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Palmbasedbiorefinery system has gained attention worldwide because of potentially high economic returns. However,
environmental impacts also increase with the additional production. Therefore, this study aims to assess the sustdi)ability o
current palrrbased mrefinery system in Thailand, including cooking oil and biodiesel, and (2)-pabad biorefinery system

with valueadded products, i.e., succinic acid, lactic acid;Hyidrogenated diesel (BHD), and epichlorohydrin (ECH) that
represent biomaterial, bioé¢l, and biochemical products, respectively. Accordingly, seven-pased biorefinery scenarios

were designed, and their sustainability was assessed through life cycle assessment (LCA), net energy balance (NEB) and r
energy ratio (NER), employment geation, and ecefficiency. The results revealed that vaheded production increased

global warming impacts by around ¥9% compared with the current system. Although environmental impacts increased due
to the additional processes related to the praadiuctf the valueadded products, total product values also increased, especially

for succinic acid, generally leading to higher tficiency values. The current palbased biorefinery system with succinic

acid production had the highest egfficiency anong all the scenarios considered. The BHD production scenario had the highest
NEB and NER because the products were used for energy. Employment generation increased for all the scenario$ between :
86% compared with the current system.
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1. Introduction

Sustainable production of food and biofuels has been of interest worldwide.
In 2020, approximately 72.3 million tonnes of palm oil products were produced
globally, almost 85% in Indonesia and Malaysiai(phy et al., 202). The
increment in palm oilemands (i.e., for cooking oil and biodiesel) has led to
the rising in oil palm production, a highly productive crop used for food and
energy, and valuadded products, e.g., baxrids from oil palm biomass
(Akhtar et al., 2019; Bukhari et al., 20285 wd as the consideration of more
advanced fuels such as Higdrogenated diesel and partially hydrogenated
fatty acid methyl esteifermpool et al., 2020; Boonrod et al., 2)Zhailand,
the thirdlargest palm oil producer, produced around 16.2 milliomésrfrom
0.94 million hectares(AE, 20219, increasing about 51% from 201DAE,
2021H. Palm oil has been promoted to be a potential source of renewable
energy Khatun et al., 2017; Jaroenkietkajorn and Gheewala,)2@il(palm
cultivation generates auge of biomassSAWIT, 2020, which is widely
known as a renewable resource for veddeled products{assan et al., 20).9
The biomass composition (i.e., lignin, cellulose, and hemicellulose) can be
reformed into chemical building blocks, which can beduk® valueadded
productsusing the biorefinery concephhtarand Idris 2017).

A biorefinery system is an application of integrated processing technologies
aiming to transform the biomass through physical, chemical, and/or biological
processes into vaéadded products such as biofuels and bioenergy,
biochemicals, degradable plastics, food, animal feed, cosmetics, and
pharmaceuticals Gherubini, 2010; Katakojwala and Mohan, 2N2The
products from a biorefinery are consistent with bioeconomy, cireatzmomy,
and green economy perspectives, leading to theCBitularGreen Economy
(BCG Economy). Renewable resources (e.g., oil palm biomass) can increase
product value and decrease agricultural waste. Also, biorefineries can be
designed for additional itrprocesses such as materials, energy, or chemicals
which are valueadded products. Palyased biorefineries have been developed
and promoted continuously in response to the high oil palm production
following a great demand from consumer marké&tsgzaliet al., 202) while
also trying to reduce greenhouse gas (GHG) emissions which is an urgent
global issuelEA Bioenergy, 202)) However, including additional production
processes for the biorefinery results in the escalation of environmental impacts
as wel as changing the social and economic impaétsa(lueket al., 201).

Various international strategies or standards were established for supporting
the sustainable production of food and-based products, including from the
oil palm value chairg.g., Roundtable on Sustainable Palm Oil (RSPGHO,

2020, the US Renewable Fuel Standard (RFSPA, 2023, the EU
Renewable Energy Directive (RED)(, 2019, Global Bioenergy Partnership
(GBEP) AO, 201), Roundtable on Sustainable Biomaterials (REBrtin,
2017). Meanwhile, the evaluation of environmental, social, and economic
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warming potential, fie explosion damage index, and toxicity damage index
(Hafyan et al., 2020 As mentioned before, sustainability assessment,
including the environmental, social, and economic pillars, can support the
decisioamaking by policymakers and the private sect8iepu et al.,
2020).

Therefore, to provide scientific supporting data for decisi@king on
the sustainability of palrbased biorefinery in Thailand, this study aims to
assess the sustainability of the (1) current paérsed biorefinery system
producing ooking oil and biodiesel and (2) proposed pdased
biorefinery systems with valeedded products. Among several value
added products, succinic acid produced from empty fruit bunch (EFB),
lactic acid produced from EFB, blyydrogenated diesel (BHD) prodedt
from refined, bleached, deodorized palm oil (RBDPO), and
epichlorohydrin (ECH) produced from glycerin are selected in this study.
The selection of these four vahaeded products is based on covering all
categories of oleochemical products, i.e., bi@mat, biofuel, and
biochemical products, and the current market situation. Sustainability is
being emphasized in the global market, and the production dfasied
chemical building blocks has gained interest. Accordingly, succinic, lactic
acid, and ECH e good options for consideration. Succinic and lactic acid
are promising precursors for various industrial chemicals and consumer
products such as polyurethane, glue, polymers and resin, nylon, fibers, non
woven fabrics, plastic films, cosmetics, etéagsan and Idris, 2018khtar
and Idris 2017, while ECH is the most important building block in the
manufacturing of epoxy resins and is used to produce various products such
as polymer, plastic, rubber, textiles, inks, paper strengthening agents, etc.
(Pembere et al.,, 2017; Lari et al., 2018HD has been promoted
worldwide because of its better blending properties with diesel and
environmental advantage3donrod et al., 2017; Permpool et al., 2))20

2. Methodology
2.1 Scope of this study

This study aimed to present the sustainability of paéreed biorefinery
production by assessing the life cycle sustainability of current and potential
palmbased biorefinery systems in Thailand. This study included LCA, eco
efficiency assessment, and employment generation to cover the three pillars
of sustainability, i.e., environmental, economic, and social. Besides, NEB
and NER were also assessed in this study to present the production
efficiency. These assessments were selecteedban the study objectives
and following wellestablished international standards (i.e., RSPO, GBEP,
and RSB). The assessment started with oil palm plantation, palm oil
milling, palm oil refinery, cooking oil production, and biodiesel production

impacts based on Sustainable Development Goals (SDGs) has been discussedB100). For the potential palAbased biorefinery, it covers biofuels,

in many studiesHanafiah et al.2 0 } Life cycle assessment (LCA) is a
method used to assess enomimental impacts over the life chain of a product
or service Goedkoop et al., 2008The assessment is based on resources used
and the emissions of the product/service system covering "Cradleto-
Grave", i.e., raw material acquisition process,dpaion, use, and waste

biomaterials, and biochemicals, including the production of (1) succinic
acid from EFB, (2) lactic acid from EFB, (3) BHD from RBDPO, and (4)
ECH from pure glycerin. The functional unit of thissessment is 1 tonne
of fresh fruit bunch KFB). Figure 1 presents theystem diagram of this
study; the dotted boxes refer to the production of vallded products, i.e.,

disposal. For the social sustainability assessment, employment generation or succinic acid, lactic acid, BHD, and ECH.

