

  land-11-01590




land-11-01590







Land 2022, 11(9), 1590; doi:10.3390/land11091590




Article



Assessment of Accessibility and Activity Intensity to Identify Future Development Priority TODs in Hefei City



Wei Wu 1,* and Prasanna Divigalpitiya 2[image: Orcid]





1



Graduate School of Human-Environment Studies, Kyushu University, Fukuoka 819-0395, Japan






2



Faculty of Human-Environment Studies, Kyushu University, Fukuoka 819-0395, Japan









*



Correspondence: wu.wei.862@s.kyushu-u.ac.jp







Academic Editor: Wenze Yue



Received: 22 August 2022 / Accepted: 13 September 2022 / Published: 16 September 2022



Abstract

:

Hefei, the capital city of Anhui Province, China, has been experiencing rapid development due to fast population growth and continuous city expansion since 2010. The Hefei government began to operate the subway system in 2017 and introduced the concept of transit-oriented development (TOD) as a strategy to reduce traffic pressure and environmental pollution. By 2020, there were 77 TODs in operation. However, some TODs could not attract enough public transport passengers or increase the economic activities. This study analyzed the Hefei City TOD network and tried to identify TODs that need development priority among the existing TODs to guide the efficient allocation of resources for the development of the TOD network. First, this study measured the accessibility and activity intensity at each TOD by using the node–place model. Second, the 77 existing TODs were divided into 4 priority levels by applying the silhouette method. Level 1 and level 2 TODs have development priority and are referred to as “Unstable TODs” and “Unbalanced TODs,” respectively. Finally, this paper provides some strategies for developing these priority TODs.
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1. Introduction


China is currently in the stage of rapid urbanization, with a large number of people choosing to migrate from rural areas to urban areas for better employment opportunities or living environments [1]. According to the seventh national population census, there were 63.89% of the total population of China living in urban areas in 2020. Heilig [2] predicted that about 70% of China’s population will live in urban areas by 2035. As a result, the population density on the limited available land is increasing. Therefore, it is of great significance to improve the quality of life in high-density cities.



At the same time, another important problem for Chinese cities is rapid urban expansion. The level of urbanization was 64.72% in 2021 according to the National Bureau of Statistics of China, and increased at a rate of nearly 2% per year. Urban expansion has led to an increase in commuter distances. The total mileage of roads in China has increased by 3.6107 million kilometers from 2000 to 2021 [3]. People are gradually relying on various modes of transportation, such as buses and private cars, to overcome the long commute distances. However, with the growth in the number of vehicles, the existing road system is gradually becoming unable to meet the rapidly growing traffic demand, and congestion is one of the most urgent problems in many Chinese cities [4].



In this context, many Chinese cities have adopted the rail transit system because of its advantages of large capacity, high efficiency, and less environmental impact [5]. Jen and Huang [6] stated that the rail transit system has changed the city’s travel mode from ground to underground. The introduction of rail transit changed travel behavior and increased the traffic capacity at the same time. China is in a period of rapid development of the urban rail transit system at present. Rail transit has become an essential part of the public transportation system in many Chinese cities.



Recently, finding appropriate methods to coordinate the relationship between the rail transit system and urban development has stimulated the discussion of many researchers [7]. The transit-oriented development (TOD) concept is used in different cities as a common method to solve the above problem [8,9]. According to the definition proposed by the Institute for Transportation and Development Policy (ITDP) in 2017, transit-oriented development (TOD) is a tool that can maximize the urban development around public transport nodes and attract more people to choose public transport.



However, the implementation of transit development faces many challenges due to differences of local environments, managers, and planners [10]. The subway system, which is one of the most important components of the rail transit system, has been developing continuously since it was introduced into China in the late 1990s. However, the TOD concept was first applied in China in the early 2010s [11]. Therefore, in the implementation of the TOD concept in existing subway stations or developed areas it is difficult to achieve the expected goals such as attracting more public transport passengers, reducing traffic pressure, and improving the quality of life. At the same time, there are differences in the levels of development among TODs in the same network. For example, some TODs are in highly developed areas with sufficient density and diverse human activities, whereas some TODs are in underdeveloped urban areas with low human activity density and diversity. In the past decade, these situations have generally appeared in many Chinese cities. If these problems are not solved, long-term development will lead to unnecessary land waste, urban space chaos, and inconvenient transportation. Therefore, it is necessary to understand the characteristics of existing TODs and accurately grasp the development level of each TOD. This helps to find the shortcomings of the existing TODs. This study aimed to develop a method to find the priorities between the existing TODs. Hefei city was used as a case study.



