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Abstract
In line with the monotonic growth trend of the container industry, container ships and ports have grown
along with technical development. While this growth has increased economic sustainability by reducing
costs, it had a significant impact on ports both operationally and infrastructural. In this context, the
offshore port systems are expected to be an innovative port system that facilitates the effective use of
mega container ships by offering significant operational and structural advantages. In this study, the
investment costs of the offshore container port system (OCPS) and conventional port structures are
compared. The purpose of this study is to serve as a guide for authorities on whether OCPS is worth
investing in, in terms of investment costs as a result of processing data. This article highlights the
financial feasibility of an offshore port, which is currently seen as a remote option, but has nonetheless
environmental financial advantages for certain locations and can allow countries with difficult nautical
access to mega vessels to enter the global trade network. The data to be used in this research were
obtained from similar projects and studies with a series of industry assumptions. Overall, these results
indicate that offshore container port systems promise to compete with conventional ports in terms of
initial investment costs, operating costs, and return time of the investment. Thus, OCPS can help to
achieve a more sustainable container transportation network, by combining operational and structural

advantages with efficiency in terms of investment costs.

Keywords: Offshore container port system, construction cost, ultra-large container vessel, container

shipping Table 1 here

1. Introduction
With the effect of container transportation trade volume increase and the growth in ship sizes,
dimensional constraints of existing container ports and insufficient port capacities and facilities
constitute an important problem for handling ultra-large container vessels (ULCV). One of the solutions
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suggested for port authorities facing the problem of handling ULCVs is offshore container port systems
(OCPS).

Most of the current literature on the ship-port interface in the container sector includes studies for the
readiness of ports both structurally and operationally for mega-ships. The dimensional growth trend seen
in container ships shows an increase in the share of ships with a higher capacity than 20,000 TEU in the
global container ship fleet. Therefore, the mega-ship-readiness of ports depends on the development and
adaptation of maritime access, port infrastructure, equipment and hinterland transport connections as a
whole (Merk, 2018, Gharehgozli et al., 2019). Deeper and wider access channels, berth depth; larger
turning basins and longer quays; longer crane outreach; stronger quays due to more bollard pull forces
of larger vessels are needed for mega-ships to carry out their port operations efficiently (Helmy and
Shrabia, 2016, Merk, 2018, Park and Suh, 2019). One of the solutions applied by ports that cannot

provide these may include cooperating with a regional competitor port (Xu et al., 2022).

With the effect of the growth in containerization, ports are expected to offer more productive and
efficient operational capability without any dimensional constraints to maintain the economic
sustainability of today's container transportation. The usual solutions recommended for these demands
of the container transportation industry are port expansion projects, faster, technological and long-reach
handling equipment, dredging, and enhancement of existing port facilities and hinterland connections
(Harrison et al., 2000, Notteboom and Rodrigue, 2009, Rodrigue, 2011, Imai et al., 2013, Merk et al.,
2015, Helmy and Shrabia, 2016, Merk, 2018, Park and Suh, 2019, Lee et al., 2020). Another approach
is to develop offshore transfer hubs to eliminate the dimensional problems caused by mega
containerships, and to contribute to an efficient understanding of container transportation (Ircha, 2001,

Pluijm, 2014, Pachakis et al., 2017, Kurt et al., 2021).

Kim and Morrison (2012) examine the classification and economic feasibility of offshore port concepts
in their study. In this study, the advantages and disadvantages of 12 different offshore port services are
discussed and it is stated that an economic saving of 6% can be achieved in the case of Hong Kong port.
Baird and Rother (2013) study covers the technical and economic analysis of a floating container storage
and transhipment terminal (FCSTT) which can offer low-cost container transhipment operations. In a
private-sector study, the proposed offshore hub concept for the east coast of America is expected to
supply a saving between 30-40% in both investment and operational costs compared to upgrading

existing ports (Pluijm, 2014).

Broadly, it can be mentioned that there are five main advantages offered by offshore port concepts.
These are; (1) safe navigation, (2) ability to handle mega-ships without dimensional restrictions, (3) low
initial investment cost, (4) operational efficiency and savings, and (5) low environmental impact (Baird
and Rother, 2013, Pachakis et al., 2017, Kurt et al., 2021). With the aforementioned advantages, the

offshore port concept is offered as a response to satisfy the needs of the ever-increasing vessel size,
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especially for Southern Europe, the east coast of America and Africa regions (Pluijm, 2014, Pachakis et
al., 2017). On the other hand, OPCS should also enhance energy conservation and emission reduction,
and encourage a green port approach as is expected from any port with an innovative and advanced
technological approach (Chen et al., 2022). All these proposed OCPSs can provide benefits for container
shipping but their economic viability should be proven as well when compared to conventional land-

based container port solutions.

Capital and operational cost analysis is one of the essential parts that should be evaluated before making
an investment decision. In the study on FCSTT conducted by Baird and Rother (2013), it is assumed
that a modified Panamax container ship as a terminal would need an initial investment of $ 50 million
and could pay for itself over 7 years. The Venice Offshore Onshore Port System (VOOPS), which is
designed to serve today's mega container ships, is a candidate to be one of the most important examples
(EU, 2018). The estimated cost of the project, which includes an oil terminal, is estimated to be
approximately 2.2 billion Euros. Increasing interest in OCPS systems and support by authorities, such
as the EU, indicate that such projects will be implemented more frequently in the future, perhaps in
combination with a renewable energy facility (Durakovic, 2021). However, although OCPSs are found
to be very advantageous, the evaluation of economic feasibility for a specific region remains an

important criterion of the investment decision-making process.

We would argue that an offshore port makes sense in an estuary or river delta, as these locations have
constant sedimentation and need regular maintenance dredging or deepening and could provide ULCV
access to river ports that serve a large hinterland. Such example locations, apart from Venice could be
the Rio de la Plata (Ports of Buenos Aires and Montevideo), the Columbia River (Port of Portland) in
Oregon, the Mississippi River delta (Port of New Orleans), a port in the Meghna River delta (serving
Chittagong and Dhaka) in Bangladesh, or Hangzhou Bay (Yangshan Port) serving Shanghai, China.

Hence the economic feasibility of an offshore port in a similar location will be studied here.