job creation is an indicator presenting a crucial component of national
economic development and social and political stability. The number of
workers or &perts that works in any production can be represented by direct
employment; direct employment relies on the expansion/reduction of the
production processv(endelsorForman and Mashatt, 20§ Eco-efficiency is

one of the indicators foevaluating economic sustainability; it relates to the

2.2 Life cycle inventory

Life cycle inventory presents tiggiantities of inputs (e.g., raw materials,
resources, energy, utilities, etc.) and outputs (e.g., produefspodacts,
emissions to air, emissions to water, etc.). Data sources include (1)

effective use of resources to generate more goods and services and decreaseipstream palm oil industries (i.e., oil palm plantation), (2)stn&hm palm

waste and environmental pollutionUYESCAP, 200) Life cycle
sustainability assessment (LCSA) has been developed and usessdssing

all environmental, social, and economic impacts throughout the life cycle
(UNEP, 2011; Mondello and Salomone, 2DA0CSA does not only support
sustainable production, which includes three pillars, but it also helps decision
making on sustainablagriculture, food, and bioenergy. Many studies have
presented the sustainability of production systems by including various
indicators that cover all three aspects. For example, the sustainability of palm
biodiesel production in Thailand has been exgdimia GHG emissions,
employment generation, gross domestic product, and trade balance
improvement $ilalertruksa and Gheewala, 2()13The sustainability of
valuable biochemical production has been illustrated by annual profit, global

oil industries and upstream oleochemical industries (i.e., palm oil milling
and palm oil refinery), and (3) downstream palm oil industries and
midstream oleochemical industries (i.e., cooking oil production, and
biodiesel and glycerin productip. The data was collected from Thai palm

oil industries (primary data) and reliable secondary data such as National
Life Cycle Inventory (Thai LCI database), Ecoinvent, environmental
impact assessment reports, and research studies. Besides, data walidatio
was also conducted by material balance calculation. This study includes the
inventories of oil palm plantation, palm oil milling, palm oil refinery,
cooking oil production, biodiesel production, succinic and lactic acid
production, BHD production, and E{production {ables S1S19in the
Supplementary Materigl
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Fig. 1. System diagram of bibased products from oil palm.

2.2.1 Oil palm plantation sold back to the grid. The dry kernel is sold to a palm kernel oil mill, and
theremaining EFB, in addition to what is used in oil palm plantations, is
Oil palm cultivation is separated into two main stages, i.e., oil palm seed gjso sold as a biomass fuel or a feedstock for producing other products. In
production and oil palm plantation. Oil palm seed production comprises tWo  particular, it may be used for ethanol production to supplement the ethanol

minor steps; praursery and main nursery. Pmarsery covers almost four from cassava and sugarcasegwaecha et al., 2096
months, starting from sowing éhseeds in a small poly bag that contains a '

mixture of soil, clay, mold, and other materials. Then, in the mamsery
stage, the seedlings are planted in large polyethylene bags for a year and
brought to the cultivation area. Fertilizers and water atessary for this step.
Fertilizers must be applied for a couple of weeks while water is needed until

planting in the cultivated areas. Oil palm -cultivation starts with land process includes three steps: (1) degumming, bghching, and (3)
preparation, followed by a selection of seedlings, planting and replanting, deodorization. This palm oil refining process can produce RBDPO wiith 90

treatmat, and harvest. The first harvest is when the oil palm is five years old  ggo4 vield and #9% of Palm Fatty Acid Distillate (PEAD) as a-broduct
and continues until it is around 2530 years old, after which it is replanted. o ? y ( ) byo '

Currently, oil palm is harvested manually in Thailand.

2.2.3 Palm oil refinery

RBDPO is a product of the physical refining process, conducted by high
temperature steam under a vacuum to eliminate free fatty acids. This

2.2.4 Cooking oil production
2.2.2 Palm oil milling Cooking oil or refined, bleached, deodorized palm olein (RBPis
produced by a dry fractionation process. This process converts RBDPO to

Crude palm oil (CP) is the main product of the milling process (wet  pepE| and refined, bleached, deodorized palm stearin (RBDST) with
extraction), and the major biomass residues inctudhernel (5 15%), fiber 70% and 30% yields, respectively.

(1Gi 14%), shell (117%), and EFB (1i724%). Decanter cake and palm oil mill

effluent (POME) are wastes from the wet extraction process. The oil extraction 2 2 g Bjodiesel (8100) production

rate is in the range of 148%, which is similar to Malaysi&s(ibramaniam et

al, 20109. In the palm oil mill, ficer and shell are used as renewable energy  Biodiesel production is based on a sasterification process through
sources for steam and electricity production, and biogas from treating POME which the oil reacts with methanol as reactants producing biodiesel as the
by anaerobic digestion process is used for electricity production. The steam and main product and glycerin as a-pyoduct. In this study, RBDPO is the
electricity are mainlysed in the plant; however, the excess electricity can be  main feedstock for biodiesel production.
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2.2.6 Succinic and lactic acid production 2.3 Sustainability assessment
Succinic and lactic acids are produced from EFB using the same production 2.3.1 Life cycle impact assessment
process called "simultaneous saccharification and fermentation (SSF)";
however, the main feedstocks for producing these two acidslifieeent. This study assessed the mpidint environmental impacts using ReCiPe
Succinic acid is produced from cellulose, while hemicellulose is used to 2016 (version 1.13), as presented @ble 1
produce lactic acid. Even though cellulose and hemicellulose together with
lignin are obtained by separatirtge lignocellulosic content of EFB, the Table 1. ) ) ) )
extraction of cellulos@r hemicellulose requires different chemicats¢san Envirenmental impact categories considered in the study.
and Idris, 2016; Chotirotsukon et al., 2).1Bherefore, succinic and lactic acid

cannot be simultaneously produced from the cellulose and hemicellulose Impact Categories Abbreviation Unit
obtained in the same batch of the EFB extractioocess. Currently, the Global warming oW kg COs eq
production of the two bitased acids is still under research and development T —— AC P
in Thailand to increase production efficiency and decrease production loss. errestnal acidiiication 950 eq
The production of succinic acid from EFB includes four stages; (1) SSF Freshwater eutrophication FE kgPeq
media preparation, (2) EFB drying process, (3) pretreatment and cellulose Human toxicity HT kg 1,4DB eq
production, and (4) succin8SF process Akhtar and Idris 2017, as particulate matter formati PME Ko PV
illustrated in theSupplementary Materiglables S10S13 respectively). The articulate matter formation 9 PMoeq
production of lactic acid is similar to succinic acid praitug the difference Terrestrial ecotoxicity TE kg 1,4DB eq
is that lactic acid production does not include the EFB drying process. Lactic Land transformation LT m2
acid production comprises (1) SSF media preparation, (2) pretreatment and P——— o 5
hemicellulose production, and (3) the lacBSF processtHassan and Idris, ater depletion m
2016). Besides, the amount of extracted cellulose/hemicellulose from EFB is Fossil fuel depletion FD kg oil eq

calculated based on the study Giyotirotsukon et al. (2019which explains

the cellulose extraction equation from EFB. Apart from these, data and

information on the two bidased acidsom other biomass feedstocks are taken The production process also generateproaiucts, which are utilizable
from existing commercial production platforms such as BioAmber and Mitsui  and valuable. Hence, the econofhased allocation techniquel(erubini

& Co., PTT MCC Biochem Co., LtdC0k et al., 201p et al.,2011) was selected for sharing the environmental burdens from the
production process between the main products and theocicts, as
shown inTable 2. Meanwhile this study assumed the waste grated as

part of the production process would be adequately managed and

BHD production from RBDPO is based on a hydrogenation process that considered the environmental impacts arising from the waste management
requires the addition of hydrogen to RBDPO using palladium with activated process as well.

carbon as a catalyst. BHD is obtained as the main product (around 97.6%)
along with 1.0% fuel gas and 1.4% fgasoline as cproducts Permpool et
al., 2020.

2.2.7. Bio-hydrogenated diesel (BHD) production

2.3.2 Net energy balance (NEB) anét energy ratiqNER)

NEB and NER are related to energy inputs and outputs of a production
system, estimated byquations 1and?2. The total amount of fossil fuels
(inputs) and products and -<@ooducts (outputs) from the palbased

ECH production from pure glycerin is based on two steps; the pijorefinery system are listed Bupplementary Materiglrables S1.S19.
hydrochlorination of glycerin and the production of ECH. A migtof 1,3 The energy of inputs and outputs is preseirtethble 3.

Dichloropropan (1,8DCH) and 2,2Dichloropropan (2,3CH) is obtained
from the first step. These chemicals are then dehydrochlorinated into ECHin g 08y v  +0z Qi 0w nd® +0& Qi R b O Eq. 1
the second step. The production of ECH from glycerin has not yet been
commercialized in Thailandjata and information are from the commercial
production of ECH in Taiwan/(ang et al., 201)6

2.2.8 Epichlorohydrin (ECH) production

5oy —M Eq. 2

Table 2.
Environmental impact categories considered in the study.

