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ABSTRACT 

This study conducted a life cycle assessment of palm oil mill effluent (POME) based energy 

generation using the CML 2001 method and Gabi 8 software, focusing on two POME treatment 

technologies: the covered lagoon bio-digester (CLB) and the continuous stirred tank reactor 

(CSTR). The analysis determined the respective environmental impacts of the technologies, 

both of which are currently in use in Malaysia. The global warming potential (GWP) and 

acidification potential (AP) for CSTR were -4.48 kg CO2 eq/kWh and -2.21 kg SO2 eq/kWh 

respectively, while for CLB the values were -4.09 kg CO2 eq/kWh and -0.15 kg SO2 eq/kWh. 

Both technologies produced a negative result, which equates to a net environmental benefit. 

However, both systems had a negative impact in terms of eutrophication potential (EP). The 

CSTR nevertheless achieved a better EP result of 0.048 kg POସଷିeq/kWh than the CLB with 

0.054 kg POସଷିeq/kWh. A sensitivity analysis was carried out in order to find a way to 

overcome the impacts of EP. The findings provide useful data to guide decision-makers in the 

sustainable management of POME, in Malaysia and globally where similar technologies are in 

use. 

 

Keywords: POME, Anaerobic digester, Global warming potential, Acidification potential 

Eutrophication potential
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1. Introduction 
 
In Malaysia, 5.8 million hectares of land are covered by oil palm plantations [1] and there 

are approximately 454 palm oil mills (POMs) in operation [2]. Each oil palm produces 8 to 15 

fresh fruit bunches (FFBs) annually [3]. Oil extracted from these FFBs consists of 10% of the 

whole dry matter of the palm, while the remaining 90% is palm oil biomass [4], comprising 

empty fruit bunches (EFBs), palm oil mill effluent (POME), mesocarp fibres, palm kernel 

shells, and palm oil trunks and fronds [5,6]. Both POME and EFBs are generated in huge 

quantities [7]. POME is a non-toxic, thick, viscous liquid waste that can cause damage if it is 

directly released into the environment as it is a highly polluting wastewater [8].  

 POME has high organic content. An anaerobic treatment method is thus most suitable 

because such a method is more efficient [9]. Anaerobic digestion (AD) is currently considered 

the most environmentally friendly biological treatment process because the waste subjected to 

AD can be converted into value-added products such as bio-energy [10]. In the biodegradation 

step, a high-rate bioreactor is effective because it can produce a high methane yield within a 

relatively short retention time while tolerating the operating and capital costs [9].   

One of the types of AD system is the fluidised bed reactor (FBR), which requires a 

large surface area for biomass attachment and mass transfer. The FBR is usually employed in 

treatment of high-strength wastewater [11]. However, the process requires highly turbulent 

conditions, which result in higher energy consumption. Also, the media in the reactor, which 

can be costly, has to be well maintained to sustain the efficiency of the system. Bacteria tend 

to adhere to the reactor bed due to the intensive conditions in the system. Unfortunately, this 

system is not efficient in terms of capturing the biogas produced [12]. A further type of AD 

system is the up-flow anaerobic sludge blanket (UASB) reactor, which does not require any 

media for the treatment of wastewater with high suspended solids. While the UASB reactor is 

an efficient system in terms of removing chemical oxygen demand (COD), it produces an 

increased amount of methane emissions in doing so. The system also has a tendency to retain 

a high concentration of biomass within the reactor itself [12]. The other main disadvantage of 

using the UASB reactor is that it has a very poor ability to separate biomass and treated effluent. 

On the plus side, the UASB reactor consumes a low amount of energy [13]. 

The UASB reactor can be combined with an up-flow fixed film (UFF) reactor to create 

an up-flow anaerobic sludge fixed film (UASFF) reactor [12]. The UASB reactor has a low 

energy demand, so the UASFF offers an improved version of both the UASB and UFF reactors. 

