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GRAPHICAL ABSTRACT
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ABSTRACT

This study condueid a life cycle assessment of palm oil mill effluent (POM&sed energy
generation using the CML 2001 method and Gabi 8 software, faraositwo POME treatment
technologies: the covered lagoon bio-digester (CLB)thadcontinuous stirred tank reactor
(CSTR). The analysis determined the respective environinemacts of the technologies,
both of which are currently in use in Malaysighe global warming potential (GWP) and
acidification potential (AP) for CSTR were -4.48 kg £0/kWh and -2.21 kg SCGq/kWh
respectively, while for CLB the values were -4.09 kgo€@kWh and -0.15 kg SQq/kWh.
Both technologies produced a negative result, which equatesdbenvironmental benefit.
However, both systems had a negative impact in terms afpiication potentialEP). The
CSTR nevertheless achieved a beEBresult of 0.048 k03 eg/kWh than the CLB with
0.054 kgPO3 eq/kWh A sensitivity analysis was carried out in order to find a way to
overcome the impacts &P. The findings provide useful data to guide decision-makers in the
sustainable management of POME, in Malaysia and globallyengieilar technologies are in

use.
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1. I ntroduction

In Malaysia, 5.8 million hectares of land are coveredibgalm plantations [1] and there
are approximately 454 palm oil mills (POMs) in operation [ZclEoil palm produces 8 to 15
fresh fruit bunches (FFBs) annually [8)il extracted from these FFBs consists of 10% of the
whole dry matter of the palm, while the remaining 90% is pailhbiomass [4], comprising
empty fruit bunches (EFBs), palm oil mill effluent (POMEnesocarpibres, palm kernel
shells, and palm oil trunks and fronds [5,Bpth POME and EFBs are generated in huge
guantities [7]. POME is a non-toxic, thick, viscous liquid teabat can cause damage if it is
directly releasedhto the environment asig a highly polluting wastewater [8

POME has high organic content. An anaerobic treatmetitod is thus most suitable
because suchmethod is more efficient [9]. Anaerobic digestion (ADgusrently considered
the most environmentally friendly biological treatmentgess because the waste subjected to
AD can be converted into value-added products such as bigygdé. In the biodegradation
step, a high-rate bioreactor is effective because ipcaduce a high methane yield within a
relatively short retention time while tolerating the agtierg and capital costs [9].

One of the types of AD system is the fluidised bed reg&BR), which requires a
large surface area for biomass attachment and masstrafisé FBR is usually employed in
treatment of high-strength wastewater [11]. However,pifteess requires high turbulent
conditions, which result in higher energy consumptiosoAthe media in the reactor, which
can be costly, has to be well maintained to sustain theeeifig of the system. Bacteria tend
to adhere to the reactor bed due to the intensive conditidhg isystem. Unfortunately, this
system is not efficient in terms of capturing the biogasiuced [2]. A further type of AD
system is the up-flow anaerobic sludge blanket (UASB) reaatauich does not require any
media for the treatment of wastewater with high suspkadids. While the UASB reactor is
an efficient system in terms of removing chemical oxygemand (COD), it produces an
increased amount of methane emissions in doing so. TraErsgéto has a tendency to retain
a high concentration of biomass within the reactolfif4@]. The other main disadvantage of
using the UASB reactor is that it has a very poor altditseparate biomass and treated effluent.
On the plus side, the UASB reactor consumes a low anad@mergy [13

The UASB reactor can be combined with an up-flow fixed {iLifF) reactor to create
an up-flow anaerobic sludge fixed film (UASFF) reactor [12je TUASB reactor has a low
energy demand, so the UASFF offers an improved veddiboth the UASB and UFF reactors.

