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ABSTRACT

Mass flows of palm oil processes require energy to convert input into output. The energy requirements of a con-
tinuous palm oil processing system can provide a complete overview of the process of producing palm oil, palm
kernel oil, and the generation of solid wastes and liquid waste (POME). Analysis of energy potential in the biomass
involved in a 60-ton-per-hour fresh fruit bunches (FFB) processing revealed a potential for solid waste at the strip-
ping station (EFB 28%), depericarper (fiber 17.61%), and hydrocyclone (shell 32.02%), and liquid waste potential at
the sterilization station (49.68%), hydrocyclone (18.31%), sludge in the sludge tank (0.38%), sludge separator tank
(31.55%), and oil purifier (0.08%). The value of the liquid waste potential has a significant and direct impact on the
environment, forming greenhouse gas emissions (global warming potential), such as CO,, NO , NH,, or CO,-¢q,
human health, resource quality, climate change, and resources from each palm oil processing station. The greatest
potential CO,-eq value is yielded by processes in the station that produce palm oil, including stripping, digester, and
pressing. The possible values, such as global warming potential (GWP CO,eq), is 4.81 x 10°,4.56 x 10°, and 9.49 x
10°, respectively. For cradle-to-gate LCA, the significant environmental impacts are acidification (253.1 kg-SO,eq),
eutrophication (93,719 kg-PO,eq), water footprint (10,387 m’), and energy consumption (969,920 MJ). The influ-
ence of cradle-to-gate life cycle management has a direct impact on the use of input and output energy in a process,
especially in the process of processing FFB to produce palm oil, palm kernels, and fiber waste, EFB, as well as
liquid waste which can be used as organic fertilizer for sustainable palm oil plantations.

Keywords: palm oil mill, CPO, LCA, potential global warming, cradle-to-gate.

INTRODUCTION

The energy balance in the production of crude
palm oil (CPO) from fresh fruit bunches (FFB)
requires careful management of the input and out-
put energy within a closed system (Bantacut &
Pasaribu, 2015; (Bantacut & Novitasari, 2016).
This includes managing input-output inventories
(Vijaya et al. 2008; Subramaniam et al., 2010a;
Zulkifli et al., 2010), and the processing of FFB at
palm oil mills (Stichnothe & Schuchardt, 2010; Er
et al., 2011; Abdullah & Sulaiman, 2013; Agus-
tiar et al., 2020), alongside the use of electricity
and water in these processes (Faisal and Mahidin,
2013; Kospa et al. 2017). A mill with a capac-
ity of 60 tons per hour requires approximately

twice the electrical energy of a 30-ton FFB mill,
ranging from 20 to 25 MW (Mahlia et al., 2001;
Bantacut & Pasaribu, 2015; Hidayat et al., 2017),
This highlights the significant energy demands of
the CPO production process (Mabhlia et al., 2001;
Yusoff, 2006; Hayashi, 2007).

Under existing conditions, palm oil produc-
tion consumes large amounts of energy and water,
resulting in the generation of both solid and liquid
waste (Bantacut et al., 2014; Kramanandita et al.,
2014; Bantacut & Pasaribu 2015; Susanto et al.,
2017), The waste typically consists of 2—15% fi-
ber, 5-7% shell, and 20-23% empty fruit bunches
(EFB) based on the processing capacity of FFB
(Haryanti et al., 2014; Rahayu et al., 2018; Agus-
tiar et al., 2020). The fiber-to-shell ratio is around
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70:30, with the shell being a viable fuel for direct
combustion in boilers to produce high-tempera-
ture steam (Ahmad et al., 2016; Izah et al., 2016;
Harahap et al., 2019).

The processing requires 20 hours per day, with
machine efficiency capacity at 80% (Mabhlia et al.,
2001; Hidayat et al., 2017), producing crude palm
oil through digestion, pressing, and oil purifica-
tion, within a closed system (cradle-to-gate) (Es-
pino et al., 2019). Each process directly impacts
environmental emissions in the surrounding area
(Scarlat and Dallemand, 2011; Zhuo et al., 2020),
with indirect emissions affecting human health
(Scarlat and Dallemand, 2011; Rega and Ferranti,
2019). Solid and liquid waste from the process im-
pacts the soil and produces unpleasant odors, es-
pecially during prolonged rainfall (Kar and Tekeli,
2008; Rupani & Singh, 2010; Pandia et al., 2020).
This can also influence the palm oil industry pro-
cesses in a region and impact the surrounding
community environment near palm oil mills.

