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Abstract: As the world is moving into a sustainable era, achieving zero hunger has become one
of the top three Sustainable Development Goals, applying a considerable amount of pressure on
the agri-food systems to make decisions contemplating the sustainability dimensions. Accordingly,
making effective supply chain decisions holistically while achieving sustainability goals has become a
major challenge faced by the present agri-food systems. Thus, to address the challenge, a novel supply
chain configuration addressing multiple supply chain decisions to reduce global warming potential
(GWP) and post-harvest losses have been presented by taking the banana supply chain in Sri Lanka
as a case study. In the proposed approach, farmers have been clustered based on their geo positions
using K-Means clustering followed by route planning within clusters using a heuristics approach.
Retailer points are catered by assigning to wholesalers optimally modeling as an assignment model
and then route planning executed using a heuristic approach. The solution generated from the above
approaches has been implemented on a simulation platform to calculate the overall supply chain
performance including the transportation component, in terms of the net GWP, post-harvest losses,
and lead time including routing operations. Simulated supply chain performance has been compared
with the existing system and verified the performance of the proposed supply chain configuration.
The suggested configuration has reduced the net GWP by 15.3%, post-harvest loss by 2.1%, lead time
by 28.2%, and travel distance by 20.47%. The proposed configuration can be further improved by
adding dynamic characteristics to the model.

Keywords: supply chain; banana; configuration; optimization/simulation; GWP; post-harvest losses

1. Introduction

The United Nations’ Sustainable Development Goals (SDGs) pay special attention to
the sustainable food supply chain paving a path to major transformations in agriculture
and food systems to achieve zero hunger, food security, and improve nutrition by 2030. A
sustainable food supply chain aims to provide food security and nutrition for all, without
compromising economic, social, and environmental bases [1]. Numerous studies have
considered investigating approaches to the sustainability triple bottom line as a research
hot spot [2,3].

In the perishable food supply chain, there are continuous changes in the quality of
the product from the moment it leaves the farm until it reaches the consumer making
economic, environmental, and social impacts throughout the supply [4]. The perishable
nature and limited product shelf life have become critical factors in sustainability man-
agement [5]. Various studies have been performed on finding approaches to make the
perishable food supply chain sustainable. Economic sustainability has been studied, focus-
ing on productivity [6–11], profit [12–23], cost [24–40], and revenue optimization [41,42].
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Social dimensions mainly consider service levels [12,25,35,43–47] and labor conditions [48].
The environmental pillar in an agri-food supply chain can be reflected in the amount of
CO2eq/greenhouse gas (GHG) emissions due to the usage of fertilizers, energy usage in
production, transportation, and inventory add to the food wastage generated throughout
the supply chain due to the perishable characteristics [12]. GHG emission has been aimed
to be minimized when determining the transport means, entry points, product flow [49],
optimum location [50], logistic plans [51], vehicle routes [52] with time horizon [53], picking
policy and pricing strategy [54] and optimal order quantity [12]. Carbon footprint and
water footprint were considered when creating a supply chain network design [48].

In this study, the challenge of making configuration decisions while achieving sustain-
ability dimensions has been focused on. Many studies have considered strategic, tactical,
and operational levels independently, focusing on an individual entity of the supply chain.
Some of the popular strategic level decisions are facility location [4,10,55–58], capacity
planning [10,57], amount of product flow [10,55,56,58–60]. Tactical and operational level
decisions are inventory planning [60,61] and routing [58,62,63]. Another observation in the
literature is the limited consideration given to the environmental dimension, especially in
terms of CO2 (GHG) emission and post-harvest losses (PHLs). Furthermore, lead-time has
not been considered much, regardless of the importance of considering the perishability
nature of food. Noticeably, banana SC has not been studied extensively. Considering the
research gaps and the current practices, this study paid particular attention to the following
research questions:

• How to mitigate high GHG emissions and PHLs in the banana supply chain through
configuration with due consideration to the perishability nature?

• How to match demand and supply at the retailer points?

To address the aforementioned requirements, this study considers an end-to-end sup-
ply chain that consists of farmers, collection centers, wholesalers, and retailers. The current
study proposes a configuration in relation to fruits collected from farmers and distributed
between the retailer points. The farmers were clustered according to their geo-locations
using the K—Means clustering technique in order to create collection routes among them.
Then, the retailer points were assigned to the nearest wholesalers using the assignment
problem. Taking a banana supply chain branch rooted in Thambuththegama and Em-
bilipitiya in Sri Lanka, the improvements were implemented on a simulation platform to
investigate the impact on the performance measures. The performance measures (GHG
emission, PHL, and lead time) were calculated and compared with the existing banana
supply chain and found that the suggested configuration can mitigate the environmental
impact of the perishable supply chain. The contributions to this paper are as below:

• Introducing a novel configuration to the banana supply chain in Sri Lanka, making
multiple supply chain decisions.