As the capital city of Anhui Province, Hefei City has been experiencing rapid urban development since 2010. The permanent population of Hefei had reached 8.189 million by the end of 2019, an increase of 102,000 over the previous year according to the data of the Hefei Municipal Bureau of Statistics. It is estimated that the urbanization rate of Hefei will reach 90–95% by 2030 [12]. The traffic congestion in Hefei is becoming more serious with the increase in the population and the expansion of the city. The number of private cars in Hefei has increased by 12.6% over the previous year to the end of 2019 [13]. If the demand for private cars is not effectively controlled, the problems of traffic congestion and exhaust emissions will become increasingly serious. Therefore, Hefei City operated the subway system and introduced the TOD concept as a guideline to reduce traffic pressure and environmental pollution in 2017.



By 2020, there were 3 subway lines and 77 subway stations operating in Hefei. So far, the subway has occupied an important position in people’s daily travel. According to 2019 statistics, the total passenger volume of the Hefei subway was 179.8 million person-times, and the public transportation share rate was 19.06%. The share of public transport increased to 26.02% by February 2020. The subway has gradually become the backbone of Hefei’s public transport system. In this study, the 77 TODs, composed of 77 subway stations and their surrounding urban development, were selected for analysis, as shown in Figure 1.



Meanwhile, with the continuous development of urban public transport infrastructure, the construction and operation of public transport infrastructure require a large amount of government financial investment. The investment demand for the development of transport infrastructure has been increasing, but the government’s annual financial investment is limited. Therefore, the limited financial investment should be directly and reasonably allocated [14]. The Hefei government has committed to invest 19.484 billion CNY in transportation infrastructure construction in 2022, and development of TODs is also included. The investment that can be used to improve the existing TODs is limited. Su [15] classified the TODs in five Chinese megacities after calculating the TOD degree to understand the gap between existing theoretical principles and actual planning practices. They provided recommendations for planning different TOD clusters and emphasized that planners need to give priority to the development of TOD clusters that can maximize benefits and minimize costs. Higgins [16] attempted to solve the issue of complexity in understanding the heterogeneity of TODs among planners and policy makers. They developed a method to classify the 372 different TODs in Toronto into a set of heterogeneous classes based on a latent class method to guide them to maximize the potential return on investment. Therefore, it is of great significance to find the TODs that can use the investment reasonably. In this case, these TODs can be regarded as priority TODs.



The objective of this paper is to identify the priority TODs among the existing 77 TODs to guide reasonable resource allocation for investment in existing TODs. First, the development level at each TOD needs to be evaluated to find priority TODs. The node–place model is a model widely used to evaluate TODs, which can determine the relatively balanced and unbalanced TODs. Unbalanced TODs are candidates for priority development. However, the original node–place model is only a conceptual model, and there is no definition of the exact range of the balanced and unbalanced areas. Therefore, this paper proposes to combine the original node–place model with the silhouette method to determine the priority TODs accurately. In general, the priority TODs can be found by combining the silhouette method to define the exact range of the unbalanced areas in the original node–place model. The application of this method can help planners or designers find TODs that need to be developed in priority among the existing TODs, and allocate the investment reasonably.



The paper’s structure is as follows: Section 2 reviews the previous literature and describes the methods. The results are described and discussed in Section 3. Section 4 presents the research’s conclusions.




2. Materials and Methods


In this section, first, the node–place model is used to evaluate the existing TODs. Secondly, the priority TODs are determined by applying the silhouette model. The following is the research flow chart (Figure 2).