However, while it has a good process control system, it still has a very poor ability to separate 
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effluent and biomass, resulting in very poor efficiency [14].  A further type of bed reactor is 

the expanded granular sludge bed (EGSB) reactor, which is based on a modification of the 

hydrodynamics of the UASB reactor [10]. The EGSB reactor is efficient in the removal of 

COD. It performs better with an average organic loading rate (OLR) compared to the UASB 

which performs best at a low OLR. Most of the biological and chemical reactions proceed 

much more slowly under psychrophilic conditions, resulting in more energy consumption 

compared to mesophilic conditions [15]. According to recent research [16], the EGSB reactor 

performs comparably under both conditions. Nevertheless, the EGSB reactor has two main 

disadvantages: the inability of the granular bed to retain suspended solids and its requirement 

for the installation of active biomass for granular anaerobic sludge [12].  

One of the most common AD methods is the covered lagoon bio-digester (CLB), 

applied by the majority of the POMs with biogas facilities in Malaysia. It is considered a simple 

and stable operating system that is also capable of tolerating a high OLR. The two main 

disadvantages of this system are the large area of land it needs and the long hydraulic retention 

time required to produce the biogas [12]. Conversely, this system consumes a very low amount 

of energy and has low operating costs [17]. The CLB is one of the two treatment technologies 

evaluated in this study. 

The other type of technology evaluated in this study is the continuous stirred tank 

reactor (CSTR), one of the commercialised AD systems used in most of the POMs employing 

the tank system. It is very cheap and relatively easy to construct. The system has a good mixing 

ability, which enhances the contact area between the biomass and wastewater [18]. The CSTR 

system has lower operating costs than some of the other systems because a low amount of 

energy is consumed. However, the operation can be time consuming and there is very low 

biomass retention [12]. Few of the AD systems, for example, CLB, CSTR and UASB have 

been commercialised in POMs in Malaysia. UASB is still under consideration and not solely 

utilised for energy generation, while the remaining AD systems are still under observation at a 

lab scale.  

The present study uses a life cycle assessment (LCA) approach to quantify the 

environmental impacts of two different POME treatment technologies. The research builds on 

previous investigations that use LCA to evaluate different environmental indicators for energy 

generation from POME. LCA is a tool that can be used to evaluate the environmental impact 

of a product from its formation stage or the extraction of natural resources (cradle) until its 

complete degradation in the environment or end of life (grave) [19]. Most existing LCA studies 
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have compared a biogas technology with a composting system [20,21] or have conducted 

analyses of combinations of the open lagoon system with biogas and composting facilities [22].  

Environmental impact assessments for different treatment scenarios for palm oil 

production waste have been published previously [20]. Key scenarios and findings are 

summarised from this below. The scenarios for comparison are: (a) dumping EFB and storing 

POME and ponds, (b) returning EFB to the plantation and POME as before, (c) using EFB and 

POME for co-composting and returning the produced compost to the plantation, (d) generating 

biogas from POME and followed by (c). Findings from analyses by [20] showed that the major 

contributor to the GWP is the methane emission upon dumping the POME and EFB. Nutrient 

recycling and reduced methane emissions can decrease the GWP value from 245 kg CO2 eq to 

up to 5 kg CO2 eq per ton FFB. For instance, co-composting EFB and POME leads to reduction 

in GWP and considered as nutrient recovery. Therefore, composting helps in simultaneously 

reducing the environmental burdens and gaining net environmental benefit. The best option 

with reduced environmental impact would be co-composting of EFB and POME, with or 

without treating POME in a biogas plant as this way could make use the nutrients of both the 

palm oil residues.   

In other studies, environmental impacts of six alternatives for the conversion of 30 t/h 

of FFBs into biorefineries have been assessed [21]. Alternative scenarios that were assessed 

were: production of biogas from the POME (C1), composting of EFB and fibre (C2), biomass 

combustion for high pressure steam CHP (C3), pellet production (C4), biochar production (C5), 

and biochar and bio-oil production (C6). With respect to GHG emissions, reductions of >33% 

were found to be achieved, while composting and anaerobic digestion reduced the EP value by 

30%. As a whole, the most preferred alternative was the pellet production biorefinery. 

