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Abstract

Refrigerated containers have many advantages such as convenient operation,
good temperature control and high cleanliness, and are widely used in cold
chain logistics. With the continuous rise of refrigerated container shipping
volume, the scientific and reasonable design of refrigerated container shipping
network to meet the transportation needs of refrigerated containers has
become one of the urgent problems to be solved by container liner companies.
In addition, the transportation efficiency and preservation of fresh goods will
directly determine the revenue level and market share of cargo owners, and
how to reasonably formulate the optimal refrigerated container shipping route
according to the existing shipping network has become the most concerned
issue for cargo owners. Transit time is the most important indicator for
evaluating the efficiency of cold chain logistics, and it is also the main
consideration for container liner companies to design maritime networks and
cargo owners to develop transportation plans. Therefore, according to the
transportation requirements and characteristics of refrigerated containers, this
research considers the transportation time constraints, and studies the
optimization of refrigerated container shipping network and the selection of
maritime routes. Firstly, the concept and characteristics of container shipping
network are clarified, and the role of ports, container liner companies, cargo
owners and other factors in container shipping network is summarized. The
transportation conditions and quality changes of fresh goods were analyzed,
and the transportation time composition of refrigerated containers was
analyzed based on the shipping process of refrigerated containers. Secondly,
considering that the total cost of cargo owners is the smallest, and the
transportation time, supply and demand balance and the reefer container
capacity of the route are the main constraints, the optimization model of the
reefer container shipping route is constructed, and the optimal shipping route
of refrigerated container based on fixed shipping network is solved. Taking
banana transportation from Ecuador as an example, the practicality of the
optimization model is verified.
The reefer container shipping network optimization model proposed in this
research can provide a theoretical basis for container liner companies to
design routes, the reefer container shipping route optimization model can
provide technical support for cargo owners to formulate reefer container
shipping routes, and the research results of this research can also provide
reference for the cold chain infrastructure construction of ports.
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Chapter 1 Introduction

1.1 Background

Ecuador is a major banana grower and exporter worldwide. As shown in
Figure 1, Ecuador ranked first in the world with 28.2% of the value share of
the world's major banana exporters in 2022. According to the statistics of the
National Banana Programme of Ecuador in 1998, there are 4,941 banana
plantations in Ecuador, which are basically operated by 100% domestic
capital, and the proportion of foreign capital in Ecuador's banana cultivation
industry is negligible. Of these, the vast majority of plantations are between 1
hectare and 30 hectares in size. The banana industry in Ecuador, n.d.)
The traditional export markets for Ecuadorian bananas for a long time are the
United States and European Union countries, and bananas exported to these
two regions have always accounted for about 1/2 to 2/3 of Ecuador's total
banana exports, and in recent years, the main growth in exports has been
reflected in the European Union, whose export volume is 247.96 million boxes,
an increase of 22.41%, which is due to the increase in purchases from the
main market of the Netherlands, which increased by 14.25%, an increase of
18,034.821 million boxes, and a 32.17% increase in Germany to 10,603,598
million containers, Italy increased by 12.29 percent to 8,907,225 million
containers, and Belgium increased by 2.86 percent to 7,574,903 million
containers.(Crecen Las Exportaciones de Banano de Ecuador a La Unión
Europea – Acorbanec, n.d.)
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Figure1 Value share of banana exports worldwide in 2022, by country

Source: ( WTEx. (August 3, 2023).)

The European Union, as the main export region of Ecuador's bananas, has
been facing transportation challenges. This is closely related to the
characteristics of the banana product itself, the transportation requirements
and the storage technology.

1.2 Industry Overview

This part first introduces the background of the product being transported, that
is bananas, including its own characteristics and as well as those in transport,
and then analyzes the storage technology. Then, the background
characteristics of cold chain transportation are introduced to create conditions
and constraints for the establishment of a model. Finally, the characteristics of
refrigerated ships and reefer containers and the economic benefits of ordinary
containers are compared, which provides necessary variables for the model.

Product background (features and storage and transportation profile)

Bananas are one of the most traded and consumed agricultural commodity
worldwide and therefore. Bananas are very delicate fruits as their temperature
should be maintained between 13.6°C and 16°C for the entire duration of the
transportation chain in order to avoid them freezing or maturating beforehand.
Hence, this cold chain needs to be managed with extreme care by all the
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suppliers involved at each stage, from the time of production until their arrival
at the supermarkets.(Evans ,2020)

Although bananas are grown commercially in more than 130 countries,
production is highly concentrated in the top 10 producing countries, India is by
far the largest producer, accounting for 26.8% of the total world production in
2017, followed by China (9.8%) and Indonesia (6.3%). (FAO 2019a). The
biggest 5 exporters of bananas (Ecuador, Costa Rica, Philippines, Colombia
and Guatemala) accounted for almost three-fifths (58.3%) of all banana sales
on international markets(Bananas Exports by Country 2021, n.d.).Most of
Europe's bananas and pineapples come from Latin American countries, such
as Ecuador, the world's largest banana exporter, Costa Rica and Colombia,
the world's largest pineapple exporter(‘All About Bananas | Producers, Where
They’re Grown & Why They Matter’, n.d.).

Market structure

In terms of market structure, the supply side of the banana market has
changed noticeably from when it once was an oligopoly, where a few vertically
integrated multinational companies controlled the trade. For instance, the top
five multinational banana companies, Chiquita, Del Monte, Dole, Fyffes, and
Noboa, went from controlling 65.3% of the global banana exports in 1980 to
44.4% by 2013 (FAO 2014). Several factors are responsible for the
observable structural change; chief among them was the conscious decision
on the part of the traditional multinational companies to reduce their level of
risk exposure by moving from primary production to focusing their attention
more on the transportation and distribution aspects of the value chain. This
decision opened the door for the rise in the number of national companies
better placed to minimize some of the production risks and to guarantee
supply. Due to the way they operate, national companies sell the fruit to the
big multinational companies or directly to supermarket chains and food
retailers.

Storage technologies
To ensure high quality of ripe banana, it is essential that green bananas
during transportation to maturity chambers are maintained at optimum
temperature, relative humidity, and air circulation.

Immediately after harvest, fruits should be rapidly cooled to the storage
temperature using cold air (room cooling, forced air cooling), cold water
(hydro‐cooling), or evaporating the water from the fruit (evaporative cooling,
vacuum cooling). Plantain and banana are usually cooled with cold air to
prevent temperatures becoming too low, which can cause chilling injury.
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High humidity reduces water loss and increases storage life. A relative
humidity of 90% provides the best compromise for storing plantain and
banana. Humidity can be raised in a container or room by spraying water in a
fine mist. Nevertheless, excessive wetting leads to fruit splitting and reduces
market quality.

Air circulation is an effective method used to reduce temperature in storage
rooms. However, ventilation also increases water loss from fruit by removing
the saturated layer of air that surrounds the fruit.

Cold-chain transportation
A complete and effective cold chain system must keep perishable food within
the desired temperature and humidity range, from the point of collection to the
final point of consumption. Fresh produce cold chain logistics refers to the use
of refrigeration technology to continuously maintain a suitable temperature
and humidity environment for fruits, vegetables, dairy products, meat, fish,
and other perishable products. (Mercier et al., 2017)The entire cold chain will
be useless if there is even one link that breaks. To prevent food loss and
waste, cold chain logistics must be maintained in their integrity. The
effectiveness of cold chain logistics for fresh produce mostly depends on its
performance, infrastructure upkeep and modernization, and management
practices(Goedhals-Gerber & Khumalo, 2020) (such as chilling techniques,
standardization, packaging materials, and production packaging layouts).

Cold chains need a lot of energy
Fresh food consumes a lot of electricity, which is the main financial burden for
cold chain stakeholders (manufacturers, suppliers, and retailers) during the
duration of the cold chain. This environment must be acceptable, stable, and
low in temperature and humidity (Han et al., 2018),FAO (2020) estimates that
70% of the energy needed by the food system occurs after the food leaves
the farm, such as during transportation, processing, packaging, transportation,
storage, marketing, etc. According to estimates, one-third of the food
produced each year is lost or wasted, accounting for 38% of the energy used
by the food system(FAO,2020). The pre-cooling, warehouse refrigeration,
refrigerated transportation, and sales systems—four interlocking systems that
differ in order and timing—compose the cold chain. Since each link in the cold
chain is interconnected and dependent upon the others, any malfunction at
any one of them will have a negative impact on the rest of the chain by
increasing food loss and waste as well as the associated loss of human and
material resources. Upstream and downstream connections in the cold chain
are connected by refrigeration transport. The best refrigeration transport
modality depends on the shelf life, economic value, cost, and customer needs.
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1.3 Problem Context

1.3.1 Research Domain

The study of maritime route optimization encompasses many branches,
including route planning and design, ship scheduling and scheduling, port
equipment optimization, cargo loading optimization, information technology
applications, environmental and sustainability considerations, risk
management, international law and policy, economic and market analysis, etc.

(Ksciuk et al., 2023; Tran et al., 2023)The main research areas in this article
focus on route planning and design, as well as market analysis. Among them,
the planning and design of routes studies how to design and plan the optimal
routes to minimize transportation costs and maximize transportation efficiency.
This includes considering factors such as the type of cargo, the type of vessel,
the flow of cargo, and more. Market analysis mainly studies the global
economy and market trends to adjust and optimize sea freight routes to adapt
to changing market conditions. At the same time, we study the market situation
of bananas, the main force of the fresh transportation market, and select the
transportation market situation from Ecuador to EU countries so that we can
establish a route planning model in the future.

Due to the rapid changes in the market, we learned in the previous research
that refrigerated containers have gradually replaced refrigerated ships as the
main force of cold chain transportation, and their price, speed and market
adaptability are different, we study the advantages and disadvantages of
refrigerated ships and refrigerated containers, lock our main transportation
carriers in route planning, and study how to establish a new transportation
network in the existing shipping network nodes under the constraints of time
and capacity. In the context of this transportation network, a linear optimization
model is established to calculate the optimal route.

1.3.2 Impact of problem

The shipping industry benefits from the optimization of maritime routes in a
number of ways, including but not restricted to the following:

Cost-effectiveness: Shipping companies can lower their transportation
expenses by streamlining their routes. For shipping companies, optimal route
planning can lower operating costs by consuming less fuel and requiring
shorter voyages and transit times.

Enhanced effectiveness in the transportation of cargo: Route optimization
contributes to the augmentation of cargo transportation efficiency. Goods can
reach their destination faster by minimizing stops and selecting the most direct
route, which lowers lead times across the supply chain.
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Decreased environmental impact: Reducing carbon emissions and other
environmental impacts can be achieved through route optimization. Shorter,
more cost-effective routes can help achieve environmental sustainability
objectives by using less fuel and emitting fewer greenhouse gases.