On the other hand, it is important to consider the disadvantages of offshore structures for a holistic
assessment and to complete the scientific integrity paradigm. Kim and Morrison (2012) listed the
disadvantages of offshore structures as (1) susceptibility to bad weather and heavy waves, (2) need for
anchorage and stabilization systems, and (3) short life cycle and high operational cost. In addition, there
may be some concerns that offshore port structures will create additional handling and therefore both an

increase in overall workload and an increase in emissions.

1.1 Gap Analysis
A great number of studies address the association between the mega vessel and their impacts on ports
(Harrison et al., 2000, Imai et al., 2013, Davidson, 2014, Hacegaba, 2014, Lane and Moret, 2014, Helmy
and Shrabia, 2016, Park and Suh, 2019). However, few researchers have carried out any systematic

research into an alternative port concept to mitigate the impact of mega vessels on ports (Pachakis et al.,
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2017, Baird and Rother, 2013). The increasing share of mega containerships in the global fleet makes it
necessary to consider alternative port systems to ensure the sustainability of mega containerships’ port
operations. Little is known about the economic evaluation of offshore container port systems, and it has
not been clearly addressed in what technical and economic factors offshore container port systems might
differ from conventional port systems. Therefore, this study attempts to make a techno-economic

evaluation of an offshore container port system with ULCV handling capabilities.

1.2 Contribution

The study aims to contribute to the port and container shipping industry by making an economic
evaluation of an OCPS planned as a transshipment port for the handling of ULCVs. The conducted
economic assessment is carried out with a holistic approach, including the essential technical and
economic features required for a port to handle ULCVs, from the initial investment planning stage to
the port operation phase. Thanks to this techno-economic evaluation, this study makes an important
contribution to the port and container shipping literature on the way of being a reference source for
industry stakeholders. Also, comparing the results of the OCPS economic assessment with conventional
container ports, this study serves as a guide as to whether OCPS can be seen by industry stakeholders
as a feasible alternative port system. Especially with the comparison made for the operational process,
the findings that OCPS can offer a shorter payback period rather than conventional ports increase the

importance of the contribution of the study.

2. Techno-Economic Evaluation
A holistic approach is utilized, integrating mega containership trend, OCPS as an alternative port system
and a techno-economic evaluation on these to create a sustainable container shipping network. This
study, in which a techno-economic analysis of an OCPS aimed at handling ULCVs was conducted,

followed the flow presented in Figure 1. Figure 1 here

3. Technical Factors
OCPS, which is the subject of this study, requires a more complex design than a floating barge or
terminal design as in the studies of Kim and Morrison (2012) and Baird and Rother (2013). Because the
design parameters are determined to be able to accommodate the latest generation mega container ships.
The basic structural functions of the system and the basic requirements of the OCPS that will serve

ULCVs are as follows.

e The storage and berthing platform,

e Container handling equipment, and in-port vehicles,

e Vessel related facilities: berthing space, towing of vessels (if necessary), mooring,

e Personnel transportation and facilities such as offices, canteen, and accommodation,

e Supplies: energy and provisions.
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Within the framework of the basic requirements of the structure, the design may change by the purpose
of the building, but here the yard should be designed to respond to the busy peaks that occur with mega-
ships. Accordingly, the infrastructure should comprise a safe maritime access channel, sufficient

berthing space and water depth, fast and long outreach quay cranes.

Determining the optimum design is subject to some restrictions. These can be defined as six main
restrictions: technical, geographical, operational, economic, legal and functional conditions. Taking

restrictions into account, OCPSs should be designed to include:

e Terminal area requirements
o Storage yard
o Apron area
e Berthing requirements
o Quay
o Mooring and berthing system
e Equipment
o Quay cranes
o Horizontal transport (here assumed Automated guided vehicles, AGV)
o Rail-mounted gantry (RMG) cranes
e Facilities
o Buildings
=  Main administration buildings
= Harbourmaster office
=  Security and customs office
=  Maintenance workshop
=  Workers' facilities
= Terminal Operations Building
o Utilities
=  Fire-fighting system
=  Waste disposal system
= Electricity supply and water supply
= The lighting of terminal areas
3.1 Terminal Area Requirements

One of the most important elements for the structural cost analysis is the handling capacity of a port as
it directly affects the terminal yard size. Port capacities are explained with the concepts of static and

dynamic capacity (Rodrigue, 2016). The static capacity is obtained depending on the existing port area
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and it can be greater with the expansion of the port area. However, the static capacity build-up is a
complex issue due to its capital-intensive tendency and demand for additional land. On the other hand,
dynamic capacity is a concept that can be increased thanks to improvements in technical and
administrative methods without any change in the size of the existing port area. For example, a more
efficient port operating strategy can increase its superstructure efficiency and therefore the dynamic

capacity without resorting to additional land.

After the OCPS is put into operation, it is not possible to increase the static capacity of the OCPS due
to the lack of land and the location of the structure. Therefore, before the initial investment, the static
capacity analysis of OCPS is more important than conventional land-based ports. The determination of
the static capacity with appropriate calculation methods will facilitate operating the port in a convergent
manner to its optimum nominal capacity by improving the technical and administrative variables when

necessary.

The static capacity of an OCPS is calculated based on geometric characteristics such as storage area and
quay length that cannot change later. The formulations for calculating the storage area which are

involved in obtaining the static capacity, are given below (Giiler, 2001):

CityF

Where:
e 4 : The required area for container stocking in m?
o ( : The expected TEU handling per year
ol : The average dwell time of containers in days
o F : The required area per TEU
o r : The average stacking height/nominal stacking height (0.6-0.9)
o m : The acceptable average occupancy rate of the yard (0.6-0.7)

The results obtained by using Equation 3.1 are given in Table 2. The capacity and vertical stacking level
of this capacity are at the base of the required stacking area. Also, the dwell time of the containers and
the cranes used while stacking them directly affect the stacking area calculation. To handle a 400-meter
ULCYV, the port must have at least one berth with a length of at least 460 m (BSI, 2010, Thoresen, 2010).
When designing the OCPS, a rectangular port design has been planned to shorten the road between the
apron and the stacking area to enable RMGs to roundtrip more efficiently and quickly. Table 2 here

In practice, the dwell time for import and export can differ, but in this calculation, it is assumed that the
average container dwell time is 2.5 days (Merk, 2013, Statista, 2021), and the stocking process will be
done with RMGs (Rail Mounted Gantry Crane) in the form of parallel-adjacent container stacking sets
of 5 in each tab.

