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(EFB): Analyzing Economic Potentials from the Optinal Biomass Supply
Chain
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Abstract

The economic potentials of Malaysian oil palm emfityit bunch are realized by several motivating
factors such as abundance, cheapness and arellyefeasible to produce multi-products that rangmeri
energy, chemicals and materials. Amid continuingpsuts from the government in terms of policies,
strategies and funding, manufacturing planning decision to utilize this biomass resource requies
decision- support tool. In this regard, biomasspuphain modeling serves as the supportive todl an
can provide economic indications for guided futimgestments. Sequential steps in modeling and
optimization of the supply chain that utilized esnfruit bunch were shown. In a form of superstroetu
the supply chain consisted processing stages forecting the biomass into intermediates and praguct
transportation networks that used truck, trainipelne, and the options for product’s direct sale$or
further refinements. The developed optimization eldths considered biomass cost, production costs,
transportation costs, and emission treatment daststransportation and production activities iderto
determine the annual profit. By taking a case stofdyeninsula Malaysia, optimal value showed aiprof
of $ 713,642,269/y could be achieved which hasrasgua single ownership for all of the facilitiestire
supply chain. Besides, the tabulated values ofdyieind emission levels could provide comparative
analysis between the processing routes. Sensitiaitglysis was then performed to perturb the

approximated parameters or data that have bezhinighis study.
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Empty fruit bunch (EFB); palm oil industry; biomasspply chain optimization; superstructure; bio-

products.

Highlights
» Malaysia is to value the potentials of oil palmisrhass-based industries.

» EFB has obvious advantages and could be utilizechémufacturing products.

e Superstructure presents candidates for optimization



e Optimization model could be an important decisioaking tool for future investments that related to

EFB’s utilizations.
Introduction

Malaysia is a nation that is endowed with resoummfeboth fossil as well as renewables. For
fossil resources, proved reserves and the glolaaegBo) for this country are 3.7 million barrel &h@%
for oil, and 38.5 trillion cubic feet and 0.6% foatural gas (BP, 2014). These numbers have ranked
Malaysia as the 2Band the 1% largest reserves in the world for oil and natgas, respectively. For
renewables, Malaysia has 22,500 MW energy poteofidydropower, 6,500 MW energy potential of
solar, and 1,700 MW energy potential of biomass iihlef et al., 2011). Of these renewables, only
biomass can be used as a substituted feedstobk fodsil fuels for the manufacturing of multi-prmts
that ranged from energy, chemicals and materidds.SLibstitutions to a certain extent are appangatal
the fact that there were declines in productionslafaysia’s major oil fields and there are abundsnaf
biomass resources available in this country (EIB13 Zafar, 2014). For more general motivations,
discouraged attributes of fossil resources sucanaronmentally harmful and are not renewable, have

even elevated the prospects of biomass to becasrmadin renewable feedstocks in the near future.

In Malaysia, biomass resources are mainly gengtatehe palm oil industry. The crop’s planted
areas have reached five million hectares in whictost 93 million tonnes of oil palm fruit was hasted
(Ng and Ng, 2013). This harvested oil palm fruitl wien produce crude palm oil and crude palm Kerne
oil, the major raw materials for the productionsvafious basic oleochemicals and biodiesel (Rupiliu
and Ahmad, 2007). Despite producing valuable prtgjube palm oil industry also generates agricaltur
wastes (biomass) such as palm oil fronds, palrriks, empty fruit bunch (EFB), palm oil mill affint
(POME), palm mesocarp fiber (PMF), and palm kestell (PKS). In the case of EFB, for every 1 tonne
of oil palm fresh fruit bunch processed, it wasmated that 230 kg of EFBs would be generated (N a
Ng, 2013). As cheap biomass resource, EFB coulinpertant feedstock to produce various products.
This move is indeed in line with the current goveemt strategies such as the Renewable Energy Policy
the National Biomass Strategy 2020 and the 1 Ma&aag®mass Alternative Strategy, which encourages

biomass utilization for value-added product proguctnd bioenergy generation (Ng and Ng, 2013).

Previous research and commercialization activiteege indicated that EFB has been subjected to
produce numerous products such as bio-syngas,ilbibio-hydrogen, briquette and pellet fuels, bio-
ethanol,bio-composite, bio-resin, bio-gabjo-compost,activated carbon, xylose, polyhdroxybutyrate,
and etcetera (Lahijani and Zainal, 2010; Salemafanid2012; Md. Zin et al., 2012; Chong et al., 301
Tan et al., 2010; Tan et al., 2012; Tay et al.,%200rahim et al., 2011; Purwandari et al., 201aslRret



al., 2011; Foo and Hameed, 2011; Auta et al., 2@h2ang et al., 2013, and Rahman et al., 2007). Some

of these are intermediates that will be furtheinedd to produce final product3able 1 shows huge

potentials of products and their applications wtdoh feasibly derived from EFB.

Table 1 Applications for products from oil palm EFB

Bio-products

Applications

Dry Long Fiber (DLF)

Mattress and cushion produetioeramic and brick production, and pulp and papeduction.

Bio-compost

Organic farming, soil conditioner aedifizer in gardens, landscaping, horticultureii@agdture as
well as it can be used as erosion control.

Activated carbon

Adsorbent for purifications in emattreatment, air pollution, gas processing, odad aolor
removds.

Cellulose Productions of derivatives from methyllldese such as carboxymethyl cellulose (CMC),
hydroxyethyl cellulose (HEC), acetate, nitrocelkdp nanofibrillated cellulose (NFC),
nanocrystalline cellulose (NCC), and celluloserfitnts.

Hemicellulose Productions of xylitol, ethanol amdanic acids (from xylose) and lubricants, coatjragthesives
resins, nylon-6, and nylon-6,6 (from furfural).

Lignin Bio-resins (polymer substitution) in pherwlresins and polyurethane foams, carbon fiber
composite, glue, dispersants, binder for fuel pedled combustion fuel.

Briquette Thermal applications such as steam géoeria boilers, power production, space heatingirdy,
and cooking.

Pellet Thermal applications such as steam generatiboilers, power production, space heating,rdyy
and cooking

Torrefied Pellet Thermal applications such as stganeration in boilers, power production, spacéihgadrying,
and cooking.

Bio-composite Building products productions suchnasdows, doors, patio furniture, fencing, deckingpfing,
and railing. Automotive applications such as dasithofloor mats, seat fabric, and etc.

Carboxymethyl Thickener in the ice cream, canned food, fast awpkood, jam, syrup, sherbet, dessert, drinks,

Cellulose (CMC) etc. Emulsifying, suspending, fixing, smoothingdaeparating agent, dirt absorbent in synthgtic
detergent, as well as used in the oil and gasrdyifirocess.

Glucost Simple sugar for fermentation, anaerobic digestiod isomrization

Xylose Simple sugar for xylitol production as wadl for fermentation and anaerobic digestion prasess

Bio-resin Compostable and biodegradable plastich swermoplastic starch (TPS), polyhydroxyalkaneate
(PHA) and polyactide (PLA

High Pressure Steam Mainly for power generation.

Bio-syngas Productions of ammonia, hydrogen, methatectricity and range of transportation fuélsotigh
Fische-Tropsch proces

Bio-oil Productions of bio-hydrogen, bio-ethyler@p-propylene, transportation fuels through refinin
process, glycolaldehyde, levoglucosan, anc

Bio-char Soil enhancer, carbon sequester, fuel$ neetal extraction where carbon is used to removeeo
from metal.

Bio-hydrogen Ammonia production, refinery applioais in hydrotreating and hydrocracking processes |f
cells, and etc.

Xylitol Various pharmaceutical and oral hygieneduots.

Bio-ethanol/ethanol Blending with gasoline, andsusemmonly in the sectors such as beverages, dasmeiedical
and pharmaceuticals.

Bio-gas Power generation, heating, combined hedipamer, drying, cooling, cooking, compressed liqui
fuel for transportation and e

Bio-methanol Formaldehyde production, wastewateitdfication, solvent for biodiesel trans-estezdtion, and
other materials and chemicals productions such astyy solvents, adhesives, refrigerants,
synthetic fibers, and e

Electricity Energy for electrical devices such asmp, compressor, fan, air-conditioner, heater, tilngh

system, computers, and many more.

Medium Pressure Steal

mn

Power production, heatiegnéhg, as reaction medium, humidification, and etc

Low Pressure Steam

Heating, cleaning, humidificatinoisturizing agent, and etc.

Bio-ethylene Productions of polyethylene (PE), athaethylene glycol, ethylene oxide, ethylbenzetbylene
dichloride, fruit ripening agent, and etc.
Bio-diese Transportation fuel, steam and power productionsliiesel engines




Bio-gasoline Main transportation fuel in for roaehicles, motorboats, as well as for chainsaws, lmerers,

and etc.
Ammonia Mainly used for the productions of fertiis, plastics such as polyurethane, refrigeraitehn
Formaldehyde Productions of formaldehyde-basedsesi adhesives such as urea formaldehyde (UR)stgsi

phenol formaldehyde (PF) resins, and melamine fiaegyde (MF) resins, polyoxymethylenes
(POM), healthcare applications such as disinfestand vaccines, and etc.

One of the main factors to realize these potentgalgy having an optimal supply chain. The
supply chain will ensure conversion routes that mase series of pre-processing, main processingj, an
further processing steps to produce those abovéioned products are considered simultaneously and
comprehensively. Previous studies that focused BB'€ supply chains including the supply chain
analysis and life cycle assessment for the prooastof green chemicals (Reeb et al., 2014) thelgupp
chain of EFB for renewable fuel production (Ecodd€onsulting Sdn. Bhd. and Mensilin Holdings Sdn.
Bhd., 2005), and the synthesis of energy supplyncham EFB (Lam et al., 2010). Optimal EFB’s
supply chain for multi-products productions of enerchemicals and materials is yet to be studiegtha
on author’'s knowledge. This study will focus on raligg an optimization of EFB’s supply chain by
taking Peninsular Malaysia as a case study.

Model Development for Optimal EFB’s Supply Chain

An optimization model of the EFB’s supply chain he®n developed according to the sequential
steps shown b¥ig. 1. As lignocellulosic biomass sources, EFB will takifferent processing routes,
each will end up to produce the pre-determinedpbamiucts as highlighted ifiable 1. These processing
routes comprise stages of pre-processing, mairepsireg and further processing steps. The routeb&an

divided into three main categories; thermochemict@mical and biochemical processes.

