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Abstract

Aiming to mitigate wastewater pollution arising from the palm oil industry, this university-industry research-and-
development project focused on the integration of serial treatment processes, including the use of moving bed
biofilm reactor (MBBR), pre-treatment with sand filters and activated carbon filters, and membrane technology for
aerobically-digested palm oil mill effluent (POME) treatment. To assess the potential of this sustainable alternative
practice in the industry, the developed technology was demonstrated in a pilot-scale facility: four combinations
(Combinations | to IV) of unit operations were developed in an integrated membrane-filtration system. Combination
| includes a MBBR, pre-treatment unit comprising sand filters and activated carbon filters, ultrafiltration (UF)
membrane, and reverse osmosis (RO) membrane, while Combination Il excludes MBBR, Combination Il excludes UF
membrane, and Combination IV excludes both MBBR and UF membrane. Life cycle assessment (LCA) was
performed to evaluate potential environmental impacts arising from each combination while achieving the goal of
obtaining recycled and reusable water from the aerobically-digested POME treatment. It is reported that electricity
consumption is the predominant factor contributing to most of those categories (50-77%) as the emissions of
carbon dioxide (CO,), sulfur dioxide (SO,), nitrogen oxides, and volatile mercury during the combustion of fossil
fuels. Combination | in the integrated membrane-filtration system with all unit operations incurring high electricity
consumption (52 MJ) contributed to the greatest environmental impact. Electricity consumption registers the
highest impact towards all life cycle impact categories: 73% on climate change, 80% on terrestrial acidification, 51%
on eutrophication, and 43% on human toxicity. Conversely, Combination IV is the most environmentally-friendly
process, since it involves only two-unit operations — pre-treatment unit (comprising sand filters and activated
carbon filters) and RO membrane unit — and thus incurs the least electricity consumption (41.6 MJ). The LCA offers
(Continued on next page)

* Correspondence: yh_teow@ukm.edu.my

'Department of Chemical and Process Engineering, Universiti Kebangsaan
Malaysia, 43600 Bangi, Malaysia

“Research Centre for Sustainable Process Technology, Universiti Kebangsaan
Malaysia, 43600 Bangi, Malaysia

Full list of author information is available at the end of the article

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://crossmark.crossref.org/dialog/?doi=10.1186/s42834-021-00089-5&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:yh_teow@ukm.edu.my

Teow et al. Sustainable Environment Research (2021) 31:15

Page 2 of 14

(Continued from previous page)

insights into each combination of the operating process and facilitates both researchers and the industry towards

sustainable production.
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Introduction

As the key driver for rural development in Malaysia, the
palm oil industry provides direct employment to half a
million Malaysians and indirect employment to another
250,000 people. The industry, however, has faced envir-
onmental challenges since the extraction of palm oil
generates sizeable volumes of wastewater known as palm
oil mill effluent (POME). The effluent is generally a
thick, brownish colloidal suspension with not only a dis-
tinctively offensive odour, but also a high chemical oxy-
gen demand (15,000-100,000mgL™"') and a high
biological oxygen demand (10,250-43,750 mgL~") [1].
For every ton of fresh fruit bunch processed, 0.5-0.7 t of
POME is generated.

The release of untreated POME into water bodies
causes environmental pollution by reducing the dis-
solved oxygen concentration therein, hence threatening
the life of aquatic organisms [2, 3]. Over the past few de-
cades, POME has conventionally been treated with the
use of a series of open ponds [4]. Nevertheless, this con-
ventional biological treatment suffers from the emission
of greenhouse gases (GHS), i.e., methane and carbon di-
oxide (CO,) [5]. According to a report in 2009 by
Roundtable on Sustainable Palm Oil, 70% of the GHS
emitted from palm oil mills were attributed to POME.
Accordingly, stringent legislation has been established
against the release of untreated POME into water bodies.
Besides, it is reported that 85% of water from the POME
can be recycled, reducing the operating costs as well as
to protect the environment from pollution [6]. A POME
treatment system based on membrane technology shows
high potential for eliminating the environmental prob-
lem, and in addition, this alternative treatment system
offers water recycling [7]. The treated effluent has a high
quality and crystal-clear water that can be used as the
boiler feed water or as the source of drinking water pro-
duction [8].

This study represents the research-and-development
collaboration between university and the local palm oil
industry to devise a practical strategy for the recycle and
reuse of aerobically-digested POME. Aiming at improv-
ing sustainability in the palm oil industry, this industry-
university project focused on the integration of the serial
treatment process, including the use of the moving bed
biofilm reactor (MBBR), pre-treatment through sand fil-
ters and activated carbon filters, and membrane technol-
ogy for aerobically-digested POME treatment. The
process flow of the unit operations is depicted in Fig. 1.
The jointly-developed strategy was successful in achiev-
ing water recycle and reuse by treating the aerobically-
digested POME to attain the quality of boiler feed water
[9]. Based upon the successful outcome, the resultant
technology was demonstrated in a pilot-scale facility to
assess the potential of this relatively sustainable alterna-
tive practice in the palm oil industry. Figure S1 of Sup-
plemental Information depicts the piping and
instrumentation diagram of the pilot-scale integrated
membrane-filtration system.

