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Abstract

Malaysia generates substantial agricultural residues annually, endowing the country with sig-
nificant biomass energy potential. Palm oil biomass stands out as a promising feedstock. How-
ever, its high humidity, bulkiness, low energy density, and dispersed resource locations (mills)
pose challenges. A network that consisting collection facilities incorporating pretreatment op-
erations as intermediaries between mills and biorefineries is a plausible solution. Nevertheless,
the facility locations directly impact travel distance, overall expenses, and the nearby population.
Moreover, vehicle routing during biomass collection influences transportation costs and carbon
dioxide (CO2) emissions. Consequently, this research designs a model to address the location-
routing intricacies within a two-echelon biomass supply chain. The model operates as a multi-
objective optimization framework, encompassing three-dimensional sustainability assessment,
quantified respectively as total cost minimization, CO2 emissions reduction, and minimization
of the population affected. The research initially optimizes each objective function individu-
ally and subsequently advances to multi-objective optimization employing the weighted sum
approach. While single-objective optimization yields optimal outcomes for each dimension, en-
hancements in one aspect may hinder performance in others. Nonetheless, the multi-objective
optimization provides insight into the trade-offs among the sustainability objectives. The com-
putational findings demonstrate the model could adapt the network configuration in alignment
with distinct sustainability aspirations.

Keywords: biomass supply chain; location-routing problem; mixed integer nonlinear program-
ming; palm oil biomass; two-echelon location-routing model.
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1 Introduction

As a major palm oil producer, Malaysia generates substantial quantities of palm oil empty
fruit bunches (EFB) biomass, offering a promising source of biomass energy. Increasing biomass
energy production will enhance the clean energy composition in Malaysia’s overall energy gener-
ation, supporting Malaysia’s pledge for sustainable development. However, there are numerous
logistical and operational challenges to maximizing the benefits of biomass energy. The EFB re-
source sites that spread across rural and semi-urban regions might pose collection difficulties.
The low energy density, high humidity, and bulky nature of biomass also lead to storage space
issues, transportation difficulties, and reduced combustion efficiency. Hence, an efficient Biomass
Supply Chain (BSC) is crucial. The architecture of the supply chain network is crucial to driving
the profitability and productivity of the supply chain [28]. The motivation of this study is to ad-
dress the challenges by optimizing the BSC network and supporting Malaysia’ s clean energy and
sustainability commitments.

The BSC could be categorized into upstream, midstream, and downstream segments. The
upstream includes biomass resources, pretreatment facilities, and storage centers [3, 20]. The
midstream involves biorefineries and mixing plants [20], while the downstream covers biofuel
storage and distribution to consumers [22]. The upstream segment is particularly interesting to
examine, as it differs significantly from the middle and downstream segments, which resemble
petroleum industry processes [3]. This study focuses on optimizing the BSC network, particu-
larly the upstream and midstream segments, by delving into a network consisting of collection
facilities with pretreatment operations. These collection centers can alleviate the challenge posed
by dispersed resource sites. Pretreatment, such as pelletizing, reduces humidity and compresses
biomass, thereby increasing its energy density [25]. Improved physical characteristics and energy
density enhance storage, transportation, and combustion efficiency. The investigated BSC network
involves palm oil mills (feedstock sources), collection facilities (intermediaries), and biorefineries
(energy conversion).

The locations of collection facilities significantly affect the biomass supply chain by influenc-
ing travel distances and overall costs. Properly positioned facilities reduce operational costs by
reducing the need for extra storage and lowering environmental impact through shorter trans-
portation routes. In supply chain design, vehicle route planning is another major concern [27].
Poorly planned routes not only increase operational costs but also contribute to air pollution [31].
Efficient routes cut down transportation time and costs, improve resource utilization, and reduce
CO; emissions. Operation Research (OR) principles address these challenges as Facility Loca-
tion Problems (FLP) and Vehicle Routing Problems (VRP), respectively. While these problems
are interconnected and contribute to the effectiveness of the BSC network, they are often tackled
separately, potentially leading to suboptimal solutions [5]. Hence, this research aims to solve FLP
and VRP simultaneously as a location-routing problem (LRP).

Generally, the objective of the BSC model is to establish an efficient framework that meets cus-
tomer demand while minimizing costs. However, decisions within the BSC also impact the en-
vironment and society. Collection facilities might generate noise and release chemicals, making
them unsuitable for placement in densely populated areas. Therefore, the BSC model should
prioritize the least population areas for facility establishment to minimize the concentration of
negative social impacts on communities (social performance). Furthermore, the substantial con-
tribution of transportation-related CO, emissions to global warming should not be overlooked.
Hence, the network design should incorporate route planning that minimizes total CO; emissions
(environmental performance).
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In this study, the logistical and operational challenges associated with the usage of EFB as
biomass energy in BSC Malaysia is examined. The characteristics of biomass, including bulki-
ness, high humidity, and low energy density, combined with its distributed resource sites cause
problems for collection, storage, transportation, and combustion efficiency. A BSC consisting of
collection facilities equipped with pretreatment operations might be a plausible solution. Then,
the associated collection facility placement and truck routing problems impact the overall perfor-
mance of BSC. Suboptimal solutions may arise from handling these two core BSC research prob-
lems individually. Hence, this study aims to develop an LRP model that simultaneously optimizes
the location of collection facilities and transportation routes to enhance the BSC’ s economic, en-
vironmental, and social performance.

A mixed-integer nonlinear programming model is introduced to address the LRP within a
two-echelon BSC network comprising pretreatment operations. The model optimizes the collec-
tion facility locational and truck routing decisions while considering sustainability through cost
minimization (economic performance), total CO, minimization (environmental performance),
and total affected population minimization (social performance). In summary, this research es-
tablishes a distinct multi-objective two-echelon LRP (MO2ELRP) model for a palm oil EFB BSC
network and quantifies the pretreatment operations into the model, setting it apart from a general
two-echelon LRP (2ELRP) model.

This study proposes a novel approach in the context of BSC network optimization to optimize
facility locations and truck routing decisions simultaneously. Additionally, the model offers a fun-
damental structure for managing the BSC network with one or various sustainability objectives,
an aspect that has been less explored in previous LRP research within BSC contexts. Thirdly, the
suggested model uniquely quantifies the pretreatment operations which makes it a distinction
from the general LRP model. Finally, the model may be used to optimize any other BSC networks
of various facilities utilizing diverse technologies.

This research has contributed to the BSC and LRP research in the following ways. The de-
veloped two-echelon network model including pretreatment operations enhances the practical
applicability and effectiveness of model optimization in solving LRP in the context of BSC. By
taking into consideration economic, environmental, and social performances, the model offers a
framework for managing sustainable BSC. Since the model optimizes the locational and routing
decisions simultaneously, it improves the overall BSC performance. Lastly, considering the modi-
fications in biomass properties brought about by the pretreatment operation, the model has been
adapted to the process in BSC and makes it different from the general LRP model.

The originality of the research lies in the holistic and versatility of the model. The integration
of economic, environmental, and social performance goals into the LRP optimization model in
the BSC context represents a holistic sustainable advancement in BSC investigation areas. The
model could be applied to various BSC networks employing different technologies demonstrating
its versatile utility and innovation. Further, this research has a foundational impact on future BSC
research to incorporate multiple sustainability objectives and pretreatment operations into solving
the LRP in the BSC.

The paper is structured into six sections: Section 2 provides an overview of optimization mod-
els in the BSC field, Section 3 defines the problem and assumptions, Section 4 presents the math-
ematical model, Section 5 outlines the results of computational experiments, and the final section
presents conclusions and limitations.
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2 Literature Review

In recent years, there has been a substantial body of research exploring the design of the
Biomass Supply Chain (BSC) network. Most BSC studies have focused on various aspects of
decision-making, such as resource allocation, facility location, and vehicle routing. Among these
decisions, determining optimal facility locations holds paramount importance in shaping the net-
work’s structure. To address this challenge, Zhao and Li [58] employed binary integer program-
ming to pinpoint the suitable location for a power plant, while Salleh et al. [38] utilized a least-
squares regression approach for locating a biomass processing facility. Some researchers have
addressed Facility Location Problems (FLP) while assessing crop availability by combining multi-
criteria analysis with Geographic Information System (GIS) techniques, such as assessing the
availability of corn stover and wheat straw [37], estimating forest residue supply [53], and evalu-
ating manure availability from farms and wood density [17].