Thermochemical processing routes involve a manuifexg platform that apply combustion
processes to convert the chemical energy storéibimass into heat (Mc Kendry, 2002) and use heat to
break down biomass feeds into a condensable dilvapor in pyrolysis and syngas in gasification
(Abraham et at., 2003). Biomass chemical processinjes will use a strong acid to break down
lignocellulosic biomass into its single morpholaicstructure whether cellulose, hemicellulose and
lignin. Cellulose, hemicellulose and lignin willeh undergo further processes to produce ethanol and
other products (PPD Technologies Inc., 2011). Béoeical processing routes will use enzymes of
bacteria or other microorganisms to produce pradércim biomass sources. Schemes in biochemical
productions will determine the type of products, iftstance, alcohol fermentation will produce ethian
anaerobic digestion will produce biogas, and aerédimentation will produce compost (Garcia et al.,
2011)



Select EFB as biomass feedstock

Survey processing routes and
develop superstructure of
alternatives for multi-products
productions

Formulate mathematical model of
biomass supply chain by
considering economic performance

Approximate models parameters

Obtain optimal biomass supply
chain model using GAMS

Fig. 1L Sequential steps for optimal EFB’s supply chain

In developing the supply chain’'s superstructuregartant steps and approaches, as detailed out
by Murillo-Alvarado et al., (2013) were consideré&itst, suitable biomass feedstocks are recograned
characterized and followed by identification of ided products. In this step, several desired prtsdcan
be generated by consuming the same feedstockgtheouariety of conversion routes. Meanwhile, more
than one reactants can be used to produce theedgsioduct. In order to identify the interconneasio
(processing pathways) between feedstocks and pgdiveo approaches are used which the forward
synthesis of biomass and the backward synthesdesifed products. The next step is to match two
intermediate compounds obtained from forward arzkard syntheses. The final step of superstructure
generation involved interception of the two intediaée compounds by identifying the set of procesgsin

technologies required for connecting these compsuhlde developed superstructure is showmrign2.
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Fig. 2. A superstructure of supply chain for multi-produptoductions from EFB

In this superstructure, square shapes represecegsing facilities while oval shapes depict
storages. Each storage was assumed to be locatieid s facility. The solid lines show processing
sequences while the dash lines provide optionslotise products directly. Portions of the products
whether to be sold directly or to be transferredhi®m next processing step would be determined from
optimization results. EFB feedstocks were assumée tblended homogenously. Competitive utilizations
could be seen for EFB, cellulose, hemicellulosdieheorrefied pellet, glucose, xylose, bio-syngasd

bio-oil. Small letters ofj to o are subscripts and are explained able 2 The subscripp is not shown in

Fig. 2 but will be used in the mathematical model. Thisstriptp represents sum up of products.

Table 2 List of subscripts
Set/Subscript Descriptions Contents
g Biomass source storage locationg EFB collectidBFB collection 2, and EFB collection 3.
h Pre-processing facilities DLF production, aerokigedtion, alkaline activation,




extraction, briguetting, palletization, and toreefipalletization.
i Pre-processed feedstocks storages PEFB DLF, bipastmactivated carbon, cellulose,
hemicellulose, lignin, PEFB briquette, PEFB peletd PEFB
torrefied pellet.

j Main processing facilities Bio-composite producti@MC production, acid hydrolysis,
enzymatic hydrolysis, resin production, boiler carsiion,
gasification, fast pyrolysis, and slow pyrolysis.

k Intermediate products 1 storages Bio-composite, Chl@ose, xylose, bio-resin, HP steam, bjo-
syngas, bio-oil, and bio-char.
| Further processing 1 facilities Steam reformingasation, xylitol production, fermentation,

anaerobic digestion, power production, methanadipetion,
bio-oil upgrading, and FTL productions.

m Intermediate products 2 storages Bio-hydrogen piéthanol, xylitol, bio-gas, electricity, MP
steam, LP steam, t-gasoline, bi-diesel, and bi-ethanol

n Further processing 2 facilities Ammonia productifmmmaldehyde production, bio-ethylene
production

0 Final products storag Ammonia, formalehyde, and b-ethylent

p Sum of products PEFB DLF, bio-compost, activatatbaa, cellulose,

hemicellulose, lignin, PEFB briquette, PEFB pelREFB
torrefied pellet, Bio-composite, CMC, glucose, »sgobio-
resin, HP steam, bio-syngas, bio-oil, bio-char-Bydrogen,
bio-methanol, xylitol, bio-gas, electricity, MP ata, LP steam,
bio-gasoline, bio-diesel, bio-ethanol, ammonianfaldehyde,
and bio-ethylene.

Next, mathematical model of the optimal supply ohaiill be developed by considering
economic performance. This refers to the profitgbifrom the selling of products minus all the
associated costs. Hence, the objective functiothefoptimization model is to maximize the overall

profit, i.e.

 Maximize Profit = Revenues — Costs,
where;
* Revenues = (Sales of products), and
» Costs = (Biomass cost + Transportation cost + Ribolu cost + Emission cost from
transportation + Emission cost from production).
Therefore,
» Profit = (Sales of products) - (Biomass cost) -afisportation cost) - (Production cost) -

(Emission cost from transportation) - (Emissiontdo®m production)

Each of the term above requires data or parameteich among them are transportation cost
factors, production cost factors, carbon dioxid®{Gemission factors from transportation, £€nission
factors from production and conversion factors. Tiasportation cost factors were calculated using
methods developed by Oo et al., (2012) and Blak.e{1995). The transportation cost factors wdlib $
per tonne, and later will be multiplied with maksafrate in order to determine the transportatiost.cim

this study, truck would be pre-selected for diseanap to 100 km, while train was chosen for distanc



beyond 100 km for solid transportation. For liqaitd gaseous products, pipeline transportation woeld
used. Production cost factor was the cost in $rtmlyce one-unit capacity of product. In this regard
Mani et al. (2006) have reported that this costoiacomprised capital and operating costs for the
equipment. C@ emission cost factors from transportation weresmheined from the model that was
developed by McKinnon (2008). Depending on the gelected mode of transportation, these emission
factors would be then multiplied with mass flowratehe supply chain. The cost for emission treaiime
was fixed at $40/t of CP equivalent, but in practice the cost much depemdshe local's regulation.
Conversion factors were defined by mass ratio let ito the outlet for each processing facility. ipomwer
production, conversion factors have approximatesl ttirbine’s efficiencies on how much electricity
would be produced per mass of inlet steam whiclediép on pressure and temperature of inlet andtoutle
steam.

Table 3till Table 21tabulate all the required parameters for the dpéitton model. It is worth
to mention that, one of the efforts in this studgsvto collect and record all of these parametaénseShe
majority of the biomass utilizations involving EFBre currently still in the conceptual stage,
approximations were used. The parameters were asstonbe independent of scale, input types and
conditions. This assumption does not restrictvidality of the optimization model that will be mented
in a general form.

Table 3 Selling prices of products

Product Selling price ($/t or Reference
$/MWh)
Dry LongFiber (DLF) 21C Ng and Ng 2013
Bio-compost 100 Ng and Ng (2013)
Activated carbon 1,756 Shanghai Jinhu Inc. (2014)
Cellulose 2,200 Higson (2011)
Hemicellulose 2,000 Assumed value based on cetidos!
lignin prices

Lignin 1,500 Lake (2010)
Briquette 12C Ng and Ng (201
Pellet 14C Ng and Ng (201
Torrefied Pellet 160 Assumed value based on PEHBtpe

and PEFB briquette
Bio-composite 625 ERIA (2014)
Carboxymethyl Cellulose (CMC) 3,500 www.trade.eoopa.eu
Glucost 1,89C www.cascadebiochem.c¢
Xylose 1,990 www.cascadebiochem.com
Bio-resin 9,072 www.bioresins.eu
High Pressure Steam 26 Ng and Ng (2013)
Bio-synga: 60C IChemE (2014
Bio-oil 80C Careddi Technology Ltd. (201
Bio-char 380 Ng and Ng (2013)
Bio-hydrogen 818 Murillo-Alvarado et al., (2013)
Xylitol 4,200 Shanghai Yanda Biotechnology Ltd

(2014)

Bio-ethanol 523 Murillo-Alvarado et al. (2013)




Bio-gas 398 Oo et al. (2012)
Bio-methanc 87( Murillo-Alvarado et a (2013
Electricity 140 Ng and Ng (2013)
Medium Pressure Steam 17 Ng and Ng (2013)
Low Pressure Steam 12 Ng and Ng (2013)
Bio-ethylene 1,544 ICIS (2014)
Bio-diese 79C Murillo-Alvarado et a (2013
Bio-gasoline 1,315 EIA (2014)
Ammonia 745 ICIS (2014)
Formaldehyde 463 ICIS (2014)

Table 4 Annual demands for products in t/y

Product Five percent of Products hypothetical demands Reference
world demands (tly) or (MWhly)
(tly) or (MWhly)
Dry Long Fiber 4,270,000 85.4 Lenzing Group AG (2D1
Bio-compos 20,00 04 Biocomp Nepal (201«
Activated carbon 95,000 1.9 www.filtsep.com
Cellulose 29(,50C 5.81 Lenzing Group AG (201-
Hemicellulose 750,000 15 Christopher (2012)
Lignin 30,000 0.6 International Lignin InstituteQ(®4)
Briquette 1,500,000 30 Assumed value based ont et
torrefied pellet demands
Pelle 1,85(,00C 37 O’'Carroll (2012
Torrefied Pellet 350,000 70 www.biomassmagazine.com
Bio-composite 46,000 0.92 Carus (2012)
Carboxymethyl 20,000 0.4 www.prweb.com
Cellulose (CMC)
Glucose 290,500 5.81 Assumed value based on cgflulg
deman
Xylose 750,000 15 Assumed value based on
hemicellulose demai
Bio-resir 1G,00C 0.2 www.thomasnet.co
High pressure steam 100,000 2 www.enerdata.com
Bio-synga 23,10C,00€,000 462,00C Boerrigter and Drift (200!
Bio-oil 250,000 5 Bradley (2006)
Bio-chal 15(,00¢,00C 3,00C www.nature.cor
Bio-hydroget 18,775,00C 37E5 Santibane-Aquilar et al. (2011
Xylitol 100 0.002 www.companiesandmarket.com
Bio-ethanc 18C,00C 3.6 Santibane-Aquilar et al. (2011
Bio-gas 450,000 9 Svensson (2010)
Bio-methanc 15,00C 0.3 Murillo-Alvarado et al(2013
Electricity 1,000,000 20 www.enerdata.com
Medium pressure 45,000 0.9 Assumed value for 50% of high
stean pressure stea
Low pressure steam 22,500 0.45 Assumed valugORr of medium
pressure steam
Bio-ethylent 7,00¢,00C 14C Technip (201«
Bio-diesel 40,000 0.8 Santibanez-Aquilar et al1(P0
Bio-gasolint 60,00 1.2 EIA (2014
Ammonia 8,500,000 170 www.hazmatmag.com
Formaldehyd 2,10¢,00C 42 Lubon Industry Ltd. (201:

Malaysia is geographically separated by two regimnshe South China Sea. These two regions
are called as Peninsula Malaysia and East of Mialaysthe Peninsula as shownfig. 3, the main areas

of palm oil plantations, and hence the main ardaERB producers are situated in states of Johore,



Pahang, and Perak (MPOB, 2013). Only these thegesstvere considered for EFB collection points as
shown byTable 5 Locations of the processing facilities (pre-pssirg, main processing, further
processing 1, and further processing 2) were censitionly for the Peninsula Malaysia. Operational
status of these processing facilities are eith#y faperational, nearly operation or at a demortistna
level. Distances for connecting two processingliteas were determined using Google Maps. Biomass
cost of the EFB was $6/t.
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Table 5Biomass feedstock availability for Johore, Pahang Perak

Biomass Fresh fruit bunch | Plantation area | Fresh fruit bunch Palm empty fruit Reference
feedstock yield (t/ha) (ha) production (t) bunch productions
®)*
EFB Collection 19.49 730,694 14,241,226.06 3,275,481.99
1 (Johore
EFB Collection 20.21 710,195 14,353,040.95 3,301,199.42
2 (Pahang) MPOB




EFB Collection 20.31 384,594 7,811,104.14 1,796,553.95 (2014)
3 (Perak)
Total 60.01 1,825,483 36,405,371.15 8,373,235.36
* 23% of fresh fruit bunch will be assumedly to guze EFB as reported by Ng and Ng (2013)
Table 6 Approximatedransportation cost and G@mission factor for EFB feedstock frapo h
EFB storage,g | Pre-processing| Distance (km) Transportation mode Cost ($/t) CQ@emission factor (t
facility, h CO,equivalent /t of
biomass transported)
EFB Collection| Aerobic 0 - 0 0
1 Digestion
EFB Collection| DLF Production 271 Train 29.54 0.0060
1
EFB Collection | Extraction Plant 322 Train 31.24 0.0071
1
EFB Collection | Briquetting 271 Train 29.54 0.0060
1 Plant
EFB Collection | Pelletization 287 Train 29.98 0.0063
1 Mill
EFB Collection | Torrefied 208 Train 27.45 0.0046
1 Pelletization
EFB Collection | Alkaline 208 Train 27.45 0.0046
1 Activation
(Activated
Carbon) Plan
EFB Collection | Aerobic 0 - 0 0
2 Digestion
EFB Collection | DLF Production 165 Train 26.01 0.0036
2
EFB Collection | Extraction Plant 230 Train 28.18 0.0051
2
EFB Collection | Briquetting 165 Train 26.01 0.0036
2 Plant
EFB Collection | Pelletization 195 Train 27.01 0.0043
2 Mill
EFB Collection | Torrefied 224 Train 27.98 0.0049
2 Pelletization
Mill
EFB Collection | Alkaline 224 Train 27.98 0.0049
2 Activation
(Activated
Carbon) Plant
EFB Collection | Aerobic 0 - 0 0
3 Digestion
EFB Collection | DLF Production 274 Train 29.64 0.0060
3
EFB Collection | Extraction Plant 486 Train 36.70 0.0107
3
EFB Collection | Briquetting 274 Train 29.64 0.0060
3 Plant
EFB Collection | Pelletization 289 Train 30.14 0.0064
3 Mill
EFB Collection | Torrefied 346 Train 32.04 0.0076
3 Pelletization
Mill
EFB Collection | Alkaline 346 Train 32.04 0.0076
3 Activation
(Activated
Carbon) Plant




Table 7 Approximated transportation cost and {#nission factor for pre-processed feedstock findm

J

Pre-processing Main processing Distance Transportation Cost ($/t) CGO, emission factor (t
facility, h facility, j (km) mode CO,equivalent /t of
product transported)

Extraction Plant CMC Production 0 - 0 0

Extraction Plant Acid Hydrolysis 546 Train 38.70 0.0120

Extraction Plant Enzymatic 315 Train 31.00 0.0069
Hydrolysis

Extraction Plant Resin Productio 386 Train 33.37 0.0085

DLF Production Bio-composite 33 Truck 12.26 0.0020
Production

Briquetting Plant Boiler 83 Truck 20.46 0.0051
Combustior

Pelletization Mill Boiler 88 Truck 21.28 0.0055
Combustion

Pelletization Mill Gasification 17 Truck 9.63 0N

Pelletization Mill Fast Pyrolysis 0 - 0 0

Pelletization Mill Slow Pyrolysis 34t Train 32.01 0.007¢

Torrefied Pelletization | Boiler 23 Truck 10.61 0.0014

Mill Combustior

Torrefied Pelletization | Gasification 78 Truck 19.64 0.0048

Mill

Torrefied Pelletization | Fast Pyrolysis 86 Truck 20.95 0.0053

Mmill

Table 8 Approximated transportation cost and £fnission factor for intermediate produckfromj to

Main processing | Further processing 1 Distance Transportation Cost ($/t) CO, emission factor
facility, j facility, | (km) mode (t CO,equivalent /t of
product transported)
Acid Hydrolysis Fermentation Plant 327 Train 314 0.0072
Acid Hydrolysis Anaerobic Digestion 338 Train 31.78 0.0074
Plant
Acid Hydrolysis Xylitol Production 0 - 0 0
Enzymatic Fermentation Plant 65 Truck 17.51 0.0040
Hydrolysis
Enzymatic Anaerobic Digestion 37 Truck 1291 0.0023
Hydrolysis Plan
Enzymatic Xylitol Production 379 Train 33.14 0.0083
Hydrolysis
Boiler Combustior | Power Productiol 0 - 0 0
Gasification Separation Plant 0 - 0 0
Gasification Methanol Productiol 404 Pipeline 20.2( 0
Gasification FTL production 19 Pipeline 0.95 0
Fast Pyrolysit Bio-oil Upgrading 94 Pipeline 4.7 0
Fast Pyrolysit Steam Reforming Pla 0 - 0 0

Table 9 Approximated transportation cost and £&nission factor for intermediate product 2, m flom

ton
Further Further processing Distance Transportation Cost ($/t) CO, emission factor (t
processing 1 2 facility, n (km) mode CO,equivalent /t of

facility, | product transported)
Steam Reforming | Ammonia Production 361 Pipeline 18.05
Plant
Separation Pla Ammonia Productiol 367 Pipeline 18.3¢ 0
Methanol Formaldehyde 686 Pipeline 34.30 0
Production Production




| Fermentation Plant]  Bio-ethylene | 316 | Pipeline | 05.8 | 0
Table 10Approximated production cost factortain $ per tonne
Biomass ype,g Pre-processingh Pre-processed roduct, i $/t Reference
Blended EFBs DLF Production Dry Long Fiber 85 wwenpfarm.com
Blended EFBs Aerobic Digestion Bio-compost 10 Falghal. (1993)
Blended EFBs Alkaline Activation Activated Carbon 44 Lima et al. (2008)
Blended EFBs Extraction Cellulose 125 Murillo-Alado et al.
(2013
Blended EFBs Extraction Hemicellulose 130 Murillbsarado et al.
(2013)
Blended EFBs Extraction Lignin 135 Murillo-Alvara@o al.
(2013)
Blended EFBs Briquetting Briquette 50 Kanna (2010)
Blended EFBs Pelletization Pellet 60 PPD Technekdmc.
(2011)
Blended EFBs Torrefied Pelletization Torrefied Bell 70 PPD Technologies Inc.
(2011
Table 11Approximated conversion factor fat
Biomass typeg | Pre-Processingh Pre-processed Conversion Reference
product, i factor
BlendedEFBs DLF Productiol Dry Long Fibe 0.37 Ng and Ng (201:
Blended EFBs Aerobic Digestion Bio-compost 0.95 bkt al. (2010)
BlendedEFBs Alkaline Activatior | Activated Carbor 0.5C Kaghazchi et al. (200
Blended EFBs Extraction Cellulose 0.63 Assumede/alased on
hemicellulose and lignin
conversion factor
Blended EFBs Extraction Hemicellulose 0.18 www.igatech.edu
Blended EFBs Extraction Lignin 0.19 www.pureligmiom
BlendedEFBs Briquetting Briquette 0.3¢ Ng and Ng (201:
Blended EFBs Pelletization Pellet 0.38 Ng and NYL@
Blended EFBs Torrefied Torrefied Pellet 0.38 Ng and Ng (2013)
Pelletization

Table 12 Approximated C@Qemission factor &t

Biomass typeg | Pre-Processingh Pre-processed CO, emission factor (t Reference
product, i CO, equivalent/t of
product produced)
Blended EFBs DLF Production Dry Long Fiber 0.0041 wwvoecotextiles.wordpress.cp
m
Blended EFBs | Aerobic Digestion Bio-compost 0.0200 wwiepa.gov
Blended EFBs Alkaline Activated Carbon 0.0176 Www.omnipure.com
Activation
Blended EFBs Extraction Cellulose 0.0590 MurillosAdado et al. (2013)
Blended EFBs Extraction Hemicellulose| 0.0650 Maor#llvarado et al. (2013)
Blended EFBs Extraction Lignin 0.0620 Assumed védased on values
for cellulose and hemicellulose
Blended EFBs Briquetting Briquette 0.0500 Assumeldie
Blended EFBs Pelletization Pellet 0.0500 Assumédeva
Blended EFBs Torrefied Torrefied Pellet 0.0805 Kaliyan et al. (2014)