The pilot-scale integrated membrane-filtration system
consists of MBBR, sand filter and activated carbon pre-
treatment, coupled with ultrafiltration (UF) membrane,
and reverse osmosis (RO) membrane. The pilot-scale in-
tegrated membrane filtration system has proven in enab-
ling to treat aerobically-digested POME up to the
standard where the treated water can be recycle and re-
use as boiler feed water or any other usage [9]. There-
fore, four combinations of unit operations in the
integrated membrane-filtration system of pilot-scale
were developed for treating the aerobically-digested
POME to achieve the treatment target. Despite the suc-
cess of this integrated membrane-filtration system in
treating aerobically-digested POME and attaining
recycled and reusable water, the potential environmental
impacts by different combination of unit operations
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digested POME

Fig. 1 Process flow of integrated membrane-filtration system
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should be ascertained for the selection of most sustain-
able technology to implement in real industrial practice.
Kamble et al. [10] reported that the use of MBBR in
treatment plant had contributed to high CO, and GHG
emission due to high energy consumption by aerators or
mechanical stirrers in ensuring the bed in MBBR is mov-
ing for uniform treatment. On the other hand, a study
conducted by Meneses and Flores [11] stated that sev-
eral critical environmental issues such as climate change,
eutrophication, and human toxicity are linked to the
high energy demand of membrane filtration system,
namely UF and RO.

Life cycle assessment (LCA) is a viable tool to achieve
an understanding on how the selected system can im-
pact the environment. Sharvini et al. [12] has conducted
a LCA of POME based energy generation and their find-
ings provide useful information to guide decision-
makers in the sustainable management of POME. How-
ever, most of the previous studies only focus on single
alternative in POME treatment technology [13-16].
Nevertheless, there is lack of LCA study towards pilot-
scale system in aerobically-digested POME treatment.
Thus, there is a need to have an in-depth life-cycle-
based model on pilot-scale integrated membrane-
filtration system in evaluating the potential environmen-
tal impacts imposed by each combination while achiev-
ing the goal of obtaining recycled and reusable treated
water from aerobically-digested POME treatment. The
LCA approach of comparing the aerobically-digested
POME treatment technologies presented herein, and the
findings are expected to offer impact-oriented insights
into each combination of the operating process and to
facilitate both researchers and the industry towards sus-
tainable production.

Methods

In this study, the methodological framework for LCA by
the International Standard Organization 14,040: 2006
was adopted to evaluate potential environmental impacts
of the integrated membrane-filtration system through
different combinations of unit operations. The method-
ology comprises four components: definition of goals
and scope, life cycle inventory, assessment of life cycle
impacts, and interpretation [17].

Integrated membrane-filtration system

Combination |

Combination I of the integrated membrane-filtration
system includes a MBBR, pre-treatment unit comprising
sand filters and activated carbon filters, UF membrane,
and RO membrane. The aerobically-digested POME ac-
cumulating in a clarified tank was pumped into a 500-L
MBBR. Aeration was instituted through the use of an air
compressor for 24 h throughout the biological treatment
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in the MBBR to ensure uniform distribution of the bio-
film media [18]. The aerobically-digested POME was
then pumped into an intermediate tank, passing through
the pre-treatment unit and the UF-membrane unit. Sub-
sequently, the pre-treated POME in the intermediate
tank was further treated with the RO-membrane unit
and left in a treated water storage tank.

Periodical chemical cleaning with 0.1 wt% sodium
hydroxide (NaOH) for a consecutive 2-h duration was
performed to ensure the optimum performance of the
UF- and RO-membrane units in first combination of
the integrated membrane-filtration system after every
cycle of membrane filtration (6 h) [7]. Chemical clean-
ing serves to remove fouling layer on the membrane
surface ad is critical to the successful application of
membrane technology. In this study, NaOH is used
instead of hydrochloric acid (HCl) due to its better
cleaning performance [19].

Combination Il

Combination II of the integrated membrane-filtration
system includes a pre-treatment unit comprising sand
filters and activated carbon filters, UF membrane, and
RO membrane. The aerobically-digested POME accu-
mulating in the clarified tank was pumped into the inter-
mediate tank, passing through the pre-treatment unit
and the UF-membrane unit, and bypassing the MBBR.
Subsequently, the pre-treated POME in the intermediate
tank was further treated with the RO-membrane unit
and left in a treated water storage tank.

Similar to Combination I, periodical chemical cleaning
with 0.1 wt% NaOH for a consecutive 2-h duration was
performed to ensure the optimum performance of the
UF- and RO-membrane units in Combination II of the
integrated membrane-filtration system after every cycle
of membrane filtration (6 h) [7].