However, while it has a good process control systenillihas a very poor ability to separate



effluent and biomass, resulting in very poor efficiency [1A] further type of bed reactor is
the expanded granular sludge bed (EGSB) reactor, which is basednodification of the
hydrodynamics of the UASB reactor [10]. The EGSB readafiicient in the removal of
COD. It performs better with an average organic loading @k&R} compared to the UASB
which performs best at a low OLR. Most of the biologicad ahemical reactions proceed
much more slowly under psychrophilic conditions, resgltin more energy consumption
compared to mesophilic conditions [15]. According to recent relsg&6], the EGSB reactor
performs comparably under both conditions. NeverthelbesEGSB reactor has two main
disadvantages: the inability of the granular bed to retagpended solids and its requirement
for the installation of active biomass for granulareanaic sludge [12].

One of the most common AD methods is the covered ladpmialigester (CLB),
applied by the majority of the POMs with biogas factitie Malaysia. It is considered a simple
and stable operating system that is also capable oftinfgra high OLR. The two main
disadvantages of this system are the large areadftlareds and the long hydraulic retention
time required to produce the biogas [12]. Conversely, thissysonsumes a very low amount
of energy and has low operating costs [17]. The CLB ésairithe two treatment technologies
evaluated in this study.

The other type of technology evaluated in this study iscth@inuous stirred tank
reactor (CSTR), one of the commercialised AD systemd msmost of the POMs employing
the tank system. It is very cheap and relatively easgristouct. The system has a good mixing
ability, which enhances the contact area between the bgoamal wastewater [18]. The CSTR
system has lower operating costs than some of ther sifstems because a low amount of
energy is consumed. However, the operation can be timsuming and there is very low
biomass retention [12Few of the AD systems, for example, CLB, CSTR and UAfaBe
been commercialised in POMs in Malaysia. UASB is stiler consideration and not solely
utilised for energy generation, while the remaining AD esyst are still under observation at a
lab scale.

The present study uses a life cycle assessment (LCA) agiprio quantify the
environmental impacts of two different POME treatmenthnedogies. The research builds on
previous investigations that use LCA to evaluate diffee@nironmental indicators for energy
generation from POME. LCAsia tool that can be used to evaluate the environmental impact
of a product from its formation stage or the extractdématural resources (cradle) until its

complete degradation in the environment or efide (grave) [19]. Most existing LCA studies



have compared a biogas technology with a composting sy&@j21] or have conducted
analyses of combinations of the open lagoon system waitfabiand composting facilities [22].

Environmental impact assessments for different treatrseanarios for palm oil
production wastehave been published previously [ROKey scenarios and findings are
summarised from this below. The scenarios for compaasen(a) dumping EFB and storing
POME and ponds, (b) returning EFB to the plantation and P@dAtefore, (c) using EFB and
POME for co-composting and returning the produced compost fahttion, (d) generating
biogas from POME and followed by (¢jindings from analyses by [20] showed that the major
contributor to the GWP is the methane emission upon dumpnB@&ME and EFB. Nutrient
recycling and reduced methane emissions can decrease tRe/&¥eé from 245 kg C£eq to
up to 5 kg CQeq per ton FFB. For instance, co-composting EFB and POMIS te reduction
in GWP and considered as nutrient recovery. Theretmmposting helps in simultaneously
reducing the environmental burdens and gaining net environmesafit. The best option
with reduced environmental impact would be co-composting & BRd POME, with or
without treating POME in a biogas plant as this way couldemese the nutrients of both the
palm oil residues.

In other studies, environmental impacts of six alternativeshe conversion of 30 t/h
of FFBs into biorefineries have been assessed ftdrnative scenarios that were assessed
were: production of biogas from the POME (C1), compostingrdf &Bnd fibre (C2), biomass
combustion for high pressure steam CHP (C3), pellet produ@in lpiochar production (C5)
and biochar and bio-oil production (C&Yith respect taGHG emissions, reductions of >33%
were found to be achieved, while composting and anaerobistibigeeduced the EP value by
30% As a whole, the most preferred alternative was thietgaioduction biorefinery.