• Integrating both optimization and simulation modeling approaches in finding supply
chain configurations optimizing the overall transportation and thereby reducing the
environmental impact.

The rest of this paper is organized as follows. Section 2 outlines the literature review,
where the studies were performed on different configurations under different techniques
and the gaps were summarized. Section 3 emphasizes the way materials and methods
were used for the study. Section 4 Discusses the results obtained from the model and
the theoretical and practical implications of the study. Lastly, the Section 5 includes the
conclusions, limitations, and future research directions.

2. Literature Review

Many techniques and approaches have been used to address different decision lev-
els related to the perishable food supply chain. Supply chain configurations have been
performed under network designing, distributing, and vehicle routing [64].
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Mostly, the studies were conducted on strategic decisions considering network de-
signing such as facility allocation, number of operational facilities, product flow, facility
selection, area allocation for cultivation, and production capacity selection. Table 1 provides
an information summary regarding the studies performed related to strategic decisions
under network designing.

According to the summary table (Table 1), determining the number of facilities and
their locations and the product flow between supply entities have been frequently studied
under network designing, suggesting that mostly the strategic level decisions have been
addressed under network designing. Some unique studies reported selected the packag-
ing type based on the network design and determining the fairness among the drivers.
Most of those studies conducted on facility locating have also decided the product flow,
explaining the capability of addressing multiple decision levels at once. Almost all the
studies performed on facility allocating have used mixed integer linear programming,
making it the most common modeling technique. Goal programming techniques have
also been used moderately not as much as mixed integer linear programming. Almost all
the studies were performed considering multiple objective functions. The E—constraint
method and particle swarm optimization are the two methods used often in reaching a
near-optimal solution. Numerous studies have been carried out, taking lead time, transport
cost, and CO2 emission as performance measures. Other than that, CO2 emission has been
considered with a total cost, production cost, and set-up cost to achieve environmental and
economic sustainability together. The studies that have been performed taking lead time as
a performance measure often discussed lead time in the perishability and quality aspect.
Almost all the studies which accounted for losses as a performance measure have taken the
number of clients as a performance measure together. Only one study has considered CO2
emission with setting up cost and number of jobs to achieve the sustainable triple bottom
line. Travel distance has been taken together with lead time and the number of routes.
Out of the studies conducted under perishable supply network redesigning, no studies
were found to take lead time, CO2 emission, and losses together as performance measures.
Almost all the studies performed on facility allocation have found optimal allocations for
distribution centers. Some studies have considered distribution centers and wholesalers
together. Most of the studies which considered the retailer stage have also considered the
production/farmer stage.

The studies performed under vehicle routing have mostly investigated the short-term
operational decisions, mostly regarding logistics operations such as which vehicle to load,
which route to travel, and shipping quantity. Table 2 Provides a summary of the studies
conducted under the theme of vehicle routing.
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Table 1. Summary of studies performed related to strategic decisions under network designing.
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[4] x x x x x x x x x x