The byproducts of oil palm processing, such
as EFB, fiber, palm oil mill effluent (POME),
and shell, have significant potential as alternative
energy sources (renewable energy) (Hosseini &
Wabhid, 2014; Wu et al., 2017), these materials
can replace steam in palm oil processing, serve
as substitutes for biodiesel (Sugiyono, 2008; Cap-
pelli et al., 2015; Hamzah et al., 2019), and be
utilized in power generation (Shuit et al., 2009;
Kurka and Blackwood, 2013). FFB yield CPO at
rates of 10-30% (Wicke et al., 2008), with solid
waste generation ranging from 30-70%, and lig-
uid waste at 60-79% (Faisal & Mabhidin, 2013;
Ohimain & Izah, 2014), and the contribution of
the composition of solid waste includes empty
fruit bunches (20-23%), fiber (12-15%), and
shell (5-7%) (Nasution et al., 2014).

The energy potential of waste generated from
palm oil processing continues to be evaluated in
this research. Numerous competent studies have
highlighted the potential of solid waste (Husain
et al., 2003; Shuit et al., 2009; Foo and Hameed,
2010; Ohimain and Izah, 2014), and liquid waste
(Gobi & Vadivelu, 2013; Pandia et al., 2020). The
environmental impacts assessed through life cycle
assessment (LCA) processes, considering both
inputs and outputs, demonstrate the environmen-
tal effects at each stage of the inventory process
as energy sources (Subramaniam et al., 2010b;
Gunarso et al., 2013). The extensive use of elec-
tricity and water contributes to the emissions that
affect air, water, and soil, potentially leading to
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environmental impacts measured in terms of CO,
equivalent (kg-CO,eq), including CO,, NO_, and
CH, emissions, as well as human health impacts,
environmental quality, and resource quality. (Jol-
liet et al., 2003; McManus & Taylor, 2015; Al-
Hamamre et al., 2017; Rega & Ferranti, 2019),
Additionally, the conversion of liquid waste into
energy can help reduce greenhouse gas emissions
(CH,) (Kar & Tekeli, 2008; Kaygusuz, 2009).

This research cannot precisely predict the
amount of energy each station generates in the
palm oil processing chain. The process is con-
ducted based on the mass balance or equilibrium
balance of each station, which determines the
quantity of waste generated and the magnitude of
environmental impacts resulting from electricity
consumption throughout the process, as illustrat-
ed in Figure 2.

METHOD

Analysis of the balance in CPO production
process

The mass balance process involves calculat-
ing the balance between input and output in the
CPO production, considering inventory inputs,
outputs, and waste (Kramanandita et al., 2014;
Bantacut & Romli, 2020). The mass balance
analysis does not account for chemical or physi-
cal properties of the palm fruit at each processing
station, but instead focuses on the stages leading
to CPO production. The energy balance method
and mass balance were used alongside the Si-
mapro Software Version 9 Pre Consultant to ana-
lyze the environmental impacts or emissions from
each station during the process, employing meth-
ods such as IMPACT 2002+, Recipe 2016 (Jolliet
et al., 2003; Steubing et al., 2016). These meth-
ods are designed to assess the environmental im-
pacts on human health, ecosystem quality, global
warming potential, and resources (Jolliet et al.,
2003; Sadhukhan et al., 2019; Singh et al., 2013),
utilizing Eco-Indicator 99 (Goedkoop and Spri-
ensma, 2001), and CML (Finnveden et al., 2009;
Hischier et al., 2010). These factors are evaluated
in the life cycle impact assessment (LCIA) inven-
tory throughout the operation of each station. The
functional unit (FU) for palm oil is defined as 1
ton of CPO, which will be converted into CO,
equivalents (Reijnders & Huijbregts, 2008; Davis
et al., 2009; Van Rikxoort et al., 2014).
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The mass and energy balance calculations
are based on the previously established equa-
tions (Bantacut & Pasaribu, 2015). The analy-
sis reveals that the composition of waste gener-
ated during the processing of fresh fruit bunches
(FFB) includes various waste types, such as sol-
ids (empty fruit bunches, fibers, and shells), lig-
uids (water and sludge), and other by-products.
These wastes are produced at different stations,
including stripping, depericarping, hydrocyclon-
ing, sterilization, sludge tanks, sludge separator
tanks, oil purifiers, and hydrocyclones (Tables 1
and 2). The mass balance equation is as follows:

Input mass (Min) = Output mass (Mout) (1)

The mass balance of palm oil processing is
calculated at various stations, including steriliza-
tion, threshing/stripping, digestion, pressing, con-
tinuous settling tanks (CST), sludge tanks (ST),
and sludge separator tanks (SST). This process
operates cyclically at CST, ST, and SST, where
the materials are continuously recycled back into
the CST, and then into the oil purifier, vacuum
dryer, and oil storage tank (Agustiar et al., 2020;
Kramanandita et al., 2014).