Enhanced cargo throughput: Ships can use their cargo capacity more
effectively and achieve maximum cargo throughput by optimizing route
planning. This lowers the cost of transportation per unit of cargo and increases
the economic efficiency of shipping.

All things considered, the optimization of sea routes benefits the environment
and the entire supply chain in addition to the economy. Improving the shipping
industry's competitiveness and sustainability is greatly impacted by this.

1.3.3 Problem statement
Fresh agricultural and sideline products must be transported and distributed
using cold chain logistics technology at all stages, because they are different
from general products, they are perishable, difficult to preserve, and have a
relatively high rate of damage to goods. Due to these differences, fresh
agricultural and sideline products have some special logistics characteristics.
However, problems such as high cold chain transportation costs and high
cargo loss rates need to be addressed immediately. Therefore, it is still very
important to study the related areas of cold chain logistics. At the same time,
some large fruit and vegetable dealers usually choose to hire container liner
companies for cargo transportation, how to choose the best transportation
route for refrigerated containers in the shipping network of container liner
companies, so as to minimize transportation costs, has become the most
concerned issue for cargo owners.
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1.4Research objective and research question

1.4.1 Objective
On the basis of summarizing the research results, this research analyzes the
demand for transportation time and the loss of cargo quality of bananas
during transportation according to the transportation characteristics of
refrigerated containers. From the perspective of container liner companies
and cargo owners, an optimization model of banana refrigerated container
transportation route was established, and the route design and transportation
route of refrigerated containers were quantitatively analyzed. An optimization
algorithm is designed to solve the model, and the practicability of the
optimization model and the solution algorithm is verified by case analysis. It is
designed to minimize the total cost of the vessel, the cost of the port, and the
cost of refrigerated container consumption. Taking the transmission time, port
life capacity and refrigerated container storage capacity as the main
constraints, the route design and ship configuration of container liner
companies were optimized through the refrigerated container shipping
network optimization model.

1.4.2 Main research question：

In what way can organization optimize banana maritime transportation routes
to minimize total costs within transit time and capacity constraints?

1.4.3 Sub-questions

1. What is the past, present and future status of banana reefer container
transportation?
2. How to choose between bulk reefer and reefer containers, and what are
the trends?
3. What modes can be selected for the optimization of banana cold chain
transportation routes?
4. How will the self-ripening properties of bananas affect the model?
5. In what ways are banana transport routes optimized, and what is the
impact on the company's economy and emissions?
6. How can the optimization model be applied to real-world scenarios?

The first, second, and third issues will be addressed by the author using the
data from the study and qualitative analysis of the relevant literature review.
For the fourth and fifth questions, the author will use quantitative analysis to
develop a series of algorithms. Afterward, the author will evaluate and solve
the problems using algorithm solutions. Lastly, the author will utilize examples
to validate the algorithms to solve the sixth question.
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1.5 Thesis Structure

In the first chapter, the background of the problem and the industry
background are described, and the research content and problem are defined
and scoped, as well as the impact of the problem. After that, the second
chapter mainly conducts literature review research, which includes the
research status of cold chain transportation, the development trend of banana
cold chain transportation, and the research status of previous research on the
optimization of maritime road strength, to help us to deepen our research
questions, find practical research routes, and create a theoretical basis for
research methods and model construction. In the third chapter, we explore
sub-question 2 through a targeted study, and determine the choice of
transportation themes and variables to be used in our model through a
comparative analysis of the advantages and disadvantages of refrigerated
and refrigerated containers, as well as a summary of the cold chain
transportation market environment. In Chapter 4, we provide a theoretical
description of the maritime network, and fully define and explain the variables
and descriptions in the model construction. Chapter 5 is Research Methods
and Data, which includes a summary of our research strategies and routes, as
well as data collection and analysis methods. In the sixth chapter, the model
is constructed, and the linear optimization model is selected for the path
optimization model construction, the model takes the minimum cost as the
goal, and the transportation time and capacity are the constraints, and the
theoretical assumptions, variable definitions, and constraint interpretation
processes are carried out respectively. In Chapter 7 for analysis and results,
we use actual scenarios to verify the model, and use the latest market data for
data input and result output, which are output and compared with different
constraints. Chapter 8 is a summary, summarizing the research in the
previous article, answering the six-word research question and the main
research question, and describing the limitations of the research process and
the future prospects.
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Chapter 2 Literature Review

In the previous research, we mainly introduced the research background and
problem definition of this research, and this chapter mainly solves two
research sub-questions through literature research, namely, what is the past,
present and future status of banana refrigerated container transportation, and
what modes can be selected for the optimization of banana cold chain
transportation routes, which two questions have laid the foundation for our
subsequent model establishment. In this part, the author reads a large
number of literatures to help the author explore the existing cold chain
transportation and its route planning, potential problems and feasible solutions.

2.1. Research on cold chain transportation

In terms of cold chain transportation research, Flick proposed a method to
evaluate the quality change of food during cold chain transportation, which
quantified the influence of temperature, moisture content, microorganisms,
and other factors, and proposed a Monte Carlo algorithm to calculate (Flick et
al., 2012). Laguerre pointed out that the unevenness of temperature and
humidity is the most important factor leading to the degradation of food quality
in cold chain logistics, and he proposed a food quality evolution model that
takes into account the initial characteristics of food and transportation
conditions to evaluate the efficiency of cold chain logistics(Laguerre et al.,
2013). Oliva established a food cold chain transportation simulation model to
identify the main factors affecting meat quality during transportation, and
compared the effects and differences of DFID, TTI and other technologies for
food quality control (Oliva & Revetria, 2008). Eden examines the role of new
technologies in upgrading cold chain logistics, pointing out that DSS
technology can be used to predict risks in food transportation to make optimal
decisions, GIS technology can provide the geographical location of products
in real time and set transportation conditions according to the external
environment(Eden & Colmer, 2010). Joshi established a cold chain logistics
efficiency evaluation system to explore the advantages and disadvantages of
each cold chain enterprise, conducted an empirical analysis on a food
company, and finally proposed the company's countermeasures to improve
the efficiency of cold chain logistics from the aspects of warehousing and
sales(Joshi & Banwet, 2011). Yahia et al. pointed out that the application level
of cold chain logistics in developing countries is still relatively low, the
infrastructure construction of cold storage, refrigerated containers, special
testing instruments is not perfect, and the number of cold chain professional
and technical personnel is also very limited, which affects the efficiency of
cold chain logistics (Yahia, 2010). Reddy et al. proposed that cold chain
logistics management should include cargo quality supervision, control of
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transportation conditions, risk assessment and resource scheduling, and
enterprises need to establish a scientific cold chain management system to
ensure the level of cold chain transportation (Good Cold Chain Management
Practices - Google Scholar, n.d.). Kim et al. have established a cold chain
logistics risk management system, which provides functions such as risk
perception, risk detection, risk assessment and behavior response by
collecting and analyzing various types of information involved in cold chain
logistics (Kim et al., 2015). Sharma et al. applied Bayesian network to
establish an evaluation model of influencing factors of cold chain logistics,
analyzed the interdependence between various influencing factors and the
impact of these factors on the service level of cold chain logistics, and
conducted an empirical analysis based on the cold chain logistics system in a
certain region (Sharma & Pai, 2015). Raab has established a general model
to calculate the remaining shelf life of meat products in cold chain logistics,
which comprehensively considers the shelf life of goods, cold chain
transportation conditions and quality changes of goods, and can be classified
according to the organizational characteristics of different supply chains
(Generic Model for the Prediction of Remaining Shelf Life in Support of Cold
Chain Management in Pork and Poultry Supply Chains | Journal on Chain and
Network Science, n.d.).

2.3 Status of reefer container transportation with bananas

The transportation of bananas using reefer containers has a rich history, a
thriving current status, and a promising future outlook:

Past Status (Historical Context):
Early Shipping: The transportation of bananas using reefer containers dates
back to the late 19th and early 20th centuries when the banana trade industry
began to develop. Initially, bananas were transported on traditional cargo
vessels with limited temperature control, which often led to spoilage and
losses during transit.
Innovation with Reefers: The introduction of refrigerated containers (reefers)
revolutionized the banana industry. This innovation allowed for precise
temperature control, reducing spoilage and ensuring that bananas arrived at
their destination in good condition.

Current Status (Present-Day):
Efficient Transport: Reefer container transportation of bananas has become
the standard in the industry. Bananas are harvested, packaged, and loaded
into refrigerated containers in producing countries (such as Ecuador, the
Philippines, and Costa Rica). These containers are then transported by sea to
consumer markets around the world, including North America and Europe.
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Global Supply Chain: The current status reflects a highly efficient and
globalized supply chain for bananas. Reefer containers ensure that bananas
maintain their quality and freshness during long-distance shipping, allowing
consumers to enjoy the fruit year-round.
Market Dominance: Major fruit companies like Chiquita, Dole, and Del Monte
have well-established supply chains that heavily rely on reefer container
transportation to meet global demand for bananas.

Future Outlook (Trends and Projections):
Sustainable Practices: As sustainability becomes a more significant concern
in the shipping industry, there is a growing focus on reducing the
environmental impact of reefer container transportation. This includes using
more energy-efficient refrigeration systems and exploring alternative fuels.
Supply Chain Resilience: Recent disruptions in global supply chains, such as
the COVID-19 pandemic, have highlighted the need for supply chain
resilience. In the future, there may be efforts to diversify transportation routes
and reduce dependencies on specific regions for banana production.
Market Expansion: The global demand for bananas continues to grow, driven
by population growth and changing dietary preferences. As a result, the use of
reefer containers for banana transportation is expected to expand, with new
markets opening up in regions that were previously underserved.
Technological Advances: Ongoing advancements in refrigeration technology
and container design will likely improve the efficiency and reliability of reefer
container transportation for bananas.

In summary, the past saw the transformation of banana transportation with the
introduction of reefer containers, which revolutionized the industry. The
current status reflects a highly efficient global supply chain, and the future
outlook points toward continued growth, sustainability initiatives, and
technological advancements in reefer container transportation for bananas.

2.3. Research on container transportation path optimization

The existing research on container transportation network optimization mainly
focuses on two aspects, the first is to establish optimization models from
different angles to solve specific problems in container transportation, and the
second is to design targeted solution algorithms according to the
characteristics of optimization models.