Research articles focused solely on the allocation problem have been documented as follows.
While taking into account the limitation of vehicle capacity, the model of How and Lam [13] solved
the biomass allocation problem. Wang et al. [52] formulated a model to estimate biomass supply
and determine co-firing ratios for retrofit power plants. She et al. [44] explored wood residue
salvaging in both sequential and integrated scenarios. Rivera-Cadavid et al. [33] created a model
to decide which sugarcane biomass plots should be collected daily. Tiammee and Likasiri [48]
addressed distribution and disposal issues related to corn residue.

The modeling of the location-allocation problem has also garnered substantial attention from
researchers. Serrano-Hernandez and Faulin [43] developed a model to ascertain storage policies
and determine biorefinery capacities and numbers. Saadati and Hosseininezhad [35] devised a
network design for the bioethanol supply chain, taking into account road and railway transport.
Sarker et al. [40, 41] addressed BSC issues involving resource sites, hubs, and reactors. Several
studies have incorporated GIS into their research. Zhang et al. [56] combined GIS with simula-
tion and optimization, while Zhang et al. [57] integrated GIS with optimization. Soha et al. [46]
applied GIS and logistics analysis to optimize biogas supply chains. Other combinations of tech-
niques found in the literature include combining GIS with nonlinear programming and evolution-
ary strategies [42], using GIS with the p-median model [15], integrating GIS with mixed-integer
programming [36], and coupling GIS with robust optimization [32].

The challenges posed by vehicle routing and scheduling have captured significant attention
due to their considerable contribution to overall expenses. In this arena, Torjai and Kruzslicz
[50] established a model for biomass delivery schedules, while Soares et al. [45] synchronized
truck pickup and delivery operations. Vahdanjoo et al. [51] utilized a vehicle routing model to
solve the bale collection problem. Pinho et al. [30] proposed a predictive vehicle routing control
model. Fokkema et al. [10] tackled a biogas logistic problem using a continuous-time inventory-
routing model. Cardenas-Barrén and Melo [6] examined the reverse logistics of waste vegetable
oil collection, modeling it as a selective and periodic inventory-routing problem. Malladietal. [23]
investigated transshipment and routing plans for the forest supply chain, while Zamar et al. [55]
designed routes for sawmill residue collection, considering biomass availability and humidity.

Researchers have started to delve into Location-Routing Problems (LRP), recognizing the in-
herent connection between FLP and Vehicle Routing Problems (VRP) (Table 1). In this context,
Cao et al. [5] proposed solving FLP and VRP for the BSC concurrently. Morales Chavez et al. [7]
developed a stochastic location-inventory-routing model for BSC. Habibi et al. [12] aimed to min-
imize costs in the location-inventory-routing model for the microalgae biofuel network. Working
within a similar network, Asadi et al. [2] optimized economic and environmental performance.
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A few studies have explored the LRP involving two echelons, exemplified by Li et al. [21] and
Cao et al. [4]. However, Li et al. [21] focused on a network comprising a single end-user (power
plant), while the design by Cao et al. [4] involved multiple customers (biorefineries).

In contrast, only a handful of articles have considered incorporating pretreatment operations
into the network structure. San Juan etal. [39] developed a model that integrates feedstock quality
and pretreatment operations. De Meyer et al. [9] quantified the pretreatment operations and
biomass loss within their BSC model. Arabi et al. [1] formulated a network design considering
pretreatment and deterioration rates in an algae-based supply chain.

Unsurprisingly, economic performance has been the central focus of the articles discussed thus
far, given its pivotal role in BSC management. Nonetheless, environmental and social objectives
can potentially conflict with economic goals. Few studies have addressed both economic and en-
vironmental performance in BSC. From the literature, minimizing total cost is often paired with
minimizing CO, emissions, with studies focusing on emissions from transportation only [35, 58],
transportation and combustion [39], or transportation and distribution facilities [2]. Other perfor-
mance metrics in the literature include maximizing net revenues and greenhouse gas savings [44],
maximizing profit and carbon absorption [1], and maximizing profit along with environmental
sustainability satisfaction[13]. Moreover, the social sustainability aspects of BSC have been over-
looked in most existing research. Few articles, such as those by Tiammee and Likasiri [48] and
Morales Chavez et al. [7], have taken a broader view by designing network structures that account
for all three dimensions, including the social dimension. Among the most common economic ob-
jectives is the minimization of total costs across the network. Similarly, the maximization of job
creation is a prevalent social performance goal, and the assessment of total CO;, emissions holds
a significant influence in evaluating environmental performance.

Most articles addressing LRP in BSC have primarily targeted optimizing economic perfor-
mance in Table 1. However, only a limited number of LRP articles have holistically considered
all three dimensions. For instance, Asadi et al. [2] worked on economic and environmental per-
formance, aiming to minimize total cost and system pollution. The LRP study encompassing sus-
tainability from all dimensions is the work by Morales Chavez et al. [7], who designed a model to
maximize net present value, minimize environmental impact, and maximize positive effects like
job creation and food security.

An analysis of the existing literature reveals several gaps:

a) Few studies have tackled the solution of LRP within BSC, and fewer still have ventured into
the realm of 2ELRP.

b) Research articles addressing the sustainability of solving LRP in BSC are lacking.

¢) Existing LRP research in BSC rarely includes goals of minimizing CO, emissions and reduc-
ing the affected population.

d) Only a minority of research articles have incorporated pretreatment operations into their
network models.
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Table 1: Articles related to location-routing problems in the biomass supply chain.

Reference LD AD RSD PO Eco Env Soc Obj

[4] . . . . Min total cost
[5] o . o . Min total cost
[21] . . o o Min total cost
[12] . . . . Min total cost
[2] ° ° ° ° ° e  Min total cost,

Min total system pollution
[7] ° ° ° ° ° e  Max net present value,
Min environmental impact,
Max positive impact
(job creation and food security)

Note: LD = Locational Decision, AD = Allocation Decision, RSD = Routing or Scheduling Decision,
PO = Pretreatment Operation, Eco = Economic Performance, Env = Environmental Performance,
Soc = Social Performance, Obj = Objectives

This research aims to bridge these gaps and make practical and academic contributions. It
offers an industry and policy-oriented framework for BSC, aiding strategic and operational de-
cisions while considering sustainability. Strategic decisions encompass optimal facility locations
and numbers, while operational decisions involve vehicle routing, vehicle numbers, biomass allo-
cation, pellet production, and allocation. Academically, this proposed model can be adapted for
both single and multi-objective scenarios, serving as a foundation for a sustainable LRP model in
BSC. This model can also be utilized for any two-echelon BSC network seeking to optimize facility
locations, biomass distribution, and vehicle routing. Notably, this 2ELRP model has been tailored
to the specifics of BSC by quantifying pretreatment operations within the network, setting it apart
from a generic 2ELRP model.

The proposed research builds upon the work of Cao etal. [4], who addressed a single-objective
2ELRP. Our model introduces several distinctions and enhancements, contributing to the formula-
tion of an optimization model that more accurately reflects BSC scenarios. First, the present model
takes a holistic approach to sustainability, addressing the multi-objective problem rather than op-
timizing a single economic objective function. This approach enables the model to address net-
work optimization considering the scenarios of different sustainable goals. Notably, this research
incorporates constraints concerning connection paths and facility assignments, truck load capac-
ities, biomass and pretreated biomass flow conservation, and subtour elimination. The inclusion
of additional constraints is essential as they could illustrate the interconnections among facility
assignment, connecting path and vehicle loads, and biomass flows, reflecting the BSC logistical
and operational processes. Additionally, the proposed BSC network encompasses pretreatment
operations within the facilities, and it is included as a parameter in the model.

Our previous work provided a comprehensive review of relevant literature and investigated a
single-echelon LRP within the BSC network, involving two players: mills and collection centers
[54]. Based on the preceding structure, this manuscript extends the analysis to mainly examine a
two-echelon BSC network, incorporating three players: mills, collection centers, and biorefineries.
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3 Problem Definition and Assumptions

This section describes the proposed model’s problem definition, notations, and assumptions.

3.1 Problem definition

Figure 1 depicts the key players in the examined BSC associated with palm oil: palm oil mills,
collection facilities, and biorefineries. The palm oil mills serve as the primary resource sites for
feedstock. In this study, the utilized feedstock is wet short fiber (WSF), obtained through the sepa-
ration and sieving of EFB. To address challenges arising from dispersed resources, high humidity,
and low energy density in WSE, this research suggests establishing collection facilities equipped
with pelletizing technology. This technology, implemented within the collection facilities, trans-
forms WSF into solid biofuel (pellets). Subsequently, these produced pellets are transported to
the biorefineries.

