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Abstract: Coal is a basic resource and its use guarantees the development of national
economies and human society. Thus, coal transportation is an important part of China’s
overall transportation system. In this system, ports are the vital transit nodes. This study
considered coastal ports in China and analysed the evolution of coal transportation from 1973
to 2013. We focused on the spatial pattern of coal loading and unloading, and summarized
the main characteristics and development of the processes. Then, we examined the volumes
of coal transported and regional changes in these amounts using mathematical models and
indicators. Finally, we analysed the specialized function and spatial differentiation of the ports
involved in coal transportation to reveal their spatial relationship and temporal evolution. We
found that the spatial pattern of coal transportation changed from “south input and north
output” to “all input and north output”. However, the prominent ports used for coal unloading
are still concentrated in areas south of the Yangtze River. Coal loading is concentrated on the
west bank of Bohai Bay. In addition, some ports around Bohai Bay, such as Dandong, Dalian,
Yantai, and Qingdao, changed from traditional coal loading ports to unloading ports. This
study further developed the theory of transport geography, and improved our understanding
of China’s coal transportation system.
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1 Introduction

Coal is the main energy resource in China and is an important industrial material. It provides
about 70% of the country’s energy and more than 60% of the raw materials used by industry.
In the next ten years, the heavy chemical industry will continue to grow and the consump-
tion of coal will also expand. The country’s coal-dominated energy consumption structure
cannot be changed for quite a long time. Therefore, consideration should be given to the
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supply and transportation network of coal resources (Cai and Zhang, 2006). Many studies
have been conducted worldwide on coal transportation and supply. Some have compared the
cost of different transportation modes to determine the optimum systems, such as identifying
the best ways to transport coal from west to east in Canada (Ash and Waters, 1991), and
comparing the cost of coal transportation in the American West Highlands by slurry pipeline
and railway (Kania, 1984). The relationship between coal transportation and the geographi-
cal environment is an interesting research field. Socio-economic systems and topography are
important factors that can affect coal transportation; in particular, the spatial structure of
existing transport networks directly determines the pattern of allocation of coal resources
(Elmes, 1984). Mathematical models have been used to depict coal flows from the coal sup-
ply base to the consumption base. Some studies have analysed the coal flow in America
(Leblanc et al., 1978). Many studies have also considered the global coal logistics network
(Zaklan et al., 2012). Research in different countries has had a different emphasis because of
the different spatial relationship between coal distribution and socio-economic systems.
China is rich in coal resources, but also has a huge demand for coal consumption. Coal pro-
duction and transport are of great significance to China’s social and economic development
(Todd, 1997). Previous studies have considered the spatial and temporal coordination of the
national energy supply (Zhang et al., 2012), investigated the spatial and temporal pattern and
undertaken a potential evaluation of the development of China’s energy resources (Ma et al.,
2010), and analysed China’s coal supply and future output (Wang et al., 2013). These studies
have evaluated the developmental pattern of coal resources in China. The spatial mismatch
between the coal supply base and the consumption market has prompted many researchers to
consider interregional allocation and the transporting of coal resources (Yu et al., 20006).
Some studies of the spatial and temporal variation of the coal satisfaction rate,
self-sufficiency rate, and external satisfaction rate have been conducted (Ma and Jin, 2014).
Many studies have considered the evolution of the spatial flow pattern of coal resources and
the factors that have influenced its development in China (Zhao and Yu, 2007; Cheng et al.,
2008; Wang et al., 2009; Che et al., 2014; Wang and Zhao, 2014). The development of
transport corridors and their routes are also important issues that have been investigated.
Researchers have systematically analysed the current situation and development of the coal
trade and its transport corridors in China (Wang and Ducruet, 2014), with a focus on the op-
timization of the distribution of the corridors (Wei, 2008; Liu et al., 2013) and the railway
network (Ji and Zhao, 2014; Jiang et al., 2013). There have been few studies of coal trans-
portation at ports. Existing studies have mainly focused on two aspects. One is the forecast-
ing of coal throughput at ports (Liu et al., 2014), while the other is research regarding spe-
cific ports or areas; for example, studies of the current situation with regard to coal trans-
portation in the ports of Qinhuangdao and Tianjin (Yang, 2011; Yu, 2012), investigating the
logistical coal capacity of ports in Tianjin and Hebei Province (Dong and Wang, 2012), and
considering the evolution and dynamic mechanisms of coal transportation for the ports
around Bohai (Wang and Wang, 2014).

In summary, previous studies have mainly focused on the pattern of coal exploitation, the
interregional allocation, and transportation by the rail network. Few studies have focused on
coal transportation through ports, especially on the spatial pattern and evolution of coal
transportation of China’s coastal ports using long-term data. Therefore, this study considered
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the characteristics and evolution of coal transportation at China’s coastal ports using data
collected since the 1970s. The aim was to identify and summarize any spatial patterns, in-
vestigate the relationship between loading and unloading, and to obtain a better understand-
ing of China’s coal transportation system.

