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Abstract

Abstract

After the oil crisis held in 1973 and 1979, acadganis and industry players
have noticed the importance and necessity of haaltegnative and sustainable energy
sources in future. Biological wastes, also nansetB&éimass” has been cited as one of
the significant sustainable energy sources. Bienmses an ideal and substantial
potential to achieve a sustainable system. Howeaber development of biomass
industry is still relatively sluggish due to theckaof confidence of the investor to
venture in this relatively new green business. sT&imost probably attributed to the
low-maturation of biomass technologies compareatier conventional technologies,
high logistics cost required for biomass transgmmeand uncertain market penetration
barrier for the biomass-derived products. Thiseaaithe importance of having a proper
biomass management system and a systematic ewaluapiproach to assess the

sustainability performances of the biomass industry

Therefore, the ultimate goal of this thesis is &valop a sustainable multi-
biomass supply chain with the aims of optimisingtialee sustainability dimensions
simultaneously. A sustainable multi-biomass sugpigin is referred as the integrated
value chain of the green products, which derivethfvarious types of biomass, starting
from harvesting stage to the final products deiliatage. This thesis discusses in detalil
on the relevant previous research works towardrtreduction of novel evaluation
approach to attain different sustainable objectives, economic, environmental and
social) simultaneously. The evaluation approactosmpasses various components,
including (i) model reduction by using P-graph greged two-stage optimisation

approach; (ii) consideration of vehicle capacitystoaint for detailed transportation
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cost estimation; (iii) integration of various susgbility indexes using various

optimisation techniques.

On top of that, two novel debottlenecking approachmme through principal
component analysis (PCA) method; while anotherughoP-graph framework, which
able to identify and remove barriers that limit thestainability performance of the
biomass supply chain, are proposed. Aside from this thesis also aims to reduce the
gaps between the researchers and industry playetdeveloping some user-friendly
and non-programming-background dependent decisikisrg tools. Thus, decision-
makers are able to understand the insight of greiblems easily without requirement
of strong mathematical background. A case studghor, a southern state in Malaysia,
which is endowed with extensive biomass resourcegjsed to demonstrate the

effective of the proposed approaches.
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k index for customers

m, m’ index for transportation modes from sourt¢e processing hup
and from processing hglto customek

n index for process path

p index for products

q index for impact categories

r index for biomass

S index for responder

t,t index for technologies to produce intermediadtasd productp

u index for social impacts

z index for principal components

Matrices
correlation matrix used in PCA
eigenvector for PC
identity matrix
standardised original data matrix
projection matrix in PCA

Parameters

land area required for setting up a single proogsisib [ni/hub]
CO; absorption rate by plantation [tG(On2.y)]

collection cost of biomags[RM/t]
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annual capital cost of technologjRM/]

annual capital cost of technology{RM/t]

construction cost [RM]

fertilising cost required for plantation [RMfin

diesel price [RM/L]

fuel cost required for plantation [RMAnN

correlated cost constant [RM/]

labour cost required for plantation [RMIm

land cost [RM]

annual operating cost of technolagyRM/t]

annual operating cost of technolayyRM/1]

plantation cost [RM/(rhy)]

purchasing cost of transportation med¢RM]
purchasing cost of transportation made[RM]
revenue obtained from prodyzfRM/t]

repair cost of transportation modg/RM/km]

repair cost of transportation mode [RM/km]
linearised transportation cost constant [RM/t/km]
weight limit of transportation moda [t/trip]

weight limit of transportation moda’ [t/trip]

capital recovery factor

travelling distance from sourceo processing hup[km]
travelling distance from processing huio customek [km]
Delay time due to loading and unloading processréorsportation

modem [h/trip]

-XXiV-



cr "%
C L

Clg
Clg s

CL
ClL s
GH

I ke

I ok

IM
|M)%&&
IM.

IM ¢
M

* 0QR

NO F?E— 9

0QR

NOF, s

SGRR

SGy g

Nomenclatures

Delay time due to loading and unloading processréorsportation
modem’ [h/trip]

lower bound of the environmental impact at categpeaused by
the entire supply chain [t-eq/y]

upper bound of the environmental impact at cateqargused by
the entire supply chain [t-eq/y]

amount of biomassavailable in source[t/d]
fraction of CQ absorbed by ocean [%]
Fraction of material that processed in procefs]

emission factor of pollutara through technology|[t pollutanta/t
intermediatd]

emission factor of pollutara through technology [t pollutanta/t
biomasg]

carbon emission factor for transportation magCO./km]

carbon emission factor for transportation madg¢gCOx/km]

hourly wage [RM/h]

lethal concentration which caused 50 % death effteh
lethal dose that caused 50 % death of rat

life span of processing hub [y]

life span of the plantation [y]

life span of the transportation moadgy]

life span of the transportation mode [y]

maximum hub’s capacity [t/d]

maximum number of trip for transportation maddo deliver
biomass from sourdeto processing hup[trip/(vehicle.d)]

maximum number of trip for transportation madeto deliver
biomass from processing hubo customek [trip/(vehicle.d)]

maximum operating hour [h/d]

time required to transport biomass from sounmeprocessing hup
via transportation mode [h]
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time required to transport biomass from proceshinigj to
customek via transportation moda’ [h]

estimated annual working days [d/y]

risk of pedestrian fatality for transportation made

fuel consumption rate for transportation maaf./km]

fuel consumption rate for transportation maafgL/km]
discount rate [%]

random consistency index

impact speed [km/h]

maximum speed can be achieved by transportatiore mgkm/h]
maximum speed can be achieved by transportatioremogkm/h]
mean speed of transportation madgm/h]

mean speed of transportation madgkm/h]

minimum speed can be achieved by transportatioremmj#m/h]
minimum speed can be achieved by transportatioremmdkm/h]
time-weighted averages of threshold limit valuganfip

relative priority of the economic objective

relative priority of the environmental objective

relative priority of the social objective

relative importance of the environmental impact

relative importance of the social impact

conversion ratio of intermediateo productp via technology’
conversion ratio of biomaggo intermediate via technologyt
energy conversion factor for technologyviJ/t]

energy conversion factor for technologyMJ/t]
energy requirement for technologyMJ/t]
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energy requirement for technology{MJ/t]

n2&l water requirement for technologym®/t]
A& water requirement for technology{m?3/t]
v maximum volume of VLM that can be delivered by eeéicle
[m3/d]
w maximum weight of WLM that can be delivered by aedicle

[t/d]

= score of potential environmental impact of pollutaat category
[t-eq/t]

o score of potential environmental impact of produat category
[t-eq/t]

4 score of potential environmental impact of fossised energgt
categoryq [t-eq/t]

_[" abed score of social impact in terms of human toxicioggntial by
inhalation and dermal exposure [ppm

_[" abce score of social impact in terms of human toxicioggntial by
ingestion [kg/mg]

Variables

fgq binary variables to denote the selection of praogdsubj

g capital expenditure for transportation system [RM/y

g" annual gross profit [RM/y]

g investment cost (hub and transportation cost) [RM/y

gW annualised hub investment cost [RM/y]

g* labour cost for transportation system [RM/d]

gQ %& maintenance cost for transportation system [RM/y]

gQ)s mileage cost [RM/d]

g' annual net profit [RM/y]

g operating expenditure for transportation system M

g %8 carbon emission penalty [RM/y]
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annual transportation cost [RM/y]
consistency index

total carbon footprint [Ri(t/y)]
consistency ratio

environmental impact at categaryft-eq/y]

environmental impact at categayydue to energy consumption
[t-eqly]

environmental impact at categayydue to self-generated energy
[t-eqly]

direct environmental impact at categorgue to self-generated
energy [t-eqly]

indirect environmental impact at categorgue to self-generated
energy [t-eqly]

environmental impact at categaqydue to imported energy
[t-eqly]

environmental impact at categaqydue to pollutant emission
during conversion process [t-eqly]

environmental impact at categaqydue to manufactured product [t-
eqly]

direct environmental impact at categgrgue to manufactured
product [t-eqly]

indirect environmental impact at categoygue to manufactured
product [t-eqly]

environmental impact at categayydue to fuel consumption during
transportation [t-eq/y]

total electricity exported [MJ/y]
total electricity generated [MJ/y]
total electricity imported [MJ/y]
total electricity required [MJ/y]

total annual fuel consumed for the transportatidy] [
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amount of fossil-based fuel being substituted leylitofuel or
bioenergy generated [t/y]

total emission rate of pollutaat[t/y]

flowrate of intermediatéproduced in hup [t/d]

flowrate of intermediatéin hubj which sent to technology [t/d]
flowrate of producp produced in hup|t/d]

flowrate of producp from hubj to customek [t/d]

flowrate of producp from processing hupto customek via
transportation modm’ [t/y]

volumetric flowrate of produgt from processing hupto customer
k via a single transportation mode [m3/y]

mass flowrate of produgtfrom processing hupto customek via
a single transportation mode [t/y]

flowrate of biomass from source to hubj [t/d]

flowrate of biomass from source to processing hupvia
transportation modm [t/y]

volumetric flowrate of biomassfrom source to processing hup
via a single transportation mode[m?3/d]

mass flowrate of biomagsrom source to processing hupvia a
single transportation mode [t/d]

flowrate of biomass delivered to hulp [t/d]

flowrate of biomass in hubj which sent to technologyt/d]
inherent safety in terms of chemical factors fagass
inherent safety in terms of chemical corrosiveriesprocess
inherent safety in terms of equipment safety focpss
inherent safety in terms of explosiveness for pssoe
inherent safety in terms of flammability for proses

inherent safety in terms of chemical interactiongmcess

inherent safety in terms of process inventory focpssa
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inherent safety of the process for proaess

inherent safety in terms of process pressure fargsm
inherent safety in terms of heat of main reactmmpirocess
inherent safety in terms of heat of side reactarpfocess
inherent safety in terms of safe process strudturprocess
inherent safety in terms of process temperaturgrocess

total inherent safety index for process

inherent safety in terms of toxic exposure for pssn
inherent safety index

job vacancies created by the biomass supply ciath [
direct job created by procesgjob]

indirect job created by procesgjob]

total land footprint [

polar magnitude for thevector

polar magnitude for the-vector of process
maximum allowable travel distance [km]

number of hubs

number of trip required to transport material freaurcei to
processing hupvia transportation moda [trip/d]

number of trip required to transport material frpmcessing hup
to customek via transportation mod®’ [trip/d]

number of vehicle required

number of transportation moderequired to deliver biomass from
source to processing hup

number of transportation mode required to deliver product from
processing hupto customek

performance of before debottlenecking

performance of after debottlenecking
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performance of optimal solution
performance of sub-optimal solution
social impact in terms of human toxicity potential

social impact in terms of human toxicity potentak to the
pollutant emitted from the conversion process

social impact in terms of human toxicity potentak to the
product

social impact in terms of human toxicity potentak to the energy
consumption in the hub

social impact in terms of human toxicity potendak to the fuel
consumption during transportation

total carbon emission resulted from transportafiG®-/y]
total variance described 2 PC

total water footprint [rffy]

standardised value of data

polar angle for the-vector

polar angle for the-vector of procesn

degree of satisfaction of the objective

maximum eigenvalue used in AHP

degree of satisfaction based on economic performaan§CM
degree of satisfaction based on environmental pegoce in SCM
degree of satisfaction for the least satisfied abje
eigenvalue determined in PCA

degree of satisfaction for thz® PC

degree of satisfaction based on social performan&&€M
degree of satisfaction of each social impact

overall degree of satisfaction of the SCM
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Chapter 1

Chapter 1:

Introduction

1.1  Background

Sustainability development and cleaner productiavelprogressively become
the main concern in the world. This is mainly énwby the snowballing global pressure
on emission reduction and the increasing sociatemess among communities. In the
Malaysian context, biomass utilisation has beerdats one of the prospective solutions
to achieve sustainable (Duet al., 2011). However, the development of bisnas
industry is still relatively sluggish due to varginveterate barriers (e.g., high logistic
cost due to low-density biomass transportation; kwd level of involvement of
investor due to market uncertainty) (MIGHT, 2013Jhis raises the importance of
having a proper biomass management system andearst&c evaluation approach to
assess the sustainability performances of the Eemiadustry. Therefore, it is
suggested to develop a multi-biomass supply chaunch fully utilise the potential of
biomass, including palm oil biomass (empty fruitfich and palm kernel shell), paddy
biomass (rice husk and paddy straw), pineapplegakbugarcane bagasse, in order to
promote the sustainability development of renewallergy in Malaysia (Lam et al.,
2013). Despite numerous studies were conductkihmass supply chain optimisation,
most of them did not consider the social sustalitan their optimisation model. Thus,
this research also contributes a novel evaluatmuraach, which able to synthesise a
sustainable biomass supply chain with the aim aimaping all three sustainability
dimensions (economic, environmental and socialykaneously. Aside from this, the
development of debottlenecking approach to deteetunderlying bottlenecks that
hamper the development of biomass industry in Magais another key contribution

of this work.
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1.2 Problem Statement
Biomass has been idnetified as one of the prosgeatiernative resources for
process industry to achieve sustainability. Howedevelopment of biomass industry

in Malaysia is still kept at pioneered stage. Tan issues to be addressed are:

I.  Some of the underutilised biomass (i.e., yet teehaell established technology),

which contain substantial economic potential atecoasidered in most works.

[I.  Most works merely focus on economic and environ@enistainability, social

sustainability receives least attention duringdgp@misation process.

lll.  Lack of systematic debottlenecking approach thé &b detect barriers that

restrict the sustainability performance of the basssupply chain.

Therefore, several novel approaches which capabledasure sustainability
performance, including economic, environmental autial dimension (mainly
referring to health and safety aspects) of the ifbidimass supply chain; optimise the
multi-biomass supply chain based on the sustaitahbilerformance; and detect

bottlenecks of biomass industry and subsequentipve them.

1.3 Research Objective
The main objective of this research work is to d@vea sustainable biomass
supply chain from the chemical engineering poinviefn. It can be further broken

down into several goals:
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1.3.1 To synthesise a multi-biomass supply chain which iagrates the available
biomass
To-date, some of the valuable biomass in Malayaielyet to receive sufficient
attention in both research and industrial applca(e.g., sugarcane bagasse, pineapple
peel, etc.). Therefore, a multi-biomass supplyirghahich considers a broader range
of processes for various types of biomass (obtdireed different agriculture sources)
in a single supply chain should be synthesisedti@dly, single-biomass supply chain
only considers the processes for a single typeashass in the supply chain. Hence,
the opportunity of having integration between symplains is higher for multi-biomass
supply chain compared to the conventional singberiaiss supply chain. For instance,
electricity generated from combustion of one biosnzen be consumed by the process
facility used for another biomass. The enhancenoérintegration will gradually

improve the energy efficiency and resource consemvan the biomass industry.

1.3.2 To evaluate the sustainability performances of thentegrated biomass supply
chain
Without a proper and systematic approach, the éuti@velopment of biomass
supply chain management (BSCM) can never move fatwin fact, this is vital for
the potential investors in their robust assessniise biomass industry. Therefore,
novel evaluation approach which integrates all@hsastainability dimensions (i.e.,

economic, environmental, social) of the supply ochmabdel is developed.
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1.3.3 To develop a systematic bottleneck targeting apprad to identify the
bottlenecks occur in the supply chain network

Bottlenecks in supply chain refer to the barridrat timit a given design or
process in attaining a higher performance (e.gitéd availability of biomass which
lead to low economic feasibility of the businessydvolume density of biomass which
lead to high transportation cost, etc.). To-d#te,conventional bottleneck detection
methods are merely invented to identify physicatibes that limit the throughput or
makespan of the process. However, in order to ptersustainable development, the
concept of bottlenecks should be extended to colverother two sustainability
dimensions (i.e., environmental and social). stance, high environmental impact
and high safety risk can be the barriers which eaugavourability of a given system.
Thus, there is a need to develop a systematic dehetking approach which able to

identify these bottlenecks and subsequently renttose.

1.4 Research Contributions

The research is proposed to be carried out mairith whe aid of two
optimisation software, i.e., Lingo v14.0 with gldlsalver (Lingo, 2015) and P-graph
Studio v5.2.0.7 (P-Graph Studio, 2017). The surgméthe research contribution of

this thesis is listed as follow:

1.4.1 Development of comprehensive methodology to synttise a multi-biomass

supply chain which integrates several types of bioass available in Malaysia

The multi-biomass supply chain problem is a highmptexity-huge size
problem which required longer computing time. Hiere, a P-graph aided approach

is developed to synthesise a biomass supply chdifelaysia. A case study in Johor

-4-
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State, Peninsular Malaysia is used to demonstiatproposed method. Note that this

biomass supply chain network is served as the te@s®in this research.

1.4.2 Development of a transportation decision tool withconsideration of vehicle
capacity constraints
In order to increase the reliability of the bassecanodel, the capacity constraint
of the transportation modes (i.e., weight and vayere taken into consideration. In
order to address this problem, a novel mathematicalel is developed. Aside from
this, a graphical tool called “Smart Vehicle Seleet(SVS) Diagram” has been

developed to increase the efficiency of the denisi@aking process.

1.4.3 Development of an evaluation model to evaluate andptimise the
environmental sustainability of the integrated bionass supply chain
An evaluation model which encompasses several aagsgof environmental
impacts is developed in order to determine a comjme solution for economic-
environmental decision in supply chain managente@t). On top of that, a graphical
illustration method is proposed to show the tengleat a process toward each

sustainability dimension.

1.4.4 Development of a mathematical model to evaluate andptimise the social
sustainability of the integrated biomass supply cha
The model is extended to integrate social indicaforainly focusing on safety
aspect, health aspect and job creation) into tluation model. As a result, the
sustainability performance of the SCM in termsadreomic, environmental and social

dimensions are measured and improved. Howevercahsideration of numerous
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sustainability indicators in a single model mightuse redundancy in data set. This
will make the results become hard to be analyseddsagnosed. Therefore, a novel

PCA-aided optimisation approach is introduced.

1.4.5 Debottlenecking of integrated biomass supply chainwhich limits its
sustainability performance
Apart from setting a throughput capacity for suppain, the bottleneck also
limits the sustainability performance of the supplyain in terms of economic,
environmental and social dimensions. Thus, a Byastie debottlenecking approach
which able to improve the sustainability performaun€ the integrated biomass supply

chain is developed in this work.

1.5 Outline of Thesis

This thesis is organised as follows: Chapter 2etssa detailed literature review
for this research (e.g., biomass potential, bion@asslability in Malaysia, potential
technologies, available optimisation and evaluagipproaches, etc.), while Chapter 3
outlines the research strategies and methods aptads work. In Chapter 4, a novel
P-graph aided two-stage optimisation model is psepgoto solve the multi-biomass
supply chain problem. The model is then improweddnsideration of vehicle capacity
constraints in Chapter 5, in order to deliver aeracurate estimation on transportation
cost. Chapter 6 focuses on integrating severalr@mwental indicators into the
evaluation model, while Chapter 7 aims to extemdiodel to cover the social impacts
of the biomass supply chain. Itis then followedle development of debottlenecking
framework for biomass supply chain in Chapter 8ilevboncluding remarks are given

in Chapter 9.



Chapter 2

Chapter 2:

Literature Review

2.1  Introduction

In Malaysia, agriculture industries make up twegbeecent of the nation’s Gross
Domestic Product (GDP) (DOSM, 2015). The huge amaif biomass is the side
products produced from the rapid development incafjure industries. As reported,
a minimum of 168 million tonnes of biomass is gated annually, where palm oil
biomass accounts for 94 % of biomass feedstocksdwammass contributes 4 %, and
the remaining contributors are agricultural by-prod (i.e., sugarcane, pineapple,
paddy, etc.) (Nurhidayati & Leon, 2012). Yet, mosthe biomass are not well utilised.
This chapter presents the literature reviews reladehis research and is organised as
follow. Section 2.2 summarises the existing biogriadMalaysia. Section 2.3 outlines
the available technologies for biomass conversidine literature review related to
supply chain management is presented in Section 4Section 2.5, optimisation
techniques which are commonly used are introdudei. followed by the reviews of

conventional bottleneck detection methods in Sei6.

2.2  Biomass availability and economic potential

Malaysia is the world second largest producer ¢hpail around the world. It
contributed 39 % of the world production and 44 £world oil export (MPOC, 2014).
With such amount of palm oil production, the amouohtpalm oil biomass is also
tremendous. It is estimated that for each kg bhpal generated, approximately 4 kg
of palm oil biomass (i.e., empty fruit brunch (EFBaIm kernel shell (PKS), fronds,

trunks, etc.) is produced (Abdullah & Sulaiman, 201Traditionally, palm oil biomass
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(especially empty fruit bunches) is commonly usedfugel stock in palm oil plant

operations. Apart from that, the palm oil biombsonverted by digestion (enzymatic,
concentrated or diluted acid hydrolysis) as ferragon feedstock to produce several
value-added products, i.e., ethanol (Sudiyani et28l13), bio-gas (Srimachai et al.,

2014), acetone (Al-Shorgani et al., 2012) and gnpegk (Ng et al., 2014).

Besides, paddy is another important crop in Makagsirice is a crucial part of
every Malaysian diet. According to Department ofridulture Malaysia, paddy
planted area throughout Malaysia is estimated ds382 hectares while the average
paddy yield is around 3.879 metric tonnes per medaOA, 2014). The cultivation of
rice results in two types of biomass, i.e., paddyws and rice husk. Both have attractive
potential in terms of energy due to their high gyecontent, i.e., 15.09 MJ/kg and
15.84 MJ/kg respectively (Lim et al., 2012). Besidthe silica ashes derived from the
rice husk (Kartini, 2011) and paddy straw (Munshiaé, 2013) can be used as
renewable pozzolanic additive in cement paste. éd@wn there is still limited
commercial building systems have been developedukese materials on large-scales.
Instead of using these paddy biomass as buildingnmaés, it is more common to be

used in mineral mix for composting (Theeba et2012).

In addition, sugarcane is another important agcelcrops in Malaysia. The
production of sugar from sugarcane yields vast arhof biomass in the form of
molasses, vinasse and bagasse. In the past dettsgléignocelluloses biomass such
as bagasse are converted into furfural as a renevgaibstitute for synthetic resins

(Uppal et al., 2008). Recently, sugarcane wastebeaused in different areas. For
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instance, the sugarcane wastes can be convertedsé@tond generation ethanol

(Cardona et al., 2010), paper paste (Pattra é2@G08) and energy (Ramjeawon, 2008).

Furthermore, pineapple waste (i.e., pineapple gemh pineapple juice
factories) is another potential biomass that caodmwerted into value-added product.
Occasionally, the wastes are utilised as fertilmeanimal feed (Lim & Matu, 2015).
Although some researchers have reported that piheapaste is not suitable to be
processed as animal feed due to its high fibresmhable carbohydrate content with
low protein content (Correia et al., 2004), but teeent research results proved that
dehydrated pineapple by-products will increase digestibility of animals which
eventually lead to an increment in the animals’glieiCosta et al., 2007). Besides,
the pineapple peel which consist of cellulose, leethiloses and carbohydrate is
suitable to be produced into paper, cloth, etcp(bie & Hodgson, 2003). Recently,
many researchers have raised their interest inexting these pineapple wastes into
methane (Rani & Nand, 2004), ethanol (Choonut gt26114), citric acid (Chau &

David, 1995) and formic acid (Zakaria & Nazeri, 2p1

Despite the economic potential of these biomasg widely discussed by the
academicians, but there are very few works arewtted to integrate these of biomass
into the supply chain. Table 2.1 summaries theralvelantation area of each

agriculture crop in Malaysia.
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Table 2.1 Hectarage of plantation area of each crop in Matagccording to states.

Plantation Area (ha)

Oil Palm Pineapple Sugar Cane Paddy

Johor 201,018.0 8,691.8 80.7 3,022.1
Kedah 21,091.2 760.5 25.5 215,930.0
Kelantan 3,210.5 307.2 22.0 70,939.1
Melacca 9,379.0 - 11.0 2,228.6
N. Sembilan 19,334.1 102.1 0.2 2,016.4
Pahang 36,350.1 281.4 30.6 8,351.4
Perak 98,280.8 43.7 1.0 82,150.2
Perlis 58.2 1.0 4,098.9 52,075.0
P. Penang 8,486.4 680.4 0.2 25,564.0
Selangor 38,543.4 523.4 - 37,460.1
Terengganu 1,895.0 86.2 26.6 17,851.5
Sabah 24,852.2 1,308.2 49.0 43,331.2
Sarawak 11,982.1 2,136.2 - 127,023.1
Sources (MPOB, 2012)  (DOA, 2012) (DOA, 2013) (DOA, 2014

-10-
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2.3 Biomass Conversion

To-date, there are many different ways of convgrbiomass to value-added
products and energy, including various biologicdemical and thermal processes.
Figure 2.1 shows the conventional biomass utitisatiaths. Note that, the conversion
can be either result in final product (reached cemual levels of supply and demand)

or may be a pre-processing stage for further psases

Figure 2.1: Conversion options for biomass (Willgra010).

-11-
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2.3.1 Biological conversion
Biological conversion is one of the well-developgedhnologies used for the
biomass conversion. It consists of two main rqutes, fermentation and anaerobic

digestion.

2.3.1.1 Fermentation

Agriculture crops (e.g., sugarcane) which condigtigh sugar content are the
main feedstock for the fermentation process in otdecovert the sugars into bio-
ethanol. On the other hand, lignocellulosic sowae also be used as feedstock for
fermentation (Sun & Cheng, 2002). In the past desaseveral types of biomass have
been tested to produce bio-ethanol, such as sugarbagasse (Azzam, 1989),
pineapple peels (Ruangviriyachai et al., 2010 hasks (Fujieda et al., 2012), rice
straws (Sasaki et al., 2013), empty palm fruit nesc(Kim & Kim, 2013), corn straw

(Wang et al., 2015), etc.

The conversion includes two processes, i.e., (@rdlysis of cellulose in the
lignocellulosic sources to fermentable reducingassigand (ii) fermentation of the
sugars to ethanol. Hydrolysis is usually catalyssd cellulose enzymes while
fermentation is carried out by bacteria or yed&tevious research has proved that the
cellulose crystallinity, low porosity of the feedsk material and the presence of lignin
and hemicellulose will reduce the efficiency of hylgisis (McMillan, 1994). In order
to address this issue, various pre-treatment psesasere suggested by the researchers.
The pre-treatment processes are aimed to: (i) imgpthe formation of sugars; (ii)
prevent the degradation of carbohydrate; and gii@vent formation of by-products

which inhibits the hydrolysis and fermentation @eses (Sun & Cheng, 2002).

-12-
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2.3.1.2 Anaerobic Digestion

Anaerobic digestion (AD) is an environmentally sirsable technology to
manage organic waste, e.g., food waste, agricultaste, industrial waste, etc. AD is
a complex biological process in which the facuatand anaerobic microorganisms
digest the organic material in the absence of omygehe order to obtain energy and
simultaneously, released methane (C#hs (Speece, 1983). AD involves four steps,
i.e., hydrolysis, acidogenesis, acetogenesis atiamegenesis. During the hydrolysis,
the enzymes excreted by fermentative bacteria deosenthe complex and insoluble
organic compounds (i.e., protein, carbohydrates &d) into simple soluble
compounds, e.g., fatty acids, amino acids, sugatsa&cohols. During acidogenesis,
these soluble compounds are converted into ethpnmpjonate, butyrate, etc. In the
acetogenesis phase, the long chain fatty acidscameerted into acetate, hydrogen gas
(H2), CQ, etc. Finally, during methanogenesis, methanelymimg bacteria will
convert the acetic acid into Gigas (Shieh et al., 2000). It is worth to note G&k

gas can be used to generate electricity via gasweiilyluench, 2015).

Similar to the fermentation, pre-treatment prodesgquired prior to the AD.
The objective of having pre-treatment is to expibeehemicellulose and cellulose to
the microorganisms for the biodegradation process ét al., 2009). In the recent
decades, a number of studies have been conductdeteomine the biogas yield of
various biomass feedstock, including pineapple pédamsree et al., 201 mpty
palm fruit buncles (Nieves et al., 2011), oil palm mesocarp filSaidu et al., 2014),

rice straws (Chen et al., 2015), rice husks (Jakbeah, 2015), etc.
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2.3.1.3 Pre-treatment Process

Generally, the pre-treatment processes are cldsif physical pre-treatment,

physio-chemical pre-treatment, chemical pre-treatnaad biological pre-treatment.

Physical treatment mainly aimed to increase theessible areas and to reduce the

cellulose crystallinity by reducing the size of timaterials (10-30 mm after chipping

and 0.2-2 mm after milling) (Cadoche & Lopez, 1988 a result, the digestibility of

the biomass is significantly improved (Millet et,dl976). Besides, pyrolysis is another

physical pre-treatment which able to improve theversion rate of cellulose up to 80-

85 % (Fan et al., 1987). Several types of phykieatical pre-treatments are described

as follow:

Steam explosionit is a hydrothermal pre-treatment process whitehkdiomass is
treated with high-pressure saturated steam (0.8%-4MPa; 160-260°C)
(McMillan, 1994). The pressure will then promptiduce to atmospheric pressure
in order to undergo an explosive decompressions Whi cause the hemicellulose
degradation and lignin transformation, thus indregaghe rate of hydrolysis (Grous
etal., 1986). Steam explosion has a lower enemgyirement (70 % less) compared
to the physical pre-treatment (Holtzapple et &92). However, in order to remove
the hydrolysis inhibitors generated through the-tpgatment process, the pre-
treated biomass have to be washed by water (Matlkae, 1985). Inevitably, 20-
25 % of the reducing sugars generated by hydrolygisalso be removed along

with the removed degradation products via the w@iters-Hartree et al., 1988).

Liquid hot water (LHW): LHW is another hydrothermal pre-treatment process

which hydrolyses hemicellulose at elevated tempeeaiand pressure. The
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superheated liquid water will be auto-ionised ihy@ronium ions, which act as a
promoter for cleavage of ester bonds in the ligholosic materials, resulting in
the formation of acetic acid (Teo et al., 2010% aXesult, the cellulosic digestibility

of the biomass is improved.

Ammonia fibre explosion (AFEX): Under AFEX pre-treatment, the biomass is
treated with high-pressure liquid ammonia undemagerature ranging from 9C

to 100°C for 5 min and then the pressure is promptly reducSimilar to steam
explosion, this will cause a rapid decompressiAs.a result, the saccharification
rate of the biomass has significantly improved (hewri et al., 2005). However,

McMillan (1994) claimed that this pre-treatmenieiss effective for woody biomass.

The common chemical pre-treatment includes acidrdiysis, alkaline hydrolysis,

alkaline-peroxide hydrolysis and wet-oxidation:

Acid pre-treatment: Lignocellulosic materials are treated with acidsitially,
concentrated acids have been widely used in the gemsades to improve the
hydrolysis rate. However, due to the high corresass and hazardous of the
concentrated acids, concentrated acid hydrolysissis likely to be implemented
(Silvers & Zacchi, 1995). Instead, dilute acid tofgsis (e.g., dilute sulphuric acid
(Chen et al., 2011), dilute phosphorus acid (Nieated., 2011), dilute hydrochloric
acid (Herrera et al., 2004), etc.) has been prapbgethe researchers. Literature
has proven that the amount of hemicellulose indihge acid pre-treated biomass
are much lower, resulting in higher yield of bidcratol ((Esteghlalian et al., 1997).

Despite acid pre-treatment will improve the hydsidyrate significantly, higher
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operating cost is required due to the need of aksdétion process to ensure the

efficiency of downstream processes.

Alkaline pre-treatment: Some bases (mostly dilute sodium hydroxide (NgOH)
can also be used for pre-treatment of lignocellalosaterials. The mechanism of
this alkaline hydrolysis is believed to be sapaaifion of the intermolecular ester
bonds crosslinking xylan hemicelluloses. This vulither lead to higher porosity

of the lignocellulosic materials. In the recenidsés, alkaline pre-treatment has
shown its effectiveness in increasing the sugdd ya various biomass feedstock,

such as rice straw (He et al., 2008), corn stoXbelig et al., 2009), switch grass

(Sills & Gossett, 2011), sugarcane bagasse (Raelb, 2014), etc.

Wet oxidation (WO): WO is the process of treating the lignocellulasiaterials
with water and oxygen at 12C. Itis also referred as referred as wet air @tah

(WAO) if air is used instead. WO process can heddd into two steps: (i) low
temperature hydrolytic reaction and (ii) high temgpere oxidative reaction

(McGinnis et al., 1983).

In biological pre-treatment process, microorganiseng., brown-, white- and

soft-rot fungi are used to degrade lignin and hefhitose in the ligocellulosic

materials (Schurz, 1978). Generally, brown rotédéstroy the cellulose, while white

and soft rots will destroy both cellulose and ligniBiological pre-treatment offers

several advantages, e.g., lower capital cost, l@mergy requirement, environmental

friendly and required only mild environmental caiati (Wang et al., 2013). hE main

drawbacks of biological pre-treatment are (i) loegidence time per cycle of treatment
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process; (ii) requirement of sterile condition; gl less effective compared to other
pre-treatment processes (present lower yield int mbthe cases) are still the major

drawbacks of this technology (Menon & Rao, 2012).

2.3.2 Thermal conversion
Thermal conversion of the biomass basically cotlaee types of technologies,

i.e., pyrolysis, gasification and combustion.

2.3.2.1 Pyrolysis

Pyrolysis is a thermochemical decomposition ofaiganic materials (moisture
content below 10 % mass fraction) in the absenaxyden at moderate temperatures
(350-550 °C) and atmospheric pressure. The prafystrolysis encompasses of two

forms, i.e., solids and volatiles.

The solid, also termed as bio-char, is a porough-barbon content biomass,
which is widely used in soil management and wateatinent (Inyang & Dickenson,
2015). Numerous studies have found that bio-chaahble to reduce the organic
contaminant bioavailability in soils with added kéts of improving the soil fertility
(Zzhang et al., 2010). Aside from this, it can kedias the catalyse for Fischer-Tropsch
process (Dehkhoda et al., 2010) and adsorbentrf@anic contaminants and heavy

metals presence in water (Inyang et al., 2014).

The volatiles can be partly condensed to givewdifraction (i.e., pyrolysis oll

or py-oil) leaving a mixture of non-condensable ggsso-called syngas. Recent
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research shows that py-oil can be upgraded anédew an alternative transportation
fuel (Elliott, 2013). Unlike the conventional ceadnd petroleum-derived fuels,
biomass oils contain less aromatics and sulphurictwiwill lead to severe
environmental impact (Kogkar et al., 2000). Syngasomposed of carbon dioxide,
carbon monoxide, methane, hydrogen and two carpdrogens. It could be processed
into gasoline trough Fischer-Tropsch process (Mai.e2015). There are mainly two

classes of pyrolysis processes, i.e., Fast Pysodysil Slow Pyrolysis:

Fast pyrolysis: It is characterised by high heating rate (>10 k%) short vapour
residence time. Feedstock used for this pyrolgsmuld be pre-treated to reduce
the particle size (Wampler, 1995). The operatamggderature is generally set above

500°C. This will favour the formation of py-oil.

