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Abstract: With the rapid development of ports, the port industry continues to focus on the function,
service, and value chains. Further accelerating the high-quality development of ports has become
crucial to promoting urban construction and economic development. Dongjiakou Port is an important
shipping and logistics hub in the center of the Bohai Economic Rim and the Northeast Asia economic
circle, which has superior deep-water resources. Through active transformation and upgrade, it has
become an international trade hub with sustainable practices. This research examined Dongjiakou
Port as a case study and employed a grey prediction model to analyze and predict port throughput
and to determine the indicators and impact factors for a green port. In addition, the grey model
and principal component analysis were used to predict the throughput of Dongjiakou Port from
2021 to 2025, and the effectiveness of the model was verified by comparing the predicted and actual
throughput from 2014 to 2020. In addition, this research also provided suggestions for the sustainable
development of ports from the aspects of port planning, port cargo structures, and effective port
governance and development. The prediction model can provide support for future port planning
and port design, to a certain extent, and can also provide references for predicting port throughput
and promoting the construction of new ports and sustainable port development.

Keywords: port throughput; grey system theory; prediction model; green port; sustainable development

1. Introduction

The world economy continues to be in an adjustment period after the financial crisis.
Since 2010, the growth of the global economy has generally been in decline. After a weak
rebound in 2017, it continued to decline in 2018. According to the forecast in October 2019
of the International Monetary Fund (IMF), the economic growth rate in 2019 was only 3.0%,
which was lower than the expected 3.5% at the beginning of 2019 and 0.6% slower than
that in 2018, which was a new low for the world financial crisis [1].

Port development is an important driver for global economic growth. In 2019, the
throughput of coastal ports was expected to reach 9.17 billion tons, with a year-on-year
growth of 4.0% (foreign trade growth and domestic trade growth were paced at 4.8% and
3.2%, respectively), achieving the expected growth and slowing down by 0.3%, as compared
to 2018 [2]. In the second half of the year, driven by the import growth of coal, ore, crude oil,
and other bulk goods, the trend increased and then decreased [3]. According to an analysis
of historical trends, the growth rate of the throughput of coastal ports gradually declined.
The average growth rates of coastal ports in the 10th Five-Year Plan, the 11th Five-Year Plan,
and the 12th Five-Year Plan were 18.5%, 13.5%, and 7.5%, respectively, and dropped to 4.5%
in the first four years of the 13th Five-Year Plan. As the growth of coastal ports tends to
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be stable, transforming, upgrading, and accelerating the construction of world-class ports
have become priorities in the high-quality and green development of ports.

At present, large-scale deep-water ports in China include the Shanghai Port, the
Qingdao Port, the Tianjin Port, and the Ningbo Port. The Qingdao Port serves the Shandong,
Henan, Hebei, Shanxi Provinces, etc., with a total area of 873,000 square kilometers and
a population of 330 million. The five provinces of the interior have prominent resource
advantages and are rich in various mineral resources. In 2018, the total coal output of the
five provinces was 5.172 billion tons, accounting for 51.1% of the total national output, of
which Shanxi Province provided 570 million tons and was the largest coal production and
export base in China. Meanwhile, the five provinces are also important bases for the food
and heavy chemical industries in China. In recent years, with the development of the heavy
chemical industry, the demand for various raw and energy materials has risen, which has
led to continuous improvements in port transportation.

Dongjiakou Port is an important part of the Qingdao port, a national hub and distribu-
tion center for domestic bulk cargo as well as an important energy storage and transporta-
tion facility in China. It has an average depth of 15 m; 1000 m away from the shore, the
depth can reach up to 20 m, making it a rare natural deep-water port. In July 2006, the Min-
istry of Transport of the People’s Republic of China and the Shandong Provincial People’s
Government planned Dongjiakou Port as a key port area in Qingdao. In March 2009, they
further defined the functional orientation of Dongjiakou Port and the general layout in
water and land areas. According to the latest planning, Dongjiakou Port will be developed
into a fourth-generation international logistics trade port and international hub that will
function as a link between the port and the city. Dongjiakou Port has become an important
part of the Qingdao port infrastructure, as well as a strategic support base for national
ocean development.

While this coastal port has transformational and development opportunities in its
future, these changes must also contend with significant challenges [1]. International
maritime transport has also made regulation changes that involved higher requirements for
port facilities [4]. According to the relevant research, the majority of seaports have adopted
a number of strategies and practices focused on sustainability, such as awareness and
training programs, reporting for sustainable accountability, and sustainability initiatives
and standards (e.g., Green Marine and ISO 14001 certification) [5]. Researchers have often
referenced seaport management (ranging from international legal cooperation to domestic
strategies and national legislation), and they have conducted an assessment of the economic
prospects for Arctic port development according to the latest data and trends in the field of
logistics. They also provided a description of seaport developments, considering the global
environmental agenda [6].

At present, the overall capacity of China’s coastal ports is poor, while the demand
for large deep-water berths is high. The channels for port transportation are not smooth,
and the public facilities need to be improved [7]. Therefore, accurate predictions of port
development will benefit future planning so as to promote construction and innovation. It
is also of practical significance to promote the sustainable development of coastal cities.

The research object of this paper, Dongjiakou Port, inherits many of the aforemen-
tioned issues troubling Chinese coastal ports (e.g., port transportation is not smooth and
port construction needs to be improved). As a regional transportation infrastructure,
Dongjiakou Port serves the needs of local economic development such as freight and fish-
eries. The coastal land area of Dongjiakou Port is very broad, with a significant amount of
farmland close to the coast; furthermore, few industries, enterprises, and related facilities
and residents are in the port area. At present, there is no railway access to the port, and the
municipal infrastructure around the port is also weak. The planned Qinglian Railway will
pass through the rear of the port area, and the Qingdao Binhai Highway is currently under
construction, which will further develop the transportation system in the area and provide
a foundation for the connection between the port and the hinterland. With the increase in
port construction, further planning and the sustainable development of Dongjiakou Port
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are urgent. Therefore, based on systems engineering methods, this study integrated the
data and the information that would impact the outcomes and implemented a variety of
mathematical models to predict the cargo throughput of Dongjiakou Port. This research on
the changes and development of the port’s cargo throughput may provide support and
evidence for future sustainability projects for coastal ports and cities, as well as theoretical
considerations for enterprises. Furthermore, through the analysis of the development of
Dongjiakou Port, a more comprehensive and systematic understanding of port planning
can be developed to improve predictive models and future innovations in the field.

2. Theory and Methodology
2.1. Grey System Theory

Grey system theory suggests that uncertainty exists between what information is
known versus that which is unknown and how it impacts a relatively broad vision when
addressing real-world problems in systematic research. It is an applied mathematics
theory that studies the impacts of uncertainty when partial ambiguity will always be
present. Traditional system theory studies systems with sufficient information. For some
systems in which information cannot or is not known, the black box method has also been
effective. However, particularly in systems where internal information cannot be identified
or determined, this is not sufficient. Grey system theory approaches the problem of “small
sample, poor information” with “clear extension and unclear connotation”. In the objective
world, there are few completely white systems (all information is present) or black systems
(little to no information is present); most systems are, instead, grey. Therefore, grey system
theory assumes that information is missing, taking the resultant uncertainty as the research
object, and further examines what can be known.

Grey system theory holds that the uncertainty of low-level systems corresponds
to the certainty of high-level systems. The known information should be employed to
reveal the rules of the system. In social and economic systems, for example, there are
uncertain interference factors, and the existence of these factors can lead to difficulties in
research; therefore, grey system theory can identify the irregular interference factors by
using corresponding technology in systems processing.

In grey system theory, the use of grey numbers, grey equations, and grey matrices
reflects the characteristics of a study object and removes the limitations to provide more
in-depth understanding. Applying grey system theory to the study of social and economic
systems allows a research team to define and quantify the issues, identify key factors even
under complex conditions without clear causal relationships, and analyze the changes and
developments accordingly.

