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Abstract: This study discusses the problem of determining which container port should be developed
within an existing network and when this should be carried out. A case study of Indonesia’s port
network is presented, where several new ports are to be improved to ensure smooth interisland
transportation flows of goods. The effects of the investment on economic consequences and increased
network connectivity are assessed. When improving the ports, we consider that the available budget
limits the investment. The network connectivity is evaluated by considering the number of reachable
ports from the developed ports or transportation time required from other ports within the same port
cluster. Based on our knowledge, our study is the first one that discusses the investment problem in
multiple container ports under single management, as well as its effects regarding the increase in
container flows. The problem is introduced and three mathematical models are proposed and used
to solve a real problem. The results show that different models have different improved aspects of
container transportation flows—e.g., a balanced improvement of the whole port network (Model 2)
and appropriate investment priority for port clusters (Model 3).

Keywords: container port; connectivity; investment; port cluster

1. Introduction

Global economic activity involves manufacturing processes that are performed in
many countries as well as shipping to other consumer countries. A smooth goods trans-
portation between countries must be supported through a good transportation connection
within each country. In other words, global manufacturing activities have a strong rela-
tionship with regional port development [1]. Such good transportation connections must
be ensured in land, water, and air transportation networks. In our study, we focus on
developing the connectivity of the water transportation network. Such connectivity highly
depends on the container ports with good infrastructure, routine vessel sailing schedule,
and sufficient supply of goods. Characteristics of well-developed ports are sufficiently
installed port capacity, good information systems [2], and strong access from/to the hinter-
land [3]. The port capacity development itself includes the appropriate port draft setting to
match the visiting vessels’ requirements, suitable hub and feeder port network design, and
advanced equipment operations. We focus on improving the capacity and connectivity of
ports in the hub and feeder port network by allocating the available budget for investment.

Logistics planning and control issues in container ports were classified into three
levels [4]: terminal design, operations planning, and real-time control, with details as
follows:

1. Terminal design:

• multimodal interfaces;
• terminal layout;
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• equipment selection;
• berthing capacity;
• IT systems and control software.

2. Operations planning:

• storage and stacking policies in container yard;
• quay crane assignment and split;
• berth allocation;
• stowage planning.

3. Real-time control:

• landside transport;
• quayside transport;
• slot management in storage yard;
• crane scheduling and operation sequencing for yard cranes and quay cranes.

Our investment problem is classified at the terminal design level. In a similar terminal
management issue classification proposed in [5], our problem is classified into the terminal
layout problem at the strategic and tactical levels. Decisions made at this strategic level
determine the overall system’s capacity when solving operation planning and real-time
control issues—e.g., the amount of investment in logistics infrastructure sets the upper
bound for the possible flows within the network [6]. Dealing with the port investment
problem at the terminal design level is related to increasing the terminal’s throughput,
which depends on the relationships between ports. This differs from the operations
planning and real-time control levels that exclusively attempt to directly increase the
productivity of a single port, given the installed capacity at the terminal design level.
Although development funds at container terminals can be invested in berths (seaside),
container yards, and yard cranes (landside) [7], we focus on the investment in the seaside
for the reasons stated above.

Our study has received investment for the purpose of increasing the processing
capacity of the terminal’s seaside, which mainly depends on the designed and operational
capacities of the berths [8–10] and the number of installed quay cranes. Many attempts have
been made to ensure the quay cranes operate with high utilization through efficient quay
crane assignment, quay crane scheduling, and double cycling operation to increase the
terminal’s capability of handling more containers from/to the vessels [11]. The terminal’s
productivity improvement from the increase in the length of the berth and the number
of installed quay cranes might be limited by the noncrossing constraints between quay
cranes [12] and the capacity of other related equipment in the terminal’s landside—e.g.,
yard crane and internal trucks [13,14]. Nevertheless, berths and quay cranes are considered
the most significant resources for the terminal’s throughput [15,16].

Some studies that discussed the initial design of the whole or partial hub and spoke
port network are [17–20], most of which address the port location problem. Unlike these
studies, we found out how to improve the existing hub and spoke port networks by
allocating the investment budget, which was not considered in most studies listed above.
Some other papers deal with more issues at the tactical or operational level—e.g., demand
estimation at origin and destination nodes [21], fleet size [22,23], ship routing [24–26], ship
schedule generation [27], container transportation decisions [25], and empty container
repositioning [28]. Our study differs from these studies by considering investment decisions
at the strategic level.

Investment decisions for the development of existing ports are often considered
complicated to make. These decisions require a holistic perspective, considering the port
connectivity network and productivity improvement strategies for the ports [29]. Moreover,
budget limitation and the effect of the time value of money are important to consider in
allocating investments, which is accomplished gradually on a yearly basis.