2 Data and methods
2.1 Data and samples

This study used coal transportation data

for China’s coastal ports and some re- " VZHOY. i eom

lated economic indicators. The coal e”"WRive, Qinhuangdags” Dandong
transportation data was coal throughput, Ti;;_nel.d lan. o

and loading and unloading volumes, Huanghua ngtan%(an?;lihan o
while the economic indicators were , .
mainly performance data for high coal N Qingdao
consumption industries, which reflect p

the demand for coal. The coal transpor-

tation data for China’s coastal ports Yangzhod? antong

were obtained from the Yearbook of Nanjing—7" 3} C%S?c%%hg‘?
China Transportation and Communica- }t?’?&ee Zhag;mg . irlllggha]
tions, published by China’s Ministry of i, 5 J Ningbz}msmm
Transport. A small number of data were Taizhous

obtained from port portals. Related eco- WenZhO :

nomic data were taken from the China Ningdes§/

Statistical Yearbook. The study consid- pFlElZ:r? lig

ered the period from 1973 10 2013. As |, - y chggan%;’ﬁﬁﬁa ; ?(01/'
the focus of the study, we selected FangCva‘ngzho H.uizﬁou §ham0um§ .
coastal ports in China, of which there i“;i‘lgania , o il ;

are 57 according to the National Plan o Maomyge e/ | o atignc 200 Sotith China
for Coastal Port Layout (Figure 1). Tn | ¢ azg‘;?ii;"g Zhuhai Sea lslands
the Yangtze River Delta, we followed “ ~~mnRiver

the traditional definition, in which ports |Basuo., I b * Port

below Nanjing are considered to be
ocean ports.

2.2 Evaluation model

Figure 1 Coastal ports in China

National coal transportation at ports is a complex spatial system involving many different
ports. Each port has different levels of dominance and throughput. Furthermore, there is not
only coal loading, but also coal unloading occurring at individual ports, which can reflect
the relationship between regional development and the supply and demand of coal. To ex-
amine the complexity of coal transportation and reveal the characteristics of spatial variation,
we measured indexes based on three aspects: the spatial agglomeration level of port coal
transportation, intensity of specialized function, and the relationship between loading and
unloading in the same port.
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Agglomeration is an important spatial concept in geography. It can reflect the spatial
non-equilibrium of resources and economic activities. An agglomeration analysis of coal
transportation is beneficial to the study of spatial structure and can identify the characteris-
tics of spatial variation of coal transportation system. It can also reveal the status and func-
tion of different ports in the coal transportation and national economic network. The Her-
findahl-Hirschman Index (HHI) is an effective method used to measure spatial agglomera-
tion; thus, we used it to evaluate the spatial agglomeration of coal transportation. The for-
mula used in the calculation is as follows:

HH, =) (X, /T)’ (1)
i=1
where X; is the coal throughput or the volume of coal loaded and unloaded at port 7, and T is
the total throughput or the volume of coal loaded and unloaded at all coastal ports. The
range of HH; is [0, 1]. The closer to zero the value is, the lower the level of spatial agglom-
eration is.

The HH; index can only evaluate the macro-spatial structure of port coal transportation. It
cannot be used to determine the status and hierarchy of each port in the whole system. A
location quotient is required. The cargo location quotient is the ratio of the proportion of a
certain type of cargo in a single port to its proportion among all coastal ports in the country.
It can reflect the level of specialization of the port toward coal transportation and the stan-
dard of the terminal facilities. The formula used in the calculation is as follows:

0. = L /t; _ tij/zzl':lti/
ij - - m n
nr Doty 220

i=1 j=1
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where Qj; is the location quotient of cargo j for port i, #;is the throughput of cargo j for port i,
t; is the throughput of port i, T; is the throughput of cargo j for all coastal ports, and T is the
total throughput of all coastal ports. If Q;; <1, then port i does not have specialized func-
tions in the transportation of this cargo. If Q;;>1, cargo j is the specialized cargo for port i,
and the larger the value is, the stronger the specialized functions of the port are.

Although the location quotient of coal can be used to investigate the transportation ad-
vantages of an individual port, it cannot be used to determine the relationship between coal
loading and unloading at the same port. This relationship reflects different aspects of re-
gional development and the supply and demand of coal. Thus, we constructed the R; index to
evaluate the relationship between the loading and unloading of coal. The formula used in the
calculation is as follows:

R =Ty [Ty = Ty [(Tye + Ty 3)
where Tj, is the volume of coal loaded at port i, and Tjyis the volume of coal unloaded at
port i. The range of R; is [0, 1]. The closer to 1 the value is, the higher the level of coal
loaded at the port is.

3 Spatial evolution of coal loading and unloading at China’s coastal ports

The transportation of any goods involves both an origin and a destination. Most of the coal



242 Journal of Geographical Sciences

throughput at China’s ports is domestic. Coal loading and unloading takes place at different
ports in China. The different coal loading and unloading ports reflect the spatial relationship
between ports, the coal supply base, coal consumption market, and shipping routes. An in-
vestigation of the spatial pattern and evolution of coal loading and unloading ports can help
us to understand the pattern and mechanism of coal transportation in China.

3.1 Spatial pattern and evolution of coal loading

Port coal loading refers to the transportation of coal to ports by road and then the outward
shipping of the coal. A port is not only the starting point of the coal shipping process, but is
also the gateway of land transportation of coal. The location, throughput, and spatial ag-
glomeration level of coal loading ports can reflect the relationship between ports, the coal
supply base, and transportation corridors. In this study, we systematically established the
volume of coal loaded at China’s coastal ports (see Figure 2).
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Figure 2 Spatial pattern and evolution of coal loading at coastal ports in China, 1973-2013