LCA studies have been conducted by [22] for a combination of open lagoon technology 

(COLT) with composting and COLT-Biogas for POME treatment. COLT-Biogas technology 

comprises: composting (A), land application (B) and membrane technology (C). The most 

environmentally friendly technology was COLT-Biogas A as this technology was able to emit 

357.18 kg CO2 eq less than the other treatment processes with respect to GWP. With respect to 

EP, COLT-Biogas A and COLT-Composting result in zero EP as no nitrification of the water 

or land occurs with the use of these technologies. The highest EP of 7.73 kg POସଷିeq was 

observed for the open lagoon technology, followed by COLT-Biogas B, with EP of 6.14 kg POସଷିeq, and COLT-Biogas C, with EP of 5.96 kg POସଷିeq. The highest value of AP was mainly 

observed in COLT-Biogas A, where turning and moving the EFB in the composting area used 
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diesel, resulting in the contribution of approximately 55% of the AP value. HTP emissions 

were negligible in this study because the palm oil mill’s processing was not within the system 

boundary. As a whole, the lowest energy consumption was by COLT-Biogas C, while the 

highest net energy ratio (NER) was observed for COLT-Biogas B and COLT-Biogas C. The 

technology with the lowest EP and GWP values was COLT-Biogas A, while COLT-Biogas B 

and COLT-Biogas C had the lowest AP values [22].  

The present study builds on this previous work. Our main objective was to use a LCA 

to quantify the environmental impacts of two different POME treatment technologies. The 

environmental impact and the amount of sludge used for composting purposes is discussed in 

section 3.4 (sensitivity analysis). Sensitivity analysis performed in this study evaluates the EP 

impacts after the application of a composting system to the existing biogas system for 

electricity generation. This adds to the novelty as the boundary of this study does not include 

the composting system.  The results offer useful information to decision-makers and planners 

for biogas projects in existing POMs without such facilities. Findings can also guide the 

implementation of biogas facilities in new POMs.  

 

2. Methodology 

 

One of the best ways to assess the environmental performance of POME-based energy 

generation is to use LCA. A LCA generally consists of four parts: i) goal and scope definition, 

ii) inventory analysis, iii) impact assessment, and iv) interpretation. In addition, an analysis of 

the sensitivity of the parameter that has the most effect on the life cycle emissions is undertaken 

in this study. The next section provides an overview of the CLB and CSTR set-ups that we 

evaluate. We then describe our methods in relation to the four parts of the LCA and the 

sensitivity analysis. 

 

2.1. Overview of the two compared POME treatment technologies for energy generation 

 

The CLB and CSTR that were evaluated in this study are located at two different POMs, which 

for the purpose of this study are named POM 1 and POM 2.  

 The CLB in POM 1 is an improvement on the conventional system- the open ponding 

system. First, the POME from the mill is directed to the cooling pond in order to stabilise the 

temperature of the inlet wastewater before it enters the CLB system. This is to ensure the 

maintenance of optimal conditions (pH and temperature) in the digester and thereby ensure that 
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the system yields the highest efficiency in terms of organic material decomposition. POME 

from the cooling pond is channelled to mixing ponds and then pumped into the digester where 

the majority of the decomposition takes place. The CLB is covered with a non-permeable high-

density polyethylene (HDPE) membrane and a geotextile is set over the slope of the pond to 

fully enclose the digester system. The biogas that is generated is extracted from below the 

HDPE membrane and directed to the scrubber and chiller. The POME digestate from the 

anaerobic digester is directed to facultative ponds to further reduce the level of biological 

oxygen demand (BOD), before discharging digestate POME for land application. The biogas 

generated is purified and combusted in gas engines to generate electricity, and supplied to the 

national grid. The sludge obtained from the digester is used for composting purposes. 

 The CSTR at POM 2 is another AD system that has been implemented in POMs in 

place of the conventional system- the open digesting tank. First, the POME from the mill is 

channelled to the de-oiling tank for the removal of 90% of the oil. Then, the POME is directed 

into a cooling pond to reduce its temperature to about 50 °C. The POME is then stored in the 

distribution tank before being directed to the digester tanks for AD to take place. The top of 

the tank is covered to trap the biogas. POME is fed continuously into the digester under 

appropriate mixing and circulation conditions inside the tank. The digestate POME and 

generated biogas is stored in a holding tank. The digestate POME undergoes further treatment 

as it passes through anaerobic and aerobic ponds before it is used for land application. The 

generated biogas is purified before being combusted in gas engines to supply the national grid. 

The sludge obtained from the digester is used for composting purposes. 