LCA studies have been conducted by][22 a combination of open lagoon technology
(COLT) with composting and COLT-Biogas for POME treatm&@®LT-Biogas technology
comprises: composting (A), land application (B) and membtaakenology (C) The most
environmentally friendly technology was COLT-Biogas A as téihnology was able to emit
357.18 kgCOz eq less thathe other treatment processes with respect to GWP. @gdfect to
EP, COLT-Biogas A and COLT-Composting result in zeroaBmo nitrification of the water
or land occurs with the use of these technologies. hiigigest EP of 7.73 k§03 eq was
observed for the open lagoon technology, followed by CBidlgas B, with EP of 6.14 kg
PO; eq, and COLT-Biogas C, with EP of 5.96 k@; ~eq. The highest value of AP was mainly

observed in COLT-Biogas A, where turning and moving the ERBe composting areaacs



diesel, resulting in the contribution of approximately 56#4he AP valueHTP emissions
were negligible in this study because the palm oil’sdfocessing was not within the system
boundary. As a whole, the lowest energy consumption waS@iyT-Biogas C while the
highest net energy ratio (NER) was observed for COLT-Bidgand COLT-Biogas C. The
technology with the lowest EP and GWP values @OLT-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 maieabibg was to use a LCA
to quantify the environmental impacts of two different POM&atiment technologies. The
environmendl impact and the amount of sludge used for composting purpodssussed in
section 3.4 (sensitivity analysi§ensitivity analysis performed in this study evaluate€&the
impacts after the application @& composting system to the existing biogas system for
electricity generation. This adds to the noveltyhesboundary of this study does not include
the composting system. The results offer useful métion to decision-makers and planners
for biogas projects in existing POMs without such fac8iti€indings can also guide the
implementation of biogas facilities in new POMs.

2. Methodology

One of the best ways to assess the environmental pericensdi® OME-based energy
generation is to use LCA LCA generally consists of four parts: i) goal and scopaiein,
i) inventory analysis, iii) impact assessment, and igriptetation. In additioran analysis of
the sensitivity of the parameter that has the mdsttfnthe life cycle emissions is undertaken
in this study. The next section provides an overview efGhB and CSTR set-ups that we
evaluate. We then describe our methods in relation tdotine 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 aetdd 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 improvemeoh the conventional system- the open ponding
system. First, the POME from the mill is directed te tlvoling pond in order to stabilise the
temperature of the inlet wastewater before it enters it €ystem. This is to ensure the

maintenance of optimal conditions (pH and temperatareie digester and thereby ensure that
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the system yields the highest efficiency in terms of miganaterial decomposition. POME
from the cooling pond is channelled to mixing ponds and then pumizethe digester where

the majority of the decomposition takes place. The @L.&vered with a non-permeable high-
density polyethylene (HDPE) membrane angeotextileis set over the slope of the pond to
fully enclose the digester system. The biogas that isrg&dis extracted from below the

HDPE membrane and directed to the scrubber and chille¥ POME digestate from the

anaerobic digester is directed to facultative potad&irther reduce the level of biological

oxygen demand (BOD), before discharging digestate POMEaifak application. The biogas
generated is purified and combusted in gas engines to gerlecdtieiey, and supplied to the

national grid. The sludge obtained from the digester id tmecomposting purposes.

The CSTR at POM 2 is anothaD system that has been implemented in POMs in
place of the conventional system- the open digesting tardt, the POME from the mill is
channelled to the de-oiling tank for the removal of 90% obith& hen, the POME is directed
into a cooling pond to reduce its temperature to aboutG0rhe POME is then stored in the
distribution tank before being directed to the digestekgdor AD to take place. The top of
the tank is covered to trap the biogas. POME is fed contihuaus the digester under
appropriate mixing and circulation conditions inside thek. The digestate POME and
generated biogas stored ima holding tank. The digestate POME undezgfurther treatment
as it passes through anaerobic and aerobic ponds befsrasiéd for land applicatiohe
generated biogas purified before being combusted in gas engines to gipglnational grid.

The sludge obtained from the digestaunsed for composting purposes.

2.2. Life cycle assessment (LCA)

The LCA software Gabi 8 was used to evaluate the environmenpalcts of inventory
elements and life cycles for our two scenarios. Thissaction sets out the goalcope

functional unit, system boundaries, assumptions, and inasaessment.

