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Abstract

Indonesia has an intensive agro-industrial sector which evolves large volumes of residues each year. Currently
these residues are under-utilized and have a deleterious impact on the environment, Oil Palm Empty Fruit
Bunches (OPEFBSs) in particular are highly abundant and offer good potential for conversion to bioenergy and
bio-based products, in particular bioethanol and xylitol (widely used as an artificial sweetener and can substitute
sugar in food and pharmaceutical industries). This paper provides a comprehensive review of the techno-
economic opportunities and challenges for wider utilization of OPEFBs for the generation of bioethanol and
xylitol in Indonesia. This review highlights the significant potential for valorization of OPEFB based on
resource availability in the country (828 MWe/year or 45.86 Mt/year) and growing demand for both bioethanol
(from 0.22 billion L in 2019 to 10.38 billion L in 2025) and xylitol (up to 2.20 kt in 2020). Various process
configurations were explored to assess the potential for simultaneous co-production of bioethanol and xylitol. A
mass balance and techno-economic assessment showed that the preferred scenario was Scenario 3 (co-
production of bioethanol with xylitol and lignin) and that this has the potential to generate 46,145 kL bioethanol,
7.716 kt xylitol, and 25.704 kt lignin per year. This is significant given the limited production for both
bioethanol and xylitol in the country currently. Further work is required to address challenges around technical,
policy and supply chains. This work provides an original and novel strategy to support wider adoption of
commercially viable bioethanol production in Indonesia.

Highlights

¢ Abundance of oil palm empty fruit bunches (OPEFB) creates prospect for biorefining
o Manufacture and supply of bioethanol and xylitol in Indonesia is feasible

o Multiple scenarios are proposed for mono- and co-production of bioethanol and xylitol
o Co-production of bioethanol and xylitol promotes sustainable bioeconomy

¢ Challenges remain on scalability, financial incentives and supply chain integration
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DG NREEC Directorate General of New, Renewable POME Palm Oil Mills Effluent
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FFB Fresh Fruit Bunches PSSF Pre-Hydrolysis Simultaneous
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FPU Filterpaper Units PST Public Service Transport
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Lac Laccase Enzyme SHF Separated Hydrolysis and Fermentation
LHV Low Heating Values SHS Super Heated Steam
LiP Lignin Peroxidase Enzyme SL Solid Loading
MA Maleic Acid SS Saturated Steam
MC Moisture Content SScF Simultaneous Saccharification and Co-
Fermentation
MDF Medium Density Fiberboard SSF Simultaneous Saccharification and
Fermentation
MEC Major Equipment Cost TGY Total Yield Glucose
MEMR Ministry of Energy and Mineral Resources, TPC Total Plant Cost
Republic of Indonesia
MnP Manganese Peroxidase Enzyme TPDC Total Plant Direct Cost
MSW Municipal Solid Waste TPIC Total Plant Indirect Cost
NADH Nicotinamide Adenine Dinucleotide (NAD) + VvC Variable Cost
Hydrogen (H)
NADPH The reduced form of Nicotinamide Adenine XKS Xylulokinase Enzyme
Dinucleotide Phosphate
Net B/C Net Benefit Cost Ratio XR Xylose Reductase Enzyme
NPV Net Present Value

1. Introduction

Indonesia, like many developing nations, faces the challenge of providing access to clean, safe and affordable
energy. Rapid population growth and expansion of industry have led to an increase in energy demand. However,
inadequate infrastructure, centralized energy production and a lack of financial and policy instruments to
support investment in technologies means that the country is not currently meeting its targets to increase the
share of renewable energy up to 23% by 2025 and up to 31% by 2030 [1]. It has been estimated that, in 2019,
fossil fuels (i.e. gasoline, coal and natural gas) accounted for 90.82% of all energy, while renewable energy (i.e.
solar, hydro power, wind energy, and biomass) accounted for less than 10% [1,2]. In Indonesia, fossil fuels have
significant environmental impacts (i.e. air pollution, greenhouse gas/GHG emissions) [3,4]; as well as negative
impacts on human health [5,6]. Currently, renewable energy has good potential to address the challenges of
energy supply and demands [7]; as well as fossil fuels depletion [8]. The ambition to shift to renewable energy

has been translated into policy at a national level via the Indonesian Ministry of Energy and Mineral Resources
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(MEMR) Regulation No. 20 Year 2014. This policy promotes the utilization of biomass for bioenergy and
focuses on the creation of a national biofuel market. More recently, the MEMR Regulation No. 12 Year 2015
imposes the mandatory use of biofuels in Indonesia in transportation. Such regulation indeed has opened up
potential market opportunities for biomass-based renewable energy [9]. Moreover, the Indonesian government
has placed priority on the development of renewable energy from biomass resources, as stated in National
Energy Policy/Kebijakan Energi Nasional (KEN) (Government Regulation No. 79 Year 2014) and General Plan
of National Energy/Rencana Umum Energi Nasional (RUEN) in Presidential Regulation No. 22 Year 2017 [1].
The MEMR target for blending of 5% bioethanol in gasoline by 2020 and up to 20% by 2025, however a
mandate for bioethanol blending in Indonesia has not yet been implemented. According to Setiawan et al. [10],
the government is failing to promote blended bioethanol for transportation through targeted subsidy schemes. To
fulfil domestic demand, Indonesia imports substantial quantities of gasoline from overseas. In 2015, 16.85
billion L (or 58% of its domestic gasoline demand) were imported, with demand increasing annually by 8%
[11].

It is estimated that 11.9 billion tons (on a dry basis) of biomass is generated globally each year, with 61% (or
7.26 billion tons) derived from agricultural activities and 39% (or 4.64 billion tons) from forestry activities [12].
Lignocellulosic biomass contains three main components i.e. lignin, cellulose and hemicellulose.
Lignocellulosic biomass is also called plant biomass, which can be grouped into several categories (a) forest
residues, (b) agricultural residues, (c) grasses and (d) food industry wastes. Each biomass type has differing
characteristics and composition [13,14]. Lignocellulosic biomass conversion generally releases 5-carbon and 6-
carbon sugars, which can then be converted into biofuels (i.e. bioethanol, biohydrogen, etc.) and valuable
biochemical compounds (i.e. xylitol, furfural, organic acids, etc.) [15]. The potential biomass supply in
Indonesia is estimated to be 146.70 Mt/year including lignocellulosic biomass (such as rice straw, sugarcane
bagasse, palm oil residues), municipal solid waste (MSW), industrial waste, etc. [9]. This biomass has an
estimated potential supply of 31,461 MWe in 2016, as shown in Table 1. These wastes are cheap and renewable
resources that can be captured and converted into bioenergy and other high value-added products, via an
integrated biorefinery approach. Despite variation in the characteristics and composition, as seen in Table 1,

these biomass types are suitable for bioethanol and xylitol production in isolation or co-produced.



Table 1. The potential bioenergy from biomass in Indonesia and its characteristics

No Type of Biomass Potential Total Biomass characteristics References
(MWe) (MWe) Cellulose Hemicellulose  Lignin (%)
[16] [16] (%) (%)
1 Palm oil 12,655
- Fiber 1,231 - 19.0 15.2 30.5 [17]
- Shell 758 - 14.7 16.4 53.6 [17]
- OPEFBs 828 - 37.3-46.5 25.3-33.8 20.4-325 [18,19]
- Palm oil mill 431 - na na na -
effluent (POME)
- Frond 8,430 - 33.46 13.95 30.92 [20]
- Re-planting waste 977 - na na na -
2 Paddy 9,837
- Husk 1,461 - 35.31 22.60 26.11 [21]
- Straw 8,376 - 40.54 20.80 12.87 [21]
3 Rubber 2,781
- Re-planting* 2,781 - 47.89 20.57 22.68 [21]
4 Municipal solid na na na -
waste (MSW) 2,066 2,066
5 Corn 1,735
- Corncob 496 - 20.89-34.4 36.21-41.17 16.26-18.8 [22]
- Stems and leaves 1,239 - 38.5 28.0 15 [23]
6 Sugar cane 1,295
- Bagasse 582 - 39.29 27.63 21.96 [21]
- Sugar cane leaves 713 - 10.51-14.50 9.31-14.85 4.62-11.01 [24]
and shoot
7 Cattle 535
- Manure 535 - 3.2 1.8 5.6 [25]
8 Wood 381
- Wood waste** 381 - 35.97 26.88 26.01 [21]
9 Coconut 176
- Coconut fiber 118 - 26.93 25.49 35.57 [21]
- Coconut shell 58 - 30.58 26.70 33.30 [26]
Total 31,461

Note: biomass characteristics as: *Rubber wood, **Kamper wood

In Indonesia, numerous studies have reported that lignocellulosic biomass, such as oil palm empty fruit bunches
(OPEFBSs), offer a promising route to sustainable biofuels (i.e. biodiesel, bioethanol, biohydrogen, and biogas)
[27-31]; as shown in Table 2. Biodiesel is a liquid biofuel generated from a process of transesterification, yet
production of biodiesel from biomass has not been widely adopted due to limited availability of commercially
viable technologies and relatively low efficacy of the conversion process [32]. Biohydrogen is currently seen as
a future, clean and renewable bioenergy sources, which can be generated through thermochemical (i.e.
gasification, pyrolysis, supercritical waster extraction) and biological (i.e. fermentation, biophotolysis,
combined dark-photo fermentation) routes [33]. Biohydrogen offers good potential but the infrastructure for
supply and delivery is lacking. A study by Derman et al. [34], explored under-utilized OPEFB’s across
Malaysia. They confirmed that bioethanol from lignocellulosic biomass is more feasible than other conversion
routes in term of its economic benefits and sustainability and can replace or blended with gasoline (due to its
low cetane, high octane and heat vaporization). Also, use of bioethanol can reduce carbon emissions and
minimize the consumption of fossil fuels [34-36]. A study by Vaskan et al. [37] and Medina et al. [38] focused
on OPEFB utilization in Brazil and its potential for producing bioethanol, C5 syrup, xylitol, and lignin. These

studies confirm that the valorization of lignin within the oil palm industries could offer multiple opportunities to
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improve economic and environmental sustainability. A study by Moncada et al. [39] in Columbia highlighted
the potential for biorefining lignocellulosic biomass (i.e. OPEFBs) into bioethanol, biodiesel, and poly-3-
hydroxybutyrate (P(3HB)). Beaudry et al. [40] and Huailuek et al. [41] emphasized that valorizing OPEFBs in
Thailand via a biorefinery approach is promising in terms of economic viability and in terms of reducing
environmental impacts of waste residues. Therefore, optimizing production of bioenergy from biomass through

sustainable and commercially viable approaches is critical [42].

Table 2. Bioenergy prospects from OPEFBs conversion

Type of bioenergy Conversion technology References
Biogas Pre-treatment, anaerobic digestion/AD [29-31,43]
(consists of 4 steps: hydrolysis,
acidification, acetogenesis and
methanogenesis)
Bioethanol Pre-treatment, hydrolysis, fermentation [34]
(Separate Hydrolysis and

Fermentation/SHF and  Simultaneously
Saccharification and Fermentation/SSF)

Biodiesel Pre-treatment, transesterification [44]

Bio-butanol Enzymatic pre-treatment, simultaneous [45]
saccharification and  acetone-ethanol-
butanol (ABE) fermentation

Bio-oil Fast pyrolysis, solvolysis (or liquefaction) [46]
both technologies can be used with and
without catalyst

Biopower (electricity) Pyrolysis, gasification, direct-firing, co- [47]
firing, and AD

Biohydrogen Pre-treatment, hydrolysis, photo- [45,48]
fermentation [49]
Steam gasification

Biochar Physical pre-treatment, pyrolysis [50]

Bio-solid refuse fuels (bio-SRF)  Mechanical biological treatment [51]

Hydrochar Hydrothermal [52]

Briquettes Pre-treatment, briquetting [53]

Bio-pellet Physical pre-treatment, densification [54]

Liquid fossil fuels account for approximately 35% of Indonesia’s energy demand and the four-wheel vehicle
market has grown substantially over the past two decades [55]. Setiawan et al. [10], estimated that four-wheels
car sales will increase from approximately 1.1 billion vehicles (in 2018) to 1.7 billion vehicles (in 2030) due to
the growth of population and a high income generation. This leads to an increase in gasoline consumption from
20.2 billion L (in 2018) to 49.5 billion L (in 2030). Bioethanol is a viable substitute for gasoline as traditional
engines can easily be converted and the infrastructure for re-fueling is already well established in Indonesia.
Geng [56] stated that commercial scale thermochemical conversion of OPEFBSs, such as pyrolysis is challenging
due to the complexity, high viscosity, and high water content of the resulted bio-oil. His study concluded that
OPEFBs is not suitable for solid fuels production but has more potential for bioethanol as is contains highly
fermentable organic material after pre-treatment. Gupta and Verma [35] reported that bioethanol yields from
OPEFBs were 14.5%, much higher than that of from fruit peels (in the range of 3.98-8.34 %). They added
OPEFBs has high bioethanol potential (i.e. about 16-fold higher than the actual world bioethanol production),
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making it a promising feedstock for scaled-up commercial exploitation. Johnson and Silvera [57] demonstrated
the success of transitioning to bioethanol using existing infrastructure and policies of fuel blending and use of
bioethanol in transportation sectors in Brazil, Malawi and Sweden. Globally, the production of bioethanol,
continues to increase from 97.6 billion L (in 2015) to 109.9 billion L (in 2019) [58], making this conversion
route an attractive opportunity for Indonesia and other countries processing OPEFB’s. In 2019, the United
Stated and Brazil led global production of bioethanol, with 54% and 30% of the world’s bioethanol production,
respectively. This is followed by the European Union which accounts for 5% and the rest of the world at 2%,
with a gross value of 38.5 billion US$ of the total global production [59]. Rahmadi et al. [8] reported that, in
Indonesia, conversion efficiency of biomass for bioethanol evolves higher yields (i.e. 6.47 kL/ha/year) than
other fuel counterparts such as biodiesel (i.e. 4.50 kL/ha/year) and pure plant oil (i.e. 5.00 kL/ha/year). These
findings indicate that production of bioethanol from biomass is a preferable conversion route offering relatively

higher efficiency, sustainability, and economically feasibility compared with other conversion pathways.

In recent years there has been a greater focus on biofuels from waste resources rather than purpose grown crops.
This gives further credence to the use of residues, such as OPEFBs [42]. Various lignocellulosic biomass can be
converted into bioethanol, including used newspapers, rice husks, corn stover, wheat straw, cassava starch pulp,
OPEFB:s fiber [60]; and paper sludge, wood, waste hyacinth, etc. [61]. Each biomass will have unigue physico-
chemical characteristics which will determine which pre-treatment is most appropriate. It can be said that some
biomass are more suited a particular conversion route based on their characteristics. Second-generation biomass
(i.e. lignocellulosic biomass) is currently still seen as cost-effective and sustainable feedstock for bioethanol

production, as previously stated by Prasad et al. [42].

Conversion efficiency of OPEFBs to bioethanol, is reported to be between 13.68 - 14.5% per raw OPEFBs
[35,62]. Issues of converting OPEFBs are related to its high hemicellulose and lignin content, which can hinder
the hydrolysis phase of conversion thus reducing the efficacy of bioethanol fermentation [34,63]. Improving the
efficiency of the conversion process is critical to ensure that future bioethanol and xylitol production from
OPEFBs is commercially and environmentally sustainable. Pre-treatment is often applied to enhance the
production rate and total yield of monomer sugars at the hydrolysis stage. The conversion of (hemi) cellulose to
monomeric sugars can be carried out chemically by addition of acids or enzymatically by the addition of
cellulase (i.e. the enzyme responsible for the hydrolysis of cellulose). Fermentation of lignocellulosic material
can result in increased concentrations of bioethanol. This can negatively impact on the microorganisms
responsible for yeast and sugar fermentation which can, in turn impact on process stability. Therefore, pre-
treatment is crucial to improve the characteristics of the biomass (i.e. removing lignin and reducing its
crystallinity) [42,64]; aiming to achieve higher efficiency and efficacy of biomass conversion to bioenergy or

other high value products [65].

OPEFBs can be utilized for the production of valuable biochemicals include xylitol, levulinic acid, succinic
acid, guaiacol, vanillin, polyhydroxyalkanoate (PHA) and biofertilizer [66-68]; or other bio-based products.
Table 3 provides the summary of various bio-based products that can be generated from OPEFBs and the
conversion processes and technologies applied in each case. The market potential for xylitol has increased in

recent years due to its applications in food and pharmaceutical products as a substitute for sugar and food
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additive [69]. In 2020, it was estimated that the potential global consumption of xylitol was approximately 242
kt (equal to gross revenue of 1 billion US$) [70]. There is limited information on the scale of xylitol production
in Indonesia. According to Ahuja et al. [71], there are 14 leading xylitol’s manufacturers from China, with total
production of 196.3 kt/year. All these manufacturers use corn cobs as the main substrate. In the USA, DuPont
(Danisco) is the leading manufacturer producing xylitol from birch trees or pulp and paper waste, with annual

production of 2.0 kt.

Table 3. Prospect of bio-based products from OPEFBs

Type of bio-based products Conversion technology References
Medium density fiberboard (MDF) Physical pre-treatment, mechanical [72]
production pulping, drying, blending with

formaldehyde, forming, hot pressing,

sanding
Pulp and paper production Pulping, bleaching and blending [72]
Compost/biofertilizer Physical pre-treatment, co-composting [68,72]
PHA Pre-treatment (acid hydrolysis, enzymatic [66]

saccharification, microbial fermentation
Poly(3-hydroxybutyrate) P(3HB) Physical ~ pre-treatment,  biosynthesis [73]
(microbial fermentation)

Xylitol Pre-treatment, fermentation [66,74]

Levulinic acid Sequential depolymerization, esterification [66,75]

Succinic acid Pre-treatment, SSF [66,76]

Guaiacol Pre-treatment, depolymerization [66]

Vanillin Pre-treatment, oxidation, two-step [66,77]
fermentation

Ferulic acid Physico-chemical pre-treatments (NaOH [78]
and autoclave)

Activated carbon Physical pre-treatment, KOH chemical [79,80]

activation, microwave heating, physical
steam activation

Supercapacitor  electrodes (self- Pre-treatment, KOH and CO, activation, [81]
adhesive carbon grains/SACG) heating
Liquid smoke (for biofungicides) Drying, pyrolysis, condensation [82]

Several studies have reported the opportunity for co-generation of bioethanol and xylitol from lignocellulosic
biomass using a biorefinery approach [83-85]. This process integration could offer additional economic and

environmental benefits.