Pelletization




Table 13Approximated production cost factorjanh $/t

Pre-processed feedstock}  Main processing,j Intermediate $it Reference
i product 1, k
Dry Long Fiber Bio-composite Bio-composite 107.0 ERIA (2014)
Production
Cellulose CMC Production CMC 2,500.0 www.trade.empa.eu
Cellulose Acid Hydrolysis Glucose 73.4 Murillo-Akzdo et al.
(2013)
Cellulose Enzymatic Hydrolysis Glucose 85.7 Murilltvarado et al.
(2013)
Hemicellulose Acid Hydrolysis Xylose 168.7 Murilkekvarado et al.
(2013)
Hemicellulose Enzymatic Hydrolysis Xylose 83.1 MigriAlvarado et al.
(2013)
Lignin Resin Production Bio-resin 1,900.0 Chiaraket al. (2013)
Briquette Boiler Combustio HP Stean 20.7 wwwl.eere.energy.gt
Pellet Boiler Combustion HP Steam 20.7 wwwl.eeerg@ngov
Pellet Gasification Bio-syngas 300.0 Assumed valased on 50%
of Bio-syngas pric
Pellet Fast pyrolysis Bio-oil 1,003 Thorp (2010)
Pelle Slow pyrolysit Bio-chal 111.F WWW.irena.or(
Torrefied Pellet Boiler Combustion HP Steam 20.7 wilveere.energy.gov
Torrefied Pellet Gasification Bio-syngas 300.0 Amssd value based on 509
of Bio-syngas pric
Torrefied Pellet Fast pyrolysis Bio-oil 1003 ThdgD10)
Table 14Approximated conversion factor jat
Pre-processed Main processing,j Intermediate product Conversion Reference
feedstocki 1,k factor
Dry Long Fiber Bio-composite Bio-composite 0.75 Karbstein et al. (2013)
Production
Cellulose CMC Productio CMC 0.8€ Saputra et al. (201
Cellulose Acid Hydrolysis Glucose 0.37 Murillo-Akalo et al. (2013
Cellulos¢ Enzymatic Hydrolysi | Glucost 0.47 Murillo-Alvarado et al. (201:
Hemicellulose Acid Hydrolysis Xylose 0.91 Murillokarado et al. (2013
Hemicellulose Enzymatic Hydrolysis  Xylose 0.88 MigriAlvarado et al. (2013)
Lignin Resin Productic Bio-resir 0.95 Yin et al. (2012
Briquette Boiler Combustion HP Steam 0.20 Seangy/Flynn (2009)
Pelle Boiler Combustio HP Stean 0.2F Searcy and Flynn (20C
Pellet Gasification Bio-syngas 0.70 Boerrigter &nift (2005)
Pellet Fast pyrolysis Bio-oil 0.60 Zhang et al. 13D
Pellet Slow pyrolysis Bio-char 0.50 www.biocharfarorg
Torrefied Pellet Boiler Combustion HP Steam 0.30 ar8eand Flynn (2009)
Torrefied Pelle Gasificatior Bio-synga 0.8C Boerrigter an Drift (2005)
Torrefied Pellet Fast pyrolysis Bio-oil 0.60 Zhaetepl. (2013)
Table 15Approximated C@emission factor gt
Pre-processed Intermediate CO, emission factor (t Reference

feedstock,i

Main processing,
j

product 1,k

CO, equivalent/t of
product produced)

Dry Long Fiber Bio-composite Bio-composite 7.481 www.winrigo.com
Production

Cellulose CMC Production| CMC 0.097 Assumed value

Cellulose Acid Hydrolysis Glucose 0.097 Murillo-Adrado et al. (2013)

Cellulose Enzymatic Glucose 0.085 Murillo-Alvarado et al. (2013),

Hydrolysis




Hemicellulose Acid Hydrolysis Xylose 0.075 Murillslvarado et al. (2013)

Hemicellulose Enzymatic Xylose 0.082 Murillo-Alvarado et al. (2013)
Hydrolysis

Lignin Resin Production | Bio-resin 2.500 www.netcarsipes.com

Briquette Boiler HP Steam 0.750 www.sarawakenergy.com.my
Combustion

Pellet Boiler HP Steam 0.750 Assumed value
Combustion

Pellet Gasification Bio-syngas 0.680 Basu (2013)

Pellet Fast pyrolysis Bio-oil 0.580 Zhang et aD13)

Pellet Slow pyrolysis Bio-char 0.580 Zhang et 2013)

Torrefied Pellet Boiler HP Steam 0.750 Assumed value
Combustion

Torrefied Pellet Gasification Bio-syngas 0.680 B0 3)

Torrefied Pellet Fast pyrolysis Bio-oil 0.580 Zhaetaal. (2013)

Table 16 Approximated production cost factorlanh $/t or per MWh

nY

Intermediate | Further processing Intermediate $/t or MWh Reference
product 1,k 1,1 product 2, m

Bio-oil Steam Reformin Bio-hydrogel 45E.0 Sarkar and Kumar et al. (20:

Bio-oil Bio-oil Upgrading Bio-gasoline 1,089.0 Whgand Brown (2011)

Bio-oil Bio-oil Upgrading Bio-diesel 918.0 Wrighhd Brown (2011)

Glucose Fermentatio Bio-ethana 98.2 Murillo-Alvarado et al. (201:

Xylose Fermentation Bio-ethanol 98.2 Murillo-Alvdiaet al. (2013)

Glucose Anaerobic Bio-gas 199.0 Assumed value for 50% less of thegai® price
Digestior

Xylose Anaerobic Bio-gas 199.0 Assumed value for 50% less of thegai® price
Digestior

Xylose Xylitol Production Xylitol 2,100.0 Assumeditue for 50% less of the xylitol price

HP Steam Power Production Electricity 58.9/MWh Sgand Flynn (2009)

HP Stear Power Productic MP Stear 12.C Assumed valued based on the steam

HP Steam Power Production LP Steam 7.0 Assume@ddlased on the steam price

Bio-syngas Methanol Bio-methanol 83.6 Murillo-Alvarado et al. (2013)
Productior

Bio-syngas Separation Bio-hydrogen 112 Schubet3p0

Bio-synga FTL Production Bio-diese 167.% Murillo-Alvarado et al. (201:

Bio-syngas FTL Productions Bio-gasoline 519.8 Wrrigihd Brown (2011)

Table 17Approximated conversion factor lat

Intermediate Further Intermediate Conversion Factor Reference

Product 1,k Processing 11 Product 2,m

Bio-oil Steam Reforming| Bio-hydroger) 0.84 DillichQ13)

Bio-oil Bio-oil Upgradin¢ | Bio-gasoline 0.4C Kim et al. (2011

Bio-oil Bio-o0il Upgradin¢ | Bio-diese 0.2C Kim et al. (2011

Glucose Fermentation Bio-ethanol 0.33 Murillo-Adzdo et al. (2013)

Xylose Fermentatio Bio-ethanc 0.3 Murillo-Alvarado et al(2013

Glucose Anaerobic Bio-gas 0.70 Hubbe et al. (2010)
Digestior

Xylose Anaerobic Bio-gas 0.70 Hubbe et al. (2010)
Digestion

Xylose Xylitol Xylitol 0.70 Prakasham et al. (2009)
Productiot

HP Steam Power Productioh  Electricity 0.30 MWh/®oh steam www.turbinesinfo.com

HP Stear Power Productic | MP Stear 0.3 Ng and Ng (201

HP Steam Power Production  LP Steam 0.35 Ng andBit3)




Bio-syngas Methanol Bio-methanol 0.41 Murillo-Alvarado et al. (2013)
Production
Bio-syngas Separation Bio-hydrogen 0.46 Murillo-#dado et al. (2013)
Bio-syngas FTL Productions Bio-diesel 0.71 Boesigind Drift (2005)
Bio-syngas FTL Productions Bio-gasoling 0.29 Asstivadue from bio-diesel
conversion factor

Table 18 Approximated C@emission factor dt

Intermediate Further Processing Intermediate CO, emission factor (t CG Reference
Product 1,k 1,1 Product 2, m equivalent/t of product
produced)
Bio-oil Steam Reforming Bio-hydrogen 16.930 Zhahgle(2013)
Bio-oil Bio-oil Upgrading Bio-gasoline 13.000 Zhaegal. (2013)
Bio-oil Bio-oil Upgrading Bio-diesel 13.000 Zhanga. (2013)
Glucose Fermentation Bio-ethanol 0.098 Murillo-&dado et al.
(2013)
Xylose Fermentation Bio-ethanol 0.098 Murillo-Alealo et al.
(2013)
Glucose Anaerobic Bio-gas 0.250 Whiting & Azapagic,
Digestion (2014)
Xylose Anaerobic Bio-gas 0.250 Whiting & Azapagic,
Digestion (2014)
Xylose Xylitol Production Xylitol 0.082 Assumed va based
on value of xylose
HP Steam Power Production Electricity 0.050 Assunade
HP Steam Power Production MP Steam 0.050 Assurlad va
HP Steam Power Production LP Steam 0.050 Assurlad va
Bio-syngas Methanol Bio-methanol 0.083 Murillo-Alvarado et al.
Production (2013)
Bio-syngas Separation Bio-hydrogen 0.090 Murillar#xdo et al.
(2013)
Bio-syngas FTL Productions Bio-diesel 0.067 Murilltvarado et al.
(2013)
Bio-syngas FTL Productions Bio-gasoline 0.639 MarAlvarado et al.
(2013)

Table 19Approximated production cost factorrain $/t

Intermediate product 2, m Further processing 2,n Final product, p $/t Reference
Bio-hydrogen Ammonia Production Ammonia 377 www.fogen.en
ergy.go\
Bio-methanol Formaldehyde Production Formaldehyde 32 2 WWW.icis.com
Bio-ethang Bio-ethylene Productic Bio-ethylent 1,20C WwWw.irena.org

Table 20Approximated conversion factor it

Intermediate product 2,m | Further processing 2,n | Final product, p Conversion Reference

factor
Bio-hydroget AmmoniaProductiot Ammonie 0.8( www.hydrogen.energy.gt
Bio-methanol Formaldehyde Productioj Formaldehydg 970 Chu et al. (1997)
Bio-ethanc Bio-ethylene Productic Bio-ethylent 0.9¢ WWw.irena.or(




Table 21 Approximated C@emission factor at

Intermediate Further processing 2,n | Final product, CO, emission factor (t CG Reference
product 2, m p equivalent/t of product
produced)
Bio-hydrogen Ammonia Production Ammonia 1.694 Jabhl. (2006)
Bio-methanol Formaldehyde Formaldehyde 0.083 Assumed value
Production
Bio-ethanol Bio-ethylene Productio Bio-ethylene 400 www.irena.org

Mathematical Model

Since the aim of this study was to optimize thepbuphain of multi-products productions from
EFB, profitability was selected as an economic ipkidé indicator. Mathematical model was written as

below;
Maximize Profit =

Max (Sales of Products - Biomass cost - Transpioriatost - Production cost - Emission treatment cos

from transportation - Emission treatment cost froraduction) (@8]
Sales of products Eg =1Qp * Product’s selling price (2
Biomass cost = Y5 F; * EFB Cost (3)

Transportation cost = (Y531 FTF,, * TCGHy ) + (Xf Z{Zf FTHy;; * TCHIJp; ;) +

(S SESEFT)je0 * TCKL;ger) + (BF S8 SN FT Ly + TCLMNy ) (@)

Production cost =
(XH I FPHy; x PROCHy) + (S1 XS 2K FPJ; i x PROCT; i ) +

(K St SM FPLyjm * PROCLy ) + M EN 29 FPNpyno * PROCNyp o) (5)

Emission treatment cost from transportation = [(Zg YHFTFE,p) + (Zﬁ ! Z; FTHEh_l-,j) +

(Z?Zfz% FTIE; 1) + (St XM XN FTLE, 1, )| x Emission treatment cost per tonne CO2e (6)
FTFE,, = FTFy, * ETCGHy), (7)

FTHEy;; = FTHp; j * ETCHI]; ; (8)



FTJEjx, = FT]j.* ETCJKLj, 9)
FTLE ;yy = FTLjjypn * ETCLMN, 1, , (20)

Emission treatment cost from production = [(ZﬂZ{FPHEh_i) + (Z{ZfoFP]Ei,j,k) +
(Kt SM FPLE ;) + (ZM YN Y9 FPNEp 1,0) * Emission treatment cost per tonne CO2e
(11)

FPHEy; = FPHy; + EPROCHy; (12)
FPJE,jx = FPJ;jx * EPROC]; (13)
FPLEj ;m = FPLy 1 * EPROCLy;m (14)
FPNEpno = FPNppo* EPROCNp, o (15)

For the inequality constraints, the amount of ERBseach resource location must be not
exceeding their availability. The demands for eathlihe products must be met. Both constraints are
represented by (16) and (17).