Many previous studies used a mathematical modeling approach to find the best invest-
ment decisions. In general, the investment modeling approaches can be divided into two
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types: (1) studies that maximize the effects of the investments while considering the limited
budget [30–32] and (2) studies that minimize the total investment costs, while ensuring
a certain service level of the improved system [33,34]. Our study uses the earlier invest-
ment modeling approach and introduces a novel way to evaluate the investment effects in
subsequent years after the investment period for the container port development case.

In this port development case, there has been much research investigating port invest-
ment models. Many of them emphasized the importance of competition between ports
when making investment decisions. In this situation, the best investment decision was
made while considering the trade-off of the developments of the ports. To obtain the best
strategy for all ports, game theory [35] or methods pursuing equilibrium conditions [36–38]
were proposed. In contrast, we discuss a case that emphasizes mutual improvements in all
of the related ports when investing in any port. Our proposed methods are more suitable
in a case in which the government manages the whole container port network, which
allows maximum utilization of the investments to improve the performance of the whole
network [39,40]. When the competition between ports is relaxed, there is a better possibility
to improve and reduce the cost of the network [41].

After reviewing the studies above, the authors found out that there is still limited
research considering port system connectivity and capacity, time value of money, budget
allocation, and limitation for a multiyear port investment decision. Thus, we formulated
our study’s research question as follows: How do we determine the amount of investment
in each container port each year considering a limited budget to maximize the effects of the
investments when the network is under single management? The effects of the investments
are measured based on the amount of the investment multiplied by the years of how long
the investments are active until the end of the planning horizon. This amount- and time-
based evaluation has been considered in previous studies when calculating (1) the worth
(money value) of the investments [42] or (2) the profit obtained from the investments [43]
by incorporating them in the objective function of their proposed models. The related
research hypothesis for our study is: investment decisions for multiple ports to improve
the whole network’s productivity are dependent on the relationships between the ports—
i.e., the number of connecting links between ports and distances between ports in each
same cluster.

The closest studies with ours (that discussed the investment problem in container
ports) are [44,45]. Allahviranloo and Afandizadeh [44] discussed a multiyear investment
problem for a single port. In their study, they minimized the required total investment
to improve the draft for the ships at the port. Allahviranloo and Afandizadeh [44] and
Balliauw et al. [45] considered the investment effect of the investment on a single port;
meanwhile, we discuss investment decisions on multiple ports while considering the
existing connection between the ports. This research direction was supported by Chen
and Yang [46], who expressed the necessity of more studies to consider the simultaneous
improvement of the port network instead of individual ports. Based on the authors’
knowledge, our study is the first that discusses investment decisions on multiple ports
under single management while considering relationships between the ports that are
related to the container flows. Our proposed models can be a basis for further observation
of port development strategies with detailed port characteristics related to the increase
in container flows. The models ensure the development of a single container port and
consider its effect on adjacent ports to maximize the whole system’s performance.

2. Mathematical Formulations

Our study deals with an investment problem with the following inputs, outputs,
and objective:

1. Input:

• A network of container ports with port nodes and connecting edges are provided.
• The available investment budget for each port cluster and all ports each year

is provided.
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• The total planned investment for each port (of all years) is provided.
• The time required for vessel travel between each pair of connected ports

is provided.

2. Output (decisions):

• The amount of investment in each port at each period is determined.

3. Objective:

• The total effects of the investments in all ports during all years must be
maximized.

Three mathematical models are developed to determine how much money must be
invested for each container port every year. We assumed that the ports’ current capacities
are sufficient for stable container flow management before any investment. Thus, we also
assumed that the amount of investment placed from the starting year considered in this
study is equivalent to increasing the ports’ capacities. We also discuss how to improve
those capacities at the ports appropriately while observing the effects on the connected
ports or ports located close within the same clusters. Characteristics of each model are
listed and compared in Figure 1. Main changes in Models 2 and 3, compared with Model 1,
are marked.
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Figure 1. Characteristics of proposed mathematical models.

The sets, parameters, and decision variables are as follows.
Sets:

G set of container port clusters, g = 1, 2, 3, 4;
P set of container ports, P = P1 ∪ P2 ∪ P3 ∪ P4;
Pg set of container ports in area g, i ∈ Pg;
P(i) area where container port i is located, i ∈ P(i);
T set of years, t ∈ T, m = |T|.