In addition to the container stacking area, an apron of 50 m width is required as the working area of the

STS (Ship-to-Shore Gantry Crane) cranes (Gaythwaite, 2004, Tsinker, 2014). Also, an area is needed
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for administrative buildings and other auxiliary facilities without a port gate or rail connection is
required as in conventional container ports. Another parameter that needs an area in the port is the in-
port transportation infrastructure, which includes in-port transportation vehicles and the parking and

maintenance areas for them. The total required terminal area is presented in Table 3. Table 3 here

3.2 Structural Concept and Layout of OCPS

The structural concept of OCPS is an important criterion affecting the initial investment cost of a port.
It is possible to mention two different concepts which are (1) mobile platforms and (2) fixed platforms
(Khalifeh and Saasen, 2020). The applications of mobile platforms in the container industry are proposed
to be designed using barges, pontoons or modified ships as transfer terminals (Kim and Morrison, 2012,
Baird and Rother, 2013). However, floating transfer platforms cannot provide sufficient handling
equipment and stacking area to serve ULCVs. These can be considered as an application of Floating

Production, Storage and Offloading (FPSO) type mobile platform in a smaller size.

Using fixed platforms for the handling of ULCVs will provide a more suitable working environment for

container operations, in terms of safety and economic and environmental sustainability.

The parameter to be considered in the construction stage of the infrastructure is the type of construction
material used. The material characteristics are a key factor in the calculation, construction and
maintenance costs, stability, motion behaviour, robustness, operational benefit and many other criteria
(Gudmestad, 2000). For mobile platforms, the density and weight of the material and their effect on the
water draft are also evaluated (Berner and Gerwick, 2001). Comparing the two main materials -iron/steel
and concrete- used in the construction of an offshore facility, water draft occurs more due to the weight
of concrete. However, concrete is more advantageous in terms of long-term operational use, price, and

rigidness. (Fernandez and Pardo, 2013).

The construction stages of offshore structures are traditionally gathered under 3 headings. These are (1)
manufacturing, (2) transportation to the construction site, and (3) assembly (Tupper, 2013). For the
proposed OCPS, it is more appropriate to be transported to the construction site in disassembled form
as floating blocks. In this method, the construction process is examined in 4 basic stages. In the first
stage, the platform is divided into blocks and built on land and the construction process is to proceed
more easily with the advantage of working with smaller pieces. In the second stage, partial assembly is
carried out for more efficient transportation by preserving the floating forms of the blocks. Afterwards,
these blocks are gradually transferred to the construction site as the third stage. Finally, the OCPS is
made ready for service by the final assembly in the area where the port will be stationed. OCPS is

equipped at the final location after the construction.
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3.3 Handling Equipment

Container handling equipment is one of the structural requirements to be considered when making a
technical evaluation of a container port (Schiitt. 2020). Container handling equipment is needed for 3

basic operations to be able to carry out container port operations. These are;

e Operation I - Handling of container ships - ship-to-shore cranes (STS)
e Operation 2 - Horizontal Transport of containers between quayside and container stacking area

e Operation 3 - Stacking of containers in the stock area - Stacking cranes

The selection of container port equipment for an OCPS is expected to focus on particularly operational
efficiency. Because a terminal's efficiency investment should aim to respond to the market's preference
for high efficiency (Xie et al., 2021). Also, two key features are considered along with the operational

efficiency of OCPS due to the following reasons.

e  Manpower - Since OCPSs do not have a land connection, the workforce should be kept to
minimum level and more technically qualified personnel are needed.
o Limited Operational Area — It causes the selection of handling equipment that needs less

working space. Therefore, the limited port operation area nuisance can be overcome.

These two features can be named as constraints of OCPS. However, they can also provide benefits in
terms of productivity, energy efficiency and economics by encouraging the restriction of labour and

inefficient port areas.

Within the framework of operational efficiency and these constraints, the determination of container
handling equipment will be based on a sound basis. In this context, as there are not many technical
alternatives for the STS cranes used in Operation 1 and capable of handling ULCVs, Super-post-
Panamax quay cranes remain the most viable option. For Operation 2, automated straddle carriers (ASC)
can be considered as an alternative that includes the most advantageous aspects of existing in-port
transport vehicles. Thanks to this combined in-port transport vehicle, STS cranes can carry out
containership handling operations more efficiently regardless of operation 2. Because these ASCs are
capable of handling the containers themselves from the ground. For Operation 3, the Automated Rail
Mounted Gantry crane (ARMG) option with its wider handling span and higher container stacking

ability shine out among other alternatives in the light of the criteria set.

According to the analysis carried out based on today's latest generation mega container ships as the
reference ship, which now has a carrying capacity of more than 20,000 TEU, it is foreseen to have a
minimum of 6 STS cranes that can handle 24 moves/hour for one quayside to keep the port stay time at
an acceptable level (Meng et al., 2017). As a result of the analysis, techno-operational features of the

handling equipment required for OCPS are given in Table 4. Table 4 here
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3.4 Safety and Security Aspects of Concept

The basic safety and security aspects that apply to ports are the same for offshore ports. These basic
safety and security issues are addressed by IMO (2020b), (2020c). While the safety issues are maritime
safety, piracy, and port safety; security-related issues are cargoes and containers, fire protection,
navigation, radio communication and search and rescue, equipment design, and stability. All of these
safety and security aspects need to be carefully considered during the construction and operation phases
of offshore structures, the design and stability of offshore facilities, in particular, require more precise
assessment and additional measures. On the other hand, OCPS location and the targeted container sector
provide some important advantages regarding safety and security. For example, the location of the OCPS
can minimize human trafficking, cargo smuggling, and pilferage that may occur due to external factors
such as trucks and public entrance to the port area. Besides, thanks to the container sector advantage of
the proposed OCPS, the absence of dangerous bulk cargoes defined by the IMDG Code at the port is
another security advantage (IMO, 2020a).

When the issue is handled within the framework of the offshore security ports proposal, it will be
possible to scan all incoming and outgoing containers with customized X-ray devices and other special
equipment to eliminate possible threats (Wampler, 2010). In this way, a significant advantage can be
gained, especially in pandemic situations such as Covid-19 that spread around the world in 2020 and

can also be used in the detection of illegal goods and human smuggling.