Life cycle assessment analysis from cradle
to gate

According to ISO 14040, life cycle assessment
(LCA) is a technique used to assess the environ-
mental impacts associated with a product (Menou-
fi, 2011; Ling-Chin et al., 2016). LCA compiles
and inventories the inputs and outputs related to
the production of a product (Vijaya et al., 2008;
Chauhan et al., 2011; Ling-Chin et al., 2016; )
as well as evaluates the potential environmental
impacts (Phang & Lau, 2017; Sadhukhan et al.,
2019). It interprets the results of the analysis at
each stage of the study (Klopfter, 2006; Klopfter
& Grahl, 2014; Ling-Chin et al., 2016; Darojat et
al., 2019). The LCA cycle begins with raw mate-
rial extraction, production processes, transporta-
tion, operation, and recycling activities (Vijaya et
al., 2008; Desinta Sawitri Giandadewi and Pertiwi
Andarani, 2017; Yusuf et al., 2019), and in this
study, a gate-to-gate boundary system was ap-
plied, which is from material coming in up to a
product out of factory (Subramaniam et al., 2010).

Within this cycle, LCA provides environmental
impact information for the activities that produce a
product (Chauhan et al., 2011). This phase starts
by calculating the input and output throughout the

entire life cycle of production process, including
material and energy use (input) and the products
generated (output). This study is a part cradle to
cradle LCA that offers insight into the environ-
mental impact of a produced from the production
activities (Finnveden et al., 2009). Data process-
ing for environmental impact assessment consists
of three elements: characterization, normalization,
and weighting (Yusoff & Hansen, 2007; Finnveden
et al., 2009). These assessments identify the most
significant environmental contributions.

FFB conversion into CPO

The system boundary defines the identifica-
tion of inputs, outputs, and environmental im-
pacts within a palm oil mill, particularly focusing
on the process of converting FFB into CPO. The
CPO processing is presented in Figure 1.

RESULTS AND DISCUSSION

Mass and energy balance in the crude palm
oil (CPO) process

The mass and energy balance calculations for
the palm oil production process are illustrated in
Figure 2.

Sterilization

The palm fruit, transported to the sterilizer
via a fresh fruit bunch (FFB) conveyor, under-
goes sterilization for 1 hour. The separated mix-
ture is collected in an oil recovery tank for re-
claiming the oil, while the condensate is pumped
to the waste treatment station. A total of 60 tons
of FFB are loaded into the sterilizer from the
transport lorry before being processed into oil.
The sterilization temperature ranges from 125
°C to 135 °C, requiring 82-90 minutes (Bantacut
& Pasaribu 2015). The steam requirement ac-
counts for 27.26%, while exhaust steam repre-
sents 3.65%, producing 85% sterilized fruit from
the original FFB. This output consists of 1.8%
ripe fruit and 23.16% condensate, which further
includes 0.68% oil, 3.69% solids, and 95.63%
water condensate. The electrical energy required
for the sterilization process is 39,912.12 MJ per
hour, equivalent to 11,086.47 kWh. The balance
of the CPO processing can be observed in the il-
lustration provided in Figure 2.
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Figure 1. CPO production process flow section

Stripping

Sterilized FFB, which account for 85% of
the total input, are fed into the stripping drum
to separate the fruit from the bunches, operat-
ing at a speed of 33.95 rpm. This process yields
32% EFB, consisting of 3.36 kg/hr of oil, 16,801
kg/hr of EFB, and 117,607 kg/hr of loose fruits,
with palm fruits weighing 35,438 kg/hr. The
composition of loose fruits includes 17,718.73
kg/hr of fruit and 561.59 kg/hr of water. The
energy requirement for the stripping process is
617,889 Ml/hr or 171,636 kWh, while energy
released to the atmosphere is 85,645.02 MJ/hr
or 21,960.26 kWh.