Slow pyrolysis It is characterised by slower heating rate (<&)hd longer solid
and liquid residence time (Wampler, 1995). It sually operated at a lower
temperature (roughly 40@) compared to fast pyrolysis. It is worth to ndtat

under such condition, the yield of char is maxirdig@ridgwater, 1999).

2.3.2.2 Gasification

Gasification is an alternative thermochemical cosim technology, which
commonly used to treat biomass. The biomass isastad inside a gasifier which
filled with a controlled level of oxygen at a relatly high temperature (500-80C)
(Lehmann & Joseph, 2009). Eventually, syngas amdlmar are generated. Numerous
studies have been carried out to examine the syyighisof various types of biomass

feedstock. For instance, Mohammed et al. (201%)ilmgestigated the gasification if
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empty fruit bunch in a fluidised bed reactor; Ahnmaetl Gupta (2012) examine the
gasification of sugarcane bagasse under diffeeznpérature; Moghadam et al. (2014)

has determined the optimum condition of syngasyctdn from palm kernel shell.

2.3.2.3 Fischer-Tropsh

Fischer-Tropsch (FT) process provides an altereatbute to produce clean
fuels which contain of high cetane number (>70)rfrbiomass, natural gas or coal
(Torregrosa et al., 2013). The syngas generated fryrolysis and gasification can be
converted to valuable fuel or chemicals via FT pesc Currently, there are two
operating modes used for FT process, i.e., higipéeature (300-350C) with iron-
based catalyst FT process and low temperature Z200€) with cobalt-based catalyst
FT process. Generally, the former FT processas @sr gasoline production while the

latter FT process is used for waxes production (R60?2).

2.3.2.4 Combustion

Biomass combustion is simply referred to the bwgnof biomass in a
combustion furnace. To-date, combustion technofilgys an important role in power
generation (Broek et al., 1996). Unlike to thevamtional coal power generation, it is
considered as a carbon-free process as the caritiséfrom biomass combustion are
biogenic carbon (Zaimes & Khanna, 2015). In otlerds, it does not increase the
overall carbon amount in the atmosphere. Biomats igh calorific value has the
capability to be used as the biomass combustiaisteek. Table 2.2 shows the list of
calorific value of various biomass available in Kgia. However, the low combustion

efficiency of biomass (i.e., 35-38 %) is still thrjor challenge (Bjerg, 2011).
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Table 2.2: Calorific value of biomass.

Biomass Calorific value [kcal/kg] Reference
EFB 4,000-4,600 (Tian, 2015)
PKS 4,000-4,600 (Tian, 2015)
Rice Husk 3,000 (Zafar, 2015)
Paddy Straw 2,400 (zafar, 2015)
Sugarcane Bagasse 3,922 (Shukla & Vyas, 2016)

2.3.3 Chemical conversion

Due to the expanding energy demand and the inoigasivareness of cleaner
production, the interest in finding alternativelfbas been boosted up since 1990s. The
oils derived from the oil-bearing crops (usuallfereed to oilseed) can be served as an
alternative fuel. Such crops include coconut,edivapeseed, corn seed, oil palm fruit,
peanut, etc. Before the oil extraction procedsegeids are usually being pre-heated.
Then, the oilseeds will be crushed and flaked. fldlees are pressed via screw press
to recover the oil in the seed. Besides, furtixéraetion presses will be carried out in
order to extract more oil from the press cake. e\mv, low combustion efficiency of

vegetable oils is the key barrier of this techngl@@andel & Heinrich, 1983).

2.3.4 Summary
The underlying values and potentials of biomagsroducing valuable products,
either in chemical form or energy form are outlinedhis section. This indicates that
biomass valorisation is not only environmental-genbut also poses a substantial
economic potential. Despite most of the reseasastie Ishown the economic feasibility

of biomass technologies, but most of these evalnatilid not account the supply chain
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cost (transportation cost, management cost, etaysing the investors to become
hesitate to venture into the biomass industry. sTlietailed evaluation on economic

sustainability (especially transportation cost)én&v be conducted.

2.4  Supply Chain Management (SCM)

Supply chain is the network of the entities througtich material flows. Those
entities include suppliers, carriers, processingshuwcollection centres, retailers and
customers (Lummus & Alber, 1997). In other wordH,activities associated with
moving goods from supplier to the end user, ineigdprocurement, production
scheduling, order processing, inventory managentemsportation, warehousing and
customer service are termed as supply chain. ditiad, the concept of SCM has been
defined as well. Generally, SCM is an integratpglosophy in managing the total
flow of a distribution channel from supplier to tkad customer (Ellram & Cooper,
1993). Itinvolves the effective and efficiencymagement of all activities in the supply
chain. In fact, SCM plays an important role intanginaging as it is able to monitor or

influence the business in supply chain.

2.4.1 Biomass supply chain management (BSCM)

In the past decades, first-generation of biofusdspgimarily derived from food
crops (e.g., corn, sugarcane) and are mainly edilis production of biodiesel and bio-
ethanol. However, some scholars have arguedhbaidge of food for fuel will lead to
a drastic increment in food price (Sharma et &13). To avoid this “fuel vs food”
ethical issue, non-food crops (e.g., lignocellldogiomass, organic residues, algae,
microalgae and genetically modified crop whichanée to absorb carbon dioxide) has

been utilised in the production of second-genematihird-generation and fourth-
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generation biofuel (Liew et al., 2014). Thus, depeent of biomass supply chain
management (BSCM) has received a great attentoon both academic scholars and
industrial players. For instance, Halasz et &I08) presented the potential contribution
of process network synthesis in “green biorefinesjiich converts green biomass to
bulk chemical by using P-graph framework. Lamle{2013) proposed a two-stage
optimisation model to determine the optimal operatnd logistics management of
palm oil mill biomass in Malaysia. More recentRaulo et al. (2015) developed a
mixed-integer linear programming model to determthe optimal design of the

residual forestry biomass to power generation inug@al. Table 2.3 shows the other

recent publication of BSCM.

In general, BSCM concerns the management of bioraadshiomass-based
products flow within an integrated value chain wihdontain integrated biorefinery that
converts biomass into value-added products or griétgng et al., 2016). Hong et al.
(2016) point out that there are no district bouretaamongst the four components, i.e.,
biomass harvesting and management, integratedfimieng product distribution and
logistics management in BSCM (see Figure 2.2). [uthe continuous increasing
economic, environmental and social concerns anderext pressures (e.g.,
governmental policies, societies’ preference, getelstainability has grown in
prominence for both SCM scholars and practitionefss a result, the concept of

sustainable supply chain management (SSCM) is gemho
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Table 2.3: Recent publication for biomass suppbicimanagement.

Year

(2008)

Author

Narodoslawsky et al.

Remark

Outlined the challenges apgodunities for
biomass utilisation industries

(2009)

Rentizelas et al.

Introduced a hybrid modellingprapch to
identify global optimum for multi-biomass (whe
straw, corn stalks, etc.) tri-generation problem

(2011)

Bai et al.

Proposed a Lagrangian relaxation baseudistic
algorithm to solve the nonlinear problem, wh
integrates biorefinery facility location proble
and traffic assignment model.

(2012)

Chen & Fan

Established a two-stage stochasticranoging
model to explore the potential of biomass-ba
bio-ethanol production in California.

(2013)

Sun et al.

Presented a two-stage game model ty ste
optimal strategy for managing a competit
agriculture biomass supply chain

at

ch
m

sed

ve

(2013)

Ng et al.

Synthesised an optimal rubber seed suj
network which maximise the utilisation of rubh
seed oil by using mixed integer line
programming

ply
er
ar

(2014)

u ek et al.

Developed an integrated mixed intedersar
proamming (MILP) model for multi-perio
synthesis for biorefinery supply networks

(2016)

Shabani & Sowlati

Presented a hybrid model thiggirates a robus
optimisation formulation and  multi-stag
stochastic programming model to account
uncertainties in forest biomass quality 3

—

je
for
nd

availability.
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Figure 2.2: Conceptual idea of biomass supply cftdong et al., 2016).

2.4.2 Sustainable supply chain management (SSCM)

Sustainable development is defined dsvelopment thateets the needs of
present without compromising the ability of futgemeration to meet their own neéds
(Brundtland et al., 1987). Sustainable supply mmaanagement (SSCM) concerns of
the management of material flows along the entieply chain while aiming to
optimise all three dimensions of sustainable dguaknt, i.e., economic,

environmental and social (Seuring & Mdiller, 2008).

Green supply chain management (GSCM) is the eanhgeptual models of
SSCM practices which focused solely on environmeditaension (Marshall et al.,
2015). It demonstrates how green technologiespaactices can be implemented and
in line with the cost minimisation and efficiencgtonisation (Lam et al., 2015). The
six key features of GSCM are green procurementf(jeof purchasing materials and
information which provide lower environmental impg¢ green manufacturing

(manufactured products that utilised clean tectgiek), green design (research on
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cleaner production), green marketing (packagingaahetrtisement of green products),

green logistics (logistics management to reduceremwental impacts) and reverse

logistics (reuse, recycle, repair or disposal efgreen products) (Odeyale et al., 2014).

Some of the publications which related to GSCMlisted in Table 2.4.

Table 2.4: Recent publications for green supplyrch@anagement.

(2005)

Sharma and Henriques

Examined the stakeholdeweimdles on th
environmental sustainability in the Canad
forestry industry which involves both pollutig
control and eco-efficiency

117

an
n

for

(2009) Mudgal et al. Presented a hierarchy based model the
contextual relationship among the enablers
the GSCM in India

(2010) Chen and Chai Investigated the relationship betvwadétude

towards GSCM

(2013)

Lam et al.

Determined the optimal transportatioode
for the palm biomass supply chain in Malay
which caused a lower G@mission and highe
cost-effectiveness

Sia

=

(2014)

Tseng et al.

Developed rigorous quantitative aggines td
benchmark the eco-efficiency in GSCM un
uncertainty

Her

(2015)

Rostamzadeh et al.

Presented a quantitative di@lumodel to
measure the uncertainty of GSCM activit
and solve the green multi-criteria decisiq
making problem

es
n-

(2015) Tyagi et al. Identified and analysed the intemttiamong
drivers of implementing GSCM
(2016) Luthra et al. Explored the importance of critialccess

factors to implement GSCM towar

sustainability taking into account the

automobile industry of India.

s
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During recent decades, SSCM has received greatiatifrom both academic

researchers and industries (Ji et al., 2015). Saintke researchers have integrated

social sustainability into the evaluation modek(3@able 2.5).

Table 2.5: Recent publications for

Year Author

(2001) Sarkis

sustainable Bugipain management.

Remark

Incorporated environmental sustainabilitio
manufacturing strategy and operations

(2008) Seuring and Mdller

Presented a conceptual framewao
summarise the research of SSCM

(2012) Walker and Jones

Developed a typology of appraathé&SCM
in order to explore the SSCM issues
companies and to identify the main fact
which will influent SSCM

n
DI'S

(2013) Ahli and Searcy

Analysed the published definition of GSCM

and SSCM and highlighted the convergen
and divergences in the literature as well as t
strengths and weaknesses

ces
heir

(2014) Diabat et al.

Identified the influential enabléns SSCM by
using Interpretive Structural Modelling

(2014) Pagell and Shevchenko

Identified the five mainuess that futurg
research has to address in order to help in

development of truly sustainable supply chajn

the

(2014) Neves et al.

Identified the sustainable practicasd
measures that are being adopted
organisations in the food industry

by

(2015) Jietal.

Developed a model which adopt the troalt
data envelopment analysis method in orde
address the issue of eco-design
transportation in SSCM

r to
for

(2017) Dubey et al.

Proposed the use of Total InterpeeSitructura
Modelling in SSCM
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The economic sustainability, environmental sustailitpg and the social
sustainability can be measured through variousaggbres. This is discussed in the

subsections below:

2.4.2.1 Economic sustainability
Economic performance is always the key concern ha sustainability
evaluation of the business corporation. The keyemic indicators which have widely

been used in economic evaluation are tabulatedloheT2.6 below:

Table 2.6: Key economic indicators.

Indicator Description

Gross Profit Gross profit refers to the profit madier deducting the costs
associated with making and selling its productsis widely
used to reflect the core profitability of a compaapnd
illustrate the financial successfulness of a gipeaduct or,
service

Net Present Value NPV reflects the present value of cash inflow arashq
(NPV) outflow, which considers the monetary inflationeratver the
operational lifespan (Lam et al., 2013)

Benefit-Cost Ratio BCR identifies the relationship between cost antehies of a
(BCR) proposed project. It can be determined by dividirgpreseng
value of benefit by the present value of cost. pheposed

project should be rejected if BCR is less than 1

(Kasivisvanathan et al., 2014)

Payback Period PP refers to the period of time required to requtcerecover
(PP) the total investment cost, or to reach the breaaeoint. It

can be determined by dividing the annualised chpita

expenditure (CAPEX) by the gross profit (Teo et 2017)

Return on ROI evaluates the efficiency and effectiveness of| a
Investment investment (Deng and Parajuli, 2016). It is meaduby
(ROI) dividing net outcome of an investment (can be negaby

the investment cost. The result is expressedp@scentage
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2.4.2.2 Environmental sustainability

To-date, a variety of quantitative methods for éhraluation of environmental
sustainability are widely available. Most of themre developed based on scoring
(Cabezas et al., 1999), benchmarking (Cave & Edsydr@97) and ranking (Achour et

al., 2005).

Life cycle analysis (LCA) is the most scientificliadle method, which was
introduced to measure environmental and resoutegteproducts to the production
process (Ness et al., 2007). The life cycle coneegs firstly proposed by Novick
(1960) .It has been modified from life cycle cosalysis to the first waste and energy
analysis and eventually become the environmenta @ich is widely used today
(Curran, 2012). LCA is commonly referred as a beato-grave” analysis (Glavic &
Lukman, 2007). It covers the system’s entire lkifgcle from the extraction or
harvesting layer to the processing layer (i.e., ufaeturing, utilisation, conversion,
etc.) and eventually to the post-processing layer, ¢ecycling and disposal), including
all transportation and distribution step (Bojarskial., 2009). With the aid of LCA,
environmental impacts caused by the system wilidoeiced, while will also improve

the overall profitability. In general, LCA framevkoconsists of four phases:

I.  Goal and scope definition Define the objectives of the analysis and idgntif
the system’s boundaries (e.g., assumptions, limoitaf etc.). Note that the goal

and scope can be adjusted during the analysis.

II. Life Cycle Inventory (LCI) : Collect all the required data (material involved,

energy and utilities balance, etc.).
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Life Cycle Impact Assessment (LCIA) Evaluate the significances of the

environmental impacts quantified in the LCI.

Interpretation : Evaluate the study systematically by considethmg level of
completion, degree of consistency and sensitiviglysis. Recommendation
and conclusion have to be drawn out in order tbligbt those areas that still

have space for improvement.

Even though LCA is a well-recognised powerful totw assess the

environmental sustainability, there are still camtaome important limitations. For

instance, the high level of uncertainty arisingrr@Cl is the main limitation of the

LCA method. Besides, numerous LCIA tools existheaith different methodologies.

This might cause result inconsistency of the prodnalysis (Landis, 2008). Besides,

LCA only assesses potential impacts instead ofin@aécts. Finally, there is still lack

of systematic approach for generating LCA soluti@sossmann & Guillén-Gosalbez,

2010). Some of the review papers for LCA publmasi are listed in Table 2.7.

Table 2.7: Recent publications for LCA.

Year Author Remark

(2013) Menten et al. Present the literature of LCA studistimating

advanced biofuels greenhouse gas emissions

(2013) Muench and Guenther  Synthesise biomass energy Lt@2Aihvolve

biomass electricity and heat generation

(2014) Huttunen et al. Provide an overview of the LCA stgdn co-

digestion biogas production

(2015) Asdrubali et al. Harmonise the LCA studies resultd

renewable energy generation
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Table 2.7(cont’): Recent publications for LCA.

Year Author Remark

(2015) Khoo et al. Quantified the environmental performan€ the
production of bio-solvent which utilisgd
lignocellulosic feedstock via LCA

(2017) Hiloidhari et al. Review the recent application &fCA in
understanding the potential impact of bioengrgy
generation system

Environmental footprints are alternative quanttatimeasures, which are
extensively used to assess the environmental impéet process U ek et al., 2012a).
Footprint refers to a quantitative measurement sigwhe appropriation of natural
sources by humans (Hoekstra, 2008). The key emviemtal footprints are

summarised in Table 2.8.

Table 2.8: Key environmental footprints.

Footprint Description Application in BSCM

Carbon  CF represents the land area faram et al. (2010): Developed |a
footprint  plantation required to absorb theegional energy clustering
(CF) COz (or other greenhouse gasegjgorithm to minimise the CF of
emitted which will lead to the system

chmat_e (_:hatnhge llfand Igl()b;dl u ek et al. (2012b): Presented a
\r/)vr?)rcrizlgtg ":)r eprloece?slce (gemulti—objective optimisation tQ
Benedetto & Klemes, 2009). minimise the CF, at the same time

ensuring the economic feasibility

Solrrtledo;[hecr:llznglcatotr)s which féllr‘fJusitalo et al. (2014): Studied the
related to ave been use eenhouse gases released in|the

the literatures (e.g., GO : :
footprint  (Alireza,  2015), ¢ cycle of biogas production

methane footprint (WiedmannAndri et al. (2015): Assessed the
& Barrett, 2011), global environmental performance of the
warming footprint (Dominguez- co-firing power plant based on GF
Ramos et al., 2015)).
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Table 2.8 (cont’): Key environmental footprints.

Footprint

Water
footprint
(WF)

Description Application in BSCM

WF is classified in threeGerbens-Leenes et al. (200
categories (Hoekstra &Assessed the WF of different bi
Chapagain, 2005): energy carriers and fossil energ

Green water footprint: u ek et al. (2012c): Evaluate
Consumption of rain water,the direct and indirect WF for th
relevant for agricultural and bio-energy supply chain model

forestry products Gerbens-Leenes et al. (201

- Estimated the changes of glok
Blue water footprint: water usage which related to t

Consumption of surface Ofincrease demand of biofuel
ground water 2030

Grey water footprint: Chiu et al. (2015): Determined the

Consumption of fresh wateMVF ©of second-generation bi
required to assimilate €thanol  which  derived  fror

pollutants in order to meet theP@gasse and rice straw
quality standard Mekonnen et al. (2015): AssesS

In general, WF measures the totdpe WF of the power generati¢n

volume of fresh water used and/df€rived from  biomass, cog
polluted water generation per unfatural gas, oil, etc.
of time of the process (Galli et al.,

2012).

Energy
footprint
(ENF)

ENF concerns on the area dfaude et al. (2011): Assessed

forestation required toenvironmental performance of

compensate the total amount afarbon capture and storage syst

CO; emission originating fromin bio-ethanol production plamnt

energy consumption (Palmerbased on ENF
1998). Vujanovi et al.
categories ENF into two:

(2014) chowdhury et al.  (2012):

2

D).
al
he
n

D-
L

ed

he

Evaluated the life cycle
Electricity-transportation environmental impact of the
footprint: integrated biodiesel productiop,

Consumption of fuel energy fronincluding energy consumption fo

transportation and consumptionthe entire system

generation of gle.ctricity Vujanovi etal. (2014): Evaluate
Heat footprint: the direct and indirect ENF of
Consumption/ generation of heasupply network which integratg

o

S

energy (e.g., combustion, dryingseveral renewable energy sourges

etc..) including biomass-based energy
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Table 2.8 (cont’): Key environmental footprints.

2

Footprint Description Application in BSCM
Land LF concerns on the land demandKhoo (2015): Measured the LF pf
footprint i.e., the total land area that arthe bio-ethanol production whigh
(LF) directly and indirectly required toderived from different biomags
satisfy the consumption (Giljumfeedstock, ie., stovey,
et al.,, 2013). The database usesvitchgrass, sugarcane bagasse,
for LF calculation is limited to- rice husk and paddy straw
date.

Ecological EF is a composite footprint thaRen et al. (2013): Developed|a
footprint  integrates several footprints (Gallsustainable bio-ethanol supply
(EF) et al., 2012). EF converts impaathain with a goal of minimising

sources, such as electricity, watethe total EF
materials, fuel c_onsumption an%u et al. (2015): Assessed the EF
was.te generation |nto_ theof the integrated  biogds
equivalent Ian(_JI area reqqud t roduction and utilisation system
absorb these impacts (Martine ) southern China
Rocamora et al., 2016).
Sustainable SPI is a member of EF familyGwehenberger and
Process which measures the total areMarodoslawsky (2007): Evaluated
Index (SPI) required to embed humanhe environmental impact of big-
activities sustainably intoethanol plant based on SPI
ecosphere (Kettl et al., 2011). Stoeglehner and Narodoslawsky
(2012): Assessed tHe
environmental performance pf
biofuels based on SPI

Footprints are often expressed in a unit of aldawever, the data expressed in

areas units show high variability and high possdters regarding to the resultsu ek

et al.,, 2012a). Different assumptions were madeinguthe conversion

of

environmental impacts into land area (Lenzen, 2005)his will increase of

uncertainties and lower the reliability of the riés(De Benedetto and Klemes, 2009).

Besides, the environmental impacts can be assessbduantified by its categories

(Heijungs et al., 1992). The main categories fafi®@nmental impacts are:
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Global warming potential (GWP): Represents the potential change in climate
due to the increased concentration of greenhousesg&HG), such as GO
CHa, etc. GWP is determined by comparing the infraabgorption rate of a
GHG to the infrared absorption rate of £@ a time horizon of 100 years

(Young & Cabezas, 1999).

Ozone depletion potential (ODP) Measures the potential damage in the
protective ozone layer. ODP is measured by comgalie reaction rate of an
ozone depleting substances (ODS) (e.g., tri-chiloraro-methane (CFC-11),
halons, etc.) with the ozone to form molecular @tygto the reaction rate of

CFC-11 with ozone to form molecular oxygen (Youngé&bezas, 1999).

Photochemical ozone creation potential (POCPRepresents the potential in
forming ground-level ozone or photochemical smo@ da the increased
concentration of volatile organic compounds (VO@Akenstedt & Pleijel,
2000) and nitrogen oxides (NJO(Xiao & Zhu, 2003). POCP is determined by
comparing the additional formation of ozone attréalto VOCs (e.g., CO, GiH

or NOx to the additional formation of ozone atttidd to ethene (Andersson-

Skoéld & Holmberg, 2000).

Acidification/ acid-rain potential (AP): Measures the acidifying potential of
some chemicals (e.g., NOSQ, etc.), i.e., forming acidifying hydrogen ion

(H") ( u eketal, 2015). AP is determined by comparirggrtite of releasing
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H* in the atmosphere as promoted by these chematie trate of releasing*H

in the atmosphere as promoted by>$@ung & Cabezas, 1999).

Eutrophication potential/ Nutrification potential ( NP): Represents the
potentials of eutrophicating substances (i.e., \Ox,NNHs*, PO;*, P) and
chemical oxygen demand (COD) in causing over-fediion of water and soil
which can results in increased growth of biomas§P is expressed in

phosphates (PO) equivalents (u ek et al., 2015).

Aquatic toxicity potential (ATP): Shows the maximum tolerance
concentration of toxic substances in water by aquaganisms (Fan & Zhang,
2012). Young and Cabezas (1999) define ATP infoine of LCso, a lethal
concentration which caused death in 50% of Rimaephales promelaffish

species) within 96 hours.

Terrestrial toxicity potential (TTP): Shows the maximum tolerance of
amount of toxic substances in soil by terrestnighnisms and terrestrial plants.
TTP is expressed in the form of kd)lethal dose which caused death in 50%

of rats (Young & Cabezas, 1999).

Abiotic depletion potential (ADP). Represents the depletion of abiotic raw
material (non-renewable resources). ADP is asdefse comparing the

extraction rate of each raw material with the ressrof that raw material
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(Heijungs et al., 1992). It can be expressed asnany (Kr) equivalents

(Guinée & Heijungs, 1995).

These impact categories have been incorporateukiivironmental assessment
tools available to-date. For instance, waste realu¢WAR) algorithm is developed
to minimise the generation of wastes from a chehpicacess (Hilaly & Sikdar, 1994).
Cabezas et al. (1999) present a generalised WARritdn with a potential
environmental impact (PEI) balance, which assigeedronmental impact values to
different pollutants according to their impact cgees. WAR algorithm is then further
extended to cover the environmental assessmenheofehergy consumption and
generation in the chemical process (Young & CahdZ&89). The descriptions of other

assessment tools for environmental impacts ardataulin Table 2.9.

Table 2.9: Other environmental assessment tools.

Method Description Impact Categories

Environmental EHI evaluates the overall environmental TTP
Hazard Index hazard of chemical process in the early stage ATP
(EHI) of design by ranking the estimated
environmental impact of a total release of
chemical inventory (Cave & Edwards,
1997).

Eco-indicator It is a damage-oriented approach that Human health
99 evaluates the environmental impacts of the Ecosystem

system based on ISO 14040 and ISO 14044 quality
standards (Abbaszadeh & Hassim, 2014) Fqssil resource
The impact values of each category are
combined to a single score, while weight
factor is used to indicate the importance of
each impact category is the main weakness
of this method (Audenaert et al., 2012).
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Description

Chapter 2

Impact Categories

Atmospheric
Hazard Index
(AHI)

AHI represents the potential catastrophic
impact on the atmospheric environment
of a total loss of containment in a
chemical process (Gunasekera &
Edwards, 2003). However, the main
drawback of this method is that, it does
not cover the environmental impact on
soil and water (Abbaszadeh & Hassim,
2014).

Toxicity
GWP
ODP
POCP
AP

Integrated
Environmental
Index (IEI)

IEI integrates resource conservation,
energy consumption and potential
environmental impacts by using analytic
hierarchy process (AHP) (Abbaszadeh &
Hassim, 2014).

Pairwise  comparison  matrix  is

constructed according to the relative
importance of each criterion (Jia et al.,
2004). Again, the assigned values are
very subjective.

Resource
energy
consumption
PEI (GWP,
ODP, POCP
NP, ATP, TTP)
Human health

an

IMPACT 2002+

It is an impact assessment methodglogy
which connect the input and output
material inventories in order to determine
the impact value of the system (Soo &
Doolan, 2014).

Human health
Ecosystem
quality

Climate change
Resource

Inherent
Environmental

(IETH)

Toxicity Hazard

IETH determines the toxicity hazard te
the aquatic, terrestrial and atmospheric
environment due to a catastrophic failure
of a plant (Gunasekera & Edwards,
2006).

Eco-toxicity
(ATP, TTP and
AHI)

2.4.2.3 Social sustainability

Social sustainability addresses how social issaesbe managed in order to
ensure the long-term survivability of the organimatMani et al., 2015). However,
social sustainability has seen less attention coeapto environmental sustainability.

The main reason reported in the literatures is thatconceptual clarity for social
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sustainability is still unclear (Gopal & Thakkarp16). To-date, several social
sustainability dimensions have been explored byatteemicians and practitioners.
Some of the key social indicators are listed belhije other social assessment tools

are summarised in Table 2.10.

Health and Safety Health and safety is one of the key indicatonrstfe social
sustainability of supply chain (Mani et al., 2014Larter and Jennings (2000)
emphasized that the safety of transportation andheaising operations have to be
considered in the evaluation of social sustaingbililn the recent publication,
Saunders et al. (2015) report that early suppleagement on the worker safety
issue has a positive correlation with the sociatanability performance of the

organisation.

To-date, there are plenty of quantification techef for inherent safety and
occupational health. Prototype Inherent SafetyexndPIIS) which initially
proposed by Edward and Lawrence (1993) is oneeptbneering safety indices.
PIIS is intended for analysing the different alegive of process routes and
evaluating them based on an integrated chemiced saiich consists of inventory,
flammability, explosiveness and toxicity. PlISthen extended to Inherent Safety
Index (ISI), which covers corrosion, side reactjooféside battery limit area, etc.
(Heikkila, 1999). Subsequent scholars focusedenrmprovement of the inherent
safety quantification technique, such as ProcesgeRimdex (PRI) by Leong and
Shariff (2009) and Process Stream Index (PSI) ariSket al. (2012). For inherent
health assessment, Johnson (2001) had introducedhprehensive index, called

Occupational Health Hazard Index (OHHI). Howevie, main weakness of OHHI
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is the low accuracy of the estimation for fugitemission that only consider from
one sample connection (Hassim, 2012). TherefokIOs further modified and
improved as Process Route Healthiness Index (PRMRHI is influenced by health
impacts due to chemical releases and the airbdmamicals inhaled by workers
(Hassim & Edwards, 2006). Although PRHI offerstdf benefits, it is not suitable
to be used at the preliminary stage as it requaradle of information to assess all
the factors considered in PRHI (i.e., Inherent Cisahrand Process Hazard Index
(ICPHI), Health Hazard Index (HH), Material Harmdéx (MH), Occupational
Exposure Limit (OEL) and Worker Exposure Conceirat(WEC)) (Hassim,
2012). In order to address this issue, Hazard i©uioindex (HQI), which is able
to quantify worker’s health risk based on fugitemmissions in a relatively simple
way is proposed (Hassim & Hurme, 2010). Young @atlezas (1999) suggested
to evaluate the health aspect of a system by usimgan toxicity potential, i.e.,
human toxicity potential by ingestion (HTPI) andiiman toxicity potential by either
inhalation or dermal exposure (HTPE). More regeriiVan et al. (2016) has
considered workplace footprint (WPFP) to measueevibrk-related casualties of
the sago value chain. WPFP can be determined lmaséjl reported lost days of
work per unit of products (De Benedetto & Kleme3)®); or (ii) statistical fatality

rate per unit of economic activity (Wan et al., 801

Equity: All job applicants should be treated equally withdenying privileges and

rights of them merely based on gender, religiooe rage and nationality (Mani et
al., 2016). Clair et al. (1997) described the ingoace of the gender, racial and
religious diversity in the workplace. This hashégther proved in the more recent

publications. For instance, Mazalliu and Zogj#015) and the report conducted
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by Asian Development Bank (2015) shows that theeiase of female labour force

participation (FLFP) in the workplace can be beamafito the organisations.

Ethical responsibility: Notable contributions from the research done sted

and Allen (2000), Hemingway (2005), Gunasekaran &méhlanzani (2012)

suggested that integrating ethical principles jppby chain practices is essential for
the success of sustainability initiative. Ethisaipply refers to the practice of
providing goods and services to the customers wialtesidering the engineering
ethics (Beamon, 2005). Therefore, supply chain benshould not engage in
unethical practices such as bribery, coercionygioth, etc. (Chardine-Baumann &
Botta-Genoulaz, 2014). Mani et al. (2016) empleaksithat the supply chain
managers should not use hazardous or sub-staraardaterial for production nor

selling them to the customers.

Labour rights/ Child and bonded labour. During the past decades, more attention
has been directed toward the human rights issabsut rights issues and other
social issues such as the presence of forced lavmlichild labour. Emmelhainz
and Adams (1999) highlighted the importance of gutthg human and labour
rights in the SCM. Lately, Mani et al. (2016) sagted that companies should
respect human rights, stop using sweat shop lalpsavide reasonable working

wages to the employees, support the prohibitiochdfl labour.

Philanthropic responsibility: Some of the companies often take part in
philanthropic activities, such as charity, renomatiof school and provide

educational opportunities and employment trainiog lécal youth (Mani et al.,
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2016). Hutchins and Sutherland (2008) measuredctimepany’s philanthropic
commitment by using the ratio of the charitable tabntions to its market
capitalization. In India, a company law even stdteat companies are responsible

to give away at least 2 % of their net profits baudty (Balch, 2016).

Society Several indices have been developed to investittesffect of SCM
practice or company on the community. For instapceerty footprint (POF) is
proposed to assess the companies’ effect on péwiplg in poverty ( u ek et al.,
2015). With the aid of POF, company can ensuresitipe effect on the people
who live in poverty (e.g., job creation, cleaneoduction with less pollution
generated, etc.) (Oxfam International, 2009). dditon, “fuel vs food” ethical
issue can be expressed as food-to-energy foo{fitF). Numerous scholars have
proven that the commercialisation of productioriugfl from food crop will lead to
an expansion in the amount of food crops beingrthdeaway from the global food
market, resulting in undesirable rise of food priésch & Heuelsebusch, 2009).
However, since year 2008, there is no common ttetdeen increasing biofuel
production and rising food prices (EC, 2011). Thuss still lack of evidence to

prove the relationship between these two components

Regulatory responsibility: All activities embed in the SCM must comply with
legal requirement which established by the commugtitutchins & Sutherland,
2008). For instance, SCM members have to ensarerthironmental performance
and safety features of the chain do meet the rexp@nt set by regulations such as

ISO 14001 (ISO 14001:2015, 2015), Environmental l@uaAct 1974
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(Environmental Quality Act, 1974), Occupation Sgfeind Health Act 1994

(Occupational Safety and Health Act, 1994), etc.

Table 2.10: Social sustainability assessment tools.

Method

Corporate
Social
Responsibility
(CSR)

Description Publications

CSR is a company’s initiatives tdBeamon (2005): Applie
assess and take responsibility for thihe concept of CSR t
company decisions which contributsolve the ethical decisiof
effects on environmental and sociahaking in SCM
dimensions (Lau, 2011). It can bﬁoseph ot al (2016
further categorised into four 9rouPSsonducted a éSR studi
ie., economic responsibilities hich focusing on the ant
regulatory responsibilities, ethica orruption practice, and th

respons!b!l!t!es, phllan'[hm'o'ccorrelation between th
responsibilities (Carroll, 1979). level of corruption an

economic growth

L=

-

Purchasing
Social
Responsibility
(PSR)

PSR referred to the CSR irCarter (2005): Showed th
purchasing, i.e., the involvement afhe overall business co
purchasing function on sociallycan be minimised b
responsible logistics (e.g., avoidmproving the suppliers
procurement of hazardous materigherformance via PS
ensure  workers’ safety, etc adoption

advocated by stakeholders (Carter éiliberti et al. (2008)

Jennings, 2002). Summarised the mo
According to Carter and Jenningselevant PSR practicq
(2004), environmental purchasinge.g., educate supplier
which aimed to facilitate recycling,monitor suppliers

reuse and resource reduction can behaviour, ethical

categorised as PSR practice. management, verify safe
condition of workplace
etc.)

3

D
S
S,

y

Logistical
Social
Responsibility
(LSR)

LSR refers to the socially responsibl€arter and Easton (Cart
management of supply chain under & Easton, 2011)
cross-functional perspective (Carter &corporate LSR practic
Jennings, 2000). In general, LSR canto SCM with
be defined as a sub-concept of SSCbbnsideration of sever
(Palaniappan et al., 2004). social issues (i.e., busing|
ethics, gender diversity
safety, human rightd
equity and philanthropi
responsibility)

41-



Chapter 2

2.4.3 Summary

This section summarises the available techniquesviduate sustainability
performance in terms of environmental and socialedisions. However, only few
works but only few works have considered and irgegt all three sustainability
dimensions (i.e., economic, environmental and $adomension) into the optimisation
model of a biomass supply chain. Therefore, aulutii efforts have been conducted in
this thesis to develop an optimisation model wh&ims to optimise these three

sustainability dimensions simultaneously.

