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Abstract

With the ever-increasing need for clean and acokssinergy sources, biomass has long been
considered as a potential prospect. Malaysia isabribe leading suppliers and has the largest
palm oil plantation in the world. Therefore, biormdsom the palm oil industry appears to be a
very promising alternative source of raw materiadsluding for renewable energy, in Malaysia.
However, ensuring the environmental sustainabdftthe biomass supply chain (BSC) is one of
the major challenges faced by the biomass induStngrefore, this paper aims to assess the
effect of changing the efficiency of transportati@chnology (TT) and production technology
(PT) on the environmental sustainability of the npabil BSC. We developed a dynamic
simulation model to explore the greenhouse gas (Jaét@ssions for 50 years (2000-2050) for
three palm biomass suppliers (Johor, Perak andngaima Malaysia. Results show that supplier
in Perak produced the highest rate of GHG emissiortbe whole system. Also, suppliers in
Johor and Perak had the highest GHG emissions #8®-240 million tonnes (mt) GO
equivalent (C@e) and 375-400 mt C@, respectively, from transportation of empty fruit
bunches (EFB) product. In terms of production, slpplier in Perak had the highest (and
constant value) of GHG emissions (up to 160 mt&€}OThe analysis shows that the supplier in
Pahang generated the lowest level of GHG emiss@usfindings suggest that improvement of
the transportation and production efficiency of BS@uld be the priority to work towards the
sustainable development of the palm biomass inglustr

Keywords: Biomass supply chain (BSC); Environmental aspegmdmic model; Palm oil;

Sustainability; Malaysia



1. Introduction

Global warming (GW) has become one of the mostiarpeoblems in the world. International
communities are working towards reduction of greerde gas (GHG) emissions, which are
believed to accelerate GW (Zahraee et al., 2018ajce, the development of renewable and
sustainable energy sources plays a leading roldethease GHG generation, especially in
replacing fossil fuels (Zahraee et al., 2016). Bagmis one of the largest renewable and versatile
energy sources used in combined heat and power )(@étieration and transportation systems
(Rentizelas et al., 2009). It is also the primaoyrse of energy for nearly 50% of the world
population (Zahraee et al., 2016). Biomass is agper from all plants and plant-derived
substances, such as animal manure and sugar, lassveel crops that are already being used for

energy generation and nutrition (An et al., 2011).

In the past decade, the number of countries usiogdss for the production of energy has
increased rapidly, making biomass an attractive pmaimising option compared to other
renewable energy sources. Biomass may be usedningye production at various scales,
including large-scale power generation, CHP, or Isstale thermal heating projects at
governmental, educational or other commercial iteesl (Zahraee et al., 2016). Thus, the global
use of biomass for energy has increased continyanstecent times (Loh, 2017). Recently,
significant increases in the commercialization psst of the biomass industry has been
considered by governments, such as the United sStBi@zil, Malaysia, and those of many
European countries. The attempt has been madenease the use of biomass as an alternative

to fossil fuels.

Biomass is ample in nature, and generally spreladsily. Presently, million hectares of land

in Malaysia are occupied by palm oil plantation gqating huge quantities of biomass. In this



context, Fig. 1 shows the types of biomass ressurcélalaysia. Palm oil industries appear to
be a very promising alternative as a source of maaterials, including for renewable energy, in
Malaysia. Development of the biomass industry indyisia is hampered because of issues such
as limited traditional participation of small mediventerprises (SMESs) in low-value biomass
utilization (Loh, 2017). The Malaysian governmemshimplemented some action plans and
energy policies for encouraging the use of bionfaspower generation (e.g., Fifth Fuel Policy
and 2030 target of Renewable Energy Policy andocRlan) (How and Lam, 2017; Eusoff,
2018). Palm oil biomass resources was the largesbre (19.9 million tonnes (mt)) from

Malaysia in 2017 (Loh, 2017).

Fig. 1. Biomass resources in Malaysia (Agensi Inovasi Msigy2011)

With the growth of palm oil production in Malaysithe amount of residue generated has
correspondingly increased. One hectare of palmplaiitation can produce about 50-70 tonnes of
biomass residues (Umar et al.,, 2014). Therefore,pdm oil industry is currently producing
about 50 mt of dry palm oil residues per year antireach 100 mt per year by 2020 (Agensi
Inovasi Malaysia, 2011). The Malaysian governmeas$ kried to promote renewable energy
sources instead of conventional energy sources—asiaoal, oil, and gas—to enhance energy
security (Umar et al., 2014). The world’s convemsifsom conventional energy sources to
renewable energy is vital progress to support &ugenerations (Shafeeyan et al., 2015). On the
other hand, carbon balance for palm oil biomaskzation is a significant measurement for
sustainability of palm biomass. When doing suclib@arcycle calculation, the release of carbon
dioxide (CQ) and other GHGs during the transport and prodoatiopalm oil biomass must be

accounted for, showing that the distance in whiuh hiomass has to be transported to power



generating plant may be an important factor (Untaale 2014). It is important to ensure that
palm oil biomass delivered is sustainable. Rourdtaim Sustainable Palm QOil (RSPO) in
Malaysia, is established for sustainability of th@m oil plantation/industry. RSPO defines
sustainable palm oil production as legal, environtaky appropriate, having socially beneficial

management and operations, and economically vidl@deadurai, 2013).

Malaysia needs to have an effective and sustairsdlece of energy to meet the increasing
demand for energy as well as to reduce emissio@Dpfand other GHGs while ensuring energy
security. It should be noted that in a country Malaysia, where palm oil biomass can be easily
produced, the use of renewable energy is still \@mw Hence, to handle this issue, designing a
sustainable supply of good quality biomass raw n@dt@eeds investigation and progress to

streamline all stages of the biomass supply cHa80)).

Some research that is in line with the Tenth Matay®dan has been conducted to enhance the
development of the BSC industry in Malaysia. To imaze the profit and minimize the GO
emissions of BSC in West Malaysia, Lam et al. (3043d Ng et al. (2013) had introduced a
two-stage optimization model. Also, Tang et al.120had developed a game theory technique
to find the best strategy of palm biomass industiieMalaysia. Another study had investigated
the effect of transportation cost on investmenttevédy applying a linearized cost function (How

et al., 2016).

All the above investigations address important mwrations of the biomass industry, but
most of them do not consider the comprehensiveasiility concept in BSC models. Related
to environmental sustainability, achieving low oera GHG emissions, and achieving
environmental protection, are becoming increasirigiportant for the biomass industry in
Malaysia. Addressing sustainability issues in BS&lats enables decision makers to reduce risk
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and take advantage of the opportunities that swtée BSC models present. Despite these
benefits, there are very few investigations thatehlaeen carried out to handle this key issue of
sustainability in the biomass industry. Therefdrés important to assess and analyze the entire
life cycle of the GHG emissions of biomass produttand transportation from “cradle to gate”

for main suppliers in Malaysia.

This paper aims to assess the effect of certagmiantions on the environmental sustainability
of the palm oil BSC. It is structured as follow$éelnext section presents a literature review. It is
then followed by objective and scope of the stiMdgterials and methods adopted for the study
are presented next. We then discuss the resutigllysithe paper concludes with a key summary

of findings and recommendations for future study.

2. Literaturereview

2.1. Biomass supply chain

The BSC involves various activities, such as cation, harvesting, preprocessing,
transportation, handling, and storage (Fig. 2).yTihelude specific activities that require various
resources (Mafakheri and Nasiri, 2014). Modelingigare required to deal with the complexity
in the design of such chains. The dynamics of tm@ncand decision variables—such as the
amount harvested (which crop, where, when, whatuatpthe flow of the network (values
transported), the safe storage level, and the e#akeesources (labors, harvesting equipment,

vehicles, energy)—are significant to determinene Wwith total cost.

Fig. 2. Biomass supply chain network (Sokhansanj et ab920



2.2. Smulation modeling of the biomass supply chain

Computer simulation is one of the most effectivgorapches due to its capability and
flexibility in simulating and evaluating static amignamic systems, considering the uncertainty
in and variability between systems—such as prodaodine (Hatami et al., 2014; Zahraee et al.,
2018b), port and transportation industry (Shahpasetahl., 2014), supply chain management
(Golroudbary and Zahraee, 2015), healthcare sy&dairaee et al., 2015), construction industry
(Zahraee et al., 2014b), and building energy (Zart al., 2014a)—none of which are easy to

model.

Simulation is one of the important approaches it€CBfudies. It has been principally applied
to model the logistics of the BSC and calculateahmunt of delivered biomass to a bioenergy
plant and the related logistics costs. Initiallynglation modeling was applied to schedule farm
activities such as the choice of forage machineryaodairy farm (Russell et al., 1983), the
assessment of technologies or management prautifesage systems on dairy farms (Savoie et
al., 1985), planning of labor and equipment for athearvesting (Elderen, 1987), and scheduling
of hay-harvesting equipment (Axenbom, 1990). Toieeh the optimal utilization from forest
biomass, a computational stochastic model was adopy Gallis (1996). Indeed, it has been
pointed out that the straw handling model (SHAMpe of the most useful simulation models

created for designing a delivery system for bion{alisson, 1999).

The SHAM model was then adapted by (Nilsson andssiam, 2001) to integrate a new kind
of crop known as reed canary grass (RCG). The figpat®on of applying RCG, as well as straw
and oil, as feedstock in regional heating plants demonstrated a decrease of around 15-20% in
the total delivery cost when the mix of straw andGrwas applied in appropriate proportions

instead of using only straw. Hansen et al. (200®)ppsed another simulation model for
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investigating a sugar harvest and mill deliverytesysin South Africa. Following that, Huisman
(2003) also developed another simulation modeleterthine the minimum cost of the BSC by
choosing the optimum harvesting and storage sy$teneach energy crop. However, in that
study, detailed information regarding the simulatimodel that helps to identify the optimum

supply chain is not explained and only the framéwadrthe simulation model is discussed.