: Collection
Empty Fruit Mill (F) Facility (C) Biorefinery
Bunches (EFB) B) R
TP &=
L5, o)

| 7
. E g &
“Rowting | {2} | Rovting
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Wet short

fiber RSP
(WSF) A two-echelon location Locational !
routing problem | decisions |

Figure 1: An overview of the investigated biomass supply chain.

Figure 2 provides a visual representation of the studied network configuration using nodes
and arcs. The initial echelon network encompasses the palm oil mills and collection facilities,
while the second echelon network consists of collection facilities and biorefineries. The strategic
decisions pertaining to the collection facility locations are of utmost importance in shaping the
network structure, impacting overall costs and the nearby population. Furthermore, the routing
decisions made for trucks involved in collecting WSF and transporting pellets play a pivotal role
in influencing both the total cost and CO; emissions.
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Figure 2: The depiction of the location-routing network.

The objective of this study is to optimize the simultaneous decisions regarding the locations
of collection facilities and vehicle routing. This research integrates economic, social, and environ-
mental sustainability by optimizing objective functions related to total cost, affected population,
and CO, emissions. These combined considerations classify the research problem as a Multi-
Objective Two-Echelon Location-Routing Problem (MO2ELRP). The model is formulated using
Mixed-Integer Nonlinear Programming (MINLP). Notations for sets, decision variables, and pa-
rameters utilized in the model are detailed in Table 2.

Table 2: Notations used in the model.

Notation Description

Sets
F Mills
C Collection facilities
B Biorefineries
H Trucks in the first echelon
G Truck in the second echelon
Decision variables
Zi 1, if collection facility 7 is opened; 0, otherwise
Qj 1, if mill 7 is assigned to collection facility j; 0, otherwise
Bij 1, if collection facility 7 is assigned to biorefinery j; 0, otherwise.
Tijh 1, if truck A travels from node i to node j; 0, otherwise
Yijg 1, if truck g travels from node i to node j in the first echelon; 0, otherwise.
LPZ!; h Loading of truck h from node i to node j in the first echelon
LPS, Loading of truck g from node i to node j in the second echelon
¢ Quantity of biomass collected at collection facility j
a§" Quantity of biomass pretreated at collection facility j
Parameters
in Quantity of EFB produced at mill 4, metric ton/day

Continued on next page
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Table 2: Notations used in the model (continued).
Notation Description
qF Quantity of WSF generated at mill 4, metric tons/day
th Capacity of mill 4, metric tons FFB/hour
oA Annual pretreatment capacity of collection facility i, metric tons/year
t¢ Daily pretreatment capacity of collection facility 4, metric tons/day
th Capacity of biorefinery ¢, metric tons/day
cH Capacity of truck h, metric tons
§ Capacity of truck g, metric tons
dg Distance between nodes i and j in the first echelon, km
dfj Distance between nodes i and j in the second echelon, km
SF Scale factor for pelletizing facilities
SZy Size or capacity of a benchmark collection facility, metric tons/year
SZ, Size or capacity of a collection facility based on an assumption, metric tons/year
EC, Establishment cost for setting up a collection facility with a benchmark capacity,
USD/year
EC, Establishment cost for setting up a collection facility based on assumed capacity,
USD/year
fEC4  Yearly cost of opening collection facility i, USD/year
fEC Daily cost of opening collection facility ;, RM/day
fre Unit cost of pretreated the biomass, RM/metric tons
eftH Fuel consumption rate of truck h in the first echelon, L/km
ehG Fuel consumption rate of truck g in the second echelon, L/km
el Fuel price, RM/L
v,’f Transportation cost for truck h, RM/km
v? Transportation cost for truck g, RM/km
nf Number of trucks in the first echelon
n¢ Number of trucks in the second echelon
pG Biomass generation rate, EFB/FFB
pMO  Rate for mulching
05 Separating and sieving rate, WSF/EFB
oF Pelletizing rate, pellets/WSF
A CO, emission rate of truck h per kilometer, kgCO5/km
591 CO; emission rate of truck g per kilometer, kgCO, /km
A Fh2 CO; emission rate of truck h per metric tons per kilometer, kgCO, /metric tons-km
592 CO; emission rate of truck g per metric tons per kilometer, kgCO, /metric tons-km
Pop; The surrounding population at the collection facility i, people
Dp Demand at biorefinery j
dVv Number of working days
w Daily operating hours, hour
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3.2 Assumptions

To provide a structured framework for the model and establish foundational conditions for its
formulation, the following assumptions are considered:

1. Open collection facilities have the capability to serve multiple mills, whereas each mill can
only be associated with a single open collection facility.

2. A number of collection facilities are able to fulfill the demand of a given biorefinery, with
each open collection facility being restricted to a single biorefinery assignment.

3. Within the first echelon, the vehicle routing commences at an open collection facility and
concludes at the same facility after covering the assigned mills. Notably, no direct paths
exist between collection facilities, and each mill must be visited exactly once.

4. In the second echelon, truck routes initiate from a biorefinery and return to the same biore-
finery after visiting the designated collection facilities. No flow is permitted between biore-
fineries. Visitation is solely restricted to open collection facilities, and each facility must be
visited only once.

5. Truck loading remains within the defined capacity of the vehicle. A homogeneous fleet of
vehicles is considered.

6. The potential locations, capacities, and the populations residing in the vicinity of collection
facilities are all assumed to be known.

4 Mathematical Model

This section will discuss the objective functions and constraints of the model, building upon
the problem definition and the established assumptions.

4.1 The objective functions

The objective functions related to sustainable objectives encompassing three dimensions are
explored. Economic performance, which has traditionally captivated the attention of numerous
industry stakeholders, is quantified through the minimization of costs (1),

EC PC C H gF G g8
W=D JECaw Y fO D D Y wildimant 3 Y D v e (1)
ieC ieC i€FUC jeFUC he H i€CUB jECUB geG
This equation incorporates four distinct components: the cost associated with establishing col-

lection facilities (the initial term), the expenses linked to pretreatment (pelletizing) (the second
term), and transportation costs (the third and fourth terms).

In addressing the social aspect, this study attempts to mitigate the adverse effects of facility
placement on the local community. Candidate facility locations with fewer surrounding popula-
tions are preferable choices. According to (2), itis less likely that densely residential locations will
be chosen for the facility establishment,

fo= ZPopi Zi. (2)

ieC
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Indirectly, the fewer individuals impacted by locational decisions, the lesser the concentration
of negative social effects on the communities. This concept draws inspiration from the research
conducted by Tirkolaee et al. [49], which tackled Location-Routing Problems (LRP) in other areas
of application.

Addressing the environmental component, this study will concentrate on the CO, emissions
stemming from transportation activities, assuming that emissions from pelletizing technology are
negligible. The investigation will emphasize the influence of loaded and empty trucks on CO,
emissions (3),

fo=2320 0 2 v w3 30D % v

i€C jEF he H i€B jEC geG
(3)
Fh2 jF 7 pF Sg2 18 s
Y > DoAPAE LR Y Y Y A% dy LR,
iGFjGFUC heH iGCjGCUB gGG

The first term of the equation pertains to CO, release linked to travel distance, applicable when
trucks in the first echelon depart from collection facilities without any cargo. The second term
mirrors a similar scenario involving empty trucks departing from biorefineries within the second
echelon. The third term elaborates on emissions from trucks in the first echelon, considering both
carrying loads and travel distance. The fourth term captures the emissions scenario of loaded
trucks in the second echelon. The notion of directly correlating emissions of loaded trucks with
travel distance and truck loading draws inspiration from the work of Roni et al. [34].

4.2 The first echelon constraints

The constraints applicable to the initial echelon network encompassing mills and collection
facilities are outlined below. Constraint (4) guarantees that each mill is visited precisely once by
a truck. Constraint (5) ensures that the total number of trucks entering and departing from mills
(or collection facilities) are the same. Constraint (6) signifies that each truck can undertake the
journey from a mill to a collection facility at most once.

Z injh:l’ Vi € F, (4)

JjeEFUC heH
Z Tijh = Z Zjin, Vi€ FUC, VYheH, (5)
ieFUC i€FUC
Zzl’ijhﬁl, Vh € H. (6)
i€F jeC

Constraint (7) prohibits the occurrence of loop routes for each node. Constraint (8) prevents
direct connections between collection facilities within the first echelon. Constraint (9) commands
that an open collection facility must serve at least one mill. Constraint (10) ensures that the total
amount of WSF collected from the assigned mills should be less than the capacity of the collection
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facility.
zijp =0, Vi,je FUC, i=j, VYheH, (7)
> wiyn=0, VijeC, (8)
heH
Z Z Tijh 2 Ziy Vi € C, (9)
jeEF heH
Ztiaij < t;Zj, VjeC. (10)

ieF

Constraint (11) introduces the potential for a route (3, j) to exist between a mill and a collection
facility if an assignment is made, whereas Constraint (12) pertains to a route (j, 7). Constraint (13)
serves as a constraint aimed at preventing subtours, ensuring that two mills without congruent
assignments do not have a connecting route.