2.5 Optimisation Techniques for Supply Chain Managemen{SCM)

In the conventional SCM, the design of the supgigic network (SCN) is
merely focusing on a single objective optimisatioe,, either minimise cost or
maximise profit. However, the real-life designamhing and scheduling of task
usually involve different objective functions thmight be contradictory to each other.
Many techniques and approaches have been propodexpplied in order to solve the
synthesis problem of SCN. Generally, it can bessifeed into three types, i.e.,

mathematical modelling, multi-agent technology aedristic algorithm.

2.5.1 Mathematical modelling
In mathematical modelling, the problem will be reggnted by a mixed-integer
programming (MIP) or MILP. Usually, these can bé/ed by using the conventional
e-constraint method (Guillén et al., 2005a). Theinmizenefit of using traditional
mathematic programming is that the optimum solutian always be found. However,
it is not capable to solve the real-time optimmatof large-scale problem, which are

often fuzzy (Paksoy et al., 2012). The requirednpotation time will increase
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significantly when the problem sizes increasese I8t of works, which implemented

mathematical modelling technique to solve SCM problare tabulated in Table 2.11.

Table 2.11: Mathematical programming in supply nlraanagement.

(1998) Robinson and Developed a multidisciplinary framework that
Satterfield considers the interactions among firm’s
distribution strategy, market share and cost
(1998) Petrovic et al. Proposed a supply chain fuzzy rhtmdanalyse

the behaviour of a serial supply chain in|an

uncertain environment

(1999) Dogan and Developed a mixed integer programming
Goetschalckx formulation and an integrated design
methodology based on primal decomposition
(1999) Liand O'Brien Proposed an integrated decision rhdde
assessing potential partners in a supply chaijn
(2000) Lee and Kim Proposed a hybrid simulation approabithvis
a specific problem-solving procedure to sojve
the production distribution problem
(2001) Jayaraman and Pirkul Developed a heuristic proeedorsolve the

integrated logistic model in a multi-echelpn

environment

(2002) Syam Extended the traditional location models
introducing several logistic components
(2002) Cakravastia et al. Developed an analytical modehefsupplier

by

selection process in designing a supply chain

model for supply chain design with

consideration of bills of materials
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incorporates cross-docking in supply chgin
environment by using simulated anneallng
methodology
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Chapter 2

Table 2.11(cont’): Mathematical programming in slypghain management.

Year

Author

Pévoa

Remark

(2004) Amaro and Barbosa-Proposed a discrete model to ease the decigsion-

making process at the operation level | of
industrial supply chain

(2004)

Erol and Ferrell

Developed an integrated methodotogsolve
two fundamental decisions making, i.p.,
assigning suppliers to warehouse and
warehouse to customer

(2004)

Chen and Lee

Proposed a multi-product, multi-staagyel
multi-period scheduling model to deal with
multiple incommensurable goals for a multi
echelon SCN

(2005)

Amaro and Barbosa-
Pévoa

Introduced a new continuous-time
mathematical formulation for the optimal
schedule of industrial supply chains

(2005)

Ryu

Developed a multi-level programming
framework in capturing complex supply chain
decision making processes

(2005)

Graves and Willems

Proposed a two-state dynamic eindod
minimise the total supply chain cost which
includes cost of goods sold, safety stock ¢ost
and pipeline stock cost

(2005a)

Guillén et al.

Developed a two-stage stochasticehtuitake
into account of the effect of uncertainty
production

n

(2006)

Amiri

Presented a computational study |in
investigating the value of coordinatipg
production and distribution planning

(2006)

Liang

Developed an interactive fuzzy multi-objeet|v
linear programming method for solving the
transportation problems

(2008)

Guo and Tang

Proposed an evaluation model to anahs
feasibility of planning by comparing the
planned cost with the anticipated cost
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Table 2.11(cont’): Mathematical programming in slypghain management.

(2008)

Liang

Developed a fuzzy multi-objective ling
programming model with piecewise ling
membership function to solve the integrated
multi-product and multi-period productiop/
distribution planning problem

(2009)

Peidro et al.

Proposed a fuzzy mathematical progriaugn
model for supply chain planning whig
considered process uncertainties

(2010)

Franca et al.

Introduced a multi-objective stodkastodel
that used Six Sigma to evaluate the financial
in supply chain

(2010)

Xu and Zhai

Used fuzzy number to depict customenatel

and investigated the optimisation of the

vertically integrated two-stage supply ch
under different scenario

ar
ar

h

risk

AN

(2012)

Paksoy et al.

Developed a fuzzy multi-objective

programming model to minimize the tof
transportation cost

al

(2012)

Seifert et al.

Developed a model for three-echedapply
chain with price-only contracts

(2012)

Afshar and Haghani

Proposed a mathematical modettmntrols the

flow of commodities from sources through the

supply chain and finally to the recipients

(2012)

Li and Womer

Developed a mathematical model tonoigt
the sourcing and planning decisi

simultaneously while exploiting their trade-offs

DN

(2013)

Ramezani et al.

Proposed an evaluating methodda&e thg
systematic  supply chain  configurati
maximizing the profit, customer responsiven
and quality as objectives of the logistic netwy

PSS
Drk

(2013)

Lam et al.

Developed a two-stage optimisation mdds
determine the optimal operation and logis}
management of the waste

ics
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Table 2.10(cont’): Mathematical programming in slypghain management.

(2013) Ng et al.

Synthesised an optimal rubber seed sumpgthyork
which maximise the utilisation of rubber seed gil
using mixed integer linear programming

(2014) Ng et al.

Introduced disjunctive fuzzy optimisatiapproach
to determine the optimum pathways in
bioenergy-based plant.

(2014) Ng and Lam

Developed a functional clustering apging
integrated in an industrial resources optimisation

(2015) Jeng

Developed a causal model of the factors
influence supply chain collaboration

(2015) Ng et al.

Proposed a novel algebraic technique sfgoply

b

he

a

that

network synthesis and analysis which allgws

concurrent set-up of material allocation

2.5.2 Multi-agent technology

Multi-agent technology is another common techniginéch firstly introduced

by Swaminathan et al. (1998). By using this teghaj supply chain is structured as a

library of structural elements (i.e., productiorddransportation) and control elements

(i.e., flow, inventory, supply and demand). AlltbEm are represented by agents that

interact with each other in order to determine ap&mal configuration. The major

strength of this technique over the conventionalthematical modelling is its

flexibility. It is able to interpret new informatm from time to time, allows exchange

between agents and enables new policies (Ahn e2@D3).

However, finding an

appropriate methodology to coordinate the agergslis major challenge. Table 2.12

shows the list of publication, which utilised mtdient technology in SCM.
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Table 2.12: Multi-agent technology for supply chaianagement.

Year

(2000)

Author

Fox et al.

Remark

Investigated the issues and present

the

solutions for the construction of agent-oriented

software architecture

(2003)

Kaihara

Formulated the SCM as a discrete resd
allocation problem with dynamic environme|

urce
nt

(2005)

Fischer and Gehring

Developed a multi-agent systersupporting
of transhipments of imported finished vehic

es

(2005h)

Guillén et al.

Applied an agent-oriented simulatystem td
model each entity in supply chain as
independent agent

an

(2006)

Lin and Lin

Introduced multi-agent negotiation mechani

SmM

to solve the distributed constraint satisfaction

problem

(2006)

Zhang et al.

Proposed an agent-based approach to integ
optimise, simulate, restructure and control
supply network dynamically and cd
effectively

rate,
the
St

(2007)

Zhang and Zhang

Developed an agent-based model of consut
purchase decision-making which combir
consumers’ psychological personality and
interactions in market

ners
es
the

(2008)

Forget et al.

Proposed a multi-behaviour planning ag
model using different planning strategies wi

ent
ien

decisions are supported by a distributed

planning system

(2011)

Giannakis and Louis

Developed a framework for the design o
multi-agent based decision support system
risk mitigation in supply chain management

f a
and

(2014)

Sitek et al.

Introduced the concept of hybrid multi-agg
approach for the modelling and optimisation
supply chain management

Nt
of

(2015)

Fu and Fu

Developed a new intelligent system framew:
of adaptive multi-agent system to improve

Drk
[he
ain

cost collaborative management in supply ch
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2.5.3 Heuristic algorithm
To overcome the coordination problem faced by ragent approach, Akanle
and Zhang (2008) proposed a heuristic algorithrle@¢ayenetic algorithm (GA), to
dynamically solve the supply chain synthesis pnwbleDuring the past few decades,
GA has often been implemented to solve single-divecand multi-objective
optimisation problem in production and operation@nagement that are NP-hard.
Recently, GA technique has been modified to sudhespecific problem. The

publications which related to GA implemented in S@M listed in Table 2.13.

Another technique which also has been widely usetht colony optimisation
(ACO) meta-heuristic. This technique is one ofriagure-inspired meta-heuristics that
mimics the behaviour of ant colonies and the evaipmn effect of the pheromones
during their food search process. Despite thatraph solution is not guaranteed, it
provides a useful compromise between the amoucomiputation time necessary and
the quality of the approximated solution space (b&ywm-Martinez & Zhang, 2011).
ACO was initially used to solve the decision-makimgpblems which involve only
single objective function (Bullnheimer et al., 199%Recently, it had been proven that
ACO is capable to solve many real-world problenixiehtly and effectively. Table

2.14 shows the list of works which implemented A@chnique in SCM.

On top of that, another swarm-based optimisatiodeh or Bee Algorithm (BA)
has been introduced by Pham and Ghanbarzadeh (28d&jlar to ACO, BA is also
a nature-inspired heuristic. BA is actually aroaihm that mimics foraging behaviour
of honeybees to find the best source of food. Ri#GeBA has proven to be a more

powerful optimisation tool, which able to determbetter Pareto solutions for the SCN
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synthesis problem compared with the ACO techniddiasfrocinque et al., 2013). A

list of publications, which applied BA in SCM ambulated in Table 2.15.

Table 2.13: Genetic algorithm (GA) for supply chaianagement.

Year

(2002)

Author

Syarif et al.

Remark

Developed a spanning tree-based &GAotve
the logistic system design in supply chain

(2005)

Gen and Syarif

Proposed a spanning tree-basea Gaélte the
production and distribution problem in supj
chain with the aim of minimizing the cost

—

y

(2005)

Truong and Azadivar

Proposed a methodology whickegnated

mixed integer programming and gene
algorithm to determine the optim
configuration of a supply chain

tic

(2009)

Yun et al.

Developed a GA approach with adaptive Ig
search scheme to effectively solve
multistage supply chain problem

cal
he

(2009)

Altiparmak et al.

Proposed a solution procedure based on ste
state GA with a new encoding structure for
synthesis of a single-source, multi-product {
multi-stage SCN

ady-
the
hnd

(2010)

Zegordi et al.

Developed a gendered GA which conside
two different chromosomes with non-equivalg
structure to solve the two-stage supply ch
optimisation problem

red
bnt
ain

(2010)

Kannan et al.

Solved the multi-echelon, multi-period clos
loop supply chain model by using GA

ed

(2011)

Yeh and Chuang

Developed an optimum mathematical plann
model for green partner selection by using G

ing
A

(2014)

Bandyopadhyay  andModified the non-dominated sorting GA

Bhattacharya

solve the tri-objective supply chain problem

to

(2015)

Pasandideh et al.

Utilised non-dominated sorting GA and ng

dominated ranking GA to solve the mulfi-

product, multi-period three echelon sup
chain problem

n-

ply
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Table 2.14: Ant colony optimisation (ACO) for supghain management.

3

Year Author Remark
(2009) Silva et al. Introduced ACO technique to solve StV
(2009) Wang Developed a two-phase ant colony algorithin to
solve the multi-echelon defective SCN design
(2009) Wang and Chen Proposed an ant algorithm to sobet af non-
linear mixed integer programming models for
supply chain
(2011) Moncayo-Martinez andProposed a Pareto ACO to solve the muilti-
Zhang objective supply chain design problem
(2013) Moncayo-Martinez andProposed a modified ACO which utilised a pi-
Zhang objective MAX-MIN function to solve th¢
supply chain problem
(2014) Moncayo-Martinez andDetermined a set of supply chain configuratipns
Recio by using the Pareto ACO
(2015) Chengetal. Proposed an improved ACO to solve| the
scheduling problem for the production in supply
chain
(2015) Wang and Lee Proposed a revised ACO to improverigaal
ant algorithm by using efficient greedy heurigtic
to solve the supply chain problem
Table 2.15: Bee Algorithm (BA) for supply chain nagement.
Year Author Remark
(2010) Koc Improved the BA using combingd
neighbourhood size change and site
abandonment strategy
(2013) Mastrocinque et al. Proposed BA in dealing withltirabjective
supply chain model to find the optimum
configuration which minimise the total cost and
total lead time
(2013) Teimoury and Haddad  Implemented BA to solve theale batch

production scheduling in a supply chain
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Table 2.15(cont’): Bee Algorithm (BA) for supply @im management.

Year Author Remark

(2013) Chen and Ju Proposed a novel artificial bee coddggrithm
for solving the mixed-integer nonlinear S¢N
model

(2014) Yuce et al. Developed an enhanced BA with adaptive

neighbourhood search and site abandonment

strategy to solve the multi-objective supply
chain model
(2014) Zhang et al. Proposed the hybrid artificial bee ongl

algorithm to solve the environmental vehigle
routing problem with minimisation of overall
travel distance and travel time

2.5.4 P-graph framework

P-graph framework was initially introduced by Fiedet al. (1992a) and has
been widely implemented in the systematic optimasigh, including industrial
processes synthesis and supply chain network ssisthelhis framework has three
components: (i) P-graph representation of procgsstworks; (i) axioms which must
be satisfied for the combinatorial feasible solustructures; and (iii) algorithms which
capable to determine the maximum structure, salustructures and the optimal
structure. Maximal structure of P-graphs is simtla super-structure of a simple
directed graph, but in addition, maximal structigrenathematically rigorously defined
(Friedler et al., 1993). Solution structure rederto each possible process pathway in
the process network synthesis problem while optistraicture is the most preferable
solution structure (normally in economic perspeagtivP-graphs are bi-partite graphs,
which has two kinds of vertices (M-type and O-typdhe M-type or material type

vertex represents material and energy streams sgstem such as raw materials,
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intermediates and products; whereas O-type or tpgranit type vertex represents the
operating units in the network (e.g., machine,dpamtation mode, etc.). The numbers
on arcs indicate the conversion rate of the proceggire 2.3 represents a P-graph with
the following operating units O1, O2 and O3 antbfwing materials M1, M2, M3, M4,
M5 and M6. The circle notes with triangle inscdb@ge., M1, M2 and M3) are raw
materials; the circle with another embedded cifcke, M5) is referred to product;

while the solid-filled circle (i.e., M4) is interrdeate.

Figure 2.3: P-graph illustration.

The P-graph method follows five axioms to help deiae the differences

between vertices and to generate solution strusiimeedler et al., 1992hb):

I.  Every demand is represented in the structure.

II. A material represented in the structure is a resifrand only if it is not an

output from any operating unit represented in thecture.
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lll.  Every operating unit represented in the structsireell-defined.

IV.  Every operating unit represented in the structa® dt least one directed path

leading to the product.

V. If a material belongs to the structure, it musiabeinput or an output from at

least one operating unit represented in the strectu

Moreover, three effective algorithms have been ldgpezl based on these five
axioms: maximal structure generator (MSG), solustmicture generator (SSG) and
accelerated branch-and-bound (ABB) algorithm. M@&#berates a mathematically
rigorous superstructure of the system, which shalspossible connections in
producing the products. SSG generates all condmiadly feasible solutions based on
MSG, whereas ABB determines the optimal solutioseldaon the solution structures
generated from SSG, in conjunction with additian&rmation (e.g., flow, monetary
value, etc.). It is worth to note that ABB is maficient for optimization since the
available information from MSG and SSG are usedr&matically reduce the size of
the search space, as compared to conventional teerd:bound algorithm (Lam,
2013). In addition, another attractive featurdajraph framework is its capability to

determine optimal and sub-optimal solutions simmétzusly (Lam et al., 2016).

Initially, P-graph method consists of two sepasaiffware: PNS Draw and PNS
Studio. PNS Draw is used to construct the probkmcture by defining the
connections between each material and operating while PNS Studio is used to
enter measurement units, constraints, costs aoelgoof material streams and operating

units. In order to increase the ease of use, é¢lveldpers of P-graph framework have
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introduced an integrated version of the two sofeyaalled P-graph Studio (P-Graph

Studio, 2017).

Recently, the applications of P-graph are gettirtgreded to several fields,

including synthesis of azeotropic distillation syt (Feng et al., 2003), reaction

pathway identification (Fan et al.,, 2012), logistidesign (Barany et al., 2011),

evacuation route planning (Garcia-Ojeda et al. 320ktrofit planning (Chong et al.,

2014), supply chain management (Lam, 2013), ettheiQpublications related to the

use of P-graph approach in SCM are tabulated imeT206.

Table 2.16: Applications of P-graph approach inpdyighain management.

Year

(2009)

Author

Fan et al.

Remark

Introduced P-graph to synthesise amapand

sub-optimal options for the supply chain system

(2011)

Sule et al.

Extended the algorithms and softwdreP-0
graph for generating optimal and near-optis
supply network with given reliability of eag
production option

nal
h

(2011)

Barany et al.

Proposed P-graph framework in sglviehicle
assignment problem in a supply network

(2012)

Kalauz et al.

Proposed extended P-graph methodo
algorithm and software to improve supy
networks where quality is measured by cost
response time

09
ply
and

(2013)

Bertok et al.

Revealed a methodology to model gshpply
chain as well as to synthesise optimal
alternative solutions while taking into account
structural redundancy

and
of

(2013)

Lam

Demonstrated the extension of P-graph via
studies in supply chain systems, carbon emis
reduction system and cleaner production pro

case
sion
Cess

synthesis
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Table 2.16(cont’): Applications of P-graph approatkupply chain management.

Year Author Remark

(2013) Vance et al. Proposed a computer-aided methodofogy
designing a sustainable energy supply chain by
using P-graph

(2014) Tanetal. Proposed P-graph approach to deternmeq
optimal operational adjustment in the poly-
generation plants

U

2.5.5 Summary
This section presents the available optimisatichrigues which widely used
to optimise the supply chain problem. However, hufshe previous works did not
consider physical capacity limits of the vehiclég.( volume and weight) in their
proposed transportation design models. For instahlg et al. (2013) utilise a
generalise cost factor [RM/km/t] to calculate tivemll transportation required for the
proposed palm biomass supply chain without considethe vehicle capacity
constraint; Bertazzi and Maggioni (2014) deterntine service zone of a stochastic
capacitated traveling salesmen location problernrthiaimise the expected cost of the
travelled routes without including the vehicle ceaipaconstraint into the model; Kiraly
et al. (2015) solves the multiple traveling salesrproblem without considering the
capacity limit of vehicle by using a multi-chromose based genetic algorithm.
However, none of them has developed a user-frietwdllyfor the decision-makers in
order to improve the effectiveness of the decisiaking process. Therefore, there is
a need to develop a transportation decision modethwconsider vehicle capacity
constraint. In addition, most of the aforementnmeethods (exclude P-graph approach)
are heavy-reliance of programming knowledge ofubers, causing difficulties for the

decision-makers which do not have strong progrargniackground. In order to
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mitigate the gaps between the researchers andtigdulayers, the decision-making
tools developed in this thesis should be develap@dwvay that it is user-friendly, easy

to understand and non-programming-background degrend

2.6 Identification and Debottlecking of Multi-Biomass Supply Chain
The problem of identifying bottlenecks and subsatjyalebottlenecking them

is another significant topic of research.

2.6.1 Bottlenecks in biomass supply chain

The term “bottleneck” is defined differently by w@us researchers. Notably,
Goldratt and Cox (1984) defined bottleneckstas ‘tritical path in a system that limit
the makespan of the schedul€arlie and Rebai (1996) had defined bottlenaska
machine on which jobs have higher processing tithaa on others Lately, Beer
(2015) had proposed a generalised definition fettdrweck, i.e., the element that limits
the system in attaining higher throughput beyoradain thresholti However, the
term “bottleneck” should not be limited to econofretated barriers (e.g., throughput
(Beer, 2015), makespan (Goldratt & Cox, 1984), psscefficiency (Carlier & Rebali,
1996)) but also related to other environmentaltegla barriers (concern on
environmental risks, e.g., extensive land requirdm(@®©h et al., 2010), extensive
emission of toxic gas (Asadullah, 2016), massiveeweequirement (Wattana, 2014),
etc.) and social-related barriers (restriction ocia factors, e.g., exposure to various
social risks (Yatim et al., 2017), lack of domeddigpport (Foo, 2015), low social
awareness (MIGHT, 2013), etc.). All these computadhissues are certainly hindering
the development of the biomass industry, as theadenof biomass-derived products

is dependent on public adoption, market acceptandeconsumer behaviour (Karytsas
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& Theodoropoulou, 2014). Other cited bottlenedksiomass industry in Malaysia are

summarised in Table 2.17.

Table 2.17: List of cited bottlenecks for biomasdustry in Malaysia.

Barriers Barriers Description References

High logistic cost Due to the low mass density of biomas@VIGHT, 2013)
it required an extensive amount (Kfé\sadullah, 2016)
volume per mass ratios for storage a
transportation. This problem is further
aggravated by the remote location of
biomass sources in Malaysia.

Capital intensive  Depending on the biomass feelistd@ang et al., 2012)
the operational components startin
with the construction of the plant an rtas etal,, 2013)
facility, implementation of technology,
adoption of techniques to logistics
arrangement contributed to high setup
cost for the industry.

Lack of public Without proper awareness, end user w{lzainul-Rashid,

awareness not consider the environmental cost i2010)
purchasing and procurement decisi IGHT. 2013
Therefore, lead to low domestic mark lVI ’ )
support of green products.

Financing gaps in As biomass industry is relatively new ifjBeck & Martinot,
local financing Malaysia and exerting unique risk004)
framework prqfile, financi.al institutions  have Bai et al., 2014)

neither experience nor adequa

knowledge about the industry. By

maintaining the traditional lending

structure and conventional  risk

assessment in making credit decision

tend to be resulting in jeopardising the

bankability of biomass-related projects,

in the worse cases.

Unwillingness of Without the assurance of long-ternfRogelio & Soon,
suppliers in long- supply agreement from the supplier2010)
term commitment potential investors and industry player, IGHT, 2013)

are not able to make an accurate

economic analysis for the biomass

business.
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Table 2.17 (cont’): List of cited bottlenecks faolmass industry in Malaysia.

Barriers Barriers Description References
Lack of The weak institutional promotion andRosmiza et al., 2015)
domestic advertisement, poor perception from tlﬁ00 2015)
market support community and minimal domestic '

market support are the crucial issuésun & Feng, 2012)
which retard the commercialisation
progress of biomass industry

Exposure to Lack of understanding of riskgJohari et al., 2015)
various risks associated with the biomass i.ndustry ,@atim et al., 2016)
one of the reasons for the industry
slow growth. These risks includdYatim etal., 2017)
financial risk, business risk, regulatory
risk, technology risk, and supply chain

risk.
Lack of It is very important for the stakeholdergRogelio & Soon, 2010)
biomass in their assessments of the bioma
monitoring and business initiatives. Yet, the suppl@alGHT’ 2013)

tracking system chain traceability in Malaysia remains {lNEPCon, 2016)
the least level.

Green barriers  Despite the green benefits that h@WGHT, 2013),
been extensively highlighted by th
scholars, community has started gfoo, 2015),
argue around the sustainabilityAsadullah, 2016)
performance of the “green technology”.

2.6.2 Debottlenecking methods for biomass supply chain nmagement (BSCM)

The term “debottlenecking” is defined differentlydifferent phases of supply
chain development (see Figure 2.4). Most of thevipus works focus on
debottlenecking at operational-phase which desifga system or a plant is already
existed. Debottlenecking at this phase is defimdth strategy of achieving desired
performance of a system or plant (e.g., higherdyiplrity or productivity), which is
currently incapable of with the current desig(Schneider, 1997). For instance,

Alshekhli et al. (2010) used a computer-aided pgecsimulation tool to identify
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possible debottlenecking strategies in a cocoa faatwring plant for higher
profitability and productivity. More recently, Kasvanathan et al. (2014) had
introduced a heuristic framework for identifying damemoving process-oriented
bottlenecks (bottlenecks which restrict throughpigld or efficiency) in a palm oil-

based integrated bio-refinery.

Figure 2.4: Debottlenecking at difference phases.

On top of that, various efforts have been devotedeaveloping a bottleneck
detection approach. For instance, bottleneck @arnalgeted by measuring the (i)
average time and recognising the machine with ¢mgdst waiting time to be the
bottleneck and (ii) average workload and recoggisihe machine with largest
workload as the bottleneck (Law & Kelton, 1991).omd recently, Roser et al. (2001)
proposed a bottleneck detection method which ableidéentify bottlenecks by
measuring the longest average consecutive actiraidn of machines (time required

for operation, maintenance, instalment, etc.).
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Despite the decent contributions of the aforemeetioworks, none of them has
considered the debottlenecking at planning-phasehndonfiguration of a system or a
plant is yet to be designed. At this phase, debwtking refers to thepfocess of
revealing root causes that made a given solutiowob®e unpreferable, and
subsequently revamping it to improve its overadifprability’. The debottlenecking at
this preliminary stage of design is vital for thetter understanding of the potentials
embedded in each solution (technology selectiogisiics management, operation
strategy, etc.), which enables accurate decisiokifigain selecting appropriate
technologies or designs to ensure business susiitiméFoo, 2017). The conceptual

illustration of debottlenecking at planning phaseémonstrated in Figure 2.5.

As illustrated, pathway Il is less preferable dwethe low sustainability
performance for the secondary process. Howeverpfitimality of the sub-optimal
solution can be improved by removing bottlenecksimplementation of appropriate
strategies (e.g., process integration, heat integraemission abatement planning,
regulatory policy amendment, etc.). Thus far, édidebottlenecking method capable
to identify diverse form of bottlenecks. Therefattee concept of bottlenecks should
not be restricted in economic dimension, but havsgetextended to cover the other two
sustainability dimensions (i.e., environmental aadial). Aside from this, more effort
has to be made in order to develop a novel bottledetection method which able to

identify these bottlenecks.
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Figure 2.5: Conceptual illustration of debottleniagkat planning phase.

-61-



Chapter 3

2.7 Summary of Research Gaps

Table 2.18 outlines some of the remaining resegags in this research field.

These research gaps are addressed in this PhDsThesi

Table 2.18: Summary of research gaps.

Research Gap Description

Development of integrated
biomass supply chain using

There is still very limited work which deal withel
multi-biomass supply chain synthesis problem.

problem by using graphical optimisation appro
(i.e., P-graph). With the aid of this graphicabltc
decision-makers with no strong mathemat
background are also able to optimise their spe
model easily.

In

alternative graphical approactaddition, limited works have solved this resedrch

hch

cal
Cific

Development of
transportation decisions tool
with the consideration of
vehicle capacity constraint

Most of previous works did not consider the veh
capacity constraints in their optimisation maog
Apart from this, there is also lacking user-frign
tool for the decision-makers to select the appeip
transportation mode.

cle
el
|

Development of evaluation
model to access the
sustainability performance

Although there are various types of sustainab
indicators available (refer to Section 2.4), m
efforts have to be done to integrate these indix
order to evaluate sustainability performance
BSCM effectively.

lity
bre
BS

Development of
debottlenecking approach

Despite there are numerous amount of research
discussed the bottlenecks of biomass industr

have
/in

Malaysia (refer to Section 2.6), the development of

a debottlenecking approach that able to detect
remove the sustainability bottleneck is still lauki

and

-62-



Chapter 3

Chapter 3:

Research Strategy and Methodology

3.1 Research Strategy

As stated in Chapter 1, the ultimate goal of tlesearch is to develop a
comprehensive evaluation model for a multi-bionmsagsply chain. However, there are
gaps between researchers and industry playershvaaigsed the research outcomes
becoming under-appreciated by the decision-makehnsis, the beauty of this research
is the implementation of the following researchatggies, which aims to bridge the

gaps between researchers and industry players:

3.1.1 User-friendly
As not all decision-makers have a strong progrargniackground, having a
user-friendly approach, which is non-programmingwiedge dependent is very
important. In fact, user-friendly (layman-likedethods or approaches are more likely
to be applied in the real-life practices compam@dhbse which is more complex in
nature. Thus, the user-friendly frameworks (Pggraph) are opted and integrated to

the evaluation model proposed in this research.

3.1.2 Graphical illustration
Visualised results are easier to be read and asthlpyg the decision-makers
(reduce dimensionalities of problem). Thereforeis tresearch also focuses on
developing graphical tools which aims to help teeision-makers in extracting useful

information for their case study.
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3.1.3 Comprehensive and systematic
The developed approach should be comprehensivestoe the reliability and
the effectiveness of the approach. More imponantie developed approach should
be applicable and duplicable. Therefore, steptbp-systematic guidance for the

proposed approach is developed to guide the deeisakers.

3.2 Research Methodology
Figure 3.1 shows that this research project has Haéded into several parts

based on the research scopes set in Section 1.4.

Figure 3.1: Research methodology.
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The research is systematically planned and schedwuithin three years. In
general, the research is initiated with data cttec All data is collected from recent
literatures, including industries’ reports, jourmpalpers, government official websites,
etc. The data is served as inputs for the basedmselopment (step 2 in Figure 3.1).
In this step, P-graph framework is implementechasoptimisation approach due to its
numerous advantageous features, including userdisievisualised encoding, efficient
search and multiple solutions generation (see Eigu2). Aside from this, Site study
and deep investigation of the search area arereztj(Phase Il in Figure 3.2) to develop
a mathematical model which can be solved effegtiagld efficiently. It divided into
three steps, i.e., area fragmentation, infeagibiklimination and connectivity

detachment. The detailed description of this neselowchart is given in Chapter 4.

Figure 3.2: Overview of research flow chart forpsi
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Then, the base case is extended by consideringleafasipacity constraints (step
3 in Figure 3.1). Figure 3.3 shows the reseammdhart proposed for this step. Note
that five different transportation modes with diffat constraints in weight and volume
limits are considered in this extended model. @m af that, a graphical decision-
making tool is developed to ease the decision-nsaker selecting the optimal
transportation mode for their specific case stuglgnsitivity analysis is also conducted
to determine the effect of the assumed parametetisenobtained results. Please refer

to Chapter 5 for the detailed description of tieisearch flowchart.

Figure 3.3: Overview of research flow chart forpsi
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Furthermore, sustainability indicators to assesgremmental sustainability
and social sustainability are also being integratemthe optimisation model (step 4 in
Figure 3.1). Figure 3.4 presents the proposedareldlowchart for this step. In order
to solve this complex problem, a novel principaipmnent analysis (PCA) aided
optimisation approach is introduced. In this opgtion approach, the priority scale
of each objective is determined through analytliararchy process (AHP). Aside
from this, the obtained optimised results are caegbaand benchmarked with the
results obtained from two other conventional opdettion approaches, i.e., weighted
sum approach and max-min aggregation approach. dételed description of this
research method is presented in Chapter 6 (witm@mental evaluation) and Chapter

7 (with environmental and social evaluation).

Figure 3.4: Overview of research flow chart forpste
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Last but not least, in step 5, bottlenecks thait lihe sustainability level of the
supply chain is identified and subsequently remolgdising the research method
shown in Figure 3.5. Two individual debottleneakimpproaches, one through PCA
approach while another through P-graph, are deeelap this step. Please refer to

Chapter 8 for the step-by-step explanation for egugroach. It is then followed by the

documentation stage as the final step.

Figure 3.5: Overview of research flow chart forpste
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Chapter 4:
P-graph Aided Two-stage Optimisation Model for

Biomass Supply Chain Synthesis Problem

4.1 Introduction
As already mentioned, biomass utilisation has bei#&d as one of the

prospective solution to achieve sustainable devedoy in Malaysia. To-date, there
are many investigations on integrating supply chatworks have been conducted.
However, some of the valuable biomass in Malaysigehreceived relatively less
attention in both research and industrial applicate.g., sugarcane bagasse, pineapple
peel, etc.). Therefore, it is suggested to devalopulti-biomass supply chain, which
fully utilise the potential of these biomass in @rdo promote the sustainability
development in Malaysia. The determination of mpli structures in supply chain
including transportation design, process facilisesection, processing hubs location

and biomass allocation, are referred to the procesgork synthesis (PNS).

In this work, the notable two-stage optimisatiorp@@ach which initially
introduced by Lam et al. (2013) is applied. Irsthpproach, the entire computation
works are divided into two stages, i.e., (i) mistage optimisation (determines the
optimal biomass conversion pathway) and (ii) masteme optimisation (determines
the optimal processing hub location and biomasgation) (see Figure 4.1). However,
instead of using the conventional computational hoet P-graph framework is
proposed to solve the micro-stage optimisatione ffain factors of incorporating P-
graph framework in the two-stage optimisation maslelue to its attractive computing

features (e.g., simultaneous generation of optiaral sub-optimal solutions and
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efficient search of solution space) and its visotdrface for data encoding and results
display (Lam et al., 2016). By using this graphi@pproach, decision-makers with
minimal programming background are also able tebtgvor analyse their own supply
chain easily, as comparable as other users witngtmathematical programming
background. The conceptual idea of the P-grapddatiato-stage optimisation approach
is shown in Figure 4.2. A real case study in Jddtate is used to demonstrate the
effectiveness of the proposed approach. The rénggpart of this chapter is arranged
as follows. The strategy and research methodaddgfye problem solving is presented
in Section 4.2, while the model formulation is dédsed in Section 4.3. Section 4.4
outlines the background of the case study in JaoVtute Section 4.5 refers to the

discussion of research outcomes. Finally, conolmdemarks are given in Section 4.6.

Figure 4.1: Two-stage optimisation model (Lam et2013).
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Figure 4.2: Conceptual idea of P-graph aided twgeptimisation approach.

