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Abstract: A cold chain for perishable fresh products aims to preserve the quality of the products under
the control of a predefined temperature range. To satisfy the delivery conditions within appropriate
time windows, the most critical operations in cold chain management is the transportation and
distribution of fresh products. Due to rapid population growth and increasing demand for high-quality
fresh foods, it becomes critical to develop advanced transportation and distribution networks for
fresh products, particularly in urban areas. This research aims to design different scenarios based
on mathematical models for fresh products transportation and distribution network in the Bangkok
metropolitan area using Geographic Information system (GIS). The proposed methodology integrates
location–allocation and vehicle routing problem analysis. The performance of all possible scenarios
is evaluated and compared by considering the number of required distribution centers and trucks,
total travel time, total travel distance, as well as fairness among drivers. The results of the scenario
analysis highlight that the alternative scenarios show a better performance as compared to the current
network. In addition, the administrator can make a different decision among several alternatives by
considering different aspects, such as investment cost, operating cost, and balance of using available
resources. Therefore, it may help a public officer to design the fresh products logistics network
considering actual demand and traffic conditions in Bangkok.

Keywords: urban logistics; network design; location-allocation; vehicle routing problem;
location-routing problem; GIS

1. Introduction

The cold chain for the perishable products is defined as the entirety of supply chain operations
and processes to ensure the temperature control within the predefined range [1]. The core function
of the cold chain is to monitor the temperature in order to preserve the integrity and the quality of
products and to guarantee the shelf life of goods [1]. However, transportation of perishable products
and associated logistics operations pose many challenges for the cold chain [2].

Specifically, there exists the general requirement for keeping the products as safe as possible
during transportation. In addition, products should be delivered within the predefined time window
and, at the same time, meet the expected food quality. These factors complicate the design and planning
of the fresh products distribution network [3]. In addition, owing to the increased consumer awareness
and government regulations on food safety, several issues have continuously been addressed as the
most important problems in the foodservice industry [4].

To cope with the rapidly growing population and the ever-increasing demand for high-quality
fresh food, a more advanced transportation system for fresh food delivery is needed, particularly in
urban areas [5]. In this context, Bangkok metropolitan, the urban agglomeration of Bangkok, is a
most representative case where an advanced fresh food transportation network is urgently needed.
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Bangkok metropolitan includes Bangkok city and five surrounding provinces: Pathum Thani province
(north of Bangkok), Nonthaburi province (northwest of Bangkok), Nakhon Pathom province (west of
Bangkok), Samut Sakhon (southwest of Bangkok), and Samut Prakan (south of Bangkok). These areas
around the Bangkok metropolitan have become some of the fastest growing metropolises in the world.
The estimated population is 16.2 million as of 2019 [6].

Bangkok is the center of commerce and trade in Thailand and is also relied heavily upon by
companies across the Indochina Peninsula; however, because of the high number of private vehicles
and the insufficient supply of transportation services, the traffic congestion is a major problem. It was
categorized as the most populous and traffic-congested city in the country by a landslide. This problem
has huge impacts on businesses in the logistics and distribution. A high number of private vehicles
and the insufficient supply of transportation services lead to congestion problems in Bangkok city [7].
In the global index compiled by TomTom traffic index, Bangkok has been ranked the second lowest in
the world. During the morning rush hour, extra travel time increases by about 91%, while, during
the evening rush hour, the increase in travel time amounts to 118% [8]. According to a recent survey
of Ministry of Transport, the average speed of vehicles in the morning rush hour was 15 km per
hour (km/h) [9]; however, the lowest average in the Southern Bangkok was recorded 10.1 km/h.
The worst congestion road is mainly on Krung Thon Buri road in between Krung Thon Buri and
Surasak intersection (5.1 km/h) [9].

Currently, Talaad Thai wholesale market is a major existing distribution center (DC) of fresh food
in the central region of Thailand. It is also the biggest wholesale market in Southeast Asia. In addition,
domestic consumption for fresh fruits and vegetables in Bangkok is mainly supported by Talaad Thai
market. [5]. With an increase of urban freight movements, a single DC cannot efficiently handle the
growing demand from customers while considering the distance, lead time, and internal operations
in the warehouse, particularly when it comes to Just-In-Time (JIT) delivery of fresh products [10].
Therefore, a new transportation network design is necessary for fresh food distribution using multiple
distribution centers (DCs) in Bangkok [10,11].

According to the development of the fresh fruit and vegetables distribution, the design of the
transportation network should take into account the location and distribution from a wholesaler to
DCs, and then deliver products from DCs to retailers. Therefore, the location-routing problem (LRP)
model, which integrates the location–allocation problem (LAP) and vehicle routing problem (VRP),
is used to design the network transportation for fresh fruits and vegetables in Bangkok.

The main contribution of this research can be categorized five-fold. First, we analyzed the current
distribution network for fresh fruit and vegetables from the existing DC to retailers. We provided
managerial insights for helping decision makers in charge of designing the distribution network to
solve the major problems of the existing network. Second, we have suggested a framework of the
two-phase sequential approach that consists of very well-known research problems, LAP, and vehicle
routing problems with time window (VRPTW), using Geographic Information systems (GIS). Third,
we have devised a systematic approach for designing transportation networks in the public sector by
applying the closest facility, minimizing the number of locations, and maximizing coverage based on
the exact location and the practical road conditions for urban transportation. Fourth, we compared
the performance of eight different scenarios based on total travel time, total distance, number of
required trucks, number of DCs, and fairness among drivers. The result of comparing analysis may
help decision makers to design a new distribution network in order to support the increasing demand
of fresh fruit and vegetables. Finally, the proposed network can improve the efficiency by reducing the
travel distance and enhancing the fairness among drivers while satisfying several constraints.

The remainder of this research is organized as follows. Section 2 provides a review of relevant
literature. Then, in Section 3, the proposed research background is introduced. In Section 4, we
describe the research methodology used in this research. Scenario analysis and sensitivity analysis
are presented and discussed in Section 5. Finally, conclusions, limitations, and directions of future
research are discussed in Section 6.
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2. Literature Review

The LRP is one of the major problems in designing a logistics network, with important implications
for the entire supply chain [12]. There are several distinctive characteristics of the fresh products
transportation that should be accounted for in solving the LRP. These characteristics include shelf life
constraints and perishability of products, long production throughput time, seasonality in production,
conditioned transportation and storage, product safety issues, and natural conditions that affect the
quantity and quality of farm products [4,13].

Generally, the fresh chain logistics builds customer value by merging logistics activities related to
perishable products with common business processes [14,15]. In one relevant study, Hsiao, Chen, and
Chin [3] modeled and resolved a cold chain distribution planning problem for perishable foods by
generating a distribution plan that ensured the fulfillment of customer requirements for various foods
and food quality levels at the lowest cost.

Furthermore, Gallo, Riccardo, Giulia, and Riccardo [16] designed the sustainable cold chain for
food distribution on the silk road belt. A mixed integer linear programming model was applied to
minimize the total energy consumption deal with the cold chain operation. The case study focused on
the distribution for the perishable product along the new Silk Road, Europe, and China. The results
suggested an efficient route and transportation modes on the sustainability of the cold chain.