> win <oy, VieF, VjeC, (11)
heH
Z zjin < a5, VieF, Vjedl, (12)
heH
injh—&—aik—l— Z 0jm <2, Vi,jEF, Vk e C. (13)
heH meC,m#£k

Constraint (14) preserves the flow balance of incoming and outgoing trucks carrying loads
to the amount of WSF available at each mill. Constraint (15) indicates that the carrying loads of
a truck should be less than its capacity. Constraint (16) elaborates that the total loads of trucks
entering a collection facility equal the amount of WSF collected from assigned mills.

o> e, - > Y Lpf, =qf, vieF, (14)

JEFUC heH JEFUC heH
LPY, < cflwijn, Vi,j € FUC, i#j, VheH, (15)
SN LPf, => ajqf, VieC. (16)
jEF heH JEF

Constraints (17) and (18) establish constraints on the permissible load capacities. Constraint
(19) enforces that trucks must depart from the collection facility without carrying any load. Con-
straint (20) asserts that the quantity of WSF received by the collection facility matches the total load
of trucks entering the facility. Constraint (21) pertains to the production of pretreated biomass
(pellets) by the collection facility.

LPL, < (cff = ¢ ) wijn, Vie FUC, Vj€F, VheH, (17)
LP5, > ¢l wijn, Vi€ F, VjeFUC, VheH, (18)
Y LPf, =0, VieC, VheH, (19)
JEF
¢ =33 LPh, vjec (20)
1€F heH

CP _ pP C -

g =0"q, VjieC. (21)
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4.3 The second echelon constraints

The constraints pertaining to the second echelon network involving collection facilities and
biorefineries are outlined as follows. Constraint (22) ensures that an open collection facility is
visited exactly once. Constraint (23) commands that a biorefinery can only be connected to a
collection facility if the collection facility is operational. Constraint (24) guarantees that at least one
truck travels from a collection facility to each biorefinery. Constraint (25) maintains the balance
between the number of trucks entering and leaving a collection facility (or biorefinery). Constraint
(26) stipulates that each truck can make the journey from a biorefinery to a collection facility at
most once.

ST ) wijg =2, VieC, (22)

jeECUB geG
Yijg < 25, Vi€ B, VjeC, Vgega, (23)
Zzyijg >1, VieBnB, (24)

geG jel
D W= ) Wip Vi€BUC, Vg€G, (25)

jeECUB jeECUB

Z Z Yijg <1, Vged. (26)

i€B jeC

Constraint (27) prohibits the occurrence of loop routes. Constraint (28) signifies the absence of
direct connections between biorefineries within the second echelon. Constraint (29) dictates that
an open collection facility can only be allocated to a single biorefinery. Constraint (30) guarantees
that the quantity of pellets collected from the designated collection facilities remains within the
capacity of the biorefinery.

Yijg =0, Vi,je BUC, i=j, Vgeg, (27)

> 4ijg=0, Vi,j€B, (28)
geqG

Z ﬂij‘ = Zi, Vi € C, (29)
jeB

> qfFB; <P, VjeB. (30)

i€C

Constraint (31) establishes the potential for a route (7, ;) to exist when a collection facility
is assigned to a biorefinery, while Constraint (32) employs a similar concept for the route (j, 7).
The subtour elimination constraint (Constraint (33)) eliminates the connection path between two
collection facilities if they are assigned to different biorefineries.

Zyijg < Bi, VieC, Vjehb, (31)
geG
> yjig < By, Vi€C, VjeB, (32)
geG
Zyijg+5ik+ Z Bim <2, Vi,jeC, Vkeb. (33)
gea meB,m#k

879



Foo, F. Y. et al. Malaysian J. Math. Sci. 18(4): 867-901(2024) 867 - 901

Constraint (34) is the flow conservation constraint for pellets produced at the collection facility.
Constraint (35) indicates the carrying loads of a truck should not be more than the capacity of the
truck. Constraints (36) and (37) are the bounding constraints for the truck’ s carrying loads.
Constraint (38) reflects that a truck is empty when it departs from a biorefinery.

YD LRS- Y Y LB, =4¢ " Vil (34)

jECUB geG jECUB geG
Lpfjg < C?yijga VZ,j eCuU Ba { 7é jv Vg € G7 (35)
LPS, < (5§ —q§") yijg, VieCUB, VjeC, Vgeg, (36)
LPS, > ¢ Pyiyy, Vi€ C, VjeCUB, VgeG, (37)
Y LP5,=0, VieB, VYgeG. (38)

jeC

Constraint (39) shows the pellets received by a biorefinery equals the total carrying loads of
trucks entering the biorefinery. Constraint (40) ensures the demand for a biorefinery must be met.
Constraints (41) to (49) are the constraints for the decision variables.

qf => > LPj, Vi€B, (39)
i€C gelG

B B .

z; €40,1}, VieC, (41)
aij €{0,1}, Vie F, VjeC, (42)
Bi; €{0,1}, VieC, VjeB, (43)

zin €{0,1}, Vi,j€e FUC, Yhe H, (44)
Yijg € 10,1}, Vi,je CUB, VgeG, (45)
LP5, >0, Vi,je FUC, VheH, (46)
LP5,>0, Vi,jeCUB, VgeG, (47)
¢§ >0, VjeC, (48)
§F >0, VjecC. (49)

4.4 Multi-objective optimization

This study employs the weight sum approach to integrate all objective functions (f;,7 = 1,2, 3)
into a single composite function. Given that the units of the objective functions (f;,¢ =1,2,3)
may vary, the study individually optimizes each objective function to determine its optimal value
(ff,i=1,2,3). (50) transforms the objective function (M f) into a dimensionless unit by dividing
the weighted objective functions (w; f;) by their respective optimum values (f;").

Mfzzw]jf, i=1,2,3. (50)

It is important to note that this research assumes equal importance for each objective, implying
that all weights are equal.
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5 Results and Discussion

This section focuses on the computational results aimed at assessing the proposed MO2ELRP
model. Computational experiments were carried out on a test case involving nine mills, five poten-
tial collection facilities, and two biorefineries. The objective was to validate the model’s capacity to
adapt its strategies concerning facility placements, truck routing, and assignments in accordance
with varying sustainable objectives. The test instance was generated using data pertaining to palm
oil biomass and information regarding pelletizing technology.

5.1 Data and parameter setting

Table 3 shows the processing capacities of mills, with data obtained from Lam et al. [18]. Table
4 outlines the parameters for biomass. The biomass generation rate (p©) defines that 0.234 metric
tons of EFB is produced from every metric of fresh fruit bunches (FFB). Using the information in
Table 3 and assuming that the mills are working 16 hours per day (w), the daily amount of EFB
generated in mills could be calculated using (51),

o =tFpSw, VicF. (51)

Table 3: The mills information.

Mill Cartesian coordinates Processing capacity(¢/) (metric tons FFB/hour) [18]

F1 (8,29) 55
F2 (10, 40) 100
F3 (20, 20) 80
F4 (35, 78) 90
F5 (38, 67) 35
F6 (68, 66) 70
F7 (66, 85) 80
F8 (100, 54) 100
F9 (120, 50) 60

Table 4: Parameters for biomass.

Parameter Value Reference
¢ 0.234 EFB/FFB [18]
pMO 0.9 Assumption
65 0.24 WSF/EFB [18]

6F 0.33 pellets/WSF [18]

In current practice, the EFB is directly used as mulch [26] or co-compositing with palm oil mill
effluents before mulching [8, 16]. Consequently, this study proposes utilizing a modest portion
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of EFB for biofuel conversion to minimize any substantial impact on the current practices within
the palm oil industry. This study assumes that the mulching rate (p*?) will be adjusted to 0.9
which means 90% of generated EFB in mills will be used for mulching at the plantation. The EFB
that remains will then be subjected to a separation and sieving procedure, characterized by a rate
denoted as (), quantified at 0.24. This process yields wet short fiber (WSF) which serves as the
crucial feedstock for subsequent biofuel conversion. The rate signifies that for every metric ton of
EFB processed, 0.24 metric tons of WSF are generated. The availability of WSF at each mill can be
obtained using (52),

g =0°(1-p"9) ¢, VieF (52)
Subsequently, the pelletizing technology with a rate (67") of 0.33 at the collection facility is em-
ployed to pretreat the WSE. This rate denotes that for each metric ton of WSF processed, 0.33
metric tons of pellets (solid biofuel) are generated.