4.2  Methodology

The research flow chart for this work is shown igufe 4.3. In general, the
process consists of three main phases. Phasesltainetermine the correlated cost
function for each biomass. This cost functionsedito determine the profit that can
be obtained by each biomass. It is similar to niero-stage optimisation, which
introduced by Lam et al. (2013). However, thevamtional approaches, which present
the selection of the operating units by integeialdes, are less preferable to handle
huge-size and high-complexity problems (Harvey,6)00Vithout any aid of rigorous
combinatorial tools, it is difficult to build thergblem superstructure heuristically due
to the extensive amount of operating units in theseblems. Besides, if a
superstructure is created heuristically, certam-émst option would be missed out and
thus, higher opportunity to miss the true optinedlison. Therefore, in order to address
this issue, P-graph approach is proposed as anatitee methodology for micro-stage
optimisation. Phase Il aims to determine all theeptial processing hub locations in a
given region. In this phase, all infeasible hutalions are removed in order to reduce
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the model size of the mathematical model. Theauts from Phase | and Phase Il
are served as the input for the mathematical mimaleiulated in Phase Ill. With the
aid of Lingo v14.0 (Lingo, 2015), an optimal bioraasipply chain is synthesised. The
description of Phases | and Il are given in theseahons below, while the model

formulation (Phase Ill) is discussed in Section 4.3

Figure 4.3: Overview of research method for Chapt@eproduced from Figure 3.2).

4.2.1 Phase |
A maximal structure which refers to the union df@mbinatorially feasible
process structure of a synthesis problem can bstwmted by using P-graph Studio,
which developed by the Department of Computer Seiemd Systems Technology in
University of Pannonia (P-Graph Studio, 2017). th# related materials, streams and

operating units have to be identified in this pha3dée purchasing cost of each raw
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materials, selling price of each product, operang capital cost of each operating
unit and conversion ratio of each process path t@be pre-defined in this phase. This
is a pre-processing step for Phase Il to formulagecorrelated cost function. Figure
4.4 shows the graphical representation of the mab&tnucture of a processing hub. In
the processing hub, biomasss converted into various kinds of produptsthrough
different technologies In some cases, biomaswill not be converted into products
p directly. Instead, it will firstly be convertedto intermediatey’, then only turned
into final productp. Note that Figure 4.4 is just an illustrationge thumber of

technologies in between the raw material and fimatluct does not limit to two.

Figure 4.4: Outline of maximal structure for eacbgessing hub.

In real life, biomass supply network usually coversrge region, leading to a
complex supply chain model that consists of hugeuwrh of “macro variables”.
“Macro variables” refer to the variables which usedmacro-stage (determines the
optimal processing hub location and biomass allooat This includes the variables

used to indicate the biomass allocation betweem&$s sources and processing hubs;
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variables used to indicate the amount of produetserated in each processing hub;
variables used to indicate the distribution of s between processing hubs and
demand points; binary variables used for hub detextion; variables used to indicates

the investment cost (i.e., transportation costtarainvestment cost).

In addition, multi-biomass supply chain normallywatves a huge set of
operating units and a huge set of materials (inotpdiomass, intermediates and value-
added products), causing the existence of a sulEtamount of “micro variables”.
“Micro variables” refer to the variables used incno-stage (determines the optimal
processing hub location and biomass allocatior)is includes the variables used to
indicates the amount of biomass processed in edtiay technology; variables used
to indicate the amount of intermediates producadables used to indicate the amount
of intermediates processed in each secondary tenwariables used to indicate the

amount of products generated; and variables usewlicate the obtained gross profit.

It is worth noting that, some of the aforementionadiables are intermittent
variables, which have been notified as “macro \dEes’ and “micro variables”
simultaneously (i.e., variables existed in both nmi@nd macro stages). These
intermittent variables served as a bridging comporie link the micro-stage and
macro-stage optimisation, and vice versa. Foram#, the amount of products
generated and the respective obtained gross proiih determined from micro-stage
optimisation are input to the macro-stage optinusatn order to account the total
obtained net profit; the amount of biomass senke&sh processing hubs which

determined from macro-stage is input to the midcamys optimisation in order to
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determine the respective plant design. Figureshdws the generic superstructure of
the research problem. Literatures have provedtitiishuge number of variables will

reduce the model efficiency (Lam et al., 2011). erBfiore, some of the model-size
reduction strategies are introduced in Sectior?4ir2 order to eliminate some of the

unnecessary or redundant “macro variables”.

Figure 4.5: Superstructure of the multi-biomasgpsuphain.
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In this phase, the correlation between the amafritee raw material input and
gross profit is determined. This correlated cosiction can be obtained through the
optimisation process done by ABB Algorithm in Pqmaramework. Generally, this

formulated cost function is a function of amountaiv materials input:

*

9" €k .ZLk .Z<Zk "% (4.1)

wherek. , k. , ...Lk refer to the amount of biomass, whileL., ...L "") refer the
correlated cost constant ($/ton biomass). Witk daist function, the gross profit can
be directly calculated by using the amount of raaterials. In other words, this will
significantly reduce a great amount of “micro vales” used in the mathematical
model, which is formulated in Phase Ill. Thusstwill improve the model efficiency
significantly. For instance, if the model consistsour types biomass, four operating
units, one products, and five possible hub locatia to 80 micro variables (i.e., 4 x

4 x 1 x 5) can be eliminated from the model with tise of the formulated cost function.

However, in order to ensure reliability of the gexted cost function, the P-
graph model has to be constructed correctly. Eigué shows a wrong demonstration
of P-graph model for biomass utilisation. In teimple, biomass R can be fed into
two technologies, where Technology 1 generates ysto®; and Technology 2
generates electricity. Note that the orange liegsesent the self-generated energy
while the red lines represent the imported eletyritom the grid. The generated
electricity can either be sold or self-consumedT®chnology 1. However, this

structure creates several restrictions for the rhode
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I.  Technology 1 will only be selected when both impdrand self-generated energy

are existing.

[I.  The input ratio of imported energy and self-geretanergy have to be pre-fixed

in this case.

lll.  The output ratio of exported energy (sell) and céay energy have to be pre-

fixed in this case.

Figure 4.6: Wrong demonstration example.

These restrictions have gradually reduced the mfteebility. In order to
solve this issue, “imaginary operating unit” israduced (blue rectangular bar) (see
Figure 4.7). By having this configuration, elecitiy input to Technology 1 and the
distribution ratio of self-generated electricity &ell or recycle) is no longer constrained.

Note that the yellow lines refer to the mixturemaported and self-generated electricity.
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Figure 4.7: Correct demonstration example.

4.2.2 Phase ll
Site study and deep investigation of the searca are required to develop a
mathematical model which can be solved effectiaig efficiently. It divided into
three steps, i.e., area fragmentation, infeagibilimination and connectivity
detachment. All three steps are aimed to redueentiodel sizes by removing

unnecessary or redundant “macro variables”.
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4.2.2.1 Area Fragmentation

Processing hub determination is one of the keylprob to be solved in multi-
biomass supply chain. In order to simplify the hdemn, the huge study area is
“fragmentised” into smaller “zones”. Each zonsdsved as a potential location to set
up the processing hub. Figure 4.8 is an illustrat this step, the entire study area
(white-coloured area) has been divided into smalteas by the grid lines. The areas
embedded by the horizontal and vertical grid liaes termed as “zone”. Several
previous works have applied this pre-processing bfore conducting their model.
For instance, Lam et al. (2011) divides the stuegian into several supply and
collection zones. Lately,u ek et al. (2013) divides network’s region into 3thes
and classify them as the potential locations fordfineries. Fundamentally, if smaller
zones (i.e., smaller area) are created (fragmehiist® more zones), the obtained
results will be relatively closer to the global ioptl. Therefore, a Pareto analysis is
conducted in Section 4.5.4 to investigate the efitfragmentised area on the objective

function.

Figure 4.8: An illustration of area fragmentatidtaphill, 2013).
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4.2.2.2 Infeasibility Elimination

Removal of all the “infeasible” zones which are switable or impossible to set
up processing hubs, e.g., mountain area, resideméa, etc. is vital to minimize the
problem size. As a result, this will decreaselthieden of the solver and minimise the
overall searching time. Figure 4.9 is the illustma of this step. The shaded areas are
mountain areas and protected forest areas whicke tawe eliminated from the
searching area. The advantages of having this ah@tweening process is to avoid
meaningless results, such as (i) locations whiemat suitable to set up hub (normally
related geographical condition, e.g., mountain ,asea, etc.), (ii) locations which are
occupied and (iii) locations which are underdevebbge.qg., lack of water, electricity

or worker supply, underdeveloped road system,.etc.)

Figure 4.9: An illustration of infeasibility elimation (Maphill, 2013).
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4.2.2.3 Connectivity detachment

In the original model, each starting point is caried to each possible
destination (i.e., source point® processing huljsand processing hubs j to customers
k). All combinations of connectivity (cross-produmtilti-dimensional set IxJ and set
JxK) create a complex network with a huge numbéin@dcro variables” which will
lead to a longer computation time. However, inrde scenario, there is a limitation
for the traveling distance as the profit gained hhigot be able to compensate the
transportation cost of the raw material and prodiitierefore, the maximum allowable
travel distanceyz{| [km] is introduced to determine the maximum trangll
distance for each biomass source which is potgneaionomic feasible. Generally,

wz{| [km] is directly proportional to the gross profibtained per ton of biomass,

") [$/ton biomass] of the raw material. It is defirges:

wz{ E—— L™ R 4.2)

where [RM/t biomass. km] refers to the estimated tramgtimn cost constant, i.e.,
the linearlied transportation cost per unit tonbadmass, per unit km of travelled
distance (in this chapter, value assumed as 0.8tRM (Lam et al., 2013)). Note
that "”") can be determined by using Equation (4.1) (detaigoss profit
calculation please refer Equation (4.12)). Figdr#0 is an illustration of this step.
Assume the two source points supply different typédiomass. Each biomass
contains different "*") . The one with greater’”®') can compensate higher
transportation cost, thus it will have a largerrskarea compared to the other one. If
the biomass is transferred to the zones outside fhis search area, the transportation

cost will be greater than the maximal gross pitbiitt can be gained in this model. In
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other words, the zones located outside the seaezhaae no longer cost-feasible and
thus, the connectivity between the source point ttiede zones is unnecessary and

should be removed prior to the next step.

Figure 4.10: An illustration of connectivity detawént (Maphill, 2013).

4.3  Model Formulation (Phase IlI)

After the previous steps, the remaining zones argedsl as the candidate
locations to set up the processing hubs. In aaldetermine the optimal hub location
and optimal biomass allocation pathway, a mathaemktnodel is developed. By
including the correlated cost function formulateskyvpously, the use of variables
(binary and non-binary) in the model has been figmtly reduced. The model

formulation is defined as follow:
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4.3.1 Material flow
The biomass produced from each sourgds transported to centralized hjub
to convert to value-added prodycthrough technology (and secondary technology
t'). The intermediates are dentedlasAll the final productg will be sent to the

respective customér The material flows are defined as:
> L5 g g LLBLL LLASTYE PheSLE. (4.3)

> 5,107 L LBLLLAMSITBLAMSLL (4.4)

Equations (4.3) and (4.4) are constraints that renthe supplied amount of
biomass to hubsj and the delivered amount of prodpdio customek are capped at
the biomass availabilities in sourcand the product produced in hpubespectively,
while Equations (4.5) to (4.7) concern the matdvalhnce held within the processing
hub. Note that the “zones” that are eliminatedtigh Phase Il should be manually

excluded in the model formulation (see Section2}.2.

> FglEIF,; LM REIES (4.5)

Equation (4.5) assures that the amount of biomasdlected in hul) must be

equal to the total supplied amount of biomaf®m all sources to hubj.
k89 &> kgggLLTM' 518 ™; Su (46)

kigg®E> skjgsgd L™0 Sv8 ™ Su 4.7)
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Equations (4.6) and (4.7) indicate that all biomaaad intermediatéeswill be

further processed into desired prodyzterough technology(andt’).
k]ggCE) > @lgggq:l_\ 88]ALLTMO Sv8 ™; Su (48)
Kgo &> p s@Jgsgoll\jgsg AL™E S €8 ™S U (4.9)

Equations (4.8) and (4.9) are the conversion fonstwhera g g; refers to the
conversion factor of biomasgo intermediate via technologyt, while\ gs5 refers to

the conversion factor of intermedidt® productp via technology’.

4.3.2 Hub determination
Constraint (4.10) determine the selection of pdesitentralized hubj.
> kgg[t/d] is the total amount of biomass transferrechtj. Note thaB; is the
binary variable to denote the selection of hwthile M refers to the maximum hub’s
capacity. By using this constraint, the binaryiatale B; will be forced to be “1” when
> Kgg [t/d] is non-zero flow. It is worth to note thathen there is zero flow in
> iFijr [t/d], Bj can be either “0” or “1” to satisfy the constraintHowever, this will

not be an issue as the objective function of tresl@his to minimise expenses, in other

words, maximise the profit. Thus will be forced to be “0” in order to reduce the

investment cost.

> Kgo2 MxB; TJL3O (4.10)

The total number of hubk;e Lcan be defined in Equation (4.11), note that

sensitivity analysis is carried out to determine dptimum number of hubs.
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> | Bj= e L (4.11)

4.3.3 Economic evaluation
Economic evaluation concerns on gross proif, [RM/y], annual

transportation cosg ' [RM/y] and annualised hub investment cas¥®"  [RM/y].

4.3.3.1 Gross Profit
g" is determined by revenue obtained from final potglp ("¢ [RM/t])
subtract the collection cost of biomasg URM/t]), annual operating cost

( " [RMAland s'*  [RM/]) and annualised capital cost ( *

[RM/A]and s ' [RM/]). It is written as:

*

9 EbB ¥ kgt '+ | §> ¥ kgltL I g
LLLLLLLbL@DLLKdL L "™ ASLL s@p okpgsed ¢L s '~ AS
LLLLLLLLI@LLIKH gl 6L *  ASL s@p okjgsgd¢L s '~  ALEST;

(4.12)

where OPD [d/y] refers to the estimated total wagkdays per year. It is worthy to

note that ' [RM/t] and " [RM/t] cover all the operating

expenditures, including utility cost, workers’ sglamaintenance cost, etc.; while
v [RM/t]and s " [RM/t] cover all the one-time expenses, including

machinery cost, legal permit cost, etc.
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In order to simplify the model complexity, the aglated cost constant'{*")
[RM/t]) which is formulated in Equation (4.1) is plemented into the model. By using
this cost functiong”™ [RM/y] can be determined easily from the modeltheut
including a massive number of variables into thelelo As a result, Equation (4.12)

is revised as:
g ® @.kgCL "™ ACLST; (4.13)

4.3.3.2 Annual transportation cost

g  can be determined by using Equation (4.14):

9 EL@p % 558647 > % ;15,58L655ALEL ¢LST; (4.14)

where ¢; and g refer to the distance travelled between sousrel hulj and distance
travelled between hubto demandk. It is worth noting that the distance used isialkt
distance extracted from Google Map instead of usiisglacement between the two
locations. In this Chapter, the transportatiort cosletermined based on an linearised
transportation cost constant, [RM/t/km] (value is assumed as 0.8). The more
accurate transportation cost calculation, whichsaters physical capacity constraints

of the vehicle, delivery lead time, etc. is disagss Chapter 5.

4.3.3.3 Annualised hub investment

Wo%h s referring to the fixed cost required to seagrocessing hub, which

g
includes land cost (¢* [RM]) and construction expenses €% '%¢ [RM]). It is

annualised by using capital recovery factor (CRRijclv converts a present value to a
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stream of equal annual cost over a life spdh ( Ly]) at a specified discount rate

( V %4%]). They are defined as:

gW®h  EL}~ Le¥*% 7 %E&'& 1¢ 45 (4.15)
'8l O @ & O
45 E L - (4.16)

@« & O *e

4.3.4 Objective function
The model is structured to minimise the net prgfit,, note that this multi-
biomass supply chain is modelled through mixedgets linear programming (MILP).

It is solved by using Lingo v14.0 (Lingo, 2015) viglobal solver.

P2g ' LELg8LgV® §Lg (4.17)

4.4  Case Study Description
A case study is used to demonstrate the effectsgeakthe proposed method.

The descriptions of the selected case study aengivthe following sub-sections:

4.4.1 Biomass availability

Johor, a southern state of Malaysia, which is promyss in its natural resources
in the fields of agriculture is selected as thedgtarea. In this case study, palm oil
biomass, paddy biomass, sugarcane bagasse anggeeeels are chosen as the
biomass sources due to its abundant availabilidysaiostantial economic potential. In
this work, 6 major palm oil mills, 5 paddy field®,sugarcane plantation areas and 6
pineapple plantation areas are considered. Theuaihad each biomass available in
each source point is tabulated in Table 4.1. Eidutl shows the geographical location

of each source in Johor map.
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Table 4.1: Biomass availability in Johor (MPOB, 20DOA, 2012; DOA, 2013;
DOA, 2014).

Source Longitude Latitude Supply | Source Longitude Latitude Supply

[try] [try]

i1 102.6248 2.3512 1,552 14 103.4639 1.5215 155

i2 103.8532 2.4132 56| s 103.3677 2.0260 1,174,275

i3 102.5928 2.0418 3,55% e 103.5522 1.6667 939,420

4 103.3616  2.0255 53.20 17 103.9340 1.7826 352,282

Is 103.6130 1.5234 549| s 102.8375 1.9916 1,051,475

I 102.7988 2.5350 269| i1 103.3789 1.9057 469,710

i7 103.5511 1.6667 244| i 103.6666 1.6074  704,56%

s 103.9339 1.7826 100| iz 102.6260 2.3532 2,769

Io 102.6247 2.3542 555| 22 103.8532 2.4132 2,662

i10 102.5902 2.0412 664| 23 102.5928 2.0420 1,601

11 103.3622 2.0255 316| 24 103.3616  2.0202 377

i12 102.7940 2.5353 1,537 iz 102.8370 1.9889 352

i3 103.9335 1.7806 171

Biomass typesii-is (Sugarcane bagassey:iis (Pineapple peel)iis-izo (Palm oil
biomass)jzo-i2s (Paddy biomass);
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Figure 4.11: Geographical location of biomass seamd port (Maphill, 2013).

4.4.2 Conversion technologies in processing hub
Generally, EFB will undergo four different processee., grinding, drying,
sieving and bailing in order to yield dried longré (DLF); while PKS can be converted
into briquette. However, the economic potentiabofuette is not attractive. Thus, it
will be further processed into Energy Pack whicimtams higher heating value by
injecting it with excess industrial waste (Ng et 2014). On the other hand, rice husk
which contains high energy content can be furtlbeverted into bio-char, syngas and
py-oil via pyrolysis (Tsai et al., 2007). Both fad slow pyrolysis are considered in
this case study. Moreover, sugarcane bagasse Hespre-treated before converting
into bio-ethanol via fermentation. The literatue@iew of the available pre-treatment

methods is mentioned in Chapter 2 (please refSettion 2.3). In this case study, four
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pre-treatment processes are considered, i.e.edilcitl pre-treatment, dilute alkaline
pre-treatment, hot water pre-treatment and stertosigm pre-treatment. It is worth to
note that, each will yield different amount of Ethranol and will affect the overall
operating cost and capital cost. Furthermore,gppé peels can be either converted
into citric acid via solid-state fermentation (Ct&aDavid, 1995) or further conditioned
as animal feed. It can even undergo anaerobistiageto produce methane gas which
can be burnt to produce electricity via steam emgihast but not least, EFB, PKS,
paddy straw and bagasse can be used as the h@il¢o fgenerate high pressure steam
(HPS). HPS will then be sent to steam turbine dnegate electricity. Figure 4.12
summaries superstructure of process flow of eaciméigs. The conversion factor and

the electricity requirement for each technologtatsulated in Table 4.2 and Table 4.3.

Table 4.2: Conversion ratio for each conversiomypai.

Biomass Technology Conversion Reference
Palm Oil  Gasification 299 L Bio-oil/t EFB
. (Pradana &
0.20 t Bio-char/t EFB Budiman,
427 me syngas/t EFB 2015)
DLF Production 0.3752 t DLF/t EFB
Briquetting 0.33 t Briquette/t PKS
(EC, 2014)
Boiler 2.59 t HPS/t EFB
3.96 t HPS/t PKS
Paddy Fast Pyrolysis 500L Bio-oil/t Rice Husk (Brownsort,
2009)
0.15 t Bio-char/t Rice Husk
208 m? syngas/t Rice Husk
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Table 4.2 (cont’): Conversion ratio for each cosian pathway.

Biomass Technology

Conversion Reference

4

Paddy Slow Pyrolysis

299L Bio-oil/t Rice Husk  (Brownsort, 2009

0.35 t Bio-char/t Rice
Husk

315 mé syngas/t Rice
Husk

Conditioning

0.7 t fertiliser/ t Paddy (Liao et al., 2013)
Straw

Boiler

4.79 t HPS/t Paddy Straw -

Sugar Bio-ethanol
Cane Production

252.6 L/t Bagasse

Fermentation

Pineapple Waste

(Fermentation) 255.8 L/t Bagasse
(Kumar & Murthy,
255.F L/t Bagasse 2011)
230.2 L/t Bagasse
Boiler 2.2 t HPS/t Bagasse (Munir et al., 2004)
Pineapple Anaerobic 55 n¥ Biogas/t Pineapple (Chulalaksananukul
Digestion Waste etal., 2012)
Biogas-to-Power 6 kWh/n? Biogas (Energypedia,
Generation 2010)
Drying 0.60 t Dried Pineapplef/t -
Pineapple Waste
Solid 0.194 t Citric Acid/t (Belén et al., 2010

All Turbine

0.58 kW/(t/h) HPS (EC, 2014)

a Assume density of bio-oil is 1170 g/L (Ganseko2[@16).

b Assume density of syngas is 0.95 g/L (Brar et2d11,3).

¢ Yield from dilute-acid pre-treatment! Yield from dilute-alkaline pre-treatment.
€ Yield from hot water pre-treatment. ! Yield from steam explosion pre-treatment.
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Table 4.3: Electricity consumption rate for eactivéty.

SCM Activities Electricity Requirement Reference

[kW/(t/h) biomass]

DLF production 220 (EC, 2014)
Energy pack production 140 (EC, 2014)
Gasification 280 (NCPC, 2014)
Fast Pyrolysis 180 (NCPC, 2014)
Slow pyrolysis 150 -
Bio-ethanol Production 58.19
(Fermentation)

62.48

(Kumar & Murthy, 2011

57.48

36.14
Drying 30 -
Citric Acid Production 81.25 (Vogelbusch, 2015
Biogas-energy generation 35 (Nayono, 2009)
Transportation [g/L fuel] 0.00 -
Importing external energy 0.00 (Piko, 2012)
[m3/kWh]
Combustion [rYkWh] 0.00 (Piko, 2012)

aUndergo dilute acid pre-treatment Undergo dilute alkaline pre-treatment.
¢Undergo hot water pre-treatment.4 Undergo steam explosion pre-treatment.
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Figure 4.12: Superstructure of the process flowauth biomass.

4.4.3 Potential processing hubs
The processing hubs should be set up in the sicdtegtion where the distance
between the sources and the hubs are adequateis Thireduce the transportation cost
of the biomass. Note that the power supply andaheur supply in these regions are
sufficient and the road system is well develop&te potential locations to set up the

processing hubs will be discussed in the Sectibr24.
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In order to determine the overall economic potéwfizthe synthesised biomass

supply chain, several costs have to be considerélde material cost of biomass

feedstock, product and utility are listed in Taslé while CAPEX and OPEX for each

technology are tabulated Trable 4.5

Table 4.4: Material cost for biomass feedstockdpod and utility.

Reference Item 3 Y Reference
[RM]
Bio-char 1,260/t (Kulyk, 2012 EFB 10.8/t (Lam &t a
2013)
Bio-oil 1.1/L (EUBIA, 2012) PKS 12.6/t (Lam et al.,
2013)
Bio-ethanol 3.04/L (Macrelli et al}, Sugarcane 10/t -
2012) Bagasse
Animal Feed 260/t - Paddy  58.5/t (Drake, 2006)
Straw
Citric Acid 2,520/ - Rice Husk 90/t (Bhattacharyy@a
2014)
Syngas 0.60/M  (Syntes, 2016 Pineapple 10/t -
waste
Electricity  0.43/kWh  (Lam et al.,
(Export) 2013)
Electricity  0.55/kWh (Lametal.,
(Import) 2013)
DLF 720/t (Lam et al.,
2013)
Energy Pack 600/t (Lam et al.,
2013)
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Table 4.5: CAPEX and OPEX for each technology.

Reference
DLF Production 32.4/(t/h) 66.6/(t/h) (EC, 2014)
Gasification 150/(t/h) 180/(t/h) -
Energy Pack 27.3/(t/h) 66.3/(t/h) (EC, 2014)
Production
Bio-ethanol Production  175/(t/h} 270/(t/h}
(Fermentation)
159/(t/hy 260/(t/h¥
(Kumar & Murthy,
158/(t/hy 255.6/(t/hy 2011)
142/(t/hy 230/(t/hy
Drying 30/(t/h) 30/(t/h) -
Citric Acid Production 120/(t/h) 200/(t/h) -
Anaerobic Digestion 173/(t/h) 202/(t/h) (Weersinkviallon,
2007)
Slow Pyrolysis 173/(t/h) 108/(t/h) (Lehmann & Jdsep
2015)
Fast Pyrolysis 141/(t/h) 171/(t/h) (Wright et 2010)
Boiler 9.4/(t HPS/h) - (EC, 2014)
Turbine 0.18/kW 0.18/kw (EC, 2014)

2Yield from dilute-acid pre-treatmen®.Yield from dilute-alkaline pre-treatment.
¢ Yield from hot water pre-treatment? Yield from steam explosion pre-treatment.

4.5 Result and Discussion
The P-graph aided two-stage optimisation model ppliad to solve the
aforementioned case study. The results in eagje ssashown and discussed in the

following sub-sections:
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4.5.1 Phase |
In this phasethe biomass conversion process in Figure 4.12nsexted into
P-graph model. Figure 4.13 presents the maximadtsire of the proposed case study.
It is then optimised by using the ABB algorithmRagraph Studio (P-Graph Studio,
2017). The formulated cost function for this catedy is stated in Equation (4.18).
Note that 1, r2, r3, 14 represent the amount of harvested sugarcane,plgail pam

and paddy in tonnes respectively.

Ans

, @8:8¢,8¢AE EEIEIs ZTEle . ZDNINE2Z NillOle ¢ (4.18)

Figure 4.13: MSG of biomass utilisation process.
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Note that the constant in the cost function reftaeteconomic potential of the
biomass while the constants in the boundaries immatdicate the weight ratio of each
biomass utilised in the hub. In general, EFB iksed as the gasification feedstock in
order to produce valuable bio-oil; PKS is converigt energy pack, which contain
high energy value; paddy straw and pineapple etlrther conditioned into animal
feed; rice husk is processed through slow pyroliysigrder to maximise the bio-char
and syngas yields. The results for the technokejgction is summarised in Figure

4.14 (please refer to Appendix Section A.1.1 far Bhgraph illustration).

Figure 4.14: Technology selection through P-graph.

-97-



4.5.2 Phase Il

Chapter 4

In Phase Il, the studied area has been divided 8&ozones via Area

Fragmentation (600 kfiper zone). During “feasibility elimination”, 8 zes which

located in mountain area are eliminated. Aftermfoectivity detachment” one more

zone which located north-east of Johor is remol@zhfed too far from each source).

The superimposed feasible processing hub locatiomghen presented in Figure 4.15.

Table 4.6 summarised all the 25 potential hubgtiogand the respective geographical

location is shown in Figure 4.16. Based on the d#ited in Table 4.6, the distance

between each location are determined through Gddgle (see Table 4.7).

Table 4.6: Locations of potential hubs.

Hub Longitude Latitude Hub Longitude Latitude
j1 102.5274 2.6638 j1a 103.6560 2.4036
j2 102.6691 2.4163 jis 103.2903 1.8664
i3 102.8303 2.6361 ji6 103.3789 1.9057
Ja 102.8340 2.4981 ja7 103.5734 1.6703
Js 103.8509 2.4092 jis 103.4639 1.5215
I3 103.8627 2.4057 j1o 103.5184 1.5324
j7 102.6979 2.4184 j20 103.6766 1.6033
is 102.6644 2.2178 j21 103.9162 1.4800
Jo 102.6247 2.3512 j22 103.3616 2.0259
j10 103.5933 2.0418 j23 104.2338 1.5578
ja1 102.9009 1.9731 j2a 103.9206 1.7555
j12 102.8375 1.9916 j2s 103.8939 1.7483
j13 103.1901 1.9378
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Table 4.7: Distance data [km].

i1

i2

i3

Chapter 4

j1 58.5 227 85 141 204 303 181 233  58.5 85
J2 31.8 229 57.7 139 199 212 235 228 31.8 5.7
j3 723 200 983 136 196 219 173 225 723 9B.3
ja 60.5 213 915 123 183 9 160 212 605 915
is 199 1 193 86.1 129 211 132 90.3 199 13
I 202 5 197 89.6 127 216 130 89 202 197
j7 325 224 584 139 200 26 177 229 325 584
js 293 198 41 113 174 551 150 203 293 41
jo 1 201 269 116 176 53 153 205 1 24.9
j10 27.4 193 1 108 169 80.8 146 198 274 L
ja1 63.2 154 376 685 129 79 106 158 63.2 3}.6
j12 86.5 141 522 56 118 100 953 148 86.5 5.2
j13 949 109 89.2 23 86.1 925 63 115 949 89.2
j1a 207 983 201 942 198 205 164 164 207 201
j1s 112 119 106 342 674 110 443 96.5 112 106
j16 125 108 119 23 80.3 123 57.2 923 125 119
ja7 152 134 146 81.3 30.1 149 1.6 43.3 152 146
jis 166 172 160 954 484 163 39.7 81l.2 166 160
j19 168 155 162 97.8 31 166 29 63.7 168 162
J20 176 126 170 105 17.7 173 283 355 176 170
jo1 192 134 186 121 21.8 189 443 756 192 186
j22 113 88 106 1 104 111 81 90 113 106
j23 237 129 231 138 739 234 83.6 48.8 237 231
joa 195 92 189 899 39.7 193 428 1 195 189
j25 155 137 150 44.3 628 153 30.2 47 155 150
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Table 4.7(cont’): Distance data [km].

Chapter 4

j1 141 30.3 233 193 141 181 233 131 153 190
J2 139 21.2 228 188 139 235 228 105 147 185
ja 136 219 225 185 136 173 225 122 144 182
Ja 123 9 212 172 123 160 212 110 131 169
js 86.1 211 90.3 170 86.1 132 90.3 140 107 135
Je 89.6 216 89 169 89.6 130 89 144 111 183
j7 139 26 229 188 139 177 229 106 148 186
js 113 55.1 203 162 113 150 203 73.7 122 140
jo 116 53 205 165 116 153 205 85.1 124 162
j10 108 80.8 198 157 108 146 198 52.1 117 155
ja1 68.5 79 158 117 685 106 158 23.1 77 115
j12 56 100 148 72 56 95.3 148 1 645 104
J13 23 925 115 747 23 63 115 328 321 72]1
jaa 94.2 205 164 187 942 164 164 148 115 184
j1s 34.2 110 96.5 479 342 443 965 522 129 534
j16 23 123 923 64.7 23 57.2 923 64.9 1 66.3
ja7 813 149 433 383 813 16 433 938 551 10p.2
jis 954 163 81.2 1 95.4 39.7 81.2 71 61.3 52.2
j19 978 166 63.7 168 978 29 63.7 110 716 34.8
J20 105 173 355 632 105 283 355 118 79.1 2p5
jo1 121 189 756 67.6 121 443 756 134 95 36.5
j22 1 111 90 80.1 1 81 90 53.3 209 901
J23 138 234 48.8 124 138 83.6 488 179 140 7p.9
joa 89.9 193 1 81.6 89.9 428 1 137 822 4%9
J2s 44.3 153 47 63.3 443 30.2 47 96.5 46.6 38.8
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Table 4.7(cont’): Distance data [km].

Chapter 4

i21 122 i23 i24 i25 Port

j1 58.5 227 85 141 131 235
J2 31.8 229 S7.7 139 105 216
ja 72.3 200 98.3 136 122 214
ja 60.5 213 91.5 123 110 194
js 199 1 193 86.1 140 137

Je 202 5 197 89.6 144 138

j7 32.5 224 58.4 139 106 242
js 29.3 198 41 113 73.7 189
jo 1 201 26.9 116 85.1 206
j10 27.4 193 1 108 52.1 144
j1 63.2 154 37.6 68.5 23.1 146
j12 86.5 141 52.2 56 1 116

J13 94.9 109 89.2 23 32.8 108
jaa 207 98.3 201 94.2 148 164
j1s 112 119 106 34.2 52.2 93.4
j16 125 108 119 23 64.9 97.7
ja7 152 134 146 81.3 93.8 56.5
jis 166 172 160 95.4 71 64

j19 168 155 162 97.8 110 60.9
J20 176 126 170 105 118 45.6
jo1 192 134 186 121 134 7.7

j22 113 88 106 1 53.3 130

J23 237 129 231 138 179 48.2
joa 195 92 189 89.9 137 52.9
jos 155 137 150 44.3 96.5 51.8
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Figure 4.15: Superimposed feasible location aftexrseé || (Maphill, 2013).

Figure 4.16: Geographical location for each pogiitub (Maphill, 2013).
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Table 4.8 shows the number of variables presenthé model and the
computational time required before and after theodgosition process. Despite the
reduction in computation time is not significant fiois case study, the results still show
that the proposed approach is applicable to retheenodel-size of the multi-biomass
supply chain problems (i.e., 67 % of variablesks®mg reduced from the model). The
improvement of computational time is expected tortmre significant for larger case
study. Aside from this, it is worth noting thatetlpercentage error between the
maximumg' obtained before and after decomposition is nedégiless than 1 %) for

this case study.

Table 4.8: Computational performance before aref aliécomposition.

Non-binary Binary Computational On

variables Variables Time [s] [RM/y]

Original 2,311 33 0.09 7.98 x 80
(consider 33 hubs)

After Phase I+l 751 25 0.08 7.98 x 20

4.5.3 Optimised results
The mathematical model is optimised to determimentiaximal profit that can
be gained, number of hubs to be set up, optimaitioe for each processing hub and
optimal biomass allocation design for this casdysturhe optimised result is shown in
Figure 4.17 (please refer Appendix Section A.1.d Section A.1.2 for the complete

model coding and result).
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Figure 4.17: Optimal biomass allocation design (Nkp2013).

From Figure 4.17, it shows that the optimal nuntfgsrocessing hubs is five.
If fewer hubs were built (< 5), some of the biomagikstransported to a processing hub,
which is located farther away from the source poifbherefore, higher transportation
cost is expected (see Figure 4.18). On the ottwed Hf more hubs were built (> 5), the
reduction of transportation cost is very insigrafit and is unable to compensate the
additional investment cost to set up these hultgis Tlower net profitg' [RM/y] is

obtained (see Figure 4.19).
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Figure 4.18: Transportation cost required for yrlsesised biomass supply chain.

Figure 4.19: Net profit for the synthesised biomsigsply chain.
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4.5.4 Limitation
It is worth noting that the limitation of this grosed method is the low robustness
of the obtained solution. For instance, the cateel cost function has to be reformulated
when adding a new biomass or a new conversion ¢dafyiinto the model. In order to

address this issue, proper planning of the modelisithe early stage is necessary:

I.  Select all the available biomass, which has high EP

II.  Consider all the conventional or potential techgglavailable in the study area

into the model.

lll.  Ensure the economic data (i.e., material cost,pegent cost, operating cost,
etc.) used in the model is up-to-date (regular siewi of the data is

recommended).