4. Economic Factors
The economic evaluation for an offshore port structure is discussed starting from the planning stage,
covering construction costs, equipping costs, and operating costs. The economic evaluation also includes

a series of analyses including cost recovery and cash flow.

4.1 General and Preliminary Costs

In cost analysis, firstly, general, and preliminary costs are discussed. According to this, it has been
assumed that a general cost of 15% of the construction cost will be incurred for mobilization and

demobilization at all stages of development, planning, and construction.

In the preliminary stage of a project, it is of great importance to plan the project, make documentation
and design it in accordance with the intended use. Of course, a competent management team is required
for the successful execution of all these processes and other further stages required to complete the
project. The time required to complete these stages and begin the construction stage may vary depending
on the size and details of the project and the correct execution of the processes. In this study, this period

is evaluated as 1 year after the environmental impact assessment (EIA).

EIA, which evaluates the beneficial and negative environmental impacts of a proposed project, is not

discussed in detail in this study, as it differs worldwide due to different legislation and practices of
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countries (Glasson and Therivel, 2013, Elvan, 2018). However, it is worth noting that. EIA can be done
in a process that can vary from country to country and from project to project, and with a variable budget.
Therefore, since the economic evaluation for OCPS is independent of the location, the EIA process has
been completed and the budget required for the EIA is the same as for conventional ports. Therefore,

the details of the EIA are not included in the economic evaluation stages.

In this 1-year period, while planning the project, licensing procedures, which are an important part of
the documentation process, must be completed. As a result of the research, any official or unofficial
source or file created for the licensing of offshore ports could not be reached. However, the offshore
licensing system used in the oil and gas industry has been considered (OGA, 2021, Norskolje&Gass,
2021). By making assumptions in light of the data obtained from there, it is possible to have an idea

about the necessary licensing procedures and the costs that will arise from the licensing.

The design process, which is another step of the preliminary phase, should be carried out by contractors
with sufficient technical competence. The costs likely to occur during this preliminary stage are given

in Table 5. Table 5 here

As a result of the feasibility studies, development costs were predicted to be around 5% of the total
initial investment cost. It is deducted from the studies of David et al. (2002), Yung (2012), and
Thompson (2020), that the management and design costs are around 3% and 1.5% of the total project
cost, respectively (Norskolje&Gass, 2021, OGA, 2021).

4.2 Construction Cost

The construction cost analysis of OCPS is done to cover the rough construction and required installation
costs, administrative buildings, other facilities, and services. There are differences in the basic
construction requirements of floating and fixed offshore ports. However, similar requirements in the

construction of these two structures can be given simply as follows.

A breakwater is needed for ships calling at the offshore port to complete the operations in a way that
will be least affected by weather and sea conditions. The cost of breakwater varies depending on the
location of the facility, water depth, and length of the breakwater. Since an OCPS will inevitably be in
an offshore area where the water depth is more than 20 meters, it is obvious that the cost of breakwater
will also be quite high. According to the references, the cost for this level of the breakwater is expected
to be between $100-400 million (Tutuarima and d’ Angremond, 1999, Sea Steading, 2010, Port Strategy,
2015). For this study, a $250 million breakwater cost can be estimated with a more economical solution

by considering the reference values.

In addition, an offshore port’s must-have technical works constitute an important part of the
construction. These topside requirements could be classified such as site works including compaction,

grading, and utilities (water, drainage, firewater, and sanitation), pavement works (in-terminal road,

10
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heavy-duty pavement, and crane rails), and energy-related works (lighting and communication

infrastructures — duct banks, transformers & switchgear, crane substations, light poles, etc.).

4.2.1 Floating Option

There are differences in the construction method and application depending on whether the main body
of the offshore port is a floating or a fixed platform. According to this, the material to be used for a
rough construction cost estimate of a floating offshore port is calculated according to the following

derived formulation.
Quantity of material = Length of port side A X Length of port side B
X (Freeboard + Waterdraft of port) X Volumetric ratio of material 4.1)

It is envisaged to use 2,060 filled blocks for the outer surfaces and 1,886 frame filled blocks for the inner
walls of the building. The price of precast concrete panels can vary dependent on the feature and location
of the build along with required panel sizing, thickness and finishes, however as a standard, panels can
be priced between $200-500/cubic meter (Akura, 2020). In this study, a cost of $450/cubic meter is
anticipated as the structure is being built in an offshore location and high standard panel walls will be
preferred. The concrete cost expected for the main body of the structure is calculated as in Table 6.

Table 6 here.

The floating option adopts the principle that two unstable units (ship and port facility) work together in
a stable and sustainable harmony. The stability at this level can be affected by many reasons such as
wave, current, wind, resonance due to long waves and transit ships, and weight and load change due to
cargo handling operations (Nguyen et al., 2020). Therefore, stability and ballast systems are required to
ensure the floating port remains stationary. Ali (2005) proposes a combination of chain/wire mooring
system and dynamic positioning system with the help of computer-controlled thrusters for the station
keeping. In addition, the ballast water system will not allow the balance of the floating port to be altered
from rising and lowering when the weight and load distribution change. At this point, it is absolute that
the stability and the ballast water systems are required to work in coordination with each other to provide
both horizontal and vertical station keeping. It is assumed that the cost of advanced technology stability

and ballast system that can keep a structure of this size stable will not be less than $100 million.

4.2.2 Fixed Option

It is possible to mention different construction applications for a fixed offshore port wharf structure.
These can basically be classified as caissons, pier, and pile foundations. Caissons are waterproof
structures built on land and then submerged in the seafloor. It is usually constructed from wood, steel,
or reinforced concrete. A pier-based structure is a type of foundation that consists of a large diameter
column to transfer the superimposed loads to the solid seabed. Piled foundation is another deep

foundation type in which loads are pulled into the depths of the sea with the help of piles.

11
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When these 3 alternative fixed wharf structures are evaluated, the wharf structure on caissons stands out
with a cost of approximately $160 million including fenders, bollards, and STS Crane rails. For fixed
option, soft dredging to remove bottom of the sea is required. After dredging operation, reclamation and

soil stabilization is a need. These constitute an important cost item.