Digester

The loose fruit from the stripping process en-
ters the digester, which separates the pulp from
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the nut. This process involves mashing the fruit
with rotating blades while heating to a tempera-
ture of 90-95 °C (Kramanandita et al., 2014). The
feed for the digester comprises 98.5% fruit and
1.5% water, with a steam requirement of 6.67%
of the total feed. The process results in 106.67%
mass, including 92.6% loose fruit and 7.94% wa-
ter. The electrical energy required for this mash-
ing process is 1,921.54 kWh or 7,494.006 MJ/hr.

Pressing

The mashed fruit, which consists of 92.60%
fruit and 7.94% water, is transferred to the press-
ing machine, where hot water (approximately 20%
of the total mass) is added. The pressing process
produces about 66% crude oil, which includes
46% oil, 42.8% water, 7% solids, and 4.2% free
fatty acid (FFA). It also generates 54.5% fiber,
1.5% water, and 44% nut. The electrical energy
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Figure 2. Detailed energy balance of palm oil mill (Kramandanita, ef al., 2014)

used in the pressing process is 1,921.54 kWh or

7,494.01 MJ/hr.

Continuous settling tank (CST)

The crude oil from pressing, consisting of
oil (46%), water (42.8%), solids (7%), and FFA
(4.2%), is conveyed to the continuous settling
tank (CST) for initial clarification. In this tank,

components:
e the sludge tank,
o the sludge separator tank.

separation occurs by gravity, with two main

The clarified mixture returning to CST con-
sists of 84.5% oil, 13.25% water, and 2.25% sol-
ids. The process requires low electrical energy
(heat loss) of 219.81 kWh or 857,259 MJ/hr. The
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initial crude oil clarification starts with 18,944.3
kg/hr (58.74%), including 1,117.71 kg/hr (5.9%)
oil, 1,138.55 kg/hr (7.5%) water, and 16,688 kg/hr
(88.09%) solids. After treatment in the sludge tank
and separator tank, the clarified oil returns to CST.

Sludge tank

The oil-bearing sludge from CST is pumped
to the sludge tank, where oil is separated from the
sludge using gravity. The sludge composition in-
cludes approximately 75.33% water and 24.67%
solids, which is directed to the effluent pond as
POME. The crude oil mixture from the sludge
tank comprises 27.5% oil, 70.5% water, and 2%
solids, and is then transferred to the sludge sepa-
rator tank. The energy requirement for this station
is 2,971.08 kWh or 11,587.21 MJ/hr (Kramanan-
dita et al., 2014). The process recycles oil from
the sludge tank back to the CST, with an estimat-
ed oil recovery of 95.50%.

Sludge separator tank

Oil from the sludge tank is further processed
in the sludge separator at 90 °C to separate oil
from sludge. The composition of the separated
oil includes 29.22% oil, 70.78% water and solids,
which is returned to CST. The clarified oil is com-
posed of 84.50% oil, 2.25% solids, and 13.25%
water, while the co-product sludge is sent to the
effluent pond containing 95.05% oil, 0.55% sol-
ids, 0.45% water, and 3.50% FFA.

Oil purifier tank

The oil from the oil tank is sent to the oil pu-
rifier to remove impurities. The purified oil con-
sists of 95.50% oil, 0.45% water, 3.50% FFA,
and 0.55% solids. The waste from the oil puri-
fier, comprising 2.98% solids and 97.02% water,
is discharged to the effluent pond (POME). The
energy required for the oil purification process is
23,606.3 MJ/hr or 6,052 kWh/hr.

Table 1. Solid waste potential

Vacuum dryer

Oil from the oil purifier, containing 96.50%
oil, 0.45% water, 2.92% FFA, and 0.13% solids,
is fed into the vacuum dryer to reduce the wa-
ter content from 0.45% to 0.002%. The result-
ing oil is stored as CPO. The process consumes
163,419.04 MlJ/hr or 41,902.32 kWh of steam
energy and 778.51 MJ/hr or 199.62 kWh of elec-
trical energy. The vacuum dryer separates water
from the oil, reducing water content by approxi-
mately 0.98%.

Oil tank

The final CPO stored in the oil tank contains
oil (96.80%), water (0.002%), FFA (3.07%), and
solids (0.13%). Over time, water evaporates, solids
settle, and the oil retains its free fatty acid content.