A few more simulation investigations have been cmteld on other agricultural productions,
such as corn grain by Arinze et al. (2001) and &okhnj et al. (2003). They applied the
simulation modeling to investigate the changehedquality of potash fertilizer and alfalfa cubes
during storage and transport. Sokhansanj et a§R0eveloped the Integrated Biomass Supply
Analysis and Logistics (IBSAL) simulation model demonstrate the various stages of biomass
collection, storage, processing, and transpovtalt applied to analyze the supply logistic system

for a variety of crop residues, such as corn stamereal straw, and grasses like switch grass.

On the other hand, as cited in Sokhansanj and Re(#006), Sokhansanj et al. (2006),
Sokhansanj et al. (2008), Sokhansanj and Hess J2808hansanj et al. (2009), Stephen (2008),
and Stephen et al. (2010), the IBSAL can be appgledarious kinds of biomass and logistic
alternatives. The IBSAL calculates the loss of ahgtter as biomass, and evaluates the effect of
preprocessing modules like pelletizing and brigngton the logistics and delivered feedstock

quality. It also considers the machine breakdovenareoperational efficiency.

Ravula et al. (2008) used the discrete-event sitoulanodel on the transportation system of
cotton gin to schedule the trucks in the biomagsstic system. The Idaho National Laboratory
(INL) and the U.S. Department of Energy (DOE) (Hessl., 2009) also created a simulation
model used to calculate the cost of the herbackguoscellulosic BSC for biofuel production.
Their model included a plant the size of 800,000ytear, and a feedstock supply radius of 105
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km for switch grass and 80 km for stover. Basedhair results, the cost target of $34.7/dt for
DOE was not achieved in the conventional bale daaodeger uniform supply system because the
average costs of delivery and logistics ($/dt)dtmver, switch grass, and corncob were $55.4/dt,
$49.6/dt, and $68.9/dt respectively. A sensitivapalysis was performed to show that
improvement in biomass properties and equipmertieficy could result in a cost-effective bale
stover supply chain system (Hess et al., 2008hduld be noted that all of these models, IBSAL
and SHAM included, did not provide a schedule atahpghat satisfied the daily demand.

Moreover, the distance between the farms was askoorestant.

Simulation modeling was also applied to find thealtion of satellite storage sites in the BSC.
Cundiff et al. (2009) applied the simulation modglio find the transportation distance from the
production plants to the satellite storage and rnttmber of satellite storage locations in the
supply chain. The results indicated that, basethertotal operating time, the desirable hauling

distance for bales is 3.2 km (2 mi) from a 16-leddfito the satellite storage.

Zhang et al. (2012) created a simulation modelttdysthe woody residue supply chain. To
achieve this goal, a simulation model of the bibfsiepply chain was constructed using the
Arena software and graphical user interface. Thislehincluded basic supply chain activities
such as biomass harvesting/processing, on-siteageprand transportation. The delivery
feedstock cost, GHG emissions, and energy consangptvere considered as the indicators to
evaluate performance. In another recent study, Méhdet al. (2013) used a methodological
framework of business process mapping to evaluate forest BSCs in various operational
environments in Finland and Germany to recognizeinass processes and stakeholders that
make up the supply chains. In addition, discreteaésimulations were applied to estimate the

work time cost for managerial organizational tafskseach of the supply chains (Windisch et al.,



2013). Another investigation presented the modadiing typical biomass production chain using

the computing platform known as SIMEVENTS (Pinhalet2016).

In the latest works, discrete-event simulation waed to investigate how new innovative
chipper and vehicle types with increased chip tagrgapacity would affect the cost and energy
efficiency of the forest chip supply chain (Prink &., 2019). Munasinghe et al. (2019)
conducted an evidenced-based analysis of susthipalbicrude palm oil (CPO) supply chain in
Para, Brazil. A dynamic simulation model was depebb to assess the sugarcane supply chain
under three strategies: chopping, baling, and rategarvesting. It was found that integral
harvesting is the best strategy for supply of #sdues in terms of cost (5.90 USD/dry t), energy
inputs (56.89 MJ/dry t), and G@missions (4.1Bg CQy/dry t) (Lozano-Moreno and Maréchal,
2019). Akhtari et al. (2019) used the AnyLogic salte to develop a dynamic simulation model
to compare demand fulfilment, cost, and emissidna ¢orest-based BSC for two inventory

systems by considering multiple conversion faeisitthat use different types of biomass.

3. Objective and scope of study

From the reviewed literature, it can be found thatulation modeling is a useful method to
evaluate the BSC by examining scenarios and cirtamoes. However, there is a lack of
investigation related to environmental analysistipalarly the dynamic trend of G@missions
and other GHG emissions in the BSC. A practical prublem-solving approach to biomass
utilization is essential to ensure environmentabtgetion along with low or zero GHG
emissions. Due to the interconnectedness of meltiplluences and uncertainty in the palm
BSC, the problem of achieving environmental sustaility is dynamically complex. Therefore,

to fill this important research gap, this study eleps a dynamic simulation model of the palm



oil BSC to evaluate the trend of GHG emissions ftoansportation and production. We adopted
the System Dynamics modeling technique to solve ¢bimplex problem because it can capture
behavior that emerges from the feedback loops ltwis elements and the delays in its
dynamics. We constructed a dynamic stock-and-flamukation model that focuses on
accumulations, which cause delays, in the systgrecifically, we assess the effect of changing
the efficiency of transportation technology (TT)damroduction technology (PT) on the
environmental sustainability of the palm BSC, wétliocus on minimizing the GHG emissions.
The assessment takes a long-term perspective @D that is consistent with the One
Malaysia Biomass Alternative Strategy and the Mgy Ministry of Energy, Science,
Technology, Environment and Climate change’s predosarget of 20% of the country's
electricity to be generated from renewable soulmes2030, an increase from 2% currently

(Eusoff, 2018).

Our proposed dynamic simulation tool can assists@®t makers to quantify the uncertainty of
‘what-if’ scenarios towards the development of &erent suite of policies that facilitate the
adoption of less-GHG-intensive strategies related tihe production and transportation

technologies of the BSC. Specifically, the conttibs from this study are as follows:

* The dynamic simulation model estimates the GHG sionis from transportation and
production in the BSC to design an effective sustidlie strategy for the improvement of
the biomass industry in Malaysia. The viabilitytbé proposed model is tested via a case
study of the BSC in Malaysia.

* The robustness of the model is demonstrated viaitsgty analysis by analyzing the
effect of changes in the efficiency of TT and PTtba GHG emissions for three main

suppliers of palm biomass in Malaysia for the tipeeiod of 2000-2050.
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 From the results from the model, several barrigrstite palm biomass industry
development in Malaysia are discussed. Also, gjraseto reduce these barriers are

presented.

4. Materialsand M ethods
4.1. Case study

Fig. 3 shows the map of two regions of MalaysidecePeninsular Malaysia to the west and
East Malaysia to the east. The main regions of pailnplantation and empty fruit bunches
(EFB) products are in the Peninsular that inclutiese main states of Malaysia: Johor, Pahang,
and Perak. Hence, only these three states aredesedifor EFB collection points. In this study,
we assume Johor, Pahang, and Perak as suppli@;sahd 3, respectively. Fig. 4 shows the
distribution of palm plantation in Malaysia. Taldleprovides the available amount of the EFB
biomass feedstock for the three selected areasa{Slah Palm Oil Board, 2016).

Fig. 3. Map of Malaysia, including the main biomass supphePeninsular Malaysia

Fig. 4. Distribution of palm plantation in Malaysia

Table 1 Biomass feedstock availability for selected areas

4.2. Data collection

The required data were obtained from various sayioeluding three case studies in Malaysia
(which consider Johor, Pahang, and Perak) by th®esialong with existing related literature
(Malaysian Palm Oil Board, 2016; Murillo-Alvaradba., 2015; Ng and Ng, 2013; Zhang et al.,
2013; Zheng et al., 2014). The BSC in Malaysianestigated by considering the environmental
aspect as it relates to the sustainable developgeais. Using the System Dynamics method,
introduced by Forrester (1997), the biomass flod &HG emissions between 2000 and 2050

are analyzed. The analysis focuses on the compite¢-iielationships between the various
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suppliers, considers various transportation modasck, train, and pipeline), and various
production stages. This quantification is a stewatal improved selection of suppliers by

examining the emissions of the raw materials supply

4.3. Dynamic model of the biomass supply chain

A System Dynamics model represents a system umaidy as a set of stocks and flows. In the
stock-and flow-model, state changes occur contislyoaver time. It is possible to define the
relationships among the variables and analyze yhardic characteristics between them in the
model. Those relationships are used to establighematical equations to run simulations. We
used AnyLogic (University 8.3.3) software to sintelahe system because it is a leading
simulation modelling software for supply chain mgement. This software has been used in
many studies that model and simulate the stageheofsupply chain, including some that
analyse environmental sustainability (El Wali ¢t 2018; Rahimpour Golroudbary et al.,
2019a; Rahimpour Golroudbary et al., 2019b). Tl&ware is designed for modeling one or
more quantities that change over time. In additibprovides a graphical interface for modeling
complex environments, the opportunity to test axplare scenarios, as well as the opportunity
to observe system behavior over time at any leveetail. Also, it provides the opportunity for
more precise forecast by capturing the detailsrafwkn processes. In our study, AnyLogic is
used to provide a flexible approach for decisiokens to understand how complex relationships

in the EFB BSC work under a wide range of ‘whatsigenarios with system uncertainties.