Wang Shuaian et al. established a linear optimization model for container liner
shipping network, and evaluated its service level by taking the transportation
time as the main index, and considering the restrictions of the coastal trade
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law on the transportation route, the optimal container transportation route was
solved to minimize the transportation cost(Wang et al., 2013). Meng Qiang
took the weekly short-term transportation as the research object, considering
the transportation time and ship configuration, established an optimization
model to solve the route design problem of container liner company, and
conducted an empirical analysis based on the data of a large shipping
company(Meng & Wang, 2012). Wang Shuaian et al. established a mixed
integer nonlinear optimization model to solve the container route design
problem under a fixed delivery time, and designed a heuristic algorithm to
solve it, and finally proved the practicability of the model by taking the
maritime transportation system from Asia to Africa as an example (Wang &
Meng, 2014). ManWo considers the influence of the uncertainty of container
shipping demand on container liner transportation, and uses a stochastic
optimization model to solve the optimal route design scheme and
corresponding ship configuration of container liner companies under uncertain
demand (Ng, 2015). Dong et al. proposed a two-stage stochastic
programming model to solve the problem of container optimal shipping route
under the conditions of container liner route joint service capacity planning
and random transportation demand, and developed an improved stepwise
hedging algorithm to solve the model(Dong et al., 2015). Taking cargo
transportation time, transportation cost and cargo quality as the main
considerations, Hao et al. established a container multimodal motion state
optimization model, and solved the optimal transportation mode combination
strategy to achieve generalized minimum transportation cost (Hao & Yue,
2016). He et al. established a multi-level container supply chain network
optimization model with the goal of minimizing the total cost of the supply
chain, and proposed a new simulation-based heuristic algorithm to solve the
optimization model (He et al., 2015). Chou et al. proposed a mathematical
programming model combining fuzzy multi-criteria decision-making and
network optimization to solve the problem of container transportation demand
segmentation, and verified the model by taking Taiwan ports as an example
(Chou et al., 2010). Maurizio et al. proposed a linear programming model to
solve the problem of volume allocation of container multimodal transport, and
adopted a frequency-based approach to solve the problem of time difference
between maritime transport and inland transport (Arnone et al., 2014).
Maučec et al. believe that the optimization problem of container traffic flow is
closely related to the development speed of container ports, and use the
secondary statistical data analysis and modified distribution method to solve
the container traffic flow optimization model, which proves that the
development speed of container ports has a great impact on its attractiveness
level(Optimizing Overseas Container Transportation: A Case Involving
Transatlantic Ports - Hugo Maučec, Anton Ogorelc, Ratko Zelenika, Drago
Sever, 2015, n.d.).
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2.4. Literature Review Summary

The above review of container transportation network optimization and cold
chain logistics shows that most of the results in the existing research on
container transportation network optimization are based on ordinary
containers, and the transportation time requirements of refrigerated containers
and the changes in cargo quality during transportation should be further
considered. In the existing research on cold chain logistics, there are many
studies on the optimization of cold chain distribution routes and the evaluation
of cold chain logistics efficiency, and the factors of port and sea transportation
should be further considered.

2.4.1 Further research on the optimization of the maritime network of
refrigerated containers

Compared with ordinary containers, refrigerated containers have higher
requirements for transportation time, and the existing research rarely
considers the constraints of refrigerated containers on transportation time
when designing maritime networks. In addition, the goods in reefer containers
experience quality loss during transportation, which in turn incurs additional
costs. Therefore, container liner companies need to control the transit time of
refrigerated containers by optimizing route design and ship configuration to
reduce the cargo quality loss of refrigerated containers, improve the
competitiveness of enterprises and attract more customers.

2.4.2 Further research on the optimization of the shipping route of refrigerated
containers

The maritime transportation of refrigerated containers is affected by many
factors such as ports and shipping enterprises, and the existing research on
cold chain logistics mostly focuses on the cargo itself, transportation
management, cold chain distribution and other levels, and there are still
relatively few studies on the impact of shipping networks and port service
levels. Based on the fixed shipping network and port service level, this
research studies the optimization problem of the sea route of refrigerated
containers under the constraint of transportation time, and determines the
best of refrigerated containers under different transportation time constraints
Excellent sea path.

In summary, the optimization of the shipping network and route of refrigerated
containers has not been studied considering the transportation time
requirements of refrigerated containers and the changes in cargo quality.
Therefore, this research focuses on the optimization of refrigerated container
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shipping network under transportation time constraints, and studies the
optimization of refrigerated container shipping network under transportation
time constraints from the perspective of container liner companies, so as to
provide reference for container liner companies to design routes and
configure ships. From the perspective of cargo owners, the optimization of the
sea route of refrigerated containers under the constraint of transportation time
is studied, which provides reference for cargo owners to formulate
transportation plans.
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Chapter 3 Bulk reefer ships versus reefer containers

3.1 Introduction

A reefer ship is a type of refrigerated cargo ship that is commonly used to
transport perishable goods that require temperature-controlled handling, such
as fruits, meat, vegetables, dairy products, and similar items. Refrigerated
ships are not usually described in terms of the usual tonnage value. The size
of the reefer ship is more suitable for describing the capacity in terms of cubes.
Each cargo transport space is lined with a layer of insulation, which effectively
reduces its cargo capacity,due to the nature of its trade, insulation is
necessary.(Reefer Vessels., n.d.)

Figure2:Projected growth of seaborne trade between 2022 and 2050, by
cargo type and decade

Source：DNV. (September 30, 2022).
According to DVN's forecast, the demand for seaborne trade is expected to
increase in the coming decades, but the growth rate of seaborne trade has
declined for different types of transportation. The growth rate of Bulk's
maritime trade sector will decline from 1.4% in the 2022-2030 period to -0.1%
in the period 2041-2050, that is, in the next 30 years, Bulk's maritime trade
sector will decline to negative growth. In the area of container maritime trade,
demand for containers is expected to grow by 2.9% between 2022 and 2030,
1.7% between 2031 and 2040, and 1.5% from 2041 to 2050. It can be seen
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that the demand growth of container has a slow downward trend, but its
demand growth is positive in the next 30 years.

Comparison of reefer container and ordinary container cost
The service life of reefer containers is about 10 to 12 years, and the average
life of standard containers is 15 to 20 years, and their purchase price is visible
in the table, from which the average annual cost can be calculated.

Table 1:
Price comparison table of ordinary containers and refrigerated containers of

different specifications
Container type Purchase Range average annual

cost

20-foot shipping container cost $2,800 to $6,500 $186 to $433

40-foot shipping container cost $4,000 to $8,300 $266 to $691

20ft refrigerated containers $5,600 and $7,000 $560 to $700

40ft refrigerated containers $10,000and $12,000 $1000 to $1200

Source:(How Much Do Shipping Containers Cost?, 2023)

We can see that the price of a reefer container is about twice that of an
ordinary container, but it has the advantage that ordinary containers do not
have, and can transport bananas from Latin America to Europe intact, and
ordinary containers may cause greater losses in this transportation, according
to the World Bank. The import price of European bananas in 2023 is $1.14
per kilogram (Banana price (Europe), April, 2023 - data, chart, n.d.), and it has
been calculated that a 40-inch reefer container can carry bananas worth
$25,080. The difference between ordinary containers and refrigerated
containers is much smaller than the price of goods, so refrigerated containers
still occupy a great advantage in banana transportation. Therefore, in the
scenario of this article, refrigerated container cargo ships have more
economic value and are analyzed as the main body of this article.

3.2 Reefer ship

Reefer ship Pros
1. Reefer ship fast
The transportation duration of professional reefer ships is significantly less
than that of tanker ships (13–15 KNOTS), bulk carrier ships (13–15 KNOTS),
and regular container ships (16–22 KNOTS). This is a significant benefit. The

https://www.containeraddict.com/20ft-shipping-containers-for-sale/
https://www.containeraddict.com/40ft-shipping-containers-for-sale/
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10,000-ton multipurpose reefer ship can travel at more than 20 knots per hour.
A dedicated reefer ship may arrive in Rotterdam from South America in
roughly 18 days, compared to approximately 29 days for a container ship.
ThenThe rapidity of delivery is a major benefit, particularly for a commodity
like bananas, whose limited shelf life limits the sales time. (How Fast Does a
Cargo Ship Go?, n.d.)
2. Better refrigeration system
refrigerated cabins, generally separated into many cabins, are located in the
cargo hold of refrigerated ships. A closed, separate loading area exists for
every cabin. To ensure that heat does not transfer from one neighboring cabin
to another, the doors and bulkheads are sealed and covered in insulating
materials such foam plastics and aluminum plate polymers. Reefer containers
are limited to maintaining the temperature within the container; this is where
reefer ships differ from one another. Large volumes of commodities, like
bananas, are better suited for the temperature-controlled shipping of reefer
ships, which offer more temperature control possibilities.
( Automotive Observer Network, n.d.)

3. Large capacity in reefer cargo transportation space
Large-volume cargoes like bananas are better suited for whole-batch shipping
by conventional reefer ships, however certain container ship operators have
an edge when it comes to small-volume packaging of appropriate container
goods.

Reefer ship Cons：

1. The ships are old and the number of ships is small
The managing director of Seatrade, Yntze Buitenwerf, stated that some
businesses were choosing to forgo developing reefer ships in favor of other
boats that may generate more revenue. Furthermore, the cost of building a
reefer ship might take twenty years to recover, therefore many businesses
decide to ship in other directions rather than using specialized refrigerated
ships, which has resulted in a sharp fall in the number of conventional reefer
ships. The age of ships is rising, and not many reefers have been built in
recent years. This indicates a decline in the quantity of ships. (The restricted
number of ships is caused by the high cost of shipbuilding and the sluggish
return on expenses; also, the limited availability of reefer ships will limit the
flexibility of cargo transportation arrangements.)(Reefer Ships versus
Containers, 2013)

2. Decline in market share
On the other hand, conventional cargo operations with open-top hatches and
reefer ships have lost market share. Dynarm's 2018 REEFER Analysis -
Market Structure, Conventional, Containers states that the percentage of



18

reefer perishable cargo transported by legacy carriers has decreased from
over 55% in 2000 to over 18% at now.(Conventional reefer ships further lose
market share, n.d.)

3. Temperature control quality
Banana shelf life should be between 13.6 and 16°C, even if the refrigeration
system on the reefer ship can regulate the temperature to the needed
temperature of the cargo. In general, the refrigeration device can manage the
temperature of the reefer cabin to 15°C to 25°C.

4. Goods damage
Most storage heights are still higher than the height of a single container, even
though the height difference between the reefer cabin's deck and bilge or
between its upper and lower decks is less than that of other cargo ships.
Compared to the container, there is a higher chance of the goods being piled
too high and crushing the lower cargo.