This paper provides a comprehensive review of the challenges and opportunities of OPEFB conversion in
Indonesia with a specific focus on mono- and co-production of bioethanol and xylitol production. The paper
presents the technical challenges of pre-treatment, conversion and optimization of OPEFB’s, which is abundant
in Indonesia. Promising sustainable pathways for scaling-up and commercial production are presented and
evaluated. These are based on peer reviewed studies and take into considerations factors such as biomass
availability, valorization scenarios, mass balances, and economic analysis. These assessments aim to inform and

support the wider promotion and adoption of bioethanol and xylitol industries in Indonesia.

2. Availability of OPEFBs in Indonesia
In 2019, Indonesia was the world’s largest producer of oil palm with an estimated 45.86 Mt/year (accounting
75.69% of the global market). This is significantly higher than the 2" and 3" largest producers Malaysia and

Thailand [86-88], as shown in Table 4. Oil palm is cultivated to produce oil palm fruit, where the fruit is
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extracted to produce vegetable oil and other derivatives, which are widely used by various industries and
households around the world [65]. Demand for oil palm is continuously increasing in parallel to increasing
global demand for food, energy, and other industrial processes. The oil palms are mostly used for Crude Palm
Qil (CPO) production [87].

Table 4. Palm oil production based on potential area in the world (in Mt)

Year Indonesia Malaysia Thailand Global
2014 29.28 19.67 1.85 61.75
2015 31.07 19.66 1.83 58.92
2016 31.49 17.32 1.82 65.34
2017 34.94 19.20 2.60 70.58
2018 42.88 19.52 2.80 74.02
2019 45.86 19.58 2.90 72.27

Sources: FAO [86]; Hirschmann [87]; and Shahbandeh [88]

Palm oil contributes significantly to national development, yet, there exists significant conflicts between
supporters of the palm oil industry and environmental conservationist (who raise concerns over land use
exploitation, deforestation, peatland conservation and fire prevention). Furthermore, there is increasing
government support for the utilization of OPEFBs for power generation for use within industry, as shown in Fig.
1, reported by Directorate General of New, Renewable Energy, and Energy Conservation (DG NREEC),
MEMR and ExploRE Project, GIZ [89]. There are currently 700 palm oil mills (POMSs) in Indonesia who have
adopted on-site generation of bioenergy from OPEFBs, with an average production capacity of 30-45 tons fresh
fruit bunches (FFB)/hour. These plants generate up to 3500 MW electricity by using the solids residual and 700
MW via biogas power plant (PLTBQ) using the wastewater or palm oil mills effluent (POME) [16]. It has been

identified that there is good potential for these mills to also generate bioethanol locally.

A study from Hayashi [90] suggests that the average POM in Indonesia produces 22.5% of OPEFBs; 14.3% of
palm fibers; 6.7% of palm shells; 54.8% of POME; 5.4% of palm kernels; and 21% of CPO from 1 ton of FFB.
Another study reported that for every ton of palm oil produced from FFB, approximately 1 ton of OPEFBs, 0.7
ton of palm fibers and 0.3 ton of palm shells are generated [46]. The largest amount of waste production from
POM is OPEFBs and POME [91,92]. The OPEFBs contain lignin which is a recalcitrant component. The
hydrogen bonds between the various layers of the cellulose chain, coupled with the cross-linking of lignin with
cellulose and hemicellulose, forms a complex network of bonds that provide structural strength to the OPEFB
[46]. Various studies have mentioned the lignocellulosic content in OPEFBs, for instance, Law et al. [18] found
that OPEFBs has 44.2% of cellulose, 33.5% of hemicellulose, and 20.4% of lignin. Another study reported that,
in Indonesia, OPEFBs contain cellulose of 37.3-46.5%, hemicelluloses of 25.3-33.8%, and lignin of 27.6-
32.5% [19]. OPEFBs have higher lignin content compared to other lignocellulosic biomass in Indonesia, as
shown in Table 1. The dominance of cellulose and hemicellulose of OPEFBs, as previously explained, and their
potential relative abundance in relation to other biomass indicate that there are a huge potential for valorization
of OPEFBs as feedstock for bioethanol and xylitol. Furthermore, the abundance of OPEFB means the cost

implications and land use conflicts are minimal compared to other commercially available biomass feedstock
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[34]. However, pre-treatment on OPEFBs are suggested in various studies aimed to enhance the conversion

process.
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Fig. 1. Distribution of potential palm oil waste-based power plants as in 2021 (With permission from
Directorate General of NREEC, MEMR and ExploRE Project, GIZ [89]). POMs: Palm Oil Mills, FFB:
Fresh Fruit Bunches

3. Bioethanol and xylitol production from OPEFBs

3.1. Bioethanol

Bioethanol can be produced from any sugar-containing materials. Sugars, especially glucose, fructose,
galactose, xylose and ribose, are used by microorganisms to produce energy from their own metabolism, as well
as by-products, one of which is bioethanol [93]. Cellulose is the main component which is broken down
(hydrolyzed) to produce sugars for bioethanol production. The efficacy and efficiency of this hydrolysis stage is
dependent on the source of cellulolytic enzymes [94]. Cellulase enzymes can break the $-1,4 glycosidic bonds in
cellulose and its derivatives. This enzyme is classified in the category of hydrolase enzymes, which include
Endo-1,4-B endoglucanase (EC. 3.2.1.4), Exo-1,4-B-exoglucanase (EC. 3.2.1.91), and pB-glucosidase or
cellobioase (EC. 3.2.1.21) [42]. In general, bioethanol production from lignocellulosic biomass (i.e. OPEFBS)
consists of pre-treatment, hydrolysis (enzymatic), fermentation, as shown in Fig. 2, then followed with product
purification (i.e. distillation) [34,64].
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Fig. 2. Stages of the conversion process of OPEFB into bioethanol (Adapted from Derman et al. [34]; Hendriks
and Zeeman [64]; and de Paula et al. [15]). SHF: Separated hydrolysis and fermentation, SSF:
Simultaneous saccharification and fermentation, PSSF: Pre-hydrolysis simultaneous saccharification and
fermentation, Q-SSF: Quasi-simultaneous saccharification and fermentation, SScF: Simultaneous
saccharification and co-fermentation

In addition, 1 L of bioethanol can replace 0.66 L of gasoline, with low heating values (LHVs) of 32.19 MJ/L
(gasoline) and 21.18 MJ/L (bioethanol) [95]. According to the MEMR [9], the main raw material for bioethanol
production in Indonesia is currently molasses and cassava, however the government has also identified other
potential biomass sources for bioethanol such as banana stalks, bagasse, straw and OPEFBs. Various studies on
production of bioethanol from OPEFBs in Indonesia, with variation in operational condition, pre-treatment and
conversion technologies are shown in Table 5. These studies indicated that pre-treatment, hydrolysis and
fermentation methods are an important factor that determines the efficacy of bioethanol production from
OPEFBs. For instance, Dahnum et al. [96] found that conversion of OPEFBs to bioethanol using SSF method
was superior than that of with SHF method, resulted in 21% higher ethanol yields.
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Table 5. Bioethanol production from OPEFBs in Indonesia

e Pre-hydrolysis: 50 °C, 120 rpm, 4 h

Enzymatic hydrolysis : cellulase (40 FPU/ g dry OPEFBSs)
Local Saccharomyces cerevisiae 1naCC Y93

pre-hydrolysis

SSF (PSSF)

Operational condition and microorganism Fermentation Fermentation Scale Glucose yields  Bioethanol yields Refs.
process time (h) (g/L) (g/L)
Pre-treatment: dried, cut, and soaked in 10% NaOH solution (temperature of SSF 48 Pilot 89.02 51.40 [19]
140-145 °C, pressure of 4-7 kg/cm?, and duration of 30 min) (235 L, 32°C)
o Treated OPEFBs was neutralized with water and H2S0497% to pH 7-9
e Enzymatic hydrolysis: cellulase (Novozyme) 34 FPU and enzyme B-glucosidase
(Novozyme) 4.8 L — Saccharification enzymatic: temperature of 50-52 °C, pH
4.8-5.5, 12 hours
Local Saccharomyces cerevisiae Mk (4L)
Pre-treatment: dried, cut to ~ 3mm, and soaked in 10% NaOH solution SSF 72 Laboratory 0-31.65 45.50-83.40 [97]
(temperature of 150 °C, pressure of 4-7 kg/cm?, and duration of 30 min.) (250 mL, 32 °C, 150
o Treated OPEFBs was washed and dried to 10% moisture content (MC) rpm)
o Substrate loading rate (15, 20, 25 g/mL),
Enzymatic hydrolysis: Cellic® Ctec2 (18 FPU/g) and 20% Cellic® Htec2 (based
on Cellic® Ctec2 volume)
Yeast Saccharomyces cerevisiae (1 %wi/v)
o Pre-treatment: 10% NaOH, 150 °C, 30 min, solid:liquid ratio (1:5) SHF and 72 Laboratory 10.67 (SHF) 18.75 (76 %-SHF)  [96]
o Substrate loading rate: 15 g/mL SSF (SHF-50 °C, 150 rpm) 23.93 (97%-SSF)
Enzymatic hydrolysis: Cellic® CTec2 (10, 20, 30, 40 FPU/g) and Cellic® (SSF-32°C, 150 rpm)
HTec2 (20% of Cellic® CTec? added)
SSF with addition of dried yeast Saccharomyces cerevisiae (1 g/mL)
o Pre-treatment: 8% NaOH, 100 °C, 10-90 min SSF 96 Laboratory - 16.88 (68.4%) [98]
Enzymatic hydrolysis: cellulase and B-glucosidase, 45 °C, 24 h (37°C)
Mucor indicus
Pre-treatment: Microwave-assisted glycerol-sulfuric acid SSF 72 Laboratory - 1.26 [99]
o Glycerol: sulphuric acid ratio was 1:20 (w/v), stirring for 20 min, radiation 5-15 (38+2°C
min. (550 W)
Enzymatic hydrolysis: Meicelase enzyme (20 FPU/g)
o Yeast Saccharomyces cerevisiae
Pre-treatment: NaOH solution, 150 °C, 4 bars, 30 min SSF 72 Laboratory - 62.00 [100]
e Enzyme: CTec2 and HTec2 with ratio 5:1 (250 mL, 15% wiv, 32
Yeast Saccharomyces cerevisiae (1%wi/v) °C, 150 rpm)
Pre-treatment: Microwave-assisted maleic acid (MA) pre-treatment (160-200 °C, SSF 72 Laboratory (38 °C, 120 - 18.90 (76.6%-SSF)  [101]
2.5 radiation time, 1% (v/v) MA and rpm) 9.94 (80.78%-PSSF)
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4  Table 5. Bioethanol production from OPEFBs in Indonesia (Cont.)

Operational condition and microorganism Fermentation Fermentation Scale Glucose yields Bioethanol yields
process time (h) (g/L) (g/L)

e Pre-treatment: dried, cut 2-3 mm, and soaked in 10% NaOH solution, 150 °C, 4 SSF 72 Laboratory - 39.00 [102]
bars, 30 min (32 °C, 150 rpm)

e Enzymatic hydrolysis : cellulase (Cellic® Ctec2 and Cellic® Htec?)

o Yeast S. cerevisiae

e Pre-treatment: cut 1-3 mm, soaked in 10% NaOH (autoclave at 150 °C, 4 atm, 30 SSF 96 Laboratory Reduced from 33.92 (pH 4.5) [103]
min) (37 °C, 150 rpm) 20g/Lto 1 38.92 (pH 5.0)

e Enzyme Ctec2 (Novozymes) g/L 37.66 (pH 5.5)

o pH medium of SSF adjusted to 4, 5.0 and 5.5.

o Encapsulated R. oryzae

o Pre-treatment: dried, cut to 1 cm, organoslov (ethanol at 1:10 of solid-liquid ratio) SSF 84 Laboratory 1.53 0.63 [104]

 Enzymatic hydrolysis: 60 FPU/g, temperatures (35 °C, 70 °C, and 90 °C), time ( 2- (35°C, 150 rpm)
24 h)

o Yeast Saccharomyces cerevisiae (1%wi/v)

e Pre-treatment: soaked in NH4OH solution at ratio of 1:5 (w/v), 24 h SSF 12 Laboratory 3.2 0.20-0.25 [105]

 Enzymatic hydrolysis: cellulase enzyme Cellic Htec (48 h, 50 °C, 130 rpm) (30°C, 100 rpm)

e Zymomonas mobilis

o Pre-treatment: grinding to 50-80 mesh, soaked in 1% NaOCI for 5 h, dilute NaOH SSF 72 Pilot - 76.4 [106]
or H2S04 8%, autoclave and microwave (50 L fermenter)

o Enzymatic hydrolysis: xylanase and cellulase at pH 6

o Yeast Saccharomyces cerevisiae

o Pre-treatment: KOH solution SSF 96 Laboratory 112.44 41.411 [107]

o Acid hydrolysis: 1% H2S04,90°C, 1 h

Yeast Saccharomyces cerevisiae (concentration of 4 g/L, 6 g/L, and 8 g/L)

(30 °C, 250 rpm)
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3.2. Xylitol

Xylitol is an artificial sweetener with similar sweetness level to sucrose, having a lower calorie content of 2.4
kcal/g and a glycemic index of less than 19 [70,108]. The xylitol is produced from xylose which is a
monosaccharide with five carbon atoms, one aldehyde functional group at position 1 (aldopentose) or ketone at

position 2 (ketopentose). Xylose (CsH100s) itself is released from the hemicellulose structure [109,110].

There are various chemical and biological pathways for the conversion of xylose to xylitol, as shown in Fig. 3.
Chemical processes involves catalytic hydrogenation of xylose at high temperature (80-140 °C) and high
pressure (~50 atm), while biological process (fermentation) uses microorganisms (yeast strains) that can convert
xylose to D-xylulose through oxide-reductive pathway or enzymatic approach [22,70,74,108,111,112].
According to Rafiqul and Mimi Sakinah [113] and Rao et al. [70], there are further xylose reduction pathways
which involve the presence of enzyme xylose reductase (XR) with the use of cofactors (i.e. NADH and/or
NADPH), followed by conversion in the presence of enzyme xylulokinase (XKS). However, during the
conversion of xylose, various rate-limiting factors or inhibitors (i.e. acetic acid, hydroxymethylfurfural (HMF),
furfural, total phenolic acid, formic acid, levulinic acid) may present which can negatively affect the xylitol
production [70,110,114]. Therefore, detoxification of hydrolysate is essential, including chemical processes (i.e.
use of activated charcoal, ion-exchange resin), nanofiltration (i.e. membrane separation, reverse 0Smosis),
vacuum membrane distillation, electrochemical, and biological processes (i.e. the use of microorganism such as
Coniochaeta ligniaria or enzymes such as laccases and peroxidases) [70,113,115]. A comparison of xylitol
production methods, their advantages and disadvantages is provided in Table 6. The table indicates that for the
application of xylitol production from OPEFBs, use of biological routes with xylose-fermenting yeast and
enzyme offers better xylitol yield and the conversion efficacy is greater. With this approach, OPEFBs residues
from xylitol extraction can then also be used as feedstock for bioethanol production offering greater potential
commercial and environmental benefits. This approach has previously been reported in a number of recent
studies [38,83,116].
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33 Fig. 3. Flow chart of xylitol production — chemical, biological and thermochemical processes (Adapted from
34 Rao et al. [70]; Irmak et al. [117]; Rafiqul and Mimi Sakinah [113]; Martinez et al. [118])
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Table 6. Comparison of xylitol production methods in various literatures

Methods Procedures Xylitol yield Advantages Disadvantages Ref
Chemical Chemical hydrogenation using catalyst at high temperature 50-60 % « Non hydrogenated sugar is separated easily e Energy intensive [113-115,119]
and high pressure « High purified xylose production « Extensive separation and purification
steps
e High cost of technology and
operation
o Labour extensive
o Low efficiency process
o Non-ecofriendly and sustainable
process
Biological Microbial process (or fermentation): e Cost effective o Need pre-treatment for [112-114,119,120]
- Xylose-fermenting yeast 65-85 %  No needs for xylose purification lignocellulosic biomass
For example Enterobacter liquefaciens, Corynebacterium e Savings energy e Sensitive to inhibitions
sp., Mycobacterium smegmatis, Gluconobacter oxydans, e Wide substrate availability o Time consuming
Candida guilliermondii, Debaromycess hasenii, and etc. o High efficiency process (i.e. high e Cell recycling problem
. productivity) o High water consumption
- Fungi - - 014-052 g/L Eco-friendly and sustainable process o Problems of culture media
For example Penicillium chrysogenum, Penicillium
roqueforti CCT 1273, Verticillium crustosum CCT 4034,
Penicillium brevicompactum CCT 4457, P. chrysogenum
CCT 1273, Penicillium purpurogenum CCT 2008,
Penicillium citrinum CCT 3281, Penicillium janthinellum
CCT 3162, Penicillium griseoroseum CCT 6421,
Penicillium expansum VIC, Penicillium italicum DMBI,
Aspergillus niger DMB2, and etc.
0.1-5.5 g/L
- Bacteria
For example Gluconobacter cerinus IFO 3262,
Gluconobacter oxydans, Streptomyces coelicolor,
Acetobacter pasteurianus, Agrobacterium paraffineus,
Erwinia amylovora, and etc. 86-100%
- Recombinant strains
Enzymatic approach: 96-100% o Non-cell recycling limitation High cost of enzyme preparation [112-114,119]

- Xylose reductase (XR) from yeast

Savings energy and water

High efficiency process (i.e. high yield and
productivity)

Eco-friendly and sustainable process
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With regards to the utilization of OPEFBs for xylitol production, the reported studies are limited. These are
summarized in Table 7. In general, the findings indicate that the efficacy of the selected pre-treatment step,
together with the condition and mode of fermentation operation can significantly affect the overall efficacy of
xylitol production. The review also highlighted that biological conversion of OPEFBs using enzymatic approach
offers highest yield, followed by xylose-fermenting yeast then chemical approach. Xylose-fermenting yeast is
widely used in Indonesia for the biological approach of transforming OPEFBs into xylitol. However, when
implementing a biological conversion route, there is a need to improve the biosynthesis efficacy of xylitol and
selection of highly efficient xylitol-fermenting microorganism through metabolic engineering and

microorganism modification [120].