4.3 Equipment Cost
Equipment cost for OCPS is calculated for three basic handling equipment. These are (1) super-post-
Panamax ship to shore cranes (STS), (2) automated straddle carriers (ASC), and (3) automated rail
mounted gantry crane (ARMG). The equipment cost varies depending on the optional additions in the
technical components of this equipment. Market conditions and behaviours also affect the formation of
the real price. Hence, some assumptions have been made, along with examples of actual purchase prices,
to get the final equipment cost (MTS, 2017, gCaptain, 2018, JOC, 2018, NauticExpo, 2020). In addition
to all handling equipment, a cost analysis was also performed for four tugboats to be used for the transfer
of freshwater, stores, equipment, and personnel to the offshore port and towing. In some areas, ships can
need more than one tugboat if the ship reaches a certain size (Merk et al., 2015). The purpose of
determining the number of tugboats as at least four is to meet the demand of at least two tugboats with
at least 45-ton of bollard pull required for ships more than 280 m LOA to safely approach and berthing
to the port (WHA, 2017, Fuller, 2018, MPA, 2020). In this way, while the towing operation was carried
out by two tugboats, the opportunity to be deployed in transfer operation can be provided for the other
two tugboats so that the necessary supply to the offshore port can be done without interruption. Since
larger ships will need more and stronger tugboats, the analysis is carried out assuming that these
tugboats, which will also offer towing service to ULCVs, have an approximately 60-ton bollard pull and
at least 5,000 hp power (boats, 2020, MaritimeSales, 2020). Two reach stackers were added to the port

equipment considering the handling of out-of-gauge containers.

Cumulative costs for the total initial investment of floating and fixed OCPS that meet the infrastructure
and technical requirements for the sustainable operation of a container port are given in Table 7. Table

7 here.

It is concluded that a floating or fixed OCPS investment is feasible with an initial cost of approximately
$ 1.081 billion and $ 1.09 billion, respectively. While calculating these total numbers, a flexible

approach was adopted considering that there might be unforeseen expenses or errors for each item.

4.4 Operational Cost

Cost items that make up the operational expenses of a port are (1) personnel, (2) energy, and (3)
maintenance costs. The calculation of expenses for cost items varies depending on the port throughput.

The variable costs for the maximum capacity year are given in Table 8.

12
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Personnel expenses consist of the employees' salaries working at the OCPS. It is estimated at $10.52
million per annum with a three-shift system embraced to ensure the sustainability of port operations.
Since ASCs and ARMGs are guided under computer control, there is no need for operator employment
for these vehicles. However, the personnel needed to be employed at the control unit is included in the

administration tab.

Energy costs are considered another operational cost item. They are calculated under three headings.
These are (1) energy cost for equipment, (2) energy cost for buildings and facilities, and (3) energy cost
for tugboats. Electricity and fossil fuels are foreseen as an energy source for port operations and shore-
to-ship energy supply (Chen et al., 2021). While the average price for commercial purpose electricity in
the EU is EUR 0.1283 per kWh in 2021-Q1 (Eurostat, 2022), although it varies in each state, the average
price in the U.S.A is around $ 0.1136 per kWh in January, 2022 (eia, 2022).

The installation cost of cables required for electricity transfer from land to the OCPS is also included in
the installation section of Table 7. Although the location of the OCPS varies according to geographical
features, maritime traffic and container shipping network, the calculation is based on a 50 km distance
for cabling. The cost of installing the interconnection system of electricity on the land electricity grid
is not included in the project cost. Because this cost is incurred by the electricity transmission owner
company (Bushnell, 2015, National Grid, 2022). On the other hand, supplying electricity from
renewable offshore wind farms may be an environmental-friendly option (Scottish Power, 2021).
Thanks to a long-term energy purchase contract with the energy supply company, both a fixed energy
price can be guaranteed and the cost of the farm to be established can be covered. In addition, the cost

of setting up the farm can be covered without being a part of this project.

It has been proven in many studies that the use of electrically driven handling equipment in ports
provides significant savings in energy consumption (Yang and Chang, 2013, Wilmsmeier and Spengler,
2016, Papaioannou et al., 2017). Electricity consumption is taken as 8 KWh, 6 KWh and 5 KWh on
average per container handling for STS, ASC, and ARMG, respectively.

The cost of energy consumed by the handling equipment with an annual handling capacity of 1 million
TEU is around $1.78 million. In addition, the annual energy costs of buildings, and tugboats are expected
to be $11.4 million. Finally, the other costs including maintenance costs and other costs are estimated at
$48.7 million. With the initial 48% capacity utilization rate, the annual total operating cost, which is
$47.3 million in today's conditions, is estimated to be $72.38 million annually in the 6th year when

OCPS reaches full capacity, with a 20% capacity increase per year.

Finally, as an operational cost item, other costs including maintenance costs and miscellaneous costs
that could not be foreseen at the planning stage are discussed. Maintenance costs are accepted as 3% of
the initial investment cost of the offshore structure's installation cost and the vehicles in need of

maintenance. Since it is foreseen that the maintenance costs will increase due to the aging of the port
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structure and vehicles over the years, the maintenance costs have been calculated considering an increase

of 10% in each subsequent year.

Table 8 here.

4.5 Cost Recovery and Cash Flow
Cost recovery is analysed using the Net Present Value method. Cost items considered for cost recovery
are construction, equipment, and operational costs, which were reviewed in previous sections. The net

present value used for cost recovery is calculated according to the formula below.

npy =y ReZCe 42
L@+t (4.2)
Where:
NPV : Net present value,
: Revenue,
: Cost,

: Time variable,
: Total number of years,
: Rate of interest.

~R T X

As the initial investment cost, the preliminary, construction, equipment and one-year operational costs
are recorded in the debt line as they require financing at the first stage. As a result of the initial
investment, an OCPS will be built with a negative outlook of approximately $ 1.09 billion. Furthermore,
an annual total operating cost of approximately $47.3 million is added to the debt in Year 1. It is expected
to $72.38 million in Year 6 in which the maximum capacity is utilised. The interest rate of the loan for

this investment is taken at 6% (WorldBank, 2021).