2.1. Previous Literature


The important characteristic of the TOD concept is that it is the integration of land-use and public transport, so as to encourage urban development around public transport nodes and improve quality of life. Many researchers found that TOD development has other positive effects on urban development. For example, Dong [17] found that TODs greatly reduced the travel costs of residents by comparing the travel costs between TOD and non-TOD households. Li [18] stated that TODs have a positive impact on house prices, even in China. By investigating TODs’ transportation-related carbon dioxide emissions, Rahman [19] proved that TODs can reduce the carbon dioxide emissions of human activities and help achieve sustainable environmental development. Therefore, the Chinese government has also chosen the TOD concept to strengthen the relationship between transport and urban development. The “guidelines for planning and design of areas along the urban rail transit” published by the Ministry of Housing and Urban–Rural Development in 2015 encouraged the implementation of TOD development around public transport nodes [20]. The TOD concept has been widely applied in many Chinese cities based on the general TOD development guideline, and there has been some adaptations of the general guideline according to local contexts. For example, the Shanghai Master Plan (2017–2035) has introduced the TOD concept into land-use planning to make the 15 min community life circle (15 min-CLC) the basic unit of social governance and the basis for common community resource allocation. Shenzhen City began to use the concept of TOD for urban planning in 2009, and in its latest master plan, it plans to configure community public service facilities with the community life circle (15 min-CLC) as the unit to form a more convenient and accessible community service network.



Many previous studies on TODs in China focused on metropolises, such as Beijing, Shanghai, and Shenzhen. However, with the recent promotion, medium-sized cities are increasingly adopting TOD concepts in urban planning. Unlike the mature public transport systems of metropolises, TOD usage in these medium-sized cities is still under development. Hefei is one of the medium-sized cities that are developing TODs. This paper chose Hefei City as a case study to find the future development directions of the TOD concept in medium-sized cities.



Previous studies have used the concept of priority development to make suggestions for the development of public transportation. For example, Agnihotri [21] proposed a new priority index, “development priority indexing”, using the availability of developable land and land value to measure the priority value of subway stations. Lee [22] calculated the efficiency scores of subway stations in Seoul using transit trip data and socio-economic data of the surrounding urban area. They gave top development priority to stations with low-efficiency scores. Kalyuzhnyi [23] studied transfer hub development in Saint Petersburg and proposed a model to determine the priority position of a transfer hub based on the passenger flow of rail transit. Some researchers proposed development strategies that should be prioritized for the efficient development of TODs. He [24] studied the factors of development in station areas and stated that the top priority is to improve the transfer function and urban space through the design of the surrounding areas of station areas.



The basis for finding TODs that can be given priority is to accurately evaluate each TOD. Therefore, developing a practical tool that measures the TODs is important. The node–place model [25] is a common method used to evaluate TODs. This model describes the transport nodes, the surrounding area, and the relationship between them with the x and y axes, shown in Figure 3. The y value represents the accessibility of nodes; the x value expresses the activity intensity of the surrounding area. The original node–place model provides five assumptions, namely “balance”, “dependence”, “unbalanced place”, “unbalanced node”, and “stress”. Bertolini [25] also indicated that there is a trend toward a more balanced state for “unbalanced place” and “unbalanced node”. In general, the node–place model could be used as a systematic method to measure the development situation of TODs by evaluating the accessibility and activity intensity. It could help identify the weakness of TODs as well.



This study selected several indicators to make the node–place model operable as shown in Table 1. For describing the node-value, the intensity and diversity of the transport supply at each TOD are crucial. Bertolini [25] proposed analyzing the accessibility of TODs by trains, buses, trams, subways, automobiles, and bicycles to obtain node-value. The place-value was evaluated by considering the activity intensity and diversity of TODs. Variables such as the number of residents, the number of employees, and the degree of functional mix within catchment areas need to be considered.



The node–place model has many applications. For example, Chorus [26] used the node–place model to understand the traffic and land use factors that will affect the formation of the station areas by analyzing the spatial development dynamics of 99 subway stations in Tokyo. Reusser [27] applied the node–place model to the analysis of Swiss railway stations, proving that stations with unbalanced development of transportation and land use tend to develop into a more balanced state. Kamruzzaman [28] showed that the traffic and land use of different TODs will have different characteristics.



After understanding the place-value and node-value at each TOD, the relative position of each TOD in the node–place graph can be obtained. The development priority of TODs can be identified by analyzing the position of these TODs on the node–place model. In the original node–place model, nodes close to the middle line were regarded as balance nodes [25]. Researchers also argued that the unbalanced nodes that are far from the middle line might tend to progress toward a balanced position [26]. Therefore, it can be inferred that the unbalanced TODs should be given priority for development. However, the original node–place model is a conceptual model and is good at showing the relative position of TODs on the node–place model and the development possibilities of these TODs towards the “balance” location in the node–place model. Researchers are concerned about how to define the range of the five ideal situations in the node–place model. Although Reusser [27] proposed the development path for the five ideal situations, there is no clear definition of the range. Monajem [29] evaluated the spatial integration of station areas in Tehran and divided those station areas into five types through the node–place model. However, they did not specify the different types defined according to what conditions. Some studies chose to combine other methods for classification since defining the accurate range is difficult. For example, Zhang [30] divided station areas in Greater London into five categories based on the node–place model combined with cluster analysis. The result did not fully indicate the five ideal situations in the original node–place model.