Table 7. Summary of previous studies on xylitol production from OPFEBs

Microorganism Detoxification Hydrolysis Fermentation mode Xylitol yield Refs
methods and conditions
Debaryomyces hansenii No Enzymatic Batch, SSF, addition of 0.24 g/g [74]
ITBCCRS85 (crude xylanase  synthetic xylose, 30 °C,
enzyme extract), semi-aerobic condition,
45°C, pH 4.7 450 rpm, pH 5
Debaromycess hasenii No Enzymatic (10% Batch, 30 °C, 200 rpm, 0.03-0.079g/L [121]
xylanase), pH 5, aerobic condition,
incubated at 50 ratio hydrolysate:
°C,96 h inoculum solution:
medium (2:2:3)
Candida guilliermondii No Dilute-acid, 2- Batch, 30 °C, 200 rpm, 96 10.3 g/L [122]
6% H2SO4 h, pH 5.5, aerobic
condition
Debaromycess hansenii na na Batch, 30 °C, semi- 0.11 g/L [123]
aerobic condition
Debaryomyces hansenii No Enzymatic (10 Batch, SSF, 30 °C, 150 0.104-0.201 g/L  [124]
mL Cellic HTec rpm, 96 h
2 with activity
of 750 U/mL),
60 °C, 150 rpm,
pH 5.0
Debaryomyces  hansenii No. Enzymatic Batch, SSF, 30 °C, 450 0.41 g/g [125]
ITBCCRS5 (Cellic HTec 2 rpm, pH 5, 7 days
and Cellic CTec
2),50°C, 150
rpm, pH 5,72 h
Debaromyces hansenii No Enzymatic Batch, SSF, addition of 0.08 g/g [126]
ITB CCRS85 (Cellic HTec 2), inorganic salts solution,
solid loading 30-37 °C, 150 rpm, 72 h
(5% wiv), pH
55.2,30-42 °C,
150 rpm, 48 h

4. Pre-treatment of OPEFBs to bioethanol and xylitol production

The selection of a pre-treatment method can greatly affect economics as it improves the conversion efficiency,
as well as adding significant overall cost to the conversion process [127]. Lignocellulosic biomass pre-
treatment can be classified into physical, chemical, physicochemical and biological processes [14,42]. Effective
pre-treatment will separate each lignocellulose component without needing additional removal step. The

selection of pre-treatment is also influenced by the crystallinity of lignocellulose, degree of polymerization,
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accessible surface area to improve degradation and acetyl groups on the substrate [14]. These considerations are
important to yield lignocellulosic materials that are more pliable and accessible to enzyme attack to enhance
cellulose-hemicellulose hydrolysis [128]. Incomplete or insufficient removal of lignin can reduce the hydrolysis
rate and decrease the digestibility, therefore it is essential to remove all lignin prior to hydrolysis to ensure
higher C5 and C6 sugar production [128,129].

A study by Hendriks and Zeeman [64] highlights that thermo-chemical pre-treatment (e.g. utilization of steam
plus acid, base or Organosolv with organic solvent) can also be applied to lignocellulosic biomass. In recent
decades, several pre-treatment methods have been identified, evaluated and demonstrated at lab-scale, pilot
scale or industrial scale [127]. Due to its relatively low energy and chemical consumption, biological
pretreatment still offers the best potential. Selection of effective lignin-degrading microorganism to improve
biodegradation and thus process performance remains a challenge. This remains critical to promoting wider
commercial adoption and deployment of this approach. Physio-chemical and chemical pre-treatment remain
feasible options for enhancing lignocellulosic biomass to bioethanol due to their high productivity, commercial
scalability, and its high lignin removal efficacy. However, these approaches require higher initial investment
costs and significant environmental control measures to ensure safety and minimize environmental impacts.

These factors should be carefully considered when scaling up.

Pre-treatment methods are used to produce monomers from the OPEFBs that then have the potential to be used
as a fermentation feedstock for bioethanol. A review of these methods has been conducted and a summary can
be seen in Table 8. It can be seen that two approaches are commonly applied as a first step. These include
mechanical size reduction (usually <1 cm or into a powder) and acid pre-treatment. The use of acids tends to
degrade hemicellulose while alkaline tend to degrade lignin. The more concentrated the chemicals, both acid
and alkaline, the higher the total sugar produced hence the conversion to monomers during hydrolysis is higher.
Acid pre-treatment is more widely used and is considered more efficient for the conversion of OPEFBs, as well
as results in a higher ethanol yield than other methods [129]. Acid pre-treatment can increase cost (due to
additional safety precautions or corrosion resistant vessels) and is not considered to be environmentally
sustainable (due to additional requirement of safe disposal of waste chemicals or wastewater) [34]. According
to Azelee et al. [128], alkaline pre-treatment has a high efficiency in the lignocellulose delignification allowing
further enzymatic hydrolysis and resulting in fewer by-products. NaOH can also be considered a less toxic and
corrosive chemical solution, as well as widely used as safe solvent solution in hydrolysis or extraction process
[130,131]. Derman et al. (2018) added that pre-treatment using biological agents, i.e. fungi, are proven to be
more environmentally friendly, but only a relatively small amount of bioethanol is produced. However, using
the fungi approach, OPEFBs recovery of lignin is very high. White-rot fungi for example is highly effective due
to the presence of lignin peroxidase (LiP), laccase (Lac) and manganese peroxidase (MnP) enzymes, which

degrade lignin into CO, and H,O macromolecules [132].
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91 Table 8. Summary of previous studies on pre-treatment for enhancing bioethanol production from OPFEBs

92
93
94

Treatment type Results
No References - - - -
Pre-treatment Hydrolysis Fermentation Pre-treatment Hydrolysis Fermentation
1 Piarpuzan et al. Physical (10 mesh/ 2 mm), Enzymatic using Total sugar = 10.3 g/L Total sugar = 18.12 g/L Bioethanol was 4 g/L
[133] alkaline (NaOH 2%)), and S. cerevisiae (Increased by 63.5%) (Increased by 27.7%)
steam (117 kPa /121 °C for 6
seconds)
2 Millati et al. Dilute acid H2S0a4 (0.2% and na using Mucor indicus o Xylose increased to 135.94 g/kg Bioethanol yield was
[134] 0.8%) at 170°C-230 °C for 5 and S. cerevisiae OPEFB (0.8%, 190 °C, 5 min) 0.45 — 0.46 g/g sugar
and 15 minutes o Glucose increased to 62.7 g/kg consumed
OPEFB (0.8%, 190 °C, 5 min)
3 Han et al. [62] Physical (1-3 mm) and Enzymatic SSF using S. cerevisiae Total sugar increased by 93.28% Total sugar increased Bioethanol was 46.02
alkaline (NaOH 2.89 ml/L) g/L
(Bioethanol yield
increased by 86.62%)
4 Kim and Kim Dilute acid (H2S044%) and Enzymatic SSF using o Cellulose increased by 114%) The production of glucose  Bioethanol yield was
[135] concentrated alkaline (NaOH S. cerevisiae e Hemicellulose = 1.8 g is higher and xylose is 37.8g/L
10M) « Lignin degraded by 70% very low
5 Tan et al. [136] Physical (0.3-0.45 mm), Enzymatic Q-SSF using S. e Glucose yield = 0.318 g/g EFB Cellulose is converted by Bioethanol was 52 g/L
oxygen-catalyzed, and cerevisiae e Glucan = 60.78% 83% (Bioethanol yield
chemical (sodium bisulfite/ o Xylan = 2.18% increased by 95%)
NaHSO3 8% and sulphuric e Lignin = 20.44%
acid H2S04 1%)
6 Chiesa and Physical and dilute acid Enzymatic na Total glucose increased by 40% Total glucose increased na
Gnansounou (H25041.5%) by 85%
[65]
7 Ishola et al. Physical (10 mm), white-rot Enzymatic SSF using Cellulose increased by 37.5% na Bioethanol yield
[132] fungi Pleurotus floriandus S. cerevisiae Hemicellulose decreased by 60.3% increased by 62.8%
and phosphoric acid (HsPO4 Lignin increased by 8.3%
85.7%)
8 Medina et al. Steam explosion (195 °C for na na Cellulose increased by 24% Total sugar = 4.2 g/L na
[137] 6 seconds) Hemicellulose decreased by 68%
9 Bouza et al. Physical (1 mm) and acid Enzymatic na Glucan = 8.24% Glucan was up to 74.8% na
[138] (H2S04) Xylan = 81% and Xylan increased by

Lignin = 4.94%

81.4%
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95 Table 8. Summary of previous studies on pre-treatment for enhancing bioethanol production from OPFEBs (Cont.)

Treatment type Results
No References - - - -
Pre-treatment Hydrolysis Fermentation Pre-treatment Hydrolysis Fermentation
10 Nurfahmi et al. Physical (1 mm) and Acid Yeast culture Total sugar = 98.89 mg/L (derived from Total sugar = 152.51 mg/L Bioethanol yield
[104] Organosolv (C2HsOH 55%) (H25040.5%) cellulose and hemicellulose) was 62.29 g/L
11 Palamae et al. Physical (3 mm), paracetic acid  Enzymatic na e Cellulose = 81.9% ¢ Glucose production = na
[139] (CH3CO3H) and alkaline o Hemicellulose = 11.2% 629.8 g/kg EFB
(alkaline peroxide) e Lignin decreased by 98% e Xylose production =
61.2 g/kg EFB
12 Tye et al. [140] Water, acid (H2S04), and na na e Water pre-treatment at 170 °C and 30 o Water pre-treatment can na
alkaline (NaOH) min): total yield glucose (TGY) =40%; hydrolyze >99.9% sugar
cellulose removed by 100% o Acid pre-treatment can
e Acid pre-treatment at 120 °C, 45 min, hydrolyze 89.3% sugar
and 2% v/v): TGY= 34%; cellulose o Alkaline pre-treatment
removed by 100% can hydrolyze >99.9%
¢ Alkaline pre-treatment at 110 °C, 45 sugar
min, and 3% v/v): TGY = 33%, lignin
removed by 84.1%
13 Kamoldeenetal. Physical (drying 72 hours) and na SScF « Holocellulose increased by 91% na Bioethanol yield
[141] alkaline solution (3% NaOH e Lignin decreased by 71% increased by
with solid-liquid charge of 1: 8, 84.9%
temperature 110 °C for 45
minutes
14 Azman et al. Microorganism na na o Cellulose removed up to 100% na na
[142] Stenotrophomonas sp. S2 o Hemicellulose decreased by 80.4%
e Lignin degraded by 50%
15 Mardawati etal. ~ Physical (grinding to 20, 50, na na e Lignin degraded by 27.68 % na na

[143]

and 80 mesh, drying overnight
at 105 °C), Organoslov (ethanol
at solid-liquid ratio of 1:10),
160 °C (for 40, 65 and 90 min)
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The amount of lignin, cellulose and hemicellulose in OPEFBs greatly influences the conversion of organic
matter to xylose and then to xylitol. As with bioethanol production, various physical, chemical, thermal and
biological pre-treatments are available. Rao et al. [70] stated that physical pre-treatment aims to disrupt the
integrity of the lignocellulosic substrate so that it is able to increase the accessibility of acids or enzymes to the
substrate. Their study also illustrated that pre-treatment using acid was found to be most widely used to remove
lignin and reduce the crystallinity of lignocellulosic biomass to facilitate saccharification and conversion to
xylitol. Mardawati et al. [121] reported that extracting xylose from powdered OPEFBs increased efficiency of
conversion, thus improving final xylitol concentrations. Meilany et al. [144] found that combining physical and
hydrothermal pre-treatment on OPEFBs was best to generate higher xylose, which can then further be converted
to xylitol. Whilst studies on effect of pre-treatment for xylitol production from OPEFBs are limited, a summary

of those identified are shown in Table 9.

Table 9. Summary of previous studies on pre-treatment for enhancing xylitol production from OPFEBs

Pre-treatment Key findings Refs

Physical (i.e. cut, dried at 60 °C for 24 h, grind to 60 Xylitol concentration: 0.033-0.079 g/L [121]
mesh )
Physical (i.e. dried at open air, cut 10-12 cm, Xylose yield: 0.06 g/g [144]
washed with water, dried at 60 °C for 24 h, grind to
60 and 80 mesh), followed by hydrothermal pre-
treatment (autoclave)
Physical (i.e. disinfected, oven-dried at 60 °C for 24 Xylose concentration: 32.60 g/L [122]
h, milled to 0.05 and 4 cm)
Sequence acid/alkaline using 8% H2SO4 and 40 % Fermentable sugars: 84.1 g/L [145]
NaOH
I,

Ultrasound (20 kHz, 2000 W, 45 min., 25 °C), émzesg"ei'gla_ o [146]
followed by acid 2% H,SO, yield:
Physical, steam/ auto-hydrolysis (0.28 MPa/140 °C) Total sugars: 209 g/kg OPEFBs [147]
Physical (i.e. cut, dried and grind to 80 mesh), Xylose utilization: 85-100% [124]
followed by autohydrolysis (121 °C, 15 min.)
¢ Physical (i.e. washed, dried, shredded to 1-2 cm) Xylose yield: [148]

followed by steam explosion at 160 and 200 °C, 0.003-0.021 g/g (SHS)

0.6 and 1 MPa for 5 min. 0.014-0.020 g/g (SS)
« Physical, with chemical pre-treatment (i.e. H,SO, ~ 0.018-0.088 g/g (acid —SS/SHS)

or NaOH solution), followed by steam explosion ~ 0.012-0.014 g/g (alkali-SS/SHS)

(same condition as above)
Physical (i.e. washed, sun dried, grind to 60 mesh), Xylose yield: 0.02-0.085 g/g [125]

followed by autohydrolysis (with water, acetic acid
or ammonia) using autoclave at 25% (w/v) solid to
liquid ratio, 120.2-127.9 °C, 1-1.5 barg, and 15-90
min.

Notes: SHS= superheated steam, SS= saturated steam

This review has provided an overview of the current state of art in both bioethanol and xylitol production. This

evidence base is used to explore various process configurations and the opportunities and challenges of co-

production via a biorefinery approach.
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5. Future opportunities for scaling-up and commercialization in Indonesia

5.1. Market potential for bioethanol and xylitol

It is important to understand the potential scale and nature of bioethanol and xylitol markets in Indonesia in
order to identify the most opportune routes for deployment. Currently, there is limited data on the number and
location of bioethanol plants in Indonesia. Those that have been identified are small scale and dispersed
geographically. In 2019, the bioethanol production was reported to be 0.40 million L/year [2]. Based on the
Indonesia Energy Outlook report, it is projected that bioethanol demand and supply are continuing to increase as
shown in Fig. 4 [1]. In this report three scenarios are explored, including Business as Usual (BaU), Sustainable
Development/Pembangunan Berkelanjutan (PB), and Low Carbon/Rendah Karbon (RK) scenarios. These
scenarios make the basic assumption that the gross domestic product growth will be 5.6%/year and population
growth rate will be 0.7%. The estimation of bioethanol demand as an energy source has increased to 50% and
85% in PB and RK scenarios, while only 5% in BaU scenario (Fig. 4a), which was partially due to increasing
economic and population growth. This report also estimates that the increase in new and renewable energy
supply in Indonesia is influenced by the use of 100% biodiesel and 85% bioethanol to provide energy used in
transportation, industry, and commercial sector (Fig. 4b). Therefore, there is open investment potency for further

scaling-up and commercialization of bioethanol production from OPEFBs.

(a)
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Fig. 4. Trend and projection of (a) bioethanol demand and (b) supply in Indonesia (With permission from
Secretariat General of the National Energy Council, MEMR [1]). BaU: Business as Usual, PB:
Sustainable Development/Pembangunan Berkelanjutan, RK: Low Carbon/Rendah Karbon
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According to the US Department of Energy, xylitol is one of the highest value bio-based chemicals which can
be produced from lignocellulosic biomass [149]. Xylitol has wide applications especially food (as sweetener and
as an additional ingredient to improve colour, taste and shelf life of confectioneries and chewing gums),
odontological (due to incidence of dental caries and remineralization properties), and pharmaceutical (as it has
prebiotic effects) [115]. Ahuja et al. [71] reported that the use of xylitol in chewing gums and confectionery
products accounted for approximately 70% of the global market share. Several clinical trials and
comprehensive analysis have been reviewed in Mékinen [150], that small daily amounts of xylitol significantly
reduces the dental caries incidence and notably chewable xylitol products (i.e. chewing gums, lozenges, troches,
and hard caramels) have turned out to be useful. Ur-Rehman et al. [115] explained that xylitol has less calories
and a lower glycemic index which is good for diabetic patient management. It is considered to be an ideal

alternative sweetener or sugar substitution for the control of blood glucose, lipid level, and body’s weight.

There has been a significant increase in demand for xylitol due to an increase in consumer’s awareness of food
products which are sugar free and low calorie [70]. Annual sales of xylitol globally is estimated to be in the
region of 823.6 million US$ and estimated to increase to 1.4 billion US$ by 2025 [119]. Production of xylitol in
Asia markets accounted for 50% of the global xylitol production, while Europe, United States and Australia
account for the remaining global xylitol production capacity [151], and this is estimated to continuously increase
[70]. Rao et al. [70] stated that xylitol consumption was predominantly driven by the chewing gum industry
which consumed an estimated 163 kt (or 67% of the global xylitol consumption) in 2020. Mostly, xylitol
demand has been fulfilled from the chemical conversion of hydrolysates from lignocellulosic biomass [119].
The Indonesian Bureau of Statistic reported that, in 2008, the xylitol demands in Indonesia were fulfilled by
importing from other countries which amounted to 576 tons (or 41.9 million US$) [152], and the demand
continues to increase to up 2.0 kt in 2020. The scale and nature of the global xylitol market together with
predicted future demand provides further evidence to support an increase in local production in Indonesia where

manufacture is currently limited.

5.2. Scenario Evaluation— Technical and Economic Assessment.

5.2.1. Potential Process Configurations

Several scenarios were proposed and evaluated in order to highlight the technical and commercial opportunities
for conversion of OPEFBs in Indonesia. These scenarios were based on the production of either xylitol or
bioethanol in isolation (mono-production) or combined production via process integration (co-production). The
proposed process pathways are presented (Fig. 5) together with an estimated mass balance and economic
assessment. For Scenario 1, xylitol or bioethanol is produced in a single process stream, however, organic solid
residues are generated as by-products which contain organic materials (such as lignin, cellulose, glucan, or

xylan), have potential for production of high value chemicals.
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Fig. 5. Scenarios of OPEFBs valorization into bioethanol and xylitol production

Scenarios 2 and 3 propose co-production with a primary process stream focusing on either bioethanol or xylitol

production with further valorization of residues to produce a secondary high value product. Biorefining of

OPEFBs has been demonstrated for a variety of products. A study by Raman and Gnansounou [153]

demonstrated that OPEFBs could be effectively utilized for the production of furfural, bioethanol, and lignin,

with integration of dilute sulfuric acid pre-treatment to enhance the process. Vaskan et al. [37] also indicated

that transforming OPEFBs into bioethanol and C5 syrup (for cattle feed), power, and heat was economically

feasible and environmentally sustainable. While Hafyan et al. [67] found that conversion of OPEFBs into value-

added chemicals (i.e. xylitol, levulinic acid, succinic acid, guaiacol, and vanillin) using a biorefinery approach
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offered greater economic and environmental benefits, as well as improved safety (through improved

management of wastes).