[10] x x x x x x x x x x x x x

[50] x x x x x x x x x x x x

[55] x x x x x x x x x x x x x x x x

[56] x x x x x x x x x x x

[57] x x x x x x x x x x x

[59] x x x x x x x x x x x

[60] x x x x x x x x x x x x x x x x

[61] x x x x x x x x x

[65] x x x x x x x x x x x

[66] x x x x x x x x x x x

[48] x x x x x x x x x x x x

MILP: Mixed Integer Linear Programming, MINLP: Mixed Integer Non Linear Programming, GP: Goal Programming, RA: Route Analysis, COG: Center of Gravity, JIAP: Joint Inventory
Allocation Problem, ILP: Integer Linear Programming, DA: Dominance Algorithm, WSM: Weighted Sum Method, VPA: Value Path Approach, NCM: Normal Constraint Method, SA:
Scenario Analysis, AHP: Analytical Hierarchy Process, OWA: Ordered Weighted Averaging, CEA: Cross-Entropy Algorithm.
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Table 2. Summary of studies performed related to tactical/operational decisions under vehicle routing.
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MILP: Mixed Integer Linear Programming, MINLP: Mixed Integer Non Linear Programming, FCCP: Fuzzy Chance Constrained Programming, PSO: Particle Swarm Optimization,
SA: Simulated Annealing, FA: Fairfly Algorithm, FAWNA: Fairfly Algorithm with Neighborhood Attraction, DA: Data Analysis, MCDM: Multi Criteria Decision Making, BRT:
Biased Randomized Technique, GA: Genetic Algorithm, DSM: Dynamic System Model, CDL: Casual Loop Diagram, WOA: Whale Optimization Algorithm, MOEA: Multi Objective
Evolutionary Algorithm, FO: Fuzzy Optimization, FS: Fuzzy Simulation.
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According to the summary table (Table 2), the studies performed under vehicle routing
have mainly focused on operational decisions such as route selection, vehicle selection,
finding optimal shipping quantity, and some strategic decisions such as locating distribution
vehicle depots. The highest considered decision is vehicle selection, followed by route
selection and facility locating, suggesting that studies performed on vehicle routing have
mostly addressed operational decisions and seldomly addressed strategic decisions. Similar
to the network designing studies, mixed integer linear programming, and mixed integer
non-linear programming techniques have been highly utilized in modeling vehicle routing-
related problems, and most of the models were single objective models. The studies
related to vehicle route planning have often used transport cost and total supply chain
cost as performance measures focusing on the economic aspect. CO2 and PHL have been
seldomly used as performance measures when planning vehicle routes. The models have
been solved using a variety of techniques, such as particle swarm optimization, genetic
algorithm, and ε-constraint method. The studies in which the decisions of the initial stages
(farmer and collector) of the supply chain entities were addressed do not seem to address
the decisions of the latter stages (distributor, wholesaler, vehicle depots and retailer). MILP:
Mixed Integer Linear Programming, MINLP: Mixed Integer Non Linear Programming, GP:
Goal Programming, RA: Route Analysis, COG: Center of Gravity, JIAP: Joint Inventory
Allocation Problem, ILP: Integer Linear Programming, DA: Dominance Algorithm, WSM:
Weighted Sum Method, VPA: Value Path Approach, NCM: Normal Constraint Method, SA:
Scenario Analysis, AHP: Analytical Hierarchy Process, OWA: Ordered Weighted Averaging,
CEA: Cross-Entropy Algorithm.

As a tropical perennial agricultural product, bananas are among the top 20 food
commodities in the world, reaching a production of 102 megatons and corresponding
to an income of US$ 28,209.5 million in 2012 [70]. Even with greater production and
consumption of bananas, configurations of the banana supply chain have seldom been
conducted. Most of the studies conducted on the banana supply chain in different countries
have covered cradle-to-retail and have estimated the percentage PHLs, carbon footprint
in terms of kg CO2eq/kg, and supply chain stakeholder-wise contribution. A study on
the banana supply chain in Central and South America has found that per kilogram of
banana, 1 kg CO2eq emits. A total of 36% of that is during transportation, 22% during farm
production, and 22% occurs at the retail stage. The highest emission has been reported
in the transportation stage due to overseas transportation [71]. A study conducted in
Ecuador has analyzed different scenarios and has found 0.45 kg CO2eq emitted per 1 kg
of banana in the best-case scenario and 1.06 kg CO2eq emitted per 1 kg of banana in
the worst-case scenario. Here again, due to overseas transport, the transportation stage
contributes between 27% and 67% of the emission, and production contributes between 23%
to 53% of the total emission [72]. Another study performed in Ecuador [73] has found that
per kilogram of banana, 1.28 CO2eq is emitted, and 22% and 31% of the total emission
is contributed by the farm production and transport stage, respectively. A comparative
study [70] conducted on two varieties of banana (Cavendish and Prata) supply chains in
Brazil found that for 1 kg of Cavendish banana, 0.537 kg CO2eq emits and for 1 kg of Prata,
0.423 kg CO2eq emits. For both varieties, the emission occurs at the farm (52%), transport
(24%), retail (14%), packaging (7%) and ripening stages (2%).