2.2. Data Collection and Extraction

A traditional port having only a singular function no longer meets the needs of the
shipping industry. Industrial demands require further improvements in the quality of
Dongjiakou Port, particularly since it has been given the long-term goal of becoming one
of the largest ports in Bohai Bay and meeting its sustainability goals. Therefore, the data
collected included impact factors on port throughput from 2009 to 2020, including the
port service capacity, number of berths, berth length, hinterland economy, total import
and export trade, hinterland consumption, hinterland transport capacity, planning and
construction, hinterland economy, and port throughput, all of which were used to con-
struct a preliminary system. Combined with the principle of operability, the preliminarily
constructed system was screened to ensure that the factor index system could obtain
corresponding data or if it would be necessary to assign values. In this case, data quan-
tification would be required, and some fuzzy indicators would have to be deleted. Under
the principle of operability, six factors were derived through the screening and selection
of preliminary indicators, namely foreign-trade volumes, import and export, turnover of
freight traffic, fixed-asset investments, secondary industries, and berth numbers. Moreover,
the research also collected data for port throughput from 2009 to 2020. According to the
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multivariable linear regression model, the data were extracted through analysis, and the
constructed model was tested for feasibility.

2.3. Grey Prediction and Grey Model

“Grey prediction” refers to the process of forecasting the original data by using pro-
cessing methods to establish a grey model, from which the rules of system development
can be summarized and then used to predict the development trend of the system [8–12].

Grey modeling is a core part of grey prediction and is constituted by either a sequence
of differential equations or a prediction model built according to the hierarchy changes
in the data, the grey number, and other methods. The selection of a grey prediction
model must be influenced by its specific application. The selection of a model must also
be determined through rigorous testing. Only corresponding testing can determine the
specific model and predict the related system. Grey system theory determines the grey
derivative and the grey differential equation on the basis of the associated space and smooth
disperse function and builds the corresponding dynamic model of differential equations
based on discrete data, which was the grey model (GM) of this system.

The model could be constructed directly from the original sequence. However, grey
modelling assumes that the original data are irregular and transforms the original data
into regular data. Since the grey model is the core and foundation of grey prediction, the
original sequence (0) was composed of the original data, and sequence (1) was generated
using a cumulative generation method. This weakened the randomness of the original data
and assisted in delineating its characteristics. A differential equation model was established,
namely a GM model, for the generated transformed sequence (1). The GM (1,1) model
represented a first-order, single-variable differential equation. Among the GM (1,1) models,
the metabolic model was considered the most ideal model. In the development process
of any grey system, there will be some random disturbances and driving factors in each
system, which will affect the development of each subsequent system. When a GM (1,1)
model is used for prediction, only data from 1 to 2 after the origin data (0) (n) have high
accuracy; that is, the farther away the prediction time is, the weaker the significance of the
prediction. The premise of the metabolic GM (1,1) is that the closer the data are, the greater
the impact they can have on the future. Therefore, by adding new data and removing older,
insignificant information, the modeling sequence will more dynamically reflect the latest
characteristics of the system, resulting in a dynamic prediction model. Moreover, in the
prediction process, the researcher must fully understand the characteristics and methods of
modelling, and the constructed grey model should have a suitable R-squared coefficient.

2.4. Demand Prediction of Port

In port development and planning, the relationship between logistics and supply
chain development are proposed to reduce the transportation cost through mutual ben-
efit so as to improve the competitiveness of the port and meet the diverse commercial
demands [13]. Some research has been focused on the formation of regional spatial struc-
tures of ports and analyzed the coordinated relationship between port planning and the
surrounding hinterlands [14–17]. The demand prediction of a port should be the basis of
future design and planning; it is also an important foundation for port enterprises and
port management authorities to consider when evaluating the prospects of port economic
development, formulating policies, preparing plans, making decisions, and carrying out sci-
entific management [18]. Researchers have used software and models to analyze the design
and prediction of port development in order to simulate real-world conditions. Bates and
Granger developed a combined prediction method, officially published in journals in 1989.
At the same time, relevant cases were used to validate the results of its case prediction. In
the research of analysis and prediction, some scholars made amendments and adjustments
to combined prediction method and proposed a more accurate version. Specific working
scenarios and network construction methods were proposed. On this basis, combined with
the actual situation of the port, a service model of container planning was constructed.
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In addition, demand prediction has also been foundational for appropriately orga-
nizing production and formulating policies. According to an analysis of data pertaining
to port transportation markets, demand prediction found binding rules in the complex
relationships among various factors and predicted the possibility and development trend
of port cargo flow as well as the demand and development during a certain period of time
using mathematical methods [19]. This provided a scientific basis for planning. Case stud-
ies of ports have been of great significance for the prediction of demand and throughput.
Li used a comprehensive method to analyze port development [20]. Olba et al. [21] focused
on the network capacity of ship traffic as the research subject, proposed relevant indicators,
and predicted and estimated the port capacity and the port design based on the estima-
tion results, which were applicable to different situations. Hou [22] selected the Yingkou
Port in Liaoning Province as a research subject and constructed a comprehensive impact
system for logistics demand prediction and established the corresponding prediction set
in combination with the Yingkou Port. Moreover, the prediction studies of Shiwei Port
in Jingjiang City were analyzed, and suggestions for the environmental management of
this port were discussed [23]. Li et al. [20] focused on the Guangdong–Hong Kong–Macao
Grand Bay Area and analyzed the status of Shenzhen Port container development, which
was followed by an exponential smoothing model that was used to predict the container
throughput at Shenzhen Port.

2.5. Prediction Model of Port Throughput

“Port throughput” refers to the total amount of goods exported by water, imported
into the port area, and handled during a period of time. The unit of measurement is
one ton or a twenty-foot equivalent unit (TEU; i.e., a standard 20-foot container). Port
throughput can be divided into the cargo throughput and passenger throughput which is
an important quantitative indicator reflecting the port production and operation, it is also
the most important indicator for measuring the size of a port. Flow directions, quantitative
compositions and physical classifications of port throughput are the key indicators of a
port’s status and influence both the international and the regional water transportation
chains, it also provides quantitative references for measuring the development of countries,
regions and cities.

The factors that can affect port throughput are complex. Generally speaking, they
can be divided into two types. The first includes regional factors, such as the size of
the surrounding hinterlands, the level of production development, the development of
an export-oriented economy, and the quantity of import and export commodities. The
second includes the construction conditions of the port itself, including natural conditions
and socioeconomic factors [1]. Besides the above conditions, the labor organization and
management, the number and technical level of loading and unloading machinery, ship
type, vehicle model, hydrometeorological conditions, the seasonality of industrial and
agricultural production, the balance of vehicles and ships, and the variety and quantity
of goods loaded and unloaded through the port have been important factors indicating
a port’s handling capacity [24]. However, the most direct and critical factor is the berth
capacity. The port throughput can clearly reflect the quantity of goods entering and leaving
the port area by water, as well as loaded and unloaded during that period. This indicator
reflects the port scale and capacity.

Software and models have been used for analysis of port design and prediction, and
real-world situations are conducted using software and modeling. For example, computer
simulation was used to predict and analyze the future development of a port (Tan et al. [25]).
Some research in port development has also suggested a “port general” model that has been
widely applied and popularized in practice. Langenus and Dooms [26] applied a virtual
learning model to create an interorganizational network (ION) for sustainable development
for improving the dimensions of sustainability, including economic, social, and ecological
concerns, at the industry level. As previously mentioned in Section 2.4, Fahdi et al. [27]
analyzed data using a machine-learning tool, a statistical regression analysis, to define the
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factors influencing the production and the degree of influence at the port of Casablanca.
Fan and Yu [28] adopted a nonlinear autoregressive (NARX) network model for prediction,
selected external input factors of gross domestic product (GDP), and introduced them into
the model, which was then used to predict the throughput at Shanghai Port and achieved
good results. Wu [29] suggested an automatic leading index model for the prediction of port
handling capacity. The model used the relevant methods such as exponential smoothing
to predict and analyze port throughput and concluded that the model had advantages in
the prediction of short-term port throughput. Some researchers have also used a big-data
governance model to analyze port logistics and sustainable development [30–34].

2.6. Green Ports and Port Sustainability

Ports are not only a driving force in the growth of the global economy but also the main
energy consumption and pollution source worldwide. Given the global energy crisis and
environmental deterioration, the international port community has developed the concept
of a “green port” [35]. A green port is a sustainable port that achieves a balance between
environmental protection and economic interests. Guided by ecologically sound principles,
new port construction would consider environmental health, ecological protection, the
reasonable utilization of resources, low energy consumption, and low pollution [36]. Or-
ganically combining port development with careful resource utilization and environmental
protection by prioritizing less energy consumption and less environmental pollution while
allowing for expansive growth, a harmonious balance between port development and
environmental protection could be achieved.