Other studies have demonstrated that co-production of xylitol and ethanol from other lignocellulosic biomass
using a biorefinery approach is feasible. Cheng et al. [154] showed a potential sequential configuration
producing xylitol and bioethanol from corncob, with consideration that one weight unit of xylitol equivalent
with eight weight units of cellulosic-rich solid residues. Another example is demonstrated by Xavier et al. [155],
who found that xylitol and bioethanol can be produced simultaneously from sisal (Agave sisalana) fiber using
Candida tropicalis CCT 1516 yeast combined with dilute acid pre-treatment at low temperatures. Shankar et al.
[156] also reported that co-production of xylitol and ethanol from banana and water hyacinth leaves is feasible
using Candida tropicalis and Saccharomyces cerevisiae. Song et al. [157] reported that production of
bioethanol and xylose with co-production of xylitol and xylulose under simultaneous process conditions resulted

in increased profits due to improved cost competitiveness.

Despite the clear opportunities and technical feasibility for co-production of xylitiol and bioethanol, there are
limited studies available in the literature demonstrating this. Harahap and Kresnowati [125] reported that ethanol
can also be produced during xylitol production by Debaryomyces hansenii from OPEFBs. The species D.
hansenii has the ability to catabolize xylose to xylitol and glucose to ethanol. Their study explained that
OPEFBs pre-treated with autohydrolysis formed liquid fractions and residual solid fractions. The liquid
fractions contain high concentrations of dissolved xylose that are sufficient for xylitol fermentation, while the
solid fractions are rich in glucose for ethanol fermentation. Based on the findings of this review, 2 (two) co-
production scenarios are proposed which evolve multiple high value products, including xylitol, bioethanol, and
lignin. In scenario 2, xylitol is proposed as the main product due to its high market value, following bioethanol
fermentation. Bioethanol is produced from the residual OPEFBs derived from hydrolysis of xylose, as it still
contains high amount of cellulose. This scenario may be a good fit for existing xylitol manufacturers globally
where retrofit of additional process streams could transform the solid waste stream into bioethanol. Alternatively
there is opportunity here for establishment of new commercial xylitol production. Scenario 3 is aimed at
producing bioethanol as the primary product, with co-products of xylitol and lignin. This scenario is targeting
existing bioethanol manufacturers who could expand production by adding xylitol production using the solid
residues stream resulting from bioethanol fermentation. Bioethanol production in Indonesia is limited with the
majority of producers utilizing molasses as a feedstock. Several POMs produce biodiesel from CPO or use
residual fiber for generating electricity via off-grid biomass power plants. No information could be found on

POMs producing bioethanol from wastes [16].

Within all scenarios, lignin-rich solid residues are generated after fermentation of bioethanol or xylitol. The
solid residues offer potential for conversion into additional high value-added products (i.e. briquettes, boiler
feed, biogas, chemicals, or other lignin derivate products), which could enhance the economic and
environmental benefits of this approach [153]. Hafyan et al. [67] showed that lignin-rich residues from OPEFBs

can be converted into highly valuable chemicals such as guaiacol and vanillin. While Ahmad et al. [158]

24



225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264

reported that lignin-rich residues from OPEFBs can be used for producing fuels, chemicals, carbon fibers, and

polymer (i.e. lignin graft copolymer).

5.2.2. Mass balance

According to Chang et al. [46], for every tons of palm oil produced there is 1 ton of OPEFBs generated as
waste. Based on the reported yields of palm oil in Indonesia (as shown in Table 4), this equates to approximately
45.86 Mt of OPEFBs. The potential yields of xylitol and bioethanol were calculated according to Mardawati et
al. [74,105,111] and Goh et al [159], respectively. The data are used to develop a mass balance for Scenario 1, 2
and 3 based on 1000 kg of raw OPEFBs, as shown in Fig. 6, 7 and 8. A detailed mass balance for the proposed
scenarios is provided in Table 10 and Table S1-4 in the supplementary data. The summary of estimated potential
production can be seen in Table 11. In this calculation, the concentration of cellulose, hemicellulose, lignin and
other components in OPEFBs are based on the values described in Law et al, [18]. While the hemicellulose is
assumed to contain xylose (19.62%) and arabinose (1.5%) [160]; xylan (24.01%) [161]; and glucose (35.8%)
[162]. Fig. 6a illustrates bioethanol production from OPEFBs. The first step is pre-treatment which composed
of physical treatment (milling) to reduce the particle size. This is followed with dilute alkaline (NaOH 10%)
pre-treatment added at loading rate of 20% (or ratio of 1:5; OPEFBs:NaOH), based on a study described by
Dahnum et al. [96]. This alkaline pre-treatment is aimed to disrupt the OPEFBs cell wall, such that more
cellulose is exposed for enzymatic breakdown. During the hydrolysis (or saccharification), cellulase enzyme is
added to enhance the breakdown of cellulose into glucose. The filtration process is designed to separate lignin
and other impurities from the hydrolysate, with a calculated total of 510.30 kg of residual solids generated.
While the sterilization is proposed to prevent contamination during fermentation. Fermentation, would be
carried out in separate system (also known as SSF), with addition of yeast Saccharomyces cerevisiae (at loading
rate of 1%). The bioethanol production is estimated by using a formula described in Goh et al. [159], which is
based on the efficiency of conversion recovery from glucose and xylose from cellulose and hemicellulose of
OPEFBs. The paper stated that the conversion efficiency ratio of hemicellulose to xylose and cellulose to
glucose are 0.90 and 0.76, respectively, while, the fermentation efficiencies for xylose to bioethanol and glucose
to bioethanol are 0.50 and 0.75. Using this formula, it is calculated that approximately 352.49 kg (or 35.25%) of
crude bioethanol could be generated from conversion of glucose and xylose to bioethanol. In the distillation
process, it is assumed to use extractive distillation process with two columns, having the ability to enhance
bioethanol purity in the range of 99.5% to 99.8% [37,163-165]. While other compounds such as xylose, glucose
and biomass would remained as solid residues at the bottom of the column and 92.5% of water is released in
vapor state [37]. Using this configuration process, the mass balance based on previous work illustrated that from
1000 kg of OPEFBs, 352.49 kg (or 35.25%) of bioethanol could potentially be produced with purity of 99.8%.
Therefore, based on the mass balance in Fig. 6a, the total potential bioethanol production from OPEFB in

Indonesia (based on 2019 availability) is approximately 17.12 Mt/year.

Data from the MEMR [1,16] shows that bioethanol demand is projected to increase to 10.38 billion L by 2025,
yet the bioethanol production is currently only 0.40 billion L/year (as data in 2019). Therefore, this data
indicates that there is a significant potential for further valorization of OPEFBs into bioethanol to meet future

demand in the country. If implemented with combination of pre-treatment, the process efficiency of bioethanol
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production could be improved [65]. Thus, it is expected that an increased volume of bioethanol could be
produced using the same amount of biomass. As stated previously, the review has shown that alkaline pre-
treatment of OPEFBs (i.e. NaOH solution) offers superior performance in terms of bioethanol yield and has the
lowest operational cost. Therefore, the alkaline pre-treatment is used in the proposed scenario for bioethanol

production routes.

In the case of xylitol, Fig. 6b shows that physical pre-treatment of grinding was employed for reducing the
particle size of OPEFBs. This was followed with hydrolysis using dilute H,SO. (0.07%) with loading of 20% as
previously explained in Mardawati et al. [124]. In this process, it is assumed that 100% of xylose content could
be extracted from hemicellulose [124]; 97% of xylan could be converted to xylose and 2.9% of xylan is
transformed into furfural [166]. Filtration would be carried out to separate hydrolysate from solid residues and
impurities. During this process, it is proposed that cellulose, lignin, and remaining unconverted sugars (i.e.
xylan, arabinose and glucose) be separated with a total calculated solid residue of 592.16 kg. Subsequent
treatment would include the addition of activated carbon (3% of total hydrolysate volume) and filtration to
remove any remaining lignin and some impurities (i.e. furfural, HMF, etc.) [167]; with total estimated amount of
148.61 kg. Evaporation process would then be employed to remove approximately 75% of water [168]. In this
process, approximately of 3,750 L of water is evaporated and approximately 1,509.52 L hydrolysate is generated
containing xylose, arabinose, and glucose [121]. Thus, the evaporation step in this proposed scenario could
increase the concentration of xylose in the hydrolysate from 2% to 9.5%. Then, sterilization step is aimed to
prevent any microbial contamination during fermentation, with assumption of no water or components loss. In
the fermentation steps, Debaryomyces hansenii is added with solid loading of 3 g/L [74,105,111], the yeast is
able to convert 87.89% of xylose to xylitol, 54.9% of arabinose to arabinitol, 97.22% or glucose into bioethanol,
and biomass of 5.95% from xylose consumption. The purification process, composed of three main steps
include (1) filtration, aimed to remove 100% of biomass, (2) evaporation, aimed to remove 100% of bioethanol
and 75% of water, and (3) chromatography, aimed to remove 100% of unconverted sugars, 100% of arabinitol,
and 10% of water. Approximately 126.34 kg of crude xylitol with 13.02% concentration is generated. The final
process is crystallization, composed of three main steps include crystallization, centrifugation and drying. The
crystallization process has an assumed efficiency of 77.6% and crystal’s purity degree of 99.2 % [169], thus
approximately 98.04 kg of xylitol crystal could be produced. Therefore, based on this mass balance, it is
proposed that from 1000 kg of fresh OPEFBs, 98.04 kg (or 9.81%) of xylitol crystals could be generated. Thus,
using the potential data of 45.86 Mt of OPEFBs/year, it is estimated that approximately 4.50 Mt of xylitol
crystals could be produced in Indonesia per annum. Again, these findings demonstrate significant opportunities

for valorizing OPEFBs into high-value chemicals such as xylitol.
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301

Table 10. A detailed mass balance for the proposed scenarios

Total Volume/ Mass

Scenario 1- Bioethanol Scenario 1- Xylitol Scenario 2 Scenario 3
Process Step Input/Output (Main product: xylitol, co- (Main product: bioethanol,
product: bioethanol, lignin) co-product: xylitol, lignin)
1000 kg dry weight:
442.00 kg cellulose
204.00 kg lignin
19.00 kg other comp.
. 335.00 kg of hemicellulose:
Feedstock input OPEFBs

e 65.73 kg xylose
80.43 kg xylan
5.03 kg arabinose
119.93 kg glucose
63.88 other comp.

(a) Bioethanol production steps

Residues input” OPEFBs residues no 592.16 kg no
Washing™ Cl_ean water no 2400.00 L water no
Dirty water no 2400.00 L water no
5000 L NaOH 10%: 2960.81 L NaOH 10%: 5000 L NaOH 10%:
Pre-treatment NaOH (10%) 500 kg NaOH 296.08 kg NaOH 500 kg NaOH
4500 L water 2664.73 L water 4500 L water
510.30 kg: 186.28 kg®: 510.30 kg@:
106.08 kg cellulose 106.08 kg cellulose 106.08 kg cellulose
204.00 kg lignin 61.20 kg lignin 204.00 kg lignin

Solid Residue

Hydrolysis/
Saccharification

19.00 kg other comp.
181.22 kg hemicellulose:
¢ 6.57 kg xylose
¢ 80.43 xylan
¢ 5.03 arabinose
¢ 25.31 glucose
¢ 63.88 other comp.

19.00 kg other comp.

19.00 kg other comp.
181.22 kg hemicellulose:
¢ 6.57 kg xylose
¢ 80.43 xylan
¢ 5.03 arabinose
¢ 25.31 glucose
¢ 63.88 other comp.

Hydrolysate

5489.70 L:
59.15 kg xylose
430.54 kg glucose
5000 L NaOH 10%

3302.72 L:
341.92 kg glucose
2960.807 L NaOH 10%

5489.70 L:
59.15 kg xylose
430.54 kg glucose
5000 L NaOH 10%

Fermentation Fermented

5489.70 L:

3302.72 L:

5489.70 L:
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hydrolysate 26.24 kg xylose
107.64 kg glucose
352.49 kg bioethanol
3.34 kg biomass

5000 L water

66.16 kg glucose
256.44 kg bioethanol
19.32 kg biomass
2960.807 L water

26.24 kg xylose
107.64 kg glucose
352.49 kg bioethanol
3.34 kg biomass
5000 L water

Water vapor 4998.23 L 2960.29 L water 4998.23 L
137.21 kg: 85.48 kg: 137.21 kg:
Stillage 26.24 kg xylose 66.16 kg glucose 26.24 kg xylose

Distillation 107.64 kg glucose

3.34 kg biomass

19.32 kg biomass

107.64 kg glucose
3.34 kg biomass

352.49 kg bioethanol

Bioethanol (99.8%) ;- "\ oier

256.44 kg bioethanol
0.51 L water

352.49 kg bioethanol
1.77 L water

(b) Xylitol production steps

Residues input™™ OPEFBs residues

no

no

510.30 Kg

5000.00 L H2S04(0.07%0):

5000.00 L H2S04(0.07%):

2551.51 L H2S04(0.07%):

H2S04(0.07%) 350.00 kg H2SO4 350.00 kg H2SO4 178.61 kg H,SO4
4650 L water 4650 L water 2372.90 L water
592.16 kg: 592.16 kg®: 251.51 kg©:
442.00 kg cellulose 442.00 kg cellulose 106.80 kg cellulose
61.2 kg lignin 61.2 kg lignin 61.2 kg lignin
. . 19.00 kg other comp. 19.00 kg other comp. 19.00 kg other comp.
Solid Residue 69.96 kg hemicellulose: 69.96 kg hemicellulose: 69.96 kg hemicellulose:
. e 0.08 kg xylan e 0.08 kg xylan e 0.08 kg xylan
Hydrolysis e 6.00 kg glucose e 6.00 kg glucose e 1.27 kg glucose
e 63.89 kg other comp e 63.89 kg other comp e 63.89 kg other comp
5407.84 L: 5407.84 L: 2810.30 L:
143.75 kg xylose 143.75 kg xylose 84.59 kg xylose
5.03 arabinose 5.03 arabinose 5.03 arabinose
Hydrolysate 110.46 kg glucose 110.46 kg glucose 23.31 kg glucose
142.80 kg lignin 142.80 kg lignin 142.80 kg lignin
2.33 kg furfural 2.33 kg furfural 2.33 kg furfural
3.49 kg HMF 3.49 kg HMF 0.73 kg HMF
148.61 kg: 148.61 kg®: 145.87 kg@:
. . 142.80 kg lignin 142.80 kg lignin 142.80 kg lignin
Filtration Solid Residue 2.33 kg furfural 2.33 kg furfural 2.33 kg furfural
3.48 kg HMF 3.48 kg HMF 0.73 kg HMF
Hydrolysate 5259.23 L: 5259.23 L: 2664.43 L:
143.75 kg xylose 143.75 kg xylose 84.59 kg xylose
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5.03 kg arabinose
110.46 kg glucose
5000.00 L water

5.03 kg arabinose
110.46 kg glucose
5000.00 L water

5.03 kg arabinose
23.31 kg glucose
2551.51 L water

Water Vapor 3750.00 L water 3750.00 L water 1913.63 L water
1509.23 L: 1509.23 L: 750.80 L:
Evaporation 143.75 kg xylose 143.75 kg xylose 84.59 kg xylose
Hydrolysate 5.03 kg arabinose 5.03 kg arabinose 5.03 kg arabinose
110.46 kg glucose 110.46 kg glucose 23.31 kg glucose
1250.00 L water 1250.00 L water 637.88 L water
1509.23 L: 1509.23 L: 750.80 L:
9.29 kg xylose 9.29 kg xylose 5.47 kg xylose
2.27 kg arabinose 2.27 kg arabinose 2.27 kg arabinose
3.07 kg glucose 3.07 kg glucose 0.65 kg glucose
Fermentation Hydrolysate 126.34 kg xylitol 126.34 kg xylitol 74.35 kg xylitol

2.76 kg arabinitol
107.39 kg bioethanol
8.12 kg biomass
1250.000 L water

2.76 kg arabinitol
107.39 kg bioethanol
8.12 kg biomass
1250.000 L water

2.76 kg arabinitol
22.66 kg bioethanol
4.78 kg biomass
637.88 L water

Purification

Spent Liquor

63.00 L:
9.29 kg xylose
2.27 kg arabinose
3.07 kg glucose
2.76 kg arabinitol
8.12 kg biomass
37.50 L water

63.00 L:
9.29 kg xylose
2.27 kg arabinose
3.07 kg glucose
2.76 kg arabinitol
8.12 kg biomass
37.50 L water

31.86 L:
5.47 kg xylose
2.27 kg arabinose
0.65 kg glucose
2.76 kg arabinitol
4.78 kg biomass
15.95 L water

Vapor

982.38 L:
875.00 L water
107.39 kg bioethanol

982.38 L:
875.00 L water
107.39 kg bioethanol

509.44 L:
478.41 L water
22.66 kg bioethanol

Purified hydrolysate

463.84 L:
126.34 kg xylitol
337.50 L water

463.84 L:
126.34 kg xylitol
337.50 L water

217.87 L:
74.35 kg xylitol
143.52 L water

Crystallization

Water Vapor

0.42 L water

0.42 L water

0.111 L water

Mother Liquor

363.42 L:
28.30 kg xylitol
335.11 L water

363.42 L:
28.30 kg xylitol
335.11 L water

160.64 L:
16.65 kg xylitol
143.99 L water

Xylitol Crystal
(99.2%)

98.04 kg xylitol crystals

8.27 kg water

98.04 kg xylitol crystals

8.27 kg water

57.69 kg xylitol crystals

4.62 L water

c. Solid residue recovery

30



Solid Residue Recovery Lignin 204.00 kg lignin™™" 204.00 kg lignin™™" 204.00 kg lignin 204.00 kg lignin

302 Note: Feedstock input composition are the same in all scenarios. “The composition of solid residue is the same as the composition of solid residue in @; **Washing pre-treatment is applied on
303 co-production scenario 2; ™ The composition of solid residues is the same as the composition of solid residue in @; ™™ Potential of the lignin amount to be recovered from the mono-
304 production of bioethanol or xylitol; @® The amount of residues for lignin recovery in Scenario 2; ©@ The amount of residues for lignin recovery in Scenario 3.
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For Scenario 2, as shown in Fig. 7, xylitol production is prioritized as the primary process. In this scenario,
9.81% of xylitol conversion efficiency from fresh OPEFBs is achieved. After the hydrolysis and filtration
process, it is calculated that 592.16 kg of solid residues, rich in cellulose and remaining glucose, are produced.
These components can be further valorized into bioethanol. Using the same assumption explained previously,
approximately 256.44 kg of bioethanol could be generated from conversion of cellulose to glucose and glucose
to bioethanol (or 43.31% of conversion efficiency). Therefore, from 45.86 Mt of OPEFBs/year, it is projected
that 4.50 Mt of xylitol, 11.76 Mt of bioethanol, and 9.36 Mt of lignin could be co-produced.
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Fig. 7. Mass balance of co-production of xylitol and bioethanol (Scenario 2)

Fig. 8 shows a mass balance from Scenario 3, where the co-production process pathway emphasizes bioethanol
as the main product. It can be seen that, based on 1000 kg of fresh OPEFBs, an estimated 352.49 kg of
bioethanol and approximately 510.30 kg of solid residues (rich in xylan, xylose and cellulose) could be
produced. By adding acid pre-treatment into the remaining solids, conversion of xylan into xylose is also highly
achievable. Thus, the xylose component remaining in the hydrolysate can be further fermented by
Debaryomyces hansenii into xylitol. The figure shows that from 510.30 kg of solid residues can generate 57.69
kg xylitol crystals, accounted for 11.31% yields. Therefore, based on OPEFBs production of 45.86 Mt/year, it is
estimated that there is a theoretical potential production of 16.17 Mt of bioethanol, 2.58 Mt of xylitol, and 9.36
Mt of lignin.
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Fig. 8. Mass balance of co-production of bioethanol and xylitol (Scenario 3)

Table 11. Summary of estimated potential production (Mt/year) based on 3 scenarios

Type of scenario Primary Process Estimated Potential Production (Mt/year)
Stream Bioethanol Xylitol Lignin

Scenario 1 Bioethanol 17.12 / 9.36

Mono-production Xylitol / 4.50 9.36

Scenario 2 .