Parameters:

aij 1, if there is a direct link between container port i and container port j; 0, otherwise;
bt available budget for improving container ports at year t;
bgt available budget for improving container ports in cluster g at year t;
dij required travel time between container port i and container port j;
ei total investment amount planned for container port i;
m number of investment years;
r devaluation of currency.

Decision variables:

xit number of investments made for developing container port i at year t.
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Models 1, 2, and 3 are presented as follows:
Model 1:

Max ∑
i∈P

∑
j∈P

∑
t∈T

(m− t)xitaij

(1 + r)t (1)

subject to
∑

i∈P
xit ≤ bt ∀t ∈ T (2)

∑
t∈T

xit = ei ∀i ∈ P (3)

xit ≥ 0 ∀i ∈ P, t ∈ T (4)

Assuming that the investment amount has a linear relationship with the flow improve-
ment between the developed container port and its connected container ports, objective
Equation (1) maximizes the investment amount and years during which the investment has
some effect. We increase the effects of the investment in terms of amount and time while
considering the number of connected ports in the network. The connectivity index was
developed based on [47]. The affected years were considered because earlier investment in
the port capacity allows a bigger increase in the operational capacity of the system [45]. To
convert the future investment amount to the present value, we used the following formula:

P = F
(1+r)t (5)

with P as the present value and F as the future value, as considered in [44].
The constraints in Equation (2) limits the total investment amount per year t with the

available budget. The constraints in Equation (3) ensures that the total investment amount
for each container port i is the same as the planned amount. The constraints in Equation (4)
are non-negativity constraints.

Model 2:
Objective function (1)

subject to
∑

i∈Pg

xit ≤ bgt ∀g ∈ G, t ∈ T (6)

Constraints (3)–(4)

Unlike Model 1, Model 2 considers the constraints of Equation (6) that limit the total
investment amount per year t with the available budget for developing container ports in
each cluster g.

Model 3:

Max ∑
i∈P

∑
t∈T

(m− t)xit

(1/(|P(i)| − 1)))∑j∈P(i) dij(1 + r)t (7)

subject to
Constraints (2)–(4)

With the same assumption about the linear relationship of the flow improvement,
Model 3 considers a different objective (Equation (7)) that maximizes the effect of invest-
ment amount and the affected years while minimizing the required travel times between
the improved container port and other ports in the same cluster. Such average travel time
is stated in [48]. This model aims to improve ports that are closer to all other ports with
more investment as soon as possible. Even though there are no links between the ports,
such improvement effects can be considered through indirect connections from other ports
(or by directly establishing such new connections in the future).
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3. Data

Our study’s data are taken from a real case of Indonesia’s port network development
plan [49]. Our study only considers 24 strategic container ports that are the main ports
in Indonesia’s sea toll network. Other than these strategic ports, there are more than 80
commercial ports and 1400 noncommercial ones. The total allocated investment budget for
the strategic ports is more than the one for the other ports; thus, we focus our study on the
strategic ports. The network with connections between the container ports (Figure 2) is
considered as input data.
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The input data are also container ports and available budget data (Appendix A
Table A1; taken from [49]) and travel time data between ports (Table A2; calculated
from [50]). The detailed investment plan for Sampit port (No. 14 in Table A1) is not
stated in [49], but the total investment is given; thus, we assumed that the investment is
divided evenly for all years. When calculating the travel time data in Table A2, we set the
vessel speed to 14 knots to match some initial data provided in [49].

Table A1 shows the investment plan for each port every year. The port listed in the
table involves hub and feeder ports that are illustrated in Figure 2. The hub port name
is written in italics and underlined, while the feeder port is written in regular letters
(without italics and underlines). Using the data, we calculated the total available budget
for investment every year. In Models 1 and 3, we considered the total investment for the
whole year, but in Model 2, we considered the budget limit for each cluster every year. Our
study aims to find the best investment plan that can increase the investment effects on the
ports, assessed from the number of connections or required travel times between ports.

4. Results

We solved our proposed models using the CPLEX 12.9 commercial solver that has
been used in many previous studies [51–53], including the ones that provided solutions for
real company problems. Our codes are written in Python language with Python 3.7 version
in the Microsoft Visual Studio Community Edition 2019 platform. All experiments were
conducted on an Intel® Core™ i5-6600 CPU at 3.30 GHz with 16 GB RAM. The value of r
was set to 8.6% based on Indonesia’s real interest rate in 2019 [54]. The solutions of Models
1–3 are presented in Tables 1, A3 and A4, respectively. The total money invested each year
is listed at the bottom of Tables 1, A3 and A4.
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Table 1. Investment decision as the result of Model 1 (in trillion rupiahs).