Palm-based biorefinery system Product Allocation factor Co-products Allocation factor
Oil palm cultivation Fresh fruit bunch (FFB) 1.0000 - -
Palm kernel 0.0704
Fiber 0.0004
Palm oil milling Crude palm oil (CPO) 0.9140
Shell 0.0138
Empty fruit bunch (EFB) 0.0014
Palm oil refining RBDPO 0.9417 PFAD 0.0583
Cooking oil production Cooking oil 0.6690 RBDST 0.3310
Biodiesel production Biodiesel (BL 0)0 0.9482 Raw glycerin 0.0518
Pure glycerin production Pure glycerin 1.0000 - -
Biofuels 0.0063
BHD production BHD 0.9403
Bio-gasoline 0.0534
Succinic acid production Succinic acid 1.0000 - -
Lactic acid production Lactic acid 1.0000 - -
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where;NEB s the net energy balanddERis the net energy ratidé En e r g y environment, society, and the economic system, global warming, one of the

inputis the total energy consumption of the system (MJ),/afdn e r g y
is total energy from products and-pyoducts (MJ).

Table 3.
Energy per unit product of palmased biorefinery system.

Materials Energy/Unit product (MJ/kg)
Fresh fruit bunch (FFB) 43.30
Fiber 11.40
Shell 16.90
Empty fruit bunch(EFB) 7.24
Crude palm 0i{CPO) 40.10
Refined, bleached, deodorized palm oil (RBDPO) 37.60
Palm fatty acid distillat¢PFAD) 36.00
Palmkernel oil (PKO) 35.56
Crude glycerin 18.05
Pure glycerin 18.05
Biodiesel(B100) 32.14
Steam(low pressure, 3 bar) 0.212
Electricity 3.60
Cooking oil (RBDOL) 54.14
Succinic acid 12.6
Lactic acid 15.11
Bio-hydrogenated dieséBHD) 33.13
Epichlorohydrin(ECH) 0.42

2.3.3 Employment generation assessment

The assessment of employment generation in fmaEsed biorefinery

production was assessed using employment coefficients. The employment
generation is considered from oil palm plantation until the production of the

four valueadded products. The coefficisnfre estimated based on each
product's direct employment per 1,000 tonnes (Gg).

Production capacity and the number of workers in cooking oil and biodiesel

production listedn Table 4 arebased on primary data collected from 9 palm
oil mills, 4 palm oil refineries, and 4 palm-dihsed biodiesel plants. The results

of the four valueadded products are based on secondary data taken from pilot

st udies and existing commercial production.

Table 4.
Production capacity and the number of workers for each product.

Production Workers (Person Production capacity (Gg)
Cooking oil 2571 396 447 46
Biodiesel(B100) 637 173 851 &9
Bio-hydrogenated dies¢BHD) 23314 4 0170800
Epichlorohydrin (ECH) 61 100
Succinic acid 607 64 131 %
Lactic acid 247 33 5 @ 500

2.3.4 Eco-efficiency assessment

Ecoefficiency considers economic value per unit of the environmental

impact caused, as expressedEinuation 3; a greater ecefficiency value
indicates more sustainable performangerénfeld, 200k Higher economic
value with lower environmental impacts can lead to a greateeféicency
value. Accordingly, current and potalipalmbased biorefineries are assessed
via the eceefficiency indicator. The total economic value of all products

occurring in eaclpalmbased biorefinery is based on the market price of the

products, as shown ifable 5. Dueto the impacts of GHG emissions on the

0 u enpirimental issues of concern, is recommended to provide information

on eceefficiency (UNCTAD, 2009). Globd warming is considered a proxy
for the environmental impacts associated with each-baised biorefinery.

7o

0mE QUM QQE—66

Eq.3

where total economic valuis estimated in Thai Baht (THB)/kg of product,
and the global warming impact of a product system is assessed in;kg CO
eg/kg of product.

Table 5.
Market prices opalmbased biorefinery products

Products Market price (USD/kg)
Palm kernel 0.90
Fiber 0.01
Shell 0.05
EFB 0.0013
Bio-electricity 0.11
Palm fatty acid distillate 0.70
Biodiesel 1.03
Cooking oil 0.87
Stearin 1.02
Raw glycerin 0.40
Pureglycerin 0.58
Succinic acid 2.65
Lactic acid 1.24
Bio-hydrogenated diesel 1.37
Fuel gas 0.85
Bio-gasoline 5.26
Epichlorohydrin 0.93

2.4. Current and potential palrbased biorefinery scenarios

Seven palrbased biorefinery scenarios were designed based on current
and potential products, as illustrated-igure 2. Figures of all scenarios,
including inventories per tonne of FFB input, amrovided in
Supplementary MaterigFigs. S1 S7).

2.4.1 Scenario 1: Current situation (cooking oil and biodiesel production)

In 2020, Thailand produced 2.9 million tonnes of CPO from 16 million
tonnes of FFB entering palm oil mills. This total production of CPO
consists of 19% domestic stock, 9% export, and 72% domestic
consumption. The share of domestic consumption is divided into 52% for
producing edible cooking oil and supplying it to other industries as raw
materials and 48% for producing biodiesel.

The procesof palm oil extraction yields 17% CPO along with 6%
kernels, 13% fiber, 5% shell, 21% EFB, 1% POME, 3% decanter cake, and
34% loss (moisture, etc.). These biomass residues can be utilized and turned
into profit, as detailed irBection 2.2.2Table 6 showsa summary of
biomass utilization in palm oil mills.

2.4.2 Scenario 2: Current situation with succinic acid production

As detailed inTable 6, about 90% of the total amount of EFB remaining
from the palm oil mills is sold. Thus, this amount of EFB is considered for
producing succinic acid in this scenario to make it more beneficial. In the
pretreatment and delose production stage, about 66% of the total amount
of EFB is cellulose, with the remaining 33% of lignin and hemicellulose
lost. About 0.85 kg of succinic acid can be obtained per kg of cellulase
the succinieSSF processAkhtar and Idris 2017; Chotirotsukon et al.,
2019.
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Fig. 2. Current and potential pakimased biorefinery scenarios.

Table 6.
Utilization of biomass residues from the palm oil mills.

Biomass residues (%) Utilized within the factory (%)  Sold to other industries (%)

Kernels (6) 3 3
Fiber (13) 12 1
Shell (5) 0.1 4.9
EFB (21) 2 19
POME (1) 1 -

2.4.3 Scenario 3: Current situation with lactic acid production

Lactic acid production is based on the same amount of EFB (90% of total
EFB) as for Scenario 2. Although lactic acid is produced using the same
processes as succinic acid production (describ8edtion 2.2.5 making EFB
ready for hemicellulose extractigs targeted for the pretreatment process, and
converting hemicellulose into lactic acid is performed by the KRSE
process. Approximately 13% of hemicellulose can be obtained together with
87% loss as lignin and cellulose. About 0.17 kg of lactid aan be obtained
per kg of hemicellulose-(assan and Idris, 2016; Chotirotsukon et al., 019

2.4.4 Scenario 4: Current situation with bioydrogenated diesel (BHD)
production

This scenario assumed that BHD production is from 9% of the exported
CPO, as presented bupplementary MaterigFig. S1). Thus, the potential
export of palm oil is slightly reduced compared to 2020.

2.4.5 Scenario 5: Current situation with epichlorohydrin (ECH) production
Epichlorohydrin is produced from pure glycerin, which is refined from raw

glycerin. Raw glycerin is the byroduct of biodiesel production. About 0.95
kg of ECH can be obtained per kg of pure glycéritang et al.2 0 ). 6

1756

2.4.6 Scenarios 6 and 7: Current situation with bioenergy, biochemical,
and biomaterial

Both scenarios combine Scenario 1 (current situation) with three-value
added products. Scenario 6 includes the production of cooking oil,
biodiesel, BHD (bioenergy), ECH (biochemical), and succinic acid
(biomaterial). Meanwhile, Scenario 7 includes the production of cooking
oil, biodiesel, BHD (bioenergy), ECH (biochemical), and lactic acid
(biomaterial).