Co-production Xylitol 4.50 11.76 9.36

Scenario 3 Bioethanol 16.17 2.58 9.36

Co-Production

It is that, while scenario 1 offers the greatest potential for bioethanol production, Scenario’s 2 and 3 offer
additional benefits in terms of complete resource recovery from raw OPEFBs and in doing so reduce streams
that may have contributed to environmental pollution [67]. There is limited production of both xylitol and
bioethanol in Indonesia. Co-production of these via a biorefinery approach could improve commercial viability
of bioethanol production and help to address increased future demand, reduce reliance on imported products and

meet national targets for sustainable energy production.

5.2.3. Economic projections

An economic analysis was carried out to investigate the commercial viability of the three scenarios. The
assumptions used in the economic analysis are shown in Table 12. The total raw material of fresh OPEFBs is
assumed to be 126 kt/year (or 40 tons OPEFBs/h) based on Abdurachman and Gozan [170], where a POM
treating about 555-575 tons FFB/h, generated 108.8 tons OPEFBs/h. The plant area is assumed to cover 2 Ha

land and be constructed in close proximity to the POM to reduce the cost of transporting biomass. It is also
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assumed that the POMs have power generation, where the electricity needs are supplied at cost of 0.038

US$/kWh [16]. The production capacity of bioethanol, xylitol and lignin for all scenarios is calculated based on

the mass balances as explained in previous section.

Table 12. Project parameters and prices used in the economic analysis

No. Description Unit Value
Scenario 1- Scenario 1- Scenario 2 Scenario 3
Xylitol Bioethanol
1. Input raw material (OPEFBs)? kt/year 126 126 126 126
2. Production capacity
Bioethanol kL/year 0 46,145 32,302 46,145
Xylitol kt/year 14.010 0 14.010 7.716
Lignin kts/year 25.704 25.704 25.704 25.704
3. Price of product
Bioethanol US$/L 0.77°
Xylitol US$/kg 3.0
Lignin US$/kg 1.0°
4, Project lifetime year 154
5. Composition of direct fixed cost®
Total plant direct cost (TPDC)
- Major equipment cost (MEC)
- Installation cost 30% of MEC
- Process piping cost 20% of MEC
- Instrumentation cost 20% of MEC
- Insulation cost 3% of MEC
- Auxiliary facilities cost 20% of MEC
Total plant indirect cost (TPIC)
- Engineering part cost 10% of TPDC
- Constructions cost 10% TPDC
Contractor's Fee and Contingency
(CFC)
- Constructions fee 5% of TPC (TPC=TPDC+TPIC)
- Contingency 5% of TPC
6. Land® Ha 2
7. Laboratory charges® Us$ 10% of labor cost
8. Income tax? % 40
9.  Water price® US$/m3 0.02
10  Electricity price® US$/kWh 0.038
11 Utilities steam® US$/ton 5.3
12.  Yeast pricef (S. cerevisiae) US$/kg 1.72
13.  Yeast pricef(D. hanseii) US$/kg 1.95
14.  OPEFBs pricef US$/kg 0.01
15.  NaOH pricef US$/kg 0.43
16.  Electricity needsf kWh/kg 7.35
17.  Enzyme price? US$/kg 0.077
18.  H2SOs° US$/kg 0.0094
19.  Operating labour salary’ US$/h 0.9
20.  Working hour hours/day 8
21.  Working daysf days/year 300
22.  Staff people 75
23 Operating labour people 60 60 70 70

Notes: @ Abdurachman and Gozan [170]; ® Maryana et al. [171]; °Medina et al. [38]; ¢ Hafid et al. [172]; ¢ MEMR [16];
Harahap et al. [173]; ¢ Do and Lim [164]; 1 US$ is equal to IDR 14,500 as per exchange rate on 13 July 2021

The output of the economic analysis is shown in Table 13. For all scenarios, calculations are based on

commercial scale applications described in peer reviewed literature. The total investment cost in this proposed
project is based on studies from MEMR [16]; Vaskan et al. [37]; Medina et al. [38]; Hafid et al. [172]; and
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Harahap et al. [173]. The capital investment costs comprises of total plant cost (TPC), direct fixed cost (DFC),
working capital, license, building and land, power plant and waste management utilities. The TPC is calculated
as addition of total plant direct cost (TPDC) and total plant indirect cost (TPIC), while DFC is calculated by
adding TPC with contractor’s fee and contingency (CFC). The composition of TPDC, TPIC and CFC, in details
can be seen in Table 11, with the respective percentage assumed for each cost. The major equipment cost
(MEC) relates to major equipment such as fermentation tank, distillation column, sterilization tank, pumps,
storage tank, heater, condenser, filter and etc. In this proposed scenario for xylitol production, the MEC is re-
calculated proportionally based on Medina et al. [38] with a production capacity of 200 kt OPEFBs/year.
While, for the bioethanol process stream, the values for MEC is recalculated from techno-economy study by
Abdurachman and Gozan [170], which has capacity of 126 kt OPEFBs treated for bioethanol production in
Indonesia. For Scenario 2 and 3, the MEC is proportionally calculated as the sum of on the initial production

capacity of 126 kt OPEFBs/year, plus the production capacity of remaining solid residues.

Total capital investment for mono-production of xylitol and bioethanol (Scenario 1) is predicted at 72.688
million US$ and 60.583 million US$, respectively. Retrofit of an additional process stream for co-production of
bioethanol (where xylitol is the primary process stream) would incur an additional capital investment cost of
90.950 million US$. Similarly retrofit of an additional process stream for co-production of xylitol (where
bioethanol is the primary process stream) would incur an additional capital investment cost of 82.222 million
USS$.

The annual operating and maintenance cost in this proposed project is estimated at 32.187 million US$ and
28.828 million US$ for mono-production of xylitol and bioethanol. The cost is projected to increase to 35.119
million US$ (Scenario 2) and 32.791 million US$ (Scenario 3), to account for the additional conversion of the
solid residues. The operating and maintenance cost is calculated from addition of variable cost (VC) and fixed
cost (FC). The VC structure is raw material, utilities, consumables, labour-depended, laboratory charges,
variable marketing cost, variable maintenance cost, and other VC. FC structure include equipment depreciation,
bank interest, fixed labour cost, land and building tax, insurance, maintenance, plant overhead, marketing and
distribution and administration costs. In this project, it is assumed that the plant can process 40 tons of OPEFBs
per batch [170,172]. Based on the data used in this study, the cost of production for bioethanol and xylitol is
estimated to be 0.625 US$/L and 2.297 US$/L.

The total income is based on the market value of the main products at a price of 0.79 US$/L bioethanol [171]
and 3 US$/kg xylitol [38]. The calculation also includes sale of lignin as the solids residues generating from all
scenarios, at a price of 1.0 US$/kg [38]. The economic analysis indicates that all scenarios have a positive NPV
(at 10% interest). For mono-production (Scenario 1) it can be seen that producing xylitol provides a higher
income compared to that of bioethanol. However, when the existing xylitol plant, is expanded to incorporate co-
production of bioethanol and lignin, as shown in Scenario 2, a moderate reduction in the after-tax IRR, ROI, Net
B/C, and PP values can be seen. If an existing bioethanol plant is upgraded to process the solid residues into
xylitol and lignin, this could improve commercial viability. The findings confirmed that OPEFBs valorization

into bioethanol and xylitol are economically feasible, as the solid residues can be valorized for alternative fuels
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or high-value added chemical. Scenario 3 may provide attractive opportunities for existing conventional POMs

or OPEFBs-based bioethanol plants in Indonesia. Currently, there is limited information on existing xylitol

production plants in Indonesia, thus Scenario 1-Xylitol or Scenario 2, warrant further investigation as potential

opportunities for the country.

Table 13. Overall economic indicators for all scenarios of bioethanol and xylitol production from OPEFBs

Values
Description Unit Scenario 1- Scenario 1- . .
. : Scenario 2 Scenario 3
Xylitol Bioethanol

Total Capital Investment million US$ 72.688 60.213 90.950 82.222
Total Production Cost million US$ 32.187 28.828 35.119 32.791
Total Income million US$ 67.734 62.302 93.,353 85.449
Gross Profit million US$ 35.547 33.474 58.,234 52.658
Tax (40%) million US$ 14.219 13.390 23.294 21.063
Net Profit after tax million US$ 21.328 20.085 34.940 31.595
Net Present Value (NPV)
(at 10% interest) million US$ 29.957 32.178 98.609 91.678
Internal Rate of Return
(IRR) after tax % 12.20 12.89 17.27 18.22
Return of Investment (ROI) % 7.21 11.81 20.72 22.77
Net B/C 124 131 149 1.48
Payback Periods (PP) years 4.93 4.43 3.61 3.64

Study by Abdurachman and Gozan [170] reported that production of bioethanol from OPEFBs at scale of 40
tons/h (or 126 kt/year) with SSF and adsorption technology in Indonesia is projected to have a PP of 4.92 years,
ROI of 20.32%, IRR of 14.77%, and profit margin of 12.93%, respectively. A report on bioenergy guidelines in
Indonesia from MEMR [16] stated that the investment costs for a bioethanol conversion plant from cassava at
capacity of 13,261 kL would give IRR of 20.42%, ROI of 23.9% and PP of 4.3 years. Therefore, the economic
evaluation provided here demonstrates similar PP in Scenario 1. However, it can be seen from Table 12 that this
is reduced to 3.61 and 3.64 years in Scenario 2 and 3, respectively. This is supported by Vaskan et al. [174],
who suggest that valorizing OPEFBs into 2G bioethanol can be economically improved by integrating with the
production of high-value added chemicals (i.e. C5 syrup) or biodiesel within the factory. Their study found that
the income obtained from selling multiple products of bioethanol and C5 syrup gave higher profits than that of
bioethanol as a main product. Medina et al. [38], also demonstrated that biorefining ethanol, xylitol and lignin

from OPEFBs in Brazil provided better economy profit compared to the production of bioethanol alone.

6. Challenges for scaling-up and commercialization

Despite the clear opportunities presented, there remains a number of challenges in converting lignocellulosic
biomass into bioethanol. These broadly fall into technical, supply chain, economic, and policy/ regulatory
challenges.

6.1. Technical challenges

Technical challenges include the reported low efficacy of fermentation of lignocellulosic biomass (mainly due
to high lignin content and the structure of crystalline polymer) [128,175]. Studies have reported various

strategies to address this and enhance fermentation efficacy, for example applying detoxification process or
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removal of fermentation inhibitors (i.e. furfural and HMF) [176,177]; optimizing particle size or combining pre-

treatments prior fermentation [178-180]; using high-tolerance inhibitors or effective genetic modified microbial
strains [179,181]; or using thermophilic cellulolytic anaerobic bacteria as it can stand to high temperature for

better fermentation process [182]. Several studies have highlighted the challenges with xylitol production,
predominantly the identification and optimization of microorganism with superior performance (i.e. high yield,
high productivity). This may positively impact on reducing energy requirements for conversion and purification
[183]. A lack of research and development surrounding pre-treatment optimization and co-production of
bioethanol with other high value products is also commonly cited as a barrier to commercialization [16,184].
The availability of scaled technologies also hinders wider implementation [110]. Current methods can only
extract a small fraction of xylitol, therefore, better procedures or methods for improving the efficacy of
purification and crystallization of xylitol are required [70,119]. This review emphasized that the pre-treatment
and the conversion technology selection are challenges for scale up and commercialization of lignocellulosic
biomass to bioethanol and xylitol, either in single or integrated co-production mode [183]. Land availability for

new bioethanol plants and infrastructure limitations also need to be addressed within the country [16].

6.2. Supply chain challenges

There are inherent challenges surrounding sustainability supply chain integration and the mobilization of
biomass within the country (especially given that Indonesia is an archipelagic country), which include the
geographic distribution nature of biomass sources, availability of each biomass type, and biomass properties
[16,70,119,183,185]. In Indonesia, OPEFBs is mainly concentrated in Sumatra and Kalimantan Island [16].
This would be an issue if production was located at distance from supply rather than within existing palm oil
facilities. This would result in additional costs and emissions from transportation [186,187]. To ensure
sustainability, production of bioethanol/xylitol is recommended in-situ or within close proximity to oil palm
plants. Several studies found that biomass collection and storage could be challenging for commercial scale
biofuel production leading to increase environmental impacts (i.e. carbon emissions) [182,188]. Further work is
required to map these bioresources to ensure future provision is geographically optimal and can be managed in a

sustainable way.

6.3. Economic challenges

Economic challenges include high initial capital investment required at project implementation stage [16]. The
review highlighted that deployment of a new bioethanol or xylitol plant requires various investment cost
including the purchase of key processing equipment, legal licenses and administration, and infrastructure costs
(i.e. land, building, working capital, etc.). Scalability is challenge and a study by Sharma et al. [189] and
Lennartsson et al. [190] reported that demonstration scale bioethanol plants have yet to prove economic
feasibility of the process. They recommend to implement co-production of bioethanol with other high-value
added products, valorized from the residual solids waste. Such measures could offer better economic and
environmental profits. Therefore, in this study, the proposed scenario of expanding process streams from the
residual solids waste into bioethanol or xylitol may provide an important step towards the development of a

sustainable bioeconomy.
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6.4. Policy and regulatory challenges

The Indonesian Government has, through Regulation of MEMR No. 12 (2015) set out policy for the mandatory
use of biodiesel and bioethanol blending. This roadmap provides guidelines for the minimum use of bioethanol
across several sectors, as shown in Table 14. Further legislative support for bioethanol is provided via policies
of Directorate General of NREEC Number 722 K/10/ DJE/2013 which outlines biofuel standards and quality
(specification) based on the Indonesian National Standard (SNI 7390:2012) [16], as can be seen in Table 15 for
bioethanol specification. The legislation provides guidelines on the maximum bioethanol concentration (of 10%)
allowed in the gasoline mixture. With Regulation MEMR No. 25 (2013), the Indonesian government is
committed to further enforce and supervise the biofuels utilization in practice, through cross-sectoral
coordination with Directorate General of NREEC, the Directorate General of Oil and Gas, Directorate General
of Electricity, Directorate General of Mineral and Coal, and related ministries/agencies. With this regulation,
related parties and stakeholders are required to maximize the use of biofuels produced in Indonesia for
transportation and industrial activities. Any businesses who do not adhere to the compulsory use of biofuels
legislation could receive sanctions including business license revocation. The above legislations further

promotes the use of bioethanol as an alternative fuel to be marketed in Indonesia.

Table 14. Bioethanol (minimum) use based on Government Regulation of MEMR No. 12 Year 2015 [9]

April  January January

2015 2020 2025 Notes

Sectors

Households - - - Not specified
Micro Business, Marine Fisheries, Farming, Transportation

. : 1% 5% 10 %
and Public Service Transport (PST) Against the
Transport non PST 2% 10% 20% total
Industry and commercial 2% 10% 20%  requirement

Power Plants - - -

Table 15. Standard specification of bioethanol according to SNI 7390:2012 [191]

Characteristics Unit Specification
Min. Max.
Ethanol % - volume 99.5 -
Methanol % - volume - 0.5
Water % - volume - 0.7
Denatonium benzoate mg/L 4 10
Cooper (Cu) mg/Kkg - 0.1
Acid as acetic acid mg/L - 30
Visual appearance Clear and Iight,_no deposits
and dirt

Chloride ions (CI) mg/L - 20
Sulfur (S) mg/L - 50
Washed Gum mg/100 mL - 5

Despite a clear policy framework and ambitious targets implementation at regional level and translation of
policy into adoption and deployment of bioenergy production facilities is lacking. For instance, there remains a
lack of financial initiatives supporting biomass to bioethanol energy plants [16]; as well as a lack of subsidies
for gasoline-operated vehicles and motorcycles for the use of blended bioethanol-gasoline [10]. The feed-in-

tariff policies for bioenergy based power plants in Indonesia is currently available for electricity production
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from biomass, biogas and MSW [192]. Fossil fuels, however are heavily subsidized which prevents wider
adoption of biofuels and bioenergy technologies and processes. Based on Government Regulation of MEMR
No. 18 (2013) [193] and Presidential Regulation No. 191 (2014) [194], the government has established a retail
selling price for subsidized fossil fuels and a list of targeted customers. According to Dutu [4], as fossils fuels
remain a key export income for Indonesia, the policies around providing subsidized fossil fuels remain a
priority. He added that more than 20% of government spending was directed towards fuel subsidies targeting
affordable energy for the poor and to enhance household purchasing power. However, this policy is not well
implemented as only <1% of the subsidy benefits went to the poorest and >40% went to the richest.
Chattopadhyay and Jha [195] stated that policies on energy subsidies in developing countries include Indonesia
has limited the ability of the state-owned utilities to expand their energy sufficient capacity. According to Singh
and Setiawan [196], the bioethanol program in Indonesia has been stopped since 2010 due to ongoing
disagreements between the Government (MEMR) and the bioethanol producers over the market price index.
There is little information available regarding regulatory support for production of high value products such as

xylitol.

7. Conclusion

This review has identified the significant opportunities for OPEFBs valorization in Indonesia. There is a
growing demand for bioethanol (and bio-based products such as xylitol) which cannot currently be met through
local production. Increasing national production capacity is imperative if the country is to meet its targets for
renewable energy production and reduce its reliance on fossil derived fuels. This paper presents a number of
novel process configurations that would improve the commercial viability of bioethanol production through co-
production of high value products such as xylitol. In terms of conversion pathways, it was determined that pre-
treatment is critical to overcome challenges of high lignin and fiber content of OPEFBs. The most appropriate
pre-treatment was identified as a combination of physical pre-treatment with dilute alkaline for bioethanol or
with dilute acid for xylitol process stream. The challenges for this approach are the requirement for corrosion-

resistant equipment, safe disposal of waste chemicals, and sustainable wastewater treatment.