Potential energy from palm oil waste

The processing of FFB to produce palm oil also
generates potential energy from the waste produced
at various stages, such as stripping, depericarper,
and hydrocyclone. These processes yield energy-
rich by-products such as EFB, fiber, and shells.
Table 1 highlights the dominant waste products:
16,801 kg/h of EFB, 10,556.37 kg/h of fiber, and
3,653.47 kg/h of shells. In terms of percentage, EFB
accounts for 28%, fiber 17.61%, and shells 6.06%.
Previous research (Hosseini et al. 2013; Ohimain &
Izah 2014) has demonstrated the potential of con-
verting these solid wastes into biohydrogen, biogas
(Ahmad et al., 2016), and bioethanol (Kaygusuz
2009; Acaroglu & Aydogan 2012).

The liquid waste produced, consisting of water
and sludge, originates from the sterilization sta-
tion, sludge tank, sludge separator tank, oil puri-
fier, and hydrocyclone. Each station generates
liquid waste with varying compositions of solids
and water. Liquid waste containing water primar-
ily is produced at the sterilization and hydro cy-
clone stations, while sludge is generated at the

Station Type of waste Composition Volume (kg-hr')
Striping EFB 0il 0,03%, EFB 99,28%, and loose fruits 0,7%, at 90 °C 16,801
Depericarper Fiber Fiber 96%, nut 4%, at 40 °C 10,556.37
Hidrocyclone Shell Shell 99%, kernel 1% 3,653.47
Total 31,010.835

Note: Bantacut & Pasaribu, 2015.
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sludge tank, sludge separator tank, and oil puri-
fier stations. The amount of water produced totals
28,337.73 kg/h, while the sludge composition ac-
counts for 13,340.097 kg/h. The overall volume
of liquid waste produced is 69.46%, equivalent to
41,677.83 kg/h. The potential development of this
liquid waste could serve as an alternative energy
source (Gobi and Vadivelu 2013; Ohimain and
Izah 2014), such as biohydrogen (Kramanandita et
al., 2014; Ahmad et al., 2016), and water recovery
(Kelly-Yong et al. 2007; Bantacut and Novitasari
2016), as shown in Table 2.

Global warming potential (GWP) in palm oil
processing

GWP, based on a worldwide metric (Recipe
Global GWP100), indicates the global warming
potential caused by emissions over a 100-year
timeframe. Greenhouse gas (GHG) emissions in
this study are considered a significant source of
GWP (Steubing et al., 2016; Darojat et al., 2019).
The value of greenhouse gas emissions is ex-
pressed in potential global warming, measured in
kilograms of CO, equivalent (kg-CO,eq.). These
values are periodically reported by the Inter-
governmental Panel on Climate Change (IPCC)
(IPCC, 2006; Siangjaeo et al., 2011). GHG100, as
expressed in kg CO,eq., primarily consists of CO,.
Other gases, such as CH, and N, O, also have sub-
stantial GWP equivalent values, with CH, having
a value of 25 kg-CO,eq. and N,O having a value
of 298 kg-CO,eq (Kelly-Yong et al., 2007; Hos-
seini and Wahid 2015). However, CO, remains the
primary contributor to global warming, as it is the
main product of hydrocarbon-oxygen reactions.

The GWP of greenhouse gases during the FFB
processing to produce CPO presents a significant
risk of contributing to global warming (Hischier et
al. 2010; Gerbens-Leenes 2013; Dincer and Bicer
2018). The process emits greenhouse gases, such as
carbon dioxide (CO,), methane (CH,), and nitrous

Table 2. Liquid waste potential

oxide (N,0), expressed as kg-CO,eq., which im-
pacts environmental sustainability (McManus &
Taylor 2015; Al-Hamamre et al. 2017). The poten-
tial effects of these emissions include global warm-
ing, climate change, eutrophication, acidification,
and human health risks (Jolliet et al. 2003; Rega
and Ferranti 2019). Each station in the FFB pro-
cessing has the potential to generate CO,eq. emis-
sions from the various stages of production.