So far, there is no definition of the exact range of the balanced and unbalanced areas. Therefore, it is necessary to combine other methods to clarify the priority TODs.



There are many algorithms for dividing a set of objects into several clusters, which can be used to distinguish between different priority levels of TODs. Among these clustering methods, k-means is a commonly used algorithm. However, there is an unavoidable limitation to the k-means method. The number of clusters k is hard to choose when not given by external limits [31]. Therefore, this paper chose the silhouette method [32]. Rousseeuw [32] proposed the silhouette method, which describes the classification of each object in a whole graph. The silhouette score can directly express the similarity between objects. The appropriate number of clusters for accurate clustering analysis can be determined by averaging the silhouette scores of all objects. Therefore, this study applied a combination of the silhouette method and the node–place model to help identify priority TODs.




2.2. Implementation of the Node–Place Model for Hefei City TODs


The accessibility and activity intensity of the 77 TODs in Hefei City was assessed by the node–place model. Firstly, the size of a suitable catchment area was determined to apply the node–place model within Hefei local context. Secondly, selected a set of indicators based on the previous literature with considering the local context. Thirdly, measured the selected indica tors, and fourthly, obtained the node–place graph based on the existing situation of accessibility and activity intensity. The process of applying the node–place model is explained in the following section. The following section explains in detail the process of applying the node–place model.



2.2.1. Catchment Area


There is no fixed standard for defining the transit catchment area of TODs. Most studies are based on the distance that local people are willing to walk and take public transportation [33,34]. For instance, some researchers suggested the Euclidean distance of 700 m from the transit station as the boundary of a TOD [25,27,35,36]. Chinese re-searchers commonly selected a range from 400 to 800 m [7,37,38]. In this paper, the catchment area is defined as a buffer area of 500 m walking distance from a subway station. The reason for choosing this scale is that the recent Master Plan of Hefei decided to build 500 m walkable neighborhoods for residents.




2.2.2. Indicator Selection


Combined with the previous literature and the characteristics of Hefei TODs, this study obtained the indicators of nodes and place-values within the catchment area to apply Bertolini’s node–place model. The node-value of the transit stop describes the traffic accessibility to other places and the service capacity of the transit stop [25]. Subway, bus, and car are the main transportation choices for Hefei citizens. Therefore, the node-value includes three categories, namely the accessibility of the subway, bus, and car. As shown in Table 2, the node-value has a total of eight indicators. The place-value describes the activity intensity within 500 m at each TOD. However, the census data of Hefei City released the population of the whole city, and there are no accurate data within 500 m at each TOD. Other statistical methods need to be selected in order to better reflect the activity intensity in small areas. Li [34] directly calculated the geometric area of each land-use type in the study area to reveal the activity intensity. Therefore, this paper follows the same method to calculate the land area of six different land uses for measuring the place-value. Meanwhile, the reason why this paper considers the area of green land within the catchment area is that parks and farmland play an important role in Hefei urban planning, and regional planning will also focus on parks and farmland. Additionally, the land function mix is one of the important indicators in calculating the place-value. It represents the degree of land-use mix in the TODs calculated based on the land area of different land-use types, such as D1, D2, D3, D4, D5, and D6. Table 2 shows the final indicators of the measured node- and place-values.




2.2.3. Data Sources


For node-value, the bus lines and bus stops, data were obtained from the Hefei Bus Guide App [39]. The subway line data came from the website of the Metro Operational Map [40]. For place-value, the land use data came from the 2017 Land Use GIS database on the OpenStreetMap website [41] (accessed on 21 December 2021).




2.2.4. Reorganization of the Dataset


To reduce the skewness of univariate distribution, the normality of all indicators was tested, and any non-normal distribution indicators were log-transformed. Secondly, all indicators were normalized to rescale to 0–1. All indicators had equal weights. This paper calculated the average value of eight node indicators as the node-value at each TOD; the average value of the six place indicators was taken as the place-value at each TOD. Therefore, the development at each TOD can be obtained based on the final place- and node-values.