In the field of fruit and vegetables, a study performed on post-harvest losses in supply
centers focused on wholesale and retailers, the highest rates of losses reported for fruits
were bananas (22.22%) and papayas (22.22%), and for vegetables, the highest losses were
for tomatoes (58.30%) and bell peppers (33.33%). Banana, papaya, and tomato are classified
as climacteric fruits that are harvested before full ripening, and their maturation occurs
after harvest, with the development of sensorial characteristics of each fruit. Factors such
as improper packaging (at high room temperature) accelerate the ripening and aging
process of climacteric fruits. Lack of advanced conservation and storage facilities and
transportation vehicles not possessing adequate hygiene or refrigeration are the main
reasons for this loss [74]. A study that focused on the environmental indicators of banana
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production in Brazil: Cavendish and Prata varieties, found that banana loss throughout
the supply chain was accounted for by 35.7% for Cavendish bananas and 25.5% for Prata.
The highest losses have been recorded from the wholesaler storage in the supply chain,
23% and 15%, respectively, for Cavendish and Prata [70]. A pilot study performed on
the banana supply chain in Sri Lanka found that a loss of the banana net flow occurs
at farmers (2.29%), collection centers (1.57%), wholesalers (6.22%) and retailers (7.89%),
respectively. Additionally, it was found that the highest global warming potential (GWP)
occurs at farmer-level banana production, followed by the transport stage from wholesaler
to retailer [75]. The banana supply chain has been considered as a case study to investigate
the environmental impact throughout the chain in terms of GHG emissions and PHLs.

The PHLs and GHG emissions can be mitigated by configuring the existing fruit and
vegetable supply chain by optimizing the travel distance. Configuration of sustainable
FSC is a process of spatial organization based on geographical concepts and products’
specific characteristics and is a result of constrained choice of facilities, locations associated
with them transport modes and cargo flows that incorporate the triple bottom line of
sustainability [50]. From the above facts, it is apparent that a new complex approach in
supply chain configuring to deal with these challenges whereby core sustainability factors
must be considered.

According to the literature study carried out, several gaps were identified in the field of
studies of perishable food supply chain configuration. Addressing multiple level decisions
at each stakeholder while mitigating the environmental impact has seldom been performed
in supply chain configurations. Specifically, the perishable food products, with a high
possibility of getting exposed to PHLs and thereby emitting CO2, have not been considered
for the aforementioned configurations. Past studies have not attempted to reduce CO2
emission and PHLs during the food collecting phase and wholesaler distribution phase
while reducing the lead time. The perishable food supply chain has been investigated
emphasizing the environmental impact qualitatively and quantitatively, but the mitigation
attempts are rarely conducted through configurations.

3. Materials and Methods

The current research has been carried out according to the methodology that is pro-
vided in the below schematic diagram in Figure 1. Accordingly, by the literature review, the
existing research gap and a suitable case study were identified. Impactful study locations
have been selected for the study. Data collection has been performed for the selected case
study through field visits and interviewing the main stakeholders. Collected information
was filtered considering the focused decisions and the model/simulation requirements of
the study. With qualitative and quantitative information, the existing banana supply chain
was modeled on a simulation platform. Then, the suggested improvements on multiple
level decision levels were included in the model in deriving the novel supply chain con-
figuration. Since the study aims to mitigate the environmental impact while addressing
multiple level decisions, performance measures, GWP (CO2 emission) and PHLs were
calculated at each supply chain stage. Here, not only the supply chain entities but also the
transport stages were considered. The calculated performance measures were compared
with the existing supply chain to prove the significance of the suggested configuration,
which address the research gap found in the literature. The major steps after selecting the
case study have been broadly explained below.
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3.1. Introduction to Case Study

In this study, the banana supply chain in Sri Lanka has been selected as a suitable case
study, two major banana supply chain branches; starting from farmer fields at Embilipitiya
(Southern province) (Figure 2.) and Thambuththegama (North Central province) (Figure 3.),
which terminates at the retail markets in Colombo, Gampaha (Western province), Kandy
(Central province), Badulla (Uva province) and Balangoda (Sabaragamuwa province) were
selected for the study. In the data collection phase, by observing the entire process of
the banana supply chain, the major activities were identified as production, collection,
storage, and distribution. The information regarding production, packing, dispatching
frequency, mode of transportation and quantity, wastages, storage capacity, selling price,
buying price, waiting time at each stakeholder, number of routes, vehicle capacity, and
traveling distance at each stakeholder, and the daily weekly and monthly behavior of those
activities were collected by interviewing the stakeholders of a selected segment. According
to the completeness of the information provided, 20 and 10 farmers were selected from
Embilipitiya (Figure 2.) and Thambuththegama (Figure 3.), respectively.
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3.2. Simulating the Existing Supply Chain