No. Container Port Cluster Year 1 Year 2 Year 3 Year 4 Year 5

1 Belawan/Kuala Tanjung I 0 10,585 13,815 0 0
2 Malahayati I 0 0 1352 0 212
3 Batam (Batu Ampar) I 0 0 594 606 0
4 Tanjung Priok/Kalibaru II 2564 3544 0 0 0
5 Pontianak/Kijing (Kalbar) II 0 0 0 2909 0

6 Palembang/Tanjung Carat
(Sumsel) II 0 0 0 6581 0

7 Jambi/Muara Sabak II 0 0 0 0 300
8 Teluk Bayur II 0 0 0 0 161
9 Panjang (Lampung) II 0 0 0 0 122
10 Tanjung Perak III 8563 0 0 0 0
11 Tanjung Emas III 0 0 1170 0 0
12 Banjarmasin III 0 0 625 0 0
13 Tenau Kupang III 0 0 78 0 0
14 Sampit III 0 0 0 0 100
15 Samarinda dan TPK Palaran IV 0 0 497 0 0
16 Balikpapan dan TP Kariangau IV 0 0 460 0 0
17 Bitung (TPB) IV 0 114 0 0 0
18 Pantoloan IV 0 0 349 0 0
19 Kendari (Kendari New Port) IV 0 0 0 689 0
20 Makassar IV 345 0 0 0 0
21 Ternate IV 0 0 0 141 0
22 Ambon IV 0 0 344 0 0
23 Sorong IV 0 0 799 0 0
24 Jayapura IV 0 0 0 0 453

Total Cluster I 0 10,585 15,761 606 212
Total Cluster II 2564 3544 0 9490 583
Total Cluster III 8563 0 1873 0 100
Total Cluster IV 345 1141 2449 830 453

Note: <name> Hub port; <name> Feeder port.

As the results, the objective values for Models 1, 2, and 3 are 714,071, 668,197, and
5761 (in trillion rupiahs), respectively. All models obtained the optimal solutions for the
considered port network size within a computational time of less than one second. This
short computation time proves that port development problems with real cases can be
solved by mathematical modeling with optimal solutions (e.g., there is no need to develop
algorithms or simulations). For further analysis, we present Tables 2, 3 and A5. The detailed
calculations for obtaining the objective values in Models 1 and 2 are presented in Table
2 (an example of Model 1′s result is used). The amount of money invested in a container
port at any period (Table 1) affects the container flow at the next year (Table 2), and the
effect of the investments is accumulated for the subsequent years while considering the
devaluation of the currency. The accumulated investment is multiplied by the total number
of connected ports with the developed port, as listed in the last column of Table A5.

Some comparisons between Models 1, 2, and 3 are listed as follows:

• Model 1 has more investment effects than Model 2 because the investment budget
is not limited to any cluster every year. Model 1 is appropriate for maximizing the
container flow within a short term.

• When we want to ensure more balanced improvements between port clusters (as
shown in the “Total Cluster” rows at the end of Table A2) and better long-term
improvement within the whole port network, Model 2’s solution is better. Having
a balanced improvement within port clusters allows better flows of goods between
all regions in Indonesia, especially when there is an imbalanced amount of resource
types produced in each area.
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• Objective values of Models 1 and 3 are not comparable because different parameters
are calculated, but some comparable values are provided in Figure 3 (which will be
explained later at the end of Section 4).

Table A5 shows the average travel time required from each container port to all other
ports in the same cluster, and the average travel time between all ports in each cluster is
summarized at the bottom part of Table A5. In Model 3, we maximized the investment
for ports with potential lower container transportation costs within each cluster. Such a
transportation strategy focuses more on increasing the transportation effectiveness between
the hub ports and the feeder ports. Given the current routes (Figure 2), some connections
between ports in each cluster do not exist, but the links can be added after calculating the
impact of the changes when implementing Model 3′s solution.

Using each cluster’s average travel time information leads us to the following port
cluster development priority: Clusters III, I, II, then IV. This development priority follows
the development strategy presented by objective Equation (7), which invests first in con-
tainer ports that are located closer to each other within their cluster. The priority is based
on a sequence of the average time travels to other ports within each cluster (in ascending
order) in the bottom part of Table A5. In Model 3′s solution, the budget is allocated first
to the prioritized clusters until their required investment amount is satisfied. The results
confirmed that our research hypothesis was correct. The investment decisions for multiple
ports were highly dependent on the connectivity of the ports and distances between ports
in each port cluster.

Table 2. Estimated investment effect on container flow between ports based on Model 1’s result (in trillion rupiahs).

