 COD 0.35
kg CH4  kg-1 COD 0.25
POME organic matter conc. (COD)
COD, kg  m-3 POME 54
COD removal rate 0.8
Methane production: 
kg CH4 m-3 POME 10.8
Nm3 CH4 m-3 POME (273 K) 15.1
Methane/biogas volume yield (308 K)
m3 CH4 m-3 POME (308 K) 17.1
m3 biogas m-3 POME  (60% CH4) 28.4

  
Note: COD – chemical oxygen demand.

TABLE 4.  PALM OIL MILL EFFLUENT (POME) BIOGAS/METHANE OUTPUT FOR A 60 t 
FRESH FRUIT BUNCHES (FFB) PALM OIL MILL

Parameter Quantity
FFB (t hr-1) 
FFB (t yr-1)
POME (m3 yr-1)
Total COD load (t yr-1) 
CH4 produced (t yr-1)
CH4 (273 K) (Nm3 yr-1) 
Biogas (308 K) (m3 yr-1) 
Energy rate (TJ yr-1)
Diesel equiv. (litres yr-1)
Estimated CER, t CO2 - e yr-1

60
360 000
216 000
10 800
2 657

3 726 227
6 726 318

133.4
3 795 781

36 000

Note: COD – chemical oxygen demand.

Anaerobic digestion of slurry and by-
products

• Organic substance: 8% to 15% total 
solids.

• Technology: plug-flow anaerobic 
digester – second generation  biogas 
plant.
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Anaerobic digestion of solid biomass 

• Organic substance: 25% to 40% total 
solids.

• Technology: solid anaerobic digester – 
third generation  biogas plant.

The initial development of the first 
generation biogas plants which evolved 
rapidly since 2006 mainly focused on 
the anaerobic digestion of POME, where 
technology was more readily adaptable. 
Second and third generation biogas 
plants are expected to be developed, as 
the industry is expected to grow with 
increasing numbers of POME biogas plant 
projects being implemented and  supported 
by higher  R&D inputs. 

The transition from the first to the 
future generations of biogas plant 
development hinges on the differences 
in the requirements of oil palm biomass 
residue feedstocks in the optimisation of 
the biochemical processes of the anaerobic 
digestion. Figure 1 briefly illustrates the 
main rate of controlling steps and biomass 
utilisation in the anaerobic digestion 
processes.

TABLE 5.  BIOGAS PRODUCTION POTENTIALS OF PALM OIL MILL EFFLUENT (POME) 
SLURRY AND  EMPTY FRUIT BUNCHES (EFB) - NEXT GENERATION BIOGAS PRODUCTION

Parameter Quantity

Slurry1

Organic dry substance, % fs
Biogas production (27 days), m3 t-1 fs 
Methane concentration, %
Methane yield, m3 t-1 fs 
Energy yield, kWhr t-1 fs

13.7
112
60
67

665

EFB2

Organic dry substance, % fs
Biogas (40 days), m3 t-1 fs (95%)
Methane concentration, %
Methane yield, m3 t-1 fs 
Energy yield, kWh t-1 fs

34
316
55

174
1 728

Note:  fs – fresh slurry.
 1 Private communication with Westfalia (2009).
 2 Eurotech Gmbh (2008).

The different requirements, for pre-
treatment, due to the different characteristics 
of the three groups of biomass feedstock, 
are outlined below:

POME (first generation biogas plants)

• Well homogenised and well dispersed.
• High in dissolved substrate, and low in 

lignocellulose fibres. 
• Minimal pre-treatment required in 

CSTR mesophilic anaerobic digestion.

Decanter slurry, by-products and 
residues (second generation biogas plants)

• Moderate in dissolved substrate, and 
moderate in lignocellulose fibres.

• Pre-treatment to breakdown ligno-
cellulose would improve methane yield.