Table 5 presents the establishment cost for a collection facility equipped with pelletizing tech-
nology. The information for the 300,000 metric tons/year (SZ,) facility serves as the reference
value for calibrating the establishment cost. In this study, it is assumed that the capacity of all
candidate collection facilities is 7,500 metric tons/year (SZ,,t{4).

Table 5: The yearly opening cost of a facility with pelletization.

Parameter Value Reference/ Note

SZ 300,000 metric tons/year Reference Value (Base) [19]

EC, 3,476,219 USD /year
SZ, ¢4 7,500 metric tons/year Assumption
EC, , fEC4  380,076.6015 USD/year Obtained using (53)

(53) [47] computes the establishment cost by adjusting the base capacity value to another using a
scale factor of 0.6 (SF') for pelletizing facilities [24],

EC,  (SZ,\°"
EC, \5% '

(53)

Table 6: Parameters for the collection facilities.

Parameter Value Note
t¢ 25 metric tons/day Obtained using (54)
fEC USD 1266.922 or RM 5574.46* Obtained using (55)
fre RM 176 /metric tons Assumption

*Currency rate: 1 USD = RM4.40 (dated at 31 December 2022)

Table 6 lists the parameters associated with the collection facilities. Assuming 300 working days
per year (d"'), (54) calculates the daily pelletizing capacity, while (55) computes the daily estab-
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lishment cost,

g4
t¢ = =
7 dW I’
f_EC _ fiECA
) - dW .

(54)

(55)

Table 7 shows the data related to the candidate collection facilities and their respective popu-

lation density, while Table 8 lists the demand for biorefineries.

Table 7: The locations of candidate collection facilities and their population.

Collection Facility Cartesian Coordinates Population(Pop;) (People)

C10 (25, 35) 7964
C11 (45, 85) 8109
C12 (55, 75) 4208
C13 (110, 40) 5263
Cl4 (118, 23) 4928

Table 8: The demand of biorefineries.

Biorefinery Cartesian coordinates Demand (Df ) (metric ton/day)

B15 (31, 50) 14
B16 (100, 27) 4

Tables 9 and 10 denote the information and parameters for the trucks. The trucks (Vh € H,Vg € G)
in this study are homogenous, where their capacities (cf, ¢5/) in both echelons are 15 metric tons.

Table 9: Information related to the trucks of 15 metric tons.

Fuel Information Value Reference
eltH oRG 0.261 L/km [14]
el RM 2.15 /L [29]

Table 10: Parameters for the trucks.

Parameter Value Reference/ Note

el c§ 15 metric tons [14]

off 0§ RM 0.5612/km Obtained using (56) and (57)
A FhL Ay Sgl 0.6786 kg/km [14]
yFh2 49892 (.41243 kg/metric ton-km [11]
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Equations (56) and (57) are used to obtain the transportation costs (vf, vf) for both echelons.
Equations (58) and (59) denote the number of trucks (n”’,n¢) in the first and second echelons,
respectively. The emission rate of CO, for an empty truck is 0.6786 kg CO> per km ("1, 591)

[14], whereas for a loaded truck, it is 0.41243 kg CO, per metric ton per kilometer ("2, 592)
(1.

v = (eRH) (eP) , (56)
v = (") (), (57)

F

H Dienm Gi
_ 58
afEegel] .

0F > af
n¢ =2 {ZlgM 4 w . (59)
g

5.2 Result analysis

The MINLP model in this study was solved using the General Algebraic Modeling System
(GAMS) with the DICOPT optimizer solver. Initially, computational experiments were performed
by solving the model for each individual objective function. This was done to attain the optimal
solution for each dimension of sustainability and to validate the model’s ability to adapt its strategy
accordingly. Subsequently, multi-objective optimization was carried out using the weighted sum
approach.

Optimize on f1

90 Cl 1 FA7 WSEF allocation decisions
%0 FA4 - - N C10:21.116
g €l Nl C12:17.522
70 [N SO C13:21.565
N N\ AN
F5 A N N Pellets produced
60 F8 \ \ C10: 6.968
BIS A { C12:5.782
50 [ N\ N\ F9 A C13:7.117
N N Pellets allocation decisi
40 N ° % ¢€liets allocation decisions
- ®Cl10 Cl13 B15:14.085
2 4 B16: 5.782
F1 A« mBl6 Cl4
20 F3 4
10
0
0 20 40 60 80 100 120 140

Figure 3: Network of optimizing the first objective function.

Figure 3 illustrates the network structure of optimizing economic performance (total cost min-
imization). The model suggests opening three collection facilities, C10, C12, and C13. Table 11
reports the assignment to these open collection facilities. The mills F1, F2, and F3 are assigned
to C10 in the first echelon. F4, F5, and F6 supply the feedstock for C12. The remaining mills are
assigned to C13. The demand for biorefinery B15 in the second echelon is satisfied by C10 and
C13, while C12 is assigned to B16. Figure 3 shows that C10, C12, and C13 will be allocated 21.116
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metric tons, 17.522 metric tons, and 21.565 metric tons of WSEF, respectively. According to the allo-
cation, C10, C12, and C13 will each generate 6.968 metric tons, 5.782 metric tons, and 7.112 metric
tons of pellets. Pellets will then be delivered to B15 and B16 in quantities of 14.085 and 5.782 tons,
respectively.

Figure 3 and Table 11 demonstrate that the first echelon requires six trucks, and the second
requires two trucks to transport the WSF and pellets. Table 11 also provides information regard-
ing the trucks’ routing and carrying loads. The configuration of C10-F1-F2-C10 (0-4.942-13.928)
describes the details of a truck activity. It means that an empty truck departs from C10 to visit F1.
Then, the truck leaves F1 and carries a load of 4.942 metric tons to visit F2. Next, the truck collects
the WSF from F2, increasing the loads to 13.928 metric tons. Lastly, the truck completes its trip
and returns to the initial collection facility, C10.

Figure 4 illustrates that in the network structure designed to minimize the total population im-
pact, C10 and C12 are retained. However, for this network, C14 proves to be a better location than
C13. Under this configuration, C10, C12, and C14 will receive 17.522 metric tons, 17.971 metric
tons, and 24.741 metric tons of WSF, respectively, and produce 5.782, 5.930, and 8.154 metric tons
of pellets, respectively. Additionally, 14.085 metric tons of pellets are transported from C12 and
C14 to B15, while B16 receives all the pellets produced by C10. Table 11 shows that this network
design also requires six trucks and two trucks for the first and second echelons, respectively.

— Optimize on f2

90
WSF allocation decisions

80 C10: 17.522
Cl12:17.971

70 Cl14:24.741
Pellets produced

60 C10: 5.782
C12:5.930

50 Cl14: 8.154

40 Pellets allocation decisions
B15: 14.085

30 B16:5.782

20

10

0
0 20 40 60 80 100 120 140

Figure 4: Network of optimizing the second objective function.
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Table 11: The optimal solutions for the different objective functions.

Optimize First Echelon Decisions Second Echelon Decisions
f *C10: F1,F2,F3  ®(21.116, 6.968) 4B15: C10,C13  ©(14.085)
C12: F4,F5,F6  (17.522,5.782) Bl6: C12  (5.782)

C13: F7,F8,F9  (21.565,7.117)

°C10-F1-F2-C10 (0-4.942-13.928) /B15-C13-C10-B15 (0-7.117-14.085)
C10-F3-C10 (0-7.189) B16-C12-B16 (0-5.782)
C12-F4-F5-C12 (0-8.087-11.232)
C12-F6-C12 (0-6.29) C13-F8-C13 (0-8.896)
C13-F7-F9-C13 (0-7.189-12.58)

fa C10: F1,F7,F9  (17.522,5.782) B15: C12,C14  (14.085)

C12: F2,F8 (17.971,5.930) B16: C10 (5.782)
C14: F3,F4,F5,F6  (24.741,8.154)

C10-F1-F7-C10 (0-4.942-12.131) B15-C12-C14-B15 (0-5.93-14.085)
C10-F9-C10 (0-5.391)  C12-F2-C12 (0-8.986) B16-C10-B16 (0-5.782)
C12-F8-C12 (0-8.986)

C14-F3-F5-C14 (0-7.189-10.334)