 

2.2. Life cycle assessment (LCA) 

 

The LCA software Gabi 8 was used to evaluate the environmental impacts of inventory 

elements and life cycles for our two scenarios. This subsection sets out the goal, scope, 

functional unit, system boundaries, assumptions, and impact assessment. 

 

 The aim of this study was to assess and compare the environmental impacts of energy 

generation from POME in the context of Malaysia by comparing two different POME treatment 

technologies: CLB and CSTR systems. The main goal was to evaluate the potential 

environmental benefits of employing two different POME treatment technologies to determine 

which treatment technology was most environmentally friendly.  Two POMs located in two 
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different states of Malaysia were used as case studies. A gate-to-gate LCA was undertaken to 

quantify and compare the environmental impact of the CLB and CSTR systems. The LCA 

therefore covered all the stages of the process of energy generation from POME, beginning 

with the transfer of the POME from the POM, through pre-treatment before entry to the AD 

system, production of biogas in AD, purification of the biogas generated, combustion of the 

biogas in the gas engine for energy generation and finally, treatment of the effluent, before 

discharging it for land application. The environmental impact of every process was taken into 

consideration. In this study, 1 kWh of electricity generated from POME was used as the 

functional unit because this enabled easy comparison of the two technologies.  

All data on the inputs and outputs to the Gabi 8 software were directly obtained from 

the POMs. Data were normalised to the functional unit of 1 kWh of electricity generation for 

easy comparison between the two different treatment technologies. It was, however, necessary 

to calculate the emissions (output), as the databases available in Gabi 8 did not represent the 

scenarios investigated by this study. The default emission factor values listed in Table 1 were 

obtained from the 2006 Intergovernmental Panel on Climate Change (IPCC) Guidelines for 

National Greenhouse Gas Inventories [23] while the grid displacement value was obtained 

from the latest report of the Clean Development Mechanism (CDM) electricity baseline 2014 

[24]. Moreover, [25] report a range of methane correction factors, so a suitable value based on 

the scenario had to be used. Most of the mills with biogas systems in Malaysia follow the IPCC 

guidelines to calculate carbon emissions for CDM applications. The CDM has played a great 

role in encouraging a massive reductions of CO2 eq over the years, helping to mitigate climate 

change [26]. External data such as discharge of digestate POME for land application and usage 

of sludge for composting purposes were not taken into consideration as these did not fall within 

the system boundaries. Efficiency for both the CLB and CSTR systems was assumed to be 90% 

based on a report by [27] and information obtained directly from both the POMs. The mass and 

energy balances inclusive of every input and output flow are listed in Table 2.  
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Table 1 Emission and conversion factors 

Description  Symbol Unit Value Reference 
Emission factor 
Global warming 
potential 

GWPେୌర kg CO2 eq/kg 
CH4 

21 [23] 

Grid displacement EFେ୓మ kg CO2 eq/kWh 0.694 [24] 
PO4 equivalence factor 
(eutrophication 
potential) 

Po,cod kg POସଷିeq/kg 
COD 

0.022 [22] 

Po,tn kg POସଷିeq/kg N 0.42 [28] 
SO2 equivalence factor 
(acidification 
potential) 

So,ww kg SO2 eq/kg H2S 1.88 [22] 

Methane production 
per kg COD digester 

Bo,ww kg CH4/ kg COD 0.21 [23] 

Methane correction 
factor 

    

Digester efficiency CFEww  0.9 [27] 
Digestate POME MCFww,digestate  0.1 [25] 
Recovery/combustion 
utilisation 

MCFww,anaerobic  1.0 [25] 
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Table 2 Inventory for CLB and CSTR (functional unit = 1 kWh of electricity) 

 Unit CLB CSTR 
Inputs    
POME production m3 0.028 0.020 
Electricity    
Transfer pump kWh 0.038 0.034 
Blower kWh 0.0018 - 
Mixer kWh - 0.13 
Scrubber kWh 0.00075 0.0367 
Chiller kWh 0.001 0.012 
Booster fan kWh - 0.0075 
Processes     
Biogas production m3 0.50 0.60 
Outputs    
Electricity kWh 1 1 
Sludge (used for composting 
purposes) 