When simulating the existing banana supply chain, to observe the impact of each
supply chain entity, the existing operations, and where improvements are required, a
simulation model can be adopted by taking farmers, collectors, DECs centers, wholesalers,
and retailers as agents. One kilogram of banana is taken as an entity. Once harvested,
banana lots wait in the farmer’s storage area until dispatching. Daily dispatching is
performed according to the vehicle’s capacity. Three types of dispatching modes can be
observed; delivery by farmer’s own vehicle, a rented vehicle (through a transport agent),
or by a collection center vehicle. Since only two branches of the banana supply chain have
been considered, two collection centers are included were located in Thambuththegama
and Embilipitiya. Almost all the farmers deliver their banana lots to the corresponding
collection centers. Collection centers store banana lots during the time while selling to
the wholesalers. Once all the negotiations and selling processes have been completed,
wholesalers collect the banana lots and take them to the wholesaler location either by
collection center’s own vehicle or by wholesaler’s own vehicles. Once the banana lots
are collected from the collection centers, wholesalers distribute banana lots to the retailer
points across the country. Here, Thambuththegama wholesaler delivers to Katugasthota,
Kandy, Gampaha, and Colombo retail points, while Embilipitiya wholesaler delivers to
Balangoda, Gampaha, Badulla, Colombo, Rambukkana, and Kandy retail points.

Below abbreviations mentioned are used in simulating.

• Fields, Farmers, and Vehicles

# Embilipitiya Fields—EF
# Thambuththegama Fields—TF
# Farmer—F
# Vehicles of Embilipitiya Farmer—EFV
# Vehicles of Thambuththegama Farmer—TFV

• Collection Centers and Vehicles

# Embilipitiya Collection Center—ECC
# Thambuththegama Collection Center—TCC
# Vehicles of Embilipitiya Collection Center—ECV
# Vehicles of Thambuththegama Collection Center—TCV

• Wholesalers and Vehicles

# Embilipitiya Wholesaler—Colombo Manning
# Thambuththegama Wholesaler—Dambulla
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# Vehicles of Embilipitiya Wholesaler—EWV
# Vehicles of Thambuththegama Wholesaler—TWV

According to the observations, the existing banana supply chain is simulated on a
simulation platform (Simio 14) as provided in Figure 4. The simulation model can be found
in the Supplementary Materials. The farmers used to deliver their banana harvest to the
collection center either by their own vehicle, by a rented vehicle, or by the collection center
vehicles. Once the banana reaches the collection centers, after spending an average waiting
time, they are delivered to wholesalers. Then, wholesalers deliver bananas to retailer points
directly and in routes. Dambulla wholesaler delivers to Kandy through Katugasthota and
to Colombo through Gampaha. Colombo Manning market delivers to Gampaha through
Balangoda and to Kandy through Rambukkana, and to Badulla directly. The strategic
and tactical/operational level improvements are considered after simulating the existing
supply chain.
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3.3. Improvements on Strategic Decision Level

Banana collection routes are intended to create by clustering the farmers according to
their geo-locations. This has been performed for Thambuththegama farmers and Embilipi-
tiya farmers separately. The K-means clustering is performed using R studio.

The optimal number of clusters is determined using the “Elbow method”. By perform-
ing K-means clustering for a range of K values; the average distance to the centroid across
all the data points is calculated for each. The average distance is also taken as a sum of
squares in each cluster. These values are plotted in a scatter plot to obtain the elbow shape.
At the point where the elbow is placed or the place where it starts a uniform pattern, the
corresponding K value is considered as the optimal number of clusters. After deriving the
optimal number of clusters, the set of geo-locations is clustered considering the Euclidian
distance to the centroid.

Under tactical decisions, the nearest farmers are clustered together, and a collection
route is created so that each individual farmer does not need to deliver their bananas
to the collection centers separately. Here, when creating the routes, the cluster and the
geographical possibility of routing between the farmers were considered.

3.4. Improvements on Tactical/Operational Decision Level

It is intended to develop a banana distribution plan from wholesalers to retailers. Here,
each wholesaler is given the responsibility to supply to the nearest retailers. To minimize
the travel distance when distributing bananas to the retail points, an assignment model is
created.
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3.4.1. Notation

DDi—Distance between Dambulla wholesale to ith retailers
DCi—Distance between Colombo Manning Market to ith retailers
CD—Capacity of Dambulla wholesale
CC—Capacity of Colombo Manning Market
Ci—Capacity of each retailer point

3.4.2. Decision Variables

XDi—1 or 0 indicating whether Dambulla Wholesaler is supplying to the ith retailer
XCi—1 or 0 indicating whether Colombo Manning Market is supplying to the ith retailer

3.4.3. Decision Variables

In this model, the two wholesalers are assigned to the nearest retailers in such a way
that the total distance is minimized.