2.3. Development Priority among the Existing TODs


The silhouette method [30] was applied based on the original node–place model. The silhouette value is a method used to measure the similarity of an object in different clusters. The average silhouette value could be used to evaluate the effectiveness of different clusters and select the suitable number of clusters. In this case, the silhouette method could be used to distinguish between the balanced and unbalanced TODs. First, the silhouette method was applied to determine the number of clusters within the dataset. Then, we plotted the node- and place-values to show the silhouette score of each TOD and the cluster to which each TOD belongs. TODs could be divided into different clusters according to their Euclidean distance to the middle line. The farther the cluster is from the middle line, the more priority should be given to development. In future planning, the TODs can be efficiently developed in batches according to the priority order of the clusters.





3. Results and Discussion


Through the calculation of node- and place-values, a node–place graph was obtained as shown in Figure 4. The application of the node–place model to the Hefei City reveals differences between the node- and place-values of the 77 TODs. The node-value varies between 0.25 and 0.83, with a mean value of 0.62. The place-value varies between 0.20 and 0.84, with a mean value of 0.52. The average node-value is higher than the average place-value. This shows that the mean node-value is higher than the mean place-value, which indicates that the transport infrastructure development of Hefei TODs is better than that of the surrounding environment.



The node–place graph shows that the node-value and place-value in most TODs are not close enough to each other. This indicates the development of accessibility and activity intensity of these TODs are unbalanced. Only a small number of TODs are in the balanced portion of the node–place graph. The imbalance between accessibility and activity intensity at each TOD proves that the node–place model is a useful method for measuring TODs and finding the weaknesses in them.



As shown in Figure 4, the middle line of the node–place model divides the 77 TODs into two general categories: developed-node TODs and developed-place TODs. Developed-node TODs represent TODs that have a higher node-value but need to improve their activity intensity. The developed-place TODs have a higher place-value but need to improve their accessibility. Therefore, a practical approach to improving the place- and node-values is important. Some improvement strategies need to be proposed to improve activity intensity or accessibility so that more TODs can be promoted to balanced situations in the future.



Figure 5 and Figure 6 show the distribution of node- and place-values of 77 TODs in Hefei City. The high node-values and high place-values are concentrated in existing city centers. The node-values in the old city center are comparatively high and gradually decrease in the suburban areas. The place-values have a different distribution pattern. TODs with high place-values are mostly found in developed areas.



The minimum distance from each station to the middle line of the node–place graph can be calculated based on the node- and place-values already obtained, and the range of distance was from 0.0024 to 0.3523 in Hefei City. Then, the silhouette coefficient was used to determine the priority development level at each TOD. The silhouette score was largest when the number of clusters was four, which indicates that it is suitable to divide 77 TODs into 4 clusters. The priority levels of the clusters depend on their distance from the middle line. Level 1 in Figure 7 has the highest development priority. Figure 7 shows the distribution of the four priority levels in the node–place model. There is only one TOD at priority level 1. There are 14 TODs in priority level 2, 30 TODs in priority level 3, and 32 TODs in priority level 4.



The boundary line of a cluster is determined by a parallel line to the middle line passing through the farthest point in the cluster. Therefore, the exact priority ranges are directly expressed through the six boundary lines. The range of priority level 1 is above 0.2470, the range of level 2 is from 0.1506 to 0.2470, the range of level 3 is from 0.0662 to 0.1506, and the range of level 4 is less than 0.0662.



As mentioned above, there are four TOD development priority levels in Hefei City. This paper analyzes the TODs that need priority development. The 15 priority TODs are explained in detail in Table 3a,b. Figure 8 shows the distribution of 15 priority TODs in the Hefei City map.



Haitang is the only TOD located on Level 1 among the existing 77 TODs. According to Table 2, the accessibility by subway, bus, and car in Haitang are all higher than the aver-age, and only the frequency of subway is lower. However, only residential, commercial, and distributional activities exist in the region. The lack of other types of activities leads to the lowest land-use mix degree, and a lower than average activity intensity value in this TOD. This also leads to a big difference between the node-value and the place-value of the TOD. Haitang is far from the middle line in the node–place graph. A completed transportation environment combined with developing land use leaves TODs in an unstable situation and easily moving towards a more balanced situation. Therefore, a TOD at level 1 is named an “Unstable TOD”. In addition, this paper only analyzes the existing TODs in Hefei, so only TODs with high accessibility and low activity intensity appear in this case. However, TODs with low accessibility and high activity intensity may still exist in other cities.