Some countries have made significant progress in the construction of green ports. For
example, the San Pedro Bay Clean Air Action Plan was jointly implemented by the ports of
Los Angeles and Long Beach; the Clean Air Initiatives and Harbor Air Management Plan
were jointly implemented by the ports of New York and New Jersey; the Rijnmond Regional
Air Quality Action Program was implemented in Rotterdam, the Netherlands; and the
Green Port Guidelines were implemented by Sydney Port in Australia. These, and programs
similar to these, have greatly improved the environmental quality and sustainability of their
ports. Some researchers have focused on green port development. Schinas [37] suggested an
outline for applicable international and regional regulations concerning air emissions from
ship operations and analyzed their impact on a port. The analysis also focused on effective
solutions, especially those promoted by the port or terminal management. Meng [38]
discussed the role of peak carbon dioxide emissions and carbon neutrality in the green
and sustainable development of ports. Taking a developing port area in Rizhao as a case
study, the research compared ecological environmental protection and energy conservation
and explored green port planning and design. By adjusting the functional layout of a port,
increasing highway-to-railway transport, and developing dry bulk-container transport,
the challenges between a port and city were alleviated, and the integrated development
of port and city was achieved [25]. The graded evaluation standard for green ports was
analyzed to promote resource conservation and sustainable port development [39–41]. The
Chinese Government’s environmental regulations, port enterprises’ green port construction,
and transportation enterprises’ choice of green port logistics transportation constituted an
optimized strategy combination [42].

We found additional research fields concerning the handling capacity of ports:

(1) The existing research has been focused on large ports that were already in operation,
such as Tianjin Port, Guangzhou Port, and Shanghai Port. The prediction of port
handling capacity in this research has been based on data accumulated during port
development. For a new port, the handling capacity has not yet been predicted.

(2) According to the recent literature regarding factors that influence the prediction of
port development, there has been little research conducted that included the impact
of competition and cooperation on the handling capacity of a port. Some scholars
have analyzed this from a qualitative point of view, but little quantitative analysis has
been performed, to date.
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Therefore, we proposed a throughput prediction method for port planning and design.
Specifically, it employs an autoregressive distribution model to build the relevant structural
model, designs, and plans for different scenarios through the prediction and the analysis
of relevant variables. The model was used to analyze the port throughput and calculate
a more accurate throughput, in combination with the real-world conditions of the port.
Therefore, the research examined the data from Dongjiakou Port and applied the grey
system theory and a grey prediction model of quantitative analysis; the port throughput
was analyzed by selecting influencing factors and indicators so that the port planning for
its handling capacity could be further studied.

3. Status Description of Port Area

Located in an important coastal city in China, the ports of Qingdao are of great
significance. Dongjiakou Port is located in Langyatai Bay, southwest of Qingdao. The
circular economy of Dongjiakou has developed rapidly due to this port’s location and
importance. According to the master plans of this west coast region, the handling capacity
of Dongjiakou Port will rank among the top three in the world, making it a “world-class”
port. In terms of port scale, it is the equivalent of a second “Qingdao Port”.

An advantageous geographical location is a precondition for the development of
the Dongjiakou Port area. This area plans to build a collection and distribution system
combining shipping, a highway, and a railway and closely connecting the port area with
the economic hinterland using the railway lines connected to the port and accelerating the
establishment of a “dual-circulation” development pattern, in which the domestic economic
cycle could play a leading role, while the international economic cycle would remain its
extension and supplement. The port area is located within the Jiaodong economic circle,
which may play an important role in China’s development as an influential marine country.

3.1. Natural Conditions of Port Area

The Dongjiakou Port area is located in the Langyatai Bay section of the bedrock cape,
the second uplift belt in the east of the Jiaonan uplift of the new Cathaysia block and in
the west of the southern Yellow Sea basin. Different water systems and landforms are
distributed throughout the port area, forming a coastal and offshore plain. The average
water depth offshore is −15 m, and the water depth 1000 m away from the shore can
reach up to −20 m. The planning area of the port is 70 square kilometers, the planning
area of the industrial area is 65 square kilometers, the length of the wharf coastline is
approximately 35.7 km, and there are 112 berths in this port. The total handling capacity
can reach 400 million tons.

Data from the Environmental Forecasting Center of the Beihai Branch of the National
Marine Administration has shown that the ENE direction is the strongest wind direction
in the region, with a maximum wind speed of 12.8 m/s, and the secondary strong wind
direction in the region is in a NE direction, with a wind speed of 11.8 m/s. According to
the measured data, the direction of the water is parallel to the shore, and the embankment
direction is perpendicular.

3.2. Development Situation of Port Area

In terms of wharf facilities, Dongjiakou Port is a newly developed port area. In recent
years, dozens of berths have been built along with a 400,000-ton ore wharf, with contracted
business for the iron ore distributed and transported by Qingdao.

Regarding the collection and distribution channels, the Tongjiang–Sanya Conventional
Expressway (G010) passes through the northwest of the Dongjiakou Port area. The Qingdao–
Laiwu portion of the Qingdao–Lanzhou Expressway crosses north of Jiaonan City and has
been opened for traffic. At present, there is no railway access in Dongjiakou Port. The
planned Qingdao–Yancheng Railway will pass through the rear port area and is in the
preliminary work stages.
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Dongjiakou Port is vast, with a significant amount of farmland close to the coast. In
terms of the water-area utilization, the natural coastline has some fishery and aquaculture
facilities (Figure 1).

Figure 1. Overall planning of Dongjiakou Port area (2012–2030). Source: master plan of Dongjiakou
Port area, Qingdao Port.

3.3. Characteristics of the Port Area

The Dongjiakou Port area is surrounded by the sea on three sides and has a natural
coastline approximately 29 km in length. Special geographical conditions and advantages
make this port area suitable for port construction. There are rich natural resources and
abundant land resources along the coastline that provide basic conditions and sufficient
space for the development of the port area.

The natural water conditions are also suitable for port construction and planning.
Within the port area, the tide is gentle, and the seabed is relatively stable. In addition, the
sediment concentration is small, with stable geology, so it is suitable for infrastructure
construction. In general, the Dongjiakou Port area has superior conditions for constructing
a large deep-water port. Moreover, the convenient distribution and transportation is one of
the most important characteristics of the port area.

3.4. Description of the Challenges Related to the Port Area

Weak municipal infrastructure and a lack of support for port construction are two major
challenges for further development. The Dongjiakou Port area has little established in-
frastructure and few towns, industrial enterprises, and external resources. However, with
the ongoing construction and development of the port, basic utilities such as power, com-
munication, water supply and drainage, etc., have improved. In addition, the port has
been connected to a main road, a highway, and a railway, laying a foundation for future
development.

Another significant challenge to its sustainable development is the coordination of
environmental and ecological resources. Port settlement and development could have
severe consequences on the ecological features and have been associated with coastal engi-
neering works [43]. There are significant opportunities for tourism and a good ecological
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environment in the port area. However, the additional construction and development of
the port and the surrounding area would increase the number of industries and traffic in
and through the port, which could lead to an increase in emissions and overall pollution.
Therefore, to develop a sustainable, green port, future plans for Dongjiakou Port should
consider environmental concerns.

4. Analysis of Demand Prediction
4.1. Prediction Model of Port Throughput
4.1.1. Prediction Method

Grey prediction considers a data sequence as a grey quantity that can change over
time. Before initiating grey modelling, it is necessary to integrate and process the irregular
original data so as to obtain the rules established by the original data and prepare the
foundation for modelling. From a theoretical point of view, the larger the original data
set, the more reliable the results will be; however, the possibility remains that the model’s
accuracy will be impacted due to the same irregular information. The most reliable key
indicators can be selected from a large, detailed dataset.

In terms of its characteristics, grey prediction can be divided into different predic-
tion types, including sequence prediction, which is a prediction method according to the
development and changes of the eigenvalues on system behavior. The GM (1,1) model
is a method often used for prediction. Based on the results of a qualitative analysis, an
appropriate sequence is defined, and then the order sequence is applied to the operator.
If σ0(k) is used for a large inertia sequence in the tolerable area, the corresponding GM
model can be established, and then the model can be tested. After passing the accuracy test,
the specific problems can be predicted. In some cases, it is difficult to use a single model
to predict a complex system. Therefore, it may be necessary to establish a system model
to predict the problem. The system prediction model is a system of differential equations
composed of multiple models, such as GM (1, m + s) and GM (1,1).