Various scenarios were explored which could offer opportunities for existing production facilities (including
palm oil mills), where retrofit of additional process streams could allow for co-production leading to additional
income generation, waste reduction and resource recovery. Alternatively, given the limited existing production
capacity, new industries could emerge to meet increasing demand. Although the economic assessment only
provides a crude estimation based on optimal process efficiencies, it can be argued that all scenarios are
economically attractive. Undoubtedly, greater financial incentives (and a reduction in fossil subsidies) would
further improve the economic viability of this proposition. Further work is required to address the challenges of
scalability and process performance as well as to better understand the supply chain and logistical challenges
which arise from mapping and managing bioresources such OPEFBs in an archipelagic country such as

Indonesia.

39



532
533
534
535
536
537
538
539
540
541

542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586

Acknowledgement

Authors would like to thank to Universitas Brawijaya for the financial support through World Class University
program under research grant scheme of Program Penelitian Kolaborasi Indonesia (or Indonesian
Collaboration Research Program) in 2020 (Grant Contract Number: 455.3/UN10.C10/PN/2020). The authors
would also like to thank the Directorate General of New, Renewable Energy and Energy Conservation
(NREEC), Ministry of Energy and Mineral Resources (MEMR), and ExploRE Project, GIZ for the permission
to reuse Fig. 1. Also thanks to Secretariat General of the National Energy Council, MEMR for the permission to

reuse Fig. 4.

References

[1] Secretariat General of National Energy Council Ministry of Energy and Mineral Resources (MEMR).
Indonesia Energy Outlook 2019 2019:1-94. https://www.esdm.go.id/assets/media/content/content-
indonesia-energy-outlook-2019-english-version.pdf.

[2] MEMR. Handbook of Energy and Economic Statistics of Indonesia 2019.
https://www.esdm.go.id/assets/media/content/content-handbook-of-energy-and-economic-statistics-of-
indonesia-2019.pdf.

[3] Priandoyo A, Vallack H, Emberson L. Energy and environment in Indonesia. IEEE Conferece Technol.
Sustain., Phoenix, AZ: 2016, p. 127-33. https://doi.org/10.1109/SusTech.2016.7897154.

[4] Dutu R. Challenges and policies in Indonesia’s energy sector. Energy Policy 2016;98:513-9.
https://doi.org/10.1016/j.enpol.2016.09.009.

[5] Sugiawan Y, Managi S. The environmental Kuznets curve in Indonesia: Exploring the potential of
renewable energy. Energy Policy 2016;98:187-98. https://doi.org/10.1016/j.enpol.2016.08.029.

[6] Wijaya ME, Limmeechokchai B. The hidden costs of fossil power generation in Indonesia: A reduction
approach through low carbon society. Songklanakarin J Sci Technol 2010;32:81-9.

[7] Jupesta J, Boer R, Parayil G, Harayama Y, Yarime M, De Oliveira, J.A.P. Subramanian S. Managing
the transition to sustainability in an emerging economy: evaluating green growth policies in Indonesia.
Environ Innov Soc Transitions 2011;1:187-91. https://doi.org/10.1016/j.eist.2011.08.001.

[8] Rahmadi A, Aye L, Moore G. The feasibility and implications for conventional liquid fossil fuel of the
Indonesian biofuel target in 2025. Energy Policy 2013;61:12-21.
https://doi.org/10.1016/j.enpol.2013.06.103.

[9] MEMR. Perkembangan Penyediaan dan Pemanfaatan Migas Batubara Energi Baru Terbarukan dan
Listrik (Development provision and utilisation of Fossil Fuels, Coal, Renewable Energy and Electricity)
2016:7 October 2018. http://www.esdm.go.id/publikasi/kajian-energi-indonesia/doc_download/1612-
perkembangan-penyediaan-dan-pemanfaatan-migas-batubara-ebt-dan-listrik.html.

[10]  Setiawan IC, Indarto, Deendarlianto. Quantitative analysis of automobile sector in Indonesian
automotive roadmap for achieving national oil and CO2 emission reduction targets by 2030. Energy
Policy 2021;150:1-14. https://doi.org/10.1016/j.enpol.2021.112135.

[11] Hirota K, Kashima S. How are automobile fuel quality standards guaranteed? Evidence from Indonesia,
Malaysia and Vietnam. Transp Res Interdiscip Perspect 2020;4:1-12.
https://doi.org/10.1016/j.trip.2019.100089.

[12]  Popp J, Kovacs S, Olah J, Divéki Z, Baldzsd E. Bioeconomy: Biomass and biomass-based energy
supply and demand. N Biotechnol 2021;60:76-84. https://doi.org/10.1016/j.nbt.2020.10.004.

[13] Gupta VK, Kubicek CP, Berrin J-G, Wilson DW, Couturier M, Berlin A, et al. Fungal enzymes for bio-
products from sustainable and waste biomass. Trends Biochem Sci 2016;41:633-45.
https://doi.org/10.1016/j.tibs.2016.04.006.

[14] Ravindran R, Jaiswal AK. A comprehensive review on pre-treatment strategy for lignocellulosic food
industry waste: challenges and opportunities. Bioresour Technol 2016;199:92-102.
https://doi.org/10.1016/j.biortech.2015.07.106.

[15]  de Paula R, Antoniéto A, Ribeiro L, Srivastava N, O’Donovan A, Mishrab P, et al. Engineered
microbial host selection for value-added bioproducts from lignocellulose. Biotechnol Adv 2019;37:1—
18. https://doi.org/10.1016/j.biotechadv.2019.02.003.

[16] MEMR. Investment Guidelines Bioenergy in Indonesia 2016:93.
https://drive.esdm.go.id//wl/?id=6JLd3yXfSsPqRp2xExLrQe3TUzdlahpS.

[17]  Yuliansyah AT, Hirajima T. Efficacy of hydrothermal treatment for production of solid fuel from oil
palm wastes. In: Abrol V, Sharma P, editors. Resour. Manag. Sustain. Agric., Rijeka, Croatia: InTech;

40



587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646

[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

2012, p. 3-20.

Law KN, Daud WRW, Ghazali A. Morphological and chemical nature of fiber strandar of oil palm
empty-fruit-bunch (OPEFB). BioResour 2007;2:351-62.

Sudiyani Y, Styarini D, Triwahyuni E, Sembiring KC, Aristiawan Y, Abimanyu H, et al. Utilization of
biomass waste empty fruit bunch fiber of palm oil for bioethanol production using pilot—scale unit.
Energy Procedia 2013;32:31-8. https://doi.org/10.1016/j.egypro.2013.05.005.

Barlianti V, Dahnum D, Hendarsyah H, Abimanyu H. Effect of alkaline pretreatment on properties of
lignocellulosic oil palm waste. Procedia Chem 2015;16:195-201.
https://doi.org/10.1016/j.proche.2015.12.036.

Purwanto WW, Supramono D, Fisafarani H. Biomass waste and biomass pellets characteristics ond their
potential in Indonesia. 1st Int. Semin. Fundam. Appl. Chem. Eng., Bali, Indonesia: 2010, p. 1-8.
Mardawati E, Andoyo R, Syukra K, Kresnowati M, Bindar Y. Production of xylitol from corn cob
hydrolysate through acid and enzymatic hydrolysis by yeast. IOP Conf Ser Earth Env Sci 2018;141:1—
11. https://doi.org/10.1088/1755-1315/141/1/012019.

Xu F. Structure, ultrastructure, and chemical composition. In: Sun R, editor. Cereal straw as a Resour.
Sustain. Biomater. biofuels Chem. Extr. lignins, Hemicellul. Cellul., Oxford: Elsevier; 2010, p. 9-49.
Siswanto, Sumanto, Hartati RS, Prastowo B. Biomass of cocoa and sugarcane. IOP Conf Ser Earth Env
Sci 2017;65:1-12. https://doi.org/10.1088/1755-1315/65/1/0120009.

Dahunsi SO, Osueke CO, Olayanju TMA, Lawal A. Co-digestion of Theobroma cacao (Cocoa) pod
husk and poultry manure for energy generation: Effects of pretreatment methods. Bioresour Technol
2019;283:229-41. https://doi.org/10.1016/j.biortech.2019.03.093.

Arena N, Lee J, Clift R. Life Cycle Assessment of activated carbon production from coconut shells. J
Clean Prod 2016;125:68—77. https://doi.org/10.1016/j.jclepro.2016.03.073.

Kurnia JC, Jangam S V, Akhtar S, Sasmito AP, Mujumdar A. Advances in biofuel production from oil
palm and palm oil processing wastes: a review. Biofuel Res J 2016;3:332-46.
https://doi.org/10.18331/BRJ2016.3.1.3.

Mahlia TMI, Ismail N, Hossain N, Silitonga AS. Palm oil and its wastes as bioenergy sources: a
comprehensive review. Environ Sci Pollut Res 2019;26:14849-66. https://doi.org/10.1007/s11356-019-
04563-X.

Hidayat N, Suhartini S, Utami RN, Pangestuti MB. Anaerobic digestion of fungally pre-treated oil palm
empty fruit bunches: energy and carbon emission footprint. IOP Conf Ser Earth Environ Sci
2020;524:1-9. https://doi.org/10.1088/1755-1315/524/1/012019.

Suhartini S, Nurika I, Paul R, Melville L. Estimation of biogas production and the emission savings
from anaerobic digestion of fruit-based agro-industrial waste and agricultural crops residues. BioEnergy
Res 2020:1-16. https://doi.org/0.1007/s12155-020-10209-5.

Suhartini S, Hidayat N, Nurika I. Evaluation of biogas potential from empty fruit oil palm bunches. IOP
Conf Ser Earth Environ Sci 2020;443:1-9. https://doi.org/10.1088/1755-1315/443/1/012013.

Yousuf A. Biodiesel from lignocellulosic biomass—Prospects and challenges. Waste Manag
2012;32:2061-7. https://doi.org/10.1016/j.wasman.2012.03.008.

Kirtay E. Recent advances in production of hydrogen from biomass. Energy Conver Manag
2011;52:1778-89. https://doi.org/10.1016/j.enconman.2010.11.010.

Derman E, Abdulla R, Marbawi H, Sabullah MK. Qil palm empty fruit bunches as a promising
feedstock for bioethanol production in Malaysia. Renew Energy 2018;129:285-98.
https://doi.org/10.1016/j.renene.2018.06.003.

Gupta A, Verma JP. Sustainable bio-ethanol production from agro-residues: A review. Renew Sustain
Energy Rev 2015;41:550-67. https://doi.org/10.1016/j.rser.2014.08.032.

Saini J, Saini R, Tewari L. Lignocellulosic agriculture wastes as biomass feedstocks for second-
generation bioethanol production: concepts and recent developments. 3 Biotech 2015;5:337-53.
https://doi.org/10.1007/s13205-014-0246-5.

Vaskan P, Pach6n ER, Gnansounou E. Techno-economic and life-cycle assessments of biorefineries
based on palm empty fruit bunches in Brazil. J Clean Prod 2018;172:3655-68.
https://doi.org/10.1016/j.jclepro.2017.07.218.

Medina JDC, Woiciechowski AL, Zandona Filho A, Brar SK, Junior AIM, Soccol C. Energetic and
economic analysis of ethanol, xylitol and lignin production using oil palm empty fruit bunches from a
Brazilian factory. J Clean Prod 2018;195:44-55. https://doi.org/10.1016/j.jclepro.2018.05.189.
Moncada J, Tamayo J, Cardona CA. Evolution from biofuels to integrated biorefineries: techno-
economic and environmental assessment of oil palm in Colombia. J Clean Prod 2014;81:51-9.
https://doi.org/10.1016/j.jclepro.2014.06.021.

Beaudry G, Macklin C, Roknich E, Sears L, Wiener M, Gheewala SH. Greenhouse gas assessment of
palm oil mill biorefinery in Thailand from a life cycle perspective. Biomass Convers Biorefinery

41



647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]
[56]
[57]
[58]
[59]
[60]

[61]

[62]

[63]

2018;8:43-58. https://doi.org/10.1007/s13399-016-0233-7.

Huailuek N, Silalertruksa T, Gheewala SH. Life cycle assessment and cost-benefit analysis of palm
biorefinery in Thailand for different empty fruit bunch (EFB) management scenarios. J Sustain Energy
Environ 2019;10:65-73.

Prasad RK, Chatterjee S, Mazumder PB, Gupta SK, Sharman S, Vairale MG, et al. Bioethanol
production from waste lignocelluloses: A review on microbial degradation potential. Chemosphere
2019;231:588-606. https://doi.org/10.1016/j.chemosphere.2019.05.142,

Nieves DC, Karimi K, Horvath IS. Improvement of biogas production from oil palm empty fruit
bunches (OPEFB). Ind Crop Prod 2011;34:1097-1101. https://doi.org/10.1016/j.indcrop.2011.03.022.
Papong S, Chom-In T, Noksa-nga S, Malakul P. Life cycle energy efficiency and potentials of biodiesel
production from palm oil in Thailand. Energy Pol 2010;38:226-33.
https://doi.org/10.1016/j.enpol.2009.09.009.

Ibrahim MF, Abd-Aziz S, Yusoff MEM, Phang LY, Hassan MA. Simultaneous enzymatic
saccharification and ABE fermentation using pretreated oil palm empty fruit bunch as substrate to
produce butanol and hydrogen as biofuel. Renew Energy 2015;77:447-445.
https://doi.org/10.1016/j.renene.2014.12.047.

Chang SH. An overview of empty fruit bunch from oil palm as feedstock for bio-oil production.
Biomass Bioenergy 2014;62:174-81. https://doi.org/10.1016/j.biombioe.2014.01.002.

Bazmi AA, Zahedi G, Hashim H. Progress and challenges in utilization of palm oil biomass as fuel for
decentralized electricity generation. Renew Sustain Energy Rev 2011;15:574-83.
https://doi.org/10.1016/j.rser.2010.09.031.

Susilaningsih D, Sirait LS, Anam K, Habibi MS, Prasetya B. Possible application of biohydrogen
technologies as electricity sources in Indonesian remote areas. Int J Hydrog Energy 2014;39:19400-5.
https://doi.org/10.1016/j.ijhydene.2014.08.073.

Inayat A, Ahmad MM, Mutalib MA, Yusup S, Khan Z. Economic analysis and optimization for bio-
hydrogen production from oil palm waste via steam gasification. Energy Sources, Part B Econ Plan
Policy 2017;12:158-65. https://doi.org/10.1080/15567249.2014.937881.

Abnisa F, Arami-Niya A, Daud WW, Sahu JN. Characterization of bio-oil and bio-char from pyrolysis
of palm oil wastes. BioEnergy Res 2013;6:830-40. https://doi.org/10.1007/s12155-013-9313-8.

Yoo HM, Park SW, Seo YC, Kim KH. Applicability assessment of empty fruit bunches from palm oil
mills for use as bio-solid refuse fuels. J Environ Manag 2019;234:1-7.
https://doi.org/10.1016/j.jenvman.2018.11.035.

Novianti S, Nurdiawati A, Zaini IN, Sumida H, Yoshikawa K. Hydrothermal treatment of palm oil
empty fruit bunches: an investigation of the solid fuel and liquid organic fertilizer applications. Biofuels
2016;7:627-36. https://doi.org/10.1080/17597269.2016.1174019.

Nasrin AB, Choo YM, Lim WS, Joseph L, Michael S, Rohaya MH, et al. Briquetting of empty fruit
bunch fibre and palm shell as a renewable energy fuel. J Eng Appl Sci 2011;6:446-51.

Brunerova A, Miiller M, Sleger V, Ambarita H, Valasek P. Bio-pellet fuel from oil palm empty fruit
bunches (EFB): Using European standards for quality testing. Sustain 2018;10:1-19.
https://doi.org/10.3390/su10124443.

Kharina A, Malins C, Searle S. Biofuels Policy in Indoneisa: Overview and Status Report. Washington
D.C.: 2016.

Geng A. Conversion of oil palm empty fruit bunch to biofuels. Lig. gaseous solid biofuels, London:
Intech Open Access Publisher; 2013, p. 479-90.

Johnson FX, Silveira S. Pioneer countries in the transition to alternative transport fuels: Comparison of
ethanol programmes and policies in Brazil, Malawi and Sweden. Environ Innov Soc Transitions
2014;11:1-24. https://doi.org/10.1016/j.eist.2013.08.001.

Renewable Fuels Association. Market & Statistics: Annual World Fuel Ethanol Production (Mil. Gal.)
2020. https://ethanolrfa.org/statistics/annual-ethanol-production/.

Renewable Fuels Association. Focus Forward: 2020 Ethanol Industry Outlook. 2020.

Bharti B, Chauhan M. Bioethanol production using Saccharomyces cerevisiae with different
perspectives: substrates, growth variables, inhibitor reduction and immobilization. Ferment Technol
2016;5:1-4. https://doi.org/10.4172/2167-7972.1000131.

Azhar SHM, Abdulla R, Jambo SA, Marbawi H, Gansau JA, Faik AAM, et al. Yeasts in sustainable
bioethanol production: A review. Biochem Biophys Reports 2017;10:51-61.
https://doi.org/10.1016/j.bbrep.2017.03.003.

Han M, Kim Y, Kim SW, Choi GW. High efficiency bioethanol production from OPEFB using pilot
pretreatment reactor. J Chem Technol Biotechnol 2011;86:1527-34. https://doi.org/10.1002/jctb.2668.
Sukhang S, Choojit S, Reungpeerakul, T. Sangwichien C. Bioethanol production from oil palm empty
fruit bunch with SSF and SHF processes using Kluyveromyces marxianus yeast. Cellulose

42



707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

2020;27:301-14. https://doi.org/10.1007/s10570-019-02778-2.

Hendriks ATWM, Zeeman G. Pretreatments to enhance the digestibility of lignocellulosic biomass.
Bioresour Technol 2009;100:10-8. https://doi.org/10.1016/j.biortech.2008.05.027.

Chiesa S, Gnansounou E. Use of empty fruit bunches from the oil palm for bioethanol production: a
thorough comparison between dilute acid and dilute alkali pretreatment. Bioresour Technol
2014;159:355-64. https://doi.org/10.1016/j.biortech.2014.02.122.

Hassan M, Yee L, Yee P, Ariffin H, Raha A, Shirai Y, et al. Sustainable production of
polyhydroxyalkanoates from renewable oil-palm biomass. Biomass Bioenergy 2013;50:1-9.
https://doi.org/10.1016/j.biombioe.2012.10.014.