Two representative TODs among the 14 TODs in Level 2 were selected for analysis. Douqiaowan is a TOD at Level 2. It is close to the city center, and its accessibility by subway and bus is slightly below average. The reason is that it is far from the middle line and has an extremely low intensity of activity. There are only residential and education-related activities in the region. You’ershifan is a TOD at the end of the subway, in the suburban area. There are few subway and bus lines. However, there are many types of activities within the 500 m range. Generally, there is still a big gap between the node-value and the place-value of TODs at level 2. However, compared with TODs at level 1, TODs at level 2 have a larger development potential for accessibility or activity intensity. They have more indicators of lower value than the average value. Therefore, TODs at level 2 are named “Unbalanced TODs”.



While the above results can explain the development priorities of TODs based on node–place model results, there is a noticeable difference in the indicators that need to be developed among TODs in the same priority group, as shown in Table 3a,b, due to the specialized nature of certain TODs. For example, Hefei South Railway Station is a transportation hub mainly specialized in the distribution of goods and passenger transfer services, which drives the economic development of the region. In the Hefei South Railway Station TOD, the development of commercial activities should be encouraged, and parking needs must be met. However, industrial or administrative activities do not have the same high priority of development. Gongdafeicuihuxiaoqu mainly serves surrounding universities. Promoting further diversification of activities is not possible within 500 m of that TOD. Therefore, understanding a TOD’s service attributes is the basis for accurately understanding its development direction and formulating its development strategy. The future development strategies of TODs need to consider the local conditions. The purpose of this research was to first understand the unbalanced situations in some TODs by examining the relationship between accessibility and activity intensity and then prioritize development based on the distance from a balanced status. While this strategy can group a broad range of TODs based on the balanced development of land-use and accessibility at each TOD, further research is necessary to understand the priority TODs among spatialized TODs that cannot have a full range of land uses or do not require a full range of transport options.



As mentioned above, it can be found that some TODs can be fully developed as balanced TODs, while others are more suitable for being developed as specialized TODs. This paper assumes that the balanced TODs are distributed near the middle line of the node–place model (Figure 3). The balanced development assumption of the node–place model is only a good starting point for discovering priority TODs at the city scale. Reusser’s work [27] made the same observation after carrying out cluster analysis on the Swiss railway network. The current research proposes a simpler method to discover a similar broad group of priority TODs. At the same time, adopting the node–place model to find priority TODs has the advantage of helping to discover weaknesses of TODs and the ability to suggest development strategies, compared to other methods, such as analyzing the relative efficiency of TODs as used by Lee [22]. Berawi [42] defined TODs’ service function by analyzing the proportion of different land uses around TODs. Such an analysis is useful to define the specialization of TODs and suggest priorities and appropriate development strategies.



This study only considered the traffic accessibility and the surrounding activity intensity to measure the priority TODs. However, the development of TODs from the perspective of TOD users, such as TODs as living and working environments, is highly important to achieve the development goals of TODs. The 3D (density, diversity, and design) principle [43] of TOD development suggests the integration of design into TOD development models. To fully understand the development priority at each TOD requires broad considerations such as design, historic and natural value at TODs. These are the limitations of this research as a study to find priority TODs that need the attention of future research.




4. Conclusions


Many Chinese cities are currently facing some problems due to the rapid growth of their populations and the continuous city expansion. Hefei, the capital city of Anhui Province, has been experiencing rapid development since 2010 as well. The Hefei municipal government began to operate the subway system in 2017 and introduced the concept of transit-oriented development (TOD) as a guideline to reduce traffic pressure and environmental pollution. By 2020, there were three subway lines and 77 TODs in operation. However, some TODs cannot effectively implement the TOD concept, and the problems mentioned above still exist among these TODs. Therefore, the objective of this paper is to identify the priority TODs among the 77 existing TODs for reasonable investment allocation.