5. It is difficult to make a claim and the insurance claim amount is large
A reefer ship's claim amount might be higher than its claim amount for the
whole loss of its container cargo if there is an issue with the refrigeration
system. Reefer ships are crucial for cold chain transit for many container
shipping firms, but their financial significance is lower, according to Peter
Haagen of RaetsMarine, a division of MS Amlin. Haagen believes that if one
specialist reefer ship has a problem, everything goes wrong.( The best of both
worlds for fruit transport, 2017)

3.3 Reefer Container

Pros

1. Easy to ensure the quality of goods
At the shipping point, perishable items can be put into containers and
delivered straight to the receiving unit. Even if the items go via several
different modes of transportation, there is no need to load and unload them
(such as vehicles, railroads, sea transportation, etc.). When perishable
commodities are moved from one mode of transportation to another without
the use of reefer containers, they will unavoidably be exposed to high
temperatures, which will quickly raise the temperature of the items and
improve their respiration. impacts on the growth of microbes, which has an
impact on the products' quality. (Advantages of Refrigerated Containers for
Refrigerated Transportation equipment_Engineering
Technology_Refrigeration Information, n.d.)
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2. Itinerary tracking
The ability to trace a travel is another benefit of reefer containers thanks to the
black box within. For the cargo to be securely safeguarded during handling
and transit, this feature establishes who is responsible for freezing or maturing
ahead of time during transportation (Maersk Line, 2009). In light of current
trade conditions, this research will focus on the route optimization of reefer
container transportation by banana shipping, since market trends and
refrigerated containers are somewhat more appropriate.

3. Can reduce loading and unloading costs
It makes loading and unloading processes more automated and mechanized.
Typically, a range of transportation techniques are required to get perishable
items from their point of origin to the market. The cost of loading and
unloading will surely rise as a result of numerous loading and unloading
operations along the route. The items within the boxes do not need to be
reversed when reefer containers are utilized for intermodal transit between
various modes of transportation; just the containers themselves need to be
reloaded. Pallets can be used to load containers, improving the automation of
the loading and unloading process.(Advantages of Refrigerated Containers for
Refrigerated Transportation equipment_Engineering
Technology_Refrigeration Information, n.d.)

4. Independence
Reefer container ships are not limited by the number of reefer containers they
can carry, unlike other container ships that may be limited by the number of
reefer exports or insufficient generator capacity. The refrigeration system is
connected to the rear end of the reefer container. While on board, these
containers plug into the electrical outlet associated with the ship's power
generation (usually 440 VAC). Each reefer container unit is usually designed
with individual circuits and has its own circuit breaker switch that can be
connected and disconnected as needed. In principle, each individual unit can
be repaired while the ship is still underway.

5. Applicable to international transport
Specialized, large-scale, automated, and robotic loading and unloading is
becoming the norm in ship transportation due to the growth of the global
shipping industry. Ships that transport reefer containers have cargo holds
specifically designed for that purpose. Reefer container electricity is supplied
by power outlets aboard some ships. A cold storage capacity is provided to
the containers by refrigeration equipment aboard some ships. Because of this,
international marine transportation finds great utility in the import and export of
perishable products using reefer containers.
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(Advantages of Refrigerated Containers for Refrigerated Transportation
equipment_Engineering Technology_Refrigeration Information, n.d.)

6. Convenience
While the total cost of shipping bananas in a reefer container is about the
same as bulk reefer shipment, there is no real economic advantage to using a
reefer container instead of bulk reefer shipment of bananas. An important
technical and operational advantage of using reefer containers is related to
the convenience of transporting bananas by container ship (Arduino et al.,
2015).

In summary, its main advantages are that it can meet different transportation
requirements, realize mutual conversion between different operations, reduce
transportation time, increase transportation rate, reduce collisions between
transportation, and improve the quality of transported food. At the same time,
the continued shrinkage of the traditional reefer fleet industry has given the
reefer container industry more development opportunities. Because ships in
the container industry usually have a large number of reefer spaces, they can
not only provide professional reefer services, but have also become an
important part of the contemporary food and perishables supply chain.

Cons：

1. High rental costs
The equipment, maintenance and transportation costs of container cold
storage are relatively expensive. Although the biggest advantage of container
cold storage is that it reduces construction costs compared with traditional
storage methods, its rental costs are still higher than ordinary containers.
(Advantages of Refrigerated Containers for Refrigerated Transportation
equipment_Engineering Technology_Refrigeration Information, n.d.)

2. Requires professional operation
Container cold storage requires professional personnel to operate and
maintain. Therefore, when companies use container cold storage, they also
need to train and educate their employees, which increases the company's
management costs.

3. Rely on external power supply
Container cold storage relies on external power supply to support its operation.
If the power supply is unstable or interrupted during transportation, it may
cause the goods to be lost or even exceed the expected storage time, causing
losses.
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4. Limited space utilization
Compared with traditional storage methods such as cold storage, container
cold storage has limited storage space. If the size of the container cold
storage rented by the enterprise is too small, it will not be able to meet the
needs of cargo storage. If the size is too large, part of the storage space and
cost will be wasted.

Table2:Reefer ship versus Reefer container comparison table

Reefer ships Reefer containers
Pros 1.Fast (20 KNOTS)

2.Better refrigeration system
3.Large capacity & space

1.Easy to ensure the quality of goods
2.Itinerary tracking
3.Reduce loading and unloading costs
4.Independence
5.Applicable to international transport
6.Convenience

Cons 1.Ships are old and the amount is
small
2.Decline in market share
3.Temperature control quality
4.Goods damage
5.It is difficult to make a claim &
the insurance claim amount is large

1.High rental costs
2.Requires professional operation
3.Rely on external power supply
4.Limited space utilization

To sum up, the logistics sector has demonstrated significant benefits from the
introduction of reefer containers as a novel form of storage equipment. By regulating
the right temperature and humidity, it successfully ensures the security of the cargo;
clever management techniques increase the effectiveness of storage and
transportation. and safety; adaptability, economy, pragmatism, and changeability are
appropriate for typical freight and logistical demands. As it grows more and more
mature, its high protection performance and strong flexibility have made it the driving
force of cold chain transportation, despite certain restrictions in terms of cost and
usage. The main benefit of employing reefer ships is their speed and timeliness,
which is advantageous for items like bananas that need to be transported with a high
degree of timeliness. Therefore, in order to combine the logistics advantages of
containers with the speed advantages of specialized refrigerated ships, the author
believes that reducing transportation time through path planning and optimization can
make up for the pain points of reefer containers that are not as fast as reefer ships in
transportation speed, thereby obtaining an optimal banana transportation method.



22

Chapter 4 Refrigerated container shipping network

4.1 Transportation characteristics of refrigerated containers

Refrigerated container refers to a special container with good heat insulation
and it can maintain certain low temperature requirements, suitable for the
transportation and storage of all kinds of perishable food. With the strong
growth of cold chain transportation demand, refrigerated containers stand out
among many cold chain transportation tools with unique transportation
advantages, compared with other cold chain transportation tools, refrigerated
containers have the following aspects of transportation characteristics.
(1) There is no need to open the box during the whole process, which is
convenient for transfer
(2) Transportation and special service facilities for transshipment must be
used
(3) It can be used for the transportation of multiple cargo types.

4.2 Maritime network structure

A container shipping network is a complex system, including ports, shipping
enterprises, cargo owners, customs and regulatory units, etc., of which the
port, shipping enterprises and cargo owners are the most important factors
determining the structure and characteristics of container shipping networks.
Hereafter we discuss them in detail.

(1) Ports
The port is an important node in the maritime transportation system,
undertaking the task of connecting water transportation and land
transportation, and is the hub of cargo distribution, storage and transshipment.
At the same time, the port is also a key fulcrum of economic development of
various countries, playing an important role in international trade,
transportation services and urban construction, and making great
contributions to national economic development and social progress. In this
context, modern ports are also actively undergoing transformation and
upgrading, and on the basis of retaining the traditional cargo loading and
unloading, storage and transit operations, vigorously developing cargo
processing and sales, port landscape construction, financial and trade
services and other businesses, providing a strong guarantee for international
logistics development and urban economic construction.

(2) Shipping enterprises
Shipping enterprises undertake the task of maritime transportation in the
container shipping network, and shipping enterprises design routes
connecting port nodes according to the cargo transportation needs between
each port, configure corresponding transport ships for each route, and carry
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out transportation in a certain cycle. Shipping enterprises are capital-intensive
enterprises, so they need to carry out scientific design and planning of routes
and ships to reduce the cost of enterprises and improve the efficiency of ship
use.

(3) Cargo owners
Cargo owner refers to the owner of the goods, in the container shipping
network, the main role of the cargo owner is to put forward transportation
requirements. The transportation requirements here include the start and end
points of container transportation, which is commonly known as the concept of
OD, as well as the container volume between groups of ODs, transit time
requirements, and so on. Cargo owners in container shipping networks can be
divided into two categories, one is self-employed and the other is large
enterprises, for self-employed people, the amount of goods owned is relatively
small, so their transportation needs have little impact on the overall shipping
network. For large enterprises, there are generally subsidiaries in many parts
of the world, so there are multiple combinations of supply and demand for
goods. At present, large enterprises mainly rely on hiring container liner
companies to carry out the maritime transportation of containers, and cargo
owners need to determine the shipping route of containers according to the
shipping network provided by container liner companies and the actual
transportation needs of goods, so as to save transportation costs as much as
possible under the premise of meeting transportation requirements.

(4) Banana container cold chain network
A Supply Chain is defined as a global network responsible for delivering
products and services to end customers from the point of extraction of raw
materials through organized financial flows, information, and physical
distribution activities ((12) APICS Dictionary 13th Ed | Frank g -
Academia.Edu, n.d.). Various transformational activities or processes and
stakeholders to produce the final product or service and deliver it to the
consumer. Figure 1 shows some important activities in banana SC and
depicts the extent of the cold chain. The cold chain is similar to SC, but refers
to the temperature control part of SC (Aung & Chang, 2014); Therefore, it is a
segment or part of the SC, during which perishable products are refrigerated.
For fresh fruit SC, the cold chain starts at the packaging facility where the
harvest is refrigerated and ends with the consumer who consumes it after
refrigeration.

The distribution chain is a collection of physical activities, such as
transportation, handling, storage, and administrative activities, usually in the
form of finished products from the manufacturer to the customer or the return
of defective goods to the manufacturer As can be seen from Figure 1, the
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distribution chain of fresh fruit starts from the first shipment of the finished
packaged fruit and ends with the fruit arriving at the retail store.

Figure 3: A fresh fruit supply chain depicting supply chain activities and the
cold and distribution chains.

Source:(Dyk & Maspero, 2004)
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The problem of sea freight optimization for reefer containers has two levels.
The first level is to design the reefer container shipping network from the
perspective of container liner companies, according to the flow of reefer
containers between various ports and the requirements of cargo owners for
transit time. The second level is to find the optimal shipping route for
refrigerated containers in the existing shipping network according to the actual
transportation requirements of fresh goods from the perspective of cargo
owners, so as to minimize transportation costs. This thesis will mainly study
the optimization of the shipping route of refrigerated containers from the
perspective of cargo owners, based on the fixed shipping network and port
service level.
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Chapter 5 Research Methodology and Data

5.1 Introduction

This chapter describes the research methods and data in this research,
including research strategies, data collection methods, and data analysis
methods.
Based on the sub-question mentioned in Chapter 1, we will use the problem
description and qualitative analysis to solve the first and second problems in
the previous article, we will design algorithms for quantitative analysis and
solution of the third to fifth problems, and finally use example verification
algorithms to solve the sixth problem.