Y% F, < Biomass Availability (16)
Five percent of World Demands = Q,, = Product’s Demand a7

Equations for mass balances are represented bytlit8ygh (27). Descriptions about each

equation in the model and terms were showhahble 22andTable 23

YHFTF,, < F, (18)
Y5 FTFyp * CONVHy; = FPHy; (19)
FPHy; = ¥\ FTHy,; ; + FSHy; (20)
Y} FTHy;j* CONV]; ;i = FPJ; (21)
S{FPlijg = FSJjj + ZEFT] (22)
YIFTjjy % CONVLgym = FPLyym (23)

leg FPLk,l,m = FSLl,m + Zg FTLl,m,n (24)



SEFTLymn * CONVNp o = FPNpyo

Z%FPNm,n,o =

FSN,,

Zﬁ FSHh_i + Z;FS]j,k + Z%FSLl,m + ZﬁFSNn.O = Qp

Table 22Description about model’s formulations

(25)
(26)

(27)

Formulation Description
1) Objective function
(2) Equation to calculate total sales of products
3) Equation to calculate total biomass cost
(4) Equation to calculate total transportation cost
(5) Equation to calculate total production cost
(6) Equation to calculate total emission treatno&st from transportations
) Equation to calculate emission from transpatabetweerg andh
(8) Equation to calculate emission from transpatebetweerh andj
9) Equation to calculate emission from transpatebetween andl
(20) Equation to calculate emission from transpmntebetweer andn
(11) Equation to calculate total emission treatnoast from productions
(12) Equation to calculate emission from productbh
(13) Equation to calculate emission from producton
14) Equation to calculate emission from productoh
(15) Equation to calculate emission from producton
(16) Amount of EFB in tonne per year must not erceeailability
a7) Amount of produced product in tonne or MWh pear must at least meet the demand
(18) Mass balance for EFB storages outlet in tquereyear
(29) Mass balance for yield of pre-processed fegttstin tonne per year
(20) Mass balance for pre-processing facilitiedetim tonne per year
(21) Mass balance for yield of intermediate productn tonne per year
(22) Mass balance for main processing facilitieedin tonne per year
(23) Mass balance for yield of intermediate prod&in tonne or MWh per year
(24) Mass balance for further processing facilifigsutlet in tonne per year
(25) Mass balance for yield of final products intie per year
(26) Mass balance for further processing facililesutlet in tonne per year
(27) Summation of sales for all productdat, |, andn
Table 23Descriptions of terms used in (1) through (27)
Term Category Description
Qp Variable Sum up of products from each of produmtagie in t/'y or MWh/y
F Variable Amount of biomass available at resource locatichstored in tly
FTFyp, Variable Amount of biomass transported to pre-processinijtfas hin t/y
TCGHy p, Parameter Transportation cost factor for biomasdd®ck from g td in $/t
FTFEgp, Variable Amount of emission from transportationviietn g and h in t CQequivalent/y




ETCGHg p, Parameter Coemission factor for EFB feedstock transported fgpro h
FTHp; ; Variable Amount of pre-processed feedstodksransported from pre-processing facilitiesto
main processing facilitigisin t/y
FSHp; Variable Amount of pre-processed feedstotkgoduced from pre-processing facilitibsto be
sold directly in tly
TCHIJy,; j Parameter Transportation cost factor for pre-processed feettsiromh toj throughi in $/t
FTHE; ; Variable Amount of emission from transportationvieetnh andj in t CO, equivalent/y
ETCHIJp; ; Parameter Coemission factor for pre-processed feedstock trameg fromh toj
FT]j k. Variable Amount of intermediate products KLtransported from main processing facilitieso
further processing 1 facilitidsgn t/y
FS]jk Variable Amount of intermediate productskIproduced from main processing facilitiego be
sold directly in tly
TCJKLj, Parameter Transportation cost factor for intermediate produfiiomj tol throughk in $/t
FTJEjk, Variable Amount of emission from transportationvietnj andl in t CO, equivalently
ETCJKLj, Parameter C@emission factor for intermediate product 1 tramgzbfrom; tol
FTLymn Variable Amount of intermediate productsn2transported from further processing 1 facilities
further processing 2 facilitigsin t/y
FSLym Variable Amount of intermediate productsr2produced from intermediate products through
further processing 1 facilitidgo be sold directly in tly
TCLMN, 1, Parameter Transportation cost factor for intermediate produfiom| to n throughmin $/t
FTLE; ;n Variable Amount of emission from transportationvibeen | and n in t CQequivalently
ETCLMN,,, | Parameter Coemission factor for intermediate product 2 tramsggbfroml ton
FSNy, Variable Amount of final producte produced from intermediate productsrthrough further
processing 2 facilities to be sold in tly
FPHy, ; Variable Amount of pre-processed feedstockzroduced from biomass feedstockghrough pre-
processing facilitieb in t/y
PROCHp; Parameter Production cost factor &tto produce fromgin $/t
FPHE; Variable Amount of emission from productiontain t CO, equivalent/y
EPROCH; Parameter Coemission factor at productidn
FPJijk Variable Amount of intermediate product K. produced from pre-processed feedstacksough
main processing facilitigisin t/y
PROC]; j i Parameter Production cost factor @to producek fromi in $/t




FPJE; Variable Amount of emission from production at jti€O, equivalent/y

EPROC]; j Parameter C@emission factor at productign

FPLym Variable Amount of intermediate productsr2 produced from intermediate product& through
further processing 1 facilitidsn t/'y or MWhly

PROCLy;m Parameter Production cost factor &to producem from kin $/t or $/ MWh

FPLE | m Variable Amount of emission from production at tiGO, equivalent/y
EPROCLy ;1 Parameter C@emission factor at productidn
FPNypo Variable Amount of final product® produced from intermediate productsm2through further

processing 2 facilities in tly

PROCNy 10 Parameter Production cost factor atto produce frommin $/t

FPNE ., 1o Variable Amount of emission from production at rt @0, equivalently
EPROCN,,, | Parameter C@emission factor at production

CONVHy ; Parameter Conversion factor dt to produce

CONVJ;jk Parameter Conversion factor gtto producek fromi

CONV Ly m Parameter Conversion factor dtto producemfromk

CONVNy 10 Parameter Conversion factor at to produceo fromm

Results and Discussions

The developed optimization model for the multi-pros productions from EFB was
implemented in General Algebraic Modeling SystemAGS) Rev 149, using CPLEX 11.0.0 as a solver.
The solution was performed in AMD A10-4600M APU pessor and contained 42 blocks of equations,
31 blocks of variables, 5401 single equations, 46,84gle variables and took 0.079s to solve. Fer th
given parameters, the optimal profit was found & $ 713,642,269 for a single ownership of all
facilities in the EFB’s supply chainTable 24shows optimal level of productions for all produatsich
utilized 1,900,400.458 tly, 6,451,782.271 t/ly ai¢D832.632 t/y of EFBs from Johore, Pahang andikPera
respectively. As was mentioned earlier, blendingeBBs were assumed so that it could meet the supply
requirements to the pre-processing facilities.ddition, optimization results have determined orsi of
the produced products whether to be further precess to be sold directly depending on the economic
profitability. Table 25 shows distributions of EFB sources to the respegtie-processing facilities and

their transportation emissions.



Table 240Optimal production level of products

Product Production (t/'y or MWhly)
DLF 2,302,323.090
Bio-compost 20,000.000
Activated carbon 95,000.000
Cellulose 134,363.904
Hemicellulose 37,862.333
Lignin 30,000.000
Briquette 30.000
Pellet 37.000
Torrefied pellet 70.000
Bio-composite 0.920
CMC 0.400
Glucose 5.810
Xylose 15.000
Bio-resin 10,000.000
HP steam 2.000
Bio-syngas 462,000.000
Bio-oil 5.000
Bio-char 3,000.000
Bio-hydrogen 375.500
Xylitol 0.002
Bio-ethanol 3.600
Bio-gas 9.000
Bio-methanol 0.300
Electricity 20.000
MP Steam 23.333
LP Steam 23.333
Bio-ethylene 140.000
Bio-diesel 40,000.000
Bio-gasoline 16,338.028
Ammonia 170.000
Formaldehyde 42.000

Table 25Amount of EFB biomass transported to pre-procesiiaifjtiesh, FTF, in tonne per year

and (emission) ' TFE, , in t CO, equivalent/y

Biomass
source

Aerobic
digestion

DLF
production

Alkaline
activation

Extraction | Briquetting

Pelletization

Torrefied
pelletization

EFB
collection
1 (Johore)

190,000.000

(874.000)

1,710,400.458
(7,867.842)

EFB
collection
2
(Pahang)

6,222,498.153 -
(22,400.993)

213,296.399| 78.947

(1,087.812) |  (0.284)

15,908.772

(68.408)

EFB
collection

- 21,052.632




3 (Perak)

Next, from the pre-processing facilities, the pregessed products would have two options in

which either to be processed in the main procesiiailjities or to be purchased by the users diyectl

These are shown byable 26 andTable 27. For example, considering demand and EFB avaiitgbit

was more economical to sell dry long fiber (DLRnhto send it the next stage of processing. These w
similar cases for cellulose and hemicellulose atgiven parameters. Oppositely, the results indit#iat

it was more economical to process the extractednign the main processing facilities (resin praotituc)

than to sell it directly. Summation of the porticlasbe sent for main processing and the portionseto
sold are equal to the amount of pre-processed tfeelds produced by the respective pre-processing

facility. For the transportation emissions, famt with zero distances and that have used pipeline

transportations would produce no emission.