kg 1.6667 1.6667 

Emissions    
CO2 emissions     
  Open pond kg CO2 eq 0.01 0.08 
  Biogas captured (reduction) kg CO2 eq -4.13 -4.71 
SO2 emissions     
  Biogas captured (reduction) kg SO2 eq -0.15 -2.21 
PO4 emissions    
  COD in POME kg POସଷିeq 0.051 0.040 
  N in POME kg POସଷିeq 0.0032 0.0081 
CO2 emissions from electricity    
  Transfer pump kg CO2 eq 0.026 0.024 
  Blower kg CO2 eq 0.0012 - 
  Mixer kg CO2 eq - 0.090 
  Scrubber kg CO2 eq 0.00052 0.025 
  Chiller kg CO2 eq 0.00069 0.0083 
  Booster fan kg CO2 eq - 0.0052 

 

The equations applied to quantify the investigated emissions were modified based on 

the CDM methodology booklet [29]. The following equations were applied to calculate the 

emissions contributing to GWP: GWP ൌ E୦ǡ୮୭୵ୣ୰ ൅ E୦ǡୟ୬ୟୣ୰୭ୠ୧ୡǡ୵୵ ൅ E୦ǡ୵୵ǡୢ୧୥ୣୱ୲ୟ୲ୣ        (1) E୦ǡ୮୭୵ୣ୰ ൌ E୦ǡୣ୪ୣୡ ൈ EFେ୓మ          (2) E୦ǡୟ୬ୟୣ୰୭ୠ୧ୡǡ୵୵ ൌ ሺͳ െ CFE୵୵ሻ ൈ MEP୦ǡ୵୵ǡ୲୰ୣୟ୲୫ୣ୬୲ ൈ GWPେୌర     (3) E୦ǡ୵୵ǡୢ୧୥ୣୱ୲ୟ୲ୣ ൌ MEP୦ǡ୵୵ǡୢ୧୥ୣୱ୲ୟ୲ୣ ൈ GWPେୌర        (4) 

 

where Eh,power is the emissions from the energy generated (kg CO2 eq); Eh,elec is the amount of 

energy used (kWh); EFCO2 is the emission factor for grid displacement (kg CO2 eq/kWh); 
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Eh,anaerobic,ww is the emission from the wastewater of the anaerobic treatment system (kg CO2 

eq); CFEww is the methane correction factor for the anaerobic digester; MEPh,ww,treatment is the 

methane emission from the wastewater upon treatment (kg CH4); GWPCH4 is the emission 

factor for GWP (kg CO2 eq/kg CH4); Eh,ww,digestate is the emission from the digestate POME (kg 

CO2 eq); and MEPh,ww,digestate is the methane emission from the digestate POME (kg CH4). 

As regards MEPh,ww,treatment, which is the methane emission from the wastewater upon 

treatment and MEPh,ww,digestate, which is the methane emission from the digestate POME, these 

can be expressed, respectively, as: MEP୦ǡ୵୵ǡ୲୰ୣୟ୲୫ୣ୬୲ ൌ Q୦ǡ୵୵ ൈ COD୦ǡ୵୵ǡ୲୰ୣୟ୲ୣୢ ൈ B୭ǡ୵୵ ൈ MCF୵୵ǡୟ୬ୟୣ୰୭ୠ୧ୡ   (5) MEP୦ǡ୵୵ǡୢ୧୥ୣୱ୲ୟ୲ୣ ൌ Q୦ǡ୵୵ ൈ COD୦ǡ୵୵ǡୢ୧୥ୣୱ୲ୟ୲ୣ ൈ B୭ǡ୵୵ ൈ MCF୵୵ǡୢ୧୥ୣୱ୲ୟ୲ୣ   (6) 

 

where Qh,ww is the flow rate of the wastewater (m3); CODh,ww,treated is the digested amount of 

COD based on the difference between the initial COD input and final COD output of the 

particular process (kg CODtreated/m3); Bo,ww is the methane production per kg of COD digested 

(kg CH4/kg COD); MCFww,anaerobic is the methane correction factor for recovery utilisation; 

CODh,ww,digestate is the value of the digestate COD for the respective process (kg CODdigestate/m3); 

and MCFww,digestate is the methane correction factor for the digestate POME. 