In addition, another main concern of separatingésearch problem into various
sub-models during optimisation is the difficultyeinsuring global optimality of the model.
For instance, the model could identify the besigief®r the processing hubs based on the
current biomass availability. However, after adithag the biomass to the first plant, the
remaining biomass availability might not be suéfiti to support the same design in the
second plant. This will be problematic especialhen the process is highly-integrated
(e.g., technology for a given biomass required togpcts from another technology of
other biomass). To address this issue, modeligasin Phase | should be conducted
(see Figure 4.20). The correlated cost constargdoh plant is generated based on the
updated biomass availability. This can enhancegtbbal optimality of the proposed

model.
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Figure 4.20: Sample iteration steps in Phase |.

Aside from this, the processing hub determinat®ighly influenced by the
fragmentised area used during “area fragmentationt.is expected that smaller
fragmentised area will lead to higher chance ohioiotg global optimal. A Pareto
analysis is conducted to investigate the effedtagimentised area on annual net profit
obtained and the total computational time requiréd. shown in Figure 4.21, higher
profit is obtained when smaller fragmentised areaused (Please refer Appendix
Section A.1.4 for the visualisation of “area fragnation” for each case). As a trade-

off, longer computational time is required. Irsthnalysis, the highest annual net profit
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(i.e., RM 8.10 x 19) is obtained when study area is fragmentised 16@ kn?-zones.
Despite the annual net profit determined in thiskr@vhen study area is fragmentised
into 600 kni-zones) is lower compared to the highest achievadtierofit, but the error
percentage is merely 0.5 %. More importantly, tbeputation time required in this
work is significantly lower (almost 6 folds lowerPlease refer Table 4.9 for the error
percentage and the required computational timedoh case. All these values indicate

that the fragmentised area used in this work igpteble.

Figure 4.21: Pareto analysis for area fragmentation
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Table 4.9: Error percentage and computational foneach case.

Fragmentised Area [kn?]  Error Percentage [%] Computational Time [s]

100 0.0 0.53
300 0.2 0.16
600 0.5 0.09
900 15 0.08
1200 7.2 0.06
1600 9.9 0.05
2500 10.6 0.05

4.6 Conclusion
This chapter has addressed the issue of solviagga-scale multiple biomass

corridor problem. The main contributions of thisrk are stated as follow:

I. A novel P-graph aided two-stage optimisation modeich integrates P-graph
framework and conventional mathematical modellmgroposed to solve the

multi-biomass supply chain problem.

[I.  With the aid of P-graph’s astonishing computingdieas and its visual interface,
the users can determine the correlated cost funfdioeach biomass easily and

effectively.

Ill.  Results shows that the proposed approach is apfditareduce the model-size
of the multi-biomass supply chain problems sigaifitty (i.e., 67 %) in order to

mitigate the computational burden.
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IV. A multi-biomass supply chain, which integrates tlse of palm oil biomass,
paddy biomass, pineapple peels and sugarcane kaigasgnthesised. The

available technologies for each biomass convemsiersummarised.

V. A Pareto analysis is conducted to test the effeftagmentised area used on
total annual net profit gained. The result shdved the fragmentised area used

in this work is acceptable.

In order to ensure the reliability of the proposggbroach, regular revision on
the input date is required. On top of that, thimkvcan be extended by considering
physical constraints of the vehicle (load and va)rmto the model. This would
provide a more accurate estimation of transpomatiost, which therefore avoiding
unnecessary loss of profit (see Chapter 4). Afiol@ this, more efforts have to be
conducted in incorporating different environmentalexes and social indicators into
the optimisation model (Chapter 5 and Chapter I&st but not least, the proposed

approach has to be applied for larger-scale casly # order to test its reliability and

robustness.
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Chapter 5:

Transportation Decision-Making

5.1 Introduction

In this chapter, the mathematical model proposethénprevious chapter is
modified in order to solve the multi-biomass supgihain synthesis problem with the
consideration of vehicle capacity constraint (weighd volume). On top of that,
carbon emission penalty is also introduced in thedeh in order to evaluate the
environmental impact in the supply chain. Therengiroblem is modelled through
mixed integers linear programming (MILP) with thienaof maximising the overall
profit, at the same time ensuring the minimal@ission. The comparison between
these two models will be presented as well. Ireotd fill the gap of lacking user-
friendly decision-making tool for the transportatidesign in supply chain management,
a novel graphical decision-making tool, called dwehicle selection (SVS) diagram
is proposed. The diagrams are constructed basex@ptimised results obtained from
the formulated model. The user manual for the gsep decision-making tool is given
in this paper. Besides, five sets of sensitivitalgsis are conducted to identify the
sensitivity of the assumed realistic factors (tertain profile, weather changes, traffic
congestion, fuel price fluctuation and individualveonmental preference) to the
optimal results obtained from the proposed todlkis chapter is arranged as follow.
Section 5.2 presents the problem statement and auserall the assumptions used in
this work while Section 5.3 outlines the methodglag the research work in this
chapter. Section 5.4 shows the model formulatwritiis problem. The development
of decision-making tool is presented in Section 3rbSection 5.6, background of the

case study is revised. The description of theigeifganalysis is given in Section 5.7.
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It is then followed by the results and discussiorSection 5.8. Finally, concluding

remarks are stated in Section 5.9.

5.2  Problem Statement

The problem described in this work aim to determiine optimal biomass
allocation networks and the optimal transportatidecisions that minimise
transportation cost and reduce carbon emissiois férmally stated as follows: given
a set of biomass typesupplied from a set of source points planned to be delivered
through a set of transportation modesto a set of processing hups Then, it is
converted into a set of produgtsia a set of technologiesndt’ and delivered to a set
of customers through a set of transportation moaie All the intermediates are
denoted at The superstructure of the model is now modiéisd=igure 5.1. In order
to provide readers a better understanding and hhsigo the proposed research

problem, several underlying assumptions are stated:

Demand uncertainties are insignificant within aggitime horizon (a year).

Decentralised transportation is applied in this bjgm. The resources of

transportation (e.g., number of vehicle) availablenarket are not limited.

Loading and unloading lead times are constant fyiven transportation mode.

Average driving speed is used in the model. Basicainaller truck has a higher

driving speed than the bigger truck.

3-D space allocation issue is not considered is thork (e.g., a 1 fcube

compartment cannot hold a £ sphere).
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Figure 5.1: Generic superstructure of the proposedel (modified from Figure 4.5).

5.3 Methodology

The overview of the research method for this chaistshown in Figure 5.2.
The model is reformulated in order to consideretiéht type of transportation modes
for the vehicle selections. The criteria for thahicle selection process is based on its
economic performance (i.e., capital cost, total | fumnsumption, etc.) and

environmental performance (i.e., total £@mission). The developed model is
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described in detail in Section 5.4 while the coneabidea for the development of the
proposed decision-making tool is discussed in 8edi5. Besides, sensitivity study
is conducted to check the sensitivity of the asslipggameters. The description of the

sensitivity analysis is stated in Section 5.7.

Figure 5.2: Overview of research method for Chapt@eproduced from Figure 3.3).

5.4  Model Formulation

Generally, the model formulated in Chapter 4 is ified in order to incorporate
the vehicle capacity constraint. The problem igleilled through MILP, and will be
solved by using Lingo v14.0 (Lingo, 2015). The ag#ion of the modified

formulations, including constraint setting and @hije functions are given below:
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5.4.1 Constraint setting
5.4.1.1 Material flow constraint
Equations (4.3) and (4.4) are revised to considiéflerdnt options for

transportation modesn(or m’):

> > 9Kgrggezl 5glLLLLLLLLL™e & 18 ™O 5 j8 (5.1)

>3 . K gog.55 ZLKgoLLLLL™E & €8 ™ 5 u8 (5.2)

Equations (4.6) to (4.9) which define the matebilance in the processing huand
Equations (4.10) and (4.11) which determines thecsen of possible processing hub
j will remain the same, while Equation (4.5) whidmcerns the transportation between

source and hul is re-defined as:

>y _k E kgoLLLLLL™e S 18 ™; Su (5.3)

878-89

5.4.1.2 Operating time constraint
Besides, Constraints (5.4) and (5.5) are addedderdo set a time constraint
to the problem, where the total operating hourgsgr cannot exceed the maximum

allowable operating hou§GR R [h/d]:
}J~e 0 L¢LSG gl ZLSERLLLL™O §j8 ™e SW8™; 3 u (5.4)

J~o 0 LCLSG 5 LZLSORLL™; & u8 Mew B™O & x (5.5)

where}~s 0 [trips/d] refers to the number of trips travellpdr day while@U;g gq
[h/trip] and@Uyg_sg. [h/trip] refer to the delivery lead time from soaii to hubj and

hubj to customek respectively. These constraints are set to comjily regulation
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(EC) 561/2006 which limit the maximum travel timermlay. In fact, this is crucial to
ensure vehicle’s operating performance and driveeath are both in good condition.

In general, a 40 minutes break should be takeaviery 4 hours travel (EC, 2014).

5.4.1.3 Vehicle capacity constraint

In this work, two vehicle capacity constraints taken into consideration, i.e.,
weight limit and volume limit. Generally, weighggulation is set due to several safety
concerns, while volume limit appears due to thédispace of vehicle’s compartment

(Obrien et al., 2012). Both limits are definedal®ws:

koors 7L 1 23 LLLL™O §jg ™« S w8 ™ § U (5.6)

Kigore ZL 1 237 LLLL™; § u88w B ™0 § x (5.7)

where 1 #3% [t/trip]and 1 _2!3#& [t/trip] refer to the weight limit of the vehicle;
213#&

Kgsg.59 [t/d] refers to the weight of biomasshat is being delivered from sourice

to hubj via transportation moda per day; while kéﬁ% [t/d] refers to the weight

of productp that is being delivered from hyitho customek via transportation mode

m’ per day. Equations (5.6) and (5.7) are used &ght-limiting problem.

> k¥lgge ZL 131 LLLL™O §j8™eSW8™; S u (5.8)
> kSdase 2L 1 5% LLLL™; § u83w B™O & x (5.9)
where 1 $)'  [m3trip] and 1 S%'  [m3trip] refer to the volume limit of the

vehicle;> k$lg.ge [M3d] refers to the volume-capacity of biomasthat is being
878-89
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delivered from sourceto hubj via transportation moden per day; while k582,8'$8

[m3/d] refers to the volume-capacity of prodpdhat is being delivered from hijtio
customelk via transportation moda’ per day. Equations (5.8) and (5.9) are used for
volume-limiting problem. These constraints willedt the total number of trip required

and the total number of vehicle required (refeBéation 5.4.2.2 and Section 5.4.2.3).

5.4.2 Transportation function
The equations used to determine the delivery lead, thumber of trips required
and number of vehicle required and annual tranaport cost are stated and described

accordingly in the three subsections below:

5.4.2.1 Delivery lead time

Delivery lead time (OH,; [h/trip] and OH . [h/trip]) is one of the main
economic variables for transportation system (GtoReRauch, 2007). It is highly

dependent on traveling distance and travelling dp&evehicles (Gold & Seuring,

2011).
U-Y | 7ie”
MP % LR e s Lw (5.10)
0 ZOL:J_Y «LzQPg A~ A~
MR L S || || e (5.11)

where,£ QR [km/h] and,£ °f [km/h] refer to the maximum travelling speed tban
be achieved by the transport maodendm’ when it is empty-filled; SXE” (km/h) and
SFJ_V"Q [km/h] refer to the minimum travelling speed tleah be achieved by transport

modem andm’ when it is fully-loaded. In this work, vehicleseaassumed to be driven
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under a constant travelling speed (refer to Assionpt). This estimated travelling

speed is obtained from Equations (5.10) and (5.11).

¢|- b8

SGyg. Sgl_oz b8} 7 ;< LLLLLLLLLLLLLLLL™O $j8™e W8 ™ Su  (5.12)

SGyg. 55 L Er S LL 7 ;<sLLLLLLLLLL ™ 0% ugBm() & x (5.13)
0%

U

Equations (5.12) and (5.13) are used to deternmealélivery lead time. It is
worth mentioning that the delivery is not a one-wiawel. The return ride has to be
taken into account when determining the deliveadléme. Therefore, the travelling

distance §,gkm/trip] and6gg. [km/trip]) is multiplied by two in both EquatiorfS.12)

and (5.13). In addition, the delay timg<( [h/trip] and;< _ s[h/trip]) due to the

loading and unloading processes is consideredsmibdel as well.

5.4.2.2 Number of trip required
Due to the physical capacity constraints set insframts (5.6) to (5.9), the
amount of material that can be transported perclelper trip is limited. The required

number of trips in order to deliver all materiadsthe destination is defined as follow:

5 4‘Cdee?

}~ e 89Lam—§§;e£gLLLLLLLTMO §j8™eSW8™; 3 u (5.14)
~8"C8ze?
o ol Lala—gigg%‘gLLLLLLTM. s ABWB™O § x (5.15)

A noteworthy fact is thaj~ 7'3_89 [trip/d] and }~e 9'80_3;8: [trip/d] must be
positive integers}~e }g_sgéLé«LS}ws;S%& SL& .  Stopping in the mid-way is
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meaningless for the proposed problem. Thereftwe, decimal numbers have to be
rounded up to the nearest larger integer. Ceiktfans & iLare used as the
mathematical expression for this round-up procdsgquations (5.14) and (5.15) are

used when weight is the limiting factor.
0y 4y s OBpe0ss A < «
}e 78_89LaLI_—|OE_7Wn LLLLLLL™O S j8 ™e SwW8 ™ Su (5.16)

AT—3"

, > a, R = A .
}~e 98%8_ Léléogsfﬁs—fgagLLLLLLTMi S U8B WB ™O § x (5.17)
: =

Equations (5.16) and (5.17) are another two egusticsed to determine the
number of trip required for a volume limiting prebh. In general, high-density
materials will hit the weight limit before fillingip all the available volume capacity
(weight-limiting). Conversely, low-density matdnaill fully occupy the space before
exceeding the weight limit (volume-limiting). Tledore, it is important to identify

which parameter is the limiting factor of the petol.

5.4.2.3 Number of vehicle required
Due to the restriction set by Constraints (5.4) @nf), the number of trips that

can be completed per vehicle per day is limitetier&fore, the maximum number of

trips that can be completed by each vehicle per, d@P;g_ggQR [trip/d] and

NOF;IQ $8? R [trip/d] are described as:

- 0-¥ .
NOP, & 2% LEE&—OLLLLLL™O §j8 ™+ $ W8 ™; 5 u (5.18)
p8U8R
'0 QR LU-Y LG : .
NOR_ ¢ °F LEES—6LLLLLL™; $2BWMEB ™0 § x (5.19)
e r8lfsa
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The value of the number of trips must be a posititeger,}~e °QR L3SL&.
However, instead of using ceil function, the dedimamber has to be rounded down
to the nearest smaller integer. This is to enthedotal operating h in a day is capped
at the@UQR [h/d]. Thus, floor functiongé dare used as the mathematical expression

for the round-down process.

Equations (5.20) and (5.21) are used to determinge number of vehicle
required,}~ S8 (and}~e gsé#% ) in the problem. Again, decimal number of
vehicle is meaninglessits S¥g5 and}~e jgf%’: SLé&). In order to ensure all
materials are able to be delivered to their destinavithin a given time horizon, the

decimal number has to be rounded up. Hence,uaittions are used:

Ko

w E[- = R
b Sieb La@(%%gLLLLLLTMo §j8™s W8 ™ 3u (5.20)
°  pslsk
. EE o e
o S LéL&T'?’?%ﬂLLLLLLTMi SUBWB ™O § x (5.21)
°  rslfsa

5.4.3 Economic evaluation
Equations (4.13) and (4.15) which used to deterrttieeannual gross profit and
annual hub investment cost are remain unchangeaveltr, Equations (4.14) which

defined the annual transportation is reformulated a

g LELy LZLg LL (5.22)
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g [RM/y] is obtained by summation of operating exgiéure (OPEX),
g’ [RM/y] and capital expenditure (CAPEX)g' [RM/y] in

transportation system (Gasol et al., 2009). Témmponents are described as:

g’ LLEL@g LZgR'¥ ZLgQ »'ALCLST; (5.23)

g’ LELY L (5.24)

OPEX concerns the ongoing operating cost requoetktiver the materials to
their destinations, including labour cosi*('  [RM/d]), mileage cost ¢?)'*
[RM/d]) and maintenance costgQ %% [RM/y]), while CAPEX concerns the

annualised investment cost for the procurementebfolesg " [RM/y].

9" EGHED®) > o@SGad CL}~ g0

LLLLLLLLLLLLLLLY LLbLLI@SER.bd LGt s AUL (5.25)

Labour cost is determined by multiplying the taipkrating hour to the hourly wage,

GH [RM/h] of the workers.
g ET O ¢y > @Bl o5l V) AZ

LLLLLLLLLLLLLLLLE BLLN LI@. oLl Ly (5 A (5.26)

Mileage cost concerns about the total fuel pricquired for the delivery. It is

determined by multiplying the total distance tréa@lto the fuel consumption rate of

the vehicleL V() [L/km]and V 4 [L/km] and fuel price, (! [RMIL].
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e 7 ' o
QR ETCW 3 > (@Rd}e 0t ° AZ

LLLLLLLLLLLLE BLLE LI@SI0ELLL s Le "7 AiLL (5.27)

Maintenance cost of the vehicle is estimated adegrtb the total distance
travelled, where ™ [RM/km] and f!O ' [RM/km] refer to the estimated repair

and maintenance cost of vehicle per km of distaraeslled.

07 LLLGL o@ Hed ¢ TTAZLg s @ R ¢S ALG2)
U

where " [RM]and s [RM] refer to the procurement cost of vehicle. &ldhtat
the procurement cost is annualised by dividing iah estimated life span of vehicle,

IM" [y] andIM s [y].

5.4.4 Environmental evaluation

In order to assess and evaluate progress towards sustainable systems,
proper monitoring and evaluation of the environraémhpact is essential (Klemes et
al., 2012). The total carbon footprimgk &) [mZ(tly)] of the supply chain is
considered to evaluate the environmental performanfcthe multi-biomass supply
chain. The value ajk &) [m?(t/y)] gives a general idea of the plantation rieeplito
compensate the environmental impact caused byt 8awiof material. Note that, this
work only considers the total carbon footprint (@F}he transportation activity in the

supply chain. It is formulated as:

gk &) E

_¢Lu@N§C 0% ALeEL Lg (5.29)
pégp b

> o
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whereC D "%  [%] is the fraction of C@absorbed by oceafgm® [tCO/y] is
the total carbon emission resulted from transpioriat [tCOJ(nP.y)] is the CQ
absorption rate by plantatiofgm ' is dependent on the transportation mode and

distance travelled. It can be determined via equdtelow:
' . N 'O ~
{gm  E_~¢ST;CLU>y > @Ff}~* 7,550 CD AZ

LLLLLLLLLLLLLLLLLLELY LbbL L@l e LT ] €1 DLLIAG (5.30)

whereC D [gCO/km] is the carbon emission factor for transpodi@tmodem and

C D5 [gCO/km] is the carbon emission factor for transpootatmodem’.

5.4.5 Multi-objective optimisation
This model aims to determine a compromise solutfon economic-
environmental decision in SCM. In order to contke multi-objectives optimisation
problem into single objective optimisation problermoarbon emission penalty
(g 78V [RM/y]) is introduced to estimate the additionayment required recover
the damaged done to the environment. Among alitdable carbon pricing methods,
the quantification approach proposed by Zhou gt28l15) is chosen. The significant
merit of this approach is that the quantificationgess has considered both regional

ecological and economic factors (Zhou et al., 201%he gquantification method is

shown as below:

g '7)&u E> > ;Kkg;¢LgkL ¢L)%&& (5.31)

J%&&| | ELY)I%RE 7 (& 7 BR)&QU)%EEy + 1)%EE 1 |\|)%EE (5.32)

-123-



Chapter 5

where )%&& [RM/(m2.y)] is the plantation cost () )%&& [RM/m7 is the fuel cost

required for plantation; "¢ [RM/m?] is the fertilising cost required for plantation:;
B&)&U ) %&&RM/m?] is the utility cost required for plantation? ")%&&  [RM/m?]

is the labour cost required for plantatiti; %% [y] is the estimated life span of the

plantation.

Therefore, Equation (4.17) is revised to take adoount of the carbon emission

penalty determined above. The two objective fumgiare now merged:

P2g ' LELg §LgV*" §Lg §Lg"& (5.33)

5.5 Decision-Making Tool Development

A user-friendly decision-making tool is importawmir fdecision-makers to put
research output into practise. Therefore, a gegbhiecision-making tool, called
“smart vehicle selection (SVS) diagram” is proposgethis chapter. The conceptual
idea of developing this diagram and the descriptbmow the diagram works are

explained in the subsections below:

5.5.1 Concept of SVS diagrams
The discussion regarding to the physical limitshef vehicle (see descriptions
for Equations (5.6) to (5.9) and Equations (5.04bt17)) inspires the main concept of
the SVS diagram. The SVS diagram is constructsddan the travelling distance and
capacity of materials. Since this paper concearasateight limit and volume limit of

the vehicle, two versions of SVS diagram are deyedip i.e., SVS-weight-limiting
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(SVS-WEL) diagram and SVS-volume-limiting (SVS-VOMdjagram. Figure 5.3

outlines the SVS-WEL diagram and SVS-VOL diagramtfock A and truck B.

Figure 5.3: Outline of (T) SVS-WEL diagram; (B) SW®L diagram.
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Both diagrams share a same x-axis, which referthdotravelling distance
between source (start point) and sink (end poikipwever, y-axis shows differently
in these diagrams. In SVS-WEL diagram, y-axis [gesenting as the weight-capacity
of the material to be transported per day; while ykaxis in SVS-VOL diagram is
referring to the volume-capacity of the materiab&transported per day. Each (x, y)
point in the diagram defines a sub-problem. Aswshan Figure 5.3, these sub-
problems are shaded with different colour. Eackowo indicates the optimal
transportation mode to be used in that particular@oblem. For instance, truck B is
the best transportation mode to deliver 200 t/@eight-limiting material (WLM) to
customer which located 60 km away from the hulsi8-WEL); truck A is more cost
effective and environmental friendlier to delivéd®6n¥/d of volume-limiting material
(VLM) to customer which located 60 km away from h@b SVS-VOL). These
diagrams are constructed based on the optimisatisebtained from the mathematical
model formulated in Section 5.4 (using differerits# delivered amount and travelling
distance) (please refer to Appendix Section A.Zliermodel coding and result). With
the aid of these diagrams, users can determineptimaal transportation mode directly
without re-running the mathematical model, providieat the transportation distance

and the total amount of material flow between tharse and sink are known.

WLM refers to materials which exceed the weighttibefore filling up all the
available space of the vehicle. SVS-WEL diagrawushbe used for these materials.
Conversely, VLM refers to materials which exceed #olume limit before reaching
the maximum load limit. SVS-VOL diagram should used for these materials. In
order to identify which category that the materia¢gdong to, Figure 5.4 is used. It

shows the weight-volume line for the vehicle (sdin) and the transported materials
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(dotted line). The gradient indicates its bulk slgn The bulk density of the vehicle

capacity (. [tUm® and _ s [t/mT]) is defined as:

b
L e LLMelS w (5.34)
U
0 s . .
s E LO—UU—LLLLLE’§VW © (5.35)
0s$

Figure 5.4: Weight-volume graph for vehicles andenals.

If the material has larger bulk density compareth®bulk density of vehicle
capacity (gradierd . (or _s)), itis considered as WLM (e.g., material 1 iguiie
5.4). Otherwise, itis considered as VLM (e.g.tenal 2 in Figure 5.4). In other words,
the bulk density of vehicle capacity is noted axpiline. If the weight-volume line
for the transported material is above the pincis, & weight-limiting problem; while if
it is below the pinch, it is a volume-limiting preln. In some cases, the same

transported material can be WLM and VLM for two mds respectively, provided
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that its bulk density is greater than the bulk dgnsf one vehicle and lower than the
other. These cases are considered as dual lingtisigjems. In order to address this
issue, special adjustment has to be made. Famiost material 1 is WLM for truck A,
at the same time itis VLM for truck B. Thus, ms model, Equations (5.14) and (5.15)
are used to determine tge [t/y] for truck A while Equations (5.16) and (5)ldre

used to determine tlge' [t/y] for truck B.

In addition, decision-makers can determine the remolb vehicle required by
doing manual calculations (see Section 5.4) ordiggua correlated graph developed
in this paper. Figure 5&hows the correlated graph used for weight limitage and
volume limiting case. w in the figure refers to the maximum weight of mitiethat
the vehicle can carry daily; while refers to the maximum volume of material that the

vehicle can carry daily. These diagrams are coatd by using equations below:

s LENOR GO ¢ 1 2% (5.36)
JLENOR; (2R ¢ 1 9! (5.37)

The number of the respective vehicle required careésily calculated by
dividing the total weight of WLM delivered per day w, or dividing the total volume
of VLM delivered per day toyv. Note that the number should be rounded-up to the
nearest larger integer. For instance, from FiguBetruck B is selected to deliver 200
t/d of WLM to a hub which located 60 km away. Bsing Figure 5.5, wis equal to
165 t/d. Hence, the number of vehicle neededHisrdase will be the nearest larger

integer of 200/165, i.e., 2.
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Figure 5.5: Correlated graph to determine numberedbicle for
(T) WLM and (B) VLM.
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5.5.2 User manual for SVS diagrams
Figure 5.6 shows the step-by-step user manualinfjike proposed decision-

making tools.

Figure 5.6: User manual for the proposed SVS diagra
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Firstly, user has to define the problem, i.e.wijch material need is delivered;
(i) how much is the daily delivered amount; arig fiow far is the delivering distance.
Other than these 3 points, user might also ne@tetudify the amount of transportation
resources available in market. However, this issu®t considered in this work (see
Assumption 2). Next, user has to identify whetther transported materials are WLM
or VLM by using the aforementioned Weight-volumegn. If itis WLM, SVS-WEL
diagram is used to determine the optimal transportanode in the next step; else,

SVS-VOL diagram is used.

However, the SVS diagrams will always provide aigoh that will only utilise
a single type of vehicle. This might not be opflifita some cases. For instance, in the
same example mentioned previously (i.e., 200 tM/aM is delivered to a hub which
located 60 km away), we already know that two trBc&re needed. Since is 165
t/d, this indicates that the second truck will ocdyry 35 t/d of the material. According
to SVS-WEL diagram, the best transportation moderémsporting 35 t/d of WLM to
the 60 km hub is actually truck A. Thus, the optirsolution for this example will be
one truck A and one truck B instead of merely usimg truck B. In order to address

this problem, the following steps should be caroett

[.  Identify the limiting factor by using Weight-volunggaph (see Figure 5.4).

[I.  Determine the optimal transportation mode from $gram (see Figure 5.3).

Ill.  Determine value of the selected truck by using the correlgragh (see Figure

5.5).
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Divide the daily delivered amount tovalue. If the resulting value is less than
1 or equal to a whole number, the problem is careid solved (e.g., 200/165

is a decimal number that is larger than 1, the lprabs not considered solved).

Else, a new individual problem is defined by udimg same travelling distance,
but the daily delivery amount is now changed tor#t@ainder value from the

division (e.g., the remainder of 200/165 is 35).

SVS diagram is used again to identify the optimahs$portation mode for this
new problem. If the same transportation mode iscsed, the problem is

considered solved. Only mono-transportation meadgptimal for this problem.

Else, multi-transportation mode (more than 1 typeeticle is used) is optimal
for this problem. Steps Il to V are repeated udlitiision result is less than 1
(or equal to a whole number) in step Ill; or sama@s$portation mode is obtained

from step V.

With the listed steps, the restriction of usingyomiono-transportation mode

does no longer exist. In fact, after following sbesteps, the optimal solution for the

aforementioned example will be one truck A and voek B instead of two truck B.

In other words, the obtained solution is improved.

5.6

Case Study Description

The same case study in Johor state which presant@dapter 4 is extended in

this work. The additional information is tabulaiadhe following subsections:
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5.6.1 Biomass availability in Johor
The biomass availability of Johor state has beesgnmted in Chapter 4 (refer to Section

4.3.1).

5.6.2 Conversion technologies in processing hub
The description of all the biomass conversion tetdgies considered in this

case study has been presented in Chapter 4 (oeSsrction 4.3.2).

5.6.3 Potential processing hubs
Chapter 4 has concluded that there are 25 poténtiaions which are suitable

to set up processing hub (see Figure 4.16).

5.6.4 Transportation modes
Five types of trucks (Mm%, ms, myand ng) are considered in this work. Note
that m refers to the jumbo tube trailer which only besadito deliver gaseous products.
The dimensions and the weight limit of each truok stated in Table 5.1 while the

operating conditions of each truck is tabulatedable 5.2.

5.6.5 Economic data
The material cost and technology investment cassttalbulated in Chapter 4
(see Table 4.4 and Table 4.®)ther transportation-related expenses are givéalie
5.3 while the economic data required to determiree darbon penalty is written in

Figure 5.4.
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Table 5.1: Dimension of each transportation modkieweight-limit.

Vehicle  Length [m] Width [m] Height [m] Weight Limit
[t]
my 5.02 2.13 2.13 5.00
me 6.00 2.40 2.13 10.00
ms 12.00 2.40 1.50 20.00
m4 13.62 2.48 2.70 32.00
ms 11.30 2.40 3.20 4000 fin

Table 5.2: Other operating specification of trucks.

Vehicle 192 £ A
[km/h] [km/h] [L/km]
m 70 50 0.33 0.213 10
my 70 50 0.67 0.213 10
ms 70 50 1.00 0.235 10
ma 70 50 1.33 0.235 10
ms 70 50 0.33 0.261 10

Table 5.3: Transportation-related expenses.

Vehicle sHTA [RM] 3 AT [RM/km] * A [RMIL] [RM/h]
m 70,000 0.18 1.90 10
my 90,000 0.22 1.90 10
ms 125,000 0.34 1.90 10
ma 150,000 0.45 1.90 10
ms 170,000 0.45 1.90 10
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Table 5.4: Economic data for carbon emission pgnalt

Item Cost [RM/m?]

() ) %&& 5.00

(& 0.10
B&) &\ ) %&8 0.30
) %e& 3.40

5.6.6 Environmental assessment
Transportation process is the main CF contribuitorthe supply chain. The
COe emission rate of each vehicle is tabulated in &b while other parameters used

are given in Table 5.6.

5.7  Sensitivity Analysis

Sensitivity analysis is conducted to analyse tfecebf the five realistic factors,
including terrain profile, traffic congestion, fugrice fluctuation and individual
environmental preference. These factors are seldudsed on its actual condition
which will cause variation on some of the assumm@dmeters (e.g., fuel consumption
rate, average driving speed, etc.). Other parasietach as vehicles capacity
constraints are not chosen since they are ledy tilkde fluctuated (e.g., unless utilised
different types of vehicle which will change thdismncase study background; else it is
very unlikely to change the design of the existugdicles). Their descriptions are
given in the subsections below accordingly whike sensitivity studies of these factors
are discussed in Section 5.8. Figure 5.7 showsstep-by-step approach for the

sensitivity analysis.
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Figure 5.7: Step-by-step approach for sensitivitglgsis.

Table 5.5: CQemission rate of each vehicle.

Vehicle 1%°° [gCO2/km]

my 553.8
mz 553.8
ms 611.0
my 611.0
ms 678.6
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Table 5.6: Fraction of C£absorbed by ocean, G@bsorption rate and life span of
forest.

Parameter Value Reference
A% AN [op] 25 (Farrelly et al., 2013)
Al ¢ [kgCO/(m2.y)] 1.12 (Zhou et al., 2015)
H% 30 -

5.7.1 Terrain profile

Terrain profile or elevation profile is a two-dimgonal cross-sectional view of
the landscape between two locations on a topograpap. It plays a very crucial role
in the fuel consumption rate of vehicles (Franz&deavidson, 2011). In this work,
terrains are categorised into five classes, ia. tdrrain, mild downslope terrain, mild
upslope terrain, severe downslope terrain and saygsiope terrain. The characteristic
of each terrain and the fuel consumption rate &mhecase are tabulated in Table 5.7.
Generally, vehicle consumed more fuel when passmgpslope terrain compared to a

downslope terrain. In order to obtain the newraptiresult for each scenario, the new

estimated value &f V() (orL V '} ) [L/km] is used in Equation (5.26).

5.7.2 Weather change
Similar to other Southeast Asia (SEA) countries)ayisia does not have four
season climates. Instead, Malaysia experiencesahgon (June to September) and
rainy season (December to March). The rainy sessasually caused by the monsoon
wind, which carries high moisture content. Basedh® severity of the rainstorm, it is
classified into mild rainfall and severe rainfalbue to safety reason, the driving speed
under rain should be lowered, thus this will leadatlonger delivery lead-time. The
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estimated driving speed for each vehicle duringsdrgson and rainy season are given
in Table 5.8. These neM®'% (or M5 ) [km/h] value is substituted into both

Equations (5.12) and (5.13) in order to obtainrtee optimal results.

Table 5.7: Characteristic of terrain and the fuisumption rate of each vehicle.

1924 A [L/km]

Terrain  Road grade

Severe downslope <-4 % 0.071 0.071 0.078 0.078 870|0

Mild downslope -4%to-1% 0104 0.104 0.114 0.1140.127

Flat -1%to+1% 0.213 0.213 0.235 0.235 0.461
Mild upslope +1%to+4% 0.354 0.354 0.392 0.392 438
Severe upslope >+4 % 0.899 0.899 0.991 0.991 1j101

Table 5.8: Driving speed during dry season andyra@gason.

Road grade A% [km/h]
Dry 60
Rainy (mild) 50
Rainy (severe) 40

5.7.3 Traffic congestion
Traffic congestion or traffic jam is a condition ooad networks that occurs
when road supply does not meet the demand (Almsatlatl., 2011). In Malaysia,

traffic congestion is a major problem that cre&iasleneck for the business movement
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in the urban areas. The estimated driving speeddoh vehicle under different traffic
conditions are listed in Table 5.9. Similar to ®ection 5.7.2, the neM®'* (or

ME ) [km/h] value is substituted into both Equati¢&sL?) and (5.13).

Table 5.9: Driving speed during different traffioralitions.

Traffic Condition A% [km/h]
Dry 60
Rainy (mild) 40
Rainy (severe) 25

5.7.4 Fuel price fluctuation
Fuel price is fluctuating throughout the year, dnivby the increasing global
demand, limited supply of fuel and regional poétiinstability. This price changes
might affect the decision-making in SCM as themglichoice of vehicle might change.
Figure 5.8 shows the recent diesel price fluctuetidvialaysia. The new value of "

[RM/L] is substituted into Equation (5.26) to olstahe new optimal solution.