Since the 1970s, the pattern of coal loading at China’s coastal ports has roughly evolved
in four stages. Each stage had a different number of ports, area served by ports, loading scale,
and level of activity as a proportion of national port activity. In the first stage, in the early
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1970s, there were only 11 coal loading ports: Qinhuangdao, Shanghai, Qingdao, Lianyun-
gang, Dalian, Guangzhou, Yantai, Zhanjiang, Tianjin, Shantou, and Yingkou. The scale of
coal loading was very small at only 14.47 million tons in 1973. Qinhuangdao and Shanghai
loaded larger volumes of 5.04 and 4.07 million tons, respectively. A “north output” pattern
of coal loading ports began to appear. During the second stage, in the mid-1980s, the number
of coal loading ports gradually increased, especially in the Yangtze River Delta. There were
29 ports in this period. The volume of coal loaded was 75.74 million tons in 1986. Qin-
huangdao loaded the largest volume of coal in China at 31.50 million tons, which repre-
sented 42% of the national total. In Shanghai 13.50 million tons were loaded, and the dif-
ference in the volume loaded between Qinhuangdao and Shanghai continued to increase.
There was a high degree of spatial agglomeration and the loading volume was concentrated
on the west bank of Bohai Bay, the south of Shandong Peninsula, and the Yangtze River
Delta. A “north output” pattern officially formed, which resulted from the output of the three
western districts of the three provinces region (Shanxi, Shaanxi, and Inner Mongolia
Autonomous Region). Since the beginning of the third stage in the 1990s, the number of
coal loading ports increased rapidly. There were 39 ports in 1995, in which a total volume of
152 million tons of coal was loaded. At 12 ports, more than one million tons of coal was
loaded. Qinhuangdao handled the largest volume of 64.88 million tons, accounting for
42.7% of the national total. The volume handled at Tianjin, Rizhao, and Shanghai was more
than 10 million tons. This was closely related to the rising volume of coal exported, which
accounted for more than 25% of the loading volume in these ports. The volume of coal
loaded continued to increase on the west bank of Bohai Bay and the south of Shandong
Peninsula, while at the Yangtze River Delta the volume remained relatively stable. The coal
output function of northern ports continued to strengthen. In the fourth stage, since the 21
century, the volume of coal loaded increased at a faster rate. It was 414 million tons in 2005
and 914 million tons in 2013. Coal exports decreased rapidly during this period due to the
tightening of the resource export policy and the implementation of an energy security strat-
egy. Therefore, growth in the coal loading volume was mainly due to the rapid increase in
domestic trade. The number of ports was 49, with 34 where the volume of coal loaded was
more than one million tons. Qinhuangdao was still the largest coal loading port in China,
handling around 40% of the national total, but there was a downward trend in later years,
with the figure decreasing to 25.8% in 2013. The volume of coal loaded at Huanghua port
increased to 130 million tons, accounting for 14.5% of the national total. Tianjin, Jingtang,
and Caofeidian each accounted for 9%. The five ports with the largest volumes of coal
loaded in 2013 were located on the west bank of Bohai Bay, and together accounted for
67.3% of the national total. Therefore, the “north output” pattern of coal loading did not
change and continues to develop on the west bank of Bohai Bay. The agglomeration level of
the Yangtze River Delta and south of Shandong Peninsula increased. The volume of coal
loaded in the ports in the Pearl River Delta also increased. There was a rapid increase in the
volume of coal loaded in the Beibu Gulf ports, especially in Fangchenggang where the
volume increased from 0.64 million tons in 2005 to 11.63 million tons in 2013. The en-
hancement of the coal loading function of ports in the Pearl River Delta and the Beibu Gulf
was mainly due to the secondary distribution of imported coal.
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3.2 Spatial pattern and evolution of coal unloading

Port coal unloading refers to the transport of coal from other ports. In this system, a port is
the landing gateway to the onward transportation of coal to various regions. The distribution
and scale of coal unloading ports reflects not only coal transportation routes, but also the
location and scale of the coal consumption market. In this study, we systematically estab-
lished the volume of coal unloaded at China’s coastal ports (see Figure 3).
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Figure 3 Spatial pattern and evolution of coal unloading at coastal ports in China, 1973-2013

We can determine the following characteristics from Figure 3. (1) Scattered and isolated
southern ports were initially involved in coal unloading, but it gradually began to occur at all
coastal ports; i.e., a move from a “south input” pattern to an “all input” pattern. The number
of coal unloading ports continued to expand, and unloading coal became the transportation
function of most ports. This is consistent with the growth trend of China's coal imports, and
also reflects that coal brought in through ports was widely used as an energy supply in
coastal areas. Due to the rapid increase in the number of coal unloading ports over time, the
total volume of coal unloaded grew rapidly, but the difference in the scale at each port was
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relatively small. (2) In the early 1970s, there were only nine coal unloading ports: Shanghai,
Guangzhou, Zhanjiang, Shantou, Haikou, Basuo, Beihai, Yantai, and Sanya. These ports
were mainly distributed in southern China and a “south input” pattern began to appear. The
volume of coal unloaded was small, at only 12.89 million tons. Shanghai had the largest
volume, accounting for 88.3% of the national total. (3) In the middle of the 1980s, the num-
ber of ports was 35. They were concentrated in the Yangtze River and southern regions, es-
pecially in the Yangtze and Pearl river deltas. There was a small increase in the number of
northern ports where coal was unloaded. The volume of coal unloaded increased to 56.73
million tons. Shanghai accounted for 57% of the national total, while the other ports made
quite small contributions. During this period, China’s coal imports were small and grew
slowly. The “south input” pattern of coal unloading was strengthened. This was because
there were few coal resources in the southeast coastal area of China, but its developed
economy and dense population consumed large amounts of electric power. The importation
of coal from other regions was the main energy supply mode for this area. (4) The volume of
coal unloaded continued to increase. It reached 110 million tons in 1995, and the number of
coal unloading ports increased to 41. There were 16 ports where the volume of coal
unloaded was more than one million tons. Shanghai was the largest, accounting for 38% of
the national total. In terms of the spatial pattern, coal unloading was concentrated in the
Yangtze River Delta, followed by the Pearl River Delta, the Shandong Peninsula, and the
Liaodong Peninsula. An “all input” pattern began to appear. (5) Since the middle of the
1990s, the demand for coal increased due to rapid economic growth. Domestic trade and the
import of coal experienced strong and rapid growth. China’s coal imports exceeded 200 mil-
lion tons in 2012 and 300 million tons in 2013. In 2011, China surpassed Japan to become
the world's largest coal importer. There was explosive growth in the volume of coal
unloaded in coastal ports since the new century, with the volume exceeding 200 million tons
in 2004, 300 million tons in 2005, 400 million tons in 2007, and 900 million tons in 2013.
The number of coal unloading ports was 57. All of the large and medium sized ports in the
country began to unload coal. The volume of coal unloaded in the northern ports grew rap-
idly. In addition to the Yangtze River Delta and southeast Fujian, the volume of coal
unloaded in the Beibu Gulf and the Pearl River Delta also increased. The “south input” pat-
tern became an “all input” pattern. There were 32 ports where the volume of coal unloaded
exceeded 10 million tons in 2013. Shanghai was still the largest port, accounting for 8.8% of
the national total, although this represented a large decline compared with the early period.
At Ningbo and Guangzhou, more than 50 million tons of coal were unloaded, accounting for
7.5% and 5.5% of the national total, respectively. A comparison of 2013 and 2005 revealed a
trend for rapid expansion in the volume of coal unloaded at ports around Bohai Bay. These
ports became not only coal loading ports, but also unloading ports. At this point, the “all
input” pattern of coal unloading of China’s coastal ports was completed.