The aim of this study was to assess and compare the engintadrimpacts of energy
generation from POMIh the context of Malaysia by comparing two different POtkéatment
technologies CLB and CSTR systemsThe main goal was to evaluate the potential
environmental benefits of employing two different POME tresit technologies to determine

which treatment technology was most environmentally friendlwo POMs located in two



different states of Malaysia were used as case stuiligateto-gate LCA was undertaken to
guantify and compare the environmental impact of the @h8 CSTR systems. The LCA
therefore covered all the stages of the process afgmeneration from POME, beginning
with the transfer of the POME from the POM, through fpeatment before entry to the AD
system, production of biogas in AD, purification of the biogaserated, combustion of the
biogas in the gas engine for energy generation and firtedigtment of the effluent, before
discharging it for land application. The environmentgdaict of every process was taken into
consideration. In this stugdyl kWh of electricity generated from POME was used as the
functional unit because this enabled easy comparisdredio technologies.

All data on the inputs and outputs to the Gabi 8 software wezetlgti obtained from
the POMs. Data were normalised to the functional unit of b ldf\electricity generation for
easy comparison between the two different treatmehhtdagies. It was, however, necessary
to calculate the emissions (output), as the databasdalde in Gabi 8 did not represent the
scenarios investigated by this study. The default emidaiar values listed in Table 1 were
obtained from the 2006 Intergovernmental Panel on ClirghiEnge (IPCC) Guidelines for
National Greenhouse Gas Inventories [23] while the grid displaat value was obtained
from the latest report of the Clean Development MeamarfiCDM) electricity baseline 2014
[24]. Moreover, [25] report a range of methane corredamtors, s@ suitable value based on
the scenario had to be used. Most of the mills with B@yatems in Malaysia follow the IPCC
guidelines to calculate carbon emissions for CDM applinatidhe CDM has played a great
role in encouraging a massive reduction€0% eqover the years, helping to mitigate climate
changg26]. External data such as discharge of digestate POME&rd application and usage
of sludge for composting purposes were not taken into consateeat these did not fall within
the system boundaries. Efficiency for both the CLB @8 TR systems was assumed to be 90%
based on a report 7] and information obtained directly from both the POWse mass and

energy balances inclusive of every input and output flowistesl in Table 2



Table 1 Emission and conversion factors

Description Symbol Unit Value Reference
Emission factor

Global warming GWPy, kg CQO: eqglkg 21 [23]
potential CHa

Grid displacement EFco, kg CQeqg/kWh 0.694 [24]
PQ; equivalence facto Po cod kg P03 eqg/kg 0.022 [22]
(eutrophication COD

potential) Po,in kgPO3 eq/kg N 0.42 [28]
SO equivalence facto Soww kg SO eg/kg BS 1.88 [22]
(acidification

potential)

Methane  productior Boww kg CHs/ kg COD 0.21 [23]
per kg COD digester

Methane correction

factor

Digester efficiency CFEw 0.9 [27]
Digestate POME MCFWw,digestate 0.1 [25]
Recovery/combustion MCFWw,anaerobic 1.0 [25]

utilisation




Table 2 Inventory for CLB and CSTR (functional unit = 1 kWh oéetricity)

Unit CLB CSTR
Inputs
POME production m3 0.028 0.020
Electricity
Transfer pump KWh 0.038 0.034
Blower kwWh 0.0018 -
Mixer kwWh - 0.13
Scrubber kWh 0.00075 0.0367
Chiller KWh 0.001 0.012
Booster fan kwWh - 0.0075
Processes
Biogas production m3 0.50 0.60
Outputs
Electricity kwWh 1 1
Sludge (used for compostir kg 1.6667 1.6667
purposes)
Emissions
CO; emissions
Open pond kg C&heq 0.01 0.08
Biogas captured (reduction) kg COeq -4.13 -4.71
SO emissions
Biogas captured (reduction) kg SGeq -0.15 -2.21
POy emissions
COD in POME kg PO3"eq 0.051 0.040
N in POME kg PO3"eq 0.0032 0.0081
CO; emissions from electricity
Transfer pump kg COeq 0.026 0.024
Blower kg COeq 0.0012 -
Mixer kg CQeq - 0.090
Scrubber kg COeq 0.00052 0.025
Chiller kg CO:eq 0.00069 0.0083
Booster fan kgCQOzeq - 0.0052