2.5. Uncertainty analysis

Uncertainty analysis isonducted using a data quality assessment matrix
to present the robustness of the results. Data quality indicators include
Reliability, Completeness, Temporal correlation, Geographical correlation,
and Technological correlation\feidema and Wesnees, 199Reliability
represents the data collection or/and data estimation. Completeness relates
to the quantity of data sampling and the period of sampling. Temporal
correlation shows the age of data. Geographical correlation focuses on the
areas of data colléon. Finally, technological correlation considers
processes, materials, and production technologies. The data quality score
for each indicator varies from 1 (best) to 5 (worst). The uncertainty is then
assessed using the Monte Carlo technique with a @Bffidence interval
using the SimaPro software.

3. Results andDiscussion
3.1 Environmental impact assessment

The environmental impact results providadrable 7 were calculated
for each product accounted for in the pddasediorefinery. The processes
starting from oil palm plantation until the final products being produced,
are included in the environmental impact assessménpatmbased
biorefinery products.
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Table 7.
Environmental impacts of pakimased biorefinery products

Impacts Unit CPO RBDPO Cooking oil B100 BHD ECH Succinicacid Lactic acid
1
GW kg COeq +%4§’;(11%2 1.07+6.85¢102  1.04+6.76x10> 1.26+605x10%2 1.02+206x10°  2.61+ 9.55¢10" 93'52&11%13 3.09+ 8.53%10?
@ kg SG e 4.76x10° 529x10%+ 5.09x10%+ 6.23x10%+ 5.10x10%+ 1.16x10%+ 6.71x10%+ 2.00x10%+
9 q +2.55¢10* 3.11x10* 3.26x10* 2.80x10* 1.01x10° 4.24x10°3 2.40x10° 5.63x10°
FE Ko P e 8.05x10° 8.80x105+ 8.50x10%+ 1.02x10+ 7.98x10%+ 1.78x10+ 7.24x10°+ 2.28x10'+
gFeq +4.95¢10° 6.97x10° 7.15¢10° 6.76x10° 6.85¢10° 2.97%10* 2.97%10* 3.36x10*
i AT E 454x102 5.05x102 4.84x102 7.76x102 5.10x102 3.80x10" 1.23x10 8.31x10"
9L q +5.52%102 +7.88x102 +8.41x102 +6.47%102 +7.3%102 +3.71x10? +2.92%10" +4.90x10*
PME kg PMio & 1.40x10° 1.66x1C* 159x10° 2.04x10 1.57x10° 4.75x10°% 2.87x10° 7.87x10°
g Fhoeq +6.08x10° +8.13¢10° +8.90x10° +7.4%10° +3.11x10* +1.73x10° +1.07x10° +2.1%10°
e AP E 2.84x10° 2.89x10° 2.77x10° 2.85x10° 2.54x10° 2.48x10° 1.16x10° 3.50x10°
94 q +1.86x10* +2.11x10* +2.17%10* +1.88x10* +5.5%10* +9.61x10* +4.19%10° +9.37%10*
LT e 3.30x10* 3.40x10* 3.26x10* 3.74x10* 3.00x10* 5.29x10* 2.90x10° 4.37x10*
+1.01x10* +1.03x10* +9.64x10° +9.63x10° +1.13x10* +2.14x10* +7.61x10° +1.1810*
WD m 4.73x107 5.91x10° 6.17x10° 6.30x10° 5.33x107 7.09x10° 4.82x107 5.15x10"
+7.46x102 +1.09x10" +1.03x10* +1.01x10* +9.91x102 +8.09x10? +4.00x10* +2.09x10"
b ko oil 1.57x10* 1.94x10? 1.93x10 3.21x10* 2.34x10 7.47x10" 2.94x10" 9.75x10"
golteq +8.50¢10° +1.10x102 +1.13¢10? +1.02x10? +3.84¢10? +2.73x10% +1.09x10% +271x10%

FFB is the main raw material for producing CPO, which is processed to environmental impacts, which is affected by chemicals, water, and
RBDPO and used for cooking oil, biodiesel, and BHD production; therefore, electricity consumption.
the environmental burdens of FFB are significantly associated with these five The GHG emissions of FFB in this study are 0.156 kg &flkg FFB;
palmbased biorefinery products. Tikey contributors to the environmental these emissions are within the range of values found in the liter2Q083
impacts of FFB production are fertilizer and chemical applications. Nitrogen to 0.190 kg C@edkg FFB (Choo et al., 2011; Ma et al., 202As FFB is
and potassium fertilizer application is the major contributor to all the main raw material for all the biorefinery products, their GHG values are
environmental impacts, especially for terrestrial ecotoxicity and land higher than FFB, ashown inTable 7. The GHGemissions of CPO in the
transformation. In addition, the use of chemical pesticides or insecticides has literature range from 0.5 1.164 kg CQeq/kg CPO Ilosseini andAbdul
the potential to cause harm to terrestrial organisms and may lead to species lossWahid, 2015; Ma et al., 20.2The GHG emissions of biodiesel are 1.84
in the long term Huijbregts et al., 20d). Accordingly, reducing the kg CG, eq/kg B100, similar to the study byahyono et al. (2022)
environmental impacts from the oil palm plantation stage can be achieved The GHG emissions of sainic acid produced from various sources of
proper fertilizer and chemical application management. The studies of raw materials such as bread waste(kari et al., 2091 corn Cok et al.,
Silalertruksa and Gheewala (20H)dJaroenkietkajorn and Gheewala (2020) 2013, sorghum [floussa et al., 20)6 sugarcane bagasseh@ji et al.,
reveded that the appropriate quantities of fertilizers and chemicals help not 2021), and fossil fuel Cok et al., 201Bhave been compared with that from
only to reduce GHG emissions but also other environmental impacts. Apart EFB as shown ifrigure 3. Producing biebased succinic acid emits GHGs
from the raw material production, the environmental impact results ofpalm  ranging from 0.87 to 1.39 kg G@g/kg biebased succinic acid. These are
based biorefinery products arerftdhe processing of the product itself. Using 28/55% lower tha those of fossibased succinic acid. Electricity

kaolin is the main contributor to the milling process at the palm oil mill.  consumption is the main contributor to succinic acid from all the different
Meanwhile, steam and chemicals play an important role in the palm oil refinery. raw materials considered. GHG emissions from H@Bed lactic acid
For cooking oil production, energy consumptieiz{ steam and electricity) is (Table 7) are much lower than those of the fo&mked one (4.34 kg GO

the main cause of all impacts. In the cases of biodiesel and BHD production, eq/kg product) aful et al., 201 Once again, the main contributor is
chemicals (i.e., citric acid, methanol, sodium methoxide, and hydrochloric electricity use in the pretreatment and hemicellulose production stages.
acid) and energy (i.e., steam) uses are the key contributors to environmental  The current and potential palbased biorefinery scenarios illustrated in

impacts. Figure 2 are based on the same quantity of FFB at 1,000 tonnes entering
The environmental impacts of ECH are primarily from the environmental the system, as describedSection 2.4The enviremental impact results

burdens of raw glycerin, which is obtained as apomuct of biodiesel of all scenarios are provided irable 8.

production. This raw glycerin needs to be purified by refining before producing Scenario 6 (producing cooking oil, biodiesBHD, ECH, and succinic

ECH. While producing ECHseveral intermediatesiz, 1,3DCH, 2,3DCH, acid) has the highest impacts, whereas Scenario 1 (prodtmiking oil

1,3MCH, and 2,3MCH, occur and circulate within the production process. and biodiesel) has the lowest impacts. This is because of the additional
The total electricity consumption of these two processes plays a secondary role processes for producing vataeded products (BHD, ECH, succinic acid,
in the environmental impact results of ECH. and lactic acid), leading to the escalation of environmental impacts. The
As EFB, wlose environmental burdens are very less than FFB, is the main production technologies ahe valueadded products affect the overall
raw material for both succinic and lactic acid, the environmental impacts of productivity, and the use of electricity and chemicals contributes to the
these two acids are mainly from the production processes. For succinic acid environmental impacts. Thus, the environmental impacts of Scenarios 2 and
production, the EFB drying process cobties more than 80% to all 6, producing succinic acid, are higher than the other scena@hesuse of
environmental impact results due to electricity use. Additionally, the use of electricity, especially in the EFB drying process, and the use of chemicals
chemicals, particularly sodium hydroxide and sulfuric acid, used in the in the pretreatment and cellulose production are the key drivers of the
pretreatment and cellulose production stages is a key factor affecting the environmental impacts of succinic acid. Scenario 5 has the lowest
environmental impacts of succinic acid. In the case of lactic acid production, environmental impacts, folloed by Scenarios 3 and 4, respectively.
the SSF media preparation process is the major contributor to the Although adding valuadded products leads to increased environmental
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impacts, these bibased products are in high demand for various applications
in various industries. Also, these Hiased products can result innzore
sustainable production process with less dependence on fossil fuels.