Similarly, Bosona, Nordmark, Gebresenbet, and Ljungberg [17] evaluated the performance of an
integrated food distribution network (IFDN) in Sweden. LRP analysis was applied to analyze the data
of 11 producers, 149 customers, and one DC. GIS tools and LAP techniques were used. Four scenarios
of food distribution were identified and analyzed. The number of routes, visits, transport distance,
and total time were compared.

Bozkaya, Yanik, and Balcisoy [18] integrated the LRP model and a hybrid heuristic solution
methodology to solve the competitive multi-facility location problem. A GIS-based framework was
used to store, analyze, and visualize all data, as well as to propose model solutions in the geographic
project. Furthermore, Bosona, Nordmark, Gebresenbet, and Ljungberg [19] considered four different
scenarios to investigate the existing flow of locally produced foods from producers to consumers in
Sweden. In addition, a coordinated and efficient food distribution system for local food producers was
developed. GIS and Route Logix software (version, Manufacturer, City, US State abbrev. if applicable,
Country) were used to get more insight into the impact of the integration of local food systems.

In another relevant study, Hsiao, Chen, Lu, and Chin [20] investigated the problem of last-mile
delivery of fresh fruits and vegetables through considering multiple practical scenarios. A last-mile
routing with the quality concern for cold-chain delivery was considered. The results indicated that
the fulfillment of various requirements of different customers and appropriate quality levels could be
ensured using cost considerations.

In addition, Hsu and Liu [21] proposed a model of facilities planning for a multi-temperature joint
distribution system. The problem of optimal application of multi-temperature logistics techniques for
terminal and vehicle routing operations was solved by minimizing the total delivery cost. This study
focused on the choice of appropriate short-and medium-term operational strategies. In addition, the
authors analyzed the advantages and disadvantages of various logistic techniques to provide operators
with a valuable reference.

Furthermore, Mejjaouli and Babiceanu [2] proposed two types of decisions models: stopping
transportation and/or rerouting the shipments to a closer location. The decision-making related to
every shipment or series of shipments was made in the cloud using temporary virtual machines (VMs).
The VMs make operational decisions based on the evaluation of actual transportation conditions and
location of shipped products against requirements and initial route and terminal market geographical
location. The results of the optimization models using logistics data (full truckload, shipping points,
end markets, distance, $/mile for transportation, harvest periods, weekly demand) showed significant
savings. The proposed system could be used for multiple product types and multiple locations.
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In another study, Hsu and Chen [5] proposed a model to analyze the operation strategy of a
joint distribution system by considering the costs of carriers, transportation demand, and acceptable
shipping charges with a time-dependent demand pattern. The results of this study suggest that carriers
determine departure times of multi-temperature food with demand–supply interaction and prioritize
food of medium temperature ranges, as delivering such foods generates more profit.

Serra and Marianov [22] investigated location problems in the public sector. Most public facility
located models were found to use a p-median problem approaches and/or a covering problem (Location
Set Covering Problems, LSCP, or Maximal Covering Location Problems(MCLP) to set the foundations
of the formulation. The results showed that p-median and covering problems could be considered as
benchmarks in the development of location models.

Furthermore, Wang, Tao, and Shi [23] proposed the minimum total costs in cold chain logistics
by using an LRP model. A hybrid genetic algorithm with heuristic rules is designed to solve the
model under the constraints of both benefit and environment. The carbon tax policies are suggested to
analyze the impact of carbon tax on the total costs and carbon emission.

Similarly, Fazayeli, Eydi, and Kamalabadi [24] integrated the multimodal routing and
location-routing problems for considering in worldwide businesses. The problem consists with
two dimensions: a multimodal network is to move products from producer to depots and a location
routing network is to deliver products from depots to customers. A mixed-integer mathematical fuzzy
model was presented for the proposed problem. The results suggested that time windows and fuzzy
demands increased overall cost and time and imposed more difficulty on the problem. Moreover,
comparing algorithm values and solution time indicated performance of the proposed algorithm.

Ma, Wu, and Dai [25] proposed the combined order selection and time-dependent VRPTW in
delivering perishable products. This study aimed to determine delivery order, service sequence, and
timing to start a delivery task in order to maximize profit maximization.

Solak, Scherrer, and Ghoniem [26] introduced a new variant of location-routing problem, which is
the stop-and-drop problem (SDRP) for nonprofit food distribution networks in day-to-day-operations.
Trucks delivered food to multiple sites by considering service area and partner agencies travel. The
integrated mixed-integer model applied to solve a set of delivery sites, and determine agencies sites
and route scheduling. Moreover, the Bender implementation and logic-based Benders decomposition
heuristics were also proposed in this paper to fix time limitations.

Musolino, Polimeni, and Vitetta [27] proposed a procedure for the solution of the VRP based on
Network Fundamental Diagram (NFD). The proposed link travel time function to calculate reliable
travel times are used for the solution of VRP to obtain optimal routes of freight vehicles. The results
indicated that that the optimal routes contribute to avoid heavily congested links and portions of the
network in urban areas.

Finally, Musolino, Rindone, Polimeni, and Vitetta [28] integrated location and vehicle routing
problems for planning an Urban Distribution Center (UDC) based on the restocking demand scenarios
in order to follow sustainability goals. This study aimed to support city logistics planning, evaluating
cost and benefits of the logistics operators in Southern Italy. In addition, the proposed methodology
can be applied to attain a trade-off among sustainability dimension regarding public and private needs.

In summary, from the literature review presented in Table 1, it can be concluded that several
previous studies have investigated several solutions to solve the network design problem in fresh
food logistics. In these previous studies, the LAP and VRP are the most widely applied approaches.
Most of them focused on cost minimization as the economic dimension of sustainability, especially in
private sector. However, only a few previous research works considered the social and environment
dimensions. Moreover, a few previous studies on LRP considered the exact locations and real
transporting routes among origins and destinations. Most previous studies presented the results of
the optimal solutions were compared to the number of locations, travel distance, travel time, and
the number of routes. Therefore, it is not easy to find research that focused on the public sector
and considered fairness among drivers. Likewise, not many studies compared different approaches
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that aimed at minimizing facilities and maximizing coverage approach applied in the fresh fruit and
vegetables transportation. It is possible to find that most of the previous research has considered LAP,
VRP, VRPTW, or other related models, respectively. In this research, we have suggested the research
framework by integrating the LAP and VRPTW. In addition, in this research, we have compared the
different scenarios that consisted of various approaches such as the closest facility, minimum number
of facilities, and maximizing coverage. The performance of all scenarios was evaluated by applying
VRPTW considering the limited capacity of trucks from the limited number of DCs to all delivery
points. By comparing with the quantitative metrics such as the number of required DCs and trucks,
the travelling time and distance, and fairness among drivers, it may be possible to suggest a better
alternative for an urban transportation network for distributing fresh fruits and vegetables.

Table 1. Summary of literature review: location–allocation problem(LAP); vehicle routing problem
(VRP); location-routing problem (LRP); vehicle routing problems with time window (VRPTW).