The CO,eq. emissions from each station in
the palm oil processing are calculated per unit
process, with a functional unit (FU) of 1 ton. The
LCA impact category shows the CO,eq. emissions
per hour for each processing station. The highest
emissions occur at the oil purifier station (19 x 10?
kg-CO,eq.), the continuous settling tank (15.6 x
10° kg-CO,eq.), and the vacuum dryer (19.1 x 10°
kg-CO,eq.). These elevated emissions are likely
due to the significant electricity consumption
from diesel or gasoline fuel, which results in high
CO,eq. Emissions at each hotspot in the palm oil
processing stations (Schmidt, 2010). The potential
impacts extend to human health, climate change,
eutrophication, acidification, water footprint, and
energy consumption (Table 3). The impact cat-
egory can be evaluated using the IMPACT 2002+
method, which integrates various approaches,
such as IMPACT 2002 (Jolliet et al., 2003; His-
chier et al., 2010), Eco-Indicator 99 (Goedkoop
and Spriensma 2001), CML (Jolliet et al. 2003;
Wardenaar et al., 2012), and the IPCC method
(http://www.impactmodeling.org). These impacts
are observed in the process of producing palm oil
and palm kernel oil from FFB (Jolliet et al., 2003).

Global warming potential emission values

The impact assessment (impact category) pre-
sented in Table 3 illustrates GWP in units of kg
CO,-¢q., hlghhghtmg 'the most. significant impact
at each processing station. The impact values indi-
cate hotspots occurring at the vacuum dryer (19.1

Station Type of waste Composition Volume (kg-hr)
Sterilization water Water (97.16%), oil (0.55%), solids (2.29%), at 90 °C 20,706.05
Sludge tank sludge Water (70%), solids (30%), at 90 °C 157.24
Sludge separator tank sludge Qil (0.90%), water (96%), solids (3,10%) 13,150,92

Oil purifier sludge Water (70%), solids (30%) 31.94
Hydro cyclone water Water (100%), at 30 °C 7,631.68
Total 41,677.83

Note: Bantacut & Pasaribu 2015.
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Table 3. Impact catagory LCA

No Impact Unit | Sterilization | Thresher | Digester | Pressing | CST O'I Vacuum | - CPO Total
category purifier | dryer tank
GWP, Global ka-
1 (Recipe, CC?e 1,290 4,810 4,560 9,490 15,600 | 19,000 | 19,100 | 19,400 | 93,250
2016) (H) al
Acidification ka-
2 (Recipe, SC?e 2.53 14.5 13.8 28.8 47.3 58.9 58.4 59.7 | 283.93
2016) (H) 24
Eutrophication ka-
3 ((Recipe, POge 0.379 5.86 5.61 1.7 19 242 26.7 24.3 117.75
2016) (H)) «€a
Water
footprint 3
4 (AWARE, V m 61.1 590 566 1,180 2,100 | 2,610 2,670 2,710 | 12,487
1.03)
Energy
consumption
5 (HHV (CED, MJ 7,220 49,600 47,300 | 98,800 (161,000 202,000 |201,000 203,000 | 969,920
1.11)

Note: H is version hierarchist, AWARE is available water remaining, HHV is high heating value, CED is cumulative
energy demand (Subramaniam et al. 2010; Steubing et al. 2016).

x 10° kg-CO,eq.), oil purifier (19 x 10°* kg-CO,eq.),
and continuous settling tank (CST) (15.6 x 10° kg-
CO,eq.). The greenhouse gas emissions, includ-
ing CO,, CH,, and N, O, have been converted into
CO, equivalent emissions based on their GWP, as
outlined in the assessment reports released by the
Intergovernmental panel on climate change (Dal
Ferro et al., 2016; Fiorese et al., 2013; Darojat et
al., 2019). The impact category values show sig-
nificant variations, ranging from very low to high,
depending on the processing stage in palm oil pro-
duction (CPO), as depicted in Figure 3.

Acidification emission values

Acidification refers to the decrease in soil and
water pH due to the formation of H" ions (Espino
et al., 2019). The potential acidification value

25000
20000
g 15000
o
O
&
52 10000
4,810 4,560
5000 ’
1,290 . .
0 L

] I

GWP Emission

(acidification potential) shows the highest impact
in CPO storage (storage tank) with 59.7 kg-SO-
,€q, followed by the oil purifier at 58.9 kg-SO-
,€9, and the vacuum dryer at 58.4 kg-SO,eq. The
major contributors to SO, and NO_emissions in
palm oil processing are primarily associated with
electricity use in the vacuum dryer stage. Clean
palm oil composition is reported at 96.50%, sol-
ids at 0.13%, water at 0.45%, and free fatty ac-
ids (FFA) at 2.95%. These findings are supported
by previous studies (Siddiquee & Rohani, 2011;
Faisal & Mahidin, 2013; Kramanandita et al.,
2014). The acidification emission values for pro-
cessing 60 tons per hour of FFB show significant
acidification potential (AP) in the vacuum dryer
and CPO tank (Figure 4). These processes also
exhibit the highest emission potential for SO,
and NO, specifically in the palm oil processing