No. Container Port Cluster Year 1 Year 2 Year 3 Year 4 Year 5

1 Belawan/Kuala Tanjung I 0 0 44,875 95,251 87,708
2 Malahayati I 0 0 0 1056 972
3 Batam (Batu Ampar) I 0 0 0 464 863
4 Tanjung Priok/Kalibaru II 0 14,166 31,074 28,613 26,347
5 Pontianak/Kijing (Kalbar) II 0 0 0 0 2091

6 Palembang/Tanjung Carat
(Sumsel) II 0 0 0 0 4731

7 Jambi/Muara Sabak II 0 0 0 0 0
8 Teluk Bayur II 0 0 0 0 0
9 Panjang (Lampung) II 0 0 0 0 0
10 Tanjung Perak III 0 63,079 58,084 53,484 49,249
11 Tanjung Emas III 0 0 0 1827 1682
12 Banjarmasin III 0 0 0 976 899
13 Tenau Kupang III 0 0 0 122 112
14 Sampit III 0 0 0 0 0
15 Samarinda dan TPK Palaran IV 0 0 0 776 715
16 Balikpapan dan TP Kariangau IV 0 0 0 718 661
17 Bitung (TPB) IV 0 0 5805 5345 4922
18 Pantoloan IV 0 0 0 545 502
19 Kendari (Kendari New Port) IV 0 0 0 0 495
20 Makassar IV 0 2541 2340 2155 1984
21 Ternate IV 0 0 0 0 101
22 Ambon IV 0 0 0 537 495
23 Sorong IV 0 0 0 1248 1149
24 Jayapura IV 0 0 0 0 0

Note: <name> Hub port; <name> Feeder port.
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Table 3. Sensitivity analysis result.

Change Cluster
Model 1 Model 2 Model 3

Yr1 Yr2 Yr3 Yr4 Yr5 Yr1 Yr2 Yr3 Yr4 Yr5 Yr1 Yr2 Yr3 Yr4 Yr5

0.7

I 0.0 0.0 0.0 1.4 −0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
II 0.0 0.0 0.0 −0.1 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
III 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
IV 0.0 0.0 0.2 −0.1 −0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.8

I 0.0 0.0 0.0 0.9 −0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
II 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
III 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
IV 0.0 0.0 0.1 −0.6 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.9

I 0.0 0.0 0.0 0.2 2.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
II 0.0 0.0 0.0 0.0 −0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
III 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
IV 0.0 0.0 0.2 −0.2 −0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

1

I 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
II 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
III 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
IV 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

1.1

I 0.0 0.0 −0.1 1.8 −1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
II 0.0 0.0 0.0 −0.1 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
III 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
IV 0.0 0.0 0.2 −0.2 −0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

1.2

I 0.0 0.0 0.0 1.3 −1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
II 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
III 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
IV 0.0 0.0 0.2 −1.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

1.3

I 0.0 0.0 −0.1 1.3 3.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
II 0.0 0.0 0.0 −0.1 −0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
III 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
IV 0.0 0.0 0.3 −0.2 −1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

deviation is very close to 0
0 < |deviation|≤ 0.5
0.5 < |deviation|≤ 1
1 < |deviation|≤ 4Sustainability 2021, 13, x FOR PEER REVIEW 10 of 18 
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5. Analysis

We propose basic models that can be used to assess the port development decisions
and their effects on the increase in container flows. However, some other aspects should
be considered for ensuring a more accurate performance estimation and evaluation, as
stated below.

Our study assumes that the ports’ initial capacities are sufficient for smooth container
flows between ports and port clusters. However, it is necessary to assess the exact capacities
by observing the installed facilities, especially the quay cranes and berths that define
the container transfer rate from a container port to the other ports. Considering such
equipment’s limited capacity in the ports is important to ensure the ports’ accurate transfer
rates. Thus, this existing equipment capacity information should be considered in future
research. Additionally, having an accurate quay crane transfer rate can be combined with
a detailed simulation that considers the container transportation behavior from/to the
hinterland side [55].

The actual container flows between ports should be limited by the number of existing
vessels (fleet size) and their installed routes [56]. Consideration of such information allows
us to identify the bottleneck part in the container port network performance improve-
ment analysis, which could be the improved port capacity or the vessel fleet’s existence.
Up to now, there were only a few studies related to bottleneck assessment in maritime
networks [57]. Given the information, decisions on improving the vessel fleet size and
updating vessel routes can also be evaluated.