Based on Fig. 2 (the BSC network), by identifying key variables and their interactions with
each other throughout the life cycle stages of b®sna primary structural model is designed
and simulated. The structural simulation modelreete the details for analyzing relationships

among every life cycle stage of biomass and varglthat have the highest impact on the
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behavior of the system. Long-terms environmentgpBu chain structure planning has an
influential effect on environmental performanceidiens (Altmann and Bogaschewsky, 2014).
To enable a detailed analysis of this planning,tési& time duration of the simulation is fifty
years (2000-2050) in the present study. The sinaulatnodel is constructed by the building
blocks categorized as stocks, flows, connectord, @nverters (Fig. 5, 6, 7, and 8). Stock
variables (symbolized by rectangles) are the stdtéhe system and they accumulate the
difference between input and output variables tlmahe in to and go out of the box in the
system. Flow variables (symbolized by valves) & rate of change in stock variables over
time. They represent those activities that fill dvain the stocks. Converters (represented by
circles) are intermediate variables used for mianebus calculations. Finally, the connectors
(represented by simple arrows) are the links remtasg the dependencies between variables
within the model structure. Fig. 5,6,7 and 8, as@as, show the dynamic simulation model of
dry long fiber, bio-composite, cellulose, carboxyhye cellulose (CMC), glucose, bio-ethanol,
bio-ethylene, hemicellulose, xylitol, xylose, breite, high pressure (HP) steam, medium
pressure (MP) steam, low pressure (LP) steam, kotrieity, respectively. Table 2 presents the
nomenclature for variables and parameters. The seksection and Appendix (Table S1)
describe all variables by their mathematical equneti
Table 2 Description of variables and parameters of the bgsrsimulation model (Production

stages: dry long fiber, bio-composite, cellulos®|@ glucose, bio-ethanol, bio-ethylene,
hemicellulose, xylitol, xylose, HP steam, MP ste&tR, steam, and electricity).

Fig. 5. Simulation model for dry long fiber and bio-comgesi
Fig. 6. Simulation model for cellulose, CMC, glucose, bthamol, and bio-ethylene
Fig. 7. Simulation model for hemicellulose, xylitol, andlaye

Fig. 8. Simulation model for briquette, HP steam, MP steld,steam, and electricity
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4.4. Mathematical formulation

In System Dynamics modeling, state variables charggginuously over time. Differential
equations are used to represent such continuoumgiedan state variables. The simulation model
of a complex system incorporates three types oélkas: (i) a stock that is a reservoir of a given
resource, (ii) a flow that adjusts the level ofc&tahrough input and output flows, and (iii) an
intermediate variable (auxiliary) that is a funatiof stocks (and constants or exogenous inputs)

(Sterman, 2000).

The dynamic behavior of the BSC is implemented Bgtaof differential or integral equations.
Here we present the main formulas used in calogatmaterial and GHG flows. All equations
derived from the main formulas and the detailshaf model are given in Appendix, Table S1.
Three main suppliers—supplier 1. EFB collectiodaor, supplier 2: EFB collection in Pahang,
and supplier 3: EFB collection in Perak—are congdeto supply the raw material. In the
material flow, the behavior of Stock (t) in the @nperiod ofte-t, wheretp is the initial year
considered andlis the final year (equation 1), is given by a timeegral of the net inflows of

input rate [3(t)) minus the net outflows of output rat@y(t)) (equation 2).

Stock (t) =ftt0(1R (t) — Og (©))dt + Stock(t,) (1)
Iz (t) = f(Stock(t), V(t), P); Or(t) = f(Stock(t),V(t),P) (2)

where,V(t) is an auxiliary variable in timg andP represents constant input parameters. For
example, in the biomass model, the stockrgflong fiber DLFg(t) has an input flow ofiry long
fiber production Pp e gr(t), which depends on the auxiliary variabdéal supply of raw materials
TS(t), which depends on the auxiliary variabldended EFBs supplied by each supplier
EFBsi(t), which depends on the constaptsduction of fresh fruit bunch by each supplier Ps; ¢
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andproduction of palm empty fruit bunch by each supplier Ps; p All input parameters are given

in Appendix, Table S1.

The climate change problem is fundamentally duthéo'stock’ of emissions that builds up in
the atmosphere. The combustion of fossil fuelsefioergy contributes to emissions, of which
CO; is the most common GHGs. In this study, two maiarses of pollution are considered:

transportation and production processes.

Various types of transportation—train, truck, angepne—are simulated by the model. It
should be noted that there were no emissions frgeelipe transportation. Based on data
collected, each transportation mode in the systamits own GHG emissions level that varies
with distance travelled and the g@quivalent (C@e) coefficient in each process. The GHG

emissions of each life cycle stage follows equa8on

COz xm () = T (t) X Egzl On,m ® 3

where,C0, ,,(t) is the GHG emissions of stageat timet, x= 1,2,...,N represents each life
cycle stage of the BSC from mining to end prodantym = 1, 2, 3 is the type of transportation.
In the model, we consider train and truck to caltailthe amount of pollution from
transportationT;, (t) corresponds to the emission coefficient from egge of transportation
based on tonne of biomass transportedl,2,...,N corresponds to the different flows citerial
required or produced in the process in timando,, ,, (t) is the amount of material in the life

cycle stage from each flow at tirhe
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Through the production process, the dynamic behaicGHG emissions from three main
sub-systems is simulated. These sub-systems prqaeegrocessed products such as dry long
fiber, bio-compost, activated carbon, cellulosemivellulose, lignin, briquette, pellet, and
torrefied pellet; intermediate products such asdoeimposite, CMC, glucose, xylose, bio-resin,
HP steam, xylitol, bio-hydrogen, bio-methanol, kitranol, bio-syngas, bio-oil, and bio-char;
and final products such as ammonia, formaldehydwl bio-ethylene. The mathematical

formulation is given in equation 4:

Coz_x,p(t) = fp (t) x 211\1]=1 Ynp * Onp ® (4)

where, €0, ,,(t) is the GHG emissions of stageat timet, x= 1,2,...,N represents each life
cycle stage of the BSC from mining to end prodantp = 1, 2, 3 is the sub-systems considered
in the model: pre-processed, intermediate, andl.fifigt) corresponds to the emission
coefficient for each flow based on one tonne ofdpid producedn= 1,2,...,N corresponds to the
different flows of material required or producedine process at tiney, ,, is conversion factor
of materials in the flow, and, ,, (t) is the amount of material in the life cycle stdigam each

flow at timet.

4.5. Model Validation

The validity of a model indicates the suitabilitiytbe model in serving its purpose. To build
confidence that the model is reliable, known valigesvariables such as the production rates of
fresh fruit bunches (FFBs) by the various supplighshor, Pahang, and Perak) were used.
Differences between the results obtained from tloglehand experimental data of the above-
mentioned variables on average amounted to 4.5,a2& 1.1%, respectively. The results of
validation and calculation of the error of the micale presented in Table 3.
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Table 3 Calculation of the biomass model error

5. Results and Discussion
5.1. Emission trend for the three suppliersfor 50 years

Interconnected environmental elements along withitilerest to use biomass are two main
issues that must be considered to utilize biomasshergy generation. The benefits of any
biomass energy generation should be evaluated aatizad together with some critical
sustainability concerns and environmental indicgteuch as carbon footprint. For example, if a
high amount of resources and energy are used dtirengiomass production, the balance of the
whole energy system will result in energy lossesdaad of benefits. In addition, low or zero £O
emissions from biomass production and transportatam be obtained with proper conditions in
place. Hence, the lifecycle G@missions and energy equilibrium of such a systbould be

analyzed carefully.

In this section, we try to measure the GHG of ti8 BSC system for the three suppliers,
including any additional energy and resources cmeslito grow, produce, and transport the
biomass feedstock by rail or road. Fig. 9 showsGii#s emissions trend from production and
transportation for 50 years, as obtained from feadhic simulation model for the EFB BSC. As
can be seen in the graph (a and c), supplier Io(Jaind supplier 3 (Perak) have the highest rate
of GHG emissions from transportation (180-240 mt€@nd 375-400 mt C@, respectively) in
the whole EFB BSC. GHG emissions from productiohighest for supplier 2 (Pahang), with a
constant value of 160 mt G®(Fig. 9 (b)), which is only slightly higher théfme GHG emissions

for supplier 1 and supplier 3. According to Fig(d, supplier 3 produced the highest rate of
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GHG emission in the whole system. By contrast, Bep@ generates the lowest level of GHG

emission from 2000 to 2050.

The scale of these forecast increase points to BFB CQ emissions being highly dependent
on the transportation emission and relatively isigtato changes in fuel prices. Although current
data and tools to support GHG accounting for EFBCB&nsport are inadequate to address
emerging public policy analysis needs, these resrable suppliers to identify the relative £LO
emissions intensity of production and transportatotivities to develop new low GHG intensity

growth plans, considering both costs and benefits.

Additionally, managers should investigate the optimprocessing routes, optimal
transportation mode, and optimal production rate decrease the GOemission from
transportation in the future. Depending on theatisé and load of biomass and £&issions,
typical modes of transportation, which include kuwr train, could be selected by suppliers.
Therefore, we analyzed the gémnissions percentage for the three main suppletarins of the
current situation of EFB BSC activities. Fig. 10oals that the average percentages of total
emissions of train transportation are 57%, 61%, 24 for suppliers 1, 2, and 3, respectively.
The main reason behind the higher total,@®issions of rail transportation generated by each
supplier as compared to road transportation isettiensive use of rail transportation in many
stages of the BSC in Malaysia. These stages inchelebic digestion, DLF production,
extraction plant, briquetting plant, pelletizatiamill, torrefied pelletization, alkaline activation
(activated carbon) plant, bio-resin, acid hydradysenzymatic hydrolysis, xylitol, anaerobic
digestion, fermentation plant, and pyrolysis. Supl also use truck transportation in many
stages, such as bio-composite, fermentation péaraerobic digestion, boiler combustion, and

gasification. As can be seen in Fig. 10, Peraklsapas the highest percentage of O
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emission from train as compared to other suppli€hese emission analyses can be used to
improve transportation planning and develop regutat on a case-by-case basis, based on the
transportation modes’ fixed cost components (éogding and unloading, and capital cost of rail
cars) and variable cost components (e.g., fuelgetating costs). Such an application of the
analyses, however, is outside the scope of theptasudy and is recommended for future study.