This paper presents a method to determine the priority TODs among the existing 77 TODs in Hefei City. The node–place model is a model commonly used to evaluate the development of TODs. The original node–place model can classify TODs into five ideal situations, in which the unbalanced TODs are in an unstable state, and there is a trend toward the balanced TODs. Therefore, this study assumed that the unbalanced TODs are the TODs that need to be given priority development. However, the scope of these priority TODs is not clearly defined in the original node–place model. Therefore, this study combined another method, the silhouette method, to accurately determine the priority TODs. Specifically, first, we calculated the vertical distance from each TOD to the middle line in the original node–place graph. Second, the silhouette method was used to effectively classify these TODs. Clusters that are further away from the middle line were considered to have a higher priority for development. According to the calculation results of the silhouette method, the silhouette score was largest when the number of groups was equal to 4. Therefore, there are four levels of priority TODs in Hefei City. The TODs in level 1 and level 2 need to be developed first because they are far from the middle line, and were named “Unstable TODs”, “Unbalanced TODs”, respectively. At the same time, several specific examples were provided to illustrate the unique characteristics of different development priorities. Generally, this paper not only makes the original node–place model more practical, but it also and allows planners or designers to improve the existing TODs more effectively by finding priority TODs and carry out reasonable allocation of limited investment at the same time.



However, this paper still has some limitations. First, the selection of indicators can directly affect the final node- and place-values, resulting in different orders of priority TODs. This paper is mainly based on the commonly used indicators selected in previous studies. Indicators that can better represent the local context can be included in the analysis. Second, this paper only considers the development within 500 m of each TOD. Different catchment areas can be considered when analyzing and developing priority TODs in future research.



For future research, this method can be applied in other cities to verify and develop it into a general tool. At the same time, more factors need to be studied, such as the composition of the TOD network, to deeply understand the future development of TODs. Furthermore, the methods currently used in this paper make it difficult to evaluate the living or working environment of TODs, which should be investigated further in future research.
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Figure 1. Map of the 77 TODs in Hefei City. 
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Figure 2. The research flow chart. 
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Figure 3. The original node–place model by Bertolini [25]. 
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Figure 4. The 77 existing TODs in the node–place model. 
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Figure 5. Map of node-values in Hefei City. 
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Figure 6. Map of place-values in Hefei City. 






Figure 6. Map of place-values in Hefei City.



[image: Land 11 01590 g006]







[image: Land 11 01590 g007 550] 





Figure 7. Four priority levels of 77 TODs. 
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Figure 8. Map of the distribution of 15 priority TODs in Hefei City. 
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Table 1. Selection of indicators from previous literature [25].
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Values

	
Indicators






	
Node-value

	
Accessibility by train

	
Number of directions served




	














Place-value

	






Accessibility by bus, tram, and underground



Accessibility by car





Accessibility by bicycle

	
Daily frequency of services

Number of stations within 45 min of travel



Number of directions

Daily frequency



Distance from the closest motorway access

Parking capacity



Number of free-standing bicycle paths

Parking capacity



Number of residents in the area

Number of workers per each of four economic

clusters (retail/hotel and catering,

education/health/culture, administration and

services, industry and distribution)

Degree of functional mix
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Table 2. The indicators chosen for the node- and place-values [25,34].
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Indicators

	
Measurement

	
Data Source






	
Number of directions served by Metro (y1)

	
Number of subway services offered at the station from Hefei Metro Operational Map

	
The website of Metro Operational Map. http://www.hfgdjt.com/ (accessed on 10 June 2021)




	
Daily frequency of Metro services (y2)

	
Number of subways departing from the station on a working day from Hefei Metro Operational Map

	
The website of Metro Operational Map. http://www.hfgdjt.com/ (accessed on 10 June 2021)




	
Number of stations within 20 min of travel (y3)

	
Number of stations reachable within 20 min by subway from Hefei Metro Operational Map

	
The website of Metro Operational Map. http://www.hfgdjt.com/ (accessed on 10 June 2021)




	
Travel time to the CBD (seconds) (y4)

	
The travel time to the CBD by subway from Hefei Metro Operational Map

	
The website of Metro Operational Map. http://www.hfgdjt.com/ (accessed on 10 June 2021)




	
Number of directions served by buses (y5)

	
Number of bus services offered at the station from Hefei Bus Guide App

	
Hefei Bus Guide App. http://hefei.gongjiao.com/ (accessed on 20 May 2021)




	
Daily frequency of bus services (y6)

	
Number of buses departing from the station on a working day from Hefei Bus Guide App

	
Hefei Bus Guide App. http://hefei.gongjiao.com/ (accessed on 20 May 2021)




	
Distance from the closest motorway access (y7)

	
Distance to next highway exit

	
The OpenStreetMap website. https://www.openstreetmap.org/#map=6/31.504/122.058 (accessed on 21 December 2021)




	
Car parking capacity (y8)