In this study, sulphur dioxide generation was considered to be the major contributor to 

AP, where the acidifying effect can be expressed as: AP ൌ E୦ǡୱ୳୪୮୦୳୰ ୢ୧୭୶୧ୢୣǡ୵୵          (7) E୦ǡୱ୳୪୮୦୳୰ ୢ୧୭୶୧ୢୣǡ୵୵ ൌ ሺͳ െ CFE୵୵ሻ ൈ HଶS୦ǡ୥ୣ୬ୣ୰ୟ୲ୣୢ ൈ S୭ǡ୵୵     (8) 

 

where Eh,sulphur dioxide,ww is the emission of sulphur dioxide from the wastewater of the anaerobic 

treatment system (kg SO2 eq); H2Sh,generated is the amount of hydrogen sulphide gas generated 

(kg H2S); and So,ww is the SO2 equivalence factor related to the AP impact (kg SO2 eq/kg H2S). 

Eutrophication potential was calculated based on the availability of total nitrogen and 

phosphorus content. Based on the industrial data, only COD and total nitrogen in the POME 

were observed to contribute to phosphate emissions, which were calculated as follows: EP ൌ E୦ǡ୮୦୭ୱ୮୦ୟ୲ୣǡ୵୵ǡୡ୭ୢ ൅ E୦ǡ୮୦୭ୱ୮୦ୟ୲ୣǡ୵୵ǡ୲୬                             (9) E୦ǡ୮୦୭ୱ୮୦ୟ୲ୣǡ୵୵ǡୡ୭ୢ ൌ COD୦ǡ୵୵ǡ୮୭୫ୣ ൈ P୭ǡୡ୭ୢ                (10)  E୦ǡ୮୦୭ୱ୮୦ୟ୲ୣǡ୵୵ǡ୲୬ ൌ TN୦ǡ୵୵ǡ୮୭୫ୣ ൈ P୭ǡ୲୬                  (11) 
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where Eh,phosphate,ww,cod represents the emissions from the wastewater of the anaerobic treatment 

system due to the presence of COD in the POME (kg POସଷିeq); CODh,ww,pome is the amount of 

COD in the POME (kg COD); Po,cod is the POସଷି equivalence factor contributing to the EP 

impact due to COD (kg POସଷିeq)/kg COD); Eh,phosphate,ww,tn considers the emissions from the 

wastewater of the anaerobic treatment system due to presence of total nitrogen (TN) in the 

POME (kg POସଷିeq); TNh,ww,pome is the amount of TN in the POME (kg TN); and Po,tn is the POସଷି equivalence factor contributing to the EP impact due to TN (kg POସଷିeq/kg TN). 

 The life cycle impact assessment (LCIA) of the LCA is the phase in which the impact 

categories were assessed based on the midpoint impact categories using the methodology CML 

2001. This phase is the most crucial in the overall LCA. The LCA involved calculating the 

environmental impact of POME-based electricity generation by the CLB and by the CSTR 

based on: global warming potential (GWP), acidification potential (AP) and eutrophication 

potential (EP). GWP was assessed as the main aim of implementing biogas facilit ies in POMs 

is to mitigate greenhouse gas emissions, while AP is a type of impact that occurs as a result of 

changes in the base and acid equilibrium in water and in soil bodies due to the presence of 

contaminants such as SO2, NO2, NO and NH3 [30,31]. The other environmental impact factor 

that was evaluated was EP. Eutrophication occurs due to the presence of very high 

micronutrient levels in the environment and causes excessive production of biomass [21]. In 

addition, to analyse the EP impacts of change in variations in the composition of sludge and 

amount of POME anaerobic sludge, a sensitivity analysis was conducted.  

 

3. Results and discussion 

 

3.1. Global warming potential with product displacement 

 

 The GWP for the two different technologies was calculated based on the amount of 

input and the unit was expressed in kg CO2 eq per kWh of electricity generated. Induced impact 

for each scenario is obtained by subtracting the avoided impacts from the induced impacts [32]. 

The GWP of the CLB system was -4.09 kg CO2 eq per kWh of electricity generated and 

consisted of a mixture of displacement and emissions as follows: -4.13 kg CO2 eq captured in 

the CLB system, 0.01 kg CO2 eq of methane losses during the open pond treatment (facultative 

pond) and electricity emissions of 0.03 kg CO2 eq from the pumps and other processes. The 

GWP of the CSTR system was -4.48 kg CO2 eq, composed of: -4.71 kg CO2 eq from three 
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digester tanks capturing the biogas in the system; 0.08 kg CO2 eq due to methane losses during 

the open pond treatment; and 0.15 kg CO2 eq from emissions from electricity utilisation during 

the process. The results for both systems are illustrated in Fig. 1.  