5.2 Research Design

In this thesis, qualitative and quantitative methods were used.
Qualitative research is the process of collecting, analyzing, and interpreting
non-numerical data, such as language. Qualitative research can be used to
understand how individuals subjectively perceive social reality and give it
meaning.(Qualitative vs Quantitative Research, 2023)

Here we use qualitative research to analyze the problems in our sub-
questions
Q1: What is the past, current and future status of reefer container
transportation with bananas?Q 2:How to choose between bulk reefer and
reefer containers, and what are the trends?And Q 3: What modes can be
selected for the optimization of banana cold chain transportation routes?

For the first question, we used literature research to study the current
research status of previous people in cold chain transportation, and explored
practical solutions for our subsequent model construction. At the same time,
we studied the market for banana cold chain transportation, using time as a
clue. Study the development history of banana cold chain transportation, the
total price in the past, the current development stage and current situation, as
well as the predictions of various companies and researchers on its future
development.

For the second question, through theoretical analysis and literature summary,
we summarized and compared the advantages and disadvantages of
refrigerated ships and refrigerated containers respectively. At the same time,
we integrated their costs and compared prices under the same unit variable.
Secondly, we study the current situation and market environment in the
market, analyze which kind of transport ship is more suitable for today's
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enterprise transportation options, and also lay the theoretical foundation for
our subsequent model construction and data selection.

For the third question, the author used a literature review to conduct research,
studying the cold chain transportation route model and the path optimization
model respectively, exploring the depth of the research problem and looking
for potential solutions and models.

Quantitative research involves the process of objectively collecting and
analyzing numerical data to describe, predict, or control variables of interest.
The goals of quantitative research are to test causal relationships between
variables, make predictions, and generalize results to the broader
population.(Qualitative vs Quantitative Research, 2023)

In this thesis, quantitative research methods are used to solve the remaining
three sub-questions.
In question 4: How will the self-ripening properties of bananas affect the
model? In, we first studied the literature to collect data. There is often a
specific coefficient for the biological ripeness of banana self-ripening. We
defined the coefficient variable into the model establishment, constructed a
linear function for calculation, and linked it with the transportation time. The
calculation results and analyze.

Question 5: How to optimize banana transportation routes and what impact
will it have on the company's economy? In this problem, we model the
problem using linear optimization, a mathematical modeling technique that
involves maximizing or minimizing a linear function while taking into account
various constraints. Linear programming, also known as linear
optimization.(avcontentteam, 2017)

The specific method is as follows: We collect the following data variables
mentioned later, namely time, cost, route distance, supply and demand, port
throughput, banana self-ripening coefficient and other variables, and construct
an objective function with the goal of minimizing cost, and use other Variables
construct a linear function model for constraints.

In question 6: How is the optimization model applied to actual scenarios? In
this question, we will use the linear optimization model in the previous
question to calculate the data and use the open solver in excel to perform
modeling and calculation to obtain the results. The data sources are
described in detail below. We mainly collect the latest data in 23 years to
ensure the validity of the model and analysis results. After the calculation
results are completed we evaluate the effectiveness of the model through
benchmark calculations.
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5.3 Research Process

Using the principle of network optimization and the existing relevant research
results, this research proposes an optimization method for the sea route of
refrigerated containers under the constraint of transportation time.The specific
research methods are as follows:

1) The existing research results, we analyze the structure and characteristics
of reefer container shipping network. At the same time, we used the literature
to study the research status of path optimization,and provide a theoretical
basis for the establishment of optimization model.

2) We summarize the transportation conditions of bananas and the quality
changes during transportation, and the differences between refrigerated
containers and refrigerated ships are qualitatively analyzed

3) Considering the transportation costs of container liner companies, we
establish the optimization model of refrigerated container shipping network.
To provide a theoretical basis and network attachment for the subsequent
model establishment of routine strength optimization.

4) Considering the transportation costs of cargo owners, we establish a
refrigerated container shipping route optimization model. The case analysis of
banana transportation imported from South America to the EU was carried out
to verify the feasibility of the optimization model.

5) After the model calculation, we use the benchmark calculation method to
compare the results in the model and evaluate the effectiveness of the model.

6) The last one answers the main research question and sub-questions and
gives suggestions and limitations analysis.

5.4 Data Collection

5.4.1 Supply and demand data

This type of data is mainly concerned with the balance between the supply of
the starting point and the demand of the end point in the model. We have
chosen to use secondary data as our master data, which is the use of existing
data generated by large government agencies, healthcare facilities, etc., as
part of an organization's recordkeeping. The data is then extracted from more



29

different data files. It has the characteristics of interrupted acquisition time and
simple data processing process.(Wagh, n.d.)

5.4.2 Port data

This type of data is mainly related to the port selection in the model, including
the location of the port, the throughput, and whether it is suitable for the
passage of refrigerated vessels. The data mainly comes from the port website
and government website data, which is characterized by data authority, high
accuracy and timely update.

5.4.3 Shipping distance data

Maritime distance data is mainly obtained through data input from the
shipping website. The peculiarity of this data is that the shipping route is not a
straight-line distance, and it is difficult to measure its data directly on the map.
And our main problem is also to use time as the main constraint, so we
convert distance to time units for calculation. We check the shipping website
directly to get the usual required transit time between its different nodes.

5.4.4 Cost data

The objective function in our model is built to minimize the total cost, so the
cost data is the main data in our model, which includes transportation
expenses, storage expenses, handling costs, and goods costs. The cost
factor of the loss of goods in the above costs cannot be directly obtained, so
we build it in the model and calculate it in the form of a coefficient.

5.4.5 Banana self-ripening coefficient

As mentioned above, the biggest transportation feature of the goods studied
in this article is that they have the characteristics of self-ripening during
transportation, which will directly lead to a certain proportion of cargo loss and
increased costs. Since this characteristic is a biological property, we will not
go into it here, but we have obtained a self-maturation coefficient through
literature research, which represents the quality of the goods lost according to
a certain time ratio, which we attribute to the cost according to the price of the
goods.



30

5.5 Data Analyse Method

Among the data required in the above-mentioned models, we mainly pre-
process and transform the supply and demand data, sea freight distance and
its unit cost data, and other data not mentioned below are directly referenced.

5.5.1 Supply and demand data processing

Collecting annual banana export import data from Ecuador to EU countries
from the website as supply and demand data, because the website data only
collected data from January to July 23. We use the smoothing data method
for processing, which is the smoothing technique that can be used in the
absence of a significant trend in the time series. They eliminate random
variations in historical demand. It helps to identify patterns and levels of
demand to estimate future demand. (Bhat, 2019)The method we use is the
simple moving average method in the smoothing technique.

5.5.2 Shipping distance data and cost data processing

As mentioned above, the author converts the shipping distance data into
shipping time data, and choose a more authoritative shipping website to seek
quotations, which includes the shipping time data from the starting point to the
transit point and the transit point to the end point and its total cost data. It is
also more referential in reality.

5.6. Research Framework
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Figure4: Research Framework

As indicated in the research framework image below, the author created six
sub-questions to address the study's primary questions. We also integrated
the study's research methodology and using a variety of research techniques
to provide clear, comprehensive answers to these issues.
Using a review of the literature, a summary, and a qualitative analysis, the
author first looked at the composition and features of the network of
refrigerated container transportation as well as the state of cold chain shipping
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path optimization research. The aim of this study is to address sub-questions
1 and 3 and give a theoretical foundation for the development of an
optimization model for the shipping path of bananas.
Using a review of the literature, a summary, and a qualitative analysis, the
author examined how banana quality changed as they were transported under
various circumstances in the second stage. In order to determine which
technique would be better for transporting bananas, he also contrasted the
benefits and drawbacks of chilled ship transportation versus refrigerated
container shipping. This section responds to sub-question 2.
The author creates a refrigerated container transportation network
optimization model in the third step using methods from qualitative analysis
and literature study in an effort to reduce transportation costs for the container
liner company. This model also establishes network connections for further
research. and provided a response to sub-question 5.
In the fourth phase, the author created an optimization model for the
transportation route of refrigerated containers based on the transportation
costs incurred by the cargo owner, and then used the export of bananas from
Ecuador to the EU as an example to confirm the model's viability; Mainly
employed quantitative analytical research methodologies to develop linear
optimization models, and used Open solver to solve the data. Sub-questions 4
and 5 are mostly addressed in this section.
In order to compare the outcomes and assess the viability of the model, the
author uses quantitative analytic techniques to perform benchmark
calculations on the pooled data in the fifth stage. The author employs
qualitative analysis in the sixth phase to condense and extract all study
materials in order to address the primary issues and constraints, make
recommendations, and put those recommendations into practice.
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Chapter6 Linear programming model building

In this chapter we present our research methodology and data. We start with
listing our basic assumptions, next we build mathematical models and
detailed explanations are given.

6.1 Basic Assumptions

To make the modeling process more convenient, combined with the actual
operation of refrigerated container transportation, this article focuses on
refrigerated containers.
We container sea freight network makes the following assumptions:
(1) A reefer container is transferred at most twice during transportation, that is,
the sea between each group of ODs.The route consists of up to four ports.
(2) We assume that all containers in the model are loaded with goods, and do
not consider the impact of empty container transfer and rental boxes..
(3) It is assumed that the temperature in the reefer container remains
unchanged during the whole process of transportation, and the temperature is
the cargo in the containers.
Corresponding optimal transport temperature.
(4) The cargo quality loss of a single reefer container is calculated based on
the average mass loss of all goods in the container.
(5) The reefer container shipping network is relatively stable, and random
emergencies such as natural disasters and wars are not considered
Impact of line networks.
(6) Only one container ship type is configured on each route, and multiple ship
types are not considered to be used together in the same route
situation.
(7) All containers in the model are 20-foot TEU type, excluding other container
types.
(8) Each route in the maritime network is a fixed operation, that is, the transit
time and port of call of the route are fixed.

6.2 Objective function

The goal of reefer container sea route optimization minimizes the total cost
under the condition of satisfying constraints and basic assumptions, including
transportation cost, cargo loss cost, loading and unloading handling cost and
storage cost.
According to the cost composition of the reefer container shipping network
analyzed below, a mathematical optimization model is established to minimize
the total cost of the reefer container shipping network, and the objective
function is shown in the following equation:
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MinZ = Ct + Cl+Ch + Cs (6.1)

Z: The total cost of the reefer container shipping network
Ct: The total cost of transportation in the reefer container shipping network
Cl: Total cost of cargo loss in reefer container shipping networks
Ch: The total cost of loading and unloading of reefer container shipping
networks
Cs: Total cost of stockpiling in reefer container shipping networks

6.2.1 Shipping Costs
Transportation cost is the sum of transportation costs between all OD pairs in
the more maritime route determined by the total cost of transportation.
The formula

Ct =
o∈O d∈D r∈Rod i,j ∈A h∈Hij

qod
r yij

r xij
hCij

h����� (6.2)

Ct: The total cost of transportation in a reefer container shipping network
N: The set of all port nodes in the maritime network, O is the set of origin port
nodes, T is the set of pure transit port nodes, D is the set of terminal port
nodes.
Rod: Main reefer container path from either origin port node O to any end port
node D.
Collection, if a group of ODs cannot be connected through existing routes, the
corresponding Rod of the group ODs is an empty set；
A: A collection of arcs between port nodes in a maritime network.