Table 26 Amount of pre-processed feedstocksansported from pre-processing facilitetd main
processing facilitieg FTHy,; ; in tly and (emission};THE}, ; ; in t CO, equivalent/y

Path

Bio-
composit
e
producti
on

CMC
producti
on

Acidic
hydrolys
is

Enzymat
ic
hydrolys
is

Resin
producti
on

Boiler
combust
ion

Gasificat
ion

Fast
pyrolysis

Slow
pyrolysis

DLF
from

DLF
productio
n

1.227

(0.002)

Cellulose
from
extractio
n

0.465

12.362

(0.085)

Hemicell
ulose
from
extractio
n

0.003

(3.768 x
10%)

531.016

(3.664)

Lignin
from
extractio
n

10,526.3
16

(89.474)

Torrefied
pellet
from

228.889

649,653
285




torrefied (0.320) | (3,118.33
pelletizat 6)
ion

Pellet - - - - - 8.333 - - 6,000.00
from

pelletizat (45.600)
ion

Table 27 Amount of pre-processed feedstocksoduced from pre-processing facilitieso be sold
directly, FSHy,; in tly

Path Amount to be sold directly (t/y) Sales of prodcts ($/y)
DLF from DLF production 2,302,323.090 483,487,848.
Bio-compost from aerobic digestion 20,000.000 2000.0
Activated carbon from alkaline 95,000.000 166,820,000.0
activation
Cellulose from extraction 134,363.904 295,600,888.
Hemicellulose from extraction 37,862.333 75,726,66
Lignin from extraction 30,000.000 45,000,000.0
Briquette from briquetting 30.00 3,600
Pellet from pelletization 37.00 5,180
Torrefied pellet from torrefied 70.00 11,200
pelletization

After exiting the main processing facilities, th#ermediate products 1 again would either be
sending for next processing step (further procgs$cilities 1) or to be sold directlyiable 28 and
Table 29 show the both options. The amounts of bio-synga® gasification was shown by the model’s
results to be sold directly in preference over wothfer refine it in methanol production and FTL
production facilities. Since there was no furthesgessing for bio-resin as shown in the superatracit
would be automatically sold directly to the custonihe amount of bio-oil however was larger to for
further refinement as compared to be sold directly.

Table 28 Amount of intermediate productskXransported from main processing facilitj¢e further
processing 1 facilitiek FT/;; in tly and (emissionfT/E; ., in t CO, equivalent/y

Path Separation Xylitol Fermentation Anaerobic Power Methanol FTL
production digestion production production production




Xylose from
acidic
hydrolysis

0.003

Xylose from
enzymatic
hydrolysis

439.437

(1.758)

12.857

(0.030)

Bio-syngas

1,278.261

from
gasification

106.339

56338.02

HP steam -
from boiler
combustion

66.667

Table 29 Amount of intermediate productkroduced from main processing facilitje® be sold

directly, FSJ; intly

Path Amount to be sold directly (t/y) Sales of prodcts ($/y)
Bio-composite from bio- 0.920 575.0
composite production
CMC from CMC production 0.400 1,400.0
Glucose from enzymatic 5.810 10,980.9
hydrolysis
Xylose fromenzymatic 15.000 29,850.0
hydrolysis
Bio-resin from resin production 10,000 90,720,000.0
HP Steam from boiler combustign 2.00 52.0
Bio-syngas from gasification 462,000.00 277,200,000
Bio-oil from fast pyrolysis 5.000 4,000.0
Bio-char from slow pyrolysis 3,000.00 1,140,000

The further processing 1 facilities will producéeinmediate products 2. These intermediates need

if the demand is too low.

to be further processed or the manufactures cathseh directly to fulfill the specified demandgable
30 and Table 31 show these options. At this point, majority of fheduced products would be sold
directly as no further processing required excepttlie portions of bio-hydrogen, bio-ethanol and- bi

methanol. With the given parameters, product ssckyhitol could be neglected for production espligia




Table 30Amount of intermediate producta2transported from further processing 1 faciliies further
processing 2 facilities, FTL; ,, , in tly

Path Ammonia production Formaldehyde production Bioethylene

production

Bio-hydrogen from steam 212.500 - -

reforming

Bio-ethanol from - - 141.414

fermentation

Bio-methanol from - 43.229 -

methanol production

Table 31 Amount of intermediate producta2produced from intermediate productk through further
processing 1 facilitiekto be sold directly FSL; ,,, in t/y or MWh/y

Path Amount to be sold directly (ty) Sales of prodcts ($/y)
Bio-hydrogen from steam 375.500 307159.0
reforming
Xylitol from xylitol 0.002 8.4
production
Bio-ethanol from 3.600 1,882.8
fermentation
Bio-gas from anaerobic 9.000 3,582.0
digestion
Bio-methanol from 0.300 261.0

methanol production

Electricity from power 20.000 2,800.0
production

MP Steam from power 23.333 396.6
production

LP Steam from power 23.333 280.0
production

Bio-diesel from FTL 40,000.000 31,600,000.0
production

Bio-gasoline from FTL 16,338.028 21,484,506.8
production

Finally, the further processing 2 facilities witoduce the final products. These three products

are then ready to be shipped for selling as showrable 32



Table 32 Amount of final products produced from intermediate products2hrough further processing
2 facilitiesn to be soldFSN,, , in tly

Path Amount (t/y) Sales of products ($/y)
Ammonia from ammonia production 170.000 126,650.0
Formaldehyde from formaldehyde 42.000 19,446.0
production
Bio-ethylene from bio-ethylene 140.000 216,160.0
production

The amount of emissions from production were tiselteof multiplications between the emission
factors and the mass flowrates. Having said tlhis,dwner of the EFB’s facilities would be aware of
which production facilities have emitted large amiguof CQ equivalent per year, despite the optimal
overall profitability has already considered theision treatment cost$able 33till Table 36tabulate

these emission results that originated from pradost

Table 33Amount of emission from production fain t CO, equivalent/yFPHE}, ;

Product

DLF
production

Aerobic
digestion

Alkaline
activation

Extraction

Briquetting

Pelletizatio
n

Torrefied
pelletizatio
n

DLF from

9,439.530

Bio-
compost
from

400.000

Activated
carbon from

1,672.000

Cellulose
from

7,928.227

Hemicellulo
se from

2,495.568

Lignin from

2,512.632

Briquette
from

1.500

Pellet from

302.267

Torrefied
pellet from

52,321.150




Table 34Amount of emission from production jain t CO;, equivalent/yFPJE; j

Produc

DLFin
bio-
compos
ite
produc
tion

Cellulo
sein
cmMC
produc
tion

Cellulo
sein
enzyma
tic
hydrol
ysis

Hemice | Hemice
llulose | llulose
in acid in
hydrol | enzyma
ysis tic
hydrol
ysis

Lignin

in resin

produc
tion

Torrefi
ed ed
pellet pellet
in in
boiler | gasifica

combus | tion
tion

Torrefi

Pellet

in fast

pyrolys
is

Pellet
in slow
pyrolys

is

Bio-
compos
ite from

6.883

CMC
from

0.039

Glucose
from

0.494

Xylose
from

2.143 x
10*

38.318

Bio-
resin
from

25,000.
000

HP
steam
from

51.500 -

Bio-
syngas
from

- 353,931
110

Bio-oil
from

2.900

Bio-
char
from

1,740.0
00

Table 35Amount of emission from productionlan t CO, equivalent/yFPLE}, ; .,

Product

Bio-syngas
in steam
separation

Xylose in
xylitol
production

Xylose in
fermentatio
n

Xylose in
aerobic
digestion

Bio-syngas
in
methanol
production

HP steam
in power
production

Bio-syngas
in FTL
production

Bio-
hydrogen
from

52.920




Xylitol - 1.640 x 1 - - - - -
from

Bio-ethanol - - 14.211 - - R N
from

Bio-gas - - - 2.250 - - -
from

Bio- - - - - 3.619 - -
methanol
from

Electricity - - - - - 1.000 -
from

MP steam - - - - - 1.167 -
from

LP steam - - - - - 1.167 -
from

Bio-diesel - - - - - - 2,680.000
from

Bio- - - - - - - 10,440.000
gasoline
from

Table 36 Amount of emission from production at n in t C&juivalent/yFPNE,, ,, ,
Product Bio-ethanol in bio-ethylene Bio-hydrogen in ammonia Bio-methanol in formaldehyde
production production production
Bio-ethylene 196.000 - -

Ammonia - 287.980 -
Formaldehyde - - 3.486

From these results, economic decision could be niada more guided way especially in
prioritizing investments for productions. Facilityvner was also being informed with potential enoissi
from both transportation and production activiti€ee owner has grater flexibilities in making démis
on whether to sell the produced product directlyhi customer or to further processing it dependimg

the market situations.

Sensitivity Analysis



Sensitivity analysis was performed by varying seding prices for three selected products i.e
bio-hydrogen, ammonia and bio-ethylene. Other prtsdaould be selected as well because the purpose
of this analysis was to observe effects on theativg function by manipulating the model’'s paramete
Three scenarios were created to demonstrate tlifestseas shown iTable 37. It can be seen that the
variations in selling prices, which might happere da changes in demands have definitely affected th

original recorded profit

Table 37 Sensitivity analysis for the profitability ($/yf the selected bio-products with selling prices’

variations
Scenario in selling price for the three products Oference in annual profit ($/y)
Scenario 1: All bio-hydrogen, ammonia and bio-ethgl have shown +64,997
10% increase in selling price
Scenario 2: Bio-hydrogen has shown 10% increasenamna has +18,051
decreased 10% and bio-ethylene remain the same
Scenario 3: Only bio-ethylene has decreased 10% -21,616

Conclusion and Future Works

The economic potentials of exploiting palm oil ER8 renewable feedstocks for the productions
of products that range from energy, chemicals aaterials were realized by having the optimal supply
chain. The optimal value for the objective functimas found to be $ 713,642,269and the other
decision variables were tabulated clearly. Preis#tgusteps for obtaining the optimal supply chaire
presented, and those steps would still be appbcatiten dealing with different kind of biomass
feedstocks and products. The parameters used imdidel were approximated from various literature
sources and were sufficient to illustrate the ayaiiility of the model. By considering single owrepsof
all facilities in the EFB’s supply chain, informetikcision could be made to prioritize investments fo

manufacturing profitable products.

For the future works, this model will be furtheeveéloped to include optimal selections of
processing route and transportation mode from ftems found in the superstructure. Such optimal

selections are required to eliminate unnecessampeconomical options.

Acknowledgements



The first author would like to express his spetti@nks to the Ministry of Higher Education of
Malaysia and Universiti Malaysia Pahang (UMP) taoe financial supports. This study was also paytiall

supported by the Natural Sciences and Engineergsg&ch Council of Canada (NSERC).

Reference

Abraham S., Evans D.L., and Marburger Ill J.H. @QQ.S. Climate Change Technology Program:
Technology Options for the Near and Long Tewiashington D.C, USA.

Auta M., Jibril M., Tamuno P.B.L, and Audu A.A. (2B), Preparation of Activated Carbon from Oil
Palm Fruit Bunch for the Adsorption of Acid Red &indgi Optimized Response Surface Methodglogy
Journal of Engineering Research and ApplicatiodBRIA) ISSN: 2248-9622, pp. 1805-1815.