C14-F4-F6-C14 (0-8.087-14.377)

f3 C10: F1,F2,F3  (21.116, 6.968) B15: C10,C11,C12 (15.123)
C11: F4,F5 (11.232,3.707) Bl6: C13  (4.744)
C12: F6,F7  (13.478, 4.448)
C13: F8,F9  (14.377,4.744)

C10-F1-C10 (0-4.942)  C10-F2-C10 (0-8.986) B15-C11-C12-B15 (0-3.707-8.154)
C10-F3-C10 (0-7.189) B15-C10-B15 (0-6.968)
C11-F5-F4-C11 (0-3.145-11.232) B16-C13-B16 (0-4.744)
C12-F6-C12 (0-6.29)  C12-F7-C12 (0-7.189)

C13-F8-C13 (0-8.986) C13-F9-C13 (0-5.391)

Mf C10: F2,F3,F4 (24.261, 8.006) B15: C10,C12  (14.085)
C12: F1,F6,F7  (18.421, 6.079) Bl6: C13 (5.782)
C13: F5,F8,F9  (17.521,5.782)

C10-F2-C10 (0-8.986) C10-F3-C10 (0-7.189) B15-C10-B15 (0-8.006)
C10-F4-C10 (0-8.087) C12-F1-C12 (0-4.942) B15-C12-B15 (0-6.079)
C12-F6-C12 (0-6.290) C12-F7-C12 (0-7.189) B16-C13-B16 (0-5.782)
C13-F5-F8-C13 (0-3.145-12.131)

C13-F9-C13 (0-5.391)

Note:

(a) "C10: F1, F2, F3" denotes that the facility placement at location C10, with F1, F2, and F3 assigned to it.

(b) "(21.116, 6.968)" indicates that the facility will receive 21.116 metric tons of WSF and produce 6.968 metric tons of
ellets.

I(pc) "C10-F1-F2-C10 (0-4.942-13.928)" means that the route begins from C10 with zero load, travels to F1 to pick up 4.942

metric tons of WSF, then proceeds to F2, and ends the route back to C10 with a total load of 13.928 metric tons of WSF.

(d) "B15: C10, C13" denotes that B15 are assigned with C10 and C13.

(e) "(14.085)" indicates that the biorefinery receives 14.085 metric tons of pellets.

(f) "B15-C13-C10-B15 (0-7.117-14.085)" indicates the truck starts from B15 without any load, transports 7.117 metric tons

of pellets from C13, then travels to C10 and returns to B15 with a total load of 14.085 metric tons of pellets.
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Figure 5 shows that the model increases the collection facilities to four, C10, C11, C12, and C13
with CO; emissions as the objective function. As a reminder, the third objective function relates
to distance and truck carrying loads, which necessitates the inclusion of four collection facilities
to minimize travel distance. Consequently, more trucks are required to reduce their cargo loads
(Table 11). Thus, the first echelon requires eight trucks, and the second echelon requires three
trucks. Figure 5 also reveals that C11 will receive the least amount of WSF (11.232 metric tons)
and produce the lowest quantity of pellets (3.707 metric tons). C10 receives nearly double the
amount of WSF compared to C11 and produces a corresponding quantity of pellets. C12 and C13
generate 4.448 metric tons and 4.744 metric tons of pellets, respectively, from the WSEF they receive.
B15 will receive 15.123 metric tons of pellets produced by C10, C11, and C12, while B16 will receive
all the pellets produced by C13.

Optimize on {3

%0 C.“ FI WSF allocation decisions
F4 7 J :
80 N C12y/ C10: 21.116
N PY CI1:11.232
20 / N F6 C12: 13.478
F5 A NN C13: 14.377
60 F8 Pellets produced
BI15 F9 C10: 6.968
50 u A C11:3.707
F2 /4 C12:4.448
40 A—_ c10 Cl13: 4.744
" e c13 ; —
Fl =29 Pellets allocation decisions
30 A B16
| Cl4 B15:15.123
20 F3 A B16: 4.744
10
0
0 20 40 60 80 100 120 140

Figure 5: Network of optimizing the third objective function.

The findings presented in Table 12 highlight the inherent trade-offs between the proposed ob-
jective functions. Improving one goal often comes at the expense of compromising other goals.
When the model is oriented towards cost minimization, it incurs a daily cost of RM27682.332,
but this decision impacts 17435 individuals and releases 1355.644 kg CO; per day. On the other
hand, optimizing the second objective function for the social dimension can reduce the total af-
fected population to 17100 people, but it leads to the release of a maximum of 3411.008 kg CO,.
Furthermore, this network increases expenses by 1.46%, slightly higher than the network aimed
at minimizing the total cost. When the model aims to reduce CO; emissions , it significantly cuts
CO; emissions to 747.122 kg CO,, per day. However, the economic and social implications may not
be positive as it incurs the highest cost of RM33128.188 per day and impacts the highest number
of people, totaling 25544 individuals.
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Table 12: The values of objective functions.

Function Total Cost Total Population Total CO; emissions Composite Value

(RM) (People) (kg)
f 27682.332 17435 1355.644 -
fa 28086.722 17100 3411.008 -
f3 33128.188 25544 747.122 -
Mf  27692.182 17435 1075.14 3.66

Subsequently, this study examines how the model adjusts its facility establishment and truck
routing strategies when optimizing multi-objective functions. Figure 6 illustrates that opening
C10, C12, and C13 is the most favorable strategic decision when all objective functions are equally
important. C10, as the largest receiver of WSF, produces 8.006 metric tons of pellets from 24.261
metric tons of WSE. C12 and C13 convert 18.241 metric tons and 17.521 metric tons of WSF into
6.079 metric tons and 5.782 metric tons of pellets, respectively. Subsequently, B16 collects all the
pellets produced by C13, while the pellets produced by C12 and C10 meet the demand of B15.
Since optimizing environmental performance is also one of the goals, the model suggests employ-
ing 11 trucks and advocates for reduced truck carrying loads (Table 11).

The results of the performance indices presented in Table 12 also underscore the benefits of
concurrently optimizing multiple objective functions. Despite the daily expenses amounting to
RM27692.182, it is only 0.036% more costly than the network optimized solely for economic per-
formance. This slight increase can be interpreted as the cost of a network that simultaneously
considers CO, emissions and their adverse social impact. Similarly, this network structure impacts
17435 individuals, slightly more than the model focused solely on minimizing the total popula-
tion (f2) , but better than the model optimized for the third objective function (f3) . From the
perspective of reducing CO; emissions, the CO; emissions from the multi-objective optimization
network rank as the second lowest.

Optimize on Mf

90 . .
- cll 1;7 WSEF allocation decisions
A .
80 4 A Cl2S C10: 24.261
S 0¥ C12:18.421
20 V4 // Fs N C13:17.521
/ . N
A Pellets produced
60 F8 C10: 8.006
‘ B15 S A F9 C12: 6.079
30 | . \ A C13:5.782
40 [ FAZ QC.B'[, / Pellets allocation decisions
W\ T N . C10 B15: 14.085
30 ) B16: 5.782
FL & Blo & Cl4
F3
20 A"
10
0
0 20 40 60 80 100 120 140

Figure 6: Network of optimizing the multi-objective functions.
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5.3 Sensitivity analysis

A sensitivity analysis was undertaken to assess the impact of certain parameters (results from
multi-objective optimization using the weighted sum approach). Three parameters were selected
for analysis: transportation cost, CO, emission rates, and collection facility capacity. These pa-
rameters were varied within a range of [-40%, 40% ] with increments of 10% to evaluate the impact
of the uncertainty in parameter values on the supply chain network configuration and decisions
(decision variables). Figures 7, 8, and 9 show the effects of parameter value uncertainty on the
objective functions within the examined ranges and results with significant changes, specifically
at -40% and +40%, are highlighted in Tables 13, 14, and 15.

Figure 7 depicts that the objective functions of total cost and total CO, emissions are responsive
to changes in transportation cost, whereas the objective function of total population remains unaf-
fected by this parameter. As anticipated, transportation cost parameter significantly influences the
total expenditure in the supply chain: a decrease in transportation cost by -40% results in a 0.59%
reduction in total cost, while an increase of 40% leads to a 0.42% rise in total cost. Transportation
costs are primarily influenced by fuel prices and the fuel consumption rate of trucks. Since fuel
price is subject to uncontrollable factors like global market supply and demand, focus should be
directed towards truck fuel consumption rate. Utilizing fuel-efficient trucks and ensuring regular
maintenance and servicing are advisable measures to mitigate fuel consumption. Older trucks or
those lacking proper maintenance tend to consume more fuel, thereby increasing supply chain
costs. Meanwhile, the fluctuation of total CO; emissions does not exhibit a predictable pattern
despite its sensitivity to the transportation cost parameter.