4.1.2. Index System Construction

After the forecast index system was established by combining the port influencing
factors and the preliminary influencing factors, the relevant data in each 5-year period
were analyzed to obtain the original data by combining the quantifiable influencing factors.
The rationality of the established index system for prediction had a direct impact on
the prediction results of the port handling capacity, which required the corresponding
principles to be followed in the extraction of indicators.

(1) Index construction

For index construction, the variable indices were extracted from the existing data
pertaining to the port handling capacity, competitiveness evaluation, and supply and
demand. As part of the process, we consulted experts for improving the rationality and the
scientific considerations of this index selection. The index system is shown in Table 1.

Table 1. Impact index of port handling capacity.

Level 1 Index Level 2 Index Specific Index Delete Keep Symbols

Port conditions

Port location Observability
deletionImport management mode

Port service capacity Routes
Storage area

Observability
deletion

Port traffic
Berth length

Number of berths (million ton)
Number of berths

Correlation
deletion

Correlation
deletion

Keep
X1 (meter)

X2 (number)
X3 (number)

Port
hinterland economy Hinterland economy Gross national product Correlation

deletion X4 (billion)
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Table 1. Cont.

Level 1 Index Level 2 Index Specific Index Delete Keep Symbols

Industrial structure of
hinterland economy

Gross 1st product
Gross 2nd product
Gross 3rd product

Industrial added value

Correlation
deletion

Correlation
deletion

Correlation
deletion

X5
X6
X7
X8

Hinterland regional
foreign trade Total import and export trade Keep X9

Fixed-asset investment Fixed-asset investment Keep X10
Potential for

hinterland consumption
Total retail sales of consumer goods

Per capita disposable income
Correlation

deletion
X11
X12

Hinterland transport capacity

Highway mileage
Freight

Turnover of freight traffic
Foreign trade freight

Correlation
deletion Keep

X13
X14
X15
X16

Competition
and cooperation

Planning and construction of port
Hinterland economy

of port
Port handling capacity

External
environment

National policy environment
World economic development

Observability
deletion

As shown in Table 1, the index system was established by combining the research
results and relevant literature as well as consulting with professionals in the field of port
construction; afterwards, variable indicators that had a strong impact on port throughput,
the supply–demand relationship, etc., were chosen. The study demonstrated the empirical
rationality of the selected indicators in combination with the real-word conditions of the
port to finally determine the key indicators.

(2) Primary indicators

Combined with the principle of operability, the preliminary system was screened,
through which the corresponding data were obtained or assigned. In terms of data col-
lection, it was necessary to comprehensively quantify the data and delete fuzzy indices.
Using the principle of operability, six factors were derived through the selection of the
preliminary indices.

(3) Correlation analysis and screening

The influencing factors were selected according to the principle of operability. After
completing the selection, the correlation analysis was adopted to address the associated
factors and further obtain the influencing factors.

The purpose of correlation analysis and screening was to reduce the high correlation
between indices. For some influencing factors, different indices could be adopted; for
instance, social fixed assets and GDP could be used to measure the economic influencing
factors. High indices that had relatively high independence were obtained by the correlation
analysis while the predictions of the index system were made. Through the selection and
the processing of the indices, relatively large and overlapping indices were chosen so that
the independence of the data could be ensured.

The formula for calculating the correlation coefficients of each index was as follows:

rkj =
Σn

i=1(xik − xk)(xik − xj)√
Σn

i=1(xik − xk)2(xik − xj)2
(1)

where rkj is the correlation coefficient between the k and j indices, and xz and xj are their
average values, respectively.
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In the process of index screening, L = 0.9 was determined as the critical value, so as to
ensure that the influencing factors could obtain a high degree of correlation. Eviews 9.0
was used in the filter for our calculations, which are shown in Table 2.

Table 2. Index correlation analysis.

Correlation X4 X6 X7 X8 X11

X4 1.000
X6 0.970 1.000
X7 0.987 0.919 1.000
X8 0.903 0.921 0.863 1.000

X11 0.987 0.929 0.992 0.873 1.000

As shown in Table 2, the calculated correlational degrees of GDP, total sales of con-
sumer goods, tertiary industry, industrial added value above designated size, and sec-
ondary industry were 0.970, 0.929, 0.919, and 0.921, respectively, and the correlation degrees
of the above indicators were all higher than 0.9. Therefore, it was calculated that the sec-
ondary industry represented the relevant information of the manufacturing industry, and
the output was expressed in terms of goods transportation and turnover products. For
the tertiary industry, most were related to the service industry, and there was overlapping
information between GDP and total social consumer goods. According to the analysis
results, the secondary industry was determined as the final index, and the other indices
were deleted.

4.1.3. Establishment of Prediction Model

Combined with the research objectives of this paper, the principal component analysis
and multiple linear regression models could better achieve the prediction. To establish
a prediction model of port handling capacity, the principal component regression was
performed, the influencing factors were obtained through the fitting analysis, and then the
multiple linear regression analysis was conducted.

From the perspective of forecast cost and forecast technology, a relatively simple
forecast method should be selected to ensure the accuracy of the forecast. A multiple
linear regression has a high degree of fitting, and the current equation and nonlinear
model had satisfactory predictions for the relationships between influencing factors and
prediction targets.

(1) Principal component analysis

Principal component analysis (PCA) transforms multiple variables into a few inde-
pendent variables through dimension reduction while retaining the data from the original
variables to a large extent. Principal component regression (PCR) was used to establish a
corresponding regression relationship with the principal components and the standardized
variables in the regression analysis. Each principal component was independent of the
others, so the adoption of principal component analysis improved the reliability of the
analysis results. In this research, SPSS software was used to process the data in the regres-
sion prediction analysis. Firstly, the influencing factors obtained from the screening were
standardized, and the results are shown in Table 3.

Table 3. Impact factors of samples and standardized data of port handling capacity.

SAMPLE ZX3 ZX6 ZX9 ZX10 ZX15 ZX16 ZY

1 0.13054 0.46787 −0.09285 0.88783 0.94492 0.17295 0.58027
2 0.17605 0.65882 −0.05426 1.32007 1.15577 0.20795 0.73039
3 0.21018 0.62515 −0.00563 1.66471 1.23108 0.28371 0.93097
4 0.23862 0.60344 −0.03486 1.784 1.27474 0.36099 0.98113
5 0.26706 0.63489 −0.12562 0.89013 1.26995 0.41076 0.93607
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Table 3. Cont.

SAMPLE ZX3 ZX6 ZX9 ZX10 ZX15 ZX16 ZY

6 −0.60324 −0.65036 −0.61047 −0.58461 −0.45275 −0.35882 0.18363
7 −0.55204 −0.61802 −0.59948 −0.51227 −0.44214 −0.39412 0.38516
8 −0.56342 −0.59808 −0.58802 −0.43711 −0.44141 −0.27719 0.48066
9 −0.54067 −0.58966 −0.5863 −0.48148 −0.44122 −0.17522 0.53382
10 −0.5236 −0.62954 −0.58907 −0.58445 −0.44858 −0.10705 0.57271
. . . . . . . . . . . . . . . . . . . . . . . .
20 −0.9104 −0.32162 −0.49019 0.07655 −0.46337 −0.68352 −0.75643
. . . . . . . . . . . . . . . . . . . . . . . .
50 2.8609 1.58521 0.62634 1.23191 1.43039 0.29403 1.48701
. . . . . . . . . . . . . . . . . . . . . . . .
70 −0.40415 0.67876 −0.39303 0.45373 −0.20258 −0.56477 −0.51005

Then, the feasibility of the obtained factors was tested, and the calculated KMO (Kaiser–
Meyer–Olkin) value was 0.688 > 0.6, which was suitable for the principal component
analysis (Table 4).

Table 4. KMO and Bartlett’s tests.

KMO and Bartlett’s Tests Test Value

Kaiser–Meyer–Olkin Measure of Sampling Adequacy 0.688

Bartlett’s Test of Sphericity
Approximate Chi-Square 727.364

Df 15
Sig. 0.000

The principal component analysis was conducted using the standardized data, and
the extracted principal component results are shown in Table 5.

Table 5. Table of principal component extraction.