Basu P. (2013)Biomass Gasification, Pyrolysis and Torrefactiomaétical Design and Theory2nd
Edition, Academic Press, UK.

Blok K., Williams R.H., Katofsky R.E., and HendriksA. (1995),Hydrogen Production from Natural
Gas, Sequestration of Recovered CO2 in Depleted \@eks and Enhanced Natural Gas Recoyery
Energy Vol. 22, No. 2/3, pp. 161-168.

Boerrigter H. and van der Drift B. (2005Biosyngas Key-Intermediate in Production of Remde
Transportation Fuels, Chemicals, and Electricitypt®hum Scale and Economic Prospects of Fischer-
Tropsch Plants14th European Biomass Conference & ExhibitiomisPa

BP Statistical Review of World Energy (2014), hitpww.bp.com/content/dam/bp/pdf/Energy-
economics/statistical-review-2014/BPstatisticaliearof-world-energy-2014-full-report.pdf, (accessed
in January 8, 2015).

Bradley D. (2006)A Report for European Market Study for Bio-oil (Blysis Oil) Climate Change
Solutions, Ottawa, Ontario.

Carus M. (2012)Market Overview of Wood-Plastic Composites and OBie-composites in Europe
Presentation Slides, Nova-Institut GmbH, Heurth;n@ay.

Chiarakorn S., Permpoonwiwat C.K., and Nanthacleatahkul P. (2013), Cost Benefit Analysis of
Bioplastic Production in Thailand, Economics an®IRuPolicy, 3 (6): 44-73, ISSN 1906-8522.

Chong P.S., Md. Jahim J., Harun S., Lim S.S., Abbdtalib S., Hassan O., and Mohd Nor M.T. (2013),
Enhancement of Batch Biohydrogen Production frorahidrolysate of Acid Treated Oil palm Empty
Fruit Bunch,International Journal of Hydrogen Energy 38, 998929.

Christopher L. (2012)Adding Value Prior to Pulping: Bio-products from ideellulose, Global
Perspectives on Sustainable Forest Managem8BiN: 978-953-51-0569-5.

Chu P.M., Thorn W.J., Sams R.L., Guenther F.R. 7.99n-Demand Generation of a Formaldehyde-in-
Air Standard,Journal of Research of the National Institute tah8ards and Technology, Vol. 102(5).



Dayana Amira R., Roshanida A.R., Rosli M.l., Siéitimah Zahrah M.F., Mohd Anuar J. and Nazrul
Adha C.M. (2011)Bioconversion of Empty Fruit Bunches (EFB) and P&ihMill Effluent (POME)
into Compost Using Trichoderma Viren&frican Journal of Biotechnology Vol. 10(81), pp8775-
18780.

Dillich S. (2013), Distributed Bio-Oil Reforming A Report for the National Renewable Energy
Laboratory (NREL), U.S.

Eco-ldeal Consulting Sdn. Bhd. & Mensilin Holdingdn. Bhd. (2005Barrier Analysis for the Supply
Chain Palm Oil Processing Biomass (Empty Fruit Bynas Renewable FueTlechnical report for
Malaysian-Danish Environmental Cooperation Programktalaysia.

Energy Information Administration (EIA),Independent Statistics & Analysis for Malaysia
http://www.eia.gov/countries/country-data.cfm?fipss (accessed in January 8, 2015).

Fabian E.E., Richard T.L., and Kay D. (1998)Report of Agricultural Composting: A FeasibilBgudy
for New York FarmsCornell Waste Management Institute, Cornell UniitgréNew York.

Foo K.Y. and Hameed B.H. (2011preparation of Oil Palm (Elaeis) Empty Fruit Bund&ctivated
Carbon by Microwave-Assisted KOH Activation for fkasorption of Methylene BluBesalination 275,
302-305.

Garcia R., Pizarro C., Lavin A.G, Bueno J.L. (2Q1Qharacterization of Spanish Biomass Wastes for
Energy UseBioresource Technology 103, 249-258.

Higson A. (2011)Cellulose as Natural PolymegRenewable Chemicals Factsheet, NNFCC, UK.
Hubbe M.A., Nazhad M., and Sanchez C. (200%)mposting as a Way to Convert Cellulosic Biomass
and Organic Waste into High-Value Soil AmendmehtReviewBioResources 5(4), 2808-2854.

Jubb C., Nakhutin A. and Cianci V.C.S., (2008hapter 3: Chemical Industry Emissions, 2006 IPCC
Guidelines for National Greenhouse Gas Inventori&sneva, Switzerland.

Kaghazchi T., Soleimani M., Yeganeh M.M. (200Bfpduction of Activated Carbon from Residue of
Liquorices Chemical Activatior8" Asia-Pacific International Symposium on Combustirl Energy
Utilization, ISBN 5-89238-086-6, Sochi, Russian.

Kaliyan N., Morey R.V., Tiffany D.G., and Lee W.R2019, Life Cycle Assessment of Corn Stover
Torrefaction Plant Integrated with Corn Ethanol Btaand Coal Fired Power PlantBiomass and
Bioenergy, Volume 63 (92-100).

Kanna S.U. (2010)value Addition of Agroforestry Residues throughgBetting Technology for Energy
Purpose Presentation Slides, Forest College and Resédastitute, Tamil Nadu Agricultural University,
Tamil Nadu, India.

Karbstein H., Funk J., Norton J., and Nordmann Z818), Lightweight Bio-Composites with Acrodur
resin TechnologyPresentation Slides, BASF AG, Germany.



Kim J., Realff M.J., and Lee J.H. (201Dptimal Design and Global Sensitivity Analysis adrBass
Supply Chain Networks for Biofuels under Uncertgi@omputers and Chemical Engineering 35, 1738-
1751.

Lahijani P. and Zainal Z.A. (2010%asification of Palm Empty Fruit Bunch in a BubbliRluidized Bed:
A Performance and Agglomeration StuByoresource Technology 102, 2068-2076.

Lake M.A. (2010) Potential Commercial Uses for LigniRresentation Slides for Southeastern Bioenergy
Conference, Tifton, Georgia, USA.

Lam H.L, Foo D.C.Y, Kamal M., and Klemes J.J. (201®ynthesis of Regional Energy Supply Chain
Based on Palm Oil Biomas€hemical Engineering Transactions Vol. 21, pf-584.

Lima I.M, McAloon A., and Baoteng A.A. (2008Activated Carbon from Broiler Litter: Process
Description and Cost of ProductipBiomass and Bioenergy, Vol. 32, Issue 6, 568-572.

Malaysian Palm Qil Board (MPOB), Biomass Avalilability for 2013
bepi.mpob.gov.my/index.php/statistics/yield, (asegsin July 15, 2014).

Mani S., Sokhansanj S., Bi X., Turhollow A. (200&conomics of Producing Pellets from Biomass
Applied Engineering in Agriculture Vol. 22(3): 42126.

McKendry P. (2002)Energy Production from Biomass (Part Zyonversion Technologie8ioresource
Technology 83(2002) 47-54.

Mckinnon A. (2008),CO, Emission from Freight Transport: An analysis of Dléta, Logistic Research
Centre, Heriot-Watt University, Edinburgh, Scotland

Md Zin R., Lea-Langton A., Dupont V., and Twigg M.¥2012),High Hydrogen Yield and Purity from
Palm Empty Fruit Bunch and Pine Pyrolysis Qilsternational Journal of Hydrogen Energy 37, 1062
10638.

Mekhilef S., Saidur R., Safari A., and Mustaffa WeBB. (2011) Biomass Energy in Malaysia: Current
State and ProspecgtRenewable and Sustainable Energy Reviews 15,-3380.

Mohamad Ibrahim M.N., Zakaria N., Sipaut C.S., 8uén O., and Hashim R. (2011hemical and
Thermal Properties of Lignins from Oil Plam Biomassa Substitute for Phenol Formaldehyde Resin
Production Carbohydrate Polymers 86, 112-119.

Murillo-Alvarado P.E, Ponce-Ortega J.M., Serna-Gidez M., Castro-Montoya A.J., and El-Halwagi
M.M. (2013),0Optimization of Pathways for Biorefineries Involyithe Selection of Feedstocks, Products,
and Processing Stepks& EC Research 2013, 52, 5177-5190.

Ng R.T.L. and Denny Ng D.K.S. (2013gystematic Approach for Synthesis of IntegratednP@il
Processing Complex. Part 1: Single Ownad. Chem. Res. 52, 102061-102220.

O’ Carroll C. (2012),Biomass Pellet Prices, Drivers and OutlopKgresentation Slides of Poyry
Management Consulting, London.



Oo A, Kelly J. and Lalonde C. (2012)ssessment of Business Case for Purpose-Grown Bsoma
Ontario, A Report for Ontario Federation of Agriculturent@rio, Canada.

PPD Technologies Inc. (2011),iterature Review and Study Energy Market Altenedi for
Commercially Grown Biomass in Ontarid Report for Ontario Federation of Agricultureni@rio,
Canada.

Prakasham R.S, Rao S., and Hobbs P.J. (20GQ@)ent Trends in Biotechnological Production ofli¥o}
and Future Prospect€urrent Trends in Biotechnology and Pharmacy, 86l), 8-36.

Purwandari F.A., Sanjaya A.P., Millati R., CahyaMaN., Horvath I.S., Niklasson C., and Taherzadeh
M.J. (2012),Pretreatement of Oil Palm Empty Fruit Bunch (OPEHB) N-methylmorpholine-N-oxide
(NNMO) for Biogas Production: Sturctural Changes damDigestion ImprovementBioresource
Technology 128, 461-466.

Rahman S.H.A., Choudhury J.P., Ahmad A.L., and Kahdin A.H. (2006),0Optimization Studies on
Acid Hydrolysis of Oil Palm Empty Fruit Bunch Fibfer Production of XyloseBioresource Technology
98, 554-559.

Reeb C.W., Hays T., Venditti R.A., Gonzalez R., &mtley S. (2014)Supply Chain Analysis, Delivered
Cost, and Life Cycle Assessment of Oil Palm Emptit Bunch Biomass for Green Chemical Production
in Malaysig BioResources 9(3) 5385-5416.

Rupilius W. and Ahmad S. (2007Ralm Oil and Palm Kernel Oil as Raw Materials foadic
Oleochemicals and Biodies&uropean Journal of Lipid Science and Technold@yume 109, Issue 4.

Salema A.A. and Ani F.N. (2012Ryrolysis of Oil Palm Empty Fruit Bunch Biomass |&sl Using
Multimode Microwave IrridationBioresource Technology 125, 102-107.