References Model Objectives Mathematical
Models

Decision Variable
of Model

Aspects of
Sustainability Sector Type of

Product Solution/Tools

Hsiao, Chen, and
Chin (2017) Cost minimization Genetic algorithm

(GA) LAP, VRP Economic-Social Public Perishable
foods C++

Gallo, Riccardo,
Giulia, and Riccardo

(2017)

Environmental impact
minimization

Mixed integer linear
programming (MILP) LAP Environment-Social Private Fresh apples

and ice cream AMPL, Gurobi

Bosona, Nordmark,
Gebresenbet, and
Ljungberg (2013)

Performance evaluation GIS LAP, VRP Economic-Environment-Social Public Food ArcGIS

Bozkaya, Yanik, and
Balcisoy (2010) Profit maximization GA, Tabu Search

algorithm, GIS LRP Economic Private Supermarket
chain C++, ArcGIS

Bosona, Nordmark,
Gebresenbet, and
Ljungberg (2011)

Cost minimization-Social
impact minimization GIS LAP, VRP Economic-Social Private Food GIS and LogiX

Hsiao, Chen, Lu, and
Chin (2018) Cost minimization GA VRPTW Economic-Environment Private Fruit,

vegetable C++

Hsu and Liu (2011) Cost minimization Binary
integer-programming Facilities planning Economic Private Food -

Mejjaouli and
Babiceanu (2018) Cost minimization

Radio Frequency
Identification (RFID),

Wireless Sensor
Networks (WSN)

VRP Economic Private Fruit CPLEX

Hsu and Chen (2014) Profit maximization Nonlinear
programming

Fleet size and
VRPTW Economic Private Fresh food -

Serra and Marianov
(2002) Social impact minimization Covering model,

P-median model LAP Social Public Hospital and
fire station -

Wang, Tao and Shi
(2018) Cost minimization Hybrid genetic

algorithm LRP Economic-Environment Private Refrigerated
foods

MATLAB
R2014a

Fazayeli, Eydi, and
Kamalabadi (2018) Cost minimization

Mixed- integer
mathematical fuzzy,

GA

LRP with time
window Economic Private - GAMS

Ma, Wu, and Dai
(2017) Profit maximization MILP Order selection and

VRPTW Economic Private Perishable
product CPLEX

Solak, Scherrer, and
Ghoniem (2012) Cost minimization Mixed-integer

program (MIP) LRP Economic Public Food GAMS/CPLEX

Musolino, Polimeni,
and Vitetta (2016) Cost minimization GA VRP Economic - -

Microscopic
traffic

simulation
package

AIMSUN© (TSS
2011)

Musolino, Rindone,
Polimeni, and Vitetta

(2019)

Cost
minimization-Environmental

impact minimization
GA LRP Economic-Environment Public-Private - -

3. Research Background

Location and routing problems were some of the main concerns in logistics. To solve the problem
of distribution for fresh fruits and vegetables, the framework which integrates LAP and VRPTW
approaches is devised in this research. The presented framework can be divided into the following
two-phase sequential approach. The first phase is to identify the location of fresh food distribution and
demand allocation. The second phase is to design the routes for delivery and the number of vehicles
required while minimizing the total travel distance while delivering fresh fruits and vegetable from
wholesalers to retailers through DCs. The LAP and VRPTW are described as follows:
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3.1. Location–Allocation

Location-allocation is divided into two sections: locating facilities and allocating demand points
to the facilities. The purpose of LAP is to minimize the overall distance between demand points
and facilities, maximize the number of demand points covered within a certain distance of facilities,
maximize an apportioned amount of demand, and maximize the amount of demand captured in
an environment of friendly and competing facilities [29]. This research aimed to find the minimum
number of DCs or to find the location of DCs while maximizing coverage based on the predetermined
the number of DCs that will be explained in further details.

3.1.1. Minimum Facility Location Problems

The objective of minimum facility location problem is to find the minimum number of facilities
while covering all demand. It can be stated that each and every demand point has at least one
server located within some distance or time standard [22]. When the cost of building facilities is not
considered, a demand point inside the impedance cutoff has been allocated to the nearest facility [30].
The formulation of the model is as follows:

Sets:

I = set of demand nodes (indexed by i);

J = set of eligible facility sites (indexed by j);

Parameters

Ni =
{
j
∣∣∣ dji ≤ S

}
;

dji = the distance from potential facility location j to demand node i;

S = the distance standard for coverage;

Decision Variable:

xj = Binary variable equals 1 if a facility is located at node j, 0 otherwise:

Min
∑
jεJ

x j (1)

subject to ∑
jεNi

x j ≥ 1 ∀i ∈ I (2)

x j = 0, 1 ∀ jε J (3)

Note that Ni is the set of all those candidate sites for the potential location of facilities that are
within distance S of demand node i. When a facility is located in any of the candidate sites, demand
node i is covered. The objective in Equation (1) minimizes the number of facilities required. Constraints
in Equation (2) ensure that there is at least one opened facility within standard distance s from each
demand node [22].

3.1.2. Maximizing Coverage

Maximizing coverage is used to locate facilities based on the number of facilities, which, in this
case, is determined by the decision maker. Additionally, facilities are often required to arrive at all
demand points within a specified response time [30]. This model, called MCLP, seeks the location of a
fixed number of facilities that are most probably insufficient to cover all demand within the standards,
so the demand covered by the service is maximized [22]. The fixed number of facilities is a proxy for a
limited budget [22]. Its formulation is as follows (see Equation (4)):
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Sets:

I = set of demand nodes (indexed by i);

J = set of eligible facility sites (indexed by j);

Parameters

p = the number of facilities to be deployed;

ai = the demand quantities at demand node i;

Ni =
{
j
∣∣∣ dji ≤ S

}
;

dji = the distance from potential facility location j to demand node i;

S = the distance standard for coverage;

Decision Variables:

yi = binary variable equals 1 if node i is covered, 0 otherwise;

xj = binary variable equals 1 if a facility is located at node j, 0 otherwise.

Max
∑
iεI

aiyi (4)

subject to
yi ≤

∑
jεNi

X j ∀i ε I (5)

∑
jεJ

X j = p (6)

x j, yi = 0, 1 ∀ j ε J,∀i ε I (7)

The objective in Equation (4) maximizes the weighted sum of covered demand nodes. Constraints
in Equation (5) state that the demand at node i is covered whenever at least one facility is located
within the time or distance standard S. Constraint in Equation (6) gives the total number of facilities
that can be sited [22].

3.2. Vehicle Routing with a Time Window

The VRP is one of the most significant problems in distribution management [17]. The VRP aims
to provide a high level of customer service while complying with time windows [31]. The constraints
are to complete the routes with available resources and within the time limits imposed by driver work
shifts, driving speeds, and customer commitments [31].