Fig. 3. Global warming (GW) results of succinic acid production from various raw materials.

Table 8.
Environmental impacts of pahimasecbiorefinery scenarios.

Scenarios

Environmental impacts  Unit
1 2 3 4 5 6 7

Global Warming kg CO: eq 138 226 150 155 142 247 171
Terrestrial Acidification kg SG eq 0.68 130 0.76 0.76 0.69 1.39 0.86
Freshwater

Eutrophication kg P eq 0.01 0.02 0.01 0.01 0.01 0.02 0.01
Human toxicity kg 1,4DBeq 7.57 189 11.1 842 7.80 20.0 12.2
Particulate Matter

Formation kg PMioeq 0.22 0.48 0.25 0.24 0.22 0.51 0.28
Terrestrial Ecotoxicity kg 1,4DBeq 0.34 0.35 0.35 0.38 0.34 0.39 0.39
Landtransformation m? 0.04 0.05 0.04 0.05 0.04 0.05 0.05
Water depletion me 7.37 121 8.46 826 7.39 13.0 9.36
Fossil Fuel Depletion kg oil eq 30.5 57.8 345 343 31.7 62.8 39.6

3.2 Net energy balance (NEB) andt energy ratio (NER)

This study estimated NEB and NER in the case of scenarios that include
both nonenergy and energy products. It could be anticipated that the energy

output of norenergy products would be lower than energy products, as also
reflected in the obtained resultas seenin Table 9, the energy output of
Scenario 4 is the highest because all the products aptbdacts are energy
carriers (i.e., BHD, biofuels, and bgasoline). MeanwhileScenarios 2 and 6

consume higher energy for succinic production compared to other scenarios.

However, although the NER of Scenarios72is lower than the current
situation, the overall palfbased biorefinery system has an NEB higher than
the current situ&n by 73 to 86%. Both indicators can indicate the efficiency
of the system.

Positive NEB and NER values of more than 1 for the gadised biorefinery
scenarios presentedimble 9reveal positie resultdor all the scenarios. This
means that the total energy content of phbsed biorefinery products and co

products is higher than the total energy required by the production processes.

Scenario 4 has the highest energy output because BHD, iispnusiuct, and
co-products, including fuel gas and biasoline, are both energy products.
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scenals (ScenariosiZ) is lower than that of the current pabased
biorefinery scenario (Scenario 1), all potential scenarios, including a single
or three valueadded products lead to an increase in the energy output to a
greater value than the energy inpithwan increase in the range 73 to 86%.
These two indicators can help to evaluate the system's efficiency.

Table 9.
Net energy balance (NEB) and net energy ratio (NER) of different biorefinery scenarios.

Scenarios

Indicator Unit

1 2 3 4 5 6 7

Energy input MJ 1,280 2,426 1,448 1,441 1333 2,639 1,661

Energy MJ 9152 9,129 7,837 9,857 9,003 9,836 8,393
output

NEB MJ 7,872 6702 6,380 8416 7,670 7,196 6,732
NER - 715 376 541 684 675 373 505

3.3 Employment generation (direct employment results)

In 2021, approximately 16.56 million tonnes of FFB were produced, and
the number of oil palm households was about 0.37 million; the employment
coefficient shows that producing 1,000 tonnes of FFB reguit2
householdsannually. The employment coefficients per 1,000 tonnes for
each commodity and per 1,000 tonnes FFB for each scenario are shown in
Tables 10and 11, respectively. The employment coefficient of CPO
production is the highest among all products, as seefairie 1Q
approximately 5 personannually are needed for 1,000 tonnes of CPO
produced. Meanwhile, about 1 personl/yr is required to produce every 1,000
tonnes of RBDPO, cooking oil, and biodiesel. Producing succinic acid has
the highest employment coefficient while producing BHD needs the least
labor.

Table 10.
Employment coefficient of palrbased biorefinery products.

Employment coefficient

Products (Persontyr/1,0 0 tdnnesof the product)

Crude palm oil 4. L2 7TA31)

Refined, bleached, deodorized palm ¢ 0.54 (0.08 1.42)
Cooking oil 0.69 (0.08 1.42)
Biodiesel 0 . B45i 1.07)

Bio-hydrogenated diesel 0.23 (0.061 0.39)

Epichlorohydrin 0.61
Succinic acid 3.35(2.00 4.71)
Lactic acid 0.35(0.05i 0.66)

Since the number of employees and production volume of the four value
added products (BHD, ECH, succinic, and lactic acid) are based on
secondary data taken from pilot studies and existing commercial
production, it must also be notdtht production technology and economy
of scale are significantly associated with those two parameters considered
for estimating the employment coefficiefiiven though increasing the
production capacity would need more employees, adapting advanced
technobgy would also require highly capable and skilled workers.
Productivity can be improved by identifying suitable technology solutions,
and expanding the industry can create more employment, as seen in the
cases of succinic and lactic acid production. Moegpit can be noticed
that the employment coefficient of the valagded production scenarios

Scenario 6 has the highest energy input due to the energy demand of succinic (Scenarios €7) is higher than the current situation varying between 2 to

acid production. Although the NER of potential palmbasedbiorefinery

86% (rable 17).
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Table 11.
Employment coefficient of palrbased biorefinery products.

Employment coefficient (Personyr/1,0 0 t@nnesof FFB)

Products

1 2 3 4 5 6 7
Cooking oil 460 460 460 460 460 460 460
Biodiesel 566 566 566 566 566 566 566
Bio-hydrogenated diesel - - - 60 - 60 60
Epichlorohydrin - - - - 46 46 46
Succinic acid 5,960 - - - 5,960 -
Lactic acid - - 25 - - - 25
Total employment 1,026 6,987 1,051 1,086 1,072 7,092 1,157

(Personyr)

3.4. Eco-efficiency

The eceefficiency assessment revealed that the total economic value of all
the potential scenarios (Scenar®isZ )was greater than that of the current
scenario (Scenarib ,)asseen inTable 12. This implies that all the potential

lactic acid in Scenarid is low. Thus, the total economic value of Scenario
3 exceeds that of Scenarbby 3 % For Scenarids, even though the
contribution of ECH production to the global warming impact is lower than
that of lactic acidScenarid3 ))the price of ECH is close to the prices of
cooking oil and biodiesel, leading to the total economic value increasing by
1 %against Scenarith The global warming impact of BHD production in
Scenario4 is greater than that of lactic acid an€CHE production in
Scenario8 and5; however, the prices of BHD and its-pooducts increase
the total economic value of Scenadiby 1 2 #ompared to Scenarib
Increasing the productiomolume of valueadded products will bring
about the need for investment associated with several factors such as
production technology, employment, location, etc. Hence, the estimation of
costeffectiveness should be considered to support the decisioneon th
investment.Klein et al. (2017)reported that the cost of succinic acid
production from bagasse was 79 THB/kg (2.32 USD/kg), based on fixed
and variable costs. Lactic acid is mainly produced from corn and needs
bacteria, fungi, and yeast for fermentatioassan and Idris (201fgported
that the cost of producing lactic acid by bacteria is 40,000 THB/tonne
(1,181 USD/tonne), with an annual production capacity of about 0.1 million
tonnes. More than 50% of production costs come from raw materials,
followed by energy and resource consumption (approximately 30%), and
20% from wastewater treatment costs and labtxn@ndhar and Shah,
2020). Currently, BHD is mainly produced by two companies, Neste Oil
and UOP Honeywell, which have branches in many countrieseker,