Principal
Component

Primitive Eigenvalue Extracted Sums of Squared Loadings

Total Variance
Percent (%)

Cumulative Variance
Percent (%) Total Variance

Percent (%)
Cumulative Variance

Percent (%)

1 4.658 77.640 77.640 1.658 77.640 77.640
2 0.679 11.318 88.958 0.679 11.318 88.958
3 0.282 4.697 93.655 1.316 1.218 93.655
4 0.214 3.568 97.223 4.658 97.223 97.223
5 0.148 2.471 99.694 0.679 2.471 99.694
6 0.018 0.306 100.000 0.789 0.306 100.000

In this research, the first two principal components (as shown in Table 5) were ex-
tracted, and the rest were eliminated. The eigenvalues of the extracted two principal
components Zl and Z2 were λ1 = 4.658 and λ2 = 0.679, respectively. According to the first
two principal components extracted, the scores for each impact factor in each component
are shown in Table 6.

Table 6. Score matrix.

Impact Factor
Components

1 2

ZX3 0.816 −0.428
ZX6 0.951 0.208
ZX9 0.905 −0.264

ZX10 0.791 0.591
ZX15 0.906 −0.165
ZX16 0.907
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Table 6 describes the relationship between each impact factor and each component.
Based on the eigenvalues λ1 = 4.658 and λ2 = 0.679 of each component, the normalized
eigenvector was calculated as follows:

ϕ1 =

(
0.816√

λ1
,

0.951√
λ1

,
0.905√

λ1
,

0.791√
λ1

,
0.906√

λ1
,

0.907√
λ1

)

ϕ2 =

(
−0.428√

λ2
,

0.208√
λ2

,
−0.264√

λ2
,

0.591√
λ2

,
−0.165√

λ2
, 0
)

Then, we constructed the linear relationship between the original factors and the
principal components, as follows:

Zi = ϕiZx (2)

Z1 =
0.816√

λ1
Zx3 +

0.951√
λ1

Zx6 +
0.905√

λ1
Zx9 +

0.791√
λ1

Zx10 +
0.906√

λ1
Zx15 +

0.907√
λ1

Zx16

= 0.367Zx3 + 0.441Zx6 + 0.420Zx9 + 0.378Zx10 + 0.420Zx15 + 0.420Zx16

Z2 =

(
−0.428√

λ2
Zx3 +

0.208√
λ2

Zx6 +
−0.264√

λ2
Zx9 +

0.591√
λ2

Zx10
−0.165√

λ2
Zx15

)
= (0.717Zx3 + 0.253Zx6 − 0.320Zx9 − 0.519Zx10 − 0.201Zx15)

(2) Multivariable linear regression model

Multivariable linear regression is a test of the relationship between factors and objects.
Using the multivariable regression model, the confidence coefficient and the confidence
interval were calculated, and the correlation between each impact factor and the prediction
target was fully considered in the regression analysis, which significantly improved the
reliability of the prediction. In the multivariable regression analysis, a large number
of samples were needed. If multicollinearity existed among the various impact factors,
the prediction results could be affected. Therefore, methods such as stepwise regression
should be adopted to reduce multicollinearity, and heteroscedasticity was used for the
multicollinearity test. In the analysis, the first 70 out of the 100 groups of data were selected
to obtain the prediction model through data analysis, and the last 30 groups of data were
used as test data to confirm whether the constructed model was valid.

The regression analysis method of ordinary least squares was used to perform the
regression analysis on the principal component and central dependent variables; the
regression coefficient, as shown in Table 7, was obtained.

Table 7. Regression coefficients.

Model
Unstandardized Coefficients

Standardized
Coefficients

t Sig.
Collinearity Statistics

B Standard
Deviation Tolerance VIF

Constant 2.767 × 10−7 0.038 0.000 1.000
Zl 0.429 0.018 0.926 24.252 0.000 1.000 1.000
Z2 −0.015 0046 −0.012 −0.317 0.002 1.000 1.000

The goodness of fit of the regression analysis was 0.92, and the least square method
had a good fitting effect. As can be seen from the regression coefficients, β̂1 = 0.429 and
β̂2 = −0.015, the constant terms in the regression results could be ignored, and then the
principal component regression equation was expressed as follows:

Zy = 0.429Z1 − 0.015Z2 + 2.767× 10−7 (3)
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The following calculation results were obtained by substitution,

Zy = 0.189Zx3 + 0.191Zx6 + 0.172Zx9 + 0.154Zx10 + 0.183Zx15 + 0.165Zx16

According to y = Zy
√

Dy + y and x = Zx
√

Dx + x, as well as the average and stan-
dard deviation of each factor in Table 8, the relational coefficients of the original variables
were restored as follows:

y = 0.001929Zx3 + 0.000152Zx6 + 0.000295Zx9 + 0.000112Zx10 + 7.16E− 05Zx15 + 3E− 05Zx16 + 0.091330 (4)

Table 8. Statistics of each factor.

Factor Average Value Standard Deviation

ZX3 175.050 175.802
ZX6 2147.953 2257.142
ZX9 682.393 1046.730

ZX10 2354.069 2477.320
ZX15 2482.322 4591.808
ZX16 8962.258 9885.936

Y 1.650 1.776

According to the above analysis, if all else remained the same, the port handling
capacity of Dongjiakou Port could increase by 192,900 tons if a port berth were added.
Therefore, the port could improve the throughput by adding more berths. In addition, if
the secondary industry were increased by CYN 100 million, the port throughput would
increase by 15,200 tons; therefore, the development of the secondary industry was the key
to improve the port throughput. For every CYN 100 million increase in total export–import
volume, the cargo throughput would increase by 29,500 tons; if the fixed investment were
increased by CYN 100 million, the added value of cargo throughput would be 11,200 tons; if
the RFTK were increased by 1 km, the added value of cargo throughput would be 716 tons;
if the foreign-trade cargo volume were increased by 10,000 tons, the cargo throughput of
the port would increase by 300 tons.

After fitting the prediction model using the first 70 groups of data, the last 30 groups of
data were used to verify the validity of the model construction. The test results are shown
in Table 9.

Table 9. Cross-validation of throughput prediction model.

Number Actual Throughput
(Million Ton)

Predicted Throughput
(Million Ton) MAE

71 0.111 0.103 −6.36%
72 0.1605 0.162 0.93%
73 0.2055 0.222 8.03%
74 0.1748 0.166 −5.03%
75 0.2139 0.209 −2.29%
76 0.717 0.721 0.56%
. . . . . . . . . . . .
90 0.701 0.721 2.81%
. . . . . . . . . . . .
100 1.224 1.253 2.37%

According to Table 9, the average absolute value between the predicted value and
the actual value was 3.60%, and the margin of error was small. Therefore, the constructed
model was verified and could accurately predict the throughput of Dongjiakou Port.
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4.2. Prediction of Impact Factors of Port Throughput Based on GM (1,1) Model

To predict the influencing factors, the grey model was used. After a series of analyses,
we determined that the port throughput was influenced by six factors, namely foreign-
trade freight volume, import and export, turnover of freight traffic, fixed-asset investment,
secondary industry, and the number of berths. The research analyzed and predicted the
fixed assets of the Dongjiakou Port area in 2021–2025 and obtained the prediction results
based on the GM (1,1) model and using the MATLAB programming method.

Therefore, the GM (1,1) model was as follows:

x̂(0)(k + 1) =
[

x(0)(1)− µ

a

]
e−ak +

µ

a
= 1502.73e0.1296k − 1368.73

The reduced value was determined as follows:

x̂(0) = {134, 208, 237, 270, 307, 349, 398, 453, 515, 587}

Whether the GM (1,1) model of fixed-asset investment could support subsequent
predictions required verification. The following calculation results were obtained by
subtracting the original data column and the predicted value sequence:

(1) Residual Analysis

E =

{
0,−32.1716,−27.0327, 19.9033, 60.1654,−20.4639,

−6.0589, 9.4473,−14.3108,−1.3869

}
Average relative error ε = 6.74% (5)

Level of model definition

p0 = (1− ε)× 100% = 93.26%

As shown by the calculation results, ε = 6.74% < 10%, p0 = 93.26% > 90%, the model
had high accuracy.

(2) Posterior variance test

The results of this test were calculated to be C = 0.0338 < 0.35, p = 1 > 0.95; therefore,
we concluded that the prediction model of GM (1,1) built for fixed assets in this research
had a good accuracy. Therefore, this prediction model could be used to forecast the fixed
assets of Dongjiakou Port during the period of 2021–2025.