Even though both systems use a similar process (AD) for 1 kWh of energy generation, 

the GWP varies based on the input and output value of COD of POME. Based on the 

comparison of the GWP values for the two different treatment technologies, both technologies 

gave a negative GWP value, indicating a potential decrease in greenhouse gas emissions and a 

net decrease in CO2 [22]. This is clearly shown by [33] where it was stated that the GWP 

reaches negative values because of the avoided CO2 emissions as a result of energy conversion 

of the biomass. A decrease in the CO2 value offset the other CO2 emissions from the methane 

losses and electricity generated by both processes. It is also reported by [34] that the greenhouse 

gas emission reduction savings increase when the biogas produced from the methane captured 

is applied. However, the CSTR system seems to have a more negative GWP value compared 

to the CLB system. Moreover, the CSTR system is much more costly compared to the CLB 

system. Thus, the CLB system seems to be more cost-effective and the more attractive option. 

However, both technologies have great potential to create revenue from electricity generation 

[35]. 

 

 

Fig. 1. GWP for CLB and CSTR systems 
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3.2. Acidification potential with product displacement 

 

 The CLB and CSTR systems both showed a negative value for AP, but the only 

contributor to this impact was SO2 which was from the H2S composition of the biogas. The AP 

value for the CLB system was -0.15 kg SO2 eq while for the CSTR system it was -2.21 kg SO2 

eq (Fig. 2). 

As both systems are closed systems, it can be assumed that there are no SO2 emissions. 

Also, [36] show that the presence of a biogas system produces a negative result for acidification 

potential, which equates to a net environmental benefit. Their analysis compared biogas and 

dung combustion in household cooking systems in developing countries. No diesel 

consumption is involved in the process, which further helps it to be more environmentally 

friendly. However, we found that the CSTR system has a greater negative value compared to 

the CLB system because the amount of POME used to generate 1 kWh of energy differs under 

each scenario. The hydrogen sulphide content in the CSTR system was higher than in the CLB 

system, resulting in a greater amount of sulphur dioxide being captured in the CSTR. 

 

 

Fig. 2. AP for CLB and CSTR 
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COD mass fractions. However, in this study, the total phosphorus value of POME was not 

taken into account as it was not detected when the POME samples from every process were 

tested. 

Fig. 3 provides the EP results for both systems. The CLB system and the CSTR system 

emitted 0.054 kg POସଷିeq and 0.048 kg POସଷିeq, respectively. The CLB system had a higher 

EP result in terms of emissions of POସଷିdue to the absence of concrete in the pond wall before 

and after the AD system, which resulted in the POME dissolving in nearby land and water. 

Similarly, [22] reported the highest EP value for open lagoon technology due to the absence of 

concrete pond walls. However, the CLB system has a higher EP impact compared to the CSTR 

system because of the difference in amount of the POME used to generate 1 kWh of electricity.  

 

 

Fig. 3. EP for CLB and CSTR 
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CSTR system captured more CO2 and SO2, resulting in a higher negative percentage and better 
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resulting in nitrification of land and water by both systems. However, the CSTR had a lower 

EP value than the CLB. 

 

 

Fig. 4. Comparison of environmental impacts for CLB and CSTR 

 

Table 3 Preferred ranking of technologies for each environmental impact category 

Environmental impact category Preferred ranking order 
GWP with product displacement CSTR > CLB 
AP with product displacement CSTR > CLB 
EP  CSTR > CLB 

 

3.4. Sensitivity analysis 
 

Palm oil mills not only generate POME, a type of polluted wastewater; they also 

produce a large amount of POME sludge. POME sludge has great potential for use as an 

organic fertilizer [37] or compost. The most common type of POME sludge used for 

composting is POME anaerobic sludge, which is derived from the effluent of the AD digester. 