The equations applied to quantify the investigated emissiore medified based on
the MM methodology booklet [29]. The following equations were &gpto calculate the

emissions contributing to GWP:

GWP = Ep power + Ehanaerobic,ww + Ehww,digestate (1)
Ephpower = Enelec X EFco, (2)
Eh anaerobicww = (1 — CFEyw) X MER, www treatment X GWPc, 3)
Enhww,digestate = MEPy, ww,digestate X GWPcp, (4)

where E poweris the emissions from the energy generated (kgeQPEn elecis the amount of

energy used (kWh); Eozis the emission factor for grid displacement (kg @@/kWh);
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En,anaerobicwwiS the emission from the wastewater of the anaetodatment system (kg GO
eq), CFEw is the methane correction factor for the anaerobicstBgp MER ww,treatmeniS the
methane emission from the wastewater upon treatment Kk, GWPcHa is the emission
factor for GWP (kg C@eq/kg CH); Enww,digestatdS the emission from the digestate POME (kg
CO2eq); and MERww digestatdS the methane emission from the digestate POME (kg.CH

As regards MERww treatment Which is the methane emission from the wastewater upon
treatment and MERw,digestate Which is the methane emission from the digestate PQhiSe

can be expresserespectively, as:
MEph,ww,treatment = Qh,ww X C(_-)Dh,ww,tre.alted X Bo,ww X MCFww,anaerobic (5)

MEPh,ww,digestate = Qh,ww X CODh,ww,digestate X Bo,ww X MCFww,digestate (6)

where Quwwis the flow rate of the wastewater YmCODh ww,reatedS the digested amount of
COD based on the difference between the initial COD inpdtfanal COD output of the
particular process (kg CQRxed™®); Bowwis the methane production per kg of COD digested
(kg CHy/kg COD); MCRw,anaerobidS the methane correction factor for recovery utiisg
CODh wwdigestadS the value of the digestate COD for the respectivegso(kg CORgestatdm®);
and MCRw,digestatdS the methane correction factor for the digestate POME

In this study, sulphur dioxide generation was considered tebmajor contributor to

AP, where the acidifying effect can be expressed as:
AP = Eh,sulphur dioxide,ww (7)

Eh,sulphur dioxide,ww — (1 - CFEww) X HZSh,generated X So,ww (8)

where E sulphur dioxide, S the emission of sulphur dioxide from the wastewatténe anaerobic
treatment system (kg S@0); H2Sh generatedS the amount of hydrogen sulphide gas generated
(kg H2S); and S,wwis the SQ equivalence factor related to tAR impact (kg S@egkg HzS).
Eutrophication potential was calculated based on the avéyadiiltotal nitrogen and
phosphorus content. Based on the industrial data, only C@Rogad nitrogen in the POME

were observed to contribute to phosphate emissions, whiehoatulated as follows:

EP = Eh,phosphate,ww,cod + Eh,phosphate,ww,tn (9)
Eh,phosphate,ww,cod = CODh,ww,pome X 1:)o,cod (10)
Eh,phosphate,ww,tn = TNh,ww,pome X 1:)o,tn (11)

11



where B phosphate,ww,coiepresents the emissions from the wastewater of geraiic treatment
system due to the presence of COD in the POMEP(K eq); CODh ww,pomeiS the amount of
COD in the POME (kg COD)Pocodis the PO~ equivalence factor contributing to tieP
impact due to COD (k§03 eq)/kg CODY} Enphosphate,wun CONsiders the emissions from the
wastewater of the anaerobic treatment system due to peesértotal nitrogen (TN) in the
POME (kgP03~eq); TNhww,pomeis the amount oTN in the POME (kg TN); anddg, is the
P03~ equivalence factor contributing to tB®impact due ta'N (kg PO eqkg TN).