Fig. 9. GHG emissions trend from production and transpordor three suppliers for 50 years

Fig. 10. Average percentage of G@missions from truck and train

5.2. Scenarios for the efficiency of transportation technology and production technology

The dynamic models are often used to study the vi@haf a system under changing
conditions. The studies of the scenarios repraesgnthe various possible situations or
interventions are especially useful in this cadee €nvironmental problem with the suppliers of
biomass in Malaysia is related to the low efficigiwé TT and PT, leading to performance that
fails to comply with the Feed-in-Tariff system; ne2®30 target from Ministry of Energy,
Science, Technology, Environment and Climate; dmel ®ne Malaysia Biomass Alternative
Strategy. Therefore, sensitivity tests can assestistbn makers to learn how changes in
assumptions, investments, or system managemeitieffieess might alter the estimate of £LO
impacts.

To address this issue, the proposed model is useevaluate the impact of alternative
scenarios of TT and PT efficiency on the environtakeperformance of the suppliers in years
2000-2050. The knowledge of this impact is esskfdaramaking the decisions aimed at green
supplier selection. Table 4 presents the percentdg8HG reduction through eight defined
scenarios. Three strategies are suggested to rédaIHG emissions by each supplier. The best

strategy for all suppliers would be 20% improvemehtthe efficiency of both TT and PT,
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followed by the strategy of 20% improvement of Tidd 0% improvement of PT. Also, supplier
1 may reduce 13% of GHG emissions through 10% ingr@nt of TT and 20% improvement
of PT. The same strategy would be suggested tolisugh for 14% reduction of emission.
Supplier 3 may achieve 15% emission reduction ptyapg 20% improvement of TT and no

change in its PT.

Table 4 Scenarios for changing the efficiency of TT and PT
The year-by-year major flows of G@eduction for supplier 1 is shown in Fig. 11. Fra600
to 2050, there is a constant pattern that showshkaguantities of COreduction have increased
by almost threefold (27%) by the 20% increase itiehcy of transportation and production
technology simultaneously. Moreover, it can be aathed from the plots that TT has a larger

effect than PT on the G@mission for supplier 1.

Fig. 11. CO, emission changes from 2000 to 2050 for supplier 1

Fig. 12 shows that the G@missions decreased in any year from 2000 to B@5@creasing
the efficiency of TT and PT for supplier 2. In cast with supplier 1, an increase in PT
efficiency has a more considerable impact than rammrease in TT efficiency on the GO
reduction. For example, the G@duction increased by 5% through an increasenlyf 0% in

the marketable PT for further industrial productarrprocessing.

Fig. 12. CO, emission changes from 2000 to 2050 for supplier 2

Fig. 13 shows that, in any year, there is a stgbdsving trend of C@ emissions reduction

with an increase in efficiency of TT and PT. Ovkr@lO, emissions decreased around 20% from
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scenario 1 to scenario 8 by increasing the effayeof TT and PT. With a doubling of the
efficiency of TT and PT, the CQeduction increased by 5%. In addition, £€nissions have
been decreased nearly 8% from 2000 to 2050 byasprg the efficiency of TT twofold (from

10% to 20%).

Fig. 13. CO, emission changes from 2000 to 2050 for supplier 3

Based on the above results, it is clear that actémiuof the CQemissions from logistic and
transportation activities in BSC is achievable tigio changes is TT and PT efficiencies. To this
end, suppliers should strengthen their targets @@, emission reductions by developing
environmental action plans for the future. We ssggeme production and transportation action
plans to decrease the gémissions, as follow:

* Reducing vehicle transportation by consolidatingrdfineries would allow the
managers to organize shipments to customers andedble number of trucks needed.

* Reduction in truck and train transport by incorpioiga external warehouses inside the
factory would decrease the number of vehicles hete/een biorefineries and storage
locations.

» Enhancing truck and train loading efficiency ratimsoptimizing packing boxes would
allow a decrease in the number of vehicle trips.

» Shipping distances can be decreased by redesidpgigfic routes to make a direct

route to the final stops.

6. Conclusion

Although simulation modeling has been identifiedrégearchers as a potential tool to evaluate

the BSC by examining scenarios and circumstanbese tis a lack of investigation related to
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environmental analysis, particularly the dynamentt of GHGemissions in the BSC. To fill this

research gap, this study developed a dynamic siionlanodel of palm oil BSC to evaluate the
trend of GHG emissions from transportation and potidn. We selected three biomass
suppliers from Malaysia as a case study. ReceMBlaysian Ministry of Energy, Science,
Technology, Environment and Climate Change haa satget of 20% of the country's electricity
to be generated from renewable sources by 203Maease from 2% currently, to minimize

GHG emissions.

From the dynamic simulation study of the EFB BSQMalaysia considering three suppliers
over 50 years, it was observed that the, @mission trend varied substantially among the
suppliers depending on the efficiency of TT and Pa@t example, the suppliers in Johor and
Perak have the highest rate of GHG emissions (leetvi80 and 240 mt G@ in Johor; between
375 and 400 mt C£ in Perak) from transportation in the whole EFp@y chain system.
Likewise, GHG emission from the production for thepplier in Perak has the highest and
constant value of 160 mt G& Additionally, the supplier in Perak produced khghest rate of
GHG emission in the whole system. By contraststiygplier in Pahang generates the lowest rate
of GHG emissions. Therefore, coordinated effortedné be made by the BSC industry to
improve the transportation and production efficieraé the BSC. Our findings suggest that
improvement of the efficiency of transportation grdduction components of BSC should be
the starting point to work towards the sustainatdgelopment of the palm biomass industry.
Although the current results are based on a speddfse study, the proposed model in this paper
could be modified and applied to other similar caiglies of the palm oil biomass industry as
well as to other biomass industries (e.g., wooayraiss) where transportation and production

technology are important components.
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The methodology and findings from our study mayphttle decision makers of the biomass
industries to make strategic decisions to seleet lest supplier by taking into account
environmental selection criteria (e.g., £@©missions). Further, it assists decision makers to
conduct ‘what-if’ scenario analyses of the effetttlee supplier’s location and transportation
mode on the sustainability performance of the BB@ presented optimization approach could
be useful for decision makers involved in EFB BS@duture, it is suggested to further develop
the model to optimize transportation criteria sashtransportation type, vehicle numbers, and

road routes based on the socio-economic analysdifferent biomass industries.

Appendix
Table S1. Equations and calculation processes for the biomass supply chain model
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Table 1 Biomass feedstock availability for selected areas

Biomass Fresh Fruit Plantation FFB EFB
feedstock Bunch (FFB) area production  productions
yield (Hectare) (Tonne) (Tonne)
(Tonne/hectare)
EFB 18 745,630 13,272,214 3,052,609
collection 1
(Johoar)
EFB 15 732,052 11,149,151 2,564,305
collection 2
(Pahang)
EFB 18 397,908 6,971,348 1,603,410
collection 3
(Perak)
Total 51 1,875,590 31,392,713 7,220,324

Table 2 Description of variables and parameters of the biomass simulation model
(Production stages: dry long fiber, bio-composite, cellulose, CMC, glucose, bio-ethanol, bio-
ethylene, hemicellulose, xylitol, xylose, HP steam, MP steam, HP steam and el ectricity)

Variable Term

EFBg;(t) Blended empty fruit bunches collection by supplier where i represents the
supplier index

TS(t) Total supply of raw materials by all three suppliers (Johor, Pahang and
Perak)

Ppr r(t) Dry long fiber production rate

DLF(t) Dry long fiber stock

S;(t) Sales of product where i represents the product index

Ppc g(t) Bio-composite production rate

BC(t) Bio-composite stock

CO; p;r p(t) GHG emissions (carbon dioxide equivalent) from dry long fiber production

CO; pc p(t)  GHG emissions (carbon dioxide equivalent) from bio-composite
production

CO; pirrsi  GHG emissions (carbon dioxide equivalent) from train transportation
between empty fruit bunches collection by supplier and dry long fiber
production where i represents the supplier index

CO; et GHG emissions (carbon dioxide equivalent) from truck transportation
between dry long fiber production and bio-composite production

Pg; r Production of fresh fruit bunch by supplier where i represents the supplier
index

Pg; p Production of palm empty fruit bunch by supplier where i represents the

supplier index




C; Conversion factor for production stage where i represents the production
index

Sprr(t) Capacity of salesfor dry long fiber product

Spc(t) Capacity of salesfor bio-composite product

e; Emission coefficient of production stage where i represents the production
index

D; Distance between production stages where i represents the supplier index

T; CO, emission factor of transportation between production stages where i
represents the production index

Pc p(t) Cédllulose production rate

Cs(t) Cellulose stock

P4y p(0) Acid Hydrolysis production rate from stock where i represents the stock
index

Ppy; r(0) Enzymatic hydrolysis production rate from stock where i represents the
stock index

Ppp; p(t) Fermentation plant production rate from stock where i represents the stock
index

Pp;i r() Anaerobic digestion production rate from stock where i represents the stock
index

Py; p(t) Xylitol production rate from stock where i represents the stock index

Py p(t) Hemicellulose production rate

BGg(t) Bio-gas stock

X(t) Xylitol stock

HC(t) Hemicellulose stock

Xys(t) Xylose stock

Pt (1) Bio-ethylene production rate from bio-ethanol stock

BE(t) Bio-ethanol stock

BET(t) Bio-ethylene stock

Pcuc r(0) Carboxymethy! cellulose production rate

CMCq(t) Carboxymethyl cellulose stock

Pp, g(t) Briquette production rate

Ppici r(t) Boiler combustion production rate from stock where i represents the stock
index