In this research, we used the VRPTW, which is a generalization of the VRP where the service at
any customer starts within a given time interval, called a time window [32]. The formulation of the
model is as follows:

Sets:

I = set of demand nodes (indexed by i);

J = set of eligible facility sites (indexed by j);

V = set of vehicles (indexed by k);

C = set of customers;

Parameters

ci j = travel cost from node i to node j;

ti j = travel time from node i to node j;

di = demand of customer at node i;

q = capacity of vehicle;
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ai = earliest service time at node i;

bi = latest service time at node i;

Decision Variables:

xi jk = binary variable equals 1 if a fleet vehicle k travels from node i to node j, 0 otherwise;

sik = arrival time of vehicle k at node i;

s jk = arrival time of vehicle k at node j;

Min
∑
kεV

∑
iεN

∑
jεN

Ci jXi jk (8)

subject to ∑
kεV

∑
jεN

Xi jk = 1 ∀i ε C, (9)

∑
iεC

di

∑
jεN

Xi jk ≤ q ∀k ε V, (10)

∑
jεN

X0 jk = 1 ∀k ε V, (11)

∑
iεN

Xihk −
∑
jεN

Xhjk = 0 ∀h ε C, ∀k ε V, (12)

∑
jεN

Xi,n+1,k = 1 ∀k ε V, (13)

Xi jk
(
Sik + ti j − S jk

)
≤ 0 ∀i, j ε N, ∀k ε V, (14)

ai ≤ Sik ≤ bi ∀i ε N, ∀k ε V, (15)

Xi jk ε {0, 1} ∀i, j ε N, ∀kεV. (16)

The objective function in Equation (8) minimizes not only the number of vehicles required, but
also the total travel time, and total travel distance incurred by the fleet of vehicles. The constraints
in Equation (9) certify that each customer is visited once, and Equation (10) indicates that a vehicle
can be loaded up to its capacity. Equations (11)–(13) state that each vehicle is initially located at a
distribution center, which we denote by 0; after arriving at a delivery point, it has to leave to another
destination; finally, all vehicles must arrive at depot n + 1. The inequalities in Equation (14) establish
the relationship between the vehicle departure time from a customer and its immediate successor.
Finally, constraints in Equation (15) insist that time windows should be observed, and Equation (16)
shows integrality constraints. Note that an unused vehicle is modeled by driving the empty route
(0, n + 1) [32].

4. Methodology

The proposed methodology integrates location–allocation and vehicle routing problem analysis.
Figure 1 shows the four-step of this research. Each step will be explained in further detail.
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4.1. Step I: Collecting Data and Making Assumptions

We assumed that the fresh products consist of producers, wholesalers, which are the central
markets of each province, fresh products DC, retailers, and end customers. Most of the problems and
issues of a distribution network for the fresh products arise from wholesalers to retailers. Therefore, in
this research, we focused on two parts: from DC to retailer and from wholesaler to DC (see Figure 2).
In the first part, each retailer was assigned to DC based on the distance. In the second part, the
distribution from the wholesale market to the potential candidate DCs had to be analyzed based on
travel distance, total demand of DCs, and production capacity of the wholesaler.
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4.1.1. Wholesale Market, DC, and Retail Market

The information and data collection for scenario analysis were performed based on the following
set of assumptions:

• Location of existing DC: Talaad Thai market is the biggest wholesale market in Thailand and
Southeast Asia for trading of agriculture goods. This existing DC supplies fresh fruits and
vegetables to all of the main retailers in Bangkok.

• Location of eight candidate distribution DCs (see Table 2 and Figure 4): one of the development
agendas of Thailand’s logistics development plan (2017–2021) was formulated for developing
a fresh products distribution system to reduce cost and waste as well as flagship projects [33].
Moreover, Thailand’s agricultural development plan from 2017 to 2021 aims to promote agricultural
supply chain management from producer to end customer [34] by encouraging the establishment of
service centers (facilities) in the community that provide storage, distribution, and transportation
services for agricultural products. To control the quality of perishable products, a fresh products
DC has to build, improve, and develop with the advanced technological system in order to meet
customer requirements. In addition, the location of eight candidate DCs is easy to access from the
outer ring road, highway, and available area in Bangkok metropolitan.

• Location of six major wholesale markets (see Table 3, Figure 4: fresh fruit and vegetable central
markets located in each surrounding provinces, wholesalers in the central market supply their
product to DC.

• Six major wholesale markets serve the same type of fresh fruits and vegetables.
• Location of 141 main retail markets in Bangkok (see Figure 3): the data refer to the department of

city planning and urban development, Bangkok metropolitan administration studied about fresh
retail market in 50 districts of Bangkok.

• Demand for each retail market based on the population in each district with an average daily
consumption of fresh fruits and vegetables in Thailand.
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Candidate_DC_3 
Pathum 
Thani 

Lam Luk Ka District, Pathum Thani 13.939107 100.761852 Eastern 

Candidate_DC_4 
Samut 
Prakan 

Mueang Samut Prakan District, Samut 
Prakan 

13.619046 100.615283 Southern 

Candidate_DC_5 
Samut 
Sakhon 

Krathum Baen District, Samut Sakhon 
74130 

13.708567 100.292636 Southern 

Candidate_DC_6 Bangkok Thawi Watthana, Bangkok 13.785781 100.392392 Western 

Candidate_DC_7 Bangkok 
Khet Bang Khun Thian, Krung Thep 
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Table 2. Existing and candidate DC.

Existing/Potential DC Province Address Latitude Longitude Bangkok Outer Ring
Road

Main DC Pathum Thani
Talaad Thai market,

Khlong Luang District,
Pathum Thani

14.082735 100.625524 Northern

Candidate_DC_1 Pathum Thani
Simummuang Market,
Lam Luk Ka, Pathum

Thani
13.961975 100.618794 Northern

Candidate_DC_2 Bangkok Min Buri Bangkok 13.811757 100.703139 Eastern

Candidate_DC_3 Pathum Thani Lam Luk Ka District,
Pathum Thani 13.939107 100.761852 Eastern

Candidate_DC_4 Samut Prakan Mueang Samut Prakan
District, Samut Prakan 13.619046 100.615283 Southern

Candidate_DC_5 Samut Sakhon Krathum Baen District,
Samut Sakhon 74130 13.708567 100.292636 Southern

Candidate_DC_6 Bangkok Thawi Watthana, Bangkok 13.785781 100.392392 Western

Candidate_DC_7 Bangkok Khet Bang Khun Thian,
Krung Thep Maha Nakhon 13.637285 100.414362 Western

Candidate_DC_8 Nonthaburi Mueang Nonthaburi
District, Nonthaburi 11000 13.864725 100.499281 Western

Table 3. Wholesale market of six provinces around Bangkok area.

Province Wholesale Market (Central Market) Latitude Longitude Location

Pathum Thani Simummung Market 14.082575 100.625609 Northern

Nakhon Pathom Nakhon Pathom Provincial Vegetable and
Fruit Central Market 13.961975 100.618794 Western

Nonthaburi Nonthaburi Fruit and Vegetable Central
Market 13.816070 100.064088 Northwest

Samut Prakan Pak Nam Fresh Market 13.877261 100.406694 Southern
Samut Sakorn Mahachai Muang Mai Market 13.594143 100.596331 Southwest
Chachoengsao Bang Kla central market 13.587537 100.325989 Eastern
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4.1.2. Operations of DC

We assumed the following operations in DCs for distributing fresh products:

• The demand for each delivery point must be satisfied by a vehicle assigned.
• Each vehicle leaves and returns to DC.
• The maximum vehicle capacity is 15 tons, according to the transportation regulation.
• The delivery time window starts from 2.00 a.m. and ends at 5.00 a.m.: retailers must prepare

their products from 2.00 a.m.–5.00 a.m. every day. According to the regulation that trucks are not
allowed to get in urban areas during working hours, the delivery time window should be satisfied.

• The speed of a truck from DC to the retailer is 10 km per hour (km/h): speed refers to the average
of the worst congestion in the inner traffic congested road in Bangkok provided by the office of
transport and traffic policy and planning, Thailand. To guarantee delivering goods in the event of
unplanned circumstances within the time window, the speed of the truck was 10 km/h.