Hij: A selectable set of routes on the arc from port node i to port node j,

where(i, j) ∈ A.

Cij
h: Select the unit transportation cost for route h from port node i to port node

j, where(i, j) ∈ A, h ∈ Hij

Decision variables, meaning as follows:
qod

r : Number of refrigerated container traffic (TEU) transported from Origin
Port Node O to Terminal Port Node D via sea route r,r ∈ Rod

yij
r : Sea Route Selection variable, 0-1 variable, 1 if Sea Route r includes arcs

from node i to node J, otherwise 0 i, j ∈ A, r ∈ Rod.

xij
h: Route selection variable, 0−1 variable, 1 if route h is selected from node i

to node j for transportation, otherwise 0, where (i, j) ∈ A, h ∈ Hij.
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Figure 5: Simplified shipping route

6.2.2 Cost of loss of goods
Cargo loss is calculated by the rate of mass loss and transit time of goods in
refrigerated containers, as follows

Cl = o∈O d∈D r∈Rod
qod

r φTP��� (6.3)

Ct1 = (i,j)∈A yij
r

h∈Hij
xij

htij
h�� (6.4)

Ct2 = i,j , k,j ∈A
h1∈Hij,h2∈Hki

yij
r xij

h1yki
r xki

h2� ti
h1,h2 (6.5)

In the formula:
Cl:Total cost of loss of cargo quality in reefer container shipping networks
φ :The rate of mass loss of goods is determined by the proportion of quality
loss of goods converted into hourly goods
P :The value of the goods inside the reefer container
The transportation time can be divided into two parts, namely the sea
transportation time and the port operation time.
Ct1: Sea transportation time

tij
h: Select the transit time of the route h from node i to node j (h), where (i, j) ∈

A , h ∈ Hij

Ct2: Port operation time；

ti
h1,h2: The port operation time (h) generated by the transshipment of the reefer

container from route h1 to route h2at node i, h1 is the route on which the
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reefer container travels from port i to port j, and h2 is the route taken by the
reefer container from port k to port i, which is calculated from the moment
when route h2 leaves port i minus the time when route h1 arrives at port i.

The mass loss rate of the cargo is 0.00376% per hour (Yang D,2014).

6.2.3 Loading and unloading costs
Loading and unloading costs are determined by the port and volume of reefer
containers, as follows

Ch = o∈O d∈D r∈Rod (i,j)∈A qod
r yij

r (Zi + Zj)���� (6.6)

Ch: Total cost of handling in reefer container shipping networks
Zi: The cost of loading a reefer container per container at port node i

Zj：The cost of unloading a reefer container per container at port node j

Here for transportation between any two ports, the cost of one loading and
one unloading is calculated, that is, for direct transportation, only the loading
cost of the origin port and the unloading cost of the terminal port are
calculated, and for transit transportation, the transit port needs to calculate the
unloading and loading costs.

6.2.4 Storage Costs

Cs = o∈O d∈D r∈Rod i,j ∈A,k∈A TkBkqod
r yij

r���� (6.7)

Cs: Total cost of stockpiling in reefer container shipping networks.
Bk: The unit cost of stacking reefer containers at transfer port node k.
Tk:Storage time at Transit port k.

6.3 Constraints

6.3.1 Transit Time Constraints
For any set of ODs, the reefer container shipping path selected must meet the
corresponding transit time constraints.
The details are as follows:

∀r = Rod, [Ct1 + Ct2] ≤ Tod (6.8)
In the formula:
Ct1: Sea transportation time
Ct2: Port operation time
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Tod :The maximum transit time of reefer containers from Node o at the port of
origin to Node d at the port of destination. Where o ∈ O, d ∈ D .

6.3.2 Supply and demand balance constraints
The sum of the reefer container supply of all origin ports in the reefer
container shipping network should be equal to the sum of the reefer container
demand of all terminal ports, and for any one origin port, the total outflow of
refrigerated containers should be equal to the refrigerated container supply of
the port, and for any terminal port, the total outflow of its reefer containers
should be equal to the refrigerated container demand of the port, as follows:

o∈O Go� = d∈D Gd� (6.9)

d∈D r∈Rod
qod

r = Go, ∀o ∈ O�� (6.10)

d∈D r∈Rod
qod

r = Gd, ∀d ∈ D�� (6.11)

Go : reefer container supply (TEU) at the origin port node o, where o ∈ O .
Gd : Reefer container demand (TEU) at the terminal port node d, where d ∈ D.

6.3.3 Maximum load constraint of reefer containers in ports
For any port node in the reefer container shipping network, the reefer
container flow at that node cannot exceed the port's reefer container storage
capacity, as follows：

o∈O d∈D r∈Rod (i,j)∈A qod
r yij

r ≤ Li, ∀i ∈ N���� (6.12)

In formula： Li: Refrigerated Container Storage Capacity (TEU) at Port Node i

6.3.4 Constraints on the number of transfers
According to the basic assumption of the model, the reefer container
undergoes up to two transit times during transportation, which means that the
sea route of the reefer container includes up to three routes, and the direct
transportation is one route, so the following formula is obtained.

1 ≤ (i,j)∈A yij
r ≤ 3, ∀r ∈ Rod� (6.13)

6.3.5 Shipping Capacity Constraints
For each leg of the route, the volume of reefer containers transported through
the route shall not exceed the reefer container capacity of the route, as
follows:

o∈O d∈D r∈Rod
qod

r yij
r��� xij

h ≤ Lij
h, ∀(i, j) ∈ A (6.14)
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In formula：Lij
h: Reefer container capacity for route h on the arc from port

node i to port node j（TEU）, where i, j ∈ A，h ∈ Hij.

6.3.6 The variable is not a negative constraint
For any set of ODs, the volume of reefer containers on any sea route is
obviously non-negative,
The details are as follows:

qod
r ≥ 0, ∀o ∈ O, d ∈ D, r ∈ Rod (6.15)

According to the optimization model proposed in Equation (6.1) and the
constraints proposed in Equation (6.8) to Equation (6.15), the optimization
model of reefer container shipping network in this research is constituted.
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Chapter 7 Analysis and Results

In the previous chapter, we completed the construction of our linear
optimization model, and in this chapter we mainly solved the last problem in
the sub-problem: how can the optimization model be applied to the actual
scenario? We take Ecuador, the largest banana importer in Europe, as an
example, and select the three European countries with the highest import
volume, namely the Netherlands, Germany and Belgium as the importing
countries, and select the ports of these three countries for data input and
analysis.

7.1 Model input parameters

7.1.1 Port data
Most of Europe's bananas come from Latin American countries, such as
Ecuador, the world's largest banana exporter (‘All About Bananas | Producers,
Where They’re Grown & Why They Matter’, n.d.-b). And most bananas are
transported by sea in refrigerated containers. At 2021,there had 4,700,000
tons bananas export from Latin America to EU(‘EU Bananas and Plantains
Ask for Equal Treatment’, n.d.),This is fed into our model as a supply and
demand constraint. According to the port construction situation of various
countries and the import and export volume of bananas, this research selects
9 major container ports to form a collection of port nodes. These include 3
ports of origin, In Latin America, bananas can leave from three different ports:
Port of Callao, Puerto de Guayaquil or Puerto de Posorja.(patricia, 2022),The
three destination ports are the ports of Antwerp, Rotterdam, Hamburg, and
the two pure transit ports Port of Cristobal and Bilbao (Search a schedule -
MSC EN Shipping Schedules, n.d.), Since bananas in Europe are in a state of
continuous imports, the calculation in this research chooses a one-year cycle.
There are a total of 24 paths that can be selected, not all of which are listed
below.
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Figure 6: Sketch map of shipping network of EU's import of banana in
Ecuador

Table3: Port node of the container shipping network

Name of origin port O1 O2 O3

Number of origin port Port of
Callao

Puerto de Puerto de

Guayaquil Posorja
Name of destination
port D1 D2 D3

Number of destination
port Antwerp Rotterdam Hamburg

Name of transit port T1 T2

Number of transit port Cristóbal Port of
Bilbao

Rotterdam

Antwerp Hamburg

Port of Bilbao

Puerto de Posorja
Puerto de Guayaquil

Port of Cristóbal

Port of Callao
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7.1.2 Transport time data / unit cost data

In order to calculate the cost per kilometer of sea freight, we need to enter the
time data for different routes, as well as transit time data.
The freight rates between ports are shown in Table 3.

As for the cost data, due to the large changes in market prices, we have
sought quotations per unit of container between different nodes on the official
website of the shipping company for inquiry, and the unit of measurement
here is calculated as per 20-foot-tall container. The cost quotation includes
transportation costs, port handling costs, withdrawal fees and all other
miscellaneous charges, which is in line with the market inquiry rules and is
easy to calculate.

Regarding the transportation time data, the straight-line distance is quite
different from the real shipping company's transportation distance, and the
relationship between the transportation distance and time is greatly affected
by the transportation speed. Therefore, we will make an inquiry directly in the
same way as the above cost data, and the shipping time data will be given
directly on the shipping company's website.

In order to ensure the validity of our route optimization results, we conducted
a multi-party comparison of prices and an inquiry between nodes in addition to
the network identified in the previous section, and determined that our
transportation routes and transportation times were within a small range to
achieve more realistic and effective results.

The following are the transportation distance and cost from each O point to T
point and the transportation distance and cost from each T point to D point.
The final cost and transportation distance is the cost and distance of OT+TD.
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Table4: Shipping cost per 20ft container between port nodes and shipping
schedule

Shipping cost(USD)/Transport time

number of port O1 O2 O3

T1

1,080.00 810.00 810.00

6 Days 5 Days 5 Days

T2 2,892.06 2,530.40 2,530.40

43days 35 Days 38 Days

Shipping cost(USD)//Transport time
number of port T1 T2

D1 1,071.00 1,241.30
24 Days 2 Days

D2 1,071.00 1,342.19
23 Days 7 Days

D3 1,071.0 1,470.33
25 Days 11 Days

Source：(iContainers, n.d.)

7.1.3 Port Capacity data
The following table shows the capacity of reefer containers in each port, using
the reefer container plug-in outlets owned by each port as the measurement
data.This data represents the maximum refrigerated container capacity that
can be passed through each port.