Hafyan RH, Bhullar LK, Mahadzir S, Bilad MR, Nordin NAH, Wirzal MDH, et al. Integrated
biorefinery of empty fruit bunch from palm oil industries to produce valuable biochemicals. Process
2020;8:1-24. https://doi.org/10.3390/pr8070868.

Tohiruddin L, Foster H. Superior effect of compost derived from palm oil mill by-products as a
replacement for inorganic fertilisers applied to oil palm. J Oil Palm Res 2013;25:123-37.

Rehman S, Murtaza MA, Mushtaq Z. Xylitol as Sweetener. In: Mérillon JM, Ramawat K, editors.
Sweeten. Ref. Ser. Phytochem., Cham, Switzerland: Springer; 2018, p. 1229-149.
https://doi.org/10.1007/978-3-319-27027-2_30.

Rao L, Goli J, Gentela J, Koti S. Bioconversion of lignocellulosic biomass to xylitol: an overview.
Bioresour Technol 2016;213:299-310. https://doi.org/10.1016/j.biortech.2016.04.092.

Ahuja V, Macho M, Ewe D, Singh M, Saha S, Saurav K. Biological and pharmacological potential of
xylitol: A molecular insight of unique metabolism. Foods 2020;9:1-24.
https://doi.org/10.3390/foods9111592.

Chiew YL, Shimada S. Current state and environmental impact assessment for utilizing oil palm empty
fruit bunches for fuel, fiber and fertilizer—A case study of Malaysia. Biomass Bioenergy 2013;51:109—
24. https://doi.org/10.1016/j.biombioe.2013.01.012.

Zahari MAKM, Abdullah SSS, Roslan AM, Ariffin H, Shirai Y, Hassan MA. Efficient utilization of oil
palm frond for bio-based products and biorefinery. J Clean Prod 2014;65:252-60.
https://doi.org/10.1016/j.jclepro.2013.10.007.

Mardawati E, Wira DW, Kresnowati MTAP, Setiadi T. Microbial production of xylitol from oil palm
empty fruit bunches hydrolysate: The effect of glucose concentration. J Japan Inst Energy 2015;94:769—
74. https://doi.org/10.3775/jie.94.769.

Tiong YW, Yap CL, Gan S, Yap WSP. ne-pot conversion of oil palm empty fruit bunch and mesocarp
fiber biomass to levulinic acid and upgrading to ethyl levulinate via indium trichloride-ionic liquids. J
Clean Prod 2017;168:1251-61. https://doi.org/10.1016/j.jclepro.2017.09.050.

Aknhtar J, Idris A. Oil palm empty fruit bunches a promising substrate for succinic acid production via
simultaneous saccharification and fermentation. Renew Energy 2017;114:917-23.
https://doi.org/10.1016/j.renene.2017.07.113.

Zulkarnain A, Bahrin E, Ramli N, Phang L, Abd-Aziz S. Alkaline hydrolysate of oil palm empty fruit
bunch as potential substrate for biovanillin production via two-step bioconversion. Waste Biomass
Valor 2018;9:13-23. https://doi.org/10.1007/s12649-016-9745-4.

Aanifah F, Yee P, Wasoh H, Abd-Aziz S. Effect of different alkaline treatment on the release of ferulic
acid from oil palm empty fruit bunch fibres. J Oil Palm Res 2014;26:321-31.

Foo K, Hameed B. Preparation of oil palm (Elaeis) empty fruit bunch activated carbon by microwave-
assisted KOH activation for the adsorption of methylene blue. Desalination 2011;275:302-5.
https://doi.org/10.1016/j.desal.2011.03.024.

Hidayu AR, Mohamad NF, Matali S, Sharifah ASAK. Characterization of activated carbon prepared
from oil palm empty fruit bunch using BET and FT-IR techniques. Procedia Eng 2013;6:379-84.
https://doi.org/10.1016/j.proeng.2013.12.195.

Farma R, Deraman M, Awitdrus A, Talib I, Taer E, Basri N, et al. Preparation of highly porous
binderless activated carbon electrodes from fibres of oil palm empty fruit bunches for application in
supercapacitors. Bioresour Technol 2013;132:254-61. https://doi.org/10.1016/j.biortech.2013.01.044.
Gani A, Husni H, Baihaqgi A, Faisal M. Potential development of liquid smoke from oil palm solid waste
as biofungicides. Int J Sci Eng 2014;7:65-9. https://doi.org/10.12777/ijse.7.1.65-69.
Morales-Rodriguez R, Perez-Cisneros ES, Jose A, Rodriguez-Gomez D. Evaluation of biorefinery
configurations through a dynamic model-based platform: Integrated operation for bioethanol and xylitol
co-production from lignocellulose. Renew Energy 2016;89:135-43.
https://doi.org/10.1016/j.renene.2015.12.019.

Unrean P, Ketsub N. Integrated lignocellulosic bioprocess for co-production of ethanol and xylitol from
sugarcane bagasse. Ind Crops Prod 2018;123:238-46. https://doi.org/10.1016/j.indcrop.2018.06.071.
Giuliano A, Barletta D, De Bari I, Poletto M. Techno-economic assessment of a lignocellulosic

43



767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826

[86]
[87]

[88]

[89]
[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

biorefinery co-producing ethanol and xylitol or furfural. Comput Aided Chem Eng 2018;43:585-90.
https://doi.org/10.1016/B978-0-444-64235-6.50105-4.

FAO. FAOSTAT - Crops. Food Agric Organ United Nations 2020.
http://www.fao.org/faostat/en/#data/QC (accessed March 21, 2020).

Hirschmann R. Palm oil industry in Indonesia- Statistics & Facts 2020.
https://www.statista.com/topics/5921/palm-oil-industry-in-indonesia/. (accessed March 9, 2020).
Shahbandeh M. Production volume of palm oil worldwide from 2012/2013 to 2019/2020 2020.
https://www.statista.com/statistics/613471/palm-oil-production-volume-worldwide/. (accessed March 9,
2020).

Directorate General of New Renewable Energy and Energy Conversion MEMR ExploRE Project GIZ.
The Distribution of Potential Palm Oil Waste-Based Power Plant. Jakarta: 2021.

Hayasi K. Environmental impact of palm oil industry in Indonesia. Int. Symp. EcoTopia Sci., Nagoya,
Japan: Nagoya University; 2007.

Wu TY, Mohammad AW, Jahim JM, Anuar N. A holistic approach to managing palm oil mill effluent
(POME): Biotechnological advances in the sustainable reuse of POME. Biotechnol Adv 2009;27:40-52.
https://doi.org/10.1016/j.biotechadv.2008.08.005.

Lam MK, Lee KT. Renewable and sustainable bioenergies production from palm oil mill effluent
(POME): win—win strategies toward better environmental protection. Biotechnol Adv 2011;29:124-41.
https://doi.org/10.1016/j.biotechadv.2010.10.001.

Lane MM, Morrisset JP. Kluyveromyces marxianus: A yeast emerging from its sister’s shadow. Fungal
Biol Rev 2010;24:17-24. https://doi.org/10.1016/j.fbr.2010.01.001.

Paul M, Panda G, Mohapatram PKD, Thatoi H. Study of structural and molecular interaction for the
catalytic activity of cellulases: An insight in cellulose hydrolysis for higher bioethanol yield. J Mol
Struct 2020;1204:1-19. https://doi.org/10.1016/j.molstruc.2019.127547.

Khatiwada D, Silveira S. Scenarios for bioethanol production in Indonesia: How can we meet
mandatory blending targets? Energy 2017;119:351-61. https://doi.org/10.1016/j.energy.2016.12.073.
Dahnum D, Tasum SO, Triwahyuni E, Nurdin M, Abimanyu H. Comparison of SHF and SSF processes
using enzyme and dry yeast for optimization of bioethanol production from empty fruit bunch. Energy
Procedia 2015;68:107-16. https://doi.org/10.1016/j.egypro.2015.03.238.

Triwahyuni E, Sudiyani Y, Abimanyu H. The effect of substrate loading on simultaneous
saccharification and fermentation process for bioethanol production from oil palm empty fruit bunches.
Energy Procedia 2015;68:138-46. https://doi.org/10.1016/j.egypro.2015.03.242.

Christia A, Setiowati A, Millati R, Karimi K, Cahyanto M, Niklasson C, et al. Ethanol production from
alkali-pretreated oil palm empty fruit bunch by simultaneous saccharification and fermentation with
Mucor indicus. Int J Green Energy 2016;13:566—72. https://doi.org/10.1080/15435075.2014.978004.
Fatriasari W, Anita SH, Risanto L. Microwave assisted acid pretreatment of oil palm empty fruit
bunches (EFB) to enhance its fermentable sugar production. Waste Biomass Valor 2017;8:379-91.
https://doi.org/10.1007/s12649-016-9573-6.

Sari AA, Ariani N, Kristiani A, Utomo TB. Potential of oil palm empty fruit bunches for bioethanol
production and application of chemical methods in bioethanol wastewater treatment: OPEFB for
bioethanol and its wastewater treatment. 2nd Int. Conf. Sustain. Renew. Energy Eng., IEEE; 2017, p.
49-52. https://doi.org/10.1109/ICSREE.2017.79515009.

Fatriasari W, Raniya R, Oktaviani M, Hermiati E. The improvement of sugar and bioethanol production
of oil palm empty fruit bunches (Elaeis guineensis Jacq) through microwave-assisted maleic acid
pretreatment. BioResour 2018;13:4378-403.

Sudiyani Y, Faizal F, Firmansyah I, Setiawan A. Glutathione from Saccharomyces cerevisiae as by-
product of second generation bioethanol from oil palm of empty fruit bunch Fiber. IOP Conf Ser Mater
Sci Eng 2019;536:1-7. https://doi.org/10.1088/1757-899X/536/1/012142.

Sahlan M, Hermansyah H, Wijarnako A, Gozan M, Lischer K, Ahmudi A, et al. Ethanol Production by
Encapsulated Rhizopus oryzae from Oil Palm Empty Fruit Bunch. Evergreen 2020;7:92—-6.
https://doi.org/10.5109/2740963.

Nurfahmi, Mofijur M, Ong HC, Jan BM, Kusumo F, Sebayang A, et al. Production process and
optimization of solid bioethanol from empty fruit bunches of palm oil using response surface
methodology. Process 2019;7:1-16. https://doi.org/10.3390/pr7100715.

Mardawati E, Putri A V, Yuliana T, Rahimah S, Nurjanah S, Hanidah I. Effects of substrate
concentration on bioethanol production from oil palm empty fruit bunches with simultaneous
saccharification and fermentation (SSF). IOP Conf Ser Earth Env Sci 2019;230:1-9.
https://doi.org/10.1088/1755-1315/230/1/012079.

Richana N, Winarti C, Hidayat T, Prastowo B. Hydrolysis of empty fruit bunches of palm oil (Elaeis
guineensis Jacq.) by chemical, physical, and enzymatic methods for bioethanol production. Int, J Chem

44



827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

Eng Appl 2015;6:422-6. https://doi.org/10.7763/IJCEA.2015.V6.522.

Siregar JS, Ahmad A, Amraini S. Effect of time fermentation and Saccharomyces cerevisiae
concentration for bioethanol Production from empty fruit bunch. J Physics. Conf. Ser. 1351, 2019, p. 1-
6. https://doi.org/10.1088/1742-6596/1351/1/012104.

Antunes F, dos Santos J, da Cunha M, Brumano L, dos Santos Milessi T, Teran-Hilares R, et al.
Biotechnological production of xylitol from biomass. In: Zang Z, Smith JR, Qi X, editors. Prod. Platf.
Chem. from Sustain. Resour., Singapore: Springer; 2014, p. 311-42.

Chandel A, Antunes F, Teran-Hilares R, Cota J, Ellil& S, Silveira M, et al. Bioconversion of
hemicellulose into ethanol and value-added products. In: Chandel SK, Silveira MHL, editors. Adv.
Sugarcane Biorefinery Technol. Commer. Policy Issues Paradig. Shift Bioethanol By-Products, Oxfor,
United Kingdom: Elsevier; 2018, p. 97-134. https://doi.org/10.1016/C2015-0-02033-0.

Mohamad N, Mustapa Kamal S, Mokhtar M. Xylitol biological production: a review of recent studies.
Food Rev Int 2015;31:74-89. https://doi.org/10.1080/87559129.2014.961077.

Mardawati E, Trirakhmadi A, Kresnowati M, Setiadi T. Kinetic study on fermentation of xylose for the
xylitol roduction. J Ind Infor Technol Agric 2017;1:1-8. https://doi.org/10.24198l/jiita.v1il.

Jain H, Mulay S. A review on different modes and methods for yielding a pentose sugar: xylitol. J Food
Sci Nutr 2014;65:135-43. https://doi.org/10.3109/09637486.2013.845651.

Rafiqul ISM, Mimi Sakinah AM. Processes for the production of xylitol—a review. Food Rev Int
2013;29:127-56. https://doi.org/10.1080/87559129.2012.714434.

Camargo D, Sene L, Variz D, de Almeida Felipe M. Xylitol bioproduction in hemicellulosic hydrolysate
obtained from sorghum forage biomass. Appl Biochem Biotechnol 2015;175:3628-42.
https://doi.org/10.1007/s12010-015-1531-4.

Ur-Rehman S, Mushtaq Z, Zahoor T, Jamil A, Murtaza MA. Xylitol: a review on bioproduction,
application, health benefits, and related safety issues. Crit Rev Food Sci Nutr 2015;55:1514-28.
https://doi.org/10.1080/10408398.2012.702288.

Harahap BM, Mardawati E, Nurliasari D. Comprehensive Review: integrated microbial xylitol,
bioethanol, and cellulase production from oil palm empty fruit bunches. J Ind Pertan 2020;2:142-57.
Irmak S, Canisag H, Vokoun C, Meryemoglu B. Xylitol production from lignocellulosics: Are corn
biomass residues good candidates? Biocatal Agric Biotechnol 2017;11:220-3.
https://doi.org/10.1016/j.bcab.2017.07.010.

Martinez E, Canettieri E, Bispo J, Giulietti M, De Almeida e Silva J, Converti A. Strategies for xylitol
purification and crystallization: a review. Sep Sci Technol 2015;50:2087-98.
https://doi.org/10.1080/01496395.2015.1009115.

Hernandez-Pérez AF, de Arruda P, Sene L, da Silva S, Kumar Chandel A, de Almeida Felipe M. Xylitol
bioproduction: state-of-the-art, industrial paradigm shift, and opportunities for integrated biorefineries.
Crit Rev Biotechnol 2019;39:914-43. https://doi.org/10.1080/07388551.2019.1640658.

Xu'Y, Chi P, Bilal M, Cheng H. Biosynthetic strategies to produce xylitol: an economical venture. Appl
Microbiol Biotechnol 2019;103:5143-60. https://doi.org/10.1007/s00253-019-09881-1.

Mardawati E, Rialita T, Suryadi E, Rahmah DM, Anggraini S, Bindar Y. The evaluation of spray drying
process condition on the characteristics of xylitol powder from oil palm empty fruit bunches. Ind J
Teknol Manaj Agroindustri 2020;9:17-24. https://doi.org/10.21776/ub.industria.2020.009.01.3.
Manjarres-Pinzon K, Arias-Zabala M, Correa-Londofio G, Rodriguez-Sandoval E. Xylose recovery
from dilute-acid hydrolysis of oil palm (Elaeis guineensis) empty fruit bunches for xylitol production.
Afr J Biotechnol 2017;16:1997—-2008. https://doi.org/10.5897/AJB2017.16214.

Kresnowati MTAP, Setiadi T, Tantra TM, Rusdi D. Microbial production of xylitol from oil palm empty
fruit bunch hydrolysate: effects of inoculum and pH. J Eng Technol Sci 2016;48:523-33.
https://doi.org/10.5614/j.eng.technol.sci.2016.48.5.2.

Mardawati E, Maharani N, Wira DW, Harahap BM, Yuliana T, Sukarmina E. Xylitol production from
oil palm empty fruit bunches (OPEFB) via simultaneous enzymatic hydrolysis and fermentation process.
J Ind Infor Technol Agric 2018;2:29-36. https://doi.org/10.24198l/jiita.v2il.

Harahap BM, Kresnowati MTAP. Moderate pretreatment of oil palm empty fruit bunches for optimal
production of xylitol via enzymatic hydrolysis and fermentation. Biomass Conver Bioref 2018;8:255—
63. https://doi.org/10.1007/s13399-017-0299-x.

Burhan KH, Kresnowati MTA, Setiadi T. Evaluation of simultaneous saccharification and fermentation
of oil palm empty fruit bunches for xylitol production. Bul Chem React Eng Catal 2019;14:559-67.
https://doi.org/10.9767/bcrec.14.3.3754.559-567.

Rabemanolontsoa H, Saka S. Various pretreatments of lignocellulosics. Bioresour Technol
2016;199:83-9. https://doi.org/10.1016/j.biortech.2015.08.029.

Azelee NIW, Jahim JM, Rabu A, Murad AMA, Bakar FDA, lllias R. Efficient removal of lignin with
the maintenance of hemicellulose from kenaf by two-stage pretreatment process. Carbohydr Polym

45



887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

2014;99:447-53. https://doi.org/10.1016/j.carbpol.2013.08.043.

Kumar B, Bhardwaj N, Agrawal K, Chaturvedi V, Verma P. Current perspective on pretreatment
technologies using lignocellulosic biomass: An emerging biorefinery concept. Fuel Proces Technol
2020;199:1-24. https://doi.org/10.1016/j.fuproc.2019.106244.

Xu JD, Li MF, Sun R. Successive fractionations of hemicelluloses and lignin from sorghum stem by
sodium hydroxide aqueous solutions with increased concentrations. BioResour 2018;13:2356—73.
Chang M, Li D, Wang W, Chen D, Zhang Y, Hu H, et al. Comparison of sodium hydroxide and calcium
hydroxide pretreatments on the enzymatic hydrolysis and lignin recovery of sugarcane bagasse.
Bioresour Technol 2017;244:1055-8. https://doi.org/10.1016/j.biortech.2017.08.101.

Ishola MM, Isroi, Taherzadeh MJ. Effect of fungal and phosphoric acid pretreatment on ethanol
production from oil palm empty fruit bunches (OPEFB). Bioresour Technol 2014;165:9-12.
https://doi.org/10.1016/j.biortech.2014.02.053.

Piarpuzan D, Quintero JA, Cardona CA. Empty fruit bunches from oil palm as a potential raw material
for fuel ethanol production. Biomass Bioenergy 2011;35:1130-7.
https://doi.org/10.1016/j.biombioe.2010.11.038.

Millati R, Wikandari R, Trihandayani ET. Ethanol from Oil Palm Empty Fruit via Dilute-Acid
Hydrolysis and Fermentation by Mucor indicus and Saccharomyces cerevisiae. Agric J 2011;6:54-9.
https://doi.org/10.3923/aj.2011.54.59.