() Total Cost (b) Total Population
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Figure 7: Effect of the transportation cost on the objective functions: (a) The first objective function. (b) The second objective function. (c)
The third objective function.

Table 13 illustrates the impact of varying transportation costs by -40% and 40% on network de-
cisions. The sensitivity analysis reveals that changes in transportation costs do not affect locational
decisions, with C10, C12, and C13 consistently chosen for facility placement. Despite variations
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in the transportation cost parameter, constraints imposed by facility capacities, truck availability,
and demand lead to relatively consistent network configurations. While there are minor adjust-
ments in the assignment, routing, biomass allocation, and pellet production decisions (decision
variables), the number of routes in the first echelon remains constant at eight trucks, fully utiliz-
ing available resources. Similarly, decisions in the second echelon exhibit minimal variation across
scenarios, indicating limited sensitivity to transportation cost changes. This suggests that while
the uncertainty in transportation costs may influence certain decisions, locational choices remain
largely unaffected.

Figure 8 illustrates that the total CO, emissions is significantly influenced by changes in CO,
emission rates. A decrease of 40% leads to a reduction in total CO; emissions by 39.99%, while an
increase of 40% results in a corresponding rise. The condition of trucks plays a crucial role in CO,
emissions, with aging trucks emitting more CO; due to exhaust from old engines and higher fuel
consumption. Additionally, the type of fuels used also affects CO, emission rates. It is suggested
that truck conditions and fuel types are the areas to be monitored in the supply chain to achieve
CO;, emission reduction objectives. Table 14 illustrates the impact on network configurations when
the CO; emission rate was varied by -40% and 40%. Interestingly, the results of decision variables
show no sensitivity to changes in CO, emission rates, with locational, allocation, production, and
routing decisions remaining consistent with the original emission rates. The rising trend of total
CO; emissions depicted in Figure 8 is solely attributed to the increase in CO, emission rates.

(a) Total Cost (b) Total Population
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20000

14000
4 12000

2 15000 £ 10000
A 8000
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5000 4000
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0 0
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Figure 8: Effect of the CO> emission rates on the objective functions: (a) The first objective function. (b) The second objective function. (c)
The third objective function.
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Table 13: Effect of the transportation cost on network decisions.

Optimize First Echelon Decisions Second Echelon Decisions
-40% C10: F1,F2,F3,F5 (24.261, 8.006) B15: C10,C12  (14.826)
C12: F4,F7,F9  (20.667, 6.820) Bl6: C13  (5.041)

C13: F6, F8  (15.276,5.041)

C10-F1-F2-C10 (0-4.942-13.928) B15-C10-B15 (0-8.006)
C10-F3-C10 (0-7.189)  C10-F5-C10 (0-3.145)  B15-C12-B15 (0-6.820)
C12-F4-C12 (0-8.087) C12-F7-C12 (0-7.189)  B16-C13-B16 (0-5.041)
C12-F9-C12 (0-5.391)  C13-F6-C13 (0-6.29)
C13-F8-C13 (0-8.986)

0% *C10: F2, F3,F4 ©(24.261, 8.006) B15: C10,C12  ©(14.085)

C12: F1,F6,F7  (18.241, 6.079) Bl6: C13  (5.782)
C13: F5,F8,F9  (17.522,5.782)

°C10-F2-C10 (0-8.986) ~C10-F3-C10 (0-7.189)  ¥B15-C10-B15 (0- 8.006)
C10-F4-C10 (0-8.087) C12-F1-C12 (0-4.942)  B15-C12-B15 (0-6.079)
C12-F6-C12 (0-6.290) C12-F7-C12 (0-7.189)  B16-C13-B16 (0-5.782)
C13-F5-F8-C13 (0-3.145-12.131)

C13-F9-C13 (0-5.391)

40% C10: F1,F2,F3,F5 (24.261, 8.006) B15: C10,C12  (14.826)
C12: F4,F7,F9  (20.667, 6.820) Bl6: C13  (5.041)
C13: F6, F8  (15.276,5.041)

C10-F1-F2-C10 (0-4.942-13.928) B15-C10-B15 (0-8.006)
C10-F3-C10 (0-7.189)  C10-F5-C10 (0-3.145)  B15-C12-B15 (0-6.820)
C12-F4-C12 (0-8.087) C12-F7-C12 (0-7.189)  B16-C13-B16 (0-5.041)
C12-F9-C12 (0-5.391)  C13-F6-C13 (0-6.29)

C13-F8-C13 (0-8.986)

Note:

(a) "C10: F2, F3, F4" denotes that the facility placement at location C10, with F2, F3, and F4 assigned to it.

(b) "(24.261, 8.006)" indicates that the facility will receive 24.261 metric tons of WSF and produce 8.006 metric tons of
pellets.

(c) "C10-F2-C10 (0-8.986)" means that the route begins from C10 with zero load, travels to F2, and ends the route back to
C10 with a load of 8.986 metric tons of WSF.

(d) "B15: C10, C12" denotes that B15 are assigned with C10 and C12.

(e) "(14.085)" indicates that the biorefinery receives 14.085 metric tons of pellets.

(f) "B15-C10-B15 (0- 8.006)" indicates the truck starts from B15 without any load, transports 8.006 metric tons of pellets
from C10, and returns to B15.
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Table 14: Effect of the transportation cost on network decisions.

Optimize First Echelon Decisions Second Echelon Decisions
-40% Decisions same as the original CO> emission rates (0%)
0% *C10: F2, F3,F4 ®(24.261, 8.006) 4B15: C10,C12  ©(14.085)
C12: F1,F6,F7  (18.241, 6.079) Bl6: C13  (5.782)

C13: F5,F8,F9  (17.522,5.782)

°C10-F2-C10 (0-8.986) C10-F3-C10 (0-7.189) /B15-C10-B15 (0- 8.006)
C10-F4-C10 (0-8.087) C12-F1-C12 (0-4942)  B15-C12-B15 (0-6.079)
C12-F6-C12 (0-6.290) C12-F7-C12 (0-7.189)  B16-C13-B16 (0-5.782)
C13-F5-F8-C13 (0-3.145-12.131)

C13-F9-C13 (0-5.391)

40% Decisions same as the original CO» emission rates (0%)

Note:

(a) "C10: F2, F3, F4" denotes that the facility placement at location C10, with F2, F3, and F4 assigned to it.

(b) "(24.261, 8.006)" indicates that the facility will receive 24.261 metric tons of WSF and produce 8.006 metric tons of
ellets.

l(DC) "C10-F2-C10 (0-8.986)" means that the route begins from C10 with zero load, travels to F2, and ends the route back to

C10 with a load of 8.986 metric tons of WSF.

(d) "B15: C10, C12" denotes that B15 are assigned with C10 and C12.

(e) "(14.085)" indicates that the biorefinery receives 14.085 metric tons of pellets.

(f) "B15-C10-B15 (0- 8.006)" indicates the truck starts from B15 without any load, transports 8.006 metric tons of pellets
from C10, and returns to B15.

Figure 9 illustrates that the capacity of collection facilities profoundly affects all objective func-
tions. Reducing the capacity of collection facilities necessitates opening more facilities to collect
biomass. A 40% decrease in facility capacities leads to a 40.46% increase in total costs, as the need
for more facilities results in higher establishment costs. Additionally, increased facility openings
cause more people affected by locational decisions and might have higher CO, emissions due to
the need for additional trucks. Conversely, the total cost and total affected people stay stagnant
with the capacity increment. The total CO, emissions decrease until they reach a 20% increment
in capacity and then remain stable.
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Figure 9: Effect of the collection facility capacity on the objective functions: (a) The first objective function. (b) The second objective function.
(c) The third objective function.

Table 15 presents the impact of collection facility capacity on network decisions. The analysis
reveals that all decisions, including locational, allocation, and routing, are responsive to changes
in capacity. In the scenario of a 40% capacity increment, C10, C12, and C13 also emerge as pre-
ferred facility locations, but with different assignment, allocation, and routing decisions. A drastic
reduction of 40% in capacity requires all potential locations to open facilities. The sensitivity anal-

ysis reveals that all decisions (decision variables) are responsive to the uncertainty in the facility
capacity parameter.
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Table 15: Effect of the transportation cost on network decisions.