(3) Predicted results

By using the forecasting formula

(4− 7)x̂(1)(k + 1) = −1234.73e0.1296k − 1368.73

we concluded that the fixed-asset investment from 2021 to 2025 was CYN 86.54 billion,
CYN 98.51 billion, CYN 112.14 billion, CYN 121.69 billion, and CYN 133.13 billion, respec-
tively. Based on the same method, the foreign-trade freight volume from 2021 to 2025 is
shown in Table 10.

Table 10. Predicted value of foreign-trade freight volume in 2021–2025.

Year 2021 2022 2023 2024 2025

Secondary industry (hundred million CYN) 523 598 683 703 755
Volume of import and export trade (billion USD) 48 53 58 62 68

RFTK (hundred million tons) 41 45 50 53 57
Foreign-trade freight volume (ten thousand t/a) 1715 1826 1943 1968 2012
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Based on the above models, this research predicted the throughput of Dongjiakou
Port. In the analysis, the key impact factors were screened by qualitative and quantitative
methods, and the magnitude relationship between the impact factors and the port through-
put were analyzed by using a multiple regression equation. Next, a grey model was used
to predict the impact factors, and finally the throughput of Dongjiakou Port was obtained.

The throughput equation that was set for Dongjiakou Port is as follows:

y = 0.001929Zx3 + 0.000152Zx6 + 0.000295Zx9 + 0.000112Zx10 + 7.16× 10−5Zx15 + 3× 10−5Zx16 + 0.091330

According to the predicted results, the predicted value of the impact factors was
as follows:

X3(2025) = 25, X6(2025) = 683, X9(2025) =

58, X10(2025) = 1121, X15(2025) = 50, X16(2025) = 2006.3

By substituting the predicted values of the impact factors into the prediction equation,
we acquired the following:

Y (2025) = 0.729

Therefore, the throughput of Dongjiakou Port area in 2025 would be 72.9 million
tons. To show the order of our prediction, this article only shows the relevant calculation
processes. As grey prediction is a basic prediction method, and the calculation process is
relatively straightforward. The throughput prediction of the port was performed after the
determination of the linear regression model, the determination of the six factors affecting
the port throughput, and the speculation of the situational context of the six factors during
the chosen time period. Combined with the prediction of the linear regression equation
and the influencing factors, X3, X6, X9, X10, X15, and X16 were substituted into the original
formula, and the prediction value for 2025 was achieved.

4.3. Comparison Analysis between the Throughput Prediction and Actual Value

According to the above formula, this research calculated the prediction value from
2014 to 2020 and compared the results with the actual values (Table 11).

Table 11. Throughput comparison of Dongjiakou Port area from 2014 to 2020.

Year Actual Throughput Predicted Throughput Deviation

2014 0.0345 0.0352 0.0202
2015 0.0568 0.0559 −0.0158
2016 0.0832 0.0829 −0.0036
2017 0.1523 0.1528 0.0033
2018 0.2433 0.2510 0.0316
2019 0.3618 0.3502 0.0116
2020 0.1391 0.3698 −0.2307

After the prediction and the analysis of the throughput of the Dongjiakou Port area
from 2014 to 2020 using a grey model, the actual throughput in 2014 was 3.45 million tons,
while the predicted throughput was 3.52 million tons; the deviation value was 2.02%. In
2018, the actual throughput was 24.33 million tons, while the predicted throughput was
25.1 million tons, with a deviation of 3.16%. Furthermore, the actual throughput in 2020
was 13.91, and the predicted throughput was 36.98, resulting in a deviation of 23.07%. The
analysis indicated that the deviation was within an acceptable range. In addition to the
positive and negative values, the deviation was greater in 2020 due to the influence of
uncontrollable factors, such as the global COVID-19 pandemic. By comparing the actual
throughput, the deviation values were within ±5%, except for 2020, indicating that the
model prediction for the throughput of the Dongjiakou Port area in this research was valid.

Currently, the Dongjiakou Port area is still in the planning and construction stage.
Based on the above calculations and analyses, the port throughput of 72.9 million tons
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in 2025 will overwhelm the existing infrastructure and functionality, especially the port
handling capacity. Therefore, further planning and design for the port are urgently needed.
The port planning and layout are critical to improve port throughput, and the actual
throughput should be considered as a guide for the overall planning and layout, along with
the future predictions, so that the development of Dongjiakou Port can meet the demands
of the future.

5. Discussion
5.1. Findings

Based on the results, our research had several important findings.
First, the current demand of Dongjiakou Port could be accurately predicted. The

prediction results showed that the overall planning and design layout of the port will not
meet future requirements. Therefore, the overall design and layout of Dongjiakou Port
must be reconsidered and redesigned including the operational areas based on the existing
design and layout.

Second, when redesigning Dongjiakou Port, it will be necessary to redesign the five
functional areas, including the main functional area, the wharf operation area, the logistics
area, the comprehensive service area, and the reserved port development area, so as to
ensure that the design will provide services for future growth.

Third, in modern economic development, the cooperation and the division of labor
between ports has been a trend in future port economic development. The competition
and cooperation between Dongjiakou Port and the surrounding ports have been key
factors affecting the demand and throughput of Dongjiakou Port. Therefore, improving the
cooperative relationships among the ports and their competitiveness should be considered
as part of the collaborative development of Dongjiakou Port.

Fourth, the prediction of port throughput can promote further planning and sustain-
able development of the port. At the same time, it can drive the development of the local
society and regional economy, as well as encourage the development of the coastal areas in
eastern China and provide references for the construction of coastal ports. It may also have
an overall impact on the ecosystem of relevant regions, watersheds, and sea areas, as well
as on the development of peripheral enterprises and the lives of local residents. This study
can also support policy creation and decision-making for local governments, as well as
provide policy recommendations for other coastal countries like China. In addition, along
with the recent fundamental changes in the port industry, ports must address formidable
environmental challenges. It is important and often imperative to prioritize environmental
concerns in their operation, planning, and development; to improve their environmental
performance; and to make the transition to sustainable production and consumption pat-
terns [44–46]. The implementation of reasonable port planning would have a long-term
impact on the protection of coastal ecological environments.

Moreover, with the growth of the global economy and the promotion of The Belt
and Road policy in China, port construction and development have new opportunities.
From the perspective of port design and construction in China, challenges remain in the
prediction of port handling capacity. At present, China’s port prediction and research are
still in the primary stage, which has led to a lack of theoretical guidance and theory in the
process of port design and construction. Therefore, this research on the development of the
Dongjiakou Port area may provide a reference to optimize port layouts and to accelerate
economic development not only in Qingdao, but also for the construction and sustainable
development of deep-water ports around the world.

5.2. Practical Application

According to our research and based on the development status and the trends of
Dongjiakou Port, the following practical countermeasures were proposed for the demand
of the port area.

(1) Continuously optimizing the structure of port cargo and strengthening the dominant cargos
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As was found in our analysis results, deficiencies in the concentration of goods into
Dongjiakou Port exist, and the integration of goods and the trends of diversification showed
downward and upward trends, respectively. To some extent, these indicated that the trend
of the diversification of goods in Dongjiakou Port has appeared in the development process.
Through such diversification, the risks and impacts of a single-cargo type on the sustainable
development of Dongjiakou Port will be avoided, and it could also play a positive role in the
development capacity and profitability of the port. However, from another point of view,
this diversification has led to an insufficient concentration of port cargo and a tendency
towards equalization, which may lead to riskier blind imports in an effort to introduce
new varieties of goods in future development. Therefore, the port will need to consider a
large range of specific situations and combinations in any future development, such as the
transport of containers, coal, crude oil, ore, and grain, as principal transactions, in order to
enhance the port’s competitiveness and maintain its demand throughput. According to
location theory, when the port area reaches a certain scale, it will promote local competition,
which is necessary for the development of all regions. Therefore, the Dongjiakou Port area
should cultivate its diversification of goods according to its own development requirements
and implement risk dispersion on the basis of further improving market competitiveness.