4 Spatial agglomeration of coal transportation at China’s coastal ports
4.1 The evolution of spatial agglomeration at all coastal ports

As a special type of bulk cargo, the transportation of coal cannot be evenly distributed. With
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played a significant downward trend during 1973 to 2013. The level of spatial agglomeration
of coal transportation decreased. More explicitly, the three curves of the HHI index shown in
Figure 4 decreased rapidly and significantly before the end of the 1980s, while afterwards,
they showed a steady downward trend and a smaller decline. This indicates that coal
throughput, and the volume loaded and unloaded were eventually distributed among many
different ports, and the phenomenon of concentrating activity in a few ports gradually
weakened. The changes in the early part of this period were due to the increase in the num-
ber of ports, while the changes in the late period were due to changes in the volume of coal
handled at each port. The HHI index value for coal loading was lower than that for
throughput and unloading before the 1980s, but thereafter it was higher than that of
throughput, and after the 1990s it was higher than the value for unloading. This indicates
that the level of spatial agglomeration for coal loading was higher. The phenomenon of con-
centrating activity at a few ports was more prominent. This is consistent with the analysis
above.

(1) Coal throughput: The coal throughput of China’s coastal ports was higher in the 1970s
than later in the study period, with an HHI index value of about 0.35. It started to fall after
the 1980s and reached 0.171 in 1990. It then displayed a steady and slow decline, reaching
0.046 in 2013.

(2) Volume of coal loaded: The HHI index value for the volume of coal loaded declined
steadily throughout the study period. It was 0.244 in 1973 and 0.118 in 2013. Sudden in-
creases in individual years were related to the expansion of the coal loading capacity in
Qinhuangdao port. In particular, the “north output” pattern resulted in the HHI index curve
being higher than the other two curves.

(3) Volume of coal unloaded: The HHI index value for the volume of coal unloaded dis-
played a similar trend, but the decline was more obvious. It was very high in the 1970s, with
a value of 0.785 in 1973. In 1988, it declined to 0.28. Thereafter it declined slowly and
reached 0.036 in 2013. This was mainly due to the rapid expansion of coal unloaded from a
few ports in the early part of the study period to most ports later in the study period. In other
words, it was because coal unloading at coastal ports changed from a “south input” to an “all
input” pattern.
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4.2 The evolution of spatial agglomeration at regional ports

The hinterland of each port has different natural and socio-economic properties. These dif-
ferences, especially the industrial structure and distribution of coal resources, have important
influences on the functioning of coal transportation and its developmental trend. It can also
affect the overall characteristics and functional differences of regional ports. Although each
group of regional ports considered in this study had the function of coal transportation, there
were some differences in the functions of coal loading and unloading. This reflects the di-
verse relationship between regional development and coal supply and demand. As shown in
Figure 5, there were significant differences in terms of the volume of coal loaded at each
group of regional ports. Ports on the west bank of Bohai Bay have maintained an absolute
dominant position in coal loading. Qinhuangdao, Huanghua, Jingtang, and Tianjin are all
loading ports. And most of them are specialized coal ports. The proportion of coal loading
continued to increase throughout the study period. It was 35.2% in 1973 and 75.5% in 2007.
In recent years, an expansion in the coal transport capacity occurred due to the Dagqin,
Shuohuang, and Houyue railways. The Houyue railway provides a direct line to customers,
while Daqin and Shuohuang railways, corresponding to the ports at Qinhuangdao and
Huanghua, respectively, are main lines that can accommodate materials arriving by ocean
shipping. Therefore, the status of ports on the west bank of Bohai Bay has become more
significant in the coal loading system. The Yangtze River Delta was an important coal load-
ing area in the early 1970s. The proportion of national coal loading undertaken here was
41.1% in 1978, but thereafter it continually decreased, reaching 11.6% in 2007. Shandong
Peninsula was another important coal loading area whose contribution to the national total
also declined. It was 20.3% in 1973 and 2.8% in 2013. The volume of coal loaded in the
Pearl River Delta, Beibu Gulf, southeast Fujian, and Liaodong Peninsula was small and sta-
ble, always being less than 5% of the national total.
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Figure 5 Proportion of all port groups involved in coal loading and unloading in China, 19732013