We assume that any amount of investment can directly affect the increase in container
flows starting from the next year (or increase such potential for container flow growth).
In a more realistic setting, we might consider the learning rate required to implement the
investment, which depends on its amount. The learning curve was extensively studied
in the field of manufacturing system operation management. It refers to the increase in
workers’ performance after working for certain periods when a new production system is
introduced—e.g., new process development [58] and production capacity expansion [59].
In our case, different port clusters might be managed under different management; thus,
different areas might have various port development speeds—e.g., in the high-populated
region compared with the less developed area.

We tested our models’ robustness by modifying the available budget for each container
port and year in Table A1, with the values starting from 70%, increasing by 10% up to
130%. In the ideal situation, we expect that the change in the invested amount is as close as
possible to the amount of change in the available budget. We observed some more change
from that threshold, as shown in Table 3—i.e., −0.1% value in the second row—which
means that the total invested amount in port cluster II at Year 4 is 0.6%; thus, the change is
−0.1% (calculated from 0.6–0.7%). We categorized the changes into four types of ranges
with a maximum value of 3.8%. It can be concluded that the obtained optimal solution is
robust when observed from the viewpoint of improvement levels in each port cluster.

Using the proposed models, we can deal with investment plan changes after a certain
number of years by solving the models several times using the rolling planning horizon
approach. Solving the model several times is no problem because the solutions can be
obtained within a short computational time.

Our current study focused on solving the investment problem for multiple ports
considering the relationships between the ports. We modeled the effects of the investment
amount at the seaside operation on the terminal’s throughput. The effect was generally
observed by considering that the amount of the investment affects the throughput linearly.
For future studies, it is necessary to assess (1) the detailed allocation of the investment
to the measurable specific facilities at the seaside, e.g., length of berths and number of
quay cranes, and (2) the investment or its effects at the landside of the terminal—e.g., yard
capacity, yard cranes, connectivity with the hinterland, etc.
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6. Managerial Insights

Mathematical models have been proven to provide good assistance to decision makers
in making investment decisions. The reason for this is that quantitative information allows
better information sharing and higher success rates than qualitative information [60]. Suc-
cessful applications of the mathematical modeling approach for investment decisions in
real companies (e.g., General Electric, Cities Service Company, and Grantham, May, Van
Otterloo and Company LLC (GMO)) are presented in [51,61–63]. The applied models and
produced the best combination of investment strategies that satisfy the objectives and con-
straints set in Cities Service Company [62]. Various cases were generated by modifying the
objectives and constraints, allowing the company to consider some alternative investment
decisions. The management accepted the models’ solutions, and the company became
more reactive in terms of anticipating external events. As the users became more familiar
with the models, they requested more improvements through the addition of new features
in the models. Such success in utilizing the results of investment models above can also
be applied to the container port network development case. This mathematical modeling
can be used to formalize the knowledge of the decision makers, help to assess whether
certain knowledge eventually has a great impact on the expected system’s performance,
and assess the extent to how much the decision benefits the decision makers. In our case,
the proposed models can be used for confirming the importance of port connectivity in the
port investment problem [64].

The selection of the best investment decision enabled an opportunity for more detailed
analysis by using simulation models or accounting procedures [63]. The models were used
for (1) assessments in long-term analysis with estimated values and (2) short-term and
detailed decision making [62]. In the example of GMO company, the company gained
the following advantages through the investment model implementations: (1) keeping
existing businesses, (2) increasing new growth opportunities, (3) improving the company’s
operation, and (4) being able to track how close their investment decisions are to their
target [51].

Our proposed methods are more suitable to optimize investment decisions when the
government manages the whole container port network. In this situation, it is possible to
allocate the investments to improve the whole network’s capacity without dealing with
competition between ports. The proposed methods can perform more effectively when
applied to port networks with more ports and high connectivity.

7. Conclusions

This study was the first to introduce the problem of making investment decisions
on multiple ports under single management while considering relationships between the
ports that are related to the container flows. We proposed three mathematical models to
determine the appropriate investment amount for container ports within a network. Effects
of the investment were observed based on the existing number of connected ports and
the travel time between ports in the same cluster. The optimal amount of investment in
each container port every year was determined optimally within a very short time. It was
shown that the proposed solution method was robust enough to deal with changes in the
available investment budget. The produced results could provide useful insights for the
managers on how to allocate the investment budget well.

Future research topics should consider a better estimation of the port capacities based
on the number of installed quay cranes, port network bottleneck analysis considering
existing vessel fleet size and routes, and the increased learning curve in the container
flow that applies when the capacities of the ports are increased every year. It is necessary
to develop efficient heuristics to solve the problem, considering the potential increase in
model complexity through the addition of such new parameters.
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Appendix A. Input Data and Additional Results

In this section, we present the input data for the proposed models and some additional
results obtained using the models.