(2) Strengthening port infrastructure construction and improving the adaptability of
berth handling capacity

Dongjiakou Port has deficiencies in its handling capacity of containers and superior
cargos. At present, the port has a relatively strong influx of coal cargo, which led to coal
being the key cargo in planning and design. However, as compared to other ports, the
transportation capacity of Dongjiakou Port has had some deficiencies in the development
of its coal transport business in recent years, which will require the optimization of cargo
handling to attract a larger supply of goods and further enhance the throughput needs of
the port; at the same time, the developing trend of large-scale ships, networks of trunk lines
and alliance operations, and the corresponding professional docks should be considered
as well. To further improve demand and competitiveness, Dongjiakou Port also needs to
strengthen economic cooperation with hinterland cities, expand their distribution network,
and cultivate high-quality sources of goods through superior loading/unloading and
transportation efficiency. Through the cultivation of relevant industries and goods, the
influence of the port can be expanded.

(3) Layout of complementary port areas and functional improvements

Dongjiakou Port should consider its layout and the complementary functions of
various areas when planning changes for the internal and external environment as well as
the demand of port transportation services to further enhance the development potential
and competitiveness of the port and improve its professional level. First of all, the port
needs to be developed further. By studying the industrial chain, investment schemes, and
operation plans, three directions of the port area with coal, crude oil, and ore as priorities
should be further optimized. Secondly, it should develop other bulk groceries, moderately
and in combination with the actual situation, and focus on becoming a comprehensive hub
for the region, with a north–south echo that is coordinated with the location. Thirdly, the
vigorously building and development of the distribution base of oil and chemical products
in the port area would be a useful way to improve its logistics and service capability in the
region. Finally, the port should focus on grain, steel, fertilizer, and other cargo, while giving
consideration to clean, environmentally friendly cargos to realize sustainable development
and the modernization of the port.

5.3. Limitations and Future Directions

Although our predictions and study of port throughput may provide suggestions for
port handling capacity and the development of newly constructed ports, there were still
several limitations that may provide direction for future studies.
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(1) First, the development of ports is influenced by various internal and external factors.
Although research has focused on the analysis of impact factors on new port through-
put and planning, other factors have yet to be considered. Therefore, further research
on the impact factors of port throughput is needed.

(2) Second, due to the influence of various factors, the prediction indicators we selected
had limitations and would need to be continuously optimized for future studies.

(3) Third, certain assumptions should be taken as preconditions in the construction of a
prediction model. However, if the assumption is too idealized, there will inevitably be
deviations between the prediction results and the actual results. Therefore, the model
should be further optimized in future research to improve the prediction accuracy
and the prediction ability of the model.

Furthermore, future research should focus on grade evaluation standards for green
ports, innovative port development, and sustainable port planning. The integration of the
geographic spatial autocorrelation model and the grey model with GIS technology could
support correlation analyses of port development and regional economic development.
To meet their sustainable goals, the transformational development of ports must rely on
each port’s distinct advantages and explore innovative concepts and designs that will meet
current and predicted demands of the port and the surrounding area.

6. Conclusions

In light of the energy crisis and the deterioration of the ecological environment, emerg-
ing issues such as sustainable development have been a focus in international and domestic
research. The Bohai Economic Rim is currently facing similar challenges concerning en-
vironmental pollution, a shortage of resources, etc. In order to answer these challenges,
it is necessary to achieve sustainable development in the Bohai Economic Rim. China’s
shipping industry is in a period of rapid development. The port industry, as a pillar of the
shipping industry, is one of the critical elements. In today’s society, the rise and decline of
the shipping industry directly affects the rise and fall of national trade, and the rise and fall
of national trade will affect the economic development and even the international discourse
power of China.

Qingdao, as the leading city in the coastal economic development of the Bohai Eco-
nomic Rim, inevitably needs a comprehensive hub and international shipping center to
support its economic status and improve its influence in the Bohai Economic Rim. Its
economic development and resource conservation can promote sustainable and economic
development in the area. This is the research significance of deep-water port demand
prediction and development. As a rare deep-water port in the transportation center of
Qingdao, Shandong Province, and the port circle of Northeast Asia, Dongjiakou Port has
the potential to improve the comprehensive transportation and service capacities of Qing-
dao as a port city, but it can also enhance its competitiveness and consolidate its position as
a key port in the western Pacific Ocean region.

The prediction of the demand and the throughput of Dongjiakou Port in this research
can provide data to support the future planning and design of the port. In addition, based
on our research of the relevant international literature, the grey model, principal component
analysis, and other methods were used to predict the throughput of the Dongjiakou Port
area from 2021 to 2025. To verify the feasibility of the model, the throughput of the port area
from 2009 to 2020 was compared, and the effectiveness of the model was verified. Finally,
we concluded that this model could calculate the future throughput of a newly built port, to
a certain extent, and provide support for the development of a newly built port. In modern
economic development, the cooperation and division between ports has been a trend in
sustainable development, and the competition and cooperation between Dongjiakou Port
and peripheral ports are also key factors affecting port throughput demand.

With the development of the Dongjiakou Port area, the port handling capacity of
Qingdao Port will increase, which will form a multi-industry integration centered on port
industries in order to drive regional economic growth. Research on demand prediction and
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the planning of deep-water ports can promote the value of Qingdao Port as an international
trade hub. Meanwhile, due to the large trading volume of bulk goods and the high
requirements of transportation time, the “last kilometer” of inland and coastal ports could
be opened through demand prediction and targeted planning, which could significantly
shorten transportation times and save on shipping costs. Therefore, it could also ease the
challenges in transporting bulk goods to inland areas of China and other countries. In
addition, the research on the demand prediction and planning of Dongjiakou Port could
also promote the competitiveness and sustainability of other ports.

Author Contributions: X.Z.: conceptualization, supervision, methodology, formal analysis, writing—
review and editing. W.L.: data collection, formal analysis. Y.X.: software, writing—review and
editing. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Social Science Foundation of China (20CGL001),
the 2021 Research Project of Shandong Social Science Planning(21CLYJ17),the 2021 Research Project
of the Rural Public Service Research Institute of National Public Culture Development Center of the
Ministry of Culture and Tourism of China (RZ2100002798), the Cultivation Project of Social Science
Foundation of Qingdao University (RZ2100005010), and the Curriculum Cultivation Project of the
College of Quality and Standardization, Qingdao University (RH2100003415).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be available on request from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Huang, Y.H.; Chen, X.L. Port throughput prediction based on optimized GM (1,1) model. China Navig. 2019, 42, 136–140.
2. Wang, Z.Z.; Chang, D.F.; Zhu, Z.L.; Luo, T. Analysis and prediction of quarterly container throughput based on ES Markov model.

China Navig. 2019, 42, 125–130.
3. Tang, S.M.; Lan, P.Z.; Zhu, J.J. Typical factor prediction model of port throughput. J. Shanghai Marit. Univ. 2018, 27, 41–44.
4. Guo, X. Research on container throughput prediction based on integrated prediction model. Logist. Technol. 2019, 26, 98–103.
5. Ashrafi, M.; Acciaro, M.; Walker, T.R.; Magnan, G.M.; Adams, M. Corporate sustainability in Canadian and US maritime ports.

J. Clean. Prod. 2019, 220, 386–397. [CrossRef]
6. Zadorin, M.Y.; Zaikov, K.S.; Kuprikov, N.M.; Kuprikov, M.Y. Legal and eonomic prospects for the arctic seaport developments of

the Northern Dimension partner countries (Russia and the European Union). Sustainability 2022, 14, 2373. [CrossRef]
7. Zhang, L.Y.; Yang, Y. Research on port container throughput prediction model based on PCA-SVM. Jiangsu Bus. Theory 2019, 31,

34–38.
8. Weng, W.J.; Cao, H.X. Grey prediction of El Nino years. Yellow Sea Bohai Sea 1989, 10, 18–24.
9. Wu, Y.C. A method to improve the accuracy of grey prediction model. Syst. Eng. 1997, 9, 26–32. (In Chinese)
10. Lin, G.H.; Du, G.; Nie, X.; Feng, B. Prediction of blast furnace dust based on grey system GM (1, N) model. Ind. Saf. Environ. Prot.

2005, 12, 24–26.
11. Hu, K.M.; Jiang, Y.; Wang, S.L. Prediction algorithm of port cargo throughput based on grey neural network. Logist. Technol. 2018,

20, 68–72.
12. Li, H.J.; Yao, H.G.; Li, S.R.; Huang, Q.L.; Shao, Y.J. Passenger flow prediction of Hongqiao comprehensive transportation hub

based on grey neural network. Sci. Technol. Innov. 2020, 36, 121–122.
13. Khalid, B. The ISPS Code and the cost of port compliance: An initial logistics and supply chain framework for port security

assessment and management. Marit. Econ. Logist. 2004, 6, 322–348.
14. Kipnis, B.; Hayuth, Y. The shipping and port sectors—Their economic impact on metropolitan Haifa. Sapanut 1988, 15, 41–49.
15. Slack, B.; Comtois, C.; Mccalla, R. Strategic alliances in the container shipping industry: A global perspective. Marit. Policy Manag.