scenarios can help increase the system's economic value. The market price andnvestment value throughout the production process is not publicly
production volume are the key drivers of the economic value system, as can be reported. ECH is produced using Epicerol technology using pure glycerin,

seen from the results of Scenarand6 These two scenarios hawetotal
economic value exceedirig6 , THB@onne of FFB due to the contribution

of succinic acid, which has a very high price. The price of lactic acid is about
half that of succinic acid, and its production volume accounts for only around
4 %f that ofsuccinic acid. As a result, the total economic value of SceBario
(succinic acid) is greater than that of Scen&i@lactic acid). Apart from
succinic acid, another higbriced product is bigasoline, a cgproduct of BHD
production (produced in Scenasid, 6, and7 )Although the price of bio
gasoline is high, the production volume is less at arolind 40%BHD
production. Thus, the total economic value of Scenfisagreater than that of
Scenarial by approximatelyl 2 %he production of bigasolinein addition

to BHD leads to a higher total economic value of Scendrmompared to
Scenario8 and5, which produce only one valteglded product, lactic acid and
ECH, respectively

Table 12
Eco-efficiency of different biorefinery scenarios

Scenarios

Indicator Unit

1 2 3 4 5 6 7
Total
economic THB/t FFB 5997 16,715 6,188 6,852 6,031 17,605 7,077
value
Global kgCOeqt FFB 138 226 150 155 142 247 171
warming
Eco THB/kg CO & 436 739 412 443 426 713 414
efficiency 9 q ' ' ’ ’ ' ' '

The eceefficiency values of Scenaridsand6 are quite close and higher

than those of other scenarios due to the production of succinic acid. Even

though the contribution of succinic acid production to global warming impact
is larger than that of othemlue-added products, the price of this acid is also

greater than others. Comparing these two scenarios with the current scenario

(Scenariol ,)the increases in the global warming impact results3a®e%6r
Scenarid2 and4 4 %r Scenarid, while the increase in total economic value
is6 5 %6r both scenarios.

The eceefficiency values of Scenaria3 and 5 are lower than that of
Scenariol; meanwhile, the eeefficiency of Scenarid is higher than that of
Scenariol The additional produatn of valueadded products and market
price and production volume play important roles in theefioiency results
of Scenarios8i 5 Even though the price of lactic acid (Scendigs higher
than that of cooking oil and biodiesel (Scendrijthe prodiction volume of

mostly imported; the production capacity is approximately 0.1 million
tonnes/yr. The lowest product valueofdd market price) of ECH is about
35 THB/kg (0.94 USD/kg), and the maximum product value is about 130
THB/kg (3.51 USD/kg), depending on the purity of the produced ECH
(ChemAnalyst, 2020 In summary, although valtedded production leads

to an incremenin environmental impacts and investment, total revenue
also increases, similar to the study?@fdullah and Hussein (202which
concluded that the economic aspects could be improved by the development
of biochemical and biomaterial products from oil palfus, the future
decision on appropriate vahaelded production should rely on social,
economic, and environmental aspects.

3.5, Practical implications and limitations of the present study

Based on the overall results obtained from the currentpatential
palmbased biorefinery scenarios, findings and insights could be
summarized as follows:

- To increase the production volume of both succinic and lactic acid,
research and development should focus on the production technology and
biomass waste dization. This will reduce not only the environmental
impacts but also negative externalities related to the production of both
acids.

- The integration of valuadded products into the current pabased
biorefinery should be promoted along with the sypgflain as elaborated
below:

0 The production of succinic and lactic acid is recommended at the
palm oil mill to avoid the environmental impacts of raw material
transportation and get extra support on the renewable electricity
from the biomass generated hretpalm oil mill

o The production of BHD and pure glycerin, the main raw materials
for ECH production, should be considered at the biodiesel plants.
This is because RBDPO is used for producing both biodiesel and
BHD, and raw glycerin is a bgroduct of biodésel production.
Therefore, this kind of expansion would offer flexibility and
opportunity to the existing biodiesel plants to produce several
valuable products.

- The major contributor to the environmental impactalbpalmbased
biorefinery productss the production of FFB rather than using energy and
chemicals in the production processes. The recommendations below could
lead to reducing the environmental impacts.

0 The application of fertilizer and chemicals used in oil palm
plantations should be contted or minimized based on soil and
leaf analysis results.
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0 The transition of both the palm oil mill and the palm oil refinery to
100% renewable electricity could lead to a decrease in the
environmental impacts of their products. The palm oil mill should

move to 100% electricity generated from biomass and biogas, and the

palm oil refinery should also follow a similar route.
3.5.1 Practical implications

The overall results obtained from the current and potential -paad
biorefinery scenarios reveal some practical implications for improving the
sustainability of the current patvased biorefinery. As the oil palm plantation
is the key contributor to thenvironmental impacts, support could be provided
by the government or the palm oil mills to the oil palm farmers to manage
fertilizer application based on soil and leaf analysis. Moving to 100% electricity
generated from biomass and biogas could drivenlgt the currentpalm oil
mill but also other downstream activities toward a green industry. If the palm
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oil refinery is close to the palm oil mill, excess electricity from the palm oil
mill could support the operation of the palm oil refinery. As for the value
addedproducts proposed in this study, a pi#oale BHD production was
established under a collatagion of the two biggest companies in Thailand
several years ago; however, there has been no further progress ever since.
On the other hand, there is only a single company producing ECH. The
conversion of EFB into cellulose and hemicellulose to produmsrsa and

lactic acid is still at the laboratory scale, although other feedstocks have
been used commercially in other countries. The obtained results will also
create or attract more opportunities to support the sustainable
commercialization of BHD, ECHsuccinic acid, and lactic acid production.

3.5.2. Uncertainty analysis

Figure 4 illustrates the uncertainty analysis results conducted based on
the overall environmental performancesf CPO, RBDPO, biodiesel,

Fig. 4. Uncertainty analysis result&@) Crude palm oil(b) Refined, bleached, deodorized palm (i), Biodiesel,(d) Cooking oil,(e) Bio-hydrogenated diese(f) Epichlorohydrin,(g) Succinic acid,
(h) Lactic acid. Abbreviations: GW: global warming; AC: Terrestrial acidification; FE: freshwater eutrophi¢difiohuman toxicity; PMF: particulate matter formation; TE: terrestrial ecotoxicity;

LT: land transformation; WD: water depletion; and FD: fossil fuel depletion.
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cooking oil, BHD, ECH succinic acid, and lactic acid. The results show less
uncertainty concerning the impacts of CPO, RBDPO, biodiesel, and cooking
oil production compared to the vataeded products (i.e., BHD, ECH, succinic
acid, and lactic acid). This is because the dat2R®, RBDPO, biodiesel, and
cooking oil were collected directly from the value chain enterprises (primary
data). On the other hand, the data of all v@dded products were collected
from various reliable literature (secondary data). It can also be lseethé
global warming impact values have the least uncertainty compared to the other
impacts. As the ecefficiency calculationsKq. 3) considered global warming,
hence, the results can be considerelatively robust.

(1]

3.53. Limitations
[2

Although this study's scope starts from oil palm plantation until the
production of valueadded products, intermediate transportation was not
included. Moreover, the primary data was collected only from existing palm oil
mills and palm oil refineries in Hiland, whereas the secondary data was
applied for all valueadded products (succinic acid, lactic acid, BHD, and ECH)
considered in the potential palbased biorefinery system due to
confidentiality and there being no existing manufacturing industries in
Thailand. The production of succinic and lactic acid is based on experimental
data, while the BHD and ECH production data was obtained by computer
simulations. It should be noted that there is a difference in data inventory
between the laboratory scale ahd commercial scale. In addition, the capacity
and workforce of these four products were taken from existing manufacturing
industries in other countries.