Combination Il

Combination III of the integrated membrane-filtration
system includes an MBBR, pre-treatment unit through
sand filters and activated carbon filters, and RO mem-
brane. The aerobically-digested POME accumulating in
the clarified tank was pumped into a 500-L MBBR. Aer-
ation was instituted through the use of an air compres-
sor for 24 h throughout the biological treatment in the
MBBR to ensure uniform distribution of the biofilm
media [18]. Unlike Combination I of the integrated
membrane-filtration system, the aerobically-digested
POME was pumped into the intermediate tank, passing
through pre-treatment unit comprising sand filters and
activated carbon filters and bypassing the UF-membrane
unit. Subsequently, the pre-treated POME in the inter-
mediate tank was further treated with the RO-
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membrane unit and left in the treated water storage
tank.

Similar to Combination I of the integrated membrane-
filtration system, periodical chemical cleaning 0.1 wt%
NaOH for a consecutive 2-h duration was performed to
ensure the optimum performance of the RO-membrane
units in Combination III of the integrated membrane-
filtration system after every cycle of membrane filtration
(6h) [7].

Combination IV

Combination IV of integrated membrane-filtration sys-
tem includes only pre-treatment through sand filters and
activated carbon filters and a RO membrane. The
aerobically-digested POME accumulating in clarified
tank was directly pumped through the pre-treatment
unit comprising sand filters and activated carbon filters
and left in the intermediate tank, bypassing the MBBR
and UF-membrane unit. Subsequently, the pre-treated
POME in the intermediate tank was further treated with
the RO-membrane unit and left in the treated water
storage tank.

Similar to Combination I of the integrated membrane-
filtration system, periodical chemical cleaning with 0.1
wt% NaOH for a consecutive 2-h duration was per-
formed to ensure the optimum performance of UF- and
RO-membrane units in Combination IV of the inte-
grated membrane-filtration system after every cycle of
membrane filtration (6 h) [7].

Life cycle assessment

Goal and scope

The goal and scope were defined at the early stage of
the LCA to provide a clear purpose for the targeted
audience [20]. System boundaries and functional units
within the boundaries to achieve the desired goal are
also clarified in this section [21].

The goal of this study is to conduct an environmental
assessment for the integrated membrane-filtration sys-
tem operating in different unit-operation combinations
in aerobically-digested POME treatment. Among the
three phases for the complete system (construction
phase, operational phase, and disposal phase), only the
second was considered in this study, given its greatest
impact [22, 23]. Since only the operational phase is con-
sidered, the gate-to-gate approach is applied for the
LCA. This signifies that the system boundary covers the
operational units after the clarified tank including the
MBBR, sand filters and activated carbon filters, UF
membrane, and RO membrane. Figure 2 depicts the sys-
tem boundaries for different combinations of the inte-
grated membrane-filtration system. A volume of 6 m® of
boiler feed grade treated water was specified as the func-
tion unit (FU) of each system. 6 m® was the capacity of
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the pilot-scale integrated membrane-filtration system.
The selected FU was used as the basis for comparing the
environmental impact imposed by different combina-
tions of integrated membrane-filtration system. Quality
of boiler feed grade treated water can be referred from
our previous study [9].

Life cycle inventory

Life cycle inventory, the second stage in the LCA, is the
most essential part where data collection is performed.
In this study, data collection focused on the operational
phase as explained in Goal and scope section. Three
dominant inputs were elucidated for the integrated
membrane-filtration  system: electricity, = chemical
(NaOH), and process water. Electricity was provided to
the pump and air compressor to run the system during
the treatment. Air was supplied to the MBBR to create a
uniform circular movement for the biofilm growth.
NaOH (0.1 wt%) was used for the chemical cleaning of
the UF and RO membranes whereas process water was
used for the backwashing of the sand filters and acti-
vated carbon filters. The life cycle inventories of the
combinations for the integrated membrane-filtration sys-
tem which collected from experimental data, relevant lit-
erature and environmental databases are summarized in
Tables 1, 2, 3 and 4.

Assessment of life cycle impacts

Assessment of life cycle impacts at the third stage of the
LCA is to identify and classify the potential environmen-
tal impacts imposed by different combinations of the in-
tegrated membrane-filtration system. The three basic
elements in the assessment are category selection, classi-
fication, and characterization [24].

Impact category selection

SimaPro® v.8.4.0.0 LCA software used in this study con-
tains a series of impact assessment methods: ReCiPe
midpoint method, Centrum voor Milieukunde Leiden
(CML) 2001 method, and environmental product declar-
ation method [25]. Among them, the well-established
ReCiPe midpoint method was chosen to facilitate this
study [26]. ReCiPe method is selected as it is the up-
dated method combining two popular methods [27],
namely CML methodology and Eco-indicator 99 for the
creation of broader impact categories [28]. Under Re-
CiPe method, the widely use midpoint evaluation is
chosen to transform the life cycle inventory into a num-
ber of indicator scores [29, 30]. Impact categories such
as climate change, terrestrial acidification, human tox-
icity, and eutrophication were selected for assessment of
life cycle impacts due to their close relation to the oper-
ational phase [17]. This is because the operational phase
contributed significantly to the equipment’s power
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consumption hence impinging on the above impact cat-
egories strongly. In the study conducted by others [31,
32], climate change (global warming potential), acidifica-
tion potential, and eutrophication potential are also be-
ing selected as the impact categories in the LCA study
for aerobically-digested POME treatment.