5.7.5 Environmental preference
Carbon emission penalty is determined by using ghantifying approach
proposed by Zhou et al. (2015). However, the ntagei of the penalty is free to be
adjusted depend on the company’s business polidytha local regulation. For
instance, decision-makers can set a higher penafit/in the model, indicating that

they are willing to run their business in a morstainable way. In order to do that, the
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new estimateg )&V [RM/y] is substituted into Equation (5.33). Thensitivity

of carbon pricing to the decision made will be dissed in Section 5.8.

Figure 5.8: Diesel price in Malaysia (Data soufgaiergypedia, 2014)).

5.8 Result and Discussion

The results and discussions are given in the fatigwubsections:

5.8.1 Limiting factor identification
The bulk density of each material (i.e., biomassfaral product) is given in Table
5.10. By using these data, the weight to volunudilpris constructed (see Figure 5.9).
Since mis used exclusively for the transportation of gasgaroduct, it is not presented
in Figure 5.9. Itis clearly seen that citric gadib-oil, animal feed, bio-ethanol, energy

pack, sugarcane bagasse, PKS are considered asféfli, np, ns, and m; while
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paddy straw and DLF are considered as VLM fay mp, mg, and m. However, it is
slightly complicated for other materials. For arste, rice husk is considered as WLM
for my, mp, and m, but VLM for ms; EFB and pineapple peel are considered as WLM
for m; and m, but VLM for mgand m; while bio-char is considered as WLM form

but VLM for mp, mg, and m. These are known as dual limiting problems.

Table 5.10: Bulk density of biomass.

Material Bulk density [t/m?] Reference
EFB 0.355 (Tan et al., 2014)
PKS 0.560 (Fono-Tamo & Koya, 2013)
Sugarcane bagasse 0.603 (Gomez et al., 2012)
Pineapple waste 0.350 (Babel et al., 2004)
Rice husk 0.380 (Zhang et al., 2012)
Paddy straw 0.194 (Zhang et al., 2012)
DLF 0.200 -
Animal feed 0.960 (HAPMAN Global, 2016)
Bio-char 0.320 (Brewer & Levine, 2015)
Energy pack 0.840 -
Citric acid* 1.660 (Apelblat, 2014)
Bio-ethanol* 0.810 (Matuszewska et al., 2013)
Bio-oil* 1.170 (Gansekoele, 2016)

*liquids products are kept in barrel
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Figure 5.9: Weight-volume profile.

5.8.2 Comparative study
The comparisons between the different settingsesfe two works (Chapter 4 and
Chapter 5) are summarised in Table 5.11. Notelhbkaturrent study is separated into two
cases, where case 1 concerns only single objgettamomic performance) while case 2

considers multiple objectives (economic and envirental performances).
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Table 5.11: Comparison based on model setting.

Chapter 4 Chapter 5 (Current work)
Model Setting  (Previous work)
Case 1 Case 2
Objective Economic Economic Economic and
functions Environmental
Vehicle physical Not considered Considered Considered
constraint

N—r

Vehicle types Not considered Considered (5 types)onstdered (5 types

Transportation Linearised cost  Detailed calculation Detailed calculatign
cost estimation  function is used

COz emission Not considered Not considered Considered
penalty

In the previous work, the transportation cost &f thse study is determined by
using a correlated cost constant,[RM/t/km] (see Equation (4.14)). The value ofsthi
cost constant is adapted from a Malaysia case gitelsented in Lam et al. (2013).
Despite both works are using a same case studiyrathgportation cost calculated from
both works are different. Figure 5.10 shows thatttansportation cost determined in
the previous work is much higher than the transgiom cost determined in this work.
This is not surprising as the linearised transpiemacost constant is not capable to
represent the realistic of case study. For ingtainahe real life, it costs about the same
to deliver 0.5 t of WLM and 5 t of WLM to a samec#tion via a same transportation
mode. However, by using the linearised cost congieoposed in previous work, the
cost required to deliver 5 t of WLM is ten time® tbost required to deliver 0.5 t of
WLM. With the inaccurate cost estimation, the oyatiity of the solution obtained is
no longer guaranteed. On the other hand, thetseshbwn in the previous work
suggest that the transportation cost will decreeséhe number of processing hub
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increases. However, this not in align with theulssfor the current work. From Figure
5.10, it can be observed that after 5 processibg,lthe increase number for processing

hub will no longer reduce the transportation cost.

Figure 5.10: Transportation cost estimation in fmes work and current work.

In order to have an insight view of this issue, theeakdown of the
transportation cost is shown in Figure 5.11. Fitbm figure, it shows that the total
CAPEX for transportation, labour cost, mileage andintenance cost required is
reducing along with the number of hub. Howevetera8 processing hubs, CAPEX
will increase with the increase in number of hustead. This indicates that the total
number of transportation mode required is actualtyeased. This can be explained
by using the following example: 10 ton of raw m&kR can be converted into 5 ton
of product P, while truck T is able to transferdn tof product P in a single trip.

Therefore, if 5 ton of product P is produced irirjle processing hub, one truck T is
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sufficient. However, if 5 ton of product P is pumed in two separate processing hubs,
two trucks is required in total (one truck T is ded for each processing hub in order

to complete the delivery).

Figure 5.11: Transportation cost distributiondarrent work.

Figure 5.12 shows the annual net profit that caolit@ined with different number
of hubs. The results from both works show a sintitarvex curve pattern. In other words,
the net profit will increase with the number of Bubhitially, but will decrease after it
reached a maximum point. Generally, the increaseiimber of hubs will cause a higher
investment cost but lower the transportation casiukaneously. The reduction in
transportation cost is due to the better biomdgsadion (biomass is delivered to a nearer
hub). However, the increment in number of hub®bess unfavourable when the saved

cost is not able to compensate for the additianagstment cost. Due to the inaccurate
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cost estimation in the previous work, the optimaniber of hubs determined from the
previous work (i.e., 5 hubs) is different from thee determined in the current work (i.e.,
3 hubs for both cases). This is critical sincer#silt from previous work is misleading
the decision-makers, causing an undesirable wdstegoney. The biomass allocation
design for 5 processing hubs (proposed in Chapter ghown in Figure 4.16 while the

biomass allocation design for 3 processing hublasvn in Figure 5.13.

Table 5.12 and Table 5.13 show the comparison eratal expenses for these
two proposed designs. The results show that #esportation cost required for 5
processing hubs is 5.2 % (~ RM 1,500,000) lesser tie transportation cost required for
3 processing hubs; while total carbon emissiob farocessing hubs is 7.2 % (~ 800 tCO
equivalent to RM240,000 carbon emission penaltg3de than the CQOemitted for 3
processing. However, this reduction cannot conmgienthe additional hub investment
cost and eventually lead to an additional 11.6 %otdl expenses (i.e., about RM
4,400,000). Hence, this can be concluded thatbaaicomprehensive estimation for
transportation cost (consider the vehicle’s capaminstraints) is very vital during the
optimisation of supply chain synthesis. On toghat, Table5.14 shows that the optimal
transportation mode selection for both cases aetipsame. The sensitivity analysis for

the carbon penalty per unit of @&mission is elucidated in Section 5.8.5.
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Figure 5.12: Annual net profit estimation in praxsonvork and current work.

Figure 5.13: Optimal biomass allocation design (M&p2013).
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Table 5.12: Total cost and transportation desigrbfprocessing hubs (Case 1).

Source

Selected

hub

J12

Number of vehicle

mi m2 ms ma

AT
[RM/y]

65,724

joa

69,309

j12

49,264

J22

9,995

j17

28,962

j12

74,523

j17

10,386

jo4

9,995

j12

65,724

j12

43,367

J22

9,995

j12

74,523

joa

9,995

j17

34,307

j22

1,203,199

j17

1,048,088

joa

385,434

j12

1,110,353

j16

513,912

j17

1,279,365

j12

72,595

jo4

76,336

j12

43,367

j22

999,5

j12

Rlr|lr|lo|lo|lo|lo|lo|lo|lo|lo|r|[kr|[rRr|[rRr|[r|Fr|FR]lR|R|R|FR|O|lFR]|R

OoO|0O|O|rR,|P|O|O(O|O|O|O]|O|]|O|]|O|]O|O|O|O|OCO|O|OC|O|FRL,]|O|O
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oO|lo|lo|lOo|(Oo(N]|dP|O|W|IN|®O|O|O|]|O|O|O|O|O|O|O|O|O|O|O|O

9,995

"# 1

[RM/y]

Estimated
investment
cost for 5
hubs
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Table 5.12 (cont’): Total cost and transportatiesign for 5 processing hubs (Case
1).

Number of vehicle Al o
[RM/y] [RM/Y]
ji2 0 0 2 17 1 5,991,426
16 O 0 0 6 1 2472148 Estmated
———  Port investment
j17 0 0 0 14 1 4,747,769 cost for 5
22 o 1 0 18 1 7026300 hubs
j24 0 0 0 4 1 1,128,807
Total 16 4 2 95 5 27,675,159 14,682,465
Total expenses [RM/y] = 42,357,614
$A 2 [m2/(ty)] = 14.33

Table 5.13: Total cost and transportation desigr8fprocessing hubs (Case 1).

Number of vehicle AT o

Source Se;]lﬁ(t:)ted m Mo M My [RM/y] [RM/y]
i1 j12 1 0 0 0 65,724
i2 j16 1 0 0 0 79,738
i3 j12 0 1 0 0 49,264
ia j16 1 0 0 0 24,334
is ji7 1 0 0 0 28,962
is j12 1 0 0 0 74,523
i7 J17 1 0 0 0 10,386
is j17 1 0 0 0 37,566
i j12 1 0 0 0 65,724
i10 j12 1 0 0 0 43,367
i s 1 0 0 0 2433 Estmaec
i12 j12 1 0 0 0 74,523 cost for 3
irs 17 1 o o0 0 37566  hubs
i14 j17 1 0 0 0 34,307
15 j16 0 0 0 12 3,280,249
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Table 5.13 (cont’): Total cost and transportatiesign for 3 processing hubs (Case 1).

Number of vehicle A g

Source Ser:ﬁ(t:)ted M me ms [RM/y] [RM/y]
i16 j17 0 0 0 7 - 1,048,087
i17 j17 1 0 0 5 - 1,624,622
i18 j12 0 0 0 8 - 1,110,353
i19 ji6 0 0 0 4 - 513,912
i20 ja7 0 0 0 7 - 1,279,365
i21 j12 0 1 0 0 - 72,595
i22 j16 0 1 0 0 - 87,219 lﬁjggzﬁqtggt
i23 j12 1 0 0 0 - 43,367 costfor 3
i24 j16 1 0 0 0 - 24,334 hubs
i25 j12 1 0 0 0 - 9,995
Hub Demand
j12 0 0 1 17 1 5991426
j16 Port 0O 0 20 1 760929
ja7 0 0 17 1 5,850,769
Total 17 3 2 96 3  29,195,9108,809,470
Total expenses [RM/y] = 38,005,380
$A % [m2(tly)] = 15.40

Table 5.14: Selection of transportation mode fpr&essing hubs.

Number of vehicle
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5.8.3 SVS diagrams

Figure 5.14 and Figure 5.15 are SVS diagrams aactsil for this case study.
With the aid of Lingo and Excel, these diagramsgeneerated within a short period of
time (~20 min). From the figures, it is clearlyesethat the selection of transportation
mode is dependent on the travelling distance aadaily delivery amount. In general,
vehicles with greater storage capacity is moreabiet to deliver large amount of
material to a considerably far destination (lower ); while vehicles with less
storage capacity is more favourable to deliver sarabunt of material to a relatively
near destination (loweay ' ). However, this is not always true. For instamge
is favourable to deliver 250%d of VLM to a hub which located 50 km away frone th
source, but if the amount of VLM increased to 252dym: which has a relatively low
storage capacity become the most favourable opdieliver to the same hub). This is
because, the savey by using m is no longer able to overcome its high
g (since higher amount of4is required to delivered 252%d of VLM). This

indicates the non-linearity of the proposed transpion problem.

It is worth noting that Figure 5.14 is only validrfmaterial that has a bulk
density greater than 0.463 #mvhile Figure 5.15 is only valid for material tHads a
bulk density smaller than 0.219 imlif the transported material has a bulk density i
between 0.463 t/frand 0.219 t/f) the vehicle selection problem will be consideasd
a dual limiting problem. Therefore, the SVS-WELda®sVS-VOL diagrams
constructed in this study are not capable to bd teethese materials. Figure 5.16 and
Figure 5,17 arew and v correlated graphs generated from this case st are

used to determine the number of vehicle required &ection 5.5.1).
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Figure 5.14: SVS-WEL diagram.

Figure 5.15: SVS-VOL diagram.
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Figure 5.16:  correlated graph.

Figure 5.17: v correlated graph.
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5.8.4 Cost-profile for SVS diagrams
SVS diagrams is a graphical transportation decimiaking tool that help
decision-makers to select appropriate transportatiode for a specific case. However,
the economic data is hidden from these diagrarherefore, a cost-profile diagram for
each SVS diagram is developed in this subsectiea Fsgure 5.18 and Figure 5.19).
These diagrams tabulate the transportation cosireztjfor each case which defined
by (i) amount of material to be delivered and tfigvelling distance. The relationship
between the transportation cost, travelling distagied delivered amount is visualised
in these diagrams. With the aid of these diagrasasjsion-makers from different

stages can analyse the economic viability of thegportation problem easily.

Figure 5.18: Cost-profile for SVS-WEL diagram.
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Figure 5.19: Cost-profile for SVS-VOL diagram.

For instance, from the perspective of the induptayers, these diagrams can
help them to select the most suitable logistics mamy (minimal and reasonable
logistics cost) for their specific cases. Firgcidion-makers can identify the optimum
transportation mode by using SVS diagrams (Figuté &nd Figure 5.15) based on the
delivered amount and the travelling distance ofrthpecific case. This information
can be used for logistic companies screening (dentify which company provides
delivery service for that transportation mode).effhdecision-makers can determine
the respective estimated transportation cost \Withaid of Figure 5.18 and Figure 5.19.
This cost data is used as a guideline for the otecimakers to choose the most suitable
logistics company (providing the most reasonabterpf To illustrate, assuming 100
m? of VLM should be delivered to a location which d&ed 20 km apart. By using

Figure 5.15, it can be found that transportatiordenoy is the optimal transportation
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mode which lead to minimal transportation cost.cérding to Table 5.15, Company
A is screened-out since it does not provide dejigervice for transportation mode.m
Note that Company A should still be considered govide lower charges compared
to other companies). From Figure 5.19, it is fotimat the estimated logistics cost is
around RM72.26. Both Company B and Company C peveasonable offer (i.e.,
within 25 % margin, this threshold value can beleg&mdepending on the decision-
makers). At the same time, based on other compeofife analysis, Company C with

good reputation is more likely to be selected despompany B provides lower charges.

Table 5.15: Logistics companies’ data.

Logistics Company ms  Charges [RM/trip] Remarks
A No 120.0 Good Reputatior
B Yes 86.4 Bad Reputation
C Yes 90.0 Good Reputation

From the drivers’ perspective (or logistics compahiperspective), these
diagrams can be the guideline to maximise theisiptes income by having a correct
business strategy. To illustrate, the four scesagresented in Table 5.16 is used. Note
that in scenario | and scenario Ill, 15 t of WLMéguired to be delivered to a customer
which located 15 km apart and 60 km apart respelgtiwhile in scenario Il and
scenario IV, 60 t of WLM is required to be delivér® a customer which located 15
km apart and 60 km respectively. By using Figulé5the estimated logistics cost can
be extracted from Figure 5.18 (see Table 5.15).aB3uming a 25 % margin of the

logistics company, the maximal profit of each scEnaan now be determined by
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multiplying the obtained estimated logistics cadbtained from Figure 5.18) to the
assumed margin and the maximum amount of customkee tserved per day (values
obtained by dividing maximal number of trips pely da the number of trip required
per delivery). As a result, decision-makers mygiefer scenario IV (i.e., large-capacity
and long-distance delivery), as the maximal posspofit that can be obtained is
significantly higher than other scenarios. In shibrese cost-profile diagrams can be
served as an alternative decision-making tool 1p becision-makers from different

stages in making appropriate decisions.

Table 5.16: Two delivery scenarios.

Scenario Distance Capacity ~ CosF ﬁ“{é “ony éﬂjé b Profit¢
[km] [l [RM/trip] /] rip] | [RMcl]

I 15 15 62.49 13 1 203.09

Il 15 60 137.88 10 2 172.3b

[l 60 15 150.45 6 1 225.68

v 60 60 374.74 6 2 281.06

a Estimated logistics cost obtained from Figure 5.18
b Obtained from Figure 5.16 based on Equation.
¢ Maximal profit that can be obtained.

5.8.5 Model limitation
The inequalities in Constraints (5.6) to (5.9) iynfiat the optimal result does
have some waste in terms of transportation capakity instance, mwhich is capable to
carried 60 t/d of WLM froniz toj12, is used to deliver 10 t/d of sugarcane bagassetal
80 % of capacity is wasted for this particular case order to address this issue, joint

transportation should be implemented. Figure SR26ws an example for the joint-
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transport design. From the figure, 2 t/d of prdgius produced from each of the hufs (
andji7). When no joint-transport is applied, twa are used to deliver the product from
each processing hub to the port (onefon each processing hub). However, when joint-
transport is applied, one1ris sufficient to carry all the products to thetpofable 5.17
summarises the performance of the joint transporntdbr this example. It shows a

promising result for the joint transportation.

Figure 5.20: Joint-transport problem.

Table 5.17: Transportation cost and total carboisgon under different operation
mode.

Parameter Without joint-transport With joint-transport
Number of vehicles 2Xm Ixm
Carbon emission [tC£y] 0.061 0.040
g [RMHy] 119,194 77,844
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After applying joint transportation, the @@&mission is decreased by 34.2 % while
the total transportation cost is reduced by 34. Higwever, the proposed model is unable
to provide a solution with joint-transportation. hel current model has to be revised
(Equations (5.6) to (5.9)) in order to allow mudtep delivery between processing hubs.
Therefore, a comprehensive framework or algoritery.( nearest neighbour algorithm
which is widely used to solve travelling salesmaabfem (Flood, 1956)) has to be

developed in the future in order to optimise thist-transportation problem.

5.8.6 Sensitivity analysis

5.8.6.1 Terrain profile

The urban and inter-city road in Johor is considevell developed. Table 5.18
shows the sensitivity study of terrain profile ke toptimal results. The results show
that obtained results is not sensitive to the terpaofile as it only affects the total

transportation cost with no major change in transpon design.

Table 5.18: Variation of vehicle used under différeerrain profile (Case 2).

S Number of vehicle Optimal A
ms | no. of hub [RM/y]
Severe downslope 17 3 2 96 3 3 26,136,902
Mild downslope 17 3 2 96 3 3 27,336,69b
Flat 17 3 2 96 3 3 31,366,32(
Mild upslope 17 3 2 96 3 3 36,594,25D
Severe upslope 17 3 2 96 3 3 56,536,6P0
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5.8.6.2 Weather change and traffic congestion

Both weather and traffic condition play the impottaole in driving speed.
Therefore, sensitivity analysis for these two fastare carried out by assuming
different average driving speed. The results ginehable 5.19 show that the average
driving speed will not affect the selection of wahi and the optimal number of
processing hubs. However, the total number ofatehiequired is higher when the
vehicle is operated under lower average speed. efi@iess, this effect can be
minimised by having a proper route planning andedaling (e.g., avoid delivery via

jammed zone or during the peak period).

Table 5.19: Variation of vehicle used under differdriving speed (Case 2).

Number of vehicle Optimal AT

no. of hub [RM/y]

30 17 3 4 147 3 3 38,044,431
40 16 3 3 120 3 3 34,668,241
50 16 3 3 108 3 3 32,755,028
60 17 3 2 96 3 3 31,366,32(C

5.8.6.3 Fuel price fluctuation

The price of fuel continuously fluctuates and isredibly difficult to forecast.
The recent data (see Figure 5.8) shows the fueihgrifluctuates between +30 % to -
30 % of the current fuel price. Table 5.20 shomes gensitivity study of fuel price to
the optimal result. Similar results are obtainedifiel price fluctuation between -30 %
to +30 %. Therefore, it can be concluded thatrésailt obtained from the proposed

model is not sensitive to the fuel price fluctuatio
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Table 5.20: Variation of vehicle used under différiel price (Case 2).

s A Number of vehicle Optimal Af
[RM/L] no. of hub [RM/y]

1.30 17 3 2 96 3 3 28,894,21(
1.50 17 3 2 96 3 3 29,718,241
1.70 17 3 2 96 3 3 30,542,283
1.90 17 3 2 96 3 3 31,366,32(
2.10 17 3 2 96 3 3 32,190,356
2.30 17 3 2 96 3 3 32,602,374
2.50 17 3 2 96 3 3 33,838,42¢

5.8.6.4 Individual environmental preference

Decision-makers can set different rate for carboiting based on their
environmental preference. Table 5.21 shows thsithaty check of carbon pricing to
the obtained results. The carbon pricing usetiigdase study is about 0.20 [RM/kg
CQO,] (value determined using method proposed by Zh@l. €2015)). Same result is
obtained after raising the carbon emission peralty.00 [RM/ kg CQ] (i.e., about 5
times of current carbon penalty. Hence, the obthresult is not sensitive to the value
of the carbon pricing. This is not surprising hesmboth transportation cost (without
carbon penalty) and G@mission are calculated based on two same fac@rslistant

travel and daily delivered amount (see Equatior&2(5io (5.28), (5.30)).

-161-



Chapter 5

Table 5.21: Variation of vehicle used under différearbon pricing (Case 2).

CO:z2 penalty Number of vehicle Optimal
[RM/kg CO2] no. of hub
0 17 3 2 96 3 3 29,214,260
0.10 17 3 2 96 3 3 30,290,290
0.20 17 3 2 96 3 3 31,366,320
0.40 17 3 2 96 3 3 33,518,379
0.60 17 3 2 96 3 3 35,670,438
0.80 17 3 2 96 3 3 37,822,49|8
1.00 17 3 2 96 3 3 39,974,557

In short, due to the insignificant impact of thaligtic factors on the decision-
making, the result obtained from this model (or Sf&rams) is considered reliable.
However, it is recommended to review the modelU diagrams) once every five

years in order to ensure all data used in the mdelp-to-date and improve the

accuracy of cost estimation.

59 Conclusion

This chapter has addressed the issue of physi#htion of vehicle for the

transportation design in SCM. The main contritnsiof this paper are stated as follow:

I.  Animproved mathematical model is proposed to deitez (i) optimal biomass
allocation networks; and (i) optimal transportatiaecisions with the

consideration of vehicle capacity constraint anthea emission penalty.
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II. A comparative study between the previous work amal ¢urrent work is
conducted in order to show the importance of haaragtailed calculation of
transportation rather than using a correlation coshstant.  Without
consideration of vehicle capacity constraints,daleulated transportation cost

is unreliable, thus leading undesirable loss ofipro

[ll. A novel graphical decision-making tool (SVS diagsns developed in order
to help decision-makers select the best transpamtatode directly without re-
running mathematical model. User manual of thédo®given in this paper as

well.

IV.  Sensitivity studies on five parameters are condlitbeanalyse the impact of
these parameters on the result obtained from tbpoged model (or SVS
diagrams). The results show that the proposed Mm@ael SVS diagrams)
robust (optimal result is insensitive to the fivergmeters). However, regular
revision on the model (and SVS diagrams) is necgseaorder to assure the

reliability of the result.

This study can be extended by considering (i) ceffiéenvironmental indicators
(in Chapter 5) and (ii) social dimension (in Chag of the supply chain activities.
Besides, effort should be done to optimise thet jaimnsportation suggested in this

study.
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Chapter 6:
Economic & Environmental Evaluation:

Weighted Sum Model

6.1 Introduction

SSCM problem is a multi-objective optimisation (MP@roblem since the
objectives of each sustainability dimension anil ffoe objectives of each components
under a same sustainability dimension can be atinfj. It is rarely existing a single
solution that simultaneously satisfied all objeetiv Therefore, achieving optimum for
one objective requires compromise of other objestivFor examples, profit can be
contradicting to safety cost or environmental inmipat¢otal CF can be inversely
correlated to the total FEF ¢ ek et al., 2012c). Several approaches have been
developed to solve MOO problems. The simplest repprted from the academicians
is to convert the MOO problem into single objectwgtimisation (SOO) problem
(Rangaiah, 2009). For instance, Dantus and Hi§Bq)Lproposes a weighting method,
i.e., assigning a weightage or sequence priorigaith objective in order to transform
a MOO problem which aim to minimise the environna¢mnpact and maximise the
annual profit of a methyl chloride plant, into a @@roblem; Notably, in the recent
publications, Mavrotas (2009) and Esmaili et a201(1) suggest to useconstraint
method over other weighting approach in solving M@®©blems; Some researcher
suggest to transform MOO into SOO by convertingottiler objectives into a similar
form of objectives (EPA, 2003). However, convagti@F into economic form (i.e.,
carbon penalty in Chapter 5) can produce sub-opsolation. Since the penalty cost
is relatively lesser compared to the annual prdfie model will tend to ignore the

environmental concern, causing zero mitigationrefimnmental impacts.
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This chapter presents a systematic approach ttegfrates both economic and
environmental concern in the supply chain by usueighted sum approach. Instead
of only focusing on C@ this chapter incorporate other environmentaldattirs as
well, such as GWP, ODP, TTP, etc. In additions tthapter proposes a graphical
illustration method to present the sustainabiligrfprmance of the results. Both
economic sustainability and environmental sustaiityalare expressed as vector. The
remainder of this chapter is organised into eigittions. The problem statement of
this work is presented in Section 6.2 while theaesh methodology used for this work
is described in section 6.3. In Section 6.4, theth@matical model presented in
previous chapters is modified. The descriptiothef graphical representation for the
sustainability of SCM is provided in Section 6.Section 6.6 outlines the information
of the demonstrated case study. It is followedH®yresult and discussion in Section

6.7. Last but not least, concluding remarks avergin Section 6.8.

6.2 Problem Statement

The same problem described in Chapter 5 (refeetdih 5.2) is modified to
include different categories of environmental intgaoto the model. It is formally
stated as follows: given a set of biomass typssgpplied from a set of source points
is planned to be delivered through a set of trariafon modesnto a set of processing
hubsj. Then, it is converted into a set of intermedidtaad a set of producfsvia a
set of technologiesandt’. Finally, they are delivered to a set of custosrkethrough
a set of transportation mod&. Throughout the entire process, a set of polistais
released to the environment and will cause a sehwfonmental issues which belong
to a set of impact categorigs The generic superstructure of the modified masiel

shown in Figure 6.1.
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Figure 6.1: Generic superstructure of the proposedel (modified from Figure 5.1).

6.3 Methodology

The proposed model is re-formulated to considefeifit environmental
impact simultaneously. The environmental impacs be classified into several
impact categories, i.e., global warming potent@WQP), ozone depletion potential
(ODP), abiotic resource consumption (e.g., watessit fuel, etc.), eco-toxicity, etc.
The detailed description of each indicator is giieiChapter 2 (see Section 2.4.3.1).
In this chapter, weighted sum approach is used talein this multi-objective
optimisation problem. Aside from this, differemtts of priority scale are assigned to
the objectives to investigate the effect of theoqity scale on the optimal solutions.

Figure 6.2 shows the overview of research methed usthis chapter.
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Figure 6.2: Overview of research method for Chafter

6.4  Model Formulation

The model formulated in Chapter 4 and Chapteréised to integrate several
potential environmental impacts (PEI) into the mlod&he problem is modelled
through mixed integers linear programming (MILPYlasmsolved by using Lingo v14.0

(Lingo, 2015). Itis formulated as:

6.4.1 Economic performance
The evaluation regarding to the economic perforraantl only consider 3
components, i.e., annual gross profjit ( [RM/y]), annualised hub investment cost,
(gW”"  [RM/y]) and annual transportation coss, ( [RM/y]). The environmental
impact due to carbon emission will be evaluatedssply in Section 6.4.2, thus the
carbon emission penalty'?® )&V [RM/y] is removed from Equation (5.33). The

economic performance of the synthesised supplyndeaxpressed as:

g EL§ §LgV®" s§Lg’ (6.1)
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The detailed calculation for each component isa&irpld in the previous chaptegg ( :

Equation (4.12)gV*" : Equation (4.15)g ' : Equations (5.22) to (5.28)).

6.4.2 Environmental performance

The evaluation of environmental performance takés iaccount different
categories of environmental impagt which initially classified by Heijungs et al.
(1992), i.e., global warming potential (GWP), ozodepletion potential (ODP),
photochemical ozone creation potential (POCP), ifacadion potential (AP),
eutrophication potential (so-called nutrificatiomtential (NP)), abiotic depletion
potential (ADP), aquatic toxicity potential (ATPhé terrestrial toxicity potential
(TTP). However, this impact categories did notexahe environmental impact due to
the water usage in the system, as well as the@mental impact due to the land usage
for the construction of hub. Thus, water footpri#{F) and land footprint (LF) is

evaluated in this model as well.

6.4.2.1 Environmental impact category

In general, the environmental impact from impas¢garyq, mj, [t-eql/y] of the
entire supply chain consider 4 components, i.evirenmental impact due to the
pollutant emitted from the conversion processj, [t-eqly]; potential
environmental impact due to manufactured prodmgt; [t-eqly]; environmental
impact due to the energy consumption in the mi@, [t-eg/y]; and environmental
impact due to the fuel consumption during transg@h of biomass and producp,
mj, . Itis defined as follow:

mpb ELrgj' Zmj; ZLmy" ZLmp LLLLLLLLLLLDLEM LLLLLLLLLL™®6.2)
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mp, can be determine by accounting the total potemtalironmental

impacts of each pollutarda which are emitted from the conversion processhm t

processing hup It is expressed as:

mhp'  Ebr@k¢ FgALLLLLLLLLLLLLLLLLL LIyl B L LLLL LB LLLLLLL

ke €L s@p oKjgsgd-CLCHSAZ> @ > okggol CLCARALLE ST;LLLLLLL™x & zL

(6.4)

wherekg [t/y] refers to the total emission rate of thelptantsa, emitted to the aquatic,
terrestrial and atmospheric environment during-tireversion process in the processing
hubj; _rg-[t-eq/t] refers to the score of potential enviramtal impact of pollutara

at categoryg; while C Rgs [t pollutanta/t intermediatel] andC Rg [t pollutant a/t
biomasg] refer to the emission factor of pollutaathrough technology andt. Note
that the degree of the impact is expressed asdbwadent amount of a reference
component (e.g., GWP is expressed as unit mas®péquivalents; ODP is expressed

as unit mass of CFC-11 equivalents; ADP is expreasainit mass of Kr equivalents).

mj,* concerns the overall environmental impact causedhb product. It

involves the direct effect (environmental-burdefingand indirect effect

(environmental-unburdening) on the environment.

mp ELmi""®  Zmj, W LLLLLLLLLLLL)LEFULLLLLLLLLLL™ (6.5)
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&

wheremj, "% [t-eqly] refers to the direct environmental impgataused by the

"&

product; whilemj, W% [t-eqly] refers to the indirect environmental irapa

caused by the product.

mih' "% Eb @okKgoC¢ goACSTLLLLLLLLLLLLLYIE W LLLLLLLLLL(®'G
b . @gKgg b _ g7

n'"&

mp is determined by multiplying the product flow iathj to the score

of potential environmental impact caused by thalpation, g, [t-eq/t].

mp W e ELgLk ()2 ¢ §) LLLLLLLLDLBLELLLLLL™ (6.7)

Indirect effect of a product refers to the unbuidgmelated to the substitution
of conventional non-renewable fossil energy. Bameple, the production of biofuels
(e.g., bio-ethanol, py-oil, etc.) can cause a $icamt direct burden to the environment,
but at the same time, the more harmful fossil-basentgy is replaced by these biofuels
and thus, unburden the environment indirectly €k et al., 2012c). It is described in
Equation (6.7), wherk( ()2 [t/y] refers to the amount of fossil-based fuel
being substituted by the biofuel generated; whife) [t-eq/t] refers to the score of
potential environmental impact caused by the atii@ of fossil-based energy. It is

', W%, '1"&

worth noting that the negative signraj, indicates that the substitution of

fossil-based fuel is beneficial to the environment.

Electricity is imported from external power plantda(or) self-generated
through power generation unit (steam turbine, dtc.9rder to meet the electricity

demand of the processing hub. Since coal powet @ane of the main energy source
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in Malaysia (Energy Commission, 2014), it is assdm® the electricity supplier in this

work.

mp" EL@mYP¥qE mopd” A¢ { ) LLLLLLLLLLLLDIEMFLLLLLLLLLLLL™®.8)

mj)" considers the environmental impact which attritiite imported energy,
mopt © [MJ/y] and the environmental unburdening effectitoé self-generated bio-

electricity, mopd”® [MJ/y].

mop&® ELmofi§ ZLmopt® § mopd’ (6.9)

Equation (6.9) shows the generic energy balandkerprocessing hub, where
mopt{ [MJly] refers to the total electricity requireah ithe processing hub;

whileLmog® [MJ/y] refers to the total excess energy that lasold.

mopti ELbos@p okjgsgd ¢LA AZ> @> ok ggd¢L A'LLEST; (6.10)

The total energy required is calculated by usingdfign (6.10), wheré ¥

[MJ/t] and~ ™ [MJ/] refer to the electricity requirement forctenologyt' and

technologyt.

mopt” Elb s@p okjgsgd CLY5s AZ> @> ok ged CLW ALLEST;  (6.11)

The total generated energy is determined by ustquaion (6.11), wher\e])é"g;

[MJ/t] and\ )5 [MJ/t] refer to the energy conversion factor ofeimediatel and

biomasg in technologyt’ andt respectively.
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Transporting biomass and producp from source to processing hup and
from processing hujto customek required to consume a significant amount of fessil

based fuelmp, considers the environmental impact caused byshgeiof petrol fuel:

mpb EKY ¢ §) LLLLLLLLLLLLLLLLLLLLLUnnunnuy EnsnnunrvpLigal12) LLLL

kKOO ETEST;¢0 >3 > (@fdl o5l VO AZ

LLLLLLLLLLLLLLLLLELLELLI@GLeRs LRI LY (% A (6.13)

wherek () [L/y] refers to the total annual fuel consumed thue transportation. The
score of each material’'s potential environmentglant at category, including_ gga
g2, and_4 ) are obtained from the WAR algorithm software (WARJIG2011)

developed by the U.S. Environmental Protection Agen

6.4.2.2 Environmental footprints

This work also concerns on the total water congionprequired in each
technology in the processing hub. It can be egees terms of total water footprint
of the supply chaintk %) [m3y] which normally used to measure the total water

volume consumed per unit of time of the systeml{@ahl., 2012). It is defined as:

tk &) Elb s@p okjgsed CLAY AZ> @> ok ggd- CLEY ALLC O€]

(6.14)

where 7%%  [m3/t] refers to the water requirement for technoldgywhile ~2&"
[m3/t] refers to the water requirement for technolbgy
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The environmental impact caused by the settleménhe processing hub
should be considered as this might affect the agdtimymber of processing hub in the
proposed case study. Hence, the total land fautpfithe supply chairvk &) [m?]
which measure the total land area that coveredhéyrifrastructure of the processing
hub are used as an indicator to represent theamagntal impact of land use. Note
that the estimated land area required for settim@ single processing hub,

[m?/hub] is assumed to be 20,006/hub in this case study.

vk &) EDbLgfgLL¢ (6.15)

6.4.3 Multi-objective approach
The objective function of this work is the overdéigree of satisfaction based

on the sustainability performance of the biomagpluchain, & Q . It is described as:

X'LSZQ LELY¢S" ZLY® ¢S* (6.16)

+" ZL+ * EN (6.17)

whereS" andS” refer to the degree of satisfaction of the bionsagmly chain based
on economic performance and environmental perfocamagspectively; while * and

+ % refer to the relative priority assigned to botljestives.

o {00y . 0@-A

S Emr wow (6.18)
S’ concerns the net profit gained from the supplyichgd [RM/y]. It is
described in Equation (6.18), wher€®BA [RM/y] and '@*A [RM/y] refer to the

maximal and minimal net profit that can be gainexhf the synthesised supply chain
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respectively. These values are obtained by maiimiand minimisingy’ through
the mathematical model (i.e., Equation (6.1))is Mvorth to note that Equation (6.18)

is @ maximisation case of objective, it can be afised as Figure 6.3 (L).

o oA
S%LL CE?@‘BIP&—\I;\?;L ¢ YoALLLLLLLLLLLLLLLLL Loy LELLE L L Loy LLLLLLL

S% indicates the degree of satisfaction of the bi@maspply chain based on
environmental perforamnce, Whemz@B/Tt—eq/y] and:>,@+/Tt—eq/y] refer to the upper
limit and the lower limit of the environmental imgat category caused by the entire
supply chain respectively (obtained by maximisimgl aninimisingmj, through the
Equation (6.2)), whiley, refers to the relative importance of each envirental

impact. Note that Equation (6.19) is the minimimatcase of objective, it can be

visualized as Figure 6.3 (R).