Other than that, all six scenarios in this study were based on the current
demands for CPO as 19% domestic stock, 9% export, and 72% domestic
consumption. If there is a change in CPO demand in the future, the [6]
configuration of palrrbased biorefinery must bie-evaluated. There is a need
for further research on optimizing supply and demand in the wholelpeded
biorefinery system. This will enable stakeholders in the palm oil industry to
secure more sustainable production and consumption. In additioshereit
analysis and location assessment for the vatided products are expected to
address the limitation of this study.

(3]

(4]

(5]

(7]

(8]

4. Conclusions and prospects

This study aimed to assess the sustainability of f#eleed biorefinery, [9]
including thecurrent situation (i.e., cooking oil and biodiesel) and the potential [10]
scenarios with valuadded products, i.e., succinic acid, lactic acid, BHD, and
ECH by considering the overall palm value chain. These vadded products
represent biomaterial, biofyednd biochemical products. Accordingly, seven
palmbased biorefinery scenarios were considered, and their impacts were [11]
assessed through LCA, NEB, NER, employment generation, and eco
efficiency.

The twopotential palrbased biorefineries, including the cemt palm
based biorefinery with succinic acid production (Scenario 2) and the current
palmbased biorefinery with succinic acid, BHD, and ECH production
(Scenario 6), showed the most positive results toward sustainabléasét
biorefinery; the produatin of succinic acid was the key player in these two
scenarios due to the highest results in all environmental impacts and the highest
market price. The current palbased biorefinery with BHD production
(Scenario 4) showed lower environmental impacts th&tenarios 2 and 6.

Adding the production of valuadded products to the current pabased
biorefinery led to an increase in the environmental impacts of that potential
palmbased biorefinery due to the use of raw materials and energy in the
production processes. Meanwhile, market price and production volume
increased the total economic value system-&fioiency, as well as NEB and
NER results, were affected by market price, production volume, and energy
content of the product and @uoducts obtainedrom potential palrrbased
biorefinery. As production technology plays an important role in the production
processes and volume of valaéded products, it should be noted that revising
the assessment results will be required once the production teclesotdgi
succinic acid, lactic acid, BHD, and ECH change. Thus, the decision on suitable
valueadded production in the future should consider the potential investment
of the industrial sector, environmental impacts aspect, and total revenue from
the added vaie.

(12]

(13]

(14

—_

(15]
(16]

(17]

(18]
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Supplementary Material

Table SL Table S2
Inventory of oilpalm nursery Gheewala et al., 20).4 Inventory of oil palm plantation{heewala et al., 20)4
Details Quantity/kg Product Unit Details Quantity/kg Product Unit
Input Input
Electricity 4.23x10F KWh Nursery plant 2.85x10" trees
Diesel 2.82x10° L Occupation land; agricultural land 5.71x10° hayr
Polybag 1.48x10F kg Nitrogen fertilizer 6.87x10° kg
Water 1.06x13 L Phosphorus fertilizer 4.42x10° kg
Nitrogen fertilizer 3.50x10F kg Potassium fertilizer 1.17x1%° kg
Phosphorus fertilizer 1.83x10° kg 2;9::;:f:rr]tig|lf§rr]sr:r]§g:/l\/rénanure, P 4.92x10° kg
Potassium fertilizer 1.48x10° kg Soil improvement materials: lime, 4.38x1G° kg
Thiocarbamate 7.89x10° kg fu_radan, boron, etc.
Diesel 1.68x10" L
Pyrethroid 2.49x10° kg Benzene 1.03x1G° L
Organophosphate 1.41x10 kg LPG 2.08x107 kg
Dithiocarbamate 6.77x10 kg Diesel 7.20x10P L
Unspecified Pesticide 9.51x10° kg Benzene 3.20x107 L
Urea/Sulfonylurea 1.53x10 kg Natural gas 2.12x16° kg
Glyphosate 6.27x10° kg LPG 4.91x10" kg
Land 7.0410 hayr Electricity 2.39%10° KWh
falocuct Glyphosate 2.28x10* L
Oil palm nursery 1.00 trees Paraquat 1.85x10" L
Output Others herbicides 1.55x10° L
CO; eq emission (from Nitrogen fertilizer) 1.19x10° kg CQ: eq Benny! (Benomyl) 5.46x10° L
Carbon dioxide (C¢) 7.60x10° kg Unspecified chemicals 3.00x10° kg
Methane (Ch) 3.08x1¢° kg Cypermethrin 2.61x10° L
Nitrous oxide (NO) 6.16x10% kg Pesticides/Insecticides 1.06x10° L
Carbon monoxide 2.82x10 kg Groundwater 1.74x10 m?
Oxides of nitrogen 1.89x10° kg Lake, irrigation water 4.01x10° m?
Particulate matter 2.5 pm 5.63x10° kg Tap water 5.27x10F m
Particulate matter 10.0 pm 5.92x10° kg Product
Polycyclic aromatic hydrocarbons 4 9.01x10? kg TEQ Fresh Fruit Brunches: FFB 1.00 kg
Sulfur dioxide 3 4.79x10% kg Output
Total volatile organic compounds 5 2.31x10° kg CO» eq emission (from N fertilizer) 2 81x10 kg
Unspecified Pesticide 1.15x10° kg CO» (onroad) 10916 kg
N leaching to river 5.39x10° kg CHs (on-road) 1.21x10° kg
N2O (onroad) 1.65x10° kg
CO; (off-road) 2.70x10° kg
CHj (off-road) 2.62x10° kg
N0 (off-road) 2.40%x10° kg
Carbon monoxide 1.75x10° kg
Oxides of nitrogen 1.17x10¢° kg
Particulate matter 2.5 pm 3.50x10° kg
Particulate matter 10.0 um 3.68x10° kg
Polycyclic aromaticydrocarbons 4 5.61x10" kg TEQ
Sulfur dioxide 3 2.98x10° kg
Total volatile organic compounds 5 1.44x10 kg
Unspecified Pesticide 6.22x10* kg
N leaching to river 1.03x10° kg
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Table S3

Inventory of palm oil milling (crude palm oil production)

Table S5
Inventory of anaerobic wastewater treatment

S2

Details Quantity/kg Product Unit
Input
Fresh fruit bunch (FFB) 6.01 kg
Steam 2.99 kg
Freshwater 1.96x10° m?
Electricity grid mix 3.75x10° kWh
Electricity-Boiler unit (steanturbine) 8.37x107 kWh
Electricity (POMEWWTP to biogas) 8.24x10° kWh
Kaolin 0.29x10" kg
Product
Crude palm 0i{CPO) 1.00 kg
Co-product
Dry kernel: sell 2.09x10" kg
Fiber: sell 3.91x10 kg
Shell: sell 2.87x10" kg
Empty fruit bunch(EFB) 1.15 kg
Output
POME 3.74x10° m®
Decanter cake 2.06x10" kg
" Primary data
Table S4 .
Inventory of crude palm kernel oil production
Details Quantity/kg Product  Unit
Input
Dry kernel 221 kg
Electricity grid mix 1.91x10' kWh
Electricity-Boiler unit (steam turbine) 2.11x10%° kWh
Electricity (POMEWWTP to biogas) 2.85x10° kWh
Product
Crude palm kernel oil (CPKO) 1.00 kg
Output
Palm kernel cake (PKC) 1.09 kg

* Primary data

Table S6

Details Quantity/kg Product Unit
Input

Raw water 1.43 m?
tEJ:eg,}:glty—Bmler unit (steam 153 KWh
Polymer 2.89x10' kg
PAC/Alum 1.15x10 kg
RO (Antiscalant Flocon 135) 7.92x10* kg
Brom Pam9A 1.40%x10' kg
Chlorine 2 . a? kg
Sodium hydroxide 2 . q10? kg
Product

Treated water 1.00 m?
Output

Wastewater 4.34x10" m?
" Primary data

Inventory of steam production from boiler

Details Quantity/kg Product Unit
Input

Fiber 2.42x10" kg
Shell 2.72x10° kg
Raw water 1.21x10° me
Product

Steam 1.00 kg
Co-product

Electricity-Boiler unit (steam turbine) 3.31x10° kwWh
Output

Wastewater 1.17x10' m?
Ash 8.21x10° kg

* Primary data
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Table S7.
Inventory of palm oil refinery

Table S9,
Inventory of biodiesel (B100) production

Details Quantity/kg Product Unit
Input

RBDPO 9.21x10 kg
RBDPO (purchased) 1.49x10° kg
Stearin(purchasefl 1.01x1C%° kg
Methanol 1.25x10" kg
Sodium hydroxide 1.04x10° kg
Citric acid 2.52x10° kg
Hydrochloric acid 3.58x10° kg
Sodiummethoxide 9.68x10° kg
Phosphoric acid 1.84x10* kg
Steam 7.01x10%° kg
Electricity grid mix 1.98x10° kwh
Product

Biodiesel (B100) 1.00 kg
Co-product

Raw glycerin 1.44x10" kg
Output

Sterol Glucosides (SG) 4.67x10° kg
Acid oil/Fatty acid oil 3.03x10° kg
Wastewater 9.78x10° m?