Brg(t) Briquette stock

Pp, g(t) Pelletization production rate

Ppyq (1) Slow Pyrolysis production rate

Ppys r(t) Fast Pyrolysis production rate

Pgai (1) Gasification production rate from stock where i represents the stock index

Sc(t) Capacity of salesfor cellulose product

Se(t) Capacity of salesfor glucose product

S,y (1) Capacity of salesfor xylose product

Sy(t) Capacity of sales for hemicellulose product

Sx(t) Capacity of salesfor xylitol product

Spec(t) Capacity of sales for bio-gas product

Sge(t) Capacity of sales for bio-ethanol product

Sger(t) Capacity of salesfor bio-ethylene product

SBr(t)

Capacity of salesfor briquette product




SPe (t)

Capacity of salesfor pellet product

Sups(t) Capacity of salesfor HP steam product

Sg(t) Capacity of salesfor electricity

Sups(t) Capacity of salesfor MP steam

S;ps(t) Capacity of salesfor LP steam

CO, g p(t) GHG emissions (carbon dioxide equivalent) from bio-resin production

CO; ¢ p(t) GHG emissions (carbon dioxide equivalent) from cellulose production

CO; cuc p(t) GHG emissions (carbon dioxide equivalent) from CMC production

CO; yc p(t) GHG emissions (carbon dioxide equivalent) from hemicellulose production

€O, ¢s p(t) GHG emissions (carbon dioxide equivalent) from glucose production

CO; x, p(t) GHG emissions (carbon dioxide equivalent) from xyl ose production

CO; x; p(t)  GHG emissions (carbon dioxide equivalent) by xylitol production from
stock where i represents stock index

CO;, 4p; p(t) GHG emissions (carbon dioxide equivalent) by bio-gas production where i

represents anaerobic digestion index

CO; pp; p(t)

GHG emissions (carbon dioxide equivalent) by bio-ethanol production
where i represents plant index

CO; ger p(t)

GHG emissions (carbon dioxide equivalent) by bio-ethylene production

CO, g, p(t)

GHG emissions (carbon dioxide equivalent) by briquette production

CO; yps p(t)

GHG emissions (carbon dioxide equivalent) by boiler combustion 1, boiler
combustion 2 and boiler combustion 3 toward HP steam production

CO, 1ps p(t)

GHG emissions (carbon dioxide equivalent) by L P steam production

CO; yps p(t)

GHG emissions (carbon dioxide equivalent) by MP steam production

CO, g p(t)

GHG emissions (carbon dioxide equivalent) by electricity production

COZ_C_TSi

GHG emissions (carbon dioxide equivalent) from train transportation
between empty fruit bunches collection by supplier and cellulose
production where i represents the supplier index

COZ_HC_TSi

GHG emissions (carbon dioxide equivalent) from train transportation
between empty fruit bunches collection by supplier and hemicellulose
production where i represents the supplier index

COZ_G_T

GHG emissions (carbon dioxide equivalent) from train transportation
between glucose production and acid hydrolysis production

COz xy T

GHG emissions (carbon dioxide equivalent) from train transportation
between xylose production and enzymatic hydrolysis production

COZ_X_T

GHG emissions (carbon dioxide equivalent) from train transportation
between xylitol production and xylose production

COZ_ADi_T

GHG emissions (carbon dioxide equivalent) from train transportation
between bio-gas production and anaerobic digestion production where i
represents anaerobic digestion index

COZ_FPi_T

GHG emissions (carbon dioxide equivalent) from train transportation
between bio-ethanol production and fermentation plant production where i
represents plant index

COZ_HC_Ti

GHG emissions (carbon dioxide equivalent) from train transportation
between empty fruit bunches collection by supplier and briquette
production where i represents the supplier index

COZ_BiC i.T

GHG emissions (carbon dioxide equivalent) from truck transportation
between pellet production and boiler combustion production where i
represents the boiler combustion index




Table 3 Calculation of the biomass moddl error

Y ear Historical data of FFBs production Simulation modé results
Johor Pahang Per ak Johor Pahang Perak
(per1000  (per1000 (per 1000 (per 1000 (per 1000 (per 1000
tonnes)* tonnes)* tonnes)* tonnes) tonnes) tonnes)

2000 438 9,517 300 418 9,351 296
2001 12,676 12,445 299 12,110 12,050 296
2002 436 10,981 283 416 10,810 277
2003 9,693 8,053 300 9,257 7,834 296

2004 344 400 7,162 329 391 7,080
2005 11,185 10,249 300 10,680 10,030 297
2006 8,202 8,785 316 7,833 8,527 312
2007 9,693 369 283 9,257 361 280
2008 500 11,713 333 ar7 11,370 330
2009 505 430 317 482 417 311
2010 500 399 283 ar7 387 283
2011 531 10,249 300 507 9,928 299
2012 13,421 460 316 12,820 453 310
2013 616 622 340 588 609 339
2014 593 570 340 566 560 338
2015 14,913 573 359 14,240 564 354
2016 570 470 263 544 455 257
2017 656 564 354 626 551 352
2018 623 535 326 595 523 320
Ave. 4,531 4,599 672 4,328 4,483 665

Error 4.5 % 25% 11%

*Note: In calculations, plantation area is considered as follows: Johor (supplier 1) 745,630
hectare, Pahang (supplier 2) 732,052 hectare, and Perak (supplier 3) 397,908 hectare
(Maaysian Pam Oil Board, 2016).

Table 4 Different scenarios for changing the efficiency of (TT) and (PT)



Scenarios

CO.e Reduction (change%o)

Supplier 1 Supplier 2 Supplier 3

TT (0% improvement) 3% 4% 2%
PT (10% improvement)

TT (0% improvement) 7% 8% 5%
PT (20% improvement)

TT (10% improvement) 7% 6% 8%
PT (0% improvement)

TT (10% improvement) 10% 10% 10%
PT (10% improvement)

TT (10% improvement) 13% 14% 12%
PT (20% improvement)

TT (20% improvement) 13% 11% 15%
PT (0% improvement)

TT (20% improvement) 17% 16% 18%
PT (10% improvement)

TT (20% improvement) 20% 20% 20%

PT (20% improvement)




Appendix

Table S1 Equations and cal culation processes for biomass supply chain model

Variable Term Unit Equation Parameter/Coefficient
Supply and Processing

EFBg;(t) Blended empty Tonnes Psi p+ Ps; p i represents the supplier Johor, Perak or Pahang index
fruit bunches ) i (i =1,2,3)
collection by first Pg; ¢: Production of fresh fruit bunch by supplier i
supplier in Johor (Tonnes)

Pg; p: Production of palm empty fruit bunch by supplier i
(Tonnes)
TS(t) Total supply of Tonnes 3 i represents the supplier Johor, Perak or Pahang index
raw materials by Z EFBg;(t) (i=1,23)
all three i=1
suppliers
. Production

Ppir r(1) Dry long fiber Tonnes year™ TS(t) * C; C,: Conversion factor for dry long fiber production
production rate (Dimensionless)

DLF¢(t) Dry long fiber Tonnes t
stock J- ( Pprr r(t) — S1(t)

to
— Ppcr (t)) dt
+ DLF(t,)
S.(t) Sdlesof drylong  Tonnes year™ min( DLFs(t), Sp1r(t)) SpLr(t): Capacity of salesfor dry long fiber product

fiber product (Tonnes year™)

Pgc r(D) Bio-composite Tonnes year™ DLF;(t) = Cy Ci0: Conversion factor for bio composite production

i production rate (Dimensionless)
BCg(t) Bio composite Tonnes

stock

t
to

( Pgc r(£) — S (t)) dt

+ BCs(ty)




S,(0)
Pap r(D)

BCO4(t)

S3(t)

Py r(t)

AAg(t)

54(0)

Py g(?)

Lg(t)

Ss5(t)

Pgg r(t)

Sales of bio
composite
product

aerobic digestion
production rate
Bio compost
stock

Sales of bio
compost product
Alkaline
activation
production rate
Activated carbon
stock

Sales of alkaline
activation
product

Lignin
production rate
Lignin stock

Sales of lignin
product
Bioresin

Tonnes year™
Tonnes year™

Tonnes

Tonnes year™

Tonnes year™

Tonnes

Tonnes year™

Tonnes year™

Tonnes

Tonnes year™

Tonnes year™

min(BCs(t), Spc (b))

TS(t) * C,

t

j (Pan () = S3(6)) at
® + BCOs(t,)

min(BCOs(t), Spco(t))

TS(t) * C3

j (PAA_R ) — 54(1')) dt
)

+ AAg(to)
min( AA;(t), S44(t))

TS(t) * Cg

t

j (PL_R(t) — 55(t)

to

— Pprp (t)) dt

+ Ls(to)
min( Lg(t), S, (1))

Lg(t) * Cy6

Spc(t): Capacity of salesfor bio composite product
(Tonnes year™)

C,: Conversion factor for aerobic digestion production
(Dimensionless)

Spco(t): Capacity of salesfor bio compost product
(Tonnes year™)

Cs: Conversion factor for alkaline activation production
(Dimensionless)

S,4(t): Capacity of salesfor activated carbon product
(Tonnes year™)

Cs: Conversion factor for lignin production
(Dimensionless)

S, (t): Capacity of salesfor lignin product (Tonnes year™)

Ci6: Conversion factor for bio resin production




BRg(t)

Se6(t)
P g(t)

Cs(0)

5;(0)

P4y r(1)

Pryq r(E)

So(t)
511(D)