Minimum Distance = ∑6
i=1 DDiXDi + ∑6

i=1 DCiXCi (1)

3.4.4. Constraints

XCi + XDi ≥ 1 for all i = 1,2,3,4,5,6 (2)

At least one wholesaler should supply to each retailer point.

∑6
i=1 XCiCi ≤ CC (3)

∑6
i=1 XDiCi ≤ CD (4)

All the demand capacities at retailer points should be less than or equal to the supply-
ing wholesale supply capacity.

XDi, XCi—binary and non-negative

3.5. Calculation of Performance Measures

The two simulation models were simulated for 48 h and according to the results, the
performance measures (GWP, PHL, and lead time) were calculated and compared. Here,
the emission factor while transporting is considered according to the weight capacity of
the vehicles. Since all the vehicles used were under the light commercial vehicle category
in which the weight capacity is less than 3.5 metric tons, the emission factor is considered
as 1.54 kgCO2(eq). The GWP of production and transportation and organic waste were
calculated using the below formulas.

GWP of Transporting) = Transport distance (tkm) × Emission factor (kgCO2eq/tkm) (5)

= Transport distance × 1.54 kgCO2(eq)

GWP of Organic waste) = Organic waste (kg) × Emission factor (kgCO2(eq)kg−1) (6)

= Organic waste × 0.28 kgCO2(eq)

GWP of Production) = Production quantity (kg) × Emission factor (kgCO2(eq)kg−1) (7)

= Production quantity × 0.206 kgCO2(eq)

According to the findings of the pilot study [75], the receiving quantities to collection
centers and wholesales were multiplied by the percentage of waste and calculated the loss
of each stakeholder.
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4. Results
4.1. Results of the Strategic Level Decisions

To perform the Elbow method, the within-group sum of squares plot for Embilipitiya
farmer geo-positions returned as below (Figure 5).
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Figure 5. Within cluster sum of squared error plot for Embilipitiya geo-locations.

According to the Elbow method, the plot (Figure 5) starts its uniform behavior (Elbow
is placed) after the fifth point. Therefore, the number of clusters needed is five clusters.

For Embilipitiya farmers, five different clusters were identified according to the clusters
given in Figure 6. The numbers represent the Embilipitiya farmer indices. The X-axis
represents the principal component of the longitude, and the Y-axis represents the principal
component of latitude. Farmers EF1, EF6, EF7, and EF9 fell into the first cluster, EF4, EF8,
and EF13 fell into the second cluster, EF11, EF12, EF15, EF16, EF17, EF18, and EF19 fell into
the third cluster, EF2, EF3, EF5, EF10, and EF14 fell into the fourth cluster, and EF20 fell into
the fifth cluster. These five clusters can be considered when creating the collection routes.
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To perform the Elbow method, the within-group sum of squares plot for Tham-
buththegama farmer geo-positions returned as below (Figure 7).
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Figure 7. Within cluster sum of squared error plot for Thambuththegama geo-locations.

As the plot of within groups sum of squares becomes uniform after the fourth point.
Therefore, the optimal number of clusters needed is four clusters.

At Thambuththegama, the farmers set of geo-locations was clustered considering
the Euclidian distance to the centroid into four different clusters (Figure 8) indicating the
necessity of four different collection routes. Here, TF1, TF2, and TF3 were classified into
the first cluster, TF10 fell into the second cluster alone, TF5, TF8, and TF9 fell into the third
cluster, and TF4, TF6, and TF7 fell into the fourth cluster.
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Figure 8. Thambuththegama farmer clusters.

4.2. Results of the Tactical/Operational Level Decisions

According to the assignment model, the Colombo Manning market is assigned to
supply to the Gampaha and Balangoda retailer points while the Dambulla wholesaler
supplies to the Rambukkana, Katugasthota, Kandy, and Badulla retailer points. The
simulation model has been altered accordingly as shown in the below Figure 9.
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Figure 9. Suggested banana supply configuration.

The way farmers used to deliver to the collection center and the way wholesalers
used to distribute to the retailer points were changed in the suggested configuration. The
suggested configuration and the existing banana supply chain are different in terms of their
characteristics.