* Primary data

Table S10
Inventory of SSF media preparation (Succinic acid productidxi)i@r and Idris 2017).

S3

Details Quantity/kg Product Unit
Input
Crude palm oil 1.08 kg
Phosphoric acid 1.11x16° kg
Bleaching earth 1.06x10° kg
Silica 2.67x10" kg
Activated carbon 3.45%x10 kg
Sodiumhydroxide 2.00x10* kg
Steam 1.93x10' kg
Electricity grid mix 1.16x10 kwh
LPG 2.49x10° kg
Water 1.10x10* m®
Product
RBDPO 1.00 kg
Co-product
PFAD 6.85x10° kg
Output
Spent earth 1.96x10° kg
Silica (used) 2.67x10" kg
Wastewater 5.73x10* me
* Primary data
Table S8
Inventory of palm olein (cooking oil) production
Details Quantity/kg Product  Unit
Input
RBDPO 1.43 kg
Anti-crystallizer 3.92x10° kg
Electricity grid mix 2.50x107 kWh
Steam 1.36x10' kg
Soft water for the chiller 1.42x10' kg
Product
Cooking 0il(RBDOL) 1.00 kg
Co-product
Palm steari{RBDST) 4.25%x10" kg

" Primary data

Details Quantity/kg Product Unit
Input

Inoculum media 2.50x10° kg
Cellulose 7.00x10 kg
Yeast extract 2.00x10% kg
Corn steep liquor (CSL) 2.00x10 kg
Sodiumacetate 1.50x10° kg
Monosodium phosphate (bPQy) 1.50x10° kg
Dipotassium phosphat&.H.PQs) 1.50x10° kg
Magnesium chloride 2.00x10" kg
Calcium chloridg/CaCb) 2.00x10* kg
Magnesium carbona{@1gCOs) 6.50x10 kg
Product

SSF media 1.00 L
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Table S11

Inventory of EFB drying process (Succinic acid productiérihfar and Idris 2017.

Details Quantity /kg Product Unit

Input

Empty fruit bunch 1.67 kg

Electricity-Boiler unit (steam turbine) 2.40 kWh

Product

Dried EFB 1.00 kg

Output

Waste 6.70x10" kg

Table S12
Izna/fgtory ofpretreatment and cellulose production (Succinic acid productigd)r and Idris

Details Quantity/kg Product Unit
Input
Empty fruit bunch 1.52 kg
Sulfuric acid 6.06x10" L
Water 15.20 L
Electricity-Boiler unit (steam turbine) 3.42 kwWh
Sodium hydroxide 1.52 kg
Product
Cellulose 1.00 kg
Output
Lignin and hemicellulose 5.15x10" kg

Table S13

Inventory of SuccinieSSF process (Succinic acid productiofit{tar and Idris 2017).

Details Quantity/kg Product Unit

Input

SSF media 6.51 L

Electricity-Boiler unit (steam turbine) 1. 86" kwh

Product

Succinic acid 1.00 kg

Output

Waste 1.71x10 kg
Table S14

Inventory of SSF media preparation (Lactic acid productibiajséan and Idris, 20).6

Details Quantity/kg Product Unit
Input

Hemicellulose 5.00x10% kg
Urea(CHaN20) 2.50x10° kg
Dipotassium phosphat{&:H:PQ:) 6.00x10" kg
Magnesium sulfatéVigSQs) 2.50x10' kg
Zinc sulfate(ZnSQy) 8.80x10* kg
Electricity-Boiler unit (steanturbine) 3.08 kWh
Product

SSF media 1.00 L

Table S15

S4

Inventory of pretreatment and hemicellulose production (Lactic acid produdtiea}#£n

and Idris, 201}

Details Quantity/kg Product Unit

Input

Empty fruit bunch 7.67 kg

Sodiumhydroxide 1.53x10° g

Water 76.70 L

Electricity-Boiler unit (steam turbine) 3.08 kWh

Product

Hemicellulose 1.00 kg

Output

Lignin and cellulose 6.68 kg
Table S16

Inventory of LactieSSF process (Lactic acid productiorlaEsan anttris, 2019.

Details Quantity/kg Product Unit

Input

Electricity-Boiler unit (steam turbine) 6.17 kwWh

Hemicellulose 1.25 kg

SSF media 83.30 L

Product

Lactic acid 1.00 kg

Output

Waste 4.77 kg
Table S17.

Inventory ofbio-hydrogenated diesel (BHD) productiche(mpool et al., 2030

Details Quantity/kg Product Unit
Input

RBDPO 9.25x10" kg

Palladium 2.20%x10 mg
Activated carbon 3.92 mg
Hydrogen 4.19x10% kg

Electricity from biomass 4.41x107 kwh
Product

BHD 1.00 kg

Co-product

Fuel gas 1.01x10° kg

Bio-gasoline 1.41x10° kg
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Table S18 Table S19

Inventory of pure glycerin productian Inventory of Epichlorohydrin (ECH) productiokang et al., 2016
Details Quantity/kg Product Unit Details Quantity/kg Product Unit
Input Input
Raw glycerin 1.74 kg Hydrochloric acid 1.050 kg
Electricity grid mix 1.22x10' kwWh Water 1.780 kg
Hydrochloric (HCI) 6.90x10° kg Pure glycerin 1.380 kg
Sodium hydroxidéNaOH) 4.00x10° kg Electricity grid mix 0.020 kWh
Activated carbon 1.00x10° kg Epichlorohydrir 1.000 kg
Steam 1.92 kg Output
LPG 1.8x10? kg Water 1.260 kg
Water 6.6x107 m? 1-MCH 0.000 kg
Product Pure glycerin (loop in the syst&ty 0.000 kg
Pure glycerin 1.00 kg 1-MCH (loop in thesystem) 0.170 kg
Output 2-MCH (loop in the system) 0.060 kg
Yellow 8.6x10? kg Acetic acid (loop in the system) 0.160 kg
MONG** 1.11x10' kg Hydrochloric acid (loop in the system) 0.000 kg
Activatedcarbon (used) 1.00x10? kg Water(loop in the system) 0.030 kg
Salt 4.1x10? kg 1,3-DCH (loop in the system) 0.010 kg
Wastewater 1.6x10% me "1,3DCH:ECH is1 . :3190

” Outputs that are reused in the first stage of production.
" Primary data
" MONG: matter organic neglycerin
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Fig. S1 Current situation (cooking oil and biodiesel production), represented Scenario 1.
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Fig. S2. Current situation with succinic acid production (Scenario 2).

Fig. S3 Current situation with lactic acid production (Scenario 3).
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Fig. S4. Current situation with bidiydrogenated diesel (BHD) production (Scenario 4).

Fig. S5. Current situation witkepichlorohydrin (ECH) production (Scenario 5).
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Fig. S6 Current situation with BHD, ECH, and succinic acid production (Scenario 6).

Fig. S7. Current situation with BHD, ECH, and lactic acid production (Scenario 7).
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