Prpy r(t)

production rate
Bio resin stock

Sales of bio resin
product
Cellulose
production rate
Cellulose stock

Sales of cellulose
product

Acid hydrolysis
production rate
from cellulose
stock
Enzymatic
hydrolysis
production rate
from cellulose
stock

Sales of glucose
product

Sales of xylose
product
Fermentation

Tonnes

Tonnes year™
Tonnes year™

Tonnes

Tonnes year™

Tonnes year™

Tonnes year™

Tonnes year™
Tonnes year™

Tonnes year™

J ( Pgr r(t) — Ss(t)) dt
t0

+ BRs(to)
min( BRs(t), Sgr(t))

TS(t) = Cy

| (Peat® =5,

— Pyy,(0)

— Pgy g (t)) dt

+ Cs (o)
min( Cs(t), Sc(t))

Cs(t) * Cq

Cs(t) * Cq3

min( Gs(t), S; (1))
min( Xys(t), Sxy (t))

Gs(t) * C3q

(Dimensionless)

Sgr(t): Capacity of salesfor bio resin product (Tonnes
year™)

C,4: Conversion factor for cellulose production
(Dimensionless)

Sc(t): Capacity of sales for cellulose product (Tonnes
year™)

Cy2: Conversion factor for acid hydrolysis production from
cellulose stock (Dimensionless)

Ci3: Conversion factor for enzymatic hydrolysis
production from cellulose stock (Dimensionless)

S (t): Capacity of salesfor glucose product (Tonnes year
1

Sy (t): Capacity of salesfor xylose product (Tonnes year
1
)

Cs1: Conversion factor for fermentation plant production




P 4p1 r(E)

Py, r(t)

P42 p(1)

Gs(t)

Py g(t)

S10(D)

Pey, g(t)

plant production
rate from glucose
stock
Anaerobic
digestion
production rate
from glucose
stock

Xylitol
production rate
from glucose
stock

Acid hydrolysis
production rate
from
hemicellulose
stock

Glucose stock

Hemicellulose
production rate
Sales of
hemicellulose
product
Enzymatic

Tonnes year™

Tonnes year™

Tonnes year™

Tonnes

Tonnes year™

Tonnes year™

Tonnes year™

Gs(t) * Cys

Gs(t) * Cyp

HCs(t) * C14

t

J-(PAHl_R(t) + Panz r(t)

N —55(0)
— Pppy (1)
— Pup1 g (1)
- PXZ_R(t)) dt
+ Gs(to)
TS(t) * Cs

min( Hg(t), Sy (t))

HCs(t) * Cys

from glucose stock (Dimensionless)

Cos: Conversion factor for anaerobic digestion production
from glucose stock (Dimensionless)

C42: Conversion factor for xylitol production from glucose
stock (Dimensionless)

C14: Conversion factor for acid hydrolysis production from
hemicellulose stock (Dimensionless)

Cs: Conversion factor for hemicellulose production
(Dimensionless)

Sy (t): Capacity of salesfor hemicellulose product
(Tonnes year™)

Cys: Conversion factor for enzymatic hydrolysis




ACCEPTED MANUSCRIPT

Pxq r(t) Xylitol Tonnes year’ Xys(t) * Cyy Co7: Conversion factor for xylitol production from xylose
production rate stock (Dimensionless)
from xylose
stock

S12(t) Sa 0;5 of xylitol Tonnes year’ min( Xs(t), Sx(t)) Sy (t): Capacity of salesfor xylitol product (Tonnes year™)
product

BGg(t) Bio gas stock Tonnes ¢
f( Pyp1 r(t) + Papy r(t)
£0

— S;5(t) )dt
+ BGg(ty)




HC¢(t) Hemicellulose Tonnes ¢
stock f (Pyr(t) = Papz r (D)
to

— Pgyp r(0)
— Sy0() )dt
+ HCs(ty)
Prpy r(t) Fermentation Tonnes year™ Xys(t) * Csy Cs,: Conversion factor for fermentation plant production
: plant production from xylose stock (Dimensionless)
rate from xylose
stock
Xyq(t) Xylose stock Tonnes ¢
f( Pgy1 r(t) + Pz p(t)
to
— Pgpy r(0)
— S;1(t) )dt
+ Xys(to)
Pger () Bio ethylene Tonnes year™ BE(t) * Cyq Ca1: Conversion factor for bio ethylene production from
: production rate bio ethanol stock (Dimensionless)
from bio ethanol
stock
S14(t) Sales of bio Tonnes year™ min( BEs(t), Sgg(t)) Sge(t): Capacity of salesfor bio ethanol product (Tonnes
ethanol product year))
Si5() Sales of bio Tonnes year™ min( BETs(t), Sger(t)) Sger(t): Capacity of sales for bio ethylene product
ethylene product (Tonnes year™)
BE(t) Bio ethanol stock Tonnes ¢
f( Pppy g(t) + Prpy_g(t)
to
— Pgpr (1)
— Sy4(t) )dt
+ BE;(t,)
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BET(t) Bio ethylene Tonnes ¢
stock f( Pger r(t) — Si5(¢) )dt
to
+ BETs(t,)
Pcuc r(t) CMC production  Tonnesyear™ Cs(t) * Cqq Cy1: Conversion factor for carboxymethyl cellulose
i rate production (Dimensionless)
Sg(t) Salesof CMC Tonnes year™ min( CMCs(t), Scpc(t)) Sger(t): Capacity of salesfor carboxymethyl cellulose
product product (Tonnes year™)
CMCq(t) CMC stock Tonnes ¢
J-( Peyc r(t) — Sg(t) )dt
to
+ CMCq(ty)
Pg, r(t) Briquette Tonnes year™ Brg(t) * C; Cy: Conversion factor for Briguette production
i production rate (Dimensionless)
S16(t) Sales of briquette  Tonnes year™ min( Brg(t), Sg,-(t)) Sgr(t): Capacity of salesfor briquette product (Tonnes
product year™)
Pgic1 r(t) Boiler Tonnes year™ BiC14(t) = Cy5 C,7: Conversion factor for boiler combustion production
: combustion from briquette stock (Dimensionless)
production rate
from Briquette
stock
Brg(t) Briquette stock Tonnes 4
J-( Pgy r(t) — Pgicy r(t)
to
— S16(0) )dt
+ Brs(to)
Ppe g(t) Pelletization Tonnes year™ Peg(t) * Cg Csg: Conversion factor for pelletization production
production rate (Dimensionless)
S,5(t) Sales of pellet Tonnes year™ min( Peg(t), Sp.(t)) Spe(t): Capacity of sales for pellet product (Tonnes year™)
product
Ppyq (1) Slow pyrolysis Tonnes year™ Peg(t) * Cyq Cx: Conversion factor for slow pyrolysis production

12



ACCEPTED MANUSCRIPT

Ppy, r(0) Fast pyrolysis Tonnes year’ (Peg(t) * Cy9) + (TPeg(t) »  Cyo: Conversion factor for fast pyrolysis production from
production rate Cys) pellet (Dimensionless)
Co4: Conversion factor for fast pyrolysis production from
torrefied Pellet (Dimensionless)

Pga1 r(1) Gadification Tonnes year’ Peg(t) * Cyq Ci9: Conversion factor for gasification production
production rate (Dimensionless)
from Pellet stock

S31(0) Sales of bio-char  Tonnes year min( BChg(t), Sgcn(t)) Spcn(t): Capacity of sales for bio-char product (Tonnes
product year™)

S30(t) Sales of bio-ail Tonnes year: min( BOs(t), Sgo (1)) f)Bo (t): Capacity of salesfor bio-oil product (Tonnes year

product

13



Pgouz r(t)

Pgics (1)

Pgp r()

BOg(t)

S20(t)
Prp g(t)

PGa_R (t)

S23(t)

gasoline
production rate
Bio-ail
upgrading
toward bio diesdl
production rate
Boiler
combustion
production rate
from Torrefied
pellet stock
Steam reforming
toward bio
hydrogen
production rate
Bio-oil stock

Sales of torrefied
Pellet product
Torrefied pellet
production rate
Gasification
production rate
from Torrefied
pellet stock
Sales of bio-
syngas product

Tonnes year™

Tonnes year™

Tonnes year™

Tonnes

Tonnes year™
Tonnes year™

Tonnes year™

Tonnes year™

BOs(t) * C3q

BOs(t) * Cy;

BOs(t) * Cyg

j( Ppy;, r(t) — Pgoy1 r(t)
£0

— Pgoyz (1)

— Psg g(1)

— S30(t) )dt

+ BOs(t,)
min( TPs(t), Srp(t))

TSs(t) = Cy

TPs(t) * Cy3

min( BSs(t), Sgs(t))

Cso: Conversion factor for bio-oil upgrading toward bio
gasoline production (Dimensionless)

Cx: Conversion factor for boiler combustion production
from torrefied Pellet stock (Dimensionless)

Cos: Conversion factor for steam reforming toward bio
hydrogen production (Dimensionless)

Srp(t): Capacity of salesfor torrefied pellet product
(Tonnes year™)

Co: Conversion factor for torrefied pellet production
(Dimensionless)

Cos: Conversion factor for gasification production from
torrefied pellet stock (Dimensionless)

Sps(t): Capacity of salesfor bio-syngas product (Tonnes
year™)
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Py r(t)

Prriz r(1)

Ppri1 (1)

§27(t)
S26(t)

BG(t)

BDg(t)

Pgp (1)

S25(t)

524(t)

P, g(t)

Methanol
production rate

FTL toward bio
gasoline
production rate
FTL toward Bio
diesel production
rate

Sales of bio-
gasoline product
Sales of bio-
diesel product
Bio-gasoline
stock

Bio-diesdl stock

Separation plant
production rate
Sales of bio-
Hydrogen
product

Sales of bio-
methanol product
Ammonia

Tonnesyear™

Tonnes year™

Tonnes year™

Tonnes year™
Tonnes year™

Tonnes

Tonnes

Tonnes year™

Tonnes year™

Tonnes year™

Tonnes year™

BSg(t) * C3¢
BSg(t) * C39
BSg(t) * Csg

min( BGs(t), Sges(t))

min( BDs(t), Spp(t))

f( Perip r(£) + Pgoy1 r()
)