Classification

Classification refers to the distribution of the data col-
lected for the life cycle inventories to the life cycle im-
pact categories [33]. In SimaPro® v.8.4.0.0 LCA software,
classification was computed automatically.

Characterization

Characterization refers to the distribution of the contri-
butions of the data collected for life cycle inventories to
the relevant life cycle impact categories. Components
that contribute to the specific impact category were
multiplied by the associated characterization factor. For
characterization at the midpoint level in the ReCiPe
midpoint method, characterization was determined
through Eq. (1) [34].

Iy = ZiQmimi (1)

where m; is the quantity of the substance released (kg of
substance i), Q,, is the characterization factor connect-
ing the quantity of the component with the selected im-
pact category (kg substance i/kg CO, for climate change
impact category), and I, is the displayed result showing
the contribution of the component to the impact cat-
egory (kg CO, for climate change impact category).

However, the variation in characterization factor is in-
evitable. Thus, consistency in the development of mid-
point and endpoint models in ReCiPe method was
enhanced by working with the same time horizon per
cultural perspective across the various impact categories,
in order to ensure characterization factors are up-to-
date and representative for the global scale, while main-
taining the possibility for a number of impact categories
to implement characterization factors at a country and
continental scale [35].

Interpretation
Interpretation is the last step in LCA. Assessment of the
life cycle impacts is analyzed, compared, and discussed



Teow et al. Sustainable Environment Research (2021) 31:15

Page 6 of 14

Table 1 Life cycle inventory of Combination | for integrated membrane-filtration system

Unit operation/component Unit Amount
() MBBR
Clarify water pump (P6102) kWh 224
Air compressor (IA6101) kWh 0.66
Air m’ 801
(I1) Pre-treatment through sand filters and activated carbon filters
Biofilm transfer pump (P6103) kWh 1.12
Back wash pump (P6301) kWh 042
Process water m’ 3375
(I UF membrane
Back wash pump (P6301) kWh 0.21
Process water L 168.75
NaOH kg 0.08
(IV) RO membrane
Intermediate transfer pump (P6303) kWh 1.12
High pressure pump (P6304) kWh 6.6
Intermediate transfer pump (P6303) -Chemical cleaning kWh 037
High pressure pump (P6304) - Chemical cleaning kWh 224
Process water L 168.8
NaOH kg 0.08

for different combinations for the integrated membrane-
filtration system. The interpretation provides an impact
relevant understanding on each combination of the op-
erating process and facilitates both researchers and in-
dustry partners towards sustainable production.

Table 2 Life cycle inventory of Combination Il for integrated
membrane-filtration system

Unit operation/component Unit Amount

() Pre-treatment through sand filters and activated carbon filters

Biofilm transfer pump KWh 112
Back wash pump kWh 042
Process water m? 3375

(I UF membrane

Back wash pump KWh 0.21
Process water L 168.8
NaOH kg 0.08
(Il RO membrane

Intermediate transfer pump KWh 1.12
High pressure pump kKWh 6.6
Intermediate transfer pump - Chemical cleaning kWh 0.37
High pressure pump - Chemical cleaning KWh 224
Process water L 168.8
NaOH kg 0.08

Results and discussion

Impact study of combination |

As presented in Fig. 3a, Combination I portraited an in-
teresting result where electricity consumption registers
the highest impact towards climate change and terres-
trial acidification. High contribution in eutrophication
and human toxicity can be observed in both electricity
consumption and process water. Among three dominant
inputs for the Combination I, NaOH contributed the
least environmental impact regardless of the impact
category.

The environmental impact on climate change is
benchmarking with the release of CO,, the dominant
GHS to the environment [36]. In Combination I, Fig. S2
shows that a total amount of 52 M]J electricity was con-
sumed for the treatment of partially-treated aerobically-
digested POME in obtaining 6 m> of boiler feed grade
treated water. The consumption of electricity for the
treatment had released 12.7kg CO,, accounting for
about 72% of the total CO, release. As reported by the
Malaysia Energy Commission [37], electricity generated
in Malaysia originated from numerous sources: 90.7%
from fossil fuels (comprising 50.4% gas, 38.0% coal, 1.1%
oil, and 1.2% diesel), 8.4% from hydroelectricity, and
0.9% from others. Combustion of fossil fuels in power
plants generates steam that drives turbines to produce
electricity. Substantial amounts of CO, released through
such combustion have led to climate change. The Kyoto
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Table 3 Life cycle inventory of Combination IIl for integrated
membrane-filtration system