Optimize First Echelon Decisions Second Echelon Decisions
-40% C10: F1,F2  (13.928, 4.596) B15: C10,C11,C12  (14.085)
C11: F4,F6 (14.377,4.744) Bl6: C13,C14 (5.782)

C12: F3,F7  (14.377,4.744)
C13: F8,F9  (14.377,4.744)
C14: F5 (3.145,1.038)

C10-F1-F2-C10 (0-4.942-13.928) B15-C10-B15 (0-4.596)
C11-F4-C11 (0-8.087) C11-F6-C11 (0-6.290)  B15-C11-B15 (0-4.744)
C12-F3-C12 (0-7.189)  C12-F7-C12 (0-7.189)  B15-C12-B15 (0-4.744)
C13-F8-C13 (0-8.986) C13-F9-C13 (0-5.391)  B16-C14-C13-B16 (1.038-5.782)
C14-F5-C14 (0-3.145)

0% “C10: F2, F3,F4 ©(24.261, 8.006) 4B15: C10,C12  ©(14.085)
C12: F1,F6,F7 (18.241, 6.079) Bl6: C13  (5.782)
C13: F5,F8,F9  (17.522,5.782)

°C10-F2-C10 (0-8.986) C10-F3-C10 (0-7.189)  /B15-C10-B15 (0- 8.006)
C10-F4-C10 (0-8.087) C12-F1-C12 (0-4.942)  B15-C12-B15 (0-6.079)
C12-F6-C12 (0-6.290) C12-F7-C12 (0-7.189)  B16-C13-B16 (0-5.782)
C13-F5-F8-C13 (0-3.145-12.131)

C13-F9-C13 (0-5.391)

40% C10: F1,F2,F3,F4,F5 (32.348,10.675) B15: C10,C12  (15.123)
C12: F6, F7  (13.478, 4.448) Bl6: C13 (4.744)
C13: F8,F9 (14.377,4.744)

C10-F1-C10 (0-4.942) C10-F2-C10 (0-8.986)  B15-C10-B15 (0-10.675)
C10-F3-C10 (0-7.189) B15-C12-B15 (0-4.448)
C10-F4-F5-C10 (0-8.087-11.232) B16-C13-B16 (0-4.744)
C12-F6-C12 (0-6.29)  C12-F7-C12 (0-7.189)

C13-F8-C13 (0-8.986) C13-F9-C13 (0-5.391)

Note:

(a) "C10: F2, F3, F4" denotes that the facility placement at location C10, with F2, F3, and F4 assigned to it.

(b) "(24.261, 8.006)" indicates that the facility will receive 24.261 metric tons of WSF and produce 8.006 metric tons of
ellets.

I(pc) "C10-F2-C10 (0-8.986)" means that the route begins from C10 with zero load, travels to F2, and ends the route back to

C10 with a load of 8.986 metric tons of WSF.

(d) "B15: C10, C12" denotes that B15 are assigned with C10 and C12.

(e) "(14.085)" indicates that the biorefinery receives 14.085 metric tons of pellets.

(f) "B15-C10-B15 (0- 8.006)" indicates the truck starts from B15 without any load, transports 8.006 metric tons of pellets
from C10, and returns to B15.

6 Conclusions

This research introduces a MINLP model for optimizing the Biomass Supply Chain (BSC)
dedicated to converting palm oil biomass into biofuels. The model incorporates several crucial
aspects:

1. Simultaneous Decision Optimization: It proposes an innovative approach to BSC decision-
making by simultaneously optimizing locational, allocation, and routing decisions. This
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comprehensive perspective ensures that all components of the supply chain work optimally
together.

2. Quantification of Pretreatment Operation: Unlike previous models, this study quantifies
the pretreatment operation and integrates it as an additional parameter within the model.
This adds a layer of complexity and accuracy to the decision-making process.

3. Multi-Objective Optimization: The model addresses sustainability concerns from multiple
dimensions, including economic, environmental, and social performance. It aims to mini-
mize costs, reduce CO; emissions from transportation, and limit the total population affected
by facility locations.

In conducting computational experiments, the study assessed how the model performs in both
single and multi-objective optimization scenarios. Single-objective optimization revealed that the
proposed objectives often contradict one another. While each objective optimizes well within its
respective dimension, achieving one objective without negatively impacting others is challenging.

In multi-objective optimization, the weighted sum approach was employed to combine all ob-
jective functions. The findings showed trade-offs between the sustainability dimensions. Environ-
mental performance was most affected, with a 43.9% increase in CO; emissions. Economic perfor-
mance saw a negligible decline of 0.036%, and social performance decreased by 1.96%. Although
multi-objective optimization may not yield results as favorable as optimizing each dimension in-
dividually, it provides decisions that balance trade-offs among all sustainable goals. The study
emphasizes the significance of considering environmental and social impacts, as they profoundly
affect human well-being.

The in-depth sensitivity parameter analysis demonstrates that transportation costs wield a sub-
stantial influence over both total expenses and CO; emissions in the supply chain. However, lo-
cational decisions remain unaffected by this parameter. With a total of 60.203 metric tons of WSF
across all mills (F1 to F9), at least three collection facilities are necessary. Moreover, the model
must strike a balance among the three objective functions. Therefore, C10, C12, and C13 are con-
sistently recommended as the optimal locations for the test instance across all scenarios of per-
centage change. Although assignment, allocation, and routing decisions show some sensitivity to
transportation costs, their flexibility is constrained by fixed facility locations, truck capacities, and
demands. Consequently, their sensitivity to transportation costs is minimal.

Meanwhile, the CO, emission rates exert their impact solely on the total CO, emissions, with
none of the decision variables exhibiting sensitivity to uncertainties in CO emission rate param-
eters. These rates are linked to transportation distance and truck loads, often correlated with
facility locations, truck capacity, and demands. Despite changes in CO; emission rates, decision-
making remains constrained by factors such as facility locations and capacity, truck capacity, and
demands, potentially explaining the lack of sensitivity in the model to CO; emission rates.

The varying capacities of collection facilities exert a noticeable influence on all objective func-
tions, indicating the pivotal role this parameter plays in shaping various facets of the supply chain
network. All decisions, encompassing locational, assignment, allocation, production, and routing
decisions, demonstrate sensitivity to alternations in this parameter. Facility capacity directly af-
fects the amount of WSF that can be collected, impacting decision variables within the constraints
of truck capacity and demands. Reductions in facility capacity necessitate more facilities in the
supply chain to collect WSF, resulting in expected adjustments in other decision variables. These
findings highlight the model’s sensitivity to the facility capacity parameter.
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The research findings have several implications. Achieving all sustainable goals simultane-
ously can be challenging due to their inherent contradictions, necessitating trade-offs to be made.
Adjustments in facility location and vehicle routing decisions are crucial to address these trade-
offs effectively. Careful consideration should be given to factors such as truck conditions and fuel
types due to their effects on transportation costs and CO, emission rates, which in turn influence
total expenses and emissions within the supply chain. However, uncertainties in transportation
costs have negligible impact on locational decisions and only limited effects on assignment, allo-
cation, production, and routing decisions. Similarly, uncertainties in CO, emission rates do not
affect decision variables in network configuration. Conversely, uncertainties in the capacity of col-
lection facilities directly impact the achievement of all goals and decision variables, emphasizing
their importance in supply chain management and necessitating meticulous attention.

The implications of the research are contingent upon the underlying assumptions of the model.
The model is designed to address the location-routing problem under specific conditions, includ-
ing the requirement that each mill be visited once and serve only one collection facility in the first
echelon, and that each open collection facility be visited once and serve only one biorefinery. These
assumptions limit the model’s ability to handle scenarios where mills may require multiple visits
or serve multiple facilities simultaneously in the first echelon, as well as analogous situations in
the second echelon. Additionally, the model exclusively accounts for homogeneous trucks.

This research offers both practical and academic contributions. It provides a sustainable frame-
work for industry professionals and policymakers to make strategic and operational decisions
within the BSC. The framework assists in determining the number and locations of collection fa-
cilities and operational aspects like vehicle routing, biomass and pretreated biomass allocation,
and pellet production. Moreover, the model is versatile and applicable to various facilities with
different technologies, extending its utility beyond pelletizing technology.

From an academic perspective, the model can be applied to any BSC that optimizes facility lo-
cations, allocation, and vehicle routing decisions. It accommodates both single and multi-objective
optimization, making it a valuable tool for addressing complex supply chain challenges. Further-
more, its integration of pretreatment operations differentiates it from standard 2ELRP models.

However, the proposed model assumes a homogeneous fleet of trucks, imposes restrictions on
mill and collection facility visitation, and assigns equal importance to all objective functions during
multi-objective optimization. These assumptions may not always align with real-world scenarios.
Additionally, the model does not account for stochastic elements within the BSC. Future research
can focus on addressing these limitations to enhance the model’s applicability and accuracy.
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