Table A1. Container ports and available budget data (budget in trillion rupiahs).

No. Container Port Cluster Year 1 Year 2 Year 3 Year 4 Year 5 Total

1 Belawan/Kuala Tanjung I 4280 6720 10,700 2700 0 24,400
2 Malahayati I 549 1015 0 0 0 1564
3 Batam (Batu Ampar) I 240 360 600 0 0 1200
4 Tanjung Priok/Kalibaru II 1309 2181 2618 0 0 6108
5 Pontianak/Kijing (Kalbar) II 291 582 727 1309 0 2909

6 Palembang/Tanjung Carat
(Sumsel) II 658 1316 1645 2962 0 6581

7 Jambi/Muara Sabak II 0 100 100 100 0 300
8 Teluk Bayur II 44 82 35 0 0 161
9 Panjang (Lampung) II 24 37 61 0 0 122

10 Tanjung Perak III 3024 1273 1638 2141 487 8563
11 Tanjung Emas III 320 138 287 234 191 1170
12 Banjarmasin III 76 108 139 198 104 625
13 Tenau Kupang III 12 21 33 0 12 78
14 Sampit III 20 20 20 20 20 100
15 Samarinda dan TPK Palaran IV 0 99 149 249 0 497
16 Balikpapan dan TP Kariangau IV 92 138 230 0 0 460
17 Bitung (TPB) IV 150 166 132 249 444 1141
18 Pantoloan IV 64 31 82 82 90 349
19 Kendari (Kendari New Port) IV 6 139 206 338 0 689
20 Makassar IV 132 131 36 46 0 345
21 Ternate IV 8 21 68 44 0 141
22 Ambon IV 135 53 112 44 0 344
23 Sorong IV 13 439 171 176 0 799
24 Jayapura IV 25 100 294 34 0 453

Total Cluster I 5069 8095 11,300 2700 0 27,164
Total Cluster II 2326 4298 5186 4371 0 16,181
Total Cluster III 3452 1560 2117 2593 814 10,536
Total Cluster IV 625 1317 1480 1262 534 5218

Total Cluster I-IV 11,472 15,270 20,083 10,926 1348 59,099

Note: <name> Hub port; <name> Feeder port.

https://github.com/ivanksinggih/PortImprovement_Adjacency
https://github.com/ivanksinggih/PortImprovement_Adjacency
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Table A2. Travel time data between ports (in minutes).

No. Container Port 1 2 3 4 5 ... 22 23 24
1 Belawan/Kuala Tanjung 17 25 58 46 ... 138 151 195
2 Malahayati 52 74 64 ... 155 168 213
3 Batam (Batu Ampar) 33 21 ... 113 126 170
4 Tanjung Priok/Kalibaru 31 ... 93 107 151
5 Pontianak/Kijing (Kalbar) ... 98 112 154

6 Palembang/Tanjung Carat
(Sumsel) ... 103 116 161

7 Jambi/Muara Sabak ... 112 125 169
8 Teluk Bayur ... 131 145 189
9 Panjang (Lampung) ... 123 108 171

10 Tanjung Perak ... 69 82 127
11 Tanjung Emas ... 79 92 137
12 Banjarmasin ... 65 78 122
13 Tenau Kupang ... 31 46 90
14 Sampit ... 71 84 129
15 Samarinda dan TPK Palaran ... 62 66 108
16 Balikpapan dan TP Kariangau ... 61 68 108
17 Bitung (TPB) ... 26 28 110
18 Pantoloan ... 57 59 100
19 Kendari (Kendari New Port) ... 25 55 82
20 Makassar ... 41 55 82
21 Ternate ... 21 20 63
22 Ambon ... 19 40
23 Sorong ... 45
24 Jayapura ...

Note: <name> Hub port; <name> Feeder port. Only the upper triangle is used to represent the travel times (symmetric travel times between
any pair of container ports are considered).

Table A3. Investment decision as the result of Model 2 (in trillion rupiahs).