Unit operation/component Unit Amount
() MBBR

Clarify water pump KWh 224

Air compressor kWh 0.66

Air m’ 80

(1) Pre-treatment through sand filters and activated carbon filters

Biofilm transfer pump kWh 224
Back wash pump kKWh 0.56
Process water m> 3375

() RO membrane

Intermediate transfer pump kKWh 1.12
High pressure pump KWh 6.6
Intermediate transfer pump - Chemical cleaning kKWh 0.75
High pressure pump - Chemical cleaning kKWh 442
Process water L 168.8
NaOH kg 0.16

Protocol established by the United Nations Framework
Convention on Climate Change supported the fact and
stipulated that electricity generation has been one of the
dominant factors contributing to the release of CO, in
Malaysia [38]. The RO membrane unit is the unit oper-
ation which utilizes the most electricity energy [39]. This
is mainly due to the use of the high-pressure pump to
provide the driving force across the RO membrane
module.

In addition, the utilization of process water contrib-
utes fairly to climate change, accounting for about
27% of the total CO, release. In Malaysia, surface
water received by water-treatment plants is subjected
to a series of treatment processes which incurs high
electricity consumption and use of chemicals [40].

Table 4 Life cycle inventory of Combination IV for integrated
membrane-filtration system

Unit operation/component Unit Amount
() UF membrane
Back wash pump KWh 0.21
Process water L 168.8
NaOH kg 0.08
(I) RO membrane
Intermediate transfer pump KWh 1.12
High pressure pump kWh 6.6
Intermediate transfer pump - Chemical cleaning kKWh 0.75
High pressure pump - Chemical cleaning KWh 442
Process water L 168.8
NaOH kg 0.16
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Despite CO, release in electricity generation, the
chemical reaction between coagulants and anions
(such as HCO3") could also contribute to CO, forma-
tion [41]. The pre-treatment unit comprising sand fil-
ters and activated carbon filters is the unit operation
which utilizes the most process water. This is because
the coarse adsorbent in both filters required regular
backwashing to ensure optimum operation [42]. On
the other hand, NaOH exerts the least impact on cli-
mate change. It accounted for only 1.4% from the
total CO, release by both UF and RO membrane
units due to the use of only minute amounts.

Figure S3 depicts the contribution of Combination I of
the integrated membrane-filtration system towards ter-
restrial acidification. The environmental impact on ter-
restrial acidification is referred to as the release of
sulphur dioxide (SO,). As with the environmental im-
pact category of climate change, electricity consumption
exerts the greatest impact on terrestrial acidification,
followed by process water and lastly by NaOH. Other
than CO,, SO, is also emitted from the combustion of
fossil fuels for electricity generation due to the oxidation
of the sulphur content in coal while ammonia released
to the atmosphere originates predominantly from agri-
cultural activities [43, 44]. These emissions lead to the
acidic deposition of sulphuric acids, nitric acids, and am-
monium in the ecosystems. In sensitive ecosystems,
these acidic compounds will acidify the soil, affecting
nutrient recycling and impacting ecological roles of the
forests [45]. Therefore, it is not surprising that terrestrial
acidification exhibits patterns similar to those of climate
change.

Eutrophication arises from an oversupply of nutrients,
most commonly as nitrogen, which leads to the over-
growth of plants and algae in the aquatic ecosystem [46].
Hence, the environmental impact on eutrophication is
reflected by the release of nitrogen. As illustrated by Fig.
S4, eutrophication is attributed appreciably to electricity
consumption (50%) and process water (48%). Nitrogen
oxides are released in two forms for electricity gener-
ation: fuel NO, and thermal NO,. Fuel NO, is emitted
during the burning of fossil fuels due to the combustion
of coal and nitrogen-containing oil [47]. Thermal NO, is
formed through the oxidation of nitrogen in atmospheric
air at high temperatures [48]. The release of nitrogen ox-
ides to the environment, especially into water bodies,
causes algae booming and culminates in eutrophication.
The RO membrane unit, which utilizes the most electri-
city energy, is the dominant unit operation unit leading
to eutrophication.

Comparatively, process water contributes towards eu-
trophication to a larger extent (48%) than towards cli-
mate change and terrestrial acidification. The underlying
reason is that, other than the formation of nitrogen
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oxides caused by electricity utilization in water-
treatment plants, chlorination — the commonly-applied
disinfection process in Malaysia’s water-treatment plants
[49] — also plays a role. A shortcoming of chlorine is
that it may react with organic matters and rust deposited
on surfaces of pipes [50]. This leads to the release of am-
monia into the environment: when leached into water
bodies, such ammonia will promote algae growth [51].
Expectedly, the pre-treatment unit comprising sand fil-
ters and activated carbon filters which utilizes large
amounts of process water contributes appreciably to
eutrophication.