According to the simulation results, the quantities received at collection centers and
wholesales and travel distances by the vehicles were taken into consideration. The cal-
culated performance measures values of the new configuration were compared with the
values of the existing scenario, as shown in Table 3.

Table 3. Comparison of performance measures.

Stage Existing New Configuration

PHL Net GWP PHL Net GWP

(kg) Production
(kgCo2eq)

PHL
(kgCo2eq)

Transport
(tCo2eq) (kg) Production

(kgCo2eq)
PHL

(kgCo2eq)
Transport

tCo2eq

Farmer 61.99 557.66 17.36 61.99 557.66 17.36
Farmer–Collector 36.35 18.27
Collector 34.78 9.74 28.33 7.93
Collector–Wholesaler 296.56 308.93
Wholesaler 82.30 23.04 83.09 23.27
Wholesaler-Retailer 390.57 285.51
Retailer 64.82 22.09 65.22 22.22

Total 243.89 724.10 (tCo2eq) 238.63 613.47 (tCo2eq)

Total travel distance 602,954.94 km 479,526.55 km

Lead times 47.39 h 33.74 h

5. Discussion

The suggested improvements were simulated as a simulation model. According to
the simulation results, the performance measures; PHL (kg), GWP, and lead times were
calculated and compared. Here, from the simulation results, the total distance traveled by
the vehicles and their tonnage, the production amount, and allocated banana entities at
each stakeholder were taken for the GWP and PHL calculations.

5.1. PHL (kg)

The production quantity is the same for both the existing and the new configurations,
thus the amount of PHLs does not change. The banana quantity that needs to be delivered
to the two collection centers in order to deliver 1000 kgs to the retailer points has been
reduced by 19% in the new configuration. The new configuration collects bananas from the
farmers by traveling through the routes, which eases the high congestion at the collection
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centers. Consequently, this reduces the PHL quantity at the collection center by 19%. The
banana amount that needs to be delivered to the two wholesales in order to deliver 1000 kgs
to the retailer points has been increased by 1%. Therefore, the PHL quantity at wholesalers
has increased by 1% without making a significant increment in the total quantity of PHL
in the entire banana supply chain. As the PHLs amount has been reduced at the previous
entities, the receiving banana amount at the retailer is high. Therefore, the PHLs occurrence
is slightly high than the amount in the existing supply chain. The total quantity of PHL
throughout the banana supply chain when delivering 1000 kg of banana to the retailer
points has been reduced by 2.1% in the new configuration.

5.2. GWP (kgCo2eq)

The production quantity and the quantity of PHLs are the same for both cases, thus
the GWP (kgCO2eq) does not change during the production stage. The new model creates a
route between the clustered farmers; therefore, the number of individual trips gets reduced,
and the number of vehicles used is reduced. Consequently, the ton kilometer emission is
reduced by 50%. Results show that the PHLs quantity has been reduced by 19%, hence the
GWP (kgCO2eq) also has been reduced at collection centers. The travel pattern between the
collection center and the wholesalers were not changed, but the amount traveled changed
in the new configuration. The ton kilometer emission has increased by 4%. This increment
has not made a significant increment in total GWP in the new configuration. The quantity
of PHLs has increased by 1%; therefore, the GWP (kgCO2eq) due to PHLs at the wholesaler
point has increased by 1%. When delivering from wholesalers to the retailer points, the new
configuration has improved by assigning retailer points to each wholesaler. Therefore, the
ton kilometer quantity has been reduced by 27.5% by reducing the GWP (kgCo2eq) amount
by the same percentage. The quantity of PHLs has been slightly increased at the retailer
point in the new configuration, therefore the amount of GWP (kgCo2eq) is equal both in
the existing and the new configurations. The total GWP (kgCo2eq) throughout the banana
supply chain has been reduced by 15.3% in the new configuration.

5.3. Lead Time (h) and Distance (km)

In the new configuration, the banana collection from farmers is performed by traveling
through routes restricted to the corresponding formed farmer clusters, the individual
number of trips has reduced. Therefore, the time taken and distance to pass in order to
deliver to the collection center has been reduced. At the same time, the retailer points
have been assigned to the wholesalers separately; thus, the wholesalers are supplying
to the nearest retailer points making the travel time and distance reduced. Both these
improvements conducted in the new configuration have reduced the average lead time by
28.9% and the total distance by 20.47% in the suggested configuration.