• Speed of a truck from wholesaler to DC is 30 km/h: each DC is located near a circulate road
and highways.

• Service time for unloading fresh product to each retailer is 30 min.

4.2. Step II: Building Scenarios

The goal of this research was to find the optimal number and location of DCs to support the
demand of retailers. In order to do this, eight possible scenarios were devised and summarized in
Table 4. Scenario 1 assumes the existing distribution network. In addition, we propose three different
approaches to select the location of distribution center. First, closest facility analysis was utilized to all
eight available facilities in scenario 2. Second, in scenario 3, the number of facilities required to cover
all demand points is minimized, which can be represented by n. Finally, we have utilized the approach
for maximizing coverage which locates facilities where all demand points can be reached within a
specified response time. By increasing the number of DCs which is secured from scenario 3 (n), we
can design scenarios 4 to 8 represented by n + 1, n + 2, n + 3, n + 4 and n + 5, respectively. Even if
the minimum number of DCs is equal to two, the maximum number of scenario using a maximize
coverage approach should be equal to 7 (n + 5). Therefore, we can have at most eight scenarios. Each
scenario will be explained in further detail.

Table 4. Summary of building scenario.

Scenario Analysis Method Lead Time (min) Number of DCs

Scenario 1 Existing DC - 1
Scenario 2 Closest facility - 8
Scenario 3 Minimize facility 180 n
Scenario 4 Maximize coverage 180 n + 1
Scenario 5 Maximize coverage 180 n + 2
Scenario 6 Maximize coverage 180 n + 3
Scenario 7 Maximize coverage 180 n + 4
Scenario 8 Maximize coverage 180 n + 5

• Scenario 1: Only one DC existing

Currently, each wholesaler delivers products to the existing DC. Then, retailers should pick up
their products based on demand and deliver them to the retail market (see Figure 5).
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The details of the assumption to build scenarios 2–8 are described below.

• Scenario 2: Using all candidate DCs

The analysis assumed that all candidate DC should be addressed as a new facility. First, the closest
facility in ArcGIS was used to assign 141 retailers to each DC. The delivery quantity to each retailer,
delivery time window, and truck capacity were considered. Second, each DC delivered fresh fruits and
vegetables to a group of retailers by using VRPTW analysis. Finally, LRP was used to find the total
travel time and distance from wholesaler to DC.

• Scenario 3: From the result of minimizing the facility problem

In this scenario, we first found the minimum number of DCs required to cover all retailers using
the location–allocation analysis. Then, retailers were assigned to possible candidate DCs within the
impedance cutoff. Finally, the routes and schedules for distributing products from DCs were developed.
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• Scenario 4 to Scenario 8: Using the maximize coverage problem

In Scenarios 4–8, we set the number of candidate DCs first. By increasing the number of candidate
DCs from scenario 3 (minimizing the facility problem) to scenario 8 (the maximum number of DCs),
we could extend the scenarios. Based on constraints in Table 4, maximizing coverage was used to
choose the best set of candidate DCs, which could cover the maximum number of retailers within the
impedance cutoff. Finally, the routes for delivery from selected DCs to 141 retailers were designed.

4.3. Step III: Scenario Analysis

Scenario analysis consisted of two phases, LAP and VRPTW. The two phases of scenario analysis
are further detailed as follows:

• Phase I: LAP

In the first phase, from the set of candidate locations, the potential locations were selected and
assign retailers to selected DCs. These were formulated by minimizing the number of locations
and maximize coverage. The location–allocation analysis in ArcGIS network analyst tools starts by
generating an origin–destination matrix by calculating the shortest-path costs. Then, it builds an edited
version of the cost matrix, which can be obtained by generating a set semi randomized initial solutions,
and it applies a vertex substitution heuristic to refine these solutions for creating a group of good
solutions [35]. A metaheuristic combines the group of good solutions to create better solutions [35].
Finally, the metaheuristic returns the best solution with the current one when there is no additional
significant improvement [35]. Therefore, the combination of an edited matrix, semi randomized
initial solutions, a vertex substitution heuristic, and a refining metaheuristic can quickly yield the
near-optimal results [35].

Moreover, both time and distance were specified as an impedance cutoff. The analysis assigned
141 delivery points (retailers) to candidate DCs. Moreover, the capacity of selected DCs was calculated
to compare the balancing capacity of selected DCs for each scenario. Figure 7 shows an example of
LAP in scenario 5 by maximizing coverage facility.
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• Phase II: VRPTW

In the second phase, the vehicle routing problem was solved using the locations of selected DC
from phase I: LAP. The optimal vehicle routing was also obtained using ArcGIS network analyst tools
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based on a tabu search metaheuristic. It is designed for getting a solution very close to a global optimum
in a general optimization problem [36]. The principle of a metaheuristic is to explore the search space
composed of all feasible solutions in order to achieve the optimal solution that minimizes the objective
function [37]. The tabu search is concerned with finding new and more effective ways of taking
advantage of the mechanisms associated with both adaptive memory and responsive exploration [38].

In addition, both distance and time were used as impedances for all scenarios. The analysis
focused on the vehicle routing from DC to the retailer and from wholesaler to retailer, the number of
required trucks, total travel time, and total travel distance. In order to minimize total cost, we aimed
to minimize the number of required trucks, total travel time, and total distance. In this research, all
possible scenarios were implemented using ArcGIS; for example, Figure 8 shows the results of VRP in
scenario 5, which optimized the route by using VRPTW.Appl. Sci. 2019, 9, 5048 16 of 28 
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4.4. Step IV: Performance Evaluation

In the last step, the indicators to measure the performance of each scenario were devised. In this
research, we suggested quantitative indicators such as the number of DCs, the number of required
trucks, total travel distance, and total travel time. However, the results of optimization showed that,
while some truck drivers travel a long distance, others travel shorter distances. In this situation, the
former truck drivers would be protesting and stop working because of the unbalanced assignment
problem. Therefore, the indicator of fairness among drivers was developed with the standard deviation
of travel time and the standard deviation of travel distance. At first, we compared all possible scenarios.
Then, the performance of only alternative scenarios was compared with the relative score, as all
quantitative indicators had different units. The results of the performance comparison helped to select
better alternatives by considering practical constraints, such as budget and regulations.

5. Result and Discussion

5.1. Results of LAP and VRPTW

The results of the LAP of all scenarios are summarized in Table 5. The summary of VRPTW for all
scenarios in terms of distance and time is presented in Table 6.
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Table 5. Summary of the results of the LAP analysis.

Scenario Number of DC Analysis Method Selected DCs

Scenario 1 1 - Existing DC
Scenario 2 8 Closest Facility 1, 2, 4, 5, 6, 7 and 8
Scenario 3 2 Minimize facilities 2 and 6
Scenario 4 3 Maximize coverage 2, 7 and 8
Scenario 5 4 Maximize coverage 1, 2, 6 and 7
Scenario 6 5 Maximize coverage 1, 2, 4, 6 and 7
Scenario 7 6 Maximize coverage 1, 2, 4, 6, 7 and 8
Scenario 8 7 Maximize coverage 1, 2, 4, 5, 6, 7 and 8

Table 6. Summary of the results of the VRPTW analysis.