Human toxicity can be observed in Fig. S5 where such
toxicity is reflected by the impact of 1,4-dichlorobenze
on human health [52]. As with eutrophication, human
toxicity is attributed appreciably to electricity consump-
tion (43%) and process water (45%). Process water regis-
ters the highest impact towards human toxicity mainly
due to the release of mercury associated with the use of
chlorine in water treatment plants for the production of
process water. Chlorine is commonly produced with the
use of mercury cells. As reported by the USEPA [53],
94% of chlorine produced in the United States originated
from the mercury-cell process. The mercury used in the
process has the potential to vaporize and be released
into the environment [54]. The mercury thus released,
upon entry into water bodies, will form a toxic substance
known as methylmercury that threaten human [55]. As
reported by Ayres [56], the mercury-cell process is the
major source of the environment impact on human tox-
icity. Additionally, the generation of electricity likewise

contributes to human toxicity. The combustion of fossil
fuels for electricity generation emits toxic substances
such as arsenic, mercury, and lead, which jeopardises
human health [57]. These toxic substances will stay in
the human body for long periods of time [58]. According
to Hidayu et al. [59], as much as 26% of mercury emis-
sion resulted from the combustion of fossil fuels during
electricity generation.

Impact study of combination I
Combination II portrays a similar trend as Combination
I, where electricity consumption registers the highest
impact towards climate change and terrestrial acidifica-
tion. However, as opposed to Combination I, a greater
impact on eutrophication and human toxicity can be ob-
served in Fig. 3b, where environmental impact from
process water occupied larger portion of the chart.
Presented in Fig. 3b, electricity consumption registers
the greatest impact (67%), followed by process water
(31%), and lastly by NaOH (2%). Combination II bypasses
the MBBR as compared to Combination I; hence, less
electricity was needed for the system operation. As pre-
sented in Fig. S6, as much as 41.6 MJ of electricity was
consumed for the treatment process in Combination II,
contributing to 10.1 kg of CO, release. Given its use of the
high-pressure pumps, the RO membrane unit consumes
the greatest amount of electricity and is thus the dominant
unit operation contributing to climate change.
Additionally, process water contributes fairly to climate
change. The pre-treatment unit comprising sand filters
and activated carbon filters utilizes the most process water
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for regular backwashing. Therefore, the environmental
impact of the pre-treatment unit toward climate change is
undeniable. On the other hand, NaOH exerts the least im-
pact on climate change, contributing to only 1.6% from
the total CO, release by both UF and RO membrane units
due to the use of only minute amounts.

Similarly, electricity consumption registers the greatest
impact on terrestrial acidification, as clearly stated in
Fig. S7. Since it is due to SO, emissions during the com-
bustion of fossil fuels for electricity generation, terres-
trial acidification exhibits patterns similar to those of
climate change [60]. Besides, large amount of process
water used in Combination II is the key reason to pro-
mote eutrophication (50%), as depicted in Fig. S8. Ap-
proximately 675kg of process water — equivalent to
0.00154 kg of nitrogen release — was utilized on the
backwashing of the pre-treatment unit comprising sand
filters and activated carbon filters, and on cleaning of
the UF and RO membrane units, Nevertheless, the RO
membrane unit contributes the greatest environmental
impact towards eutrophication. This is because, other
than consumption of process water for cleaning, the RO
membrane unit also utilizes a high amount of electricity,
contributing to the formation of nitrogen oxides which
eventually leads to eutrophication.

As with eutrophication, process water registers the
highest contribution towards human toxicity in Fig. S9.
In this regard, the pre-treatment unit (which requires
much process water for regular backwashing) is the unit
operation predominantly contributing to human toxicity
under the process water input. However, given its appre-
ciable electricity consumption due to high-pressure
pumps and moderate utilization of process water for
membrane cleaning, the RO membrane unit is the unit
operation contributing to the greatest environmental im-
pact towards eutrophication in Combination II.

Impact study of Combination IlI

Combination IIT generally explicit a greater footprint on
four impact categories studied. As shown in Fig. 3¢, elec-
tricity consumption holds substantial amount of 77% on
climate change, 84% on terrestrial acidification, 57% on
eutrophication, and 49% on human toxicity. Process
water exerts a moderate impact on all such impact cat-
egories: 22% on climate change, 15% on terrestrial acid-
ification, 41% on eutrophication, and 38% on human
toxicity. Lastly, NaOH exerts the least impact on all im-
pact categories: 2% on climate change, 2% on terrestrial
acidification, 2% on eutrophication, and 13% on human
toxicity.