5.4. Implications

At present, almost all the agriculture systems are pressurized to achieve the triple
bottom line of sustainability, and it is observed that numerous ongoing projects are focusing
on this area. According to the literature, under the supply chain configuration theme, GWP,
PHLs, and lead time have been seldom studied together. Even though, as a fruit product,
the banana requires special attention in supply chain operations due to its unique physical
structure, however, none of the supply chain studies have been performed taking the
banana as a case study. The present study addresses this knowledge gap by configuring
the banana supply chain by taking GHG emissions, PHLs, and lead time as performance
measures together. Furthermore, the current study also can be considered as an effort to
showcase ways to approach the SDGs.

Based on the analyzed results, the present study has proved by changing the collection
route and the distribution route, the GHG emission, PHLs, lead time, and travel distance
can be reduced by considerable amounts. Through farmer clustering, the number of
individual trips gets reduced. The unnecessary competition between the farmers is also
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reduced by farmer clustering as a particular vehicle is always assigned for them to supply
their harvest. As banana is a perishable fruit with a limited shelf life, the reduced lead
time makes sure customers are getting the product before reaching its shelf life. Reducing
the congestion at the collection centers reduces the probability of bananas getting exposed
to PHLs. Generally, the wholesalers are used to supply to whichever retailer point they
find. This makes the GHG emission high during the travel time and increases the lead time.
Therefore, assigning retailer points to each wholesaler limits this unnecessary travel while
at the same time reducing the GHG emission and lead time. This also reduces the ability to
occur PHLs while traveling.

Statistical clustering methods are not often used under this theme. As the K-means
clustering method is applied to create the farmer clusters, this study has proved the
applicability of statistical analysis techniques in the field of supply chain management.

6. Conclusions

In the present study, the principal aim is to investigate how to achieve environmental
and economic sustainability by configuring the product flow of the fruit and vegetable
supply chain. To address the knowledge gap in the area of perishable food supply chain
configuration, the banana supply chain has been configured, taking GHG emission, PHL,
and lead time as performance measures. By creating the farmer clusters and routes within
the clusters and assigning the nearest retailer points to each wholesaler, the banana supply
chain has been improved at all three decision levels.

A previous study conducted in Ecuador has found that around 31% of the emission
occurs in the transportation stage [73]; however, in the Sri Lankan context, almost 99.8% of
the GHG emission occurs during transportation. This is acceptable as this study has not
considered the production level operations, their PHs and emissions. Still, transportation
has contributed to the majority of the GHG emission, as reported in studies performed
in Ecuador [73] as well as in the central and South American context. Aligning with the
study which focused on the environmental indicators of banana production in Brazil, which
was performed on Cavendish and Prata varieties, the total banana loss (mix of all banana
varieties) was 25.23%, slightly near to the range accounted for in the previous study, 35.7%
for Cavendish bananas and 25.5% for Prata.

According to the analyzed results, the PHLs have been reduced by 19% at the collection
center and by 1.9% throughout the entire banana supply chain. GWP has been reduced
by 50% when delivering from farmers to collection centers, by 19% at the collection center
due to PHLs, and by 27.5% while distributing among retailer points. An early study was
performed on producer clustering, and route optimization [65] has reduced the number of
routes by 68%, lead time by 48%, and distance by 50% without reducing the GHG emission.
In the present study, the overall GWP has been reduced by 15.3%. Other than that, the lead
time has been reduced by 28.9%, and the total travel distance has been reduced by 20.47%.
This proves that the suggestions of farmer clustering and assigning nearest retailer points
to dedicated wholesalers can improve the supply chain in terms of GHG emission, PHLs,
lead time, and travel distance.

Limitations of this study are (i) a static model has been considered for the banana
supply chain, (ii) the values depend on the context where the study has been carried out,
(iii) only a small branch of the banana supply chain has been taken for the study, and (iv)
this study achieves only the environmental and economic pillars of sustainability but not
the social pillar.

These limitations can be improved in future studies by (i) making efforts to develop
a dynamic model integrating scenario analysis and machine learning; (ii) validating the
banana supply chain in a different region; (iii) simulating with an advanced technology
that allows more libraries; and (iv) improvements can be made considering the social
aspects such as the number of jobs created, customer satisfaction and reaching maximum
retailers as performed in the study by Orjuela-Castro [4]. Furthermore, this study can be
improved by using the vehicle routing concept to make the optimal routes to distribute
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among retailers. By integrating the multiple level decision-making approaches into a digital
platform, a decision support system can be implemented to achieve the sustainable triple
bottom line while sharing information, experiences and good practices [76].
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