Scenario
Number of

Selected
DCs

Max. Lead
Time (min)

Number of
Required

Trucks

Travel Time (h) Travel Distance
(km)

Improvement
Compared with
Scenario 1 (%)

Total STDEV Total STDEV Time Distance

Scenario 1 1 - 70 632.05 2.12 3927.40 13.25 - -
Scenario 2 8 - 72 188.77 0.91 1172.98 5.62 70.13 70.96
Scenario 3 2 180 70 231.60 1.07 1439.07 6.64 63.36 63.36
Scenario 4 3 180 71 214.02 1.11 1329.86 6.88 66.14 66.62
Scenario 5 4 180 71 195.13 1.09 1212.46 6.78 69.13 69.56
Scenario 6 5 180 71 185.23 0.93 1150.98 5.78 70.69 71.11
Scenario 7 6 180 72 178.86 0.88 1111.38 5.45 71.70 72.49
Scenario 8 7 180 73 178.50 0.90 1109.12 5.60 71.76 72.92

Regarding the VRPTW analysis, the results of the number of required trucks, total travel time,
total travel distance, and fairness among drivers, scenarios 1 and 3 required 70 trucks, which is the
minimum number trucks as compared to other scenarios. Although the number of required trucks
in scenario 8 was higher than other scenarios, this scenario showed the best performance in terms of
total travel time for 178.50 hr. Moreover, scenario 8 with 73 required trucks guaranteed the minimum
total travel distance for 1109.12 km. However, scenario 7 showed the minimum value of the standard
deviation of travel time (0.88) and distance (5.45). This means that scenario 7 guaranteed a better
fairness among drivers and a well-balanced workload assignment.

In addition, Table 6 shows the improvement in terms of travel time and travel distance as compared
to scenario 1. Scenario 8 showed the highest improvement percentage for both time (71.76%) and
distance (72.92%). Therefore, scenario 8 showed the best performance for both total travel time and
distance. Moreover, the best performance in terms of fairness among drivers was observed in scenario
7. For the number of required trucks, most alternative scenarios (except for scenario 3) showed a lower
performance than that of scenario 1.

5.2. Comparison of the Resources and Required Capacity of DC

In order to build a new facility, it is necessary to consider the project and budget planning.
To determine the number of DC, the number of required trucks, and the capacity of DC, all factors were
related to the budget. Therefore, we examined two aspects to find insights for investment. First, we
compared the number of DCs and the number of trucks to explore the relationship when the number
of DC is changed. Second, through a comparison among the capacity of selected DCs, we were able to
analyze the balancing capacity for each scenario.

The result of the LRP analysis concerning the number of DCs and the number of required trucks is
reported in Figure 9. Scenario 1, with only one current DC, showed the highest performance in terms
of the number of trucks (70). Even though scenario 8 required the biggest number of DCs (7 DC), it
required only 73 trucks, which is similar to the minimum value, 70. Therefore, it can be concluded that
scenario 8 did not require more trucks, even though the number of DC is increased.
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Figure 9. The number of DCs and the number of trucks.

According to the results of VRPTW, all 141 retailers were covered by the number of trucks. Most
drivers can supply only two retailers for a trip, as the capacity of the truck was limited. This is the
main reason why the number of trucks for each scenario ranged from about 70 to 73. Therefore, the
budget for the vehicle is quite similar for each scenario, so the budget for the building DCs was totally
different based on the number of DC.

Figure 10 shows the required capacity of the selected DCs for each scenario. According to the
assumption, all demand for retailers was allocated to the selected DCs. Therefore, the sum of the
required capacity of the selected DCs was equal to the total demand. Considering the fixed cost or
initial investment to build DCs for the fresh products, which was not relevant to the capacity, it is
required to set the minimum level of required capacity for the selected DCs. Since this depended on
several cost factors, the balance of the capacities among selected DCs should be investigated.
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In Figure 10, the scenarios with unbalanced capacity among the selected DCs can be clearly seen.
For instance, the required capacities of DC_3 and DC_5 were considerably smaller than others in
scenario 2. Likewise, scenarios 2 and 8 showed the unbalanced capacity among selected DCs. Scenarios
5, 6, and 7 were moderately shown in the unbalancing capacity. Therefore, to build a small DC as DC_3
and DC_5 in scenario 2 or DC_5 in scenario 8, it might be not worthwhile to invest. On the other hand,
scenarios 3 and 4 showed well-balanced capacities. Therefore, it can be concluded that the balance of
capacities could not be maintained with an increase in the number of DCs.

5.3. Comparison of Operations

Furthermore, fresh products logistics should also consider short travel time and distance from
DC to retailers. Based on the results, Figure 11 shows the total travel time and distance from DCs to
retailers for all scenarios.
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Figure 11. Total travel time and total travel distance.

Scenario 1 showed the worst performance in terms of both total travel time and distance. It is clear
that total travel time and distance of alternative scenarios can be dramatically decreased by adding
more DCs and locating them where it is easy to access the highway. This is clear evidence for why we
need to redesign the distribution network using multiple DCs, not only the biggest one, particularly in
urban areas.

In this research, we suggested using a new indicator, fairness, which can be measured by the
standard deviation of travel time and distance among drivers. Figure 12 shows the results of comparison
among scenarios. By considering the fairness of traveling time and distance for each driver, scenario 1
showed the worst values of both time and distance. Similar to other indicators, alternative scenarios
showed a considerably better performance in terms of fairness. Therefore, fairness among drivers
improved with an increase in the number of DCs.
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5.4. Overall Performance Evaluation

In addition, the performance of all possible scenarios should be evaluated by a joint consideration
of the following six indicators (see Figure 13): the number of DCs, total travel time, total travel distance,
standard deviation of travel distance, standard deviation of travel time, and number of required trucks.
Given that all indicators have different units, we compared them with the relative score, which was
obtained by dividing the score of scenarios with the maximum value among them.

Among eight scenarios, scenario 1 as the existing DC showed the worst performance in five
indicators except for the number of DCs (see Figure 13a). Interestingly, even though we assumed a
different number of DCs, the number of required trucks of all scenarios was almost identical. It is clear
that alternative scenarios can guarantee a better performance in travel time, distance, and fairness
among drivers as compared to scenario 1. Therefore, in order to choose the best scenario to apply to the
practical transportation, we compared the performance among only alternative scenarios. The results
are shown in Figure 13b.

In summary, the results can be interpreted in three aspects. First, when the budget of a new
facility investment was considered to be a top priority, scenario 3 should be selected as the best one,
as it requires the minimum level of resources, number of DCs (2 DCs), and the number of required
trucks (70). However, due to the longer travel time and distance, scenario 3 was found to require more
operating costs. Second, when the operating costs were considered as a top priority, scenario 8 had the
best score of the total travel time and travel distance. Finally, scenario 7 showed the best score in terms
of fairness among drivers based on STDEV of time and distance.
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5.5. Distribution from Wholesaler to Selected DCs

In the current transportation system with only one DC, the wholesaler of each province (central
market) delivers the products to DC based on demand. In this research, as in the current system,
we assumed that the demand of each candidate DC was assigned to the nearest wholesaler. If the
nearest wholesaler could not support the demand, another wholesaler would be selected to support
the remained demand by considering the remained capacity of wholesaler and the distance from DC
to the wholesaler. For example, in Figure 14, five candidate DCs in scenario 6 were supported by four
wholesalers. Therefore, we should investigate and evaluate the performance of scenarios considering
the distribution from wholesaler to selected DCs.
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The results of LRP from wholesaler to the selected DCs of each scenario are summarized in Table 7.
Similar to the results of the LRP analysis from DCs to retailers, scenario 1, which used only the existing
DC, showed the worst performance, as all wholesalers should deliver their product to only single DC.
Similarly, in scenario 3 with only two DCs, the performance was the worst among alternative scenarios.
As the number of DCs increased, total travel time and distance tended to decrease. However, the
biggest number of DCs could not guarantee the best performance. As it can be seen in Table 7, scenario
6 with five DCs showed the best performance with the shortest traveling distance and time among
alternative scenarios.