The contributions of Combination III of the integrated
membrane-filtration system towards the environmental
impacts are presented: climate change (Fig. S10), terres-
trial acidification (Fig. S11), eutrophication (Fig. S12),
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and human toxicity (Fig. S13). Contributions of the three
main dominant inputs concluded that electricity con-
sumption is the main input factor leading to all environ-
mental impacts imposed by Combination III. As much
as 52 M]J of electricity was consumed for the treatment
process in Combination III, which exceeds that of Com-
bination II (41.6 MJ). Although Combination III bypass-
ing the UF-membrane unit has reduced the use of
electricity by the UF-membrane unit, the MBBR none-
theless consumes appreciable electricity due to continu-
ous air supplied by the air compressor for the biofilm
growth [61]. As electricity consumption is the main in-
put factor leading to all environmental impacts imposed
by Combination III, the RO membrane unit, with its use
of high-pressure pumps, consumes the greatest amount
of electricity and is thus the dominant unit operation
promoting for aforementioned environmental impacts
under operating processes in Combination III.

Besides electricity consumption, process water utilized
in the integrated membrane-filtration system also exerts
critical environmental impacts. In this regard, despite its
utilisation of only little electricity, the pre-treatment unit
comprising sand filters and activated carbon filters war-
rants copious process water for frequent backwashing. It
therefore contributes appreciably to the environmental
impacts of climate change, terrestrial acidification, eu-
trophication, and human toxicity. Comparatively, despite
its utilisation of an equal amount of electricity, the
MBBR contributes the least to environmental impact for
all categories, since it does not require process water for
its operation.

Impact study of Combination IV

As presented in Fig. 3d, electricity consumption contrib-
utes a total peak of 73% on climate change, 80% on ter-
restrial acidification, 51% on eutrophication, and 43% on
human toxicity for the impact study of Combination IV.
Moderate impact imposed by process water towards all
the categories: 25% on climate change, 17% on terrestrial
acidification, 46% on eutrophication, and 43% on human
toxicity. Lastly, NaOH registers the least impact towards
the categories: 2% on climate change, 2% on terrestrial
acidification, 3% on eutrophication, and 15% on human
toxicity.

The contributions of Combination IV of the integrated
membrane-filtration system towards the environmental
impacts are depicted: climate change (Fig. S14), terres-
trial acidification (Fig. S15), eutrophication (Fig. S16),
and human toxicity (Fig. S17). The three main dominant
inputs contribution thus depicted concluded that electri-
city consumption is the main input factor leading to all
environmental impacts imposed by Combination IV.
Combination IV is more energy-saving (it consumed the
least electricity, i.e., only 41.6 MJ): the underlying reason
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is that it bypasses the MBBR and UF-membrane unit
and instead involves only the pre-treatment unit (com-
prising sand filters and activated carbon filters) and RO
membrane unit. Electricity consumption leads to all en-
vironmental impacts imposed by Combination IV. In
this regard, the RO membrane unit with its use of high-
pressure pumps consumes more electricity than the pre-
treatment unit; thus, it is the dominant unit operation
leading to the said environmental impacts. As with
Combination III, the magnitudes of the environmental
impacts for Combination IV are as follows: electricity
consumption (greatest), utilization of process water
(moderate), and lastly the use of NaOH (least).

Application of life cycle assessment in decision making

After individual assessment of four different combina-
tions, it is crucial to conduct a comparative study for
decision-making on system application for aerobically-
digested POME treatment. The comparative study for
the combinations is presented in Fig. 4. Combination I
exerts the greatest impact towards all life cycle impact
categories, possibly due to its involvement of many unit
operations and the consequential high electricity con-
sumption, utilization of process water, and use of NaOH.
Generally, the contribution of system combination to-
wards the categories followed the ascending sequence of
Combination IV (least) < Combination III < Combination
II < Combination I (greatest), regardless the life cycle im-
pact category attributed to the reduction of unit oper-
ation. However, the environmental impacts of climate
change and terrestrial acidification imposed by Combin-
ation III are higher than those by Combination II. This
is mainly due to higher electricity consumption of the
MBBR in Combination III. As explained previously, CO,
released through the combustion of fossil fuels is the
dominant factor leading to climate change [38]. There-
fore, the high electricity consumption of the MBBR in
Combination III registers a greater environmental
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impact towards climate change [62]. Likewise, terrestrial
acidification is caused mainly by SO, emissions during
the combustion of fossil fuels [63]. Therefore, both cli-
mate change and terrestrial acidification exhibit the
same trend.

On the other hand, despite electricity consumption,
the two environmental impacts of eutrophication and
human toxicity are also greatly affected by the utilization
of process water. For the former, the release of ammonia
into the environment through the reaction between
chlorine in water and natural organic matters promote
algae growth and culminate in eutrophication [64]. For
the latter, the release of mercury during chlorine forma-
tion leads to its leaching into water bodies and thus the
formation of toxic methylmercury that threatens human
health [55]. Combination II (which involves the pre-
treatment unit) utilizes more process water for regular
backwashing than Combination III (which bypasses the
pre-treatment unit). Therefore, Combination II registers
a high environmental impact to eutrophication. All in
all, Combination IV of the integrated membrane-
filtration system is the most environmentally-friendly
operating process for treating aerobically-digested
POME in achieving 6 m® of boiler feed grade treated
water. Combination IV has reduced the electricity con-
sumption by 20% which contributing to most of impact
categories (climate change, terrestrial acidification, mar-
ine eutrophication, human toxicity) as the emissions of
CO,, SO,, nitrogen oxides, and volatile mercury during
the combustion of fossil fuels.