Figure 6.3: Degree of satisfaction for (L) maxintiga case; (R) minimisation case.

6.5 Graphical Representation: Sustainability Vector &vector)
In this work, the result (sustainability performahds expressed as a vector

form. The conceptual idea is described in thesrdiions below:
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6.5.1 Concept ofs-vector

To-date, several methods are used to present #tairsability of the system.
For instance, De Benedetto and KlemeS (2015) intedthe Environmental
Performance Strategy Map (ESPM) which present t#tmogical footprints on a
specific spider web; Chardine-Baumann and Bottae@kz (2014) express the
economic-environmental-social performance of tleeess as a triad; Tjan et al. (2010)
present carbon footprint composite curve with ecoicovalue on the horizontal axis
and CQ emission on the vertical axis. These works areedg but the current
approaches did not show a clear view regardinggdgndency of the system or process
toward each of the sustainability dimension. Tfaree this work suggests to present
the results in a vector form which consist of magmé and direction. It can be
expressed in cartesian form Vec@i( " , @ i *) or in polar form as Vectavag,L%o
Note that@/ j * and@/ ; % refer to the overall performance in economic-otijecand

environmental-objective respectively. They are rkdi as:

. oliyglu@* 3a
o 01 t0l'@"A

where value “1” in the dominator represent the mmaxn value of the degree of
satisfaction; whileS"@"fA andS»@"fArepresent the degree of satisfaction when zero
effort is committed (i.e., processing plant is set-up, biomass is not collected and
processed, etc.). Therefore, any positive atted(e.g., profit gained, negative carbon
footprint) will lead to positive value in the vecta@ontrarily, any negative attributes

(e.g., profit loss, carbon emission) will lead &gative value in the vector.

-175-



Chapter 6

%os the angle that reveals the tendency of theerydbward economic or
environmental dimension; whilexy refer to the magnitude of the sustainable vector
(s-vector). They can be determined by using Equat{@mi22) and (6.23). Figure 6.4
represents an s-vector of a process which contélnaid 0.5 for the degree of
satisfaction based on economic and environmentakions respectively (assume

S'@MA andS»@ A gre both equal to 0).

+o 869
%o @B} * GgluA (6.22)

wxy E7@ " Z2@i% (6.23)

Figure 6.4: Sustainability vector.

6.5.2 Quadrant diagram for s-vector
After converting the results into vector form, thewly formed vectors can be

plotted in a quadrant diagram. Decision-makersream classify the activities based
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on this graphical representation tool. Figure dehonstrates the quadrant diagram

which representing the vector for each activity.

Figure 6.5: Quadrant diagram fewector.

To illustrate, the conventional practices that mftelied on fossil-based energy
are normally plotted on the forth quadrant (positittribute on economic but negative
attribute to environment). On the other hand attévities that fall on second quadrant
are related to some of the non-economically prolia“green policies” (e.g.,
reforestation) that araised by the environmentalish addition, the unmatured green
technologies which are yet to be economic-feasiblé other treatment facilities (e.g.,
wastewater treatment) also fall on this quadraltte activities that falls on the third
guadrant should be avoided since these activitiddemd to negative impact on both
economic and environmental objectives. Disastush as plant fire and explosion
will fall on this quadrant as well. Last but negakt, the ideal goal is to emerge the
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green technologies into the first quadrant (proyidsitive attribute to both objectives),

in order to enhance the sustainable development.

6.5.3 Process evaluation using-vector

s-vector can be used to evaluate the sustainap#itiormance of each process.
In the first quadrant, the process with a smé&lieindicate that this process has a higher
tendency toward economic sustainability. Therefdexision-makers can select the
process path which meet their personal preferemagach sustainability dimension
based on thi%ovalue. For processes with same or near-rang@(6+5°), wxy is used
as selection reference as the process with lavggr indicates that the degree of
satisfaction on both economic and environmental edisions of this process is

relatively higher.

Figure 6.6 presents tisevector of three possible process pathways (irecass
1, process 2 and process 3) for Material A. FHector for process 1, process 2 and
process 3 are Vector(0.943, 33,0Vector(1.005, 59 and Vector(0.500, 36°p
respectively. From these values, it is obviousigven that process 2 has the smallest
%o In other words, this process might attributehigh profit but also caused severe
environmental issues. Although t#evalue for Process 1 and Process 3 are similar,
Process 1 is more favourable than Process 3 dite higher magnitude compared to

Process 3.
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Figure 6.6: Comparison asfvector.

Note that for second quadrant f806<18(°), smaller%oindicates better
performance in environmental sustainability (but thwinegative economic
sustainability); for forth quadrant (2%3s360), larger%dndicates better performance
in economic sustainability (but with negative eomimental sustainability); while for
third quadrant (18® %«<270C), smaller%oindicate that this process has a higher

tendency toward environmental sustainability.

6.5.4 Sustainabiloty targeting for integrated process
In some cases where process integration is takan the sustainability
performance of this integrated process can beméted easily througk-vector. By
taking the example shown in Figure 6.6, assume @@ ftaterial A are sent to process

1, whereas the remaining are sent to process 2.sti$tainability performance of this
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integrated process can be targeted merely by addirtg of Vector(0.943, 32°pDand

40 % of Vector(1.005, 5% together (as illustrated in Figure 6.7).

It can also be defined mathematically, whedenote the process alternatives;
C [ refers to the weight fraction of the material whigent to process, wxy gand
% are the magnitude and angle of sheector for process; whilewxy 8  and%g°

are the magnitude and angle of gaeector for the integrated process:

89 4o 2 [ L F< Lt=>12
%0 EAX} @: e A (6.24)
wxy 8 E7@gC RLwxyeLAB %4 Z > ¢ C R:Lwxyg,O}L%o (6.25)

Figure 6.7: s-vector for integrated processes.
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6.6 Case Study Description

The same case study in Johor state is extendedutty ghe potential
environmental impacts caused by the activitieeénsupply chain. The sources of each
environmental impact (i.e., GWP, ODP, POCP, AP, AIPP, ATP, TTP, WF and LF)

are discussed in this subsection:

6.6.1 Global warming potential (GWP)
The effects of the greenhouse gases (GHG) thathieap in the atmosphere
(e.g., CQ and CH) are normalised and reported in terms of GWPS@M, GHG is
mainly emitted from the burning of fossil-basedlfseich as the utilisation of petrol in
vehicles during transportation of materials; arnel ukilisation of electricity generated
from the coal power plant. Besides, GHG is emittadng the conversion processes,

e.g., pyrolysis, fermentation, combustion, etce (§able 6.1).

6.6.2 Ozone depletion potential (ODP)

Refrigerant such as chlorofluorocarbon (CFCs) apatdfluorocarbon (HFCs)
are the main contributors which caused the ozompéetien. However, the needs of
using these environmental-harmful refrigerantsvisable due to the hot weather in
Malaysia (about 35C). To-date, there are several types of refrigsravailable in the
market. In early-20 century, R-12 is often used as the refrigeranthénautomotive
air-conditioning system. However, due to its higdone depletion rate, it is now
replaced by R134A which contain zero ODP and Io@&&P (i.e., 8 times lesser than
R-12) (World Bank Group, 1998). By using this telaly “cleaner” refrigerant, ODP
of the SCM is negligible. Table 6.2 shows the carigmn of the refrigerants based on

their ODP and GWP.
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Table 6.1: GHG emissions.

GHG Emission [g/kg biomass]

SCM Activites —Mmmmmm—M8@™Mmm— Reference
CO2 CHa4 coO N2O R134A

DLF/Energy Pack 0.00 0.00 0.00 0.00 0.00 -
Productiof

Gasificatiort 588.6 0.0054 0.0803 0.00 0.00 (NCPC, 2014

Fast Pyrolysis 463 0.0030 0.0580 0.00 0.00 (Steele et al., 2012)

Slow Pyrolysi8 404 0.0037 0.0549 0.00 0.00 (NCPC, 2014
Bio-ethanol 1,126 1.124 0.305 0.00 0.00
Production (Kadam, 2000)

(Fermentatiory  1,208' 1.132° 0.316 0.00 0.00

(Wang et al., 2013
1,154 0.12F 0.324 0.00 0.00

865.6 1.100 0.218 0.00 0.00

Citric Acid 300 0.030 0.081 0.00 0.00 (Prado et al., 2005)
Production

Biogas-to- 9709 23 0.471 0.003 0.00 (EPA, 1998)
energy-°’

Transportation 2,600 056 276.8 0.028 88 (Canada, 2013)
[g/L fuel]

Importing energy 967 0.01 0.12 0.014 0.00 (Qin et al., 2006)

[9/kwWh] 5
Combustioh 1,585 5.82 102 0.00 0.00 (Akagi et al., 2011)
GWP [CO-eq] 1 25 2 296 1,320 (Azapagic et all,

2005)

aValue did not account the GHG contributed fromehergy required.

b Assume biogas consist of 70 vol% C&hd 30 vol% C@(De Mes et al., 2003).
¢Undergo dilute acid pre-treatmentd Undergo dilute alkaline pre-treatment.
eUndergo hot water pre-treatment.fUndergo steam explosion pre-treatment.
990% of CH will be converted into energy and €0

hOverall estimated emission rate of the refrigefgimehicle.y] (Schwarz, 2001).

' Carbon emission is assumed as 0 as the biogenlamewvill not contribute to the net
release of Carbon in the Carbon Cycle (Zaimes &rifiaa 2015).
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Table 6.2: Refrigerants available in market (Dai&iroup, 2013).

Refrigerant GWP [CO2-eq] ODP [CFC-11-eq] Flammable
R12 10,900 1 No
R22 1,810 0.055 No

R410A 2,090 0 No
R134A 1,320 0 No
R290 3.3 0 Yes

6.6.3 Photochemical ozone creation potential (POCP)

The increase concentration of volatile organic coumals (VOCs) and nitrogen
oxides (NQ) in atmosphere might cause the formation of grelendl ozone.
Although there is study shows that the concentnatib ground-level ozone is still
below the permissible values, but it is still reeqoended to have a regular monitoring
of the gas emission (Awang et al., 2015). The V@€g., CO and CH and NQ

emissions in the supply chain are summarised ineTal3.

6.6.4 Acidification potential (AP)

In Malaysia, acid rain is mostly caused by the costion of fossil fuel which
will generate vast amount of acidic gases (e.g.x,N8I), etc.). Malaysia Natural
Resources and Environmental Minister, Datuk Waraitlirclaimed that Malaysia is
currently not at risk of having acid rain as theollution index for Malaysia is still
within the acceptable range (Newsunited, 2015). wéier, it is still essential to
monitor and control the acidic gases emission tinout the SCM activities. Table 6.4

shows the AP of the waste gas emitted.
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Table 6.3: VOCs and NGemissions.

Emission [g/kg biomass]

SCM Activites —mMmMmMm——mm Reference
NOx CHa4 CcoO SO HCs2

DLF/Energy 0.00 0.00 0.00 0.00 0.00 -
Pack production

Gasification 0.0803 0.0054 0.0803 0.0054 0.0054 RNC2014)

Fast pyrolysis 0.0553 0.0030 0.058 0.0030 0.0030 (Steele et@l2p

Slow pyrolysis  0.0549 0.0037 0.0549 0.0037 0.0037  (NCPC, 2014)

Bio-ethanol 0.30% 1.124 0.30% 0.77% 0.00
Production
(Fermentation) 0.31Z 1.13Z 0.316 0.675 0.00

(Kadam, 2000)
(Wang et al., 2013

0.324 0.12¥ 0.324 0.513 0.00

0.218 1.106 0.218 0.796 0.00

Citric Acid 0.080 0.030 0.081 0.122 0.00 (Prado etal., 2005)
Production

Biogas-energy 0.561 0.023 0.00 0.003 0.4709 (EPA, 1998)
generatioh

Transportation 4.408 056 276.8 0.017 6.851 (EPA, 2008)
[g/L fuel]
Importing 4.38 0.01 0.12 7.95 0.223 (Qin et al., 2006)
energy
[a/kWh]

Combustion 3.11 5.82 102 0.00 25.406 (Akagietal., 2011)

POCP [ethene- 0.028 0.006 0.030 0.048 0.416 (Azapagic et 4.,

eq] 2005)
aHydrocarbons exclude GH
b Undergo dilute acid pre-treatment. ¢Undergo dilute alkaline pre-treatment.
dUndergo hot water pre-treatment. €Undergo steam explosion pre-treatment.

f Assume biogas consist of 70 vol% £&hd 30 vol% C@(De Mes et al., 2003).
9Data obtained from Spath et al. (1999).
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Table 6.4: Acidification potential (AP) of the wagjas.

Waste gas AP [SOz-e(] Reference
NO« 1.10
(WAR GUI, 2011)
SO .00
Hydrocarbon 0.018 (NCPC, 2014)

6.6.1 Neutification Potential (NP)

The over-fertilisation of water and soil is oftemedto the increase concentration

of chemicals, including phosphates, nitrates, Hi@l chemical oxygen demand (COD).

The emission rate of these “nutritious” substarmrestabulated in Table 6.5.

6.6.2 Aguatic toxicity potential (ATP) and terrestrial to xicity potential (TTP)

ATP and TTP are used to measure the impacts oteeacity in different

medium. As suggested by Young and Cabezas (189%,was estimated by using

the toxicological data for a fish species, name®iagphales promelasThe data is

described as the form of kgmg/L], i.e., the lethal concentration which cau&€d%

death of this fish specimens. Similarly, TTP isreated by using the L§3[mg/kg],

i.e., the lethal dose that caused 50 % death spetimens by oral ingestion. The ATP

and TTP scores for each material summarised inef@el. They are defined as:

_rezcoe E;
DBEF

‘voe E
—F82’bbe S0

(6.26)

(6.27)
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where_gg> cpe [L/MQ] refers to the ATP score of pollutaatwhile  ggoppe [K9/MQ]

refers to the TTP score of pollutamt

Table 6.5: Emission of the eutrophicating substance

Emission
SCM Activities [g9/kg biomass] Reference
NOx COoD
DLF/Energy Pack Prod. 0.00 60 (Turunen & van derty\&906)
Gasification 0.083 60 (NCPC, 2014)
Fast pyrolysis 0.0553 60 (Steele et al., 2012)
Slow pyrolysis 0.0549 60 (NCPC, 2014)

Bio-ethanol Production 0.308 252.6*®
(Fermentation)

0.312 255.8¢

(Wang et al., 2013)
0.324 255.3¢

0.218 230.2¢

Citric Acid Production 0.080 263 (Prado et al.02p

Biogas-energy generation 0.561  -2.522 (EPA, 1998)

Transportation [g/L fuel] 4.408 0.00 (EPA, 2008)

Importing energy [g/kWh] 4.38 0.0018 (Spath et #299)

Combustion 3.11 0.02 (Akagi et al., 2011)

NP [PQ*-eq] 0.13 0.022 (Azapagic et al., 2005)
aUndergo dilute acid pre-treatment. bUndergo dilute alkaline pre-treatment.
¢Undergo hot water pre-treatment. dUndergo steam explosion pre-treatment.

€10L of stillage is produced for every L of ethafibbmczak-Wandzel et al., 2015).
fBiogas conversion: 228 g biogas/kg COD (Wang eRall 3).
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Table 6.6: Toxicity potential of the substances.

Substances ATP [L/mg] 2 TTP [kg/mg] @
DLF 0.00 0.00
Energy Pack 0.00 0.00
Py-oil 0.163% 2.0408
Bio-char 0.9523 E-03 1.2903E-04
Syngas 0.00 0.00
Bio-ethanol 7.2254 E-05 1.1185 E-04
Citric acid 3.6101 E-03 1.4859 E-04
Sulphuric acié 0.04 4.6729 E-04
R134A 2.0534 E-03 0.00

aAll scores are obtained from WAR GUI, build 1.0(¥AR GUI, 2011).

bScores of naphthalene which is the key componepy-afil are used.

¢Assume 1 kg bio-char contain 20g of potassium (Ghatu, 2009).

d Emitted from bio-ethanol production, the emissiater[g/kg biomass] is 0.1583
0.032; 0.0993; 0.1540.

6.6.3 Abiotic depletion potential (ADP)

Abiotic resource depletion encompasses both ttisaiton of non-renewable
and renewable abiotic resources, but for this waekwill only focus on the utilisation
of fossil energy only. Guinée et al. (2002) sugdesuse baseline characterisation
method to measure the ADP of the materials. Brtiethod, the extraction of the fossil
fuels is defined as a relative measure with théedigm of antimony (Kr) as a reference
(Piko , 2012). The ADP score for the use fossil enesggported as 0.0134 kg Kr-eq/

kg coal and 0.021 kg Kr-eq/ kg fuel (van Oers gt2002).
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6.6.4 Water use

Due to the large and growing population in Asia rdaes, the fresh water
demand is increasing significantly from time to¢imHowever, the annual availability
of fresh water is limited. Therefore, it is ne@ysto measure and control the total
water usage in the supply chain in order to enhaswstainability. The water

requirements for each activity in supply chaintatmilated in Table 6.7.

Table 6.7: Water consumption rate for each activity

SCM Activities Water Requirement Reference
[m3/t biomass]
DLF/Energy Pack Production 0.00 -
Gasification 0.1380 (Lampert et al., 2015
Pyrolysis (Fast and slow) 0.0231 (Hsu, 2011)
Bio-ethanol Production 0.1489
(Fermentation)
0.151C¢
(Kumar & Murthy, 2011)
0.168%
0.1154
Citric Acid Production 0.0214 (James & Currie, Ip1
Biogas-energy generation 0.00 (EPA, 1998)
Transportation [g/L fuel] 0.00 -
Importing energy [rfIkWh] 7.20 E-05 (Piko, 2012)
Combustion [r¥kWh] 1.80 E-05 (Piko, 2012)
a Assume density of bio-oil is 1170 g/L (Ganseko2[&16).
b Undergo dilute acid pre-treatment. ¢Undergo dilute alkaline pre-treatment.
dUndergo hot water pre-treatment. €Undergo steam explosion pre-treatment.
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6.6.5 Land use
In this work, LF only consider the built-up landotprint (i.e., the additional
land areas required to set up the processing hutsle the crop land footprint (i.e.,
the land areas required to produce crop) is nosidened. This is because all the
biomass considered in this work are crop residaespaocess wastes. The utilisation
of crop land is not originally aimed to generatenbass but to provide food (e.g., paddy
field is aimed to produce rice). It is assumed #8000 m of land area is required per

processing hub (see Equation (6.15)).

6.6.6 Other required data
The electricity required for each technology idelésin Chapter 4 (see Table 4.3).
Besides, the production of biomass-based fuelsergy can be used to substitute the

fossil-based energy. Table 6.8 shows the enengienbof each biomass-based fuel.

Table 6.8: Energy content of bio-fuel products.

Products Energy [MJ/L] Reference
Energy Pack [MJ/kg] 21.00 (Ng et al., 2014)
Bio-oil 21.60 (Steele et al., 2012)
Synga& [MJ/m?] 19.57 (Capareda, 2014)
20.29
10.94 -
Bio-ethanol 21.00 (BEC, 2011)
Coal[MJ/kg] 29.30 (Smil, 2008)
a Fast pyrolysis under 50C b Slow pyrolysis under 408C

¢ Gasification of EFB under 600C
d Syngas-to-electricity efficiency is assumed at@8reith & Krumdieck, 2014)
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6.7 Result and Discussion
6.7.1 svector

The s-vectors for each conversion process are presémteigure 6.8 to Figure
6.11, while the data is tabulated in Table 6.9.e Tasults show that most of the
bioenergy products such as energy pack, py-oitetianol is more preferred (fall on
the first quadrant). This suggests that thesegss®s will not only provide extensive
revenue, but will also reduce the environmentalaotp. With the production of these
bio-fuels, the requirement of fossil-based fuelsubstantially reduced. However,
biomass combustion and anaerobic digestion thargéss electricity poses a different
situation. These technologies fall on the secaraticant (279> >90°) which indicates
the presence of negative profit. This is probahlg to the unattractive tariff (SEDA,
2017), unsupportive incentive policy (Ahmad et 2D11) and low boiler efficiency

(MIGHT, 2013).

Figure 6.8s-vector of each conversion process for paddy bismas
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Figure 6.9s-vector of each conversion process for palm oiirass.

Figure 6.10s-vector of each conversion process for sugarcagadsa.
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Figure 6.11s-vector of each conversion process for pineappét pe

Table 6.9: s-vector data for each process.

Description

Paddy Biomass

1 | Rice Husk Slow Pyrolysis 1.1603| 329.52| 1.000 0.4482
2 | Rice Husk Fast Pyrolysis 0.7425| 14.82 | 0.8132 0.71864
3 | Rice Husk Combustion 0.2891| 173.10] 0.1481 0.6647

4 | Paddy Straw Animal Feed Prod. 0.3821| 284.08| 0.3996 0.5239

5 | Paddy Straw Combustion 0.2061| 172.79| 0.2028 0.6614

Palm Oil Biomass

1 EFB Gasification 0.7190| 314.99| 0.6745 0.4760
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Table 6.9(cont’): s-vector data for each process.

Description

Palm Oil Biomass

2 | EFB DLF Prod. 0.1123| 314.99| 0.3896| 0.6245
3 | EFB  Combustion 0.0700| 172.13| 0.2922| 0.656(
4 | PKS Energy Pack Prod. 0.4334| 86.13 | 0.3575 0.8028
5 | PKS Combustion 0.1002| 168.66| 0.2731| 0.6595

Sugarcane Bagasse

1 | Sugarcane Bagasse Bioethanol 0.5611| 7.88 0.7060 0.6793
Prod. (Dilute-acid Pre-treatment)

2 | Sugarcane Bagasse Bioethanol 0.6262| 6.78 0.7497 0.6783
Prod. (Dilute-alkaline Pre-treatment)

3 | Sugarcane Bagasse Bioethanol 0.6363| 3.74 0.7584 0.6670
Prod. (Hot Water Pre-treatment)

4 | Sugarcane Bagasse Bioethanol 0.6029| 12.11 0.7283 0.6966
Prod. (Steam Explosion Pre-treatment)

5 | Sugarcane Bagasse Combustion 0.1793| 177.86| 0.2195 0.655(0

Pineapple Peel

1 | Pineapple Peel Citric Acid Prod. 0.2703| 326.70| 0.4876 0.601%

2 | Pineapple Peel Animal Feed Prod. | 0.3476| 293.30| 0.4291 0.5417

3 | Pineapple Peel Anaerobic Digestion 0.5244| 166.93| 0.000 0.6938

Reference

1

(N«

taf s 0.3381

2 E%Uf £ 0.6526

* value obtained by assuming 1t of each biomags ty used.
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6.7.2 Pareto analysis

The proposed model is further analysed by condgetiRareto analysis. More
than 500 solutions are obtained and tabulated dowgly in Figure 6.12. The figure
shows that six clusters of solutions (close to eatbler) are formed. The closer view
of these cluster solutions is presented in theb@d Green dots represent all the
combinatorial solutions, where the optimal solusi@are presented in darker colour.
These optimal solutions are obtained from the nmagtieal model formulated in
Section 6.4. To achieve this, different sets oy scale are used to optimise the
weighted sum optimisation model. Table 6.10 tateslahe boundary data used
obtained from the model (i.e., the upper and lokveit of the model). Note that not
all environmental indicators show the same pattdran compared to the cost (Pareto
analysis of GWP, AP and ADP follow Pattern A; POGRows Pattern B; remaining
follow Pattern C). This indicates that the relatimportance (weightage) assigned to

the impact category is a critical factor that wsiffect the obtained optimal solution.

Figure 6.12: Pareto studies.
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Table 6.10: Boundary data.

Indicators Max Min

L [RM/y] 9.42 x 16 -1.81 x 16
GWP [t-eq/y] 2.23x 19 -1.90 x 160
AP [t-eqgly] 1.76 x 10 -1.60 x 16
POCP [t-eqly] 1.49 x 10 0
NP [t-eqly] 3.70x 19 0
ATP [t-eqly] 6.32x 19 -23.04
TTP [t-eqly] 1.25x 19 -6.72
ADP [t-eqly] 1.29 x 10 -1.20 x 10
WF [m3ly] 4.96 x 16 0
LF [m?] 2.20 x 105 0

Different sets of priority scale are assigned ® dbjectives to investigate the
effect of the priority scale on the optimal solusaplease refer Appendix Section A.3
for the model coding and result). The results susmmarised in Figure 6.13. To
illustrate, by reducing the priority scale for eoaric performance from 67 % to 52 %,
pineapple peel will be processed into animal feesteiad of converting into citric acid.
As a result, the overall profit has become 0.016Wer (equivalent to RM 151,865/y),
while the overall GWP is mitigated (i.e., 0.008 &sder, equivalent to 1.514 MtCO2-
eg/y). Moreover, under low priority scale for eoamic performance, the optimal
number of hubs has switched to four in order taucedthe carbon emission through
transportation, in spite of the higher investmearstdor the hubs. The result shows that
the optimal solution obtained from the model ispggnsitive to the priority scale input

to the model. This suggests that collaborativkestalder engagement is very
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important, in order to prevent mismatch expectabietween stakeholders and reduce

unnecessary investment (NEPCon, 2016).

Figure 6.13: Technology and hub selection at déffieipriority scale.

6.7.3 Limitation of the approach/ s-vector

Despite the proposed approach is applicable fargetscale multi-biomass
supply chain problem (industrial complex levelgrare rooms for improvement. The
key limitation of this approach is the low tracdipiof the result. The model
determines the economic and environmental sustiditpaby accounting several
variables by using a weighted sum model. The fodweomputation is simply
straightforward, but the reverse calculation p@sd#ferent story. For instance, given

the final outcome P is a function of a set of Valea, while a set of weightages is
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assigned to the variable. Then, P can be detedrupenultiplying the variables to its
assigned weightage. However, it is nearly impdesi back-estimate the exact value
of the variables from the P (see Figure 6.14).otlmer words, it is very difficult to
identify what had gone wrong (or what should bedixmerely based on the final score

(e.g.,S%), which is a function of several variables (eGWP).

Figure 6.14: lllustration of the limitation.

In addition, the final sustainability scoring fdnet supply chain is highly
dependent on the priority scale assigned to theemoéience, lowering down the
overall comparability of the results. For instanassume two users (1 and 2) are
evaluating a similar technology by using differeats of priority scale. Both user will
obtain different scores for a same technology, iogumisunderstanding and confusion
among users. Therefore, in order to make theteebatome comparable to each other,

same set of priority scale has to be used.
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Furthermore, the robustness of the model is anoltlegr concern of this

approach. In this work, data is obtained from amasi sources (in diferent location).

Since different practice (operational, evaluatiett,) is opted in different places, the

reliability of the obtained data might be uncertaifherefore, in order to enhance the

reliability of the results, the obtained data skideg# benchmarked and analysed before

utilised. On top of that, despite most of the ictgaategories have been covered in this

approach, there are still some other indexes tleat@nsidered in other environmental

assessment tool, are omitted. Thus, by integratiffigrent environmental assessment

tools (e.g., LCA, Eco-indicator 99, etc.) into tim@del, the obtained results might be

different. The reviews on these omitted indexestabulated in Table 6.11.

Table 6.11: Some of the omitted environmental iattics.

Indicators Description

Mineral resources
requirement
(considered in LCA)

Some tools consider the uptake of mineral resoy
for the equipment fabrication, processing |
construction, transport manufacture, etc. Howewe
this pioneering stage of biomass industry in Malkay
most of this data still remains uncertain, causovg
reliability of results.

rces
ub

r

S

Agricultural land-use
(considered in
Eco-indicators 99)

The agriculture land-use is not considered in tbeeh
as all biomass considered in this work are @
residues and process wastes. The agriculturallaa
is not originally aimed for biomass harvesting faurt
food production. However, this indicator should
considered when the biomass industry
commercialised, as additional land is required
harvest biomass in order to cope with the increp
biomass demand.

rop

be
is
to

5in

Human toxicity
(considered in

2002+, WAR, etc.)

In most of the environmental assessment tools, hu

toxicity index is placed under environmen*al
Eco-indicators 99, IMPACT indicators. However, human toxicity indexes sus

HTPI and HTPE are more related to safety conce
Thus, these indexes are categorised as sociahtod
in this work.

ma

a
ms.
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6.8 Conclusion
This chapter has synthesised an integrated biomagsply chain with the
consideration of both economic and environmentastasnmability. The main

contributions are sated below:

I.  The mathematical model proposed in previous chapteaworked to consider

several environmental impacts in the supply chaodeh

II.  Sustainable-vectors{vector) is proposed to demonstrate how the results

perform based on the satisfaction on economic amtd@mental sustainability.

[ll.  Pareto study is conducted to analyse the effeaklative priority of each

objective on the technology selection and optimehber of hubs.

IV.  Limitation of the proposed approach is discusseatdter identify the potential

room of improvement.

Even though important aspects have been studigdsithapter, there are still
several extension-works have to be done. Firsitly, model should be extended to
consider social impacts of the supply chain (esgfety index, job creation, etc.) in
order to cover the whole spectrum of sustainabilAgide from this, model adjustment
should be made to increase the traceability anceoatbility of the results. Moreover,
since the data used in this work is obtained framowus sources (different location),
the reliability of the obtained results might becertain (due to different operation
practice, different biomass quality, etc.). Ina@rtb address this issue, benchmarking
of data should be carried out. In addition, theppsed model can be extended into

broader framework to plan for debottlenecking f@ biomass industry in Malaysia.
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Chapter 7:
Sustainable Evaluation for Biomass Supply Chain:

Novel PCA Aided Optimisation Approach

7.1  Introduction

Due to the growing consumer awareness and snowbaliiessure from the
communities and NGOs, the concept of incorporatally three dimensions of
sustainability (i.e., economic, environmental andial) has played an important role
in SCM of the 21 century (Chardine-Baumann & Botta-Genoulaz, 2014lthough
both economic and environmental sustainability haeeived the greatest amount of
interest from both academicians and industry piaotrs, social sustainability has
seen less attention. Therefore, in this chagterfihal piece of sustainability dimension
is considered in the formulated model. Socialessacluding health and safety aspects
in the processing hubs, job creation and transpontaafety are managed in a way that
ensures long-term survivability of the entire sypghain business. In this case, the
sustainability performance of a supply chain is poonded of a complex series of
variables. This might lead to redundancies inaldés that further make the outcomes

become less readable (Shlens, 2003).

In order to address this issue, Principal Compongnalysis (PCA) is
introduced to remove he complexity and redundaridiie@data series. In short, PCA
is a powerful multivariate statistical techniquettrallows converting a series of
correlated variables into a set of uncorrelatethtsdes known as principal components
(PCs), without losing too much information (Aitchis 1983). This technique has been
used abundantly in various forms of study, inclgdimage compression (Dash et al.,
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2014), chemical plant design (Pozo et al., 2012) hiomass properties analysis
(Jenkins et al., 1998). However, to date, PCAaagn has not been applied to optimise

the sustainability performance of the biomass suppéin.

In this chapter, a novel systematic optimisatioprapch that incorporates PCA
and AHP is proposed to determine the optimal teldgyoselection and optimal
transportation design for an integrated biomasglgughain. A similar case study in
Johor is used to demonstrate the effectiveneseqgiroposed method. Aside from this,
the obtained optimised results are compared anchiesrked with the results obtained
from other conventional optimisation approacheisis Thapter is organised as follows:
A formal problem statement of this work is struedirin section 7.2. Section 7.3
outlines the research method used for this proppesslem. This lays the foundation
for section 7.4, which introduces the modified neattatical model. In section 7.5, the
same case study is used to demonstrate the apfifycabthe proposed method. It is
followed by the result and discussion in Sectiog 7Finally, conclusion and future

research are given towards the end of the chapter.

7.2  Problem Statement

The problem described in this chapter aim to detezrthe optimal technology
selection and optimal transportation design fomnéegrated biomass supply chain that
maximise the annual profit and social benefits ekéeping the environmental impacts
at minimal. It is formally stated as follows: giva set of biomass typessupplied
from a set of sourcdadgs delivered through a set of transportation madde a set of
processing hulgs Then, it is converted into a set of intermediatasd a set of products

p via a set of technologidsandt’. Finally, productsp will be delivered to a set of
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customersk through a set of transportation maaé Throughout the entire supply
chain, a set of pollutanta is released to the environment and cause a set of
environmental issueg; at the same time, these activities will lead teet of social

impactsu. The generic superstructure of the modified magishown in Figure 7.1.

Figure 7.1: Generic superstructure of the proposedel (modified from Figure 6.1).