Sludge is also produced by the open treatment ponds or aerobic treatment [37], and is known 

as treated POME sludge. POME anaerobic sludge contains a high level of nutrients compared 

to treated POME sludge (Table 4). Both the CSTR and CLB systems produce a great amount 

of sludge as a result of treating POME for energy generation. Both systems produce 1.667 kg 

of sludge for 1 kWh of energy generation. Information was insufficiently available from the 

POMs on the properties of POME anaerobic and treated POME sludge, so the properties 

summarised in Table 4 were obtained from the literature. 
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Table 4 Properties of POME anaerobic sludge and treated POME sludge 
Property POME anaerobic sludge (A) [38] Treated POME sludge (B) [37] 
pH value 7.41 7.40 
Moisture content (%) 95.0 68.46 
Carbon (%) 37.5 25.53 
Nitrogen (%) 4.7 4.21 
C/N ratio 6.7 6.35 
Volatile solids (%) - 89.43 
Total solids (%) - 32.40 
Phosphorus (%) 1.25 ± 0.10 0.08 ± 0.01 
Potassium (%) 5.16 ± 2.20 0.03 ± 0.01 

 

In this study, EP has a negative environmental impact compared to GWP and AP in the 

case of both the CLB and CSTR systems. The total EP values for the CLB and CSTR systems 

were 0.054 kg POସଷିeq and 0.048 kg POସଷିeq, respectively. However, the total EP value of both 

systems can be offset by the application of 1.6667 kg sludge for composting for every 1 kWh 

of electricity generation. Currently, both POM 1 and POM 2 use POME anaerobic sludge for 

composting. In order to evaluate the use of sludge for composting as a possible solution to the 

EP impact, a sensitivity analysis was carried out, the results of which are illustrated in Fig. 5 

and Fig. 6.  

 

 

Fig. 5. Total EP impact based on variation in composition of sludge 
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Fig. 6. Total EP impact based on variation in amount of POME anaerobic sludge 
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anaerobic sludge per 1 kWh could completely offset the total EP value for both CLB and CSTR 

systems, reducing the impact to below zero. Increasing the use of this type of sludge for 

composting would therefore result in a net environmental benefit, and building a concrete wall 

around the pond for both the CLB and CSTR systems would definitely improve the EP result 

even further. 

 
4. Conclusion 
 

The aim of this study was to undertake a LCA of two different POME treatment 

technologies in two POMs in order to identify whether employing a closed AD system would 

be more beneficial from an environmental perspective. Our key findings show that: 

 

 Both the CLB and CSTR systems have a net environmental benefit in terms of GWP 

and AP. However, the CSTR system captured 0.39 kg CO2 eq/kWh and 2.06 kg SO2 

eq/kWh more than the CLB system.  

 In terms of the EP impact, the CSTR system was more beneficial as it emitted 0.006 kg POସଷିeq less than the CLB system. Mitigation measures, such as the use of concrete for 

the pond wall, are crucial to reduce the EP impact of both systems. Moreover, 

increasing the amount of anaerobic POME sludge used for composting by 1.2 kg per 1 

kWh can result in an EP value below zero.  

 

The findings presented offer important insights to encourage mill owners to implement 

more environmentally friendly biogas facilities in POMs. Such facilities could generate energy 

and increase the contribution of biogas to the primary energy production mix in Malaysia. 

Malaysia has committed to reducing GHG emissions by 45% by 2030 in its Nationally 

Determined Contributions under the Paris Agreement. As such, finding ways in which to 

increase the share of renewables in the national energy mix, while also dealing with POME 

waste, is both nationally and globally important.  

Issues to be addressed in future research are varied. A wider range of boundaries should 

be focussed on where possible, as this study only looked at gate to gate considerations due to 

data limitations. Further research is needed to study the impacts of the final discharge. For 

instance, impacts from digestate POME following land application should be taken into 

consideration. Additionally, collection of primary data on the properties of POME anaerobic 

sludge is needed to further verify the results of the sensitivity analysis. LCA can be conducted 
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using different methodologies to those used here, such as ReCiPe, which looks into endpoint 

impacts, including those on the end user of the electricity generated by the national grid. A 

wider range of POME treatment to energy generation technologies from other countries could 

be compared for a more comprehensive picture of options. Our study considered two different 

treatment technologies due to its focus on systems in Malaysia, where application of different 

types of POME treatment to energy generation technologies is currently limited.  
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