The life cycle impact assessment (LCIA) of the LGAhe phase in which the impact
categories were assessed based on the midpoint impagirezsteising the methodology CML
2001. This phase is the most crucial in the overall LCAe TCA involved calculating the
environmental impact of POME-based electricity generatiothbyCLB and by the CSTR
based on: global warming potential (GWP), acidification pakaP) and eutrophication
potential (EP). GWP was assessed as the main aim of impienm biogas facilities in POMs
is to mitigate greenhouse gas emissions, while AP is eotiyjpgpact that occurs as a result of
changes in the base and acid equilibrium in water andililbedies due to the presence of
contaminants such as NO,, NO and NH [30,31]. The other environmental impact factor
that was evaluated was EP. Eutrophication occurs due to thenpee®f very high
micronutrient levels in the environment and causes exeepsoduction of biomass [21]. In
addition, to analyse the EP impacts of change in vanstin the composition of sludge and

amount of POME anaerobic sludgesensitivity analysis was conducted.

3. Results and discussion

3.1.  Global warming potential with product displacement

The GWP for the two different technologies was calcdldt@sed on the amount of
input and the unit was expressed in kge€@Pper kWh of electricity generated. Induced impact
for each scenario is obtained by subtracting the aslaidpacts from the induced impacts [32].
The GWP of the CLB system was -4.09 kg £&Q per kWh of electricity generated and
consisedof a mixture of displacement and emissions as follewd3 kg CQeqcaptured in
the CLB system, 0.01 kg G@qgof methane losses during the open pond treatment (facelta
pond) and electricity emissions of 0.03 kg £8Q from the pumps and other processes. The
GWP of the CSTR system was -4.48 kg@Q composed of-4.71 kg CQeq from three

12



digester tanks capturing the biogas in the sys@e®d8, kg CQeq due to methane losses during
the open pond treatment; and 0.15 kg €@Pfrom emissions from electricity utilisation during
the process. The results for both systems are illestiatFig. 1.

Even though both systems use a similar process (AD) forii &d@nergy generation,
the GWP varies based on the input and output value of COPOME. Based on the
comparison of the GWP values for the two different tneait technologies, both technologies
gave a negative GWP value, indicatangotential decrease in greenhouse gas emissions and
net decreasen CO; [22]. This is clearly shown by [33] where it was stated that thePGW
reaches negative values because of the avoide@1@iSsions as a result of energy conversion
of the biomass. A decrease in b€, value offset the other G@missions from the methane
losses and electricity generated by both processesldbissgported by [34] that the greenhouse
gas emission reduction savings increase when the biogas edoidom the methane captured
is applied. However, the CSTR system seems to &avere negative GWP value compared
to the CLB system. Moreover, the CSTR system is muaferoostly compared to the CLB
systemThus, the CLB system seems to be more cost-effeatildhe more attractive option
However, both technologies have great potential to €reaenue from electricity generation
[35].

1.00 ~

0.01 0.03 oo08 0.15
0.00 el A
CLB CSTR

-1.00 -

-2.00 -

-3.00 -

GWP (kg CQeq//kWh)

-4.00 -
-4.13

-5.00 - -4.71
Biogas captured = Methane losses & Electricity emission

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 yaiuAP, but the only
contributor to this impact weS0; which was from the k& composition of the biogashe AP
value for the CLB system was -0.15 kg-3#gwhile for the CSTR system it was -2.21 kg-SO
eq (Fig. 2.

As both systems are closed systems, it can be asshatdgtiere are n80; emissions
Also, [36 show that the presence of a biogas system produces aveegatilt for acidification
potential, which equates to a net environmental benefitr &halysis compared biogas and
dung combustionin household cooking systems in developing countries. diesel
consumptionis involved in the process, which further helps it to be mareéronmentally
friendly. However, we found that the CSTR system has aigre@egative value compared to
the CLB system because the amount of POME used to gerdeksVh of energy differs under
each scenario. The hydrogen sulphide content in the G83tBm was higher than in the CLB
systemresulting in a greater amount of sulphur dioxide beinguragtin the CSTR.