Santibanez-Aguilar J.E., Gonzalez-Campos J.B., &@rtega J.M., Serna-Gonzalez M., and El-Halwagi
M.M. (2011), Optimal Planning of a Biomass Conversion System sfdenng Economic and
Environmental Aspecténd. Chem. Res. 50, 8558-8570.

Saputra A.H, Qadhayna L., and Pitaloka A.B. (2084hthesis and Characterization of CMC from Water
Hyacinth using Ethanol-Isobutyl Alcohol Mixture &wolvents International Journal of Chemical
Engineering and Applications, Vol. 5, No. 1.

Sarkar S. and Kumar A. (2010)arge-scale Bio-hydrogen Production from Bio;oBioresource
Technology 101, 7350-7361.

Schubert P.J. (2013)Bio-hydrogen for Power PlantsPresentation Slides for TransTech Energy
Conference, West Virginia University, West VirginldSA.

Searcy E. and Flynn P. (20095e Impact of Biomass Availability and Processimgt®n Optimum Size
and Processing Technology Selecti@pplied Biochemistry and Biotechnology, 154:27362



Svensson M. (2010¥act Sheet: Bio-methane Production Potential in Elg-27 + EFTA Countries,
Compared with Other Biofuel§echnical Report of NGVA Europe, Brussels, Betgiu

Tan H.T., Lee K.T., and Mohamed A.R. (2018gcond-generation Bio-ethanol (SGB) from Malaysian
Palm Empty Fruit Bunch: Energy and Exergy Analygi#sresource Technology 101, 5719-5727.

Tan L., Yu Y., Li X., Zhao J., Qu Y., Choo Y.M., dirioh S.K. (2012)Pretreatment of Empty Fruit
Bunch from Oil Palm for Fuel Ethanol Production affoposed Biorefinery Proces8ioresource
Technology 135, 275-282.

Tay G.S., Mohd. Zaim J., and Rozman H.D. (2008chanical Properties of Polypropylene Composite
Reinforced with Oil Palm Empty Fruit Bunch Pullournal of Applied Polymer Science, Vol. 116, 186
1872.

Thorp B.A. (2010), Key Metric Comparison of Five Cellulosic Biofuel tRaays, Advances
DevelopmentsApplications in the Field of Cellulosic Bioma3#APPI, Georgia, USA.

Whiting A. and Azapagic A. (2014),ife Cycle Environmental Impacts of Generating Eleity and
Heat from Biogas Produced from Anaerobic Digestienergy Volume 70, 181-193.

Wright M.M. and Brown R.C. (2011 osts of Thermochemical Conversion of Biomass teelP@nd
Ligquid Fuels (Chapter 1Q)Thermochemical Processing of Biomass Conversiam kuiels, Chemicals
and PowerJohn Wiley & Sons, USA.

www.biocharfarms.org, Conversion Factor of Bio-char Productipn
biocharfarms.org/biochar_production_energy, (a@mbgs July 23, 2014).

www.biocompnepal.com, World Demand for Bio-compagst
www.slideshare.net/BiocompNepalBiocompost/prsentatie-biocompnepal-biocompost, (accessed in
May 29, 2014).

www.biomassmagazine.com, World Demand for Torrefied Biomass
biomassmagazine.com/blog/article/2012/02/reporjepts-upswing-in-torrefied-biomass-use, (accessed
in Jun 3, 2014).

www.bioresins.euBio-resin Price antimac.meloncreative.co.uk/chris/bioresins, ¢ased in May 18,
2014).

www.careddi.comBio-oil Price from Careddi Technology Co. Ltdvww.careddi.com/Pyrolysis_plant,
(accessed in May 18, 2014).

www.cascadebiochem.conGlucose and Xylose Pricesvww.cascadebiochems.com/monosaccharides,
(accessed in May 18, 2014).




www.companiesandmarket.com, Xylitol Demand and Consumption for 2013
www.companiesandmarkets.com/News/Food-and-Drinld@kXylitol-demand-to-surge-to-US-1Bn-by-
2020/N18994, (accessed in May 27, 2014).

www.ed.icheme.orgApproximated Price for Bio-syngaed.icheme.org/costchem, (accessed in May 18,
2014).

www.eia.gov, Fuels Prices and Demands from United States Endéndgrmation Administration
www.eia.gov/petroleum/gasdiesel, (accessed inJuip14).

www.enerdata.comWorld Power Consumption for 201%earbook.enerdata.net/electricity-domestic-
consumption-data-by-region, (accessed in July @44

WwWw.epa.gov, Composting’s Co Emission Factar
epa.gov/epawaste/conserve/tools/warm/pdfs/ComppgTimerview.pdf, (accessed in November 22,
2014).

www.eria.org,Price and Production Cost of Bio-composites frorhRailm, Economic Research Institute
for ASEAN and East Asian.

www.filtsep.com, World Demand for Activated Carbpnavww.filtsep.com/view/25932/demand-for-
activated-carbon-to-reach-two-million-metric-toegcessed in May 29, 2014).

www.hazmatmag.comimmonia Worldwide Demand for 2Q1&8ww.hazmatmag.com/news/countries-
driving-global-demand-for-ammonia-ihs-study-fin@sccessed in May 27, 2014).

www.hempfarm.com, Production Cost for Fiber
www.hempfarm.org/Papers/Market_Analysis_for_Henapgcéssed in July 16, 2014).

www.hydrogen.energy.gov, Conversion Factor and Cost for Ammonia Production
www.hydrogen.energy.gov/pdfs/nh3_paper.pdf, (acmkssJuly 21, 2014).

www.icis.com, Chemicals Prices and Demandswww.icis.com/contact/free-sample-price-report,
(accessed in May 13, 2014).

www.ili-lignin.com, World Production of Lignin and Demandvww.ili-lignin.com/aboutlignin.php,
(accessed in May 29, 2014).

www.ipst.gatech.edu,Hemicellulose Extraction Efficiency from Institutef Paper Science and
Technology
ipst.gatech.edu/faculty/ragauskas_art/research/ldppscellulose%20Extraction%20for%20Enhanced-
Biofuels%20Production.pdf, (accessed in July 18420




WWWw.irena.org, Bio-char Production Cost per tonne
www.irena.org/DocumentDownloads/Publications/RE _hrexdogies_Cost_Analysis-BIOMASS. pdf,
(accessed in July 21, 2014).

www.irena.orgCarbon Dioxide Emission Factor for Bio-ethylene &uotion,www.irena.org/.../IRENA-
ETSAP%20Tech%20Brief%20113%20Product, (accessétbirember 24, 2014).

www.jinhucarbon.com,Activated Carbon Price from Shanghai Jinhu Actidat€arbon Co.Inc.,
www.jinhucarbon.com/cgi/searchen.cgi, (accesseliiyn 9, 2014).

www.lenzing.com, The Global Fiber Market in 2013 www.lenzing.com/en/concern/investor-
center/equity-story/global-fiber-market, (accesgeJuly 10, 2014).

www.lubonchem.com, Global Formaldehyde Consumption and Demandww.lubonchem.com,
(accessed in July 15, 2014).

www.nature.com, Demand for Charcoal (Biochar) from, Nature Publishi Group
www.nhature.com/climate/2009/0906/full/climate.,assed in Jun 9, 2014).

www.netcomposites.com, Carbon Dioxide Emission Factor for Bio-resin  Protioq,
www.netcomposites.com/news/sustainable-industeisins-from-vegetable-oil, (accessed in November
25, 2014).

www.oecotextiles.wordpress.com, Carbon Dioxide Biois Factor for Dried Long Fibre,
oecotextiles.wordpress.com/2011/01/19/estimatirgetrbon-footprint-of-a-fabric, (accessed in August
4, 2014).

www.omnipure.com, Carbon Dioxide Emission Factor for Activated Carbofroduction
www.omnipure.com/sustain/emissions, (accessed ireiber 22, 2014).

WWWw.prweb.com, Worldwide Demand for CMC
www.prweb.com/releases/carboxymethyl_cellulose/Cillulose_ethers/prweb8070281, (accessed in
Jun 3, 2014).

www.purelignin.comLignin Production http://purelignin.com/products, (accessed in JL§/2014).

www.sarawakenergy.com.my, Carbon Dioxide Emission Factor for Briquette Utition
www.sarawakenergy.com.my/index.php/r-d/biomassgyipalm-oil-biomass, (accessed in November
25, 2014).

www.shyanda.en.gongchang.conXylitol Price of Shanghai Yanda Biotechnology Cotd. L
shyanda.en.gongchang.com/product, (accessed i19,JR014).

www.technip.com, World Demand for Ethylene
www.technip.com/sites/default/files/technip/pubtioas/attachments/Ethylene_September_2013_Web_0
.pdf, (accessed in Jun 9, 2014).




www.thomasnet.com, Demand for Bio-resins  http://www.thomasnet.com/articles/plastics-
rubber/bioresin-plastics, (accessed in July 144p01

www.trade.ec.europa.euCarboxy Methyl Cellulose (CMC) Selling Price andofuction Cost
trade.ec.europa.eu/doclib/html/112178.htm, (accesséuly 9, 2014).

www.turbinesinfo.comSteam Turbine Efficiengttp://www.turbinesinfo.com/steam-turbine-efficay,
(accessed in July 21, 2014).

www.winrigo.com, Carbon Dioxide Emission Factor for Bio-composite oéction
winrigo.com.sg/pdf/WinrigoCatalogue.pdf, (accesseNovember 25, 2014).

wwwl.eere.energy.gov, Steam Production Cast
wwwl.eere.energy.gov/manufacturing/tech_assistpdt®steam15_benchmark.pdf, (accessed in July
19, 2014).

www.etawau.com, Map of Peninsula Malaysia (accesséébruary 17, 2016)

Yin Q., Yang W., Sun C., and Di M. (2012preparation and Properties of Lignin-Epoxy Resin
CompositeBioresources 7(4), 5737-5748.

Zafar S. (2014)Bioenergy Developments in Malaysia, Technical Report of BioEnergy Consult,
http://www.bioenergyconsult.com/bioenergy-developteemalaysia/, (accessed in January 8, 2015).

Zhang Y., Brown T.R., Hu G., and Brown R.C. (2018gchno-economic Analysis of Two Bio-Oil
Upgrading PathwaysChemical Engineering Journal 225, 895-904.

Zhang Y., Hu G. and Brown R.C. (2013)fe Cycle Assessment of the Production of Hydrogyeah
Transportation Fuels from Corn Stover via Fast Rysts Environmental Research Letters, Environ.
Res. Lett. 8, 025001 13pp.

Zhang Y., Sun W., Wang H., and Geng A. (20B3)lyhydroxybutyrate Production from Oil Palm Empty
Fruit Bunch Using Bacillus Megaterium R1Bioresource Technology 147, 307-314.