Table 7. Summary of distributions from the wholesale market to DCs.

Scenario
Number of

Selected
DCs

Number of
Required

Trucks

Travel Time (h) Travel Distance (km)

Total STDEV Total STDEV

Scenario 1 1 60 121.58 1.02 3647.52 30.52
Scenario 2 8 62 56.92 0.64 1707.52 19.11
Scenario 3 2 61 72.20 0.62 2165.91 18.49
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Table 7. Cont.

Scenario
Number of

Selected
DCs

Number of
Required

Trucks

Travel Time (h) Travel Distance (km)

Total STDEV Total STDEV

Scenario 4 3 60 63.62 0.60 1908.62 18.08
Scenario 5 4 54 55.85 0.59 1675.51 17.58
Scenario 6 5 55 53.49 0.68 1604.78 20.44
Scenario 7 6 57 56.71 0.70 1701.18 21.13
Scenario 8 7 56 56.23 0.67 1686.97 19.98

5.6. Performance Evaluation of the Whole Distribution Network

The total travel time and distance from wholesaler to the retailer via DCs are shown in Table 8.
In terms of total travel time, scenario 8 with seven DCs can be regarded as the best alternative. In the
case of total travel distance, scenario 6 showed the best performance. However, scenario 5 with four
DCs required the minimum number of trucks.

Table 8. Summary of distribution from the wholesale market to the retail market.

Scenario Number of
DCs

Number of
Required

Trucks

Wholesaler to Retail Market Improvement Compared
with Scenario 1

Time (h) Distance
(km) Time (%) Distance

(%)

Scenario 1 1 130 753.63 7574.92 - -
Scenario 2 8 134 245.69 2880.50 67.40 61.97
Scenario 3 2 131 303.80 3604.98 59.69 52.41
Scenario 4 3 131 277.64 3238.48 63.16 57.25
Scenario 5 4 125 250.98 2887.97 66.70 61.87
Scenario 6 5 126 238.72 2755.76 68.32 63.62
Scenario 7 6 129 235.57 2812.56 68.74 62.87
Scenario 8 7 129 234.73 2796.09 68.85 63.09

It can be concluded that the proposed approach can guarantee a better performance to reduce
travel time and distance as compared with the current existing distribution network. Reducing
the number of vehicles, travel distance and travel time lead to reduction in distribution cost and
greenhouse gas [17,39]. One of the alternative scenarios can be suggested to build the practical
network by considering several different factors such as the triple bottom line from the definition of
sustainability, economic, social, and environmental values.

For instance, the economic benefit will increase with a decrease of the total time and distance,
which can reduce operating costs, like fuel costs. At the same time, environmental benefits can be
increased because it can reduce energy consumption and emission in an urban area. Finally, fairness
may represent a social value, as it implies the balance of the assigned task or workload among drivers.

Specifically, sustainability can be achieved by considering the following factors to design urban
distribution network to simultaneously enhance the economic, social, and environmental values:

• Economic and environmental factor (Viable): Number of trucks (delivering the products to make
money vs. exhaust emission)

• Economic and social factor (Equitable): Number of DCs (fixed cost vs. increasing product access
and job opportunity), fairness among drivers, both time and distance (operation cost vs. improving
worker’s rights)

• Environment and social factor (Bearable): Total distance and total time (saving energy and
emission vs. avoiding food spoilage and foodborne diseases), number of DCs (access to fresher
food vs. increasing the quality of life)
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5.7. Sensitivity Analysis

The procedure and result of sensitivity analysis are presented in this section in order to verify
the validity of the results. Generally, the sensitivity analysis is required to build more robust models
considering variable demand and capacity of DC in daily operations. The objective of sensitivity
analysis is to monitor the changes of the result of LAP and VRPTW analysis when demand is increasing
by 120%, 150%, and 200%, respectively. To verify the robustness of the results obtained with closest
facility, minimize facility, and maximize coverage model, we conduct the LAP and VRPTW analysis by
using maximized capacitated coverage, which the capacity of DC is limited. The maximum storage
capacity of each DC is determined in Table 9.

Table 9. Maximum storage capacity.

Existing /Potential DC Province Total Area (m2)
Maximum Storage

Capacity (ton)

Existing DC Pathum Thani 1,000,000 25,000
Candidate_DC_1 Pathum Thani 10,898.37 272.46
Candidate_DC_2 Bangkok 190,005.79 4750.14
Candidate_DC_3 Pathum Thani 11,054.27 276.36
Candidate_DC_4 Samut Prakan 67,369.97 1684.25
Candidate_DC_5 Samut Sakhon 35,716.20 892.91
Candidate_DC_6 Bangkok 15,562.91 389.07
Candidate_DC_7 Bangkok 20,609.29 515.23
Candidate_DC_8 Nonthaburi 20,923.78 523.09

In Table 10, the results of the LAP analysis according to the increased demand of fresh fruits and
vegetables are shown. We conduct a sensitivity analysis by repeating all the computational experiments
for all eight scenarios. We compared the result of LAP between Tables 5 and 10 when considering the
increased demand. As it can be found from the result, the number of selected DCs is not changed, but
some of the DCs are substituted by others as the demand increases, which is illustrated by being bold
and underlined. For scenario 3, the DC_6 was substituted by the DC_7 and DC_5 in scenario 3. The
DC_4 was chosen as the demand increase in scenario 4. In the case of scenario 5, the DC_4 and DC_8
were selected when demand increased by 150% and 200%. In scenario 6, the DC_8 was chosen for
replacing the DC_1 when demand increased 150% and 200%.

Table 10. Summary of the results of the LAP analysis when determined maximum storage capacity.

Scenario Number of DCs
Increasing Demand

120% 150% 200%

Scenario 1 1 Existing DC Existing DC Existing DC
Scenario 2 8 1, 2, 3, 4, 5, 6, 7, 8 1, 2, 3, 4, 5, 6, 7, 8 1, 2, 3, 4, 5, 6, 7, 8
Scenario 3 2 2, 7 2, 7 2, 5
Scenario 4 3 2, 4, 7 2, 7, 8 2, 4, 7
Scenario 5 4 1, 2, 6, 7 2, 4, 7, 8 2, 4, 7, 8
Scenario 6 5 1, 2, 4, 6, 7 2, 4, 6, 7, 8 2, 4, 6, 7, 8
Scenario 7 6 1, 2, 4, 6, 7, 8 1, 2, 4, 6, 7, 8 1, 2, 4, 6, 7, 8
Scenario 8 7 1, 2, 4, 5, 6, 7, 8 1, 2, 4, 5, 6, 7, 8 1, 2, 4, 5, 6, 7, 8

According to the results of the LAP analysis, the performance indicators of the selected network for
each scenario are assessed by using VRPTW analysis. Like LAP analysis, the changes of all indicators
have been analyzed while the demand increases by 120%, 150%, and 200%, respectively. The results of
the sensitivity analysis are summarized in Table 11 in terms of different indicators. It can be said that
there exists a significant difference in the number of required trucks, travel time, and travel distance.
These numbers seem to increase slightly when the demand increases by 120%. However, when the
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demand increases by as much as 150%, and 200%, a significant increase in terms of these indicators
exists, even though they look like having a proportional relationship with the demand.