19,000 19,100 19,400

15,600

m Sterilization M Stripping ™ Digester ®Pressing ® CST mOil purifer ®Vacuum dryer ®CPO tank

Figure 3. Emission value potential with GWP (kg-CO,eq)
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industry, with electricity usage contributing to
water content of 0.47%, FFA content of 3.68%,
and pure palm oil content of 95.68% before vac-
uum drying (Bessou & Pardon, 2016; Darojat et
al., 2019). Electricity consumption in processing
60 tons per hour primarily relies on the energy
from palm kernel shells (PKS). The AP classi-
fication factor is based on the contributions of
SO,, NO_, HCI, NH,, and HF, expressed in SO,
equivalents (Darojat et al., 2019).

Eutrophication emission values

The potential eutrophication impact due to
emissions is expressed in kg-PO,*"eq. From the
processing of 60 tons per hour of palm oil, the
eutrophication emission values (PO,*") are sig-
nificant, with the highest contributions recorded
as follows: 24.3 kg-PO,*"eq from the CPO tank,
24.2 kg-PO,*eq from the oil purifier, and 19 kg-
PO, *eq from the continuous settling tank (CST)
(Darojat et al., 2019). Numerous studies suggest

—
(=]

58.9 58 59.7

50 473
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ON 40
7 28.8
& 30
V)

20 145 138

2.5 . .
0 ]

Acidification

that eutrophication values are often referred to as
nitrate equivalents, as nitrate is the most domi-
nant component in the emission composition.

In the palm oil processing industry, the gen-
eration of PO,*, NO,”, and NO_ contributes to
eutrophication. PO,*” and NO,™ are primarily pro-
duced from wastewater treatment, while NO_ is
emitted due to the use of diesel-powered electric-
ity. The eutrophication values for palm oil pro-
cessing can be observed in Figure 5.

Water footprint emission values

The water footprint is a comprehensive indi-
cator of both direct and indirect water usage in
production and consumption processes (Zhuo et
al., 2020). In the palm oil processing industry,
the water footprint measures the water used per
1 ton of fresh fruit bunches (FFB/m?) to produce
CPO, palm kernel oil (PKO), EFB, shell, fiber,
and POME (Ahmad et al., 2016; Garcia-Nunez et
al., 2016; Hambali & Rivai, 2017).

H Sterilization W Stripping M Digester B Pressing B CST ® Oil purifer ® Vacuum dryer B CPO tank

Figure 4. Emission value potential to acidification (kg-SO,eq)
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Figure 5. Emission value potential to eutrophication (kg-PO,eq)
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In the processing of 60 tons of FFB per hour,
water is used at various stages, following the LCA
method. The vacuum dryer consumes 5.38 m? per
ton of FFB, the CPO tank consumes 5.42 m? per
ton, and the oil purifier consumes 3.9 m?® per ton.
The sterilization process uses the least amount of
water, at 1.11 m*/ton of FFB. Research by (Bou-
lay et al., 2013) shows that water use in LCA
serves as a key indicator of both product and co-
product sustainability, providing a methodology
for assessing water resource usage and forming
an LCA framework for water footprint evaluation
(Noviantari et al., 2015; Hoekstra, 2016).

The total water consumption in processing 60
tons per hour of FFB amounts to 11,903 m*/ton
FFB (Figure 6). Energy consumption across vari-
ous stages, including sterilization, stripping, di-
gestion, pressing, CST, oil purifier, vacuum dryer,
and CPO tank, is distributed as follows: 0.52%,
0.05%, 4.75%, 9.91%, 17.64%, 21.93%, 22.43%,
and 22.77%, respectively. The majority of energy
consumption occurs during oil purification, vacu-
um drying, and CPO storage, totaling 67.13% of
the energy used in the palm oil production pro-
cess (Zulkifli et al. 2010; Bantacut & Pasaribu
2015; Wu et al. 2017).