On the other hand, a cash inflow analysis is performed to see the investment opportunity of the OCPS.
It is predicted that the port will serve with 48% capacity in “Year 1”. The port capacity is expected to
increase by 20% each year, until reaching 1 million TEU handling capacity in “Year 6”. A container
port's revenue are port dues, port tariffs including terminal handling charges (THC) and vessel servicing
fees (VSF). In this economic evaluation, the cash flow calculation was made by considering the expected
average revenue per container (EARC) in terms of TEU and FEU for a 10-year payback period. The
EARC escalation rate was taken as 2.5%. Table 9 provides a 10-year cash inflow chart for the OCPS by

considering the 28% tax average of G20 countries. Table 9 here

In addition, developing countries can apply tax incentives to attract foreign investment tools (Easson,
2001, Zee et al., 2002). Some countries can also apply tax incentives for beneficial investments (see
Apple and Google in Ireland). If the OCPS is subjected to special consideration, the tax rate can be
reduced and higher profit can be possible (Duhigg and Kocieniewski, 2012, Avi-Yonah, 2016).
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Figure 2 presents a 10-year cash flow chart comparing different EARC for the OCPS after all the cost
and income evaluations have been made. “Year -2”, “Year -1”, and “Year 0” cover a 3-year installation
period for the OCPS. In these years, the income section remains empty. EARC is to be $485/TEU and
$535/FEU in first operation year and then it will increase with a 2.5% annual escalation rate. Figure 2

here

The investment eligibility of a project is related to how high the NPV and internal rate of return (IRR)
value is and how short the payback period (PBP) is. For an investment to be feasible, it must have a
positive cash flow. For this, the IRR must be higher than the discount rate which affects the discounted
cash flow. For the OPCS economic evaluation analysis, the interest rate taken as 6% is accepted as the
discount rate. In Figure 3, the lowest IRR was obtained at 19.73%, which shows that this investment is
feasible. In today's conditions where the risk-free rate (RFR) is 2% on average (Statista, 2020), the
modified internal return rate (MIRR) varies between 11.60% and 12.62% depending on EARC variable.

Figure 3 here.

5. Comparative Discussion
Comparing the results with land-based ports will make it easier to evaluate the feasibility of the OCPS
investment. The land-based container port feasibility studies show that PBP is around 15 years with the
most optimistic estimate (Jayanthi and Damayanti, 2015). Of course, more realistic calculations reveal
that PBP should be over 20 years (Baird and Rother, 2013, Aditiya et al., 2019). In the analysis for the
OCPS economic evaluation, the fact that the OCPS can offer a competitive EARC (OOCL, 2021) during
a 10-year PBP is proof that the OCPS has a significant cost advantage over land-based ports.

Generally, the higher the internal rate of return indicates that the interest in that investment will also be
higher. Hence, lower investment cost and high IRR value make OCPSs a good port investment
alternative with its other techno-physical advantages. If the port functions addressed in this study are

compiled, the comparison of land-based ports and OCPSs is given in Table 10. Table 10 here

A concern for OCPS is that the extra handling that may arise and who will pay the incurred costs. This
concern can be addressed in two ways, depending on OCPS’s cooperative or non-cooperative operating
strategies with the land-based port. The former can adopt a strategy based on attracting mega-ships, one
of the main advantages of OCPS, to a certain region, country, or city, as in the Venice offshore port
project. In this strategy, the cumulative benefit provided by mega-ships and OCPSs in total
transportation costs is expected to tolerate the transhipment cost incurred by the OCPS (Kurt et al.,
2021). In Klusen (2016)'s interview with Mr. Hank Glauser (Principal Investigator for Global Security
at the Lawrence Livermore National Laboratory, US) about offshore port facilities, Mr. Glauser
highlights that operating costs will increase due to operating offshore, but thanks to the container
shipping network that has been created, the transportation cost reduction of $ 400-600 per TEU can

tolerate port costs. With paying regard to the demand increase for the offshore-onshore port system,
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capacity increase and regional development due to the mega-ships pulled into port, the benefits gained
by keeping port fees at a competitive level are made more valuable. Secondarily, OCPS, which follows
a non-cooperative operating strategy, is operated entirely as a land-based transhipment port. In this
strategy, the port tariffs and pricing methods can be determined based on today’s land-based ports. In
this context, offshore ports present no disadvantages other than moving this handling operation from
land to offshore location, if that’s a disadvantage. This turns into an advantage thanks to the less costly

initial investment compared to land-based port investments.

Apart from the concerns about OCPS, it would not be wrong to say that OCPS stands out with its
advantages. Especially, the advantage of providing services to mega containerships, whose share in the
global containership fleet is increasing, can make the OCPS an important cornerstone for container
shipping. The OCPS also offers several other advantages over conventional container ports. In addition
to making the system profitable in a short time, the system is not affected by land scarcity and there is
no land cost provides an important advantage. Offshore port and airport projects carried out in various
regions of the world are a clear indication that concerns about land acquisition have been resolved. Due

to high land prices, it is becoming more attractive to invest in the OCPS.

On the other hand, conventional container port investments are handled together with road and rail
connections. The OCPS accesses the hinterland through the road and rail connections of existing land-
based container ports. Hence, OCPS has another important advantage over conventional container ports

in terms of investment costs.

The operational life cycle of a port complex is expected to be at least over 40 years. It is evident that
this is technically possible, especially considering the life cycles of offshore platforms in the North Sea
that last more than 40 years. This period can even take up to 100 for port facilities (DAPhNE, 2018).
When making an economic evaluation of a port, in addition to the initial investment cost and operational
costs, the costs of the need for renewal or development demand that are likely to occur throughout its
life cycle should be included. In fact, the upgrade of equipment, buildings, and facilities is inevitable
before the completion of the port life cycle. Furthermore, in case the employees are dismissed or retired,
the compensation costs will be inevitable. OCPS decommissioning options are also an important point
to be considered in the evaluation of the cost item that will arise at the end of the life cycle of building
(Cheng et al., 2017, Bull and Love, 2019). The costs of renovation and development of the port facility,
dismissal and retirement compensation and decommissioning depend on many variables and criteria,

and a detailed analysis is needed, so it has been left as a subject in later studies.

6. Conclusion
In this study, a cost evaluation of the OCPS, the Offshore Container Port System, designed to serve
ULCVs has been carried out. The OCPS presented herein differentiates technically and operationally
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from other similar concepts in that it is not floating and does not have any bridge connection with the

land. In short, the OCPS is a system that functions as a hub container port dedicated to transhipment.