Table 11. Summary of sensitivity analysis.

Demand
Increases/Scenario

120% 150% 200% 120% 150% 200%

Number of Required Trucks % Change when Compared with Current Demand

SC#1 82 140 145 17.14 100.00 107.14
SC#2 89 140 145 23.61 94.44 101.39
SC#3 85 140 145 21.43 100.00 107.14
SC#4 85 140 145 19.72 97.18 104.23
SC#5 85 140 145 19.72 97.18 104.23
SC#6 87 140 145 22.54 97.18 104.23
SC#7 87 140 145 20.83 94.44 101.39
SC#8 89 140 145 21.92 91.78 98.63

Travel Time (h) % Change when compared with current demand

SC#1 752.78 1227.95 1269.51 19.10 94.28 100.86
SC#2 223.62 316.53 331.71 18.46 67.68 75.72
SC#3 289.90 426.28 533.64 25.17 84.06 130.41
SC#4 270.80 387.11 434.57 26.53 80.88 103.05
SC#5 248.54 383.88 383.90 27.37 96.73 96.74
SC#6 233.93 341.79 356.97 26.29 84.52 92.72
SC#7 234.98 319.96 335.13 31.38 78.89 87.37
SC#8 222.46 326.17 332.00 24.63 82.73 85.99

STDEV of travel time (h) % Change when compared with current demand

SC#1 2.19 2.08 2.05 3.30 −1.89 −3.30
SC#2 0.85 0.85 0.85 -6.59 −6.59 −6.59
SC#3 1.15 1.15 1.33 7.48 7.48 24.30
SC#4 1.12 1.00 1.17 0.90 −9.91 5.41
SC#5 1.12 1.00 0.9 2.75 −8.26 −17.43
SC#6 0.96 0.87 0.86 3.23 −6.45 −7.53
SC#7 0.91 0.85 0.84 3.41 −3.41 −4.55
SC#8 0.86 0.86 0.85 -4.44 −4.44 −5.56

Travel Distance (km) % Change when compared with current demand

SC#1 4677.56 7630.14 7888.39 19.10 94.28 100.86
SC#2 1389.52 1966.81 2061.12 18.46 67.68 75.72
SC#3 1801.34 2648.76 3315.89 25.17 84.06 130.42
SC#4 1682.66 2405.39 2700.31 26.53 80.88 103.05
SC#5 1544.38 2385.31 2385.46 27.38 96.73 96.75
SC#6 1453.59 2123.78 2218.09 26.29 84.52 92.71
SC#7 1460.07 1988.12 2082.43 31.37 78.89 87.37
SC#8 1382.28 2026.74 2062.93 24.63 82.73 86.00

STDEV of travel distance (km) % Change when compared with current demand

SC#1 13.59 12.92 12.72 2.57 −2.49 −4.00
SC#2 5.29 5.27 5.26 −5.87 −6.23 −6.41
SC#3 7.12 7.17 8.28 7.23 7.98 24.70
SC#4 6.97 6.20 7.26 1.31 −9.88 5.52
SC#5 6.94 6.22 5.58 2.36 −8.26 −17.70
SC#6 5.95 5.42 5.37 2.94 −6.23 −7.09
SC#7 5.64 5.26 5.25 3.49 −3.49 −3.67
SC#8 5.44 5.34 5.26 −2.86 −4.64 −6.07

In conclusion, it can be indicated that the results of the original LAP and VRPTW are still
robust when demand increases by 120%. In addition, the results of sensitivity analysis verify that
the alternative scenarios show the better performance when compared with the current distribution
network if the demand of fresh fruits and vegetables increases.

6. Conclusions

A cold chain for perishable foods aims to maintain the food safety and quality of the products
under temperature monitoring and control. Transportation and distribution within delivery time
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windows become a challenge for the fresh food management. With urban population growth and
increasing traffic congestion issues, a major existing DC may inefficiently meet customer requirements.
To support the increasing demand and improve the quality of life in Bangkok metropolitan, an advanced
transportation and distribution network for fresh products is needed.

This research aimed to design a transportation network for fresh fruit and vegetables considering
total travel time, total travel distance, and fairness among drivers by integrating LAP and VRPTW
analysis. In addition, the results of LRP were obtained based on the actual location of origin, destination,
and candidate DCs. Furthermore, candidate DCs were selected by minimizing facility location and
maximizing coverage approach. All possible scenarios were devised and compared in terms of their
performance based on six quantitative indicators: the number of the DCs, total travel distance, total
travel time, the standard deviation of travel distance, and travel time, which refers to fairness among
drivers, as well as the number of required trucks.

The results highlight that the alternative scenarios based on mathematical models can guarantee a
significantly improved performance, such as total travel time, total travel distance, and fairness than
the current distribution network. For instance, when considering total travel time and distance from
wholesaler to retailer via DCs, scenario 8 with seven DCs showed the best performance in travel time,
while scenario 6 with five DCs showed the shortest distance. In terms of fairness, scenario 7 with six
DCs may be regarded as the best alternative with the highest fairness indicator among drivers in both
traveling time and distance. In addition, the results of performance evaluation may help the network
designer consider and select a better scenario. Comparing makes it possible to enhance and balance
economic, environmental, and social values to achieve sustainability in urban distribution. In order
to consider the balance of the assigned workload in this research, we designed the fairness indicator
based on the standard deviation of traveling distance and time across drivers.

There are several methods to extend this research that can be suggested as future research
directions. First, in order to make the problem simple without a loss of generalizability of our results,
we did not specify the capacity of each DC at the beginning of the study. However, it may be helpful to
design and develop a flexible transportation network. Second, it is difficult to forecast the demand for
fresh fruit and vegetables from each retailer in Bangkok city. The demand for fresh fruit and vegetables
was calculated based on the average consumption per year and the population of each district in
Bangkok. The current results may be improved by securing the category and practical demand for
fresh products from the retailer. Third, we have applied to the fixed average speed of outside and
inside of the Bangkok area for solving VRPTW. However, the speed of trucks will be different according
to the traffic status. Therefore, after securing the actual average speed of all roads, it is possible to
elaborate the result of this research. Fourth, there is not enough information and data about land price,
construction cost, and operating cost in fresh food DC. Therefore, the investment cost and operating
cost should be calculated in future research. Fifth, the fresh products logistics operations should be
developed using advanced techniques when it needs more accuracy. The optimization and machine
learning should be applied to solve complex problems. Finally, the discrepancy in priority setting and
information sharing among parties should be a focus.
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