No. Container Port Cluster Year 1 Year 2 Year 3 Year 4 Year 5

1 Belawan/Kuala Tanjung I 5069 8095 11,236 0 0
2 Malahayati I 0 0 0 1564 0
3 Batam (Batu Ampar) I 0 0 64 1136 0
4 Tanjung Priok/Kalibaru II 2326 3782 0 0 0
5 Pontianak/Kijing (Kalbar) II 0 0 0 2909 0
6 Palembang/Tanjung Carat (Sumsel) II 0 0 5186 1395 0
7 Jambi/Muara Sabak II 0 300 0 0 0
8 Teluk Bayur II 0 94 0 67 0
9 Panjang (Lampung) II 0 122 0 0 0
10 Tanjung Perak III 3452 1560 2117 1434 0
11 Tanjung Emas III 0 0 0 456 714
12 Banjarmasin III 0 0 0 625 0
13 Tenau Kupang III 0 0 0 78 0
14 Sampit III 0 0 0 0 100
15 Samarinda dan TPK Palaran IV 0 0 0 497 0
16 Balikpapan dan TP Kariangau IV 0 107 337 16 0
17 Bitung (TPB) IV 280 861 0 0 0
18 Pantoloan IV 0 349 0 0 0
19 Kendari (Kendari New Port) IV 0 0 0 296 393
20 Makassar IV 345 0 0 0 0
21 Ternate IV 0 0 0 0 141
22 Ambon IV 0 0 344 0 0
23 Sorong IV 0 0 799 0 0
24 Jayapura IV 0 0 0 453 0

Total Cluster I 5069 8095 11,300 2700 0
Total Cluster II 2326 4298 5186 4371 0
Total Cluster III 3452 1560 2117 2593 814
Total Cluster IV 625 1317 1480 1262 534

Note: <name> Hub port; <name> Feeder port.
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Table A4. Investment decision as the result of Model 3 (in trillion rupiahs).

No. Container Port Cluster Year 1 Year 2 Year 3 Year 4 Year 5

1 Belawan/Kuala Tanjung I 2909 15,270 6221 0 0
2 Malahayati I 0 0 1564 0 0
3 Batam (Batu Ampar) I 0 0 0 1200 0
4 Tanjung Priok/Kalibaru II 0 0 6108 0 0
5 Pontianak/Kijing (Kalbar) II 0 0 2891 18 0
6 Palembang/Tanjung Carat (Sumsel) II 0 0 0 5986 595
7 Jambi/Muara Sabak II 0 0 0 0 300
8 Teluk Bayur II 0 0 0 161 0
9 Panjang (Lampung) II 0 0 122 0 0
10 Tanjung Perak III 8563 0 0 0 0
11 Tanjung Emas III 0 0 1170 0 0
12 Banjarmasin III 0 0 625 0 0
13 Tenau Kupang III 0 0 0 78 0
14 Sampit III 0 0 100 0 0
15 Samarinda dan TPK Palaran IV 0 0 0 497 0
16 Balikpapan dan TP Kariangau IV 0 0 0 460 0
17 Bitung (TPB) IV 0 0 1141 0 0
18 Pantoloan IV 0 0 0 349 0
19 Kendari (Kendari New Port) IV 0 0 0 689 0
20 Makassar IV 0 0 0 345 0
21 Ternate IV 0 0 141 0 0
22 Ambon IV 0 0 0 344 0
23 Sorong IV 0 0 0 799 0
24 Jayapura IV 0 0 0 0 453

Total Cluster I 2909 15,270 7785 1200 0
Total Cluster II 0 0 9121 6165 895
Total Cluster III 8563 0 1895 78 0
Total Cluster IV 0 0 1282 3483 453

Note: <name> Hub port; <name> Feeder port.

Table A5. Average time travels to other container ports.

No. Container Port Cluster Average Time Travels to Other Ports
(in Minutes)

Number of
Connected Ports

1 Belawan/Kuala Tanjung I 21.0 5
2 Malahayati I 34.5 1
3 Batam (Batu Ampar) I 38.5 1
4 Tanjung Priok/Kalibaru II 25.0 6
5 Pontianak/Kijing (Kalbar) II 35.4 1
6 Palembang/Tanjung Carat (Sumsel) II 54.4 1
7 Jambi/Muara Sabak II 61.4 1
8 Teluk Bayur II 49.4 1
9 Panjang (Lampung) II 25.2 1
10 Tanjung Perak III 20.0 8
11 Tanjung Emas III 34.5 2
12 Banjarmasin III 28.5 2
13 Tenau Kupang III 46.3 2
14 Sampit III 25.3 1
15 Samarinda dan TPK Palaran IV 39.6 2
16 Balikpapan dan TP Kariangau IV 44.2 2
17 Bitung (TPB) IV 34.9 6
18 Pantoloan IV 40.3 2
19 Kendari (Kendari New Port) IV 38.4 1
20 Makassar IV 35.8 8
21 Ternate IV 33.1 1
22 Ambon IV 39.1 2
23 Sorong IV 46.1 2
24 Jayapura IV 82.0 1

Ports in Cluster I 31.3
Ports in Cluster II 41.8
Ports in Cluster III 30.9
Ports in Cluster IV 43.4

Note: <name> Hub port; <name> Feeder port.
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