7.3  Methodology
The sustainability performances (economic, envinoetal and social

dimensions) of each possible solution is determinedsing the formulated model and
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is analysed through PCA in order to remove the mddacy. In this work, the
technology selection and transportation desigrnoptanmised based on the PCs score.
However, the optimisation based on PCs scorestighab straight forward, as PCs
encompass of convex combinations of original vaeisgPozo et al., 2012). Therefore,
this work proposes a systematic optimisation apgroahich utilised analytical
hierarchy process (AHP) to assign relative pricsitgle to the contradicting objectives,
helping decision-makers to decide whether the spoed PCs should be maximised
or minimised. Note that the description of AHPheique is given in Section 7.4.3).
Finally, the optimised results are compared witb tther conventional optimisation
approaches. Figure 7.2 presents the research dnetisal in this work. The detailed

formulations are given in the next section.

Figure 7.2: Overview of research method for Chapt@eproduced from Figure 3.4).
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7.4  Model Formulation

The model formulated in Chapter 6 is revised toswer various social
concerns in the model. The problem is modelleduyh Mixed integers linear
programming (MILP) and will be solved by using Long14.0 (Lingo, 2015). Itis

formulated according to the subsections below:

7.4.1 Economic and environmental performances
The evaluations of economic and environmental perémces for this work are

adapted from the previous chapter. Please refeChapter 6 for the detailed

descriptions and calculations.

7.4.2 Social performance
Regular monitoring on social sustainability is essg to enhance long-term
survivability of a company as well as to attaintaimable societal lifestyles (Klemes et
al., 2012). Therefore, social issues includindthesnd safety aspects in the processing
hubs, transportation safety and job creation ansidered in the social evaluation. The

detailed description of each aspect is presentedhbsections below:

7.4.2.1 Human toxicity potential

In this work, human toxicity potential (i.e., humadaxicity potential by
ingestion (HTPI) and human toxicity potential bther inhalation or dermal exposure
(HTPE)) is used as the health indicator in this elodn general, HTPE is measured
for a chemical if it is existed as gaseous sta@°&t and under atmospheric pressure;

while HTPI were calculated for a chemical if ieigisted as a liquid or solid under these
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conditions (Young & Cabezas, 1999). Same as tleelleéion of environmental impact
mp, [t-eqly], the social impacjf ; [t-eq/y] in terms of human toxicity potential is

measured throughout the entire supply chain:

Jp €LY Z 0 2L ZLj; LLLLLLLLLLLLLLIMLLLLLLLLLL™ETE)

where,j (" refers to the social impact in terms of humandibxipotential due to
the pollutant emitted from the conversion procejs['s: refers to the social impact in
terms of human toxicity potential due to the pragj¢)"" refers to the social impact
in terms of human toxicity potential due to the rgiyeconsumption in the hubj;['
refers to the social impact in terms of human tbxipotential due to the fuel

consumption during transportation of biomassd producp.

J{ = canbe determine by accounting the social impadesrms of human
toxicity potential of each pollutaatwhich are emitted from the conversion process in

the processing hub It is expressed as:

Ji  Ebr@k¢ _ pgALLLLLLLLLLLLLLLLLLLUUIIINNIN M S LLLLLL@2Y LLLLLLL

wherekg [t/y] refers to the total emission rate of thelptantsa, emitted to the aquatic,
terrestrial and atmospheric environment duringtiveversion process in the processing
hubj; while _gg; [t-€q/t] refers to the score of social impact oflptanta in terms of

human toxicity potential.
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Similarly to mp* , j [" also concerns on both of the direct effect,

& c', W%, 'I"&

[t-eq/y] (burdening effect) and indirect effect]

”j [‘ ' : ‘!"

(unburdening effect) on the social impact in teohBuman toxicity potential.

S ELyg"E 2 WM LLLLLLLLLLLLLLLL LN LLLLLLLLLLLIZTS)- &

&

T is determined by multiplying the product flow inth to the score

of social impact caused by productiorterms of human toxicity potential, g.

J"'% Eb @ok gt _ g ACSTLLLLLLLLLLLLLLLLIMILLLLLLLLLLL(PA)S

Indirect effect of a product refers to the unbuidgneffect caused by the
substitution of conventional non-renewable fossiergy with the biomass-based
energy. ltis defined in Equation (7.5), whgr[é ) refers to the score of social impact
caused by the utilisation of fossil-based endrgterms of human toxicity potential.

', W%, '1"&

Note that the negative sign @f indicates that the substitution of fossil-

based fuel is beneficial to the social.

A TE ELsLk ) ¢_{) LLLLLLLLLLLLMILLLLL™~3%  (7.5)

4" considers the social impact which attributed bpamed energy and the

self-generated bio-electricity. It can be detemdiby using Equation (7.6).

Jp € @mdpy sLmop* A¢_{ ) LLLLLLLLLLLLLLLLLLLIMLLLLLLLEB)LLLLLL™~ §
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ol [' considers the social impact in terms of humancioxipotential which

attributed to the fuel consumption during transgibon. It is expressed as follow:

Jp €KY ¢_ ) LLLLLLLLLLLLLLLLLLLLUDDNunDuunnninAunnunury aeLLLL

Similar to the calculation for TTP, the lethal-ddkat caused death of 50 % of
rats by oral ingestion (LD50) is used as an estondor HTPI as well. In general,

higher LDso indicates a lower toxicity of the respective cheahi

—[abce E I—._ (7-8)

+Npe

where_pance  [Kg/mg] refers to the social impact in terms ofifan toxicity potential
by ingestion. In other hand, HTPE is estimatednfrome-weighted averages of
threshold limit values<(X 2 [ppm]). It shows the occupational exposure linoits
a chemical substance over the course of an eigimtshwork shift. This value is
generally issued by the American Conference of Gowental Industrial Hygienists
(ACGIH) and Occupational Safety and Health Admiaigon (OSHA). It is chosen

because of its prevalence in the literature aneé\aizteptance by most of the countries.

_rabed EbE— (7.9)

3s a N

where_panca  [PPNTY refers to the social impact in terms of humarnidioy potential
by inhalation and dermal exposure. Note that tweesfor both HTPE and HTPI are
obtained from the WAR algorithm software (WAR G@Q11) developed by the U.S.

Environmental Protection Agency.
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7.4.2.2 Inherent safety in processing hub

The safety aspect of the processing hub is evalugteising Inherent Safety
Index (I1SI) which introduced by Hurme and HeikkiZ298). The total inherent safety
index for process,LiV contains of two major components, i.e., chemioherent

safety for process, j¢¥ and process inherent safeyf! for process:

IV ERYZ M LLLLLLLLLLLL L LLLL ik vy BLLLLLLLAL0)

> concerns on several chemical factors, includingofafor heat of main
reaction, ¥® R ; heat of side reactiorjZ ®® ; chemical interactionj&® F"
flammability, j& ; explosivenessjg ; toxic exposure,jg ; and chemical

corrosivenesge  ®R:

IWVERRRZIERR 7iWIRR 7 @f Zje Zje AR Zjd BRLLLLLLLDY} &

(7.11)

3V expresses the inherent safety of the processntains of factor for process

inventory, ¥ process temperaturg,” ; process pressurg!  ; equipment safety,

5* R and safe process structu@®? R .
WE P70 Zid  ZjF®RR ZjZ QRLLLLLLLLLIOLL™} § (7.12)

All the calculations for these indices are basedmonst-case scenario. For
instance, the greatest sum for flammability, exipkrsess and toxic exposure indices

is used during the calculation. The overall ISIthe synthesised biomass supply chain
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is defined in Equation (7.13). Note that a lonmueabf ISI indicates an inherently safer

biomass supply chain.

b € > g 3LLLLLLLLLLLLL (7.13)

7.4.2.3 Transportation safety

Driving speed is the major factor that contributesaccidents. A research
from the Road Accident Research Unit in UniversifyAdelaide shows that a small
change in speed can result in a significant redodit road accident (e.g., a 5 km/h
reduction in driving speed can lead to at leas¥dBecrease in accident) (Transport
Accident Commission, 2012). Therefore, speedingedris more likely to crash

compared to other drivers that are travelling avelo speed. In this work, the
relationship between impact speMﬁN 0'& [km/h] and the risk of pedestrian fatality,
T. (8)&U [96] which is found by Rosén and Sander (2009)paes to measure the road

safety. The sample used in that research inclpdddstrian impacts occurring between

1999 and 2007. The relationship is defined as:

T (08 = LLLLLLLLLLLLLLLLLLLLL ™e S WL (7.14)

« 9 IQREEQH.-6)

7.4.2.4 Job creation

Literatures have proven that several social benefil arise from job creation,
e.g., having a job will help individuals stay cootesl with society, build self-esteem,
develop communication skills and create competenciéne social impact in terms of
job creationpug [jobs] assesses the job vacancies created byntite supply chain,

starting from the suppliers to the final produdtdbutors. This includes direct jobs,
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ug? “¢ [jobs] which refer to the employment directly reldtto the production of
biomass-based products (i.e., operators, enginetrd, and indirect jobsigh/” "'&
[jobs] which refer to the jobs created outsiderrgional center commercial enterprise
(i.e., suppliers, collectors, etc.). It is estisthbased on the regional statistics (see

Section 7.5.1.4):

ug ® c@W"e ZLug'% "&A (7.15)

7.4.3 Analytical hierarchy process (AHP)

In order to determine the relative priority scate éach objective in a more
systematic way, analytical hierarchy process (AldRjitroduced. AHP is a theory of
measurement through pairwise comparisons and refiegbe expert’s judgements to
derive priority scales (Saaty, 2008). In genek&lP is used to decompose the decision

into 6 steps:

I.  Define the goal of the work Ensure the objective of the problem is specified.

In this case, developing a sustainable biomasdyugppin is the ultimate goal.

[I.  Construct the decision hierarchy Involve of criteria analysis and
identification. The decision hierarchy start fréine top level with the goal of
the work (i.e., Development of sustainable supghgic), followed by the
intermediate level which define the criteria (iustainability dimensions) and
sub-criteria (i.e., different types of environméntapact), to the lowest level
(i.e., a set of process alternatives). The catarid sub-criteria are prioritised

based on their level. Figure 7.3 shows the gemégahrchy structure.
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Figure 7.3: Hierarchical structure for sustaindhbtemass supply chain development.

Construct pairwise comparison matrices for each lesf: Pairwise comparison
matrices for each level of criteria and sub-crites constructed based on the
expert judgement. It is constructed accordingnéorelative importance of each
criterion. Table 7.1 represents the general sirecdf a pairwise comparison
matrix, where @ C ... G, refer to the criteria, whileig cio, ... Gin refer to the
numerical comparison scale that assign to eacérionit (note that.e indicates
the numerical comparison scale that assign tordlative to G). These
numerical comparison scale are attained througimexpoint Saaty’s scale as

shown in Table 7.2.
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Table 7.1: General structure of pairwise comparisairix.

G C2 G
G1 C12 ... Gn
C1 C22 ... @n
G @1 Cn2 Gn

Table 7.2: Numerical comparison scale (Saaty, 1977)

Intensity of Definition Explanation
importance
1 Equal importance Two criteria contribute equédiyhe objective
3 Moderate Experience and judgement slightly favour one
importance criterion over another
5 Strong Experience and judgement strongly favour one
importance criterion over another
7 Very strong A criterion is favoured very strongly over
importance another, its dominance demonstrated in practi¢e
9 Extreme The evidence favouring one criterion over
importance another is of the highest possible order of
affirmation
2,4,6,8 Used when compromise between values®f3, 7, 9 is needed

V. Computation of the priority scale: Eigenvalues and eigenvector of the
pairwise comparison matrix is obtained in orderdetermine the relative
importance of each criterion. Let tNe¢ Ncomparison matrix in Table 7.1 be

matrix A:
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G. °* Q.
TEUY W ¥ (7.16)
. °* QEee

TY E ®RY (7.17)

+

Y EUVX (7.18)
TE

where,Y is the eigenvector which represents the weightageiority of each
criterion @el8+., ... +g), while SRR refers to the eigenvalue of the pairwise
comparison matrix. The eigenvector can be detexdhithrough a simple
method: Firstly, all cells in an individual colunane summed together. Then,
this value is divided with the sum of all cellstire comparison matrix. Repeat
these steps in all rows, the result is the eigetiovét. After obtaining the
eigenvector, th&2R can be obtained by dividing the cellN# row of matrix

TY by the cell ilN" row of matrixY. The value should be same for each row.

Check the consistency ratioThe consistency of the pairwise comparison can

be analysed through the consistency ratio (CRis defined as follow:

te

g ELS (7.19)
0-Y 405

g ES (7.20)

where CI refers to the consistency index which barndetermined by using
Equation (7.19), while RI refers to the random mdepend on the value bf
The average RI derived from a sample size of 5@@ierated by Saaty (1987).

The value of CR should be less than 0.10 in ord@mtsure a certain level of
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consistency. |If it is not satisfied, the previgusdgement regarding to the

relative importance of the criteria has to be redi¢Saaty, 1987).

Evaluation of the goal Evaluate the achievement of the objective (degree
of sustainability) by using the priorities scaleabed in previous step. The
process alternatives are ranked according to geegeof sustainability. Figure

7.4 shows the summary of the aforementioned steps

Figure 7.4: Analytical hierarchy process.
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7.4.4 Multi-objective optimisation approach
In this section, a novel optimisation approacheblasn PCA method is
proposed. Aside from this, the obtained optimie=iilts are compared with the two
conventional optimisation approaches, namely weigtgum approach and max-min

aggregation approach. The optimisation formulaiagiven in the sub-sections below:

7.4.4.1 Weighted sum approach

Weighted sum approach is one of the simplest agdition method. It allows
to transform a set of objectives into a single otiye by assigning a preferred priority
scales to each objective. This approach has esrduced in Chapter 6, while the

objective function is now revised to incorporateiabimpacts into the model:

x'LSZQ LELY ¢S" ZLY® ¢S® ZLY? ¢ S% (7.21)

Y ZLY® ZLY? EN (7.22)

where&" refers to the degree of satisfaction based orsde@l sustainability, while
Y %" refers to the priority scale assigned to the s$atiatainability based on the AHP

result. Equation (7.22) assure that the summatidhese weightage is equal to 1.

Note thatS" andS” can be determined by using the formulation lisited
Chapter 6 (refer to Equations (6.18) and (6.19)jlev3®@%is calculated by using

equation below:

FE& F ey, (7.23)
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. @®he
\ @@Ai @@—\A.
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¥ E, | gon | LLLLLLLLM™- S (7.24)

whereM? E“[t-eq/y] andM? +Tt-eq/y] refer to the upper and lower limit of teecial
impact at category caused by the entire supply chain respectivelyajobt by
maximising and minimising Equation (7.15%" refers to the degree of satisfaction of
each social impaat, while Y refers to the relative importance of each soomgdct.
Note that the minimisation case is used for somahcts such as HTPE, HTPI, ISI and

risk of pedestrian fatality; while the maximisaticase is used for job creation.

7.4.4.2 Max-min aggregation approach

Max-min aggregation approach is one of the mostelyidutilised fuzzy
optimisation method nowadays. This approach esdted the objectives in the model
will not be over-improved while omitting the imparice of the other objectives (Ng et
al.,, 2016). By using this approach, the degresatisfaction for the least satisfied

objective,S" & is being maximised:

x'LS* & LL (7.25)
SH& LLLZLS (7.26)
SHE&LLLZIS (7.27)
St & LLLZES (7.28)
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7.4.4.3 PCA-aided approach

PCA allows to transform a larger series of origivaiables into a smaller series
of PCs. The PCs of a data set are determined Ibingan eigenvalue-eigenvector
problem for the covariance matrix of the data stgwever, the properties of PCA have
some undesirable features when dealing with vaghinder different units of
measurement (Jolliffe & Cadima, 2016). Thus, shesrto address this issue, correlation
matrix, which involves standardisation of dataset is ussttad of covariance matrix
(Al-Sayed, 2015). The correlation between varightedefined as Equation (7.29),

wheren refers to the number of possible solutionsand”; are the variable$;d and
“¢d are the mean value of these variables; V\éﬁgeandepg are the standard deviation

of these variables.

GAe¥ 1,8 E o FhEMy ) B2y (7.29)

i g

Therefore, in our case, eigenvectorgan be computed by using Equation (7.30)
(assume det€ S nL ).= 0, where refers to the identity matrix). Note that thesfir
PC (PC1) is corresponded to the largest eigenlugndicates that PC1 explains the

largest portion of the problem’s variance, followsdsecond PC (PC2), and so on.

LES Ll (7.30)

Finally, the sustainability performance of the s$iolns can now be redefined
and represented in the PC space by using the R@sss@lso named as factor scores)
(Abdi & Williams, 2010). It is defined in Equatio(V.31), where refers to the

standardised original data matrix:

-217-



Chapter 7

€gL,gpep E L (7.31)

Note that the standardised value of data’* "  (used in the matrix) is
determined via Equation (7.32), whérgkefers to the mean of the original data series;

while ep refers to the standard deviation of the origirethdseries:

~ &%, &= (7.32)

In this work, a threshold cut (TC) of 90 % is seensure the considered PCs

are sufficient to describe the problem, while kagghe loss of information at minimal:

<Z > T"'ZIT (7.33)

where...zl ; refer to the total variance described by first PCs. As already mentioned,
PCs consist of a convex combination of originaliatales, while each variable has
different optimisation direction (maximise or mirige). Therefore, it is vital to
identify the correlation between these variablesl &#Cs (directly-correlated or
inversely-correlated) and their contribution rat&lote that the correlation can be
determined by using Equation (7.34), while conttitru is calculated through Equation
(7.35), where refers to the projection matrix which shows catiein between the
original variables and the PCs; whilg+ denotes the eigenvector assigned to variable

b on thez" PC:

ELoS InLL (7.34)
gA 4G ~A GBTCE%LLG:RQqLLLLLé”\‘S ™ § s (7.35)
> p@pgd
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Table 7.3 is used to demonstrate how the PCs captimised, where “+” and
“" sign in 2" column indicates that the variable is increasedemreased with PCs
(identified through Equation (7.34)), “+” and “-ign in 39 column that the variable
has to be maximised or minimised, @olumn refers to the contribution of each variable
on PCs based on the described variance (deterrisiad Equation (7.34), while"s
column refers to the priority scale set for eadtielde (obtained from AHP). The score
is used to determine optimisation direction for P@sere “+” sign is used wherf'®2
and 3 columns have the same sign (e.g., V1 and V2),enfilsign is used when"®
and 3¢ columns have different sign (e.g., V3). Note thdtsign for the net direction

indicates that the corresponding PC has to be maadnwhile “-” sign indicates

minimisation case.

Table 7.3: Concept for PCA-aided optimisation appto

Variables Correlation Direction Contribution Priority scale

(%) (%)
V1 + + 10 40 +0.1*0.4
V2 - - 50 40 +0.5*0.4
V3 + - 40 20 -0.4*0.2
Net direction= +0.16

The objective function of this optimisation apprbas defined as in Equation (7.36),
whereSt < refers to the degree of satisfactionz¥ PC (or€g+), while ...zl + [%]

denotes%)] denotes the total variance described] IAC.

PaL> ;@5 ¢L...zItA (7.36)
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S < is defined based on fuzzy concept, wfﬁjgmandm?"%fer to the maximal

and minimal score for th#" PC:

ot @

Act .
@A @-A
ct @At | _
@A 89 L7 OZT=EUK| | | &g (7.37)

Toct et
Gt
[ @A O

S <L

FH‘>

< 89 Lt79Z7=EwK

7.5 Case Study Description

The same case study in Johor state is extendexvéo the social impacts in the
supply chain. The entire case study is decompoasedtwo stages: (i) technology
selection, which aims to determine the optimal t@emconversion pathway for each
biomass; and (ii) transportation design which a@ondetermine the optimal location to
set up processing hub and the optimal biomass aitwt design for the biomass

industry. The extended information is listed below

7.5.1 Social assessment
The sources of each environmental impact (i.e., G@PP, POCP, AP, NP,

ADP, ATP, TTP, WF and LF) are discussed in thisseahion:

7.5.1.1 HTPE and HTPI

The HTPE and HTPI score for each material is tabdlan Table 7.4.

7.5.1.2 ISl
The ISI score for each technology is determinesting to the user manual

proposed by Hurme and Heikkild (1998). These scare tabulated in Table 7.5.
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Table 7.4: Human toxicity potential score (Scor&aoied from WAR algorithm
software (WAR GUI, 2011)).

Material HTPE HTPI Material HTPE HTPI
[m3/mg] Lellyle] [m¥mg]  [kg/mg]
CO 0.0001 0.0000 Bio-char 0.000 0.1687
CHs 0.0015 0.0000 Energy Pack 0.2000 0.002p
(6{0) 0.0182 0.0000 Bio-ethanol 0.0001 0.0001
N20 0.0111 0.0000 Citric acid 0.0000 0.0001
SO, 0.0769 0.0000 Syngas 0.0048 0.0000
Py-oil 0.2000 0.0020 DLF 0.0000 0.0000

Table 7.5: Inherent safety index (ISI) (Score mgsed based on guideline given by
Heikkila (1999).

SCM Activities ISI SCM Activities ISI
DLF production 12 Citric Acid 25
Production
Energy Pack 13 Anaerobic 30
production digestion
Gasification 34 Animal feed 9
production
Fast pyrolysis 31 Fertiliser 15
production
Slow pyrolysis 30 Combustion 35
Bio-ethanol 22
Production
220
24°
26
aUndergo dilute acid pre-treatment. bUndergo dilute alkaline pre-treatment.
¢Undergo hot water pre-treatment. dUndergo steam explosion pre-treatment.
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7.5.1.3 Transportation safety

Numerous studies have found the relationship beatwee vehicle size to the
risk of fatality during an accident (NHTSA, 1997 is expected that larger vehicle
will lead to higher risk of pedestrian fatality selarger vehicle carries greater kinetic
energy compared to the smaller vehicle at the sgmeed. By assuming the linear
correlation between risk of pedestrian fatality ahe kinetic energy carried by the

vehicle (see Equation 7.38), Figure 7.5 which shtivesestimated risk of pedestrian

fatality for each transportation mode is constrdcte

g8 qiiLLtpOy4 LMY O™®  LLLLLLLLLLLLLL™. & w (7.38)

Figure 7.5: Risk of pedestrian fatality.
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To illustrate, a vehicle which moving at 70 km/Hlwiarry 0.53 kJ of energy.
According to Equation (7.14) (vehicle maspQyy4. lreported in Rosén and Sander
(2009) is assumed at 2.8 t), the calcula6¥ ¥ is 0.3543. However, based on the
assumption made in Equation (7.38), same kinetierggnis carried by other
transportation modes when they are moving at dgigpeed (i.e., i 61 km/h; m:
45km/h; m: 36 km/h; m: 30 km/h; ma: 24 km/h). Thus, it is assumed that ﬂﬁé‘)&u
for these vehicle modes under the correspondingdsigeequal to 0.3543 (similar to

g(&)&u

the reported by Rosén and Sander (2009) when driyaegais set at70 km/h).

Note that the mass of each vehicle modes is taaliiatTable 7.6.

Table 7.6: Mass of each vehicle modes

Transportation mode z{%l| ¢ [i]
ma 3.6
my 6.7
m3 10.3
my 14.9
ms 22.7
Reported in Rosén and Sander (2009) 2.8

7.5.1.4 Job creation
Aside from the significant economic increment antssantial environmental
benefit, the commercialisation will also createsidarable amount of incremental jobs

(MIGHT, 2013). Table 7.7 tabulates the estimatdxlgreation for each process.
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Table 7.7: Job creation.

SCM Activities Job creation Reference
DLF production 0.002 [job/t fibre] (FAO, 2014)
Energy Pack productién 0.0215 [job/t EP] -
Gasification/Pyrolysis 0.004 [job/ %hio-ail] (Maia et al., 2011)
Bio-ethanol Production 0.01 [jobfhio-ethanol] (Sustek, 2011)

Citric Acid Productiof 0.005 [job/micitric acid] -

Anaerobic digestion 2.21 [job/MW] (McDermott, 2012
Animal feed/fertiliser 0.0004 [job/t product] (Chen, 2016)
production

Combustion 0.5759 [job/MW] (Maia et al., 2011)

aValue estimated based on energy generated (compattedombustion technology)
bValue estimated based on the job creation of siccaitid (Gatto, 2013)

7.5.2 Analytical Hierarchy Process (AHP)

The sustainable dimensions were evaluated using, A¥fiere the numerical
comparison scale was identified through expert gmagnt. The data is collected
through questionnaire survey (15 respondentsaselesfer to Appendix Section A.4.1
for the questionnaire sample). In order to aggee@édl these individual judgements
into a single comparison matrix, geometric meanoeis opted (Dong et al., 2010).

The geometric mean is defined as in Equation (7.39)

@ 2. ,qAp-A EE.qAp. €.qAp. ¢EL.qAD: (7.39)

where,qAsp refers to the priority score assigned by eacharders, while srefers to
the number of responders. To illustrate, assuimecktare three respondents (A, B and

C), where the relative individual judgement is talbed in Table 7.8. Then, geometric
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mean of each numerical comparison scale is detedramd the pairwise comparison
matrix constructed as Table 7.9. The pairwise @mspn matrix and the determined

relative priority scale of each objective is taltethin Table 7.10.

Table 7.8: Sample individual judgement.

EC EN SC Respondent

EC 1 2 5

EN 1/2 1 3 A

SC 1/5 1 1/3

EC 1 2 2

EN 1/2 1 1 B

SC 1/2 1 1

EC 1 1/2 2

EN 2 1 3 =

SC 1/2 1/3 1

*EC=Economic; EN=Environmental; SC=Social

Table 7.9: Pairwise comparison matrix example.

EC EN sc
EC 1 . ol TT1T &1ifK
710N @i OF T rE ETIR
EN | 8 R . . 1 oCTRTC G 1igE
7,\T'I\'T” @ qifE oCINICCIIgE

sc 1

7K-|'rK-TrR-TCEq‘IOf 7'<-C‘r|§rRCCEqi'I'E

*EC=Economic; EN=Environmental; SC=Social
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Table 7.10: Pairwise comparison for the sustaiitglidimensions.

SC Relative weight,w  Rank
EC 1 2 2 0.50 1
EN 1/2 1 1 0.25 2
SC 1/2 1 1 0.25 2
CR 0 Total =1 -

*EC=Economic; EN=Environmental; SC=Social

7.6  Result and Discussion

The results and discussions are given in the fatigwubsections:

7.6.1 PCA-aided optimisation approach
As already mentioned, the entire case study isrdposed into two parts: (i)

technology selection and (ii) transportation design

7.6.1.1 Technology selection

This stage aims to determine the optimal biomassersion pathway for each
biomass. In this case study, there are more tl#h g@ssible solutions for the
technology selection. The sustainability perforoen in terms of economic,
environmental and social dimension of each solutiom determined by using the
formulated model. Then, these series of data areegsed through PCA in order to
reduce the data redundancy. Figure 7.6 showswlmaPCs are sufficient to describe
the data (since. ...zl+, EgL.). Therefore, each solution is now represented in

terms of PC1 and PC2 (see Figure 7.7). Theseatiayare constructed by using a
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closed access Excel add-in (XLSTAT, 2017). Notd tha dark green dots are the

possible solutions in this case study.

Figure 7.6: PCA for technology selection (XLSTAD1Z).

Figure 7.7: PC score for technology selection (XA$T2017).
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Table 7.11 and Table 7.12 are constructed in dodéetermine the optimisation

direction of PC1 and PC2.

Table 7.11: PCA-aided optimisation for technologiestion (PC1).

Variables Correlation Direction Contribution  Priority

scale [%]
Lu + + 7.984 50.00 7.984 x 0.5 = 3.992
GWP - - 7.986 7.986 x 0.25/8 = 0.250
AP - - 8.182 8.182 x 0.25/8 = 0.25p
POCP + - 8.393 -8.393 x 0.25/8 = -0.2p2
NP + - 8.426 -8.426 x 0.25/8 = -0.263
ATP + - 8.453 2500 -8.453 x 0.25/8 = -0.264
TTP + - 8.445 -8.445 x 0.25/8 = -0.264
ADP - - 8.174 8.174 x 0.25/8 = 0.25b
WF + - 8.431 -8.431 x 0.25/8 = -0.263
HTPI + - 8.445 -8.445 x 0.25/4 = -0.528
HTPE + - 8.379 -8.379 x 0.25/4 = -0.524
25.00
ISI + - 0.268 -0.268 x 0.25/4 = -0.017
JC + + 8.435 8.435 x 0.25 = 0.527
Net direction = +2.895

*Positive when the sign in"2and 3 columns are the same; negative when the sign in
2"dand 3 columns are diferent
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Table 7.12: PCA-aided optimisation for technologiestion (PC2).

Variables Correlation Direction Contribution  Priority

scale [%]
Lu - + 0.534 50.00 -0.534 x 0.5 = -0.267
GWP + - 1.421 -1.421 x 0.25/8 = -0.044
AP + - 1.058 -1.058 x 0.25/8 = -0.033
POCP - - 0.968 0.968 x 0.25/8 = 0.030
NP + - 0.451 -0.451 x 0.25/8 = -0.014
ATP + - 0.464 2500 -0.464 x 0.25/8 = -0.014
TTP + - 0.497 -0.497 x 0.25/8 = -0.016
ADP + - 0.940 -0.940 x 0.25/8 = -0.029
WF + - 0.553 -0.553 x 0.25/8 = -0.017
HTPI + - 0.497 -0.497 x 0.25/4 = -0.031
HTPE - - 1.259 1.259 x 0.25/4 = 0.07P
25.00
ISI + - 90.826 -90.83 x 0.25/4 = -5.647
JC + + 0.534 0.534 x 0.25/4 = 0.033
Net direction = -6.000

*Positive when the sign in"2and 3 columns are the same; negative when the sign in
2"d and & columns are diferent

The results show that PC1 should be maximised wRi& should be
minimised. Note that the priority scales usedsfach objective are determined through
AHP, while assuming all the sub-indexes for envinental and social dimension are
equally important (e.g., GWP is equally importamtother environmental impacts;
HTPI is equally important to other social impactS)milar optimal results are obtained

compared to the solution obtained from previousptdra(see Section 4.5.1, Figure
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4.14), but the selected pre-treatment for the ager bagasse in the bio-ethanol
production has shifted from hot-water pre-treatrrtendilute alkaline pre-treatment,

while pineapple peels are used as the feedstocknioral feed production (see Figure
7.8). This is probably due to the lower social aois for the current selected

technologies (lower ISI for these technologies caragd to others).

Figure 7.8: Optimal technology selection via PQéed approach.
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7.6.1.2 Transportation design

This stage aims to determine the optimal locatoset up processing hub and
the optimal biomass allocation design for the bissnadustry. In this case study, the
average driving speeM®' % Lduring transportation is assumed to be eitherrBhk
60 km/h or 70 km/h. Similarly, the sustainabilggrformances of each solution are
determined by using the formulated evaluation moddéle PCA results show that that
three PCs are sufficient to describe more than 9ff %e total variance (see Figure
7.9). Therefore, as shown in Figure 7.10, eachtisol is now redefined in terms of
PC1, PC2 and PC3. Note that the PC1 and PC2 medtin this section is different

from the one mentioned in previous section.

Figure 7.9: PCA for transportation design (XLSTADL17).
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Figure 7.10: PC score for transportation designSXAT, 2017).

Table 7.13, Table 7.14 and Table 7.15 are congtluatorder to determine the
optimisation direction of PC1, PC2 and PC3. NdtatgV*TRM/y] refers to the
investment cost required (i.e., summatiom¥"  andg ' ). The result shows that
all three PCs have to be minimised (net scoresstiean zero). The model suggests to
increase the number of hubs to four (the optimatimer of hubs obtained in Chapter 6
is three). As mentioned in Chapter 5, more hullsledd to lower transportation cost
and lesser emissions, but higher hub investmentasoa trade-off. In addition, it also
suggests to increase the average driving spé€4” to 70 km/h (instead of 60 km/h)

in order to further improve the economic viabilifthe supply chain.
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Table 7.13: PCA-aided optimisation for transpodiatilesign (PC1).

Variables Correlation Direction Contribution  Priority

scale [%]
i - - 4.283 50.00 4283 x0.5=2.141
GWP + - 15.798 -15.798x 0.25/7 = -0.564
AP + - 15.812 -15.798 x 0.25/7 = -0.5p4
POCP - - 2.070 2.070 x 0.25/7 = 0.07§
25.00
NP + - 15.812 -15.812 x 0.25/7 = -0.5p4
ATP + - 1.510 -1.510 x 0.25/7 = -0.054
ADP + - 15.812 -15.812 x 0.25/7 = -0.5p4
LF - - 10.013 10.013 x 0.25/7 = 0.35]7
HTPE + - 15.812 -15.812 x 0.25/2 = -1.97p
25.00
Risk - - 3.077 3.077 x 0.25/2 = 0.384
Net direction = -1.331

*Positive when the sign in"2and 3! columns are the same; negative when the sign in
2"d and 3 columns are diferent

Table 7.14: PCA-aided optimisation for transpodatilesign (PC2).

Variables Correlation Direction Contribution  Priority

scale [%]
# + - 32.318 50.00 -32.318 x 0.5 = -16.1%9
GWP + - 0.375 -0.375x 0.25/7 =-0.013
AP + - 0.348 -0.348 x 0.25/7 = -0.012
POCP + - 0.000 -0x0.25/7=0
25.00
NP + - 0.348 -0.348 x 0.25/7 = -0.012
ATP + - 42.600 -42.6 x 0.25/7 = -1.521
ADP + - 0.346 -0.346 x 0.25/7 = -0.012
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Table 7.14(cont’): PCA-aided optimisation for traogation design (PC2).

Variables Correlation Direction Contribution  Priority

scale [%]
LF + - 16.198 25.00 -16.198 x 0.25/7 = -0.578
HTPE + - 0.348 -0.348 x 0.25/2 = -0.043
25.00
Risk - - 7.120 7.120 x 0.25/2 = 0.890
Net direction = -17.463

*Positive when the sign in"2and 3 columns are the same; negative when the sign in
2"d and & columns are diferent.

Table 7.15: PCA-aided optimisation for transpod@tdesign (PC3).

Variables Correlation Direction Contribution  Priority

scale [%]
" # + - 4.793 50.00 -4.793 x 0.5 = -2.397
GWP + - 2.558 -2.558 x 0.25/7 = -0.091
AP + - 2.537 -2.537 x 0.25/7 = -0.090
POCP + - 40.900 -40.9 x 0.25/7 = -1.460
25.00
NP + - 2.537 -2.537 x 0.25/7 = -0.090
ATP - - 1.649 1.649 x 0.25/7 = 0.059
ADP + - 2.536 -2.536 x 0.25/7 = -0.090
LF + - 3.318 -3.318 x 0.25/7 = -0.11B
HTPE + - 2.537 -2.537 x 0.25/2 = -0.317
25.00
Risk + - 36.635 -36.6 x 0.25/2 = -4.579
Net direction = -9.177

*Positive when the sign in"2and 3 columns are the same; negative when the sign in
2"d and & columns are diferent.
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