The design of OCPS combines sub-systems that interact with each other, including advanced-technology
cranes, the latest generation of mega containerships, and hub port and feeder services that offer a cost-
effective container transport network. The analysis here suggests that the best composition of the OCPS
to serve ULCVs is to be installed with sufficient water draft, berth length, and crane range. Since the
evaluation is based on oil drilling rig technologies that can be installed at a depth of 300-400 meters,
there is no technical drawback in the application of the proposed OCPS at a depth of 25-30 meters
required to serve ULCVs.

The initial investment cost of approximately $ 1.09 billion obtained as a result of the cost evaluation is
around half of the cost of a conventional container port. At the same time, the annual operational cost
of around $72.38 million provides an advantage for the OCPS over the conventional container port. The
cost evaluation is supported by current findings that the OCPS could begin to recover with a competitive
EARC within 10 years. This is significantly less than the 20-plus-year cost recovery period for a

conventional container port with a similar capacity.

The economic evaluation analysis of the OCPS serves as an important helpful guide to our understanding
of the economic viability of this concept and for decision-makers to make investment decisions. Taken
together, economically viable the OCPS can combine ULCVs and sustainable port operations into a

common goal of more energy-efficient container shipping.

A limitation of this study is the absence of a port facility built to serve mega-ships without land
connection. Therefore, field data is not available to see how an OCPS would cope with operational,
technical, economic, and financial challenges. Notwithstanding these limitations, the study suggests that
there is a fruitful area for further work. Further research is required to compare a floating and a fixed-
base OPCS. A further study could assess mechanical equipment that can move containers between two
moving reference systems (for floating OCPS), and dynamic active control fendering systems that
minimize the motion of two floating bodies, among others. But if the business case for the design of

OCPS emerges, the necessary funding for the technology will be found.
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11. Tables

Table 1 — Abbreviations and Nomenclature Table

Abbreviation

AGV
ARMG
AShC
CAPEX
DC
EARC
EU
EIA
FCSTT
FEU
FPSO
IMDG Code
IMO
IRR
LOA
MGO
MIRR
NPV
OCPS
OPEX
PBP
RFR
RMG
STS

Automated guided vehicle

Automated rail-mounted gantry crane
Automated shuttle carriers

Capital Expenses

Dry Container

Expected Average Revenue per Container
European Union

Environmental Impact Assessment

Floating Container Storage and Transhipment Terminal
Forty-foot Equivalent Unit

Floating Production, Storage and Offloading
International Maritime Dangerous Goods Code
International Maritime Organization
Internal rate of return

Length overall

Marine Gas Oil

Modified internal return rate

Net Present Value

Offshore Container Port System

Operational Expenses

Payback period

Risk-free rate

Rail-mounted gantry crane

Ship-to-shore gantry crane

Nomenclature

kWh
Lml

Ls,av
Ls,max
m;j

Np
NPV

—

—

td

The required area for container stocking

Cost

The expected TEU throughput per year

The required ground storage area per TEU

hectare

Rate of interest

Kilowatt-hour

The additional quay length required for mooring lines

The length of the quay

The average length of the intended ship that can berth the quay
The maximum length of the intended ship that can berth the quay
The acceptable average occupancy rate of the yard

Total number of years

The number of berths

Net present value

The average stacking height/nominal stacking height

Revenue

Time

The average dwell time of containers
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TEU

THC
ULCV
UNCTAD
VSF

VOOPS
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Twenty-foot Equivalent Unit

Terminal Handling Charge

Ultra Large Container Vessel

United Nations Conference on Trade and Development
Vessel Servicing Fee

Venice Offshore Onshore Port System
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Table 2 - The required stacking area in m?

Ci Capacity Stacking Dwell Time F

(T]EZ)U) ' Heightg day) (myTEU) © ™ A (m’)
4 2.5 3.5 48,924

1,000,000 5 2.5 2.8 07 07 39,139
6 2.5 2.3 32,616
4 2.5 3.5 97,847

2,000,000 5 2.5 2.8 0.7 0.7 78,278
6 2.5 2.3 65,232
4 2.5 3.5 146,771

3,000,000 5 2.5 2.8 0.7 0.7 117,417
6 2.5 2.3 97,847
4 2.5 3.5 195,695

4,000,000 5 2.5 2.8 07 07 156,556
6 2.5 2.3 130,463
4 2.5 3.5 244,618

5,000,000 5 2.5 2.8 0.7 0.7 195,695
6 2.5 2.3 163,079

Source: Authors own elaboration
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Table 3 - Total required terminal area in ha

Terminal Areas Area (ha)
Container Stacking Area 3.26
Apron Area 4.60
Building and Facilities 3.93
Internal Transport Infrastructure 0.79
Total 12.58

Source: Authors own elaboration
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Table 4 — Technical evaluation of handling equipment

STS AShC  ARMG

Average cycle time (minutes) 2.5 7 4.25
Max Productivity (lift/hour) 24 9 14
No of vehicle or crane per STS - 3 2
Total no of vehicle or crane 12 34 20

Source: Authors own elaboration
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Table 5 — General and Preliminary Costs

Floating Option Fixed Option

Ttem Cost Cost
Mobilization/ $104,434,680  $ 105,577,800
Demobilization
Management
Development Cost Design $ 34,811,560 $ 35,192,600
Permitting
Total $139,246,240  $ 140,770,400

Source: Authors own elaboration
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Table 6 - Cost of the concrete structure of floating port

Volume No of Total Unit Cost
Wall Panel Type (m?) Wall Volume (m®) ($/m?) Total Cost
Pre-cast Wall 100 2,060 206,000 $ 450 $ 92,700,000
Pre-cast Hollow Wall 36 1,386 67,896 $ 450 $ 30,553,200

Total $ 123,253,200

Source: Authors own elaboration
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Table 7 - The total initial investment cost