— Sy;(t) )dt
+ BGg(ty)

f( Pprr1 r(t) + Ppouyz_r(t)
N — Sy6(t) )dt
+ BDs(t,)
BSs(t) * C37

min( BHg(t), Sz (1))

min( BM(t), Sgu (1))

BHg(t) * Cy3

Css: Conversion factor for methanol production
(Dimensionless)

Cso: Conversion factor for FTL toward bio gasoline
production (Dimensionless)

Casg: Conversion factor for FTL toward bio diesel
production (Dimensionless)

Spes(t): Capacity of salesfor bio-gasoline product
(Tonnes year™)

Sgp (t): Capacity of sales for bio-diesdl product (Tonnes
year™)

Cs7: Conversion factor for separation plant production
(Dimensionless)

Spy (t): Capacity of sales for bio-hydrogen product
(Tonnes year™)

Spu (t): Capacity of sales for bio-methanol product
(Tonnes year™)
Cy3: Conversion factor for ammonia production

15



ACCEPTED MANUSCRIPT

production rate (Dimensionless)

BH¢(t) Bio-hydrogen Tonnes

stock J ( Psp g(t) + Psg g(1)
)

— Py (1)
— Sy5(t) )dt
+ BH(t,)

S,,(t) Sales of Tonnes year’ min( Ag(t), S4(t)) Sy (t) Capacity of sales for ammonia product (Tonnes
ammonia product year™)

(PA r(t) — Sy(0) )dt
)

+ A|(t‘)

Ag(t) Ammoniastock  Tonnes



ACCEPTED MANUSCRIPT

TP(t) Torrefied pellet Tonnes t
stock f ( Prp g(t) — Pgaz r(t)
)
— Pgic3 g(1)
— Ppy, g(1)
— Sy9(0) )dt
+ TPs(ty)

S17(t) Sales of HP Tonnes year min( HPSs(t), Syps(t)) Sups(t): Capacity of salesfor HP steam product (Tonnes
steam product year™)

S1g(t) Sales of Tonnes year’ min( Es(t), Sg(t)) Sg(t): Capacity of salesfor electricity (Tonnes year™)
electricity

S19(t) Sales of MP Tonnes year’ min( MPSs(t), Syps(t)) Syps(t): Capacity of salesfor MP steam (Tonnes year™)
steam
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ACCEPTED MANUSCRIPT

S,0(t) Sales of LP Tonnes year’ min( LPSs(t), Syps(t)) S, ps(t): Capacity of salesfor LP steam (Tonnes year™)

E¢(t) Electricity stock ~ Tonnes

(PPl r(t) — S1g(t) )dt
)

+ Eg(ty)

LPS(t) LPsteamstock  Tonnes

t
f( Pp3 r(t) — Szo(t) )dt

to
+ LPSi(ti)
CO; pir p(t) GHGemissions  Tonnes CO.e Ppir r(t) * eq e;: emission coefficient of dry long fiber production
(carbon dioxide  year (Dimensionless)
equivalent) from
dry long fiber




CO; gc p(t)

CO; pco p(t)

CO; 4c p(t)

CO, ;. p(D)

CO; gg p(t)

CO, ¢ p(t)

CO; cuc p(t)

production
GHG emissions
(carbon dioxide
equivaent) from
bio composite
production
GHG emissions
(carbon dioxide
equivalent) from
bio compost
production
GHG emissions
(carbon dioxide
equivaent) from
activated carbon
production
GHG emissions
(carbon dioxide
equivaent) from
lignin production
GHG emissions
(carbon dioxide
equivaent) from
bio resin
production
GHG emissions
(carbon dioxide
equivaent) from
Cellulose
production
GHG emissions
(carbon dioxide

Tonnes
year

Tonnes
year

Tonnes
year

Tonnes
year

Tonn
year™

Tonnes
year

Tonnes
year

CO.e

CO,e

CO.e

CO.e

COqe

CO.e

COqe

Pgc r(t) * e

Ppco r(t) * e3

Pya r(t) * ey

P r(t) * eq

Pgr r(t) * €14

Pc r(t) * eqq

Pemc r(8) * eq;

e, emission coefficient of bio composite production
(Dimensionless)

es. emission coefficient of bio compost production
(Dimensionless)

e, emission coefficient of activated carbon production

(Dimensionless)

eq. emission coefficient of lignin production
(Dimensionless)

e14: emission coefficient of bio resin production
(Dimensionless)

e1o. emission coefficient of cellulose production
(Dimensionless)

e,1. emission coefficient of carboxymethyl cellulose
production (Dimensionless)
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CO; yc p(t)

€O, ¢s p(D)

CO; x, p(t)

CO; x; p(t)

CO; 4p; p(t)

equivaent) from
CMC production
GHG emissions
(carbon dioxide
equivalent) from
Hemicellulose
production
GHG emissions
(carbon dioxide
equivaent) from
Glucose
production
GHG emissions
(carbon dioxide
equivalent) from
xylose
production

GHG emissions
(carbon dioxide
equivalent) by
xylitol
production from
xylose stock or
glucose stock
GHG emissions
(carbon dioxide
equivalent) by
bio gas
production from
anaerobic
digestion

Tonnes
year

Tonnes
year

Tonnes
year

Tonnes
year

Tonnes
year

CO,e

CO.e

CO.e

CO,e

CO.e

Pyc r(t) * es

(Pan1 r(t) + Papz r(2)) * eq,

(Pen1 r(£) + Py r(£)) * eq3

Py r(t) * ¢;

Pypi r(t) * ¢

es: emission coefficient of hemicellulose production
(Dimensionless)

e1,: emission coefficient of glucose production
(Dimensionless)

e13. emission coefficient of xylose production
(Dimensionless)

i represents the xylitol production index (i = 1,2)
e;. emission coefficient of xylitol production from stock j,

where j = 1,2 represents glucose and xylose stock
(Dimensionless)

i represents the anaerobic digestion index (i = 1,2)
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ACCEPTED MANUSCRIPT

CO, pp; p(t) GHGemissions Tonnes CO.e Pep; r() * e i represents the plant index (i = 1,2)
o (carbon dioxide  year™ i
equivaent) by
bio ethanol
production from
fermentation
plant

CO, g, p(t) GHGemissions Tonnes CO.e Pg, g(t) * ey e,: emission coefficient of briquette production
o (carbon dioxide  year™ i (Dimensionless)
equivaent) by
briquette
production

CO; 1ps p(t) GHGemissions Tonnes COqe Prps p(t) * e3y e34: emission coefficient of LP steam production
(carbon dioxide  year™ (Dimensionless)
equivaent) by
LP steam




ACCEPTED MANUSCRIPT

CO; g p(t)

production

GHG emissions Tonnes COqe Ppy p(t) * ey e, emission coefficient of eectricity production
(carbon dioxide (Dimensionless)

equivaent) by

electricity

production

CO; gy p(t)

GHG emissions Tonnes CO-e Py r(t) * e3s ess: emission coefficient of bio-methanol production
(carbon dioxide (Dimensionless)

equivalent) by

Bio-Methanol

production



CO; pp p(t)

CO, 4 p(D)

CO; r p(t)

COZ_Pe_P (t)

CO; rpe p(t)

CO; o p(t)

GHG emissions
(carbon dioxide
equivalent) by
FTL and bio-ail
upgradings
toward bio-diesel
production
GHG emissions
(carbon dioxide
equivalent) by
ammonia
production
GHG emissions
(carbon dioxide
equivaent) by
formaldehyde
production
GHG emissions
(carbon dioxide
equivalent) by
pellet production
GHG emissions
(carbon dioxide
equivalent) by
torrefied Pellet
production
GHG emissions
(carbon dioxide
equivalent) by
fast pyrolysis
from pellet and
torrefied pellet

Tonnes
year™

Tonnes
year

Tonnes
year

Tonnes
year™

Tonnes
year™

Tonn
year™

CO.e

CO.e

CO,e

CO.e

CO.e

COqe

Zl'2=1(PFTLi_R(if) x e;) +
(Pgou;j r(t) * €))

Py r(t) * e4
Pr r(t) * e3g
Ppe r(t) * eg

Prpe r(t) * e

2
> Peyir® * )

i representsthe FTL index (i = 1,2)
J represents the bio-oil upgradingsindex (i = 1,2)

e40: emission coefficient of ammonia production
(Dimensionless)

e39: emission coefficient of formaldehyde production
(Dimensionless)

eg. emission coefficient of pellet production
(Dimensionless)

eq. emission coefficient of torrefied pellet production
(Dimensionless)

i represents the Fast Pyrolysisindex (i = 1,2)
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CO; pch p(t)

IV.  Transportation emissions

COZ_DLF _TSi

CO; pcT

co 2_AATSi

toward Bio-Qil
production
GHG emissions
(carbon dioxide
equivaent) by
slow pyrolysis
toward bio-char
production

GHG emissions
from train
transportation
between EFB
collection by
supplier i and
dry long fiber
production
GHG emissions
from truck
transportation
between dry long
fiber production
and bio
composite
production
GHG emissions
from train
transportation
between EFB
collection by
supplier i and
activated carbon

Tonnes CO,e
year™

Tonnes CO.e

(tonne of
biomass
transported) ™

Tonnes CO.,e

(tonne of
biomass
transported) ™

Tonnes CO,e

(tonne of
biomass
transported) ™

Ppcn r(t) * eqq

Pprr r(t) * Dy * T;