Carbon emission potential (CO,-eq) in LCA
from gate to gate

The potential of carbon emissions or green-
house gases (GWP CO,eq) presents a significant
environmental concern when generated continu-
ously from palm oil processing for CPO produc-
tion (Stichnothe & Schuchardt 2010; Steubing et
al. 2016). Each stage of the processing, starting
from sterilization, through stripping, digestion,
pressing, CST (continuous settling tank), oil purifi-
cation, vacuum drying to storage has a measurable
impact based on the input materials used. LCA
analysis on these inputs shows that the emission
potentials such as GWP, acidification, eutrophica-
tion, water footprint, and energy consumption sig-
nificantly contribute to carbon emissions (CO,eq)
at each stage of the process (Zulkifli et al., 2010;
Subramaniam et al., 2010b; Darojat et al., 2019).

The values for each process vary, influenced
by the mass balance during the processing of
FFB into CPO. The inputs and outputs of each
stage have different impacts on the LCA category,
which in turn results in different emission values
across each process (Subramaniam et al., 2010b;
Gunarso et al., 2013).

Significant CO,-eq emission values are gener-
ated in all stages of processing, with the CST, oil
purifier, vacuum dryer, and CPO tank contributing
the highest emission impacts (kg-CO,eq) com-
pared to other stages. Table 3 presents the emission
values generated by the LCA gate-to-gate process,
including units for GWP (kg-CO,eq), acidifica-
tion (kg-SO,eq), eutrophication (kg-PO,eq), wa-
ter footprint (m?®), and energy consumption (MJ)
(Klopffer, 2006; Stichnothe & Scuchardt, 2011;
Klopffer & Grahl, 2014; Darojat et al., 2019). The
total impact category values for the 60 tons/hour
FFB processing can be seen in Figure 7.

CONCLUSIONS

Only gate-to-gate LCA analysis, that is the
process between receiving raw material (FFB)
and the CPO storage tank, was the subject of the
study. According to the LCA effect category, the
oil purifier station (19 x 10° kg-CO_eq), the con-
tinuous settling tank (15.6 x 10° kg-CO_eq), and
the vacuum dryer (19.1 x 10° kg-CO,eq) have the
highest hourly CO,eq emissions. The vacuum
dryer is then the hot spot.

With 59.7 kg-SO,eq, the CPO storage (storage
tank) has the highest potential impact of acidifica-
tion, and with 24.3 kg-PO,*"eq, the CPO tank has
the highest eutrophication emission values. Addi-
tionally, a lot of water is used, particularly at the
vacuum dryer (5.38 m*/ton of FFB), the oil puri-
fier (3.9 m*/ton), and the CPO tank (5.42 m3/ton).
The total amount of water used to process 60 tons
of FFB per hour is 11.9 m*/ton FFB.

Carbon emissions (CO,eq) at each stage of
the process are considerably influenced by the
emission potentials of GWP, acidification, eutro-
phication, water footprint, and energy consump-
tion, according to the LCA study of the inputs.
All processing steps provide significant CO,-eq
emission values, although the CST, oil purifier,
vacuum dryer, and CPO tank have the largest
emission impacts (kg-CO,eq) when compared to
other stages.

In terms of managing environmental sustain-
ability, taking into account the effects from gate
to gate will greatly reduce the amount of pollution
produced by the production of CPO. The usage
of input and output energy in a process is directly
impacted by life cycle management, particularly
when processing FFB to produce CPO, which
generates waste including palm kernels, fiber
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waste, EFB, and liquid waste. For sustainable
palm oil plantations, these wastes should be uti-
lized as organic fertilizer and as an energy source
as best they can. By switching from non-renew-
able to sustainable energy sources, the overall
emissions will be greatly decreased.

Every stage of the CPO production process
consumes a significant quantity of energy, and a
significant amount of energy-containing biomass is
produced and wasted. The amount of pollution pro-
duced by the CPO mills, as indicated by CO,-eq, will
be greatly decreased by turning that biomass into en-
ergy and using it to generate heat and power.

Starting with sowing, planting, harvesting,
and transportation to the CPO mill, followed by
CPO distribution and final use, are the whole pro-
duction processes of CPO production, including
cradle-to-cradle LCA analysis. According to this
study, the environmental impact of the mill is sub-
stantial. However, focusing solely on the mill will
not address the environmental issues facing CPO.
Therefore, it is recommended that the findings of
this study be applied to the distribution and use of
CPO as well as the full LCA from cradle to mill.
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