Solid biomass - EFB, tree trunks (third 
generation biogas plants)

• High in lignocellulose fibres.
• Pre-treatment to breakdown ligno-

cellulose required to maximise biomass 
utilisation - development of enzymatic 
hydrolysis.
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Anaerobic Digester Technology for Palm 
Oil Mill Effluent  Biogas Capture

Of the closed-tank anaerobic digester 
technology for POME biogas capture, Quah 
and Gilles (1981) and Chua and Gian (1986), 
have reported on Keck Seng’s closed tank 
anaerobic digester system. It is  based on the 
continuous-flow stirred-tank reactor using  
contact process (CSTR-Contact) principle. 
It was the earliest closed-tank technology 
offered by Novaviro Technology Sdn Bhd 

Stage

1 Complex organics, 
proteins, lipids, 
carbohydrates, 
lignocellulose

Extracellular 
enzymes

Soluble fatty acids, 
alcohols, CO2 & NH3

2 Soluble fatty acids, 
alcohols, CO2 & NH3

Acetogenic bacteria 
of acid formers

Acetic acid, proplonic 
acid, hydrogen, carbon 

dioxide & low M.W. 
organic acids

3a

3b

Hydrogen and 
carbon dioxide

Acetate
Methane-forming 
anaerobic bacteria

CH4

CH4 & bicarbonate

Figure 1. The main rate of controlling steps and biomass utilisation in the anaerobic digestion processes.

to meet the demand of the industry (Tong 
and Bakar, 2005; Tong et al., 2008). The 
KS-CSTR anaerobic digester technology 
which  operates with the provision of a 
dual function complete-mixed system in 
the mesophilic range.  It had an optimum 
hydraulic retention time in the range of 17 
- 18 days, and it also offered the efficient 
POME biogas capture, approaching the 
theoretical methane yield level. The first 
KS-CSTR system which was commissioned 
in 1984 has been in continuous operations 

Figure 2. KS-CSTR biogas plant.
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for 27 years, with consistent records of 
biogas output. Photos of this system and 
a few recently installed KS-CSTR biogas 
plants are shown in Figure 2.

A few alternative technologies have 
emerged since 2006/2007 and most of these 
were reported and published in the project 
design documents (PDD) under the Kyoto 
Protocol Clean Development Mechanism 
(CDM), and in forums promoting GHG 
emission reductions in POME treatment. 
These technologies include: (i) flow-through 

tank digester system; (ii) thermophilic 
anaerobic digester tank system; and 
(iii) membrane-covered anaerobic lagoon 
system. Table 6 shows that a total of 66 
projects from Malaysia have been submitted 
to the UNFCCC CDM Executive Board for 
validation to date. Among these, a total of 
34 projects, 16 of closed-tank systems and 
18 of membrane-covered lagoons, have 
been registered. 

Biogas production figures based on 
the historical data for projects which have 

TABLE 6.  CLEAN DEVELOPMENT MECHANISM (CDM)-DRIVEN PROJECT DEVELOPMENT 
- METHANE RECOVERY AND UTILISATION CDM PROJECTS FROM MALAYSIA

Status* Closed tank 
system

Membrane-covered 
system

Total No. of projects submitted for validation 66

Total No. of  projects registered 16 18

Total No. of projects 
requesting CERs issuance

Submitted 
monitoring 

report
6 8

CER issued 1 2
 

Note: *As of June 2011. CER – carbon emission reduction.

TABLE 7.  PALM OIL MILL EFFLUENT (POME) BIOGAS YIELD REPORTED IN PUBLISHED 
CDM PROJECT MONITORING REPORTS

Project 
No. Technology Monitoring period COD input 

kg m-3
m3 biogas/ 
m3 POME

Closed tank anaerobic digesters
0867 Closed tanks 1/02/09 - 31/12/10 63.77 25.88
1783 Closed tanks 1/07/10 - 31/12/10 105.98 18.90
0916 CSTR 1/12/08 - 31/5/09 65.07 28.91

1153 CSTR 8/11/07 - 30/4/09 
1/05/09 -28/2/11

77.74
96.23

34.67
43.94

2181 CSTR 1/06/09 - 31/12/09 
1/01/10 - 30/9/10

66.10
56.69

33.54
34.28

2185 CSTR 1/06/09 - 31/12/09 
1/01/10 - 30/9/10

73.36
51.37

31.63
28.87

3686 Closed tanks 8/10/10 - 30/6/11 148.89 36.52

Note: CSTR – complete-mixed stirred-tank reactor.