Unloading coal is a transportation function for most ports. Most of the coal unloading ac-
tivity is concentrated in the Yangtze and Pearl River Delta. These two regions are not only
the frontiers of China’s reform and opening up program, but are also the country’s new in-
dustrial bases. A large proportion of China’s population, economic output, and urban spaces
are concentrated here, while in comparison other regions have maintained low levels. For
many years, the Yangtze River Delta was the main region of the country to where coal was
transported. The region was responsible for a large proportion of the national coal unloading,
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but its importance in this regard has continued to decline. In 1973 it accounted for 88.2% of
the national coal unloading, but this had declined to 52.5% by 2013. The Pearl River Delta is
another important region of coal consumption, where the proportion of the national coal
unloading increased at first and then decreased. It was 9.8% in 1973, 30.7% in 2002, and
18.8% in 2013. The volume of coal unloading in southeast Fujian was small, but its propor-
tion of the national total has steadily increased from 1% in 1986 to 7.8% in 2013. Shandong
and Liaodong peninsulas are important regions for coal loading, but their ports also have
unloading functions. The proportion of the national coal unloading undertaken in these ports
has fluctuated significantly, but with an increasing trend. They both increased from 0.3% to
about 5% in 2013, which was mainly due to coal imports. As an area with few coal resources,
the proportion of the national coal unloading undertaken at Beibu Gulf increased before the
end of the 1970s. It reached 2.1% in 1977, and then decreased to 0.3% in 2002. After a pe-
riod of rapid growth, it reached 6.8% in 2013. The west bank of Bohai Bay is the main area
of coal loading in China. The proportion of the national coal unloading undertaken in the
region was tiny prior to the turn of the new century, but has increased significantly in recent
years and reached 3.9% in 2013. This growth is mainly due to the unloading of imported
coal. The enhancement of the coal unloading function of northern ports has begun to gradu-
ally change the traditional functional pattern of ports in terms of coal transportation.

5 Functional differentiation of coal transportation at China’s coastal ports
5.1 Functional differentiation of coal transportation

A port is a traffic node for loading and unloading, storage, and transportation of a variety of
goods. Coal transportation is only one of the functions of a port. The intensity of this func-
tion reflects the level of specialization of the port toward coal transportation and the stan-
dard of the terminal facilities, which has a great effect on port facilities and the spatial
structure of land use. We calculated the location quotient of each port according to the vol-
ume of coal loading and unloading and the results are shown in Figures 6 and 7.

The location quotient of coal loading reflects the intensity of each port in the function of
outputting coal. There were four ports with a location quotient larger than 1 in 1973: Qin-
huangdao, Lianyungang, Qingdao, and Shanghai. Qinhuangdao and Lianyungang had loca-
tion quotients of 3.2 and 2.2, respectively, which indicates that they had significantly advan-
tageous locations for coal loading. There were a few scattered ports with a location quotient
less than 1. In 1986, 1995, and 2005, the number of ports with a location quotient larger than
1 was eight. The location quotient for Qinhuangdao and Rizhao was always larger than 2,
and these ports maintained a dominant position in coal loading. In the mid-1980s, there was
an obvious differentiation in coal loading between the north and the south. Ports with a loca-
tion quotient lower than 1 were mainly distributed south of the Yangtze River. The “north
output” pattern was obvious. Thereafter, some specialized coal ports (e.g., Jingtang and
Huanghua) emerged, and became the main coal loading ports in addition to Qinhuangdao
and Rizhao. In 1995, the advantages of coal loading in the Yangtze River Delta weakened,
while they were strengthened for a small number of ports in south China. The spatial mode
of loading in the northern ports did not change. The spatial pattern of 2005 was strengthened
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Figure 6 Spatial pattern and evolution of the location quotients of coal loading at coastal ports in China

compared with 1986. The advantages of Bohai Bay for coal loading were strengthened,
while the area south of the Yangtze River Delta was weakened. The spatial differentiation of
coal loading became more prominent over the study period. In 2013, ports whose location
quotient was larger than 1 and smaller than 1 were distributed in intervals. There were 12
ports with a location quotient larger than 1, accounting for 1/5 of all ports. The area served
by these ports expanded, and some ports in southeast Fujian and Beibu Gulf had obvious
advantages in coal loading. Ports whose location quotient was lower than 1 were mainly
distributed in the west of Liaoning Province, Shandong Peninsula, the south of Zhejiang
Province, the south of Fujian Province, and the east of Guangdong Province. The ports of
Huanghua, Qinhuangdao, and Machong had the most prominent coal loading function, with
a location quotient larger than 3. Huanghua is a specialized coal port and mainly transports
coal from Shenfu coalfield. Coal accounts for 98% of the loading volume in Huanghua.
Qinhuangdao is the world’s largest coal loading port and mainly transports coal from the
Datong Coal Mining Group. Its volume of coal loading was 240 million tons in 2013, ac-
counting for 30% of the national total. The location quotients of Putian, Jingtang,
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Figure 7 Spatial pattern and evolution of the location quotients of coal unloading at coastal ports in China

Caofeidian, Yangzhou, and Jiaxing were between 2 and 3, while the values for Jiangyin,
Fangchenggang, Tianjin, and Jinzhou were larger than 1. On the north coast, the prominent
coal loading ports were distributed in a cluster, while some individual coal loading ports
such as Putian and Machong were located on the south coast. Although the volume of coal
loaded at these two ports was small, it represented a large proportion of the total material
loaded at the ports. The spatial pattern changed from a “north-south differentiation” to a
“space interval” mode. Ports on the north coast have group advantages, while the southern
coastal ports have individual advantages.