Table 5: Table of connecting capacity of refrigerated containers in each port
Reefer containers capacity (per 20ft container)

number of
port O1 O2 O3 T1 T2 D1 D2 D3

capacity 3,510 1,510 3000 1,100 1,143 8,500 18,500 3,100

Source：
(2.1 Ecuador Ports Assessment | Digital Logistics Capacity Assessments,
n.d.),(2.1.3 Panama Port of Manzanillo International Terminal | Digital
Logistics Capacity Assessments, n.d.),(Reefer container throughput in main
European ports., n.d.)
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7.1.4 Supply and Demand Data
The most important point in the linear optimization model is that the number of
origins and destinations needs to be equal, in this model, this means that the
number of bananas exported by Ecuador to the Netherlands, Germany, and
Belgium needs to be equal to the number of bananas imported from Ecuador
by these three countries. We collected data reports on the market. The
fastest-growing destination in the first seven months of 2023, driven by an
increase in purchases in the Netherlands, which increased by 16.08% to
almost 16.2 million banana boxes, Germany, with 9.7 million cases purchased
(+39.50%), and Belgium, with 6.9 million cases (up 6.64%). We use the
exponential smoothing method to average the seven-month data into how
many bananas are imported by Ecuador in each month, so as to predict the
total annual imports.(Ecuadorian Banana Exports to the EU-27 up until July
Increased by 23.5%, 2023)

Table 6: Annual supply and demand table of European Union bananas in
2023 (unit: box)

Unit:BOX Port of
Callao

Puerto de
Guayaquil Puerto de Posorja total

Supply 8434286 39360000 8434286

56228571NL(Rotterda
m) DE(Hamburg) BE(Antwerp)

Demand 27771429 16628571 11828571

Since our cost data is 1 unit of calculation per container, we convert it into
container-based data. The conversion logic is that each container can carry
500 boxes of bananas.(Wild, 2024)

Table 7: Annual supply and demand table of European Union bananas in
2023 (unit: Container)

Unit:container Port of Callao Puerto de
Guayaquil

Puerto de
Posorja total

SUPPLY 16869 78720 16869

112457NL(rotterdam DE(Hamburg BE(antwer
p

Demand 55543 33257 23657

This data corresponds to the model, it is Supply and demand balance
constraints.
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7.2. Analysis Result

The results were obtained using the open solver in Excel, a high-performance
mathematical programming solver for linear programming, mixed integer
programming, and quadratic programming.(Guide To Solvers - Open Solver
For Excel | PDF | Linear Programming | Nonlinear System, n.d.)
We used the solver to solve two different results, which were to allow them to
be imported into one country and then trucked to each country, and to be
shipped to each port depending on the demand in each country. This is done
because there are tariff-free agreements within the European Union, and
there is no positive correlation between the borders of various countries and
the distance between their ports and cities in that country.
So we first calculate the route from Ecuador to the same port in the EU, and
add the cost of post-port transportation, which ends in each country's capital.
Then we constrain the import volume of each country to be different, which is
part of the calculation of the cost of eliminating post-port transportation.

7.2.1 Result 1-European imports are not divided into countries.

This section we first uses open solver nonlinear programming to solve the
data and model in the previous chapter to obtain results, and then manually
calculates the model in the parameter input, compares the masterpiece
results as Benchmark with the previous results to verify the results of open
solver, and then does a sensitivity analysis, the process is as follows.

Table 8: Route optimizations result 1

O1 O2 O3
T1 0 1 0
T2 0 0 0

T1 T2
D1 0 0
D2 1 0
D3 0 0
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Table 9: The cost per TEU is in the route optimization result 1(USD)

O1 O2 O3
T1 0 810 0
T2 0 0 0

T1 T2
D1 0 0
D2 1071 0
D3 0 0

Table 10: Time cost is in the route optimization result 1(Day)

O1 O2 O3
T1 0 5 0
T2 0 0 0

T1 T2
D1 0 0
D2 23 0
D3 0 0

In the table, we use the 01 variable to indicate whether we choose the path or
not, and we can see that the optimal path is from O2 to T1, and then from T1
to D2 is the optimal route. A single container shipment cost a total of $1881
and took 28 days. The total annual cost of expenses is:$211531617

Table 11: Sensitive analysis in the route optimization result 1

Cell Name Final
Value

Reduce
cost

Objective
Coefficirnt

Allowable
Increase

Allowable
Decrease

$H$20 D1 T1 0 99 3453 99 99
$I$20 D1 T2 0 2928 1448 2928 2928
$H$21 D2 T1 1 0 3354 4660 4660
$I$21 D2 T2 0 3544 2064 3544 3544
$H$22 D3 T1 0 199 3553 199 199
$I$22 D3 T2 0 4085 2605 4085 4085
$H$13 T1 O1 0 369 1676 369 369
$I$13 T1 O2 1 0 1306 4660 4660
$J$13 T1 O3 0 0 1306 0 0
$H$14 T2 O1 0 1187 7327 1187 1187
$I$14 T2 O2 0 0 6140 2928 2928
$J$14 T2 O3 0 309 6450 309 309
From this sensitivity analysis, it is not difficult to see that under the condition
of route selection, if the unit cost of transportation of T1-D2 increases by 99
US dollars, the route will change.
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7.2.2Result 2-European imports are divided into countries
In this section, we will solve the problem in the same way as in the previous
section and change the constraint to divide the import demand data into three
ports, and we can get the following results.

Table 12: Route optimizations result 2

O1 O2 O3
T1 1 1 1
T2 0 0 0

T1 T2
D1 1 0
D2 1 0
D3 1 0

Table 13: The cost per TEU is in the route optimization result 2(USD)

O1 O2 O3
T1 1080 810 810
T2 0 0 0

T1 T2
D1 1071 0
D2 1071 0
D3 1071 0

Table 14: Time cost is in the route optimization result 2(Day)

O1 O2 O3
T1 6 5 5
T2 0 0 0

T1 T2
D1 24 0
D2 23 0
D3 25 0

In the table, we use the 01 variable to indicate whether we have selected the
path or not.
Here are the results:
D1: O3-T1-D1, the total cost is 29 days, the total cost is $40,526 per container,
and the total annual cost is $958,722,612.2.
D2: O3-T1-D3, the total cost is 28 days, the total cost is 72411 US dollars per
container, and the total annual cost is 4021937633 US dollars.
D3: O3-T1-D3, the total cost is 30 days, the total cost is $50125 per container,
and the total annual cost is 1667038041 USD.
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The total cost on this shipping route is $303,689,124.71.

7.2.3 Comparison of result 1 and result 2

From result1, D2, the Port of Rotterdam, is the best destination, so we
calculate the post-port transportation costs from the Netherlands to Germany
and Belgium respectively and compare them with Outcome 2. Post-port
transportation is generally quoted on pallets or boxes, and we obtain data
based on 20 boxes of bananas per container.
Rotterdam to Antwerp: $158 per 20 boxes of bananas(‘Container Shipping
Cost Calculator , 2024.)Total annual cost was $8,775,771.
Rotterdam to Hamburg: $726 per 20 boxes of bananas(‘Container Shipping
Cost Calculator , 2024.),The annual total cost was $2,4,171,291.43.

Therefore, we calculate that the total cost in result 1 is 244,478,679.9 US
dollars, and the total cost in result 2 is 303,689,124. Compared with result 1,
result 2 saves 19.5%.

Based on the above results, we can see that the best route is O2-T1-D2,
which is the sea route from Puerto de Guayaquil to the port of Cristóbal for
transit to Rotterdam, plus the route of trucking is the best solution, with a cost
of 2173 USD per container and a transit time of 28 days. We calculated in the
above description that the total cost in 2023 in Result 1 is US$244,478,679.92,
and the annual demand is 112457 containers. We can calculate that the cost
of each container on this route is US$2173.

7.2.3Benchmark Calculation
We enter and calculate the shipping cost and transit time of each container
transportation in the existing model, and the result is as follows, where the
optimal route is two, which are O2-T1-D2, from Puerto de Guayaquil, transfer
at Cristóbal,arrive at Port of Rotterdam. And O3-T1-D2, from Puerto de
Posorja,transfer at Cristóbal,arrive at Port of Rotterdam. These two routes
have achieved better advantages in cost and time, with shipping cost 31%
less than average and transit time 25% less than average.In this scenario, the
two optimal paths are generated because the origin ports we chose are close
in distance, and the transit port and arrival port play a key role in this scenario.
It cost 3354USD from the port of origin to the transit port and $1306 from the
transit port to the arrival port.

At the same time, we verify the correlation between shipping cost and transit
time, and the correlation coefficient is 0.98, which is close to 1, so we
consider that the correlation between shipping cost and transportation time in
this model is highly relevant.
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Rout

Table 15: Benchmark Calculation

e Shipping
cost(USD)

Transport
time/day

O1-T1-D1 5129 30

O1-T1-D2 5030 29

O1-T1-D3 5228 31

O2-T1-D1 4760 29

O2-T1-D2 4660 28

O2-T1-D3 4859 30

O3-T1-D1 4760 29

O3-T1-D2 4660 28

O3-T1-D3 4859 30

O1-T2-D1 8775 45

O1-T2-D2 9391 50

O1-T2-D3 9932 54

O2-T2-D1 7588. 37

O2-T2-D2 8205 42

O2-T2-D3 8745 46

O3-T2-D1 7897 40

O3-T2-D2 8514 45

O3-T2-D3 9055 49
Average 6780 37

Through the above analysis, it can be seen that the transportation time can
significantly affect the quality loss of goods in the refrigerated container during
transportation, and then determine the choice of the optimal shipping route.
Therefore, the choice of transit port is very important for bananas and other
self-ripening fresh fruits, and the number and time of transit seriously affect
the cost of cargo transportation. Moreover, the increase in cargo quality loss
of transit transportation scheme compared with direct transportation scheme
is mainly due to the process of refrigerated containers waiting for
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transshipment at the transit port, so the port can control the quality loss of
goods in the port transshipment process by strengthening the temperature
control of the reefer container yard and improving the port cold chain service
and management level, thereby improving the competitiveness of the port and
attracting more refrigerated container transit volume.The average cost in our
benchmark calculation is $4,660 and the shipping time is 28 days, so the
model works.
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Chapter 8 Conclusion

The last chapter aims to summarize the main findings of the study, answering
the main question and six sub-questions of the study, and answering how to
optimize ocean routes under the constraints of transit time and total capacity
with the goal of reducing costs.