}
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Figure 3. Anaerobic digester (slurry) for second 
generation biogas plant. 

been implemented in the last few years 
are available in the monitoring reports 
published in the UNFCCC CDM website. 
Table 7 presents a summary of the biogas 
yield extracted from these reports. The data 
indicated that the CSTR systems had been 
able to achieve the expected biogas yield 
corresponding to the POME feeding rate. 

 
Anaerobic Digester Technology for Slurry 
and Empty Fruit Bunches

For palm oil mill residue in the slurry 
form, a suitable anaerobic digester design 
for second generation biogas plant, based 
on a plug-flow digester design, is illustrated 
in Figure 3. 

Figure 4.  A solid anaerobic digester system.

The characteristics of the solid anaerobic 
digester system are briefly outlined in 
Figure 4.

• digester loading: 10 to 20 kg COD m-3 

reactor per day;
• temperature range: thermophilic: 48oC 

to 57oC (or mesophilic: 35oC to 40oC) 
reactor per day;

• retention time in the digester: 15 to 30 
days;

• biogas production: 100 to 200 Nm3 of 
biogas per tonne of waste; and

• electricity production: 220 to 440 kWhr 
per tonne of waste production.

RECENT PROgRESS IN BIOgAS 
UTILISATION

Biogas with 60%  to  70% CH4 concentration 
can be utilised in both on-site and off-site 
applications (after purification):

An on-site application includes the 
following:

For direct fuel replacement (Figure 5):

• high pressure boiler;
• package boiler
• vapour absorption chiller;
• hot air burner; and
• co-firing in biomass boiler.
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Figure 5. Some examples of direct fuels displacement utilisation for on-site applications.

Figure 6. Utilisation of biogas/methane in biomass-biogas co-firing boiler.

Use after desulphurisation:

• for gas engines (35%-43% efficiency) 
– for local use or grid connection;

• gas turbine (25%) efficiency; and
• hydrogen purification.  

Off-site application (after purification or 
upgrading) (Figures 6 and 7):

• vehicle fuel – CNG equivalent;
• injection to local gas grid or NG grid; 
• bottling for distribution; and
• liquefaction for distribution.

For off-site applications including: 
vehicle fuel – as CNG equivalent, injection 
to local gas grid or NG grid, bottling 
for distribution, and liquefaction for 
distribution, the following technologies, 
such as chemical absorption, water 

scrubber, cryogenic, pressure swing adsorp-
tion and membrane process are shown 
in Figure 8. The most appropriate for 
adaptation appears to be the water scrubber 
technology, for which the operating and 
maintenance costs may be significantly 
lower than others. 

Examples of application of biogas on-
site after purification (H2S scrubbing) are 
shown in Figure 7.

CONCLUSION 

The first generation POME biogas projects 
provide the industry with the ground work  
to develop the full potential  of the palm oil 
mill residues for bio-methane production. 

The development of the second and third 
generation biogas plants which utilise  palm 

High Pressure Boiler Vapour Absorption Chiller Package Boiler
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Figure 8. Off-site application.

Figure 7. Biogas on-site application after purification.

6x500 kW gas engines installed in Sabah

oil mill slurry and solid biomass residues, 
still require further R&D,  with respect 
to pre-treatment, including enzymatic 
hydrolysis, to ensure more effective 
utilisation of the total biomass residues.

In biogas utilisation, power generation 
for on-site applications and grid connection 
are rapidly developing and upgrading of 

technologies will enable transportability 
and off-site utilisation of the product gas. 
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