The location quotient of coal unloading ports reflects the inputting function of each port.
Basuo, Shanghai, Guangzhou, and Sanya had values larger than 1 in 1973 and were all lo-
cated south of the Yangtze River. The number of prominent coal unloading ports increased to
14 in 1986. The unloading function of ports in the Yangtze River Delta, northern coastal
ports, and ports in Hainan Province was strengthened. Ports whose location quotients were
lower than one were mainly distributed in Liaodong Peninsula, the west bank of Bohai Sea,
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south of Shandong Peninsula, southeast of Fujian, the Pearl River Delta, and Beibu Gulf. In
1995, there were 19 ports with a location quotient larger than 1. Among them, Taizhou and
Yangjiang were larger than 3 and their coal unloading advantages were obvious. Ports with
quotients larger than 2 were mainly located in the Yangtze River Delta, the Pearl River Delta,
and Shandong Peninsula. Ports with a location quotient less than 1 were mainly distributed
in the Liaodong Peninsula, the west bank of Bohai Bay, Shandong Peninsula, northern Ji-
angsu, southeast Fujian, and eastern Guangdong. In 2005, the number of ports whose loca-
tion quotients were larger than 1 further increased to 25. Among them, Basuo was larger
than 4, while Zhangzhou, Jiaxing, and Sanya were larger than 3. The coal unloading advan-
tages in southeast Fujian became apparent. The Yangtze River and the region to the south
formed a continuous area where coal unloading was dominant. In 2013, all coastal ports had
a coal unloading function, but for most of them there were only minor advantages over other
activities, and therefore they were not specialized coal unloading ports. The number of ports
with a location quotient larger than 1 was 33. Taiping, Basuo, Shanwei, and Machong had
quotients greater than 4, and had the largest capacity for coal unloading. Taiping and
Machong are small ports in the Pearl River Delta, each with a well-developed coal unload-
ing function, but only small quantities of coal are unloaded. They mainly supply coal to
nearby power plants. Coal unloaded at Shanwei is also mainly supplied to local power plants.
Ports whose location quotients were less than 1 gradually emerged in the area around Bohai
Bay. Jingtang, Weihai, Longkou, and other Bohai Sea ports all had location quotients less
than 1. Tianjin, Qingdao, Jinzhou, Lanshan, Dalian, and Caofeidian did not have any advan-
tages for coal unloading, because their location quotients were less than 0.3. The unloading
advantages of ports around Bohai and south of the Shandong Peninsula were strengthened,
but their location quotients were still lower than 1. From the above analysis, it was found
that although the unloading pattern of coastal ports changed from a “south input” to “all in-
put”, ports with an obvious unloading advantage were still concentrated south of the Yangtze
River.

5.2 Relationship between coal loading and unloading at coastal ports

The location quotient is a macroscopic judgment of the advantages of coal transportation,
but it cannot identify the relationship between coal inputs and outputs, which determine a
port’s status in the coal transportation system. If we only consider the proportion of coal
loading undertaken at each port, they can be broadly divided into loading ports, unloading
ports, and comprehensive ports (Table 1). Based on experience, we classified ports with an
R; larger than 0.6 as coal loading ports, ports with an R; less than 0.4 as coal unloading ports,
and ports with an R; between 0.4 and 0.6 as comprehensive ports. Using this classification,
there are only six coal loading ports in the coastal areas of China, accounting for about 1/10
of the ports considered in this study. Five ports are comprehensive ports, accounting for
about 1/12 of the total studied, and 46 ports are coal unloading ports, accounting for 4/5 of
the total studied. This structure confirms that coal loading is mainly concentrated in a small
number of ports, most of which are coal unloading ports, which is consistent with the above
analysis.

Coal loading as a proportion of total port activity at Qinhuangdao, Tianjin, Huanghua,
Jinzhou, Caofeidian, and Jingtang is very high, being larger than 95% at the first four ports.
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These ports are typical coal loading ports (Table 1) and handle a volume of more than 10
million tons, which means they are large coal output ports. They are mainly located in the
area around Bohai Bay, especially on the west bank of the bay. Coal loading ports have the
characteristics of a high proportion of coal loading as a proportion of total port activity, large
scale, and a northern location.

Table 1 Classification of coastal ports in China according to their coal loading and unloading activity

Proportion of

Category loading (%) Name of port Number
Coal loading 90-100 Qinhuangdao, Tianjin, Huanghua, Jinzhou, Caofeidian 5
ports 60-90 Jingtang 1

40-60 Zhoushan, Rizhao, Machong, Yangzhou, Lianyungang 5
Comprehensive 30-40 Qingdao, NanFong, ‘Dandor.l'g, Dalian, Shatian, Yantai, 9
ports Guangzhou, Jiangyin, Nanjing
Zhuhai, Zhangjiagang, Shanghai, Putian, Fangchenggang,
20-30 . 2 7
Jiaxing, Zhenjiang
10-20 Changshu, Longkou, Weihai, Yingkou, Ningbo, Taicang 6
Lanshan, Fuzhou, Xiamen, Qinzhou, Haikou, Zhongshan,
Coal unloading 0-10 Haian, Zhangzhou, Taizhou, Jiangmen, Quanzhou, Wen- 16
ports zhou, Maoming, Yangpu, Ningde, Shantou
0 Basuo, Beihai, Zhanjiang, Yangjiang, Taiping, Shenzhen, 3