2002, 29, 65–76. [CrossRef]
16. Fremont, A.; Parola, F.; Soppe, M. Vertical adjustments between liner shipping and container handling industry on the global

scale: Divide et impera? In Proceedings of the International Association of Maritime Economics Conference, Athens, Greece,
4–6 July 2007.

17. Rodrigue, J.P.; Notteboom, T. Foreland-based regionalization: Integrating intermediate hubs with port hinterlands. Res. Transp.
Econ. 2010, 27, 19–29. [CrossRef]

18. Huo, W.W.; Zhang, W.; Shu, P.; Chen, L. Recent development of Chinese port cooperation strategies. Res. Transp. Bus. Manag.
2018, 26, 67–75. [CrossRef]

http://doi.org/10.1016/j.jclepro.2019.02.098
http://doi.org/10.3390/su14042373
http://doi.org/10.1080/03088830110063694
http://doi.org/10.1016/j.retrec.2009.12.004
http://doi.org/10.1016/j.rtbm.2018.01.002


Sustainability 2022, 14, 4276 21 of 21

19. Wang, Y. Analysis of the development potential of bulk shipping network on the Yangtze River. Marit. Policy Manag. 2017, 27,
57–62.

20. Li, Y.; Chen, X.W.; Huang, Z.S.; Wu, Z.T. Analysis of Shenzhen port container development countermeasures under the
background of Guangdong-Hongkong-Macao Greater Bay Area. IOP Conf. Ser. Earth Environ. Sci. 2021, 631, 43–45.

21. Olba, X.B.; Daamen, W.; Vellinga, T.; Hoogendoorn, S.P. Network capacity estimation of vessel traffic: An approach for port
planning. J. Waterw. Port Coast. Ocean. Eng. 2017, 143, 35–36.

22. Hou, B.Y. Research on logistics demand forecasting of Yingkou Port based on combination forecasting method. Dalian Jiaotong
Univ. 2013, 141, 41–49. (In Chinese)

23. Jiao, K.; Cheng, L.; Tao, Y.; Chen, P.; Chen, W. Prediction studies of River Water Quality Based on Moving Average Weighted
Markov Model—A Case Study of Shiwei Port, Jingjiang City. IOP Conf. Ser. Earth Environ. Sci. 2021, 631, 28–29. [CrossRef]

24. Wu, H.; Zhang, L.; Liu, D.; Yang, B. Research on prediction method of port logistics demand trend—analysis of Chongqing Port
logistics demand trend based on combined prediction model. Price Theory Pract. 2019, 19, 75–78. (In Chinese)

25. Tan, F.; Ma, X.J.; Li, D.G.; Li, Y.Q. Planning and design ideas for green port. Port Waterw. Eng. 2021, 10, 104–110.
26. Langenus, M.; Dooms, M. Creating an industry-level business model for sustainability: The case of the European ports industry.

J. Clean. Prod. 2018, 195, 949–962. [CrossRef]
27. Fahdi, S.; Elkhechafi, M.; Hachimi, H. Machine learning for cleaner production in port of Casablanca. J. Clean. Prod. 2021, 294,

126–296. [CrossRef]
28. Fan, Y.Y.; Yu, S.Q. Prediction of port container throughput based on NARX neural network. J. Shanghai Marit. Univ. 2015, 26, 1–5.

(In Chinese)
29. Wu, J.X. Short term prediction and analysis of container throughput of coastal ports based on Ali model. Port Econ. 2016, 11,

26–28.
30. Zhao, N.; Zhen, H. Construction of port niche model and measure of resource overlapping in port group. Navig. China 2015, 38,

117–122.
31. Zhang, L. Application Research on big data governance model of port logistics service. Econ. Outlook Bohai Sea 2018, 7, 41–42.
32. Gu, J.H.; Li, N.; Yang, C.; Yin, M.Y. A proposition on the model for the estimation of PSC inspection based on MSA big data. China

Marit. Saf. 2019, 2, 12–14. (In Chinese)
33. Yang, B.; Mao, J.Q. Construction of knowledge service model of port supply chain enterprises in big data environment. Railw.

Transp. Econ. 2020, 8, 39–45.
34. Liao, S.G.; Yang, D.; Bai, Q.W.; Weng, J.X. Calculation method of port handling efficiency based on ship big data. J. Transp. Syst.

Eng. Inf. Technol. 2021, 2, 217–223.
35. Ling, Q. The preliminary study of evaluation index system for the Shanghai green port. Port Technol. 2022, 13, 4–6.
36. Song, X.B. The developing status of green port in China and some suggestions. Port Technol. 2022, 16, 7–10.
37. Schinas, O. The Impact of Air Emissions Regulations on Terminals. In Handbook of Terminal Planning; Operations Research/Computer

Science Interfaces Series; Böse, J.W., Ed.; Springer: Cham, Germany, 2020; pp. 213–244. [CrossRef]
38. Meng, Y. “Carbon peak” and “carbon neutralization”, green port’s great potential. China Ports. 2021, 5, 23–24.
39. Peng, C.S. The issues concerned with green port grade evaluation. Port Technol. 2022, 5, 1–6.
40. Casazza, M.; Lega, M.; Jannelli, E.; Minutillo, M.; Jaffe, D.; Severino, V.; Ulgiati, S. 3D monitoring and modelling of air quality for

sustainable urban port planning: Review and perspectives. J. Clean. Prod. 2019, 231, 1342–1352. [CrossRef]
41. Chen, X.; Li, D.; Zhang, L.H.; Wang, J.; Luo, X.H.; Zhang, W. Throughput prediction of Jingzhou Port based on improved support

vector machine (SVM) model. Water Transp. Eng. 2020, 28, 38–42.
42. Deng, G.D.; Chen, J.X.; Liu, Q.L. Influence mechanism and evolutionary game of environmental regulation on green port

construction. Sustainability 2022, 14, 2930. [CrossRef]
43. Franzen, M.O.; Fernandes, E.H.L.; Siegle, E. Impacts of coastal structures on hydro-morphodynamic patterns and guidelines

towards sustainable coastal development: A case studies review. Reg. Stud. Mar. Sci. 2021, 44, 101800. [CrossRef]
44. Chlomoudis, C.; Pallis, P.; Platias, C. Environmental mainstreaming in Greek TEN-T ports. Sustainability 2022, 14, 1634. [CrossRef]
45. Yuan, L. Demand forecast and planning of Chongqing Changshou Port. Chongqing Jiaotong Univ. 2013, 11, 182–192.
46. Zhu, Q.H.; Gou, X.Y. Container throughput prediction of Shanghai Port based on wavelet neural network. China Water Transp.

2019, 31, 25–27.

http://doi.org/10.1088/1755-1315/631/1/012060
http://doi.org/10.1016/j.jclepro.2018.05.150
http://doi.org/10.1016/j.jclepro.2021.126269
http://doi.org/10.1007/978-3-030-39990-0_10
http://doi.org/10.1016/j.jclepro.2019.05.257
http://doi.org/10.3390/su14052930
http://doi.org/10.1016/j.rsma.2021.101800
http://doi.org/10.3390/su14031634

	Introduction 
	Theory and Methodology 
	Grey System Theory 
	Data Collection and Extraction 
	Grey Prediction and Grey Model 
	Demand Prediction of Port 
	Prediction Model of Port Throughput 
	Green Ports and Port Sustainability 

	Status Description of Port Area 
	Natural Conditions of Port Area 
	Development Situation of Port Area 
	Characteristics of the Port Area 
	Description of the Challenges Related to the Port Area 

	Analysis of Demand Prediction 
	Prediction Model of Port Throughput 
	Prediction Method 
	Index System Construction 
	Establishment of Prediction Model 

	Prediction of Impact Factors of Port Throughput Based on GM (1,1) Model 
	Comparison Analysis between the Throughput Prediction and Actual Value 

	Discussion 
	Findings 
	Practical Application 
	Limitations and Future Directions 

	Conclusions 
	References