Kim S, Kim CH. Bioethanol production using the sequential acid/alkali-pretreated empty palm fruit
bunch fiber. Renew Energy 2013;54:150-5. https://doi.org/10.1016/j.renene.2012.08.032.

TanL, YuY,LiX, Zhao J, QuY, Choo YM, et al. Pretreatment of empty fruit bunch from oil palm for
fuel ethanol production and proposed biorefinery process. Bioresour Technol 2013;135:275-82.
https://doi.org/10.1016/j.biortech.2012.10.134.

Medina JDC, Woiciechowski A, Filho AZ, Nigam PS, Ramos LP, Soccol CR. Steam explosion
pretreatment of oil palm empty fruit bunches (EFB) using autocatalytic hydrolysis: A biorefinery
approach. Bioresour Technol 2016;199:173-80. https://doi.org/10.1016/j.biortech.2015.08.126.

Bouza RJ, Gu Z, Evans JH. Screening conditions for acid pretreatment and enzymatic hydrolysis of
empty fruit bunches. Indust Crop Prod 2016;84:67—71. https://doi.org/10.1016/j.indcrop.2016.01.041.
Palamae S, Dechatiwongse P, Choorit W, Christi Y, Prasertsan P. Cellulose and hemicellulose recovery
from oil palm empty fruit bunch (EFB) fibers and production of sugars from the fibers. Carbohyd Polym
2017;155:491-7. https://doi.org/10.1016/j.carbpol.2016.09.004.

Tye YY, Leh CP, Abdullah WNW. Total glucose yield as the single response in optimizing
pretreatments for Elaeis guineensis fibre enzymatic hydrolysis and its relationship with chemical
composition of fibre. Renew Energy 2017;114:383-93. https://doi.org/10.1016/j.renene.2017.07.040.
Kamoldeen AA, Lee CK, Abdullah WNW, Leh CP. Enhanced ethanol production from mild alkali-
treated oil-palm empty fruit bunches via co-fermentation of glucose and xylose. Renew Energy
2017;107:113-23. https://doi.org/10.1016/j.renene.2017.01.039.

Azman N, Noor M, Akhir F, Yen A, Hashim H, Othman N, et al. Depolymerization of lignocellulose of
oil palm empty fruit bunch by thermophilic microorganisms from tropical climate. Bioresour Technol
2019;279:174-80. https://doi.org/10.1016/j.biortech.2019.01.122.

Mardawati E, Badruzaman I, Nurjanah S, Bindar Y. Effect of organosolv pretreatment on delignification
for bioethanol feedstock from oil palm empty fruit bunch (OPEFB). IOP Conf Ser Earth Env Sci
2018;209:1-10. https://doi.org/10.1088/1755-1315/209/1/012009.

Meilany D, Kresnowati MTAP, Setiadi T, Boopathy R. Optimization of xylose recovery in oil palm
empty fruit bunches for xylitol production. Appl Sci 2020;10:1-13.
https://doi.org/10.3390/app10041391.

Kim S, Park JM, Seo J-W, Kim CH. Sequential acid-/alkali-pretreatment of empty palm fruit bunch
fiber. Renew Energy 2012;109:229-33. https://doi.org/10.1016/j.biortech.2012.01.036.

Yunus R, Salleh SF, Abdullah N, Biak DRA. Effect of ultrasonic pre-treatment on low temperature acid
hydrolysis of oil palm empty fruit bunch. Bioresour Technol 2010;101:9792-6.
https://doi.org/https://doi.org/10.1016/j.biortech.2010.07.074.

Shamsudin S, Shah UKM, Zainudin H, Aziz SA, Kamal SMM, Shirai Y, et al. Effect of steam
pretreatment on oil palm empty fruit bunch for the production of sugars. Biomass Bioenergy
2012;36:280-8. https://doi.org/10.1016/j.biombioe.2011.10.040.

Duangwang S, Ruengpeerakul T, Cheirsilp B, Yamsaengsung R. Pilotscale steam explosion for xylose
production from oil palm empty fruit bunches and the use of xylose for ethanol production. Bioresour
Technol 2016;203:252-8. https://doi.org/10.1016/j.biortech.2015.12.065.

Werpy T, Petersen G. Top value added chemicals from biomass volume | — Results of screening for
potential candidates from sugars and synthesis gas 2004;11.

Makinen KK. Sugar alcohol sweeteners as alternatives to sugar with special consideration of xylitol.

46



947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
088
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006

[151]

[152]
[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

Med Princ Pract 2011;20:303-20. https://doi.org/10.1159/000324534.

Ravella RS, Gallagher J, Fish S, Prakasham RS. Overview on commercial production of xylitol,
economic analysis and market trends. d-Xylitol fermentative production, application and
commercialization. In: da Silva S, Chandel A, editors. D-Xylitol, Berlin: Springer; 2012, p. 291-306.
https://doi.org/10.1007/978-3-642-31887-0-13.

Indonesian Statistics. Large and Medium Industrial Statistics: Raw Material. Jakarta: 2008.

Raman JK, Ganansounou E. Furfural production from empty fruit bunch — A biorefinery approach.
Indutrial Crop Prodcuts 2015;69:371-7. https://doi.org/10.1016/j.indcrop.2015.02.063.

Cheng KK, Zhang JA, Chavez E, Li JP. Integrated production of xylitol and ethanol using corncob.
Appl Microbiol Biotechnol 2010;87:411—7. https://doi.org/10.1007/s00253-010-2612-5.

Xavier FD, Bezerra GS, Santos SFM, Oliveira LSC, Silva FLH, Silva AJO, et al. Evaluation of the
simultaneous production of xylitol and ethanol from sisal fiber. Biomolecules 2018;8:1-13.
https://doi.org/10.3390/biom8010002.

Shankar K, Kulkarni NS, Sajjanshetty R, Jayalakshmi SK, Sreeramulu K. Co-production of xylitol and
ethanol by the fermentation of the lignocellulosic hydrolysates of banana and water hyacinth leaves by
individual yeast strains. Ind Crops Prod 2020;155:1-9. https://doi.org/10.1016/j.indcrop.2020.112809.
Song Y, Lee YG, Cho EJ, Bae HJ. Production of xylose, xylulose, xylitol, and bioethanol from waste
bamboo using hydrogen peroxicde-acetic acid pretreatment. Fuel 2020;278:1-9
https://doi.org/10.1016/j.fuel.2020.118247.

Ahmad FB, Zhang Z, Doherty WO, O’Hara IM. The outlook of the production of advanced fuels and
chemicals from integrated oil palm biomass biorefinery. Renew Sustain Energy Rev 2019;109:386-411.
https://doi.org/10.1016/j.rser.2019.04.009.

Goh CS, Tan KT, Lee KT, Bhatia S. Bio-ethanol from lignocellulose: status, perspectives and
challenges in Malaysia. Bioresour Technol 2010;101:4834-41.
https://doi.org/10.1016/j.biortech.2009.08.080.

Mardawati E, Kresnowati M, Purwadi R, Bindar Y, Setiadi T. Fungal production of xylanase from oil
palm empty fruit bunches via solid state cultivation. Int J Adv Sci Eng Inf Technol 2018;8:2539-46.
https://doi.org/10.18517/ijaseit.8.6.4196.

Rahman SHA, Choudhury JP, Ahmad AL, Kamaruddin AH. Optimization studies on acid hydrolysis of
oil palm empty fruit bunch fiber for production of xylose. Bioresour Technol 2007;98:554-9.
https://doi.org/10.1016/j.biortech.2006.02.016.

Mardawati E, Werner A, Bley T, Kresnowati M, Setiadi T. The enzymatic hydrolysis of oil palm empty
fruit bunches to xylose. J Japan Inst Energy 2014;93:973-8. https://doi.org/10.3775/jie.93.973.
Franceschin G, Sudiro M, Ingram T, Smirnova I, Brunner G, Bertucco A. Conversion of rye straw into
fuel and xylitol: a technical andeconomical assessment based on experimental data. Chem Eng Res Des
2011;89:631-40. https://doi.org/10.1016/j.cherd.2010.11.001.

Do T, Lim Y. Techno-economic comparison of three energy conversion pathways from empty fruit
bunches. Renew Energy 2016;90:307-18. https://doi.org/10.1016/j.renene.2016.01.030.

Moncada J, Jaramillo JJ, Higuita JC, Younes C, Cardona CA. Production of bioethanol using Chlorella
vulgaris cake: a technoeconomic and environmental assessment in the Colombian context. Ind Eng
Chem Res 2013;52:16786-94. https://doi.org/10.1021/ie402376z.

Ho AL, Carvalheiro F, Duarte LC, Roseiro LB, Charalampopoulos D, Rastall RA. Production and
purification of xylooligosaccharides from oil palm empty fruit bunch fibre by a non-isothermal process.
Bioresour Technol 2014;15:526-9. https://doi.org/10.1016/j.biortech.2013.10.114.

Zahed O, Jouzani GS, Abbasalizadeh S, Khodaiyam F, Tabatabaei M. Continuous co-production of
ethanol and xylitol from rice straw hydrolysate in a membrane bioreactor. Folia Microbiol (Praha)
2016;61:179-89. https://doi.org/10.1007/s12223-015-0420-0.

Carvalheiro F, Duarte LC, Lopes S, Parajo JC, Pereira H, Girio FM. Evaluation of the detoxification of
brewery’s spent grain hydrolysate for xylitol production by Debaryomyces hansenii CCMI 941. Process
Biochem 2005;40:1215-23. https://doi.org/10.1016/j.prochio.2004.04.015.

Martinez EA, Giulietti M, Almeida e Silva JBD, Derenzo S, Almeida Felipe MDG. Batch cooling
crystallization of xylitol produced by biotechnological route. J Chem Technol Biotechnol 2009;84:376—
81. https://doi.org/10.1002/jctb.2050.

Abdurachman A, Gozan M. Process and economic study of bioethanol plant from oil palm empty fruit
bunch (OPEFB). J Agro-Based Ind 2016;33:24-31. https://doi.org/10.32765/warta%20ihp.v33i01.3814.
Maryana R, Muryanto, Triwahyuni E, Bardant T, Y I, Sudiyani Y. Potency and challenges in the
commersialisation of bioethanol first and second generation in Indonesia. 5th SATREPS Conf., Bogor:
LIPI-JICA-JST; 2021, p. 79-84.

Hafid HS, Baharuddin AS, Mokhtar MN, Omar FN, Mohammed MAP, Wakisaka M. Enhanced laccase
production for oil palm biomass delignification using biological pretreatment and its estimation at

a7



1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]
[193]

biorefinary scale. Biomass and Bioenergy 2021;144:1-11.
https://doi.org/10.1016/j.biombioe.2020.105904.

Harahap AFP, Panjaitan JRH, Curie CA, Ramadhan MY A, Srinophakun P, Gozan M. Techno-economic
evaluation of hand sanitiser production using oil palm empty fruit bunch-based bioethanol by
simultaneous saccharification and fermentation (SSF) process. Appl Sci 2020;10:1-17.
https://doi.org/10.3390/app10175987.

Hafid HS, Nor ‘Aini AR, Mokhtar MN, Talib AT, Baharuddin AS, Umi Kalsom MS. Over production
of fermentable sugar for bioethanol production from carbohydrate-rich Malaysian food waste via
sequential acid-enzymatic hydrolysis pretreatment. Waste Manag 2017;67:95-105.
https://doi.org/10.1016/j.wasman.2017.05.017.

Kumar A, Singh J, Baskar C. Lignocellulosic biomass for bioethanol production through microbes:
Strategies to improve process efficiency. In: Rastegar AA, Yadav AN, Gupta A, editors. Prospect.
Renew. Bioprocess. Futur. Energy Syst., Cham, Switzerland: Springer; 2019, p. 357-86.

Lee HJ, Lim WS, Lee JW. Improvement of ethanol fermentation from lignocellulosic hydrolysates by
the removal of inhibitors. J Ind Eng Chem 2013;19:2010-5. https://doi.org/10.1016/j.jiec.2013.03.014.
Carter B, Squillace P, Gilcrease PC, Menkhaus TJ. Detoxification of a lignocellulosic biomass slurry by
soluble polyelectrolyte adsorption for improved fermentation efficiency. Biotechnol Bioeng
2011;108:2053-60. https://doi.org/10.1002/bit.23152.

Nguyen TY, Cai CM, Kumar R, Wyman CE. Overcoming factors limiting high-solids fermentation of
lignocellulosic biomass to ethanol. Proc Natl Acad Sci 2017;114:11673-8.
https://doi.org/10.1073/pnas.1704652114.

Baral NR, Shah A. Microbial inhibitors: formation and effects on acetone-butanol-ethanol fermentation
of lignocellulosic biomass. Appl Microbiol Biotechnol 2014;98:9151-72.
https://doi.org/10.1007/s00253-014-6106-8.

Dasgupta D, Ghosh D, Bandhu S, Adhikari DK. Lignocellulosic sugar management for xylitol and
ethanol fermentation with multiple cell recycling by Kluyveromyces marxianus IIPE453. Microbiol Res
2017;200:64—72. https://doi.org/10.1016/j.micres.2017.04.002.

Ko JK, Enkh-Amgalan T, Gong G, Um Y, Lee SM. Improved bioconversion of lignocellulosic biomass
by Saccharomyces cerevisiae engineered for tolerance to acetic acid. GCB Bioenergy 2020;12:90-100.
https://doi.org/10.1111/gcbb.12656.

Raud M, Kikas T, Sippula O, Shurpali NJ. Potentials and challenges in lignocellulosic biofuel
production technology. Renew Sustain Energy Rev 2019;111:44-5.
https://doi.org//10.1016/j.rser.2019.05.020.

Dasgupta D, Bandhu S, Adhikari DK, Ghosh D. Challenges and prospects of xylitol production with
whole cell bio-catalysis: A review. Microbiol Res 2017;197:9-21.
https://doi.org/10.1016/j.micres.2016.12.012.

Zhao J, Xu Y, Wang W, Griffin J, Roozeboom K, Wang D. Bioconversion of industrial hemp biomass
for bioethanol production: A review. Fuel 2020;281:1-8. https://doi.org/10.1016/j.fuel.2020.118725.
Pérez ATE, Camargo M, Rincén PCN, Marchant MA. Key challenges and requirements for sustainable
and industrialized biorefinery supply chain design and management: A bibliographic analysis. Renew
Sustain Energy Rev 2017;69:350-9. https://doi.org/10.1016/j.rser.2016.11.084.

Marvin WA, Schmidt LD, Benjaafar S, Tiffany DG, Daoutidis P. Economic optimization of a
lignocellulosic biomass-to-ethanol supply chain. Chem Eng Sci 2012;67:68-79.
https://doi.org/10.1016/j.ces.2011.05.055.

Bojic S, Martinov M, Brcanov D, Djatkov D, Georgijevic M. Location problem of lignocellulosic
bioethanol plant-Case study of Serbia. J Clean Prod 2018;172:971-9.
https://doi.org/10.1016/j.jclepro.2017.10.265.

Sharara MA, Sahoo K, Reddy AD, Kim S, Zhang X, Dale B, et al. Sustainable feedstock for bioethanol
production: Impact of spatial resolution on the design of a sustainable biomass supply-chain. Bioresour
Technol 2020;302:1-8. https://doi.org/10.1016/j.biortech.2020.122896.

Sharma B, Larroche C, Dussap C. Comprehensive assessment of 2G bioethanol production. Bioresour
Technol 2020;313:1-9. https://doi.org/10.1016/j.biortech.2020.123630.

Lennartsson PR, Erlandsson P, Taherzadeh MJI. Integration of the first and second generation
bioethanol processes and the importance of by-products. Bioresour Technol 2014;165:3-8.
https://doi.org/10.1016/j.biortech.2014.01.127.

National Standardisation Agency of Indonesia. SNI 7390:2012 Characteristics of Bioethanol 2012.
http://sispk.bsn.go.id/SNI/DaftarList#.

Ministry of Energy and Mineral Resources. Indonesia Energy Outlook 2017. Jakarta: 2017.

MEMR. Government Regulation of MEMR Number 18 Year 2013 About Retail Sales Prices for Certain
Types of Fuel Oil For Certain Consumers 2013. https://jdih.esdm.go.id/index.php/web/result/804/detail.

48



1067  [194] MEMR. Presidential Regulation of Republic of Indonesia Number 191 Year 2014 About Supply,

1068 Distribution and Retail Selling Price Fossil Fuels 2014. https://jdih.esdm.go.id/peraturan/Perpres Nomor
1069 191 Tahun 2014.pdf.

1070 [195] Chattopadhyay D, Jha S. The impact of energy subsidies on the power pector in Southeast Asia. Electr J
1071 2014;27:70-83. https://doi.org/10.1016/j.tej.2014.04.007.

1072 [196] Singh R, Setiawan AD. Biomass energy policies and strategies: harvesting potential in India and

1073 Indonesia. Renew Sustain Energy Rev 2013;22:332-45. https://doi.org/10.1016/j.rser.2013.01.043.
1074

1075

49



1076
1077
1078
1079
1080

1081
1082
1083
1084
1085

1086
1087

1088
1089
1090

1091

1092

1093

1094

1095

Figure captions

Fig. 1. Distribution of potential palm oil waste-based power plants as in 2021 (With permission from

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Directorate General of NREEC, MEMR and ExploRE Project, GIZ [89]). POMs: Palm Oil Mills, FFB:
Fresh Fruit Bunches

. Stages of the conversion process of OPEFB into bioethanol (Adapted from Derman et al. [34]; Hendriks

and Zeeman [64]; and de Paula et al. [15]). SHF: Separated hydrolysis and fermentation, SSF:
Simultaneous saccharification and fermentation, PSSF: Pre-hydrolysis simultaneous saccharification
and fermentation, Q-SSF: Quasi-simultaneous saccharification and fermentation, SScF: Simultaneous
saccharification and co-fermentation

. Flow chart of xylitol production — chemical, biological and thermochemical processes (Adapted from

Rao et al. [70]; Irmak et al. [117]; Rafiqul and Mimi Sakinah [113]; Martinez et al. [118])

. Trend and projection of (a) bioethanol demand and (b) supply in Indonesia (With permission from

Secretariat General of the National Energy Council, MEMR [1]). BaU: Business as Usual, PB:
Sustainable Development/Pembangunan Berkelanjutan, RK: Low Carbon/Rendah Karbon

. Scenarios of OPEFBs valorization into bioethanol and xylitol production

. Mass balance of mono-production of: (a) bioethanol and (b) xylitol (Scenario 1)

. Mass balance of co-production of xylitol and bioethanol (Scenario 2)

. Mass balance of co-production of bioethanol and xylitol (Scenario 3)
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