Huizhou, Shanwei

Zhoushan, Rizhao, Machong, Yangzhou, and Lianyungang are all coal loading and
unloading ports. The differences in coal loading and unloading as a proportion of total port
activity at these ports were not significant. They are located in the area between the Yangtze
River and Shandong Peninsula. This type of port can be further divided into two categories.
The first category is coal transit ports, and includes Zhoushan, Machong, Lianyungang, and
Yangzhou. The coal transfer terminal of Zhoushan is in Liuheng Island. It is the largest coal
transit base in east China and mainly transfers coal from the northern ports to the south of
Zhejiang Province. The Haichang terminal at Machong is the largest coal transit base in
south China. It unloads domestic and international coal and then transfers it to Zhongshan,
Huizhou, Foshan, Guangzhou, and Dongguan. Lianyungang is an important transit port for
thermal coal. It has built a large coal transit base together with the Shenhua Group and
mainly transfers coal from Shaanxi Province to northern Jiangsu. Yangzhou is an important
node of coal transportation along the Yangtze River. The coal demand from the four prov-
inces in the middle reaches of the Yangtze River has grown rapidly; therefore, “sea-river
transport” and “rail-sea transport” have been used as supplements to the existing coal supply
system. The northern coal travels to the port of Yangzhou and is then transferred along the
Yangtze River to areas in the middle reaches. The second category is ports that undertake not
only coal loading, but also coal unloading due to the surging coal imports. Rizhao belongs to
this category and imports coking coal from Australia, Russia, North Korea, and Indonesia to
supply its steel plants and its deep hinterland.

The remaining ports are considered to be coal unloading ports, especially those in the
Pearl River Delta. Basuo, Beihai, Zhanjiang, Yangjiang, Taiping, Shenzhen, Huizhou, and
Shanwei, are all solely coal unloading ports. These ports are located in the Pearl River Delta
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and Beibu Gulf. The largest volume of coal (more than eight million tons) is unloaded at
Taiping and Yangjiang, while the scale of the other ports is small. There are 16 ports where
coal unloading as a proportion of total port activity is between 0.1% and 10%, including
Lanshan, Fuzhou, Xiamen, and Qinzhou. These ports are mainly distributed in southeast
Fujian and further southwards. Among them, Fuzhou, Xiamen, Wenzhou, Zhanjiang, Shan-
tou, and Taizhou unload more than 15 million tons. Coal unloading as a proportion of total
port activity at Changshu, Longkou, Weihai, Yingkou, Ningbo, and Taicang is between
10%—-20%. These ports are distributed in the Yangtze River Delta and the northern region.
Coal unloading as a proportion of total port activity at Zhuhai, Zhangjiagang, Shanghai, Pu-
tian, Fangchenggang, Jiaxing, and Zhenjiang is between 20%-30%, and these ports are
scattered throughout the country. Shanghai is a large coal unloading port, with a volume ex-
ceeding 80 million tons. Coal unloading at Qingdao, Nantong, Dandong, Dalian, Shatian,
Yantai, Guangzhou, Jiangyin, and Nanjing accounts for 30%—40% of port activity, and these
ports are mainly located in areas north of the Yangtze River. Qingdao, Dalian, and Yantai
have changed from traditional coal loading ports to coal unloading ports. The reason for this
at Qingdao and Yantai is the construction of coastal steel plants, which has led to a large
volume of coking coal being imported. The reason for the change at Dalian is due to the
construction of coal hub for northeast China and the volume of coal unloaded for domestic
trade has increased significantly. Although half of the volume unloaded is destined for the
local market, it is still classed as a coal unloading port.

From the perspective of spatial distribution, ports with a high proportion of coal loading
are concentrated on the west bank of Bohai Bay. Coal loading as a proportion of port activity
is very low in Liaodong Peninsula, north of Shandong Peninsula, southeast Fujian, Beibu
Gulf, the Pearl River Delta and the Yangtze River Delta. These ports are mainly involved in
coal unloading. A clear spatial dislocation has formed, reflecting the spatial relationship be-
tween the input and output of coal resources. The distribution of coal resources is uneven.
There are more resources in the west and north, but fewer in the east and south. However,
east and south China have experienced rapid economic growth over a long period. They are
the areas with the strongest demand for coal and need to receive large amounts of coal. In
recent years, the capacity and output of thermal power production, metallurgy, flat glass,
cement, and other high energy consuming industries in the southeast coastal area has ex-
panded rapidly. The thermal power installed capacity, power generation and thermal power
enterprises account for half of the national total. Together, Jiangsu, Shandong, Guangdong,
and Zhejiang account for nearly one third of the national total. These thermal power enter-
prises have directly invested in wharfs, and a large number of specialized coal wharfs have
been constructed. Therefore, the spatial difference between the coal base and coal consump-
tion is an important factor in the formation of a port’s coal transportation pattern.