Sensitivity analysis

The results of the analysis of the four combinations of
boiler feed water treatment systems explain that the use
of electricity is a major factor contributing to the envir-
onmental impact. As such, further analysis has been
made to compare the environmental impact of the exist-
ing electricity use in Malaysia with alternative energy
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sources. Hydro power is a renewable energy source.
Hydroelectric generation plant uses dams to store water
from various sources. When the water flows and moves
the turbine, the form of energy will convert from kinetic
energy into mechanical energy. The turbine moves the
generator rotor and transforms the mechanical energy
into electrical energy [65]. In Malaysia, electricity gener-
ation with hydropower resources is still under-
development, as far it is only 8.4% hydroelectric in elec-
tricity generation [66]. However, alternative energy
sources have begun to take over and play an important
role in power generation [67]. According to Inter-
national Energy Agency 2019, the demand for electricity
from hydropower sources is increasing across Asia [68].

In addition, other alternative energy sources such as
photovoltaic energy are also being considered. Photovol-
taic (PV) is a method of generating electricity by con-
verting the sunlight into electricity by using
semiconductors [69]. According to ASEAN Remap study
conducted by ASEAN Centre of Energy and Inter-
national Renewable Energy Agency, Malaysia’s total in-
stalled power generation capacity from solar PV is
targeted to hit 5800 MW by 2025 [70]. Thus, based on
these two alternative energy sources, impact assessment
is conducted using the SimaPro® software to study the
impact generated by these three energy sources in sup-
plying 1 kWh of electricity. Figure 5 summarizes the
resulting impacts of the three energy options used.

In the category of climate change, it is worth noting
that hydro and PV energy contribute to lower impacts
compared to the current electricity consumed in
Malaysia at 15 and 10% respectively. To produce 1 kWh
of electricity, hydropower consumption contributed 0.13
kg CO,-equivalent while PV energy contributed 0.085 kg
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sources do not need to supply electricity from the burn-
ing of fossil fuels that releases a lot of CO,.

For the category of terrestrial acidification, hydro
power contributes a low impact value of 0.65% (2.15 x
10™° kg SO,-equivalent) as compared to existing electri-
city use. While PV energy has contributed 4.45 x 10~ *kg
SO,-equivalent, e.g., 13.4% compared to electricity from
fossil fuel combustion. In the eutrophication category,
hydropower and PV energy resulted in low impact com-
pared to electricity from fossil combustion, e.g., 1.4 and
35.5% respectively. Fossil combustion releases nitrogen
dioxide (NO,) as well as high SO, emissions.

In the category of toxicity to humans, PV energy has
generated the greatest impact, by releasing a 1,4-dB-
equivalent 0.00704 kg in supplying 1 kWh of electricity.
This is due to chemicals found in PV cells such as cad-
mium telluride, copper indium selenide and cadmium
gallium that release toxic substances into the environ-
ment. In conclusion, this analysis suggests that existing
electrical energy contributes to majority of the environ-
mental impacts, thus a sustainable aerobically-digested
POME treatment system can be developed with the use
of renewable energy. Therefore, shifting of fossil fuel to-
wards renewable energy is crucial in preserving the
environment.

Conclusions

The LCA of different combinations of the integrated
membrane-filtration system was based on the four main
life cycle impact categories (climate change, terrestrial
acidification, eutrophication, and human toxicity)
through the input from electricity consumption,
utilization of process water, and use of NaOH. It can be
concluded that electricity consumption is the dominant
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categories (50.2-77%) as the emissions of CO,, SO,, ni-
trogen oxides, and volatile mercury during the combus-
tion of fossil fuels in electricity generation lead to
climate change, terrestrial acidification, eutrophication,
and human toxicity. Therefore, among the combinations
of operating process, Combination I system which in-
volves all unit operations with high electricity consump-
tion (52 MJ) registers the greatest impact towards all
impact categories. On the other hand, Combination IV
system is the most environmentally-friendly for treating
aerobically-digested POME in achieving 6 m> of boiler
feed grade treated water, since it involves only two unit
operations — the pre-treatment unit comprising sand fil-
ters and activated carbon filters and RO membrane unit
— with the least electricity consumption (41.6 MJ). Elec-
tricity consumption registers the highest impact towards
all life cycle impact categories: 73% on climate change,
80% on terrestrial acidification, 51% on eutrophication,
and 43% on human toxicity. Combination IV has re-
duced the electricity consumption by 20% which con-
tributing to most of impact categories. However, the
LCA herein focuses on only the operational phase and
excludes the construction and disposal phases. Further
studies examining those phases are therefore suggested.
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