0.00

CLB CSTR
-0.15
-0.50 A
=
2
?{ -1.00 A
(Clb“) Sulphur dioxide captured
2-1.50 -
o
<
-2.00 A
-2.21
-2.50 -

Fig. 2. AP for CLB and CSTR

3.3.  Eutrophication potential

The other environmental impact factor that was evaluatedBialn this study, the
only biomass considered is POMEFBs and FFBs are not taken into account. According to

[19], the EPof POME is calculated based on the total phosphorus and mtesgeell as the
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COD mass fractions. However, in this study, the total pmogs value of POME was not
taken into account as it was not detected when the PONRless from every process were
tested.

Fig. 3 provides the EP results for both systems. The §isBem and the CSTR system
emitted 0.054 kd?03~eq and 0.048 k§03eq respectivelyThe CLB system had a higher
EP result in terms of emissionsk®3~due to the absence of concretehe pond wall before
and after the AD system, which resdtn the POME dissolvingn nearby land and water.
Similarly, [22] reported the highest EP value for opgotan technology due to the absence of
concrete pond wall$HHowever, the CLB system hasigher EP impact compared to the CSTR
system because of the difference in amount of the PO#&d to generate 1 kWh of electricity.

0.060 ~

£0.0082
0.050 A

0.040 1

- Based on N in POME
0.030
0.051 Based on COD in POME

0.020 1 0.040

EP (Phosphate-eq/kWh)

0.010

0.000

CLB CSTR
Fig. 3. EP for CLB and CSTR

The percentage relative contribution of the two difielROME treatment technologies
to the environmental impacts GWP, AP and EP is illustratédgind. The preferred order of
ranking of the two technologies is presented in TablBah systems produced an overall
negative value for GWP and AP, which represents a netoemvéental benefitHowever, the
CSTR system captured more £&hd SQ, resulting ina higher negative percentage and better
outcome compared to the CLB system. As for EP, bypdtems had a positive EP value and
hence a negative impact on the environment. This is betlaeiggesence of COD and TN in

POME tends to cause an EP impact due to the absence oéteomateriain the pond wall,
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resulting in nitrification of land and water by both gmst. However, the CSTR had a lower
EP value than the CLB.

[2)
S 100% -
o
£ 80% A 47
£ 60% 4
(O]
£ 40% -
S
S 20% A
c
; 0% EARCE 04
2 20% - GWP - A EP
3 -40% -
€ -60% RERs
S 80% 52%
L

-100% A

:CLB L CSTR

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

Table 3 Preferred ranking of technologies for each environmemiadct category

Environmental impact category Preferred ranking order
GWP with product displacement CSTR> QB
AP with product displacement CSTR> QB
EP CSTR>04dB

3.4.  Sensitivity analysis

Palm oil mills not only generate POMHR,type of polluted wastewater; they also
produce a large amount of POME slud@©OME sludge has great potential for use as an
organic fertilizer [37] or compost. The most common tygePOME sludge used for
composting is POME anaerobic sludge, which is derived freneffluent of the AD digester
Sludge is also produced by the open treatment ponds or@émditiment [37], and is known
as treated POME sludge. POME anaerobic sludge comthigé level of nutrients compared
to treated POME sludge (Table 4). Both the CSTR and CLB sggtemauce a great amount
of sludge as a result of treating POME for energy gemeralBoth systems produce 1.667 kg
of sludge for 1 kWh of energy generation. Information wasifficiently available from the
POMs on the properties of POME anaerobic and treated POME slsnlgbe 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 caupa GWP and AP in the
case of both the CLB and CSTR systems. The total Elevéor the CLB and CSTR systems

were 0.054 k@03~ eq and 0.048 kB03~eq, respectively. However, the total EP value of both

systems can be offset by the application of 1.6667 kg sludg®ifoposting for every 1 kWh

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

composting. In order to evaluate the use of sludge for cdmpass a possible solutida the

EP impact a sensitivity analysis was carried out, the results of Wi illustrated in Fig. 5
and Fig. 6.
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0.02004 &4
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10B 20B 30B 40B 50B 60B 70B 80B 90B