From the time series, the evolution of six types of port coal transportation function was
apparent (Table 2). There were six ports that had always been coal loading ports: Qinhuang-
dao, Tianjin, Huanghua, Jinzhou, Caofeidian, and Jingtang. These ports are mainly concen-
trated around the Bohai Sea, especially the west bank of Bohai Bay. They function as the
loading gateway of the hinterland. There were 32 ports that had always been coal unloading
ports, accounting for 57% of the national total. In addition to Weihai and Longkou, they are
all distributed to the south of the Yangtze River. The energy demand promoted by industri-
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alization and urbanization in the hinterland of these ports has led to the establishment of
their particular characteristics. There are some ports whose function transferred from loading
to unloading over the period studied, which reflects the changes in regional coal demand and
the ports’ positioning in the coal transportation network. The function of 12 ports in the area
around Bohai Bay transferred from loading to unloading. These ports changed their transport
function in the mid-1990s. Coal loading as a proportion of total port activity at Dandong,
Dalian, and Qingdao reduced from 100% to 35%, and at Yingkou reduced from 100% to
10%. The main reason for this was the development of the iron and steel industry in the hin-
terland, which resulted in an increased demand for coal. It not only consumed the volume of
coal that was traditionally loaded at these ports, but also required an input from other areas.
Therefore, the traditional “south input and north output” became an “all input and north
output” pattern, and most of the additional coal inputs were derived from international im-
ports. Zhangjiagang and Jiangyin changed from comprehensive ports to unloading ports.
They are both located in the Yangtze River Delta, where the coal transit function weakened.
Zhoushan, Machong, and Yangzhou, also located in the Yangtze River Delta, changed from
unloading ports to comprehensive ports. Coal transfer terminals were constructed at these
ports. Rizhao and Lianyungang changed from unloading ports to comprehensive ports. The
former resulted from a surge of coal imports, while the latter was caused by the development
of a coal transshipment base. Overall, the loading function of China’s coastal ports weak-
ened, and the unloading function was enhanced. No ports changed from unloading ports to
loading ports, which was determined by the stable distribution of coal resources.

Table 2 Evolution of the transportation function of China’s coastal ports

Characteristics Name of port Number

Always been coal loading ports Qinhuangdao, Tianjin, Huanghua, Jinzhou, Caofeidian, Jingtang 6

Always been coal unloading ports ~ Basuo, Beihai, Yangjiang, Taiping, Shenzhen, Huizhou, Shanwei,
Qinzhou, Haikou, Zhongshan, Haian, Zhangzhou, Taizhou, Ji-
angmen, Quanzhou, Wenzhou, Maoming, Yangpu, Ningde, Shan- 32
tou, Longkou, Changshu, Weihai, Ningbo, Zhuhai, Shanghai,
Putian, Jiaxing, Zhenjiang, Nantong, Shatian, Guangzhou

Transferred from loading ports to Zhanjiang, Lanshan, Fuzhou, Xiamen, Yingkou, Taicang, Fang-

unloading ports chenggang, Qingdao, Dandong, Dalian, Yantai, Nanjing 12
Transferred from comprehensive Zhaneiiacane. Jianevin 2
ports to unloading ports gliagang, gy

Transferred frqm unloading ports Zhoushan, Machong, Yangzhou 3
to comprehensive ports

Transferred from loading ports to Rizhao, Lianyungang 2

comprehensive ports

6 Conclusions and discussion

In this study, we used coal throughput, and the loading and unloading volume to study the
spatial evolution of coal transportation at China’s coastal ports. We found that since the
1970s, the number of coastal ports engaged in coal transportation has increased, and the
throughput and area served by the coal ports has expanded. The “north output” pattern did
not change, with coal loading always located north of the Yangtze River, and especially on
the west bank of Bohai Bay. Coal unloading ports were initially located in the south, but this
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activity gradually expanded to all ports. In other words, the spatial distribution changed from
a “south input” to an “all input”. With the expansion in the area covered by ports, unloading
coal has become a transportation function of most coastal ports. The coal transport mode of
China’s coastal ports has changed from a “south input and north output” to an “all input and
north output” pattern, but the prominent coal unloading ports are still concentrated in the
south of the Yangtze River. The phenomenon whereby most of the coal throughput, and the
loading and unloading of coal were concentrated in a small number of ports gradually dissi-
pated. This was mainly due to the increase in the number of ports in the early stage of the
period studied and the fluctuations in volumes of coal handled at ports in the later stage.
Since the early 1990s, the degree of agglomeration of coal loading was always higher than
the degree of agglomeration of coal unloading and the total throughput. Ports on the west
bank of Bohai Bay maintained an absolute dominance in coal loading. Due to the develop-
ment of the steel industry in the hinterland of these ports, the demand for coal has increased
and some traditional coal loading ports, such as Qingdao and Yantai, have become unloading
ports. Overall, the coal loading function of coastal ports has weakened, and the unloading
function has been enhanced, which is determined by the stability of coal distribution.

Due to severe environmental and resource management problems, China issued a series of
regulations (e.g., 10 air pollution control measures) optimizing the industrial structure of the
southeastern coastal area. Industries with high pollution potential, high energy consumption,
and high emissions are strictly controlled, and innovation-driven and technology leading
industry is encouraged. The coal consumption of the Jing-Jin-Ji (Beijing-Tianjin-Hebei) re-
gion, the Yangtze River Delta, and the Pearl River Delta is also controlled, and therefore the
demand for coal has been curbed to a certain extent. At the same time, due to economic de-
velopment and resource security concerns, China controls coal imports through a tariff lever.
From October 15th, 2014, China cancelled the zero import tariff and resumed the most fa-
vored nation tariff. This will affect the pattern of coal transportation, and restore the “south
input and north output” pattern to some extent. Because of data limitations, we only ana-
lyzed coal transportation data at set points in detail, and did not consider the overall network
which can more accurately reflect a port's coal source and flow. In addition, the coupling
relationship between coal transportation and the distribution of thermal power enterprises,
coking coal transportation, and the distribution of steel enterprises should be investigated.
Coal transportation at inland ports, and the evolution of coal imports and exports should also
be studied.
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