Floating Option Fixed Option
Cost Item Cost Share Total Cost Share Total
Mobilization- o o
General and  Demobilization $ 104,434,680 9.66% $ 87,369,000 9.69%
Preliminary =~ Management 12.88 % 12.92%
Cost Design $ 34,811,560 3.22% $ 29,123,000 3.23%
Licensing
Breakwater $ 250,000,000 23.13% $ 250,000,000 22.94%
Dredging and na - $ 91,674,000 8.41%
Reclamation
Wharf/Berth o o
Construction  Structure $ 141,231,000 13.07% 64.42% $ 157,178,000 14.42% 64.58%
Cost Topside $ 200,000,000 18.51% $ 200,000,000 18.35%
Stability and o
Ballast System $ 100,000,000 9.25% n.a. -
TOS & IT $ 5,000,000 0.46% $ 5,000,000 0.46%
Quay Cranes $ 132,000,000 12.21% $ 132,000,000 12.11%
AShCs $ 40,800,000 3.78% $ 40,800,000 3.74%
. ARMGs $ 50,000,000 4.63% 0 $ 50,000,000 4.59% o
QP entR e ot S 15,000,000 139% 2042% $ 15,000,000 138% 20177
Personnel Boats $ 6,000,000 0.56% $ 6,000,000 0.55%
Reach Stackers $ 1,500,000 0.14% $ 1,500,000 0.14%
Total $ 1,081,000,000 100% 100% $1,090,000,000 100%  100%

Source: Authors own elaboration
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Table 8 — OCPS estimated operating costs (Customs and Coast Guard excluded)

1-Personel Cost

Staff/Shift Shift Salary Monthly Annual cost
salary
Quay Cranes' Operators 12 3 $ 4,655 $ 195,510 $ 2,346,120
Boat Personnel 8 3 $ 5,320 $ 148,960 $ 1,787,520
Administration 12 3 $ 6,600 $ 250,800 $ 3,009,600
Maintenance 6 3 $ 4,620 $ 97,020 $ 1,164,240
Security 4 3 $ 2,640 $ 36,960 $ 443,520
Overheads' $ 1,750,200
Total $ 10,520,000
2a- Equipment Electricity Cost
Energy/move Energy Annua.l »  Price $/unit
source consumption
STS 8 Electricity 4,928,000 $ 747,578
AShC 6 (kWh) 3,696,000 $0.152 $ 560,683
ARMG 5 3,080,000 $ 467,236
2b- Buildings Electricity Cost
Offices
Lightings Electricity
Facilitics (kWh) 1,000,000 $0.152 $ 151,700
Utilities
2c-Tugboats Fuel Cost®
Suppl .
pefsiﬁnel Diesel 15,000  $750,00* $ 11,250,000
; (ton)
Towing
Total $ 13,177,197
3- Maintenance and Other Costs
Maintenance” $ 45,490,362
Other® $ 3,120,938
Total $ 48,701,300
Total Operating Cost $ 72,379,697

Source: Authors own elaboration

"It is taken as 20% of personnel costs.

2 KWh is taken for electricity and ton for diesel.

3 Assumes 10 h/day operation.

4 Singapore, Rotterdam, Fujairah, Houston, Malta, and Gibraltar’s IFO380 data on 01.05.2022 were considered.

5 1t is taken as 3% of the initial investment cost of equipment and other maintenance-requiring vehicles and
facilities in very corrosive environment. It continues with a 10% increase in each subsequent year.

61t is taken as 5% of the total of personnel, energy, and maintenance costs.
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Table 9 — OCPS expected revenue per TEU and FEU

Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10

Port Utilization

Throughput 478,523 574,228 689,073 826,888 992,265 1,000,000 1,000,000 1,000,000 1.000,000 1,000,000
40' DC 183,753 220,503 264,604 317,525 381,030 384,000 384,000 384,000 384,000 384,000
20' DC 111,017 133,221 159,865 191,838 230,206 232,000 232,000 232,000 232,000 232,000
Total Unit Move 294,770 353,724 424,469 509,363 611,236 616,000 616,000 616,000 616,000 616,000
Port Cash Inflow - Expected Average Revenue per Container (EARC)

40' DC $ 535 $ 548 $ 562 $ 576 $ 591 $ 605 $ 620 $ 636 $ 652 $ 668
20' DC $ 485 $ 497 $ 510 $ 522 $ 535 $ 549 $ 562 $ 577 $ 591 $ 606
Total Revenue $ 190,188,997 $ 233,932,466 $ 287,736,933 $ 353,916,428 $ 435,317,207 $ 449,678,194 $ 460,920,149 $ 472,443,153 $ 484,254,232 $ 496,360,587
}l)“;(;t)it (fter $ 102,876,215 $ 131,282,714 $ 166,528,912 $210,221,419 $ 264,340,287 $271,476,718 $ 279,570,925 $ 287,867,488 $ 296,371,465 $ 305,088,041

Source: Authors own elaboration
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Table 10 — Comparison of land-based ports and OCPS

Mega-ship handling

Land-based port

OCPS

Limited
This can be a constraint for mega-

Specially designed for it

Quay length ships Enough quay length for mega-ships
Water Draft Dredging required No dredging

Air Draft Bridges can be a constraint Bridges are not a constraint
Navigation Canals can be a constraint Canals are not a constraint
Land Required Not required

Storage yard Flexible Restricted

Personnel Facilities Wide Limited

Energy Easy supply Difficult supply

Mooring Required Required

Stability system Not required Can be required
Equipment Technology Lower Higher

Personnel Qualification Lower Higher

Operation safety Lower Higher

Material Concrete Concrete, Steel, Composite
Cargo security Lower Higher

Construction Cost Higher Lower

Equipment Cost Lower Higher

Operating Cost Same Same

Payback period Longer Shorter

Internal return rate Lower Higher

Source: Authors own elaboration
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12.Figures

Literature review

Container shipping and offshore port structures - practices, pros and cons, trends, recommendations
Determining the research gap and target

Technical Evaluation

Identifying and defining key technical specifications and requirements for offshore port systems
Data collection and analysis

|¢

According to the technical evaluation, classification of cost items

Calculation of classified cost items

Determining and calculating the costs that will occur in the operational process
Calculation of the payback period of the investment made

Comparison of results with conventional ports

Discussion on technical and economic feasibility
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Figure 3
11.1 Figure Captions
Figure 1 — Flow-chart for techno-economic evaluation

Source: Authors own elaboration

Figure 2 — Cash flow in different EARC scenarios

Source: Authors own elaboration

Figure 3 — IRR and MIRR values depending on different EARC scenarios

Source: Authors own elaboration
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