8.1 Key takeaways

This part mainly answers the six sub-questions in the research, deepens the
research of the dissertation, and further answers the main questions of the
dissertation research. Based on the existing research on container shipping
optimization, this research considers the transportation characteristics and
transportation needs of refrigerated containers, and adds cargo quality loss
cost and transportation time constraints. From the perspective of cargo
owners, the optimization model of refrigerated container shipping route is
established, the optimal shipping route of refrigerated containers under the
conditions of fixed route network and port service level is solved, and the
refrigerated container shipping network including eight port nodes is selected
for case analysis. An example of banana shipments from Ecuador to the
European Union was carried out. The main conclusions of this research are
as follows:

8.1.1 Key takeaways1: Past, present and future status of banana refrigerated
container transportation

Bananas used to be mostly traded internationally by sea. Usually, this entails
shipping bananas in regular containers and reefer ships. However, there are
issues with traditional shipping methods, like how bananas can ripen more
quickly, become discolored, soften, or even rot when exposed to changes in
temperature, humidity, and atmosphere. Transportation becomes inefficient
as a result, and quality is lost.

As a result of technological advancements, the majority of international
banana trade now uses chilled container transportation. Bananas can be kept
fresher longer and with less loss when stored in refrigerators, which maintain
a consistent temperature and humidity level.

Reefer containers of the future are probably going to be smarter, with IoT and
more sophisticated sensors installed. As a result, the shipping company will
be able to continuously check on the bananas' condition and modify the
shipping environment as necessary.
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In addition, future banana transportation is probably going to be more
concerned with cutting carbon emissions and environmental impact due to
growing concerns about sustainability. Greener transportation options could
be used, like energy-efficient ships and cleaner energy sources.

In order to increase transparency, traceability, and compliance in the banana
supply chain and enable efficient management of the entire chain from point
of origin to point of consumption, digitalization and blockchain technology are
probably going to be applied more extensively.

The shipping of banana reefer containers has advanced significantly over the
years and is expected to do so in the future with regard to sustainability and
technology. In addition to satisfying customer demand for premium food and a
sustainable supply chain, this will help increase transportation efficiency and
lower losses.

8.1.2 Key takeaways2:How to choose between bulk refrigerated ships and
refrigerated containers? What is the trend?

The increasing global trade has led to a rising demand for reefer containers,
crucial for transporting temperature-sensitive goods like food and
pharmaceuticals over long distances. They ensure the freshness, quality, and
safety of perishable items, particularly important in the food industry. Reefer
containers can transport a variety of products, and modern refrigeration
technology extends shelf life, reducing food waste and improving
sustainability. Consumer preferences have shifted towards fresh and frozen
foods, and refrigerated containers meet the demand for diverse and
convenient food options worldwide.

8.1.3 Key takeaways3: What modes can be selected for the optimization of
banana cold chain transportation route?

Temperature, humidity, travel time, cost, safety, and other variables are all
included in the cold chain transportation optimization model for bananas. The
temperature and humidity control model is designed to optimize the control of
the refrigerated environment and guarantee that ideal conditions are
maintained during the transportation process. It takes into account the effects
of temperature and humidity on the quality of bananas. The transportation
path planning model creates a path planning model and chooses the best
transportation path to save time and money by taking into account the
features of different transportation modes (land, air, and sea), as well as
variations in temperature and humidity along different routes In order to
optimize cargo capacity utilization, minimize space waste, and guarantee
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cargo segregation and freshness requirements, an in-cabin load optimization
model was developed.

To get the best banana cold chain transport outcomes, these models can be
applied singly or in combination, based on the requirements and
circumstances. It takes a combination of expertise from several fields,
including transportation planning, temperature control technology, and
logistics, to build these models.

The goal of banana cold chain path planning is to guarantee that, when
transporting fresh food products, such as bananas, the right humidity and
temperature levels are maintained throughout the supply chain to preserve
the goods' quality. The shortest path algorithm selects the path that takes the
least amount of time, travels the shortest distance, and allows for the
maintenance of the proper temperature conditions. It does this by taking into
account the time, distance, and temperature in the transportation path.
Incorporate the idea of time windows into the route planning to guarantee that
the cargo reaches its destination on schedule and that the right temperature is
maintained the entire way. A model that optimizes the environmental
conditions along a path by connecting individual nodes to temperature and
humidity levels on the path using a network topology diagram. A variety of
goals are considered when planning the route, including reducing the cost of
transportation, extending the shelf life of products, minimizing the impact on
the environment, etc. In order to guarantee the quality and safety of goods in
cold chain transportation, these models can be chosen and applied in
accordance with particular requirements and environments. Assuring the
quality of goods throughout the transportation process in the quickest amount
of time and at the lowest possible cost is the primary objective of cold chain
path planning.

8.1.4 Key takeaways4:How will the self-ripening characteristics of a banana
affect the model?

The self-ripening characteristics of bananas have many effects on
transportation costs, which are mainly related to the freshness of goods,
transportation speed and condition control. The following are some of the
effects that the self-ripening nature of bananas can have on transportation
costs, which requires higher transportation speeds, higher equipment
requirements, and the use of refrigeration equipment to control the
temperature during transportation in order to delay the ripening process of
bananas. Stricter temperature and humidity control requires more advanced
cold chain technology and equipment, which increases equipment investment
and maintenance costs. To ensure that the bananas arrive at their destination
in the best quality conditions, the transportation plan may need to be more
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compact, reducing the time spent on stopovers and transshipments. This can
add complexity and operational costs to shipping.

As a result, the self-ripening nature of bananas often leads to the need for
more expensive modes of transportation and a higher level of condition
control, which can have an impact on overall transportation costs.
In the linear model in this study, the self-ripening characteristic of bananas is
represented as the self-ripening coefficient, which is 0.00376% per hour, i.e.,
0.09% per kilogram of bananas per day, which is positively correlated with
time, i.e., the longer the transportation time, the more goods are lost and the
higher the cost.

8.1.5 Key takeaways5:How to optimize the banana transportation routes, and
what is the impact on the company's economy ?

Based on the fixed shipping network and port service level, this thesis
establishes a refrigerated container shipping route optimization model with
transportation cost, cargo quality loss cost, loading and unloading cost and
storage cost as the minimum and transportation time, supply and demand
balance, refrigerated container capacity of the route and refrigerated container
storage capacity of the port as the main constraints, to determine the optimal
shipping route of refrigerated containers. The case analysis results show that
the fastest transportation scheme corresponding to the lower limit of the
transportation time constraint, the total cost of the reefer container shipping
network is the lowest, which is determined by the distance of the route and
the loss of cargo quality, and the cargo owner needs to formulate the optimal
transportation plan according to the demand of the fruit market and the actual
sales value of bananas. For a single set of ODs, the choice of transit port
obviously affects the transportation cost and transportation quality, under the
same freight rate, the fewer the number of transfers, the less time, the lower
the transportation cost.

8.1.6 Key takeaways6: How can the optimization model be applied to the real-
world scenario?

In this research, a linear optimization model is used for path planning, and an
open solver is used to solve the model, and the results are compared under
two different constraints,Under the premise that the total supply and demand
remains unchanged, the shipping network remains unchanged, and the unit
cost remains unchanged, we divide the analysis process into two parts. In the
first part, we do not constrain the country division of the end point. We allow
all goods to be transported to one port. , and then distribute it to other
countries by truck and calculate its cost. In the second part, we constrain the
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demand of each EU country, that is, the demand of each country needs to
enter from the port of that country, without the cost of truck allocation. The
results are as follows.

In Result 1, we found that the optimal route is to start from Puerto de
Guayaquil, pass through Cristobal Port, and then arrive at Rotterdam Port for
passenger car freight. The unit cost of each container is 244,478,680USD.
In Result 2, we found that the optimal route is to start from Puerto de Posorja,
pass through Cristobal, and then ship to various countries according to
demand. The unit cost of each container is 303,689,124USD.

The final scheme is a multimodal transportation scheme that transports
bananas from Ecuador to the Netherlands, and then uses trucks to transport
bananas to Belgium and Germany. The marine route O2-T1-D2 from Puerto
de Guayaquil to the port of Cristóbal for transit to Rotterdam is the greatest
option, according to the results above. Additionally, trucking is the best option,
with a cost of 2173 USD per container and a transit period of 28 days. The
model functions since the average cost in our benchmark estimate is $4,660
and the shipment duration is 28 days. With the same amount of time, a total of
53% of transportation costs were saved. It improves the transportation cost of
the shipper and ensures the freshness of the banana.

8.2 Recommendation

Bananas must be transported by sea with great care due to their self-ripening
qualities and sensitivity to environmental conditions. At the same time, various
factors such as technology, sustainability, and changes in the global supply
chain may have an impact on the future development of banana maritime
transportation. Here are some recommendations to keep bananas in peak
condition during sea transport:

Select appropriate shipping vessels and containers: Select ships and reefer
containers that are specifically intended to transport temperature-sensitive
cargo. To offer a safe transit environment, these gadgets should be outfitted
with advanced temperature and humidity control systems.

Use refrigeration equipment: The use of modern refrigeration equipment in
refrigerated containers ensures perfect temperature and humidity control. This
helps to slow down the self-ripening process of bananas, decreasing the rate
of ripening and preserving quality.
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Install a temperature monitoring system: Inside the container, install a
temperature monitoring system to monitor and record temperature changes in
real time. This assists in identifying problems quickly and taking the required
steps to maintain good shipping conditions.

Optimize route planning: To save time, use the quickest, most direct route. To
avoid potential quality loss, avoid too complex transshipment operations.
Create a sensible transportation plan, use the shortest and most direct route,
and decrease the number of stopovers and transfers to save time and money
on transportation.

Technological innovation: Pioneering advancements in ship and reefer
container technology, including the introduction of more sophisticated
temperature and humidity control apparatus to enhance accurate regulation of
the self-ripening properties of bananas.

Applications for the Internet of Things (IoT) and smart technologies: Expand
the use of IoT devices and sensors to track and monitor temperature, humidity,
and banana location in real time, as well as to remotely adjust shipping
conditions.

Sustainable Transportation: To lessen carbon footprints, encourage more
environmentally friendly maritime transportation options with low-emission,
more energy-efficient ships. To increase the sustainability of transportation,
take into consideration the use of renewable energy, better ship design, and
route planning.

Collaboration in the Supply Chain: Encourage the cooperative functioning of
the worldwide supply chain and enhance the exchange of information,
logistics, and funds among its different links. Boost coordination to increase
transportation's dependability and efficiency.

8.3 Limitation

This research considers the transportation needs and characteristics of
refrigerated containers and conducts theoretical analysis and applied
research on the optimization of refrigerated container shipping network, but
there are still many shortcomings. The reefer container shipping network is a
very complex system, and there are many problems that need to be further
deepened, mainly including the following aspects:

This thesis only studies the maritime transport of refrigerated containers, and
in the future, the land transportation and storage of refrigerated containers
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should be further studied, and the whole process of refrigerated container
transportation should be optimized.

There are many differences between refrigerated containers and ordinary
containers, and this research considers factors such as cargo quality loss,
transportation time constraints, refrigerated container capacity of routes and
refrigerated container storage capacity of ports, but it is still not
comprehensive enough, such as refrigerated containers have high carbon
emissions, etc., follow-up research needs to consider more factors to make
the optimization model more comprehensive.
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