Amount of mixed sludge composition (%)

Fig. 5. Total EP impact based on variation in compositionwdge
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Fig. 6. Total EP impact based on variation in amount of POM&erybic sludge

Fig. 5 shows that the total EP value gradually increases whendperton of treated
POME sludge in the mixed sludge increases in relation to tleair@nof POME anaerobic
sludge. The lowest EP valus observed when the sludge is composed solely of POME
anaerobic sludge. However, as shown in Fjghé result differs markedly when only POME
anaerobic sludge is used for composting. When the amouROME anaerobic sludge is
increased by approximately 0.2 kg, the total EP value reductsef@€LB and CSTR systems
by 19% and 28.6%, respectively. This is due to the incremeahe nitrogen and phosphorus
content of this sludge, which contributes toward offsettiegaverall EP impact.

The above results indicate that the EP value can lmnlynproved by adding more
POME anaerobic sludge. Altering the composition of 1.6667 kglumfge that consists of
POME anaerobic sludge and treated POME sludge by adding moesl tR@ME sludge tends
to increase the overall EP value (Fig. 5). This is becthesamount of nitrogen and phosphorus
in the mixture tends to reduce when more treated POME slsdgieled, increasing the overall
contribution of phosphate to the EP impact.

As the amount of POME anaerobic sludge used for compostingases, the total EP
value tends to gradually decrease. The EP value drops belovioz¢he CSTR system when
the amount of sludge used is 2.467 kg for 1 kWh of electricitgrgd¢ion. However, the EP
value of the CLB system only drops below zero when theuatnof sludge use 2.867 kg
for 1 kWh of electricity generation. This indicates tlaatincrement of 12 kg of POME
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anaerobic sludge per 1 kWh could completely offset the tétadiue for both CLB and CSTR
systems, reducing the impact to below zdnzreasing the use of this type of sludge for
composting would therefore resultamet environmental benefit, and buildiagoncrete wall
around the pond for both the CLB and CSTR systems woulditgdéfirmprove the EP result

even further.
4. Conclusion

The aim of this study was to undertake a LCA of two diffele®@ME treatment
technologies in two POMSs in order to identify whether letyipg a closedAD system would
be more beneficial from an environmental perspective. Ouffikeyngs show that:

e Both the CLB and CSTR systems haeet environmental benefit in terms of GWP
and AP. However, the CSTR system captured 0.3@®Rgeqg/kWh and 2.06 kg SO
eg/kwWh more than the CLB system.

e Interms of the EP impact, the CSTR system was moarefiogal as it emitted 0.006 kg
PO3~eq less than the CLB system. Mitigation measures, asithe use of concrete for
the pond wall, are crucial to reduce the EP impact of lsy§tems Moreover,
increasing the amount of anaerobic POME sludge used for ctingpbyg 1.2 kg per 1

kWh can result in an EP value below zero.

The findings presented offer important insights to enauraill owners to implement
more environmentally friendly biogas facilities in POMs. Sfadilities could generate energy
and increase the contribution of biogas to the primaryggneroduction mix in Malaysia.
Malaysia has committed to reducitgHG emissions by 45% by 2030 in its Nationally
Determined Contributions under the Paris Agreement. As, dimehing ways in which to
increase the share of renewables in the national emesgywhile also dealing with POME
waste, is both nationally and globally important.

Issues to be addressed in future research are vaAneider range of boundaries should
be focusse@n where possible, as this study only ledlat gate to gate considerations due to
data limitations Further research is needed to study the impacts ofirthkdischarge. For
instance, impacts from digestate POME following land apdicashould be taken into
considerationAdditionally, collection of primary data on the propestef POME anaerobic

sludge is needed to further verifyettesults of the sensitivity analysis. LCA can be comeldic
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using different methodologies to those used here, suBle@g e, which looks into endpoint

impacts, including those on the end user of the electganerated by the national grid.

wider range of POME treatment to energy generatiomtdogies from other countries could

be compared for a more comprehensive picture of opt@umsstudy considered two different

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

types of POME treatment to energy generation technolag@srently limited.
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