Ppc r(t) * Dy * T,

Paar(t) * D; * T

e19: emission coefficient of slow pyrolysis toward bio-char

production (Dimensionless)

i represents the supplier Johor, Perak or Pahang index
(i=1,2,3)

D;: Distance between EFB collection by supplier i and dry
long fiber production (Kilometer)

T;: CO, emission factor of train transportation between
EFB collection by supplier i and dry long fiber production
(tonne CO, equivalent /tonne of biomass transported)

D,: Distance between dry long fiber production and bio
composite production (Kilometer)

T,: CO, emission factor of truck transportation between
dry long fiber production and bio composite production
(tonne CO,, equivalent /tonne of biomass produced)

i represents the supplier Johor, Perak or Pahang index
(i=1,23)

D; : Distance between EFB collection by supplier i and
activated carbon production (Kilometer)

T; : COz emission factor of train transportation between
EFB collection by supplier i and activated carbon
production (tonne CO, equivalent /tonne of biomass
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co 2_LTSi

COZ_BR_T

CO; ¢ 1si

COZ_HC_TSi

production

GHG emissions
fromtrain
transportation
between EFB
collection by
supplier i and
lignin production
GHG emissions
fromtrain
transportation
between lignin
production and
bioresin
production
GHG emissions
from train
transportation
between EFB
collection by
supplier i and
cellulose
production

GHG emissions
fromtrain
transportation
between EFB
collection by
supplier i and
hemicellulose

Tonnes CO,e

(tonne of
biomass
transported) ™

Tonnes CO,e

(tonne of
biomass
transported) ™

Tonnes CO.e

(tonne of
biomass
transported) ™

Tonnes CO,e

(tonne of
biomass
transported) ™

Py r(t) * D; = T;

Pgr r(t) * Dyy * Tyq

Pc g(t) * D; * T;

Pyc r(t) = D; = T;

transported)

i represents the supplier Johor, Perak or Pahang index
(i=1,23)

D; : Distance between EFB collection by supplier i and
lignin production (Kilometer)

T; : COz emission factor of train transportation between
EFB collection by supplier i and lignin production (tonne
CO; equivaent /tonne of biomass transported)

D, ;: Distance between lignin production and bio resin
production (Kilometer)

T;11: CO; emission factor of train transportation between
lignin production and bio resin production (tonne CO,
equivalent /tonne of biomass produced)

i represents the supplier Johor, Perak or Pahang index
(i =1,23)

D;: Distance between EFB collection by supplier i and
cellulose production (Kilometer)

T;: CO, emission factor of train transportation between
EFB collection by supplier i and cellulose production
(tonne CO;, equivalent /tonne of biomass transported)

i represents the supplier Johor, Perak or Pahang index
(i=1,2,3)

D;: Distance between EFB collection by supplier i and
hemicellul ose production (Kilometer)

T;: COz emission factor of train transportation between
EFB collection by supplier i and hemicellulose production
(tonne CO, equivalent /tonne of biomass transported)
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COz 1

COz xy T

COZ_X_T

COZ_ADi_T

production
GHG emissions
from train
transportation
between glucose
production and
acid hydrolysis
production
GHG emissions
from train
transportation
between xylose
production and
enzymatic
hydrolysis
production

GHG emissions
fromtrain
transportation
between xylitol
production and
xylose
production
GHG emissions
from train
transportation
between bio gas
production and
anaerobic
digestion
production

Tonnes CO.e

(tonne of
biomass
transported) ™

Tonnes CO.e

(tonne of
biomass
transported) ™

Tonnes CO,e

(tonne of
biomass
transported) ™

Tonnes CO.e

(tonne of
biomass
transported)™

2
Z(PAHi_R(t) * Dy * T;)
i=1

2
Z(PEHi_R(t) * Dy o* Ti)
i=1

2
z(PXi_R(t) x D; * T;)
i=1

Pypi r(t) * D; * T;

i represents the acid hydrolysis production index (i = 1,2)
D;: Distance between glucose production and acid
hydrolysis production i (Kilometer)

T;: CO, emission factor of train transportation between
glucose production and acid hydrolysis production i (tonne
CO; equivaent /tonne of biomass produced)

i represents the enzymatic hydrolysis production index
(i=12)

D;: Distance between xylose production and enzymatic
hydrolysis production i (Kilometer)

T;: COz emission factor of train transportation between
xylose production and enzymatic hydrolysis production i
(tonne CO, equivalent /tonne of biomass produced)

i represents xylitol production index (i = 1,2)

D;: Distance between xylitol production i and xylose
production (Kilometer)

T;: CO, emission factor of train transportation between
xylitol production i and xylose production (tonne CO,
equivalent /tonne of biomass produced)

i represents the anaerobic digestionindex (i = 1,2)

D;: Distance between bio gas production and anaerobic
digestion i production (Kilometer)

T;: CO, emission factor of train transportation between Bio
Gas production and anaerobic digestion i production
(tonne CO, equivalent /tonne of biomass produced)
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COZ_FPi_T

COZ_HC_Ti

COZ_BiC i.T

COZ_Gai_T

GHG emissions
fromtrain
transportation
between bio
ethanol
production and
fermentation
plant i
production
GHG emissions
fromtrain
transportation
between EFB
collection by
supplier i and
briquette
production
GHG emissions
from truck
transportation
between
briquette, pellet
or torrefied pellet
production and
boiler
combustion
production
GHG emissions
from truck
transportation
between Pellet
production and

Tonnes CO,e

(tonne of
biomass
transported) ™

Tonnes CO.e

(tonne of
biomass
transported) ™

Tonnes CO,e

(tonne of
biomass
transported) ™

Tonnes CO,e

(tonne of
biomass
transported) ™

Pepi r(t) * D; * T;

Pg, g(t) * D; * T;

Pgici g(t) * D; = T;

Pgai r(t) * D; * T;

i represents the plant index (i = 1,2)

D; : Distance between bio ethanol production and
anaerobic digestion i production (Kilometer)

T; : CO, emission factor of train transportation between bio
ethanol production and fermentation plant i production
(tonne CO;, equivaent /tonne of biomass produced)

i represents the supplier Johor, Perak or Pahang index
(i=1,23)

D;: Distance between EFB collection by supplier i and
briquette production (Kilometer)

T;: COz emission factor of train transportation between
EFB collection by supplier i and briquette production

(tonne CO, equivalent /tonne of biomass transported)

i represents the boiler combustion index (i = 1,2)
Jj represents the production index where j =
1,2,3 corresponds briquette, pellet and torrefied pellet

i represents the gasification production index (i = 1,2)
D;: Distance between pellet production and gasification i
production (Kilometer)

T;: CO, emission factor of train transportation between
pellet production and gasification i production (tonne CO,
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COZ_Pe_TSi

COZ_TPe_TSi

CO; py T

gasification
production

GHG emissions

fromtrain
transportation
between EFB
collection by
supplier i and

Pellet production
GHG emissions

from train
transportation
between EFB
collection by
supplier i and
torrefied pellet
production

GHG emissions

from train
transportation

between torrefied
pellet production
and fast pyrolysis

production plus
Carbon dioxide
emissions from
truck
transportation

between torrefied
pellet production
and fast pyrolysis

production

Tonnes CO,e

(tonne of
biomass
transported) ™

Tonnes CO,e

(tonne of
biomass
transported) ™

Tonnes CO,e

(tonne of
biomass
transported) ™

Ppe g(t) * D; * T;

Prpe g(t) * D; = T;

2

Z(PPyiR(t) x D; x T;)

=1

equivaent /tonne of biomass produced)

i represents the supplier Johor, Perak or Pahang index

(i =1,2,3)

D;: Distance between EFB collection by supplier i and
Pellet production (Kilometer)

T;: CO, emission factor of train transportation between
EFB collection by supplier i and pellet production (tonne
CO2 equivalent /tonne of biomass transported)

i represents the supplier Johor, Perak or Pahang index

(i =1,2,3)

D;: Distance between EFB collection by supplier i and
torrefied pellet production (Kilometer)

T;: CO, emission factor of train transportation between
EFB collection by supplier i and torrefied pellet
production (tonne CO, equivalent /tonne of biomass
transported)

i represents the fast pyrolysisindex (i = 1,2)

D;: Distance between torrefied pellet production and fast
pyrolysis i production (Kilometer)

T;: CO, emission factor of train transportation between
torrefied pellet production and fast pyrolysisi production
(tonne CO,, equivalent /tonne of biomass produced)
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Oil Palm Biomass
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Fig. 1. Biomass resourcesin Maaysia (Agens Inovasi Malaysia, 2011)

Pre-treatment
Biomass
Harvesting and Storage Storage
Collection

nII:II:II:II:lI:lI:II:I

Warehouse

anII:II:II:lI:II:II:I

Warehouse

anII:II:IFII:lFIFI

Warehouse
|

anIFII:IFIFIFIFI

Warehouse

i ‘

i

i

i i
9

W={L,..1}i

i
i
i
i
i
i
i
i
i
i
i
A

1
i
i
i
i
i
i
+

nII:II:IFII:II:II:II:I

Warehouse

nII:II:II:II:II:II:II:I

Warehouse

Supplier Manufacturer

Energy
Conversion

—mimim e

I

Distributor




Fig. 2. Biomass supply chain network (Sokhansan; et a., 2009)
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Fig. 10.Average percentage of CO, emissions
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Fig. 11.CO, emission changes from 2000 to 2050 for supplier 1
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Fig. 12.CO, emission changes from 2000 to 2050 for supplier 2
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Fig. 13.CO, emission changes from 2000 to 2050 for supplier 3



Ensuring the environmental sustainability of biomass supply chain
Dynamic simulation mode! for predicting GHG emissions from biomass supply chain
Assessment of GHG emissions for palm biomass suppliersin Maaysia (2000-2050)

Effect of efficiency of transportation and production technology on GHG emissions
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