	
The area of car parking within 500 m walking distance from metro stations

	
The OpenStreetMap website. https://www.openstreetmap.org/#map=6/31.504/122.058 (accessed on 21 December 2021)




	
Residential land (x1)

	
The area of residential land within 500 m walking distance from metro stations (D1)

	
The OpenStreetMap website. https://www.openstreetmap.org/#map=6/31.504/122.058 (accessed on 21 December 2021)




	
Retail, hotel, and catering land (x2)

	
The area of commercial land within 500 m walking distance from metro stations (D2)

	
The OpenStreetMap website. https://www.openstreetmap.org/#map=6/31.504/122.058 (accessed on 21 December 2021)




	
Parks, forest (x3)

	
The area of parks, forest within 500 m walking distance from metro stations (D3)

	
The OpenStreetMap website. https://www.openstreetmap.org/#map=6/31.504/122.058 (accessed on 21 December 2021)




	
Industrial and distribution land (x4)

	
The area of industrial and distribution within 500 m walking distance from metro stations (D4)

	
The OpenStreetMap website. https://www.openstreetmap.org/#map=6/31.504/122.058 (accessed on 21 December 2021)




	
Education, health, culture land (x5)

	
The area of cultural, education, health land within 500 m walking distance from metro stations (D5)

	
The OpenStreetMap website. https://www.openstreetmap.org/#map=6/31.504/122.058 (accessed on 21 December 2021)




	
Service and administration land (x6)

	
The area of public service land within 500 m walking distance from metro stations (D6)

	
The OpenStreetMap website. https://www.openstreetmap.org/#map=6/31.504/122.058 (accessed on 21 December 2021)




	
Degree of functional mix (x7)

	
Land function mix a = max (D1 D2 D3 D4 D5 D6)

	




	
b = min (D1 D2 D3 D4 D5 D6)




	
c = (D1 + D2 + D3 + D4 + D5 + D6)/6




	
d = D1 + D2 + D3 + D4 + D5 + D6




	
F = 1 − ((a − b)/d − (a − c)/d)/2
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Table 3. (a) Detailed description of 15 priority TODs (node-value). (b) Detailed description of 15 priority TODs (place-value).
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(a)






	
Level

	
TOD Name

	
Metro

Directions

	
Metro

Frequency

	
Stations

within 20 min

	
Travel Time to CBD

	
Bus

Directions

	
Bus

Frequency

	
Distance to Motorway Access

	
Car

Parking Capacity




	
L1 (N = 1)

	
Haitang

	
0.5

	
0.0353

	
0.6263

	
0.7255

	
1

	
0.8695

	
0.8602

	
0.9515




	
L2 (N = 14)

	
Douqiaowan

	
0.5

	
0.0353

	
0.5096

	
0.6831

	
0.5372

	
0.7341

	
0.8177

	
0.5981




	
You’ershifan

	
0.5

	
0.0353

	
0.164

	
0.633

	
0.6496

	
0.6348

	
0.8541

	
0




	
Changhuai

	
0.5

	
0.1307

	
0.8645

	
0.3811

	
0.7335

	
0.8955

	
0.7973

	
0.9234




	
Sanlijie

	
0.5

	
0.0000

	
0.9048

	
0.1906

	
0.9829

	
0.7237

	
0.7639

	
0.8834




	
Anyida’erfuyuan

	
0.5

	
0.0353

	
0.2912

	
0.8957

	
0.8004

	
0.8148

	
0.3484

	
0.9379




	
Dongwulijing

	
0.5

	
0.0000

	
0.8504

	
0.3811

	
0.8562

	
0.8709

	
0.7701

	
0.836




	
Fangmiao

	
0.5

	
0.0353

	
0.806

	
0.633

	
0.5372

	
0.7341

	
0.8192

	
0.6854




	
Gongdafeicuihuxiaoqu

	
0.5

	
0.0353

	
0.0601

	
0.9528

	
0.5981

	
0.7341

	
0.5614

	
0.5981




	
Hefei South Railway Station

	
0.5

	
0.1307

	
0.7578

	
0.7255

	
0.8809

	
0.9641

	
0.0000

	
0.5054




	
Honggang

	
0.5

	
0.0353

	
0.6671

	
0.7622

	
0.7686

	
0.7126

	
0.5865

	
0.9515




	
Longgang

	
0.5

	
0.0000

	
0.6048

	
0.6831

	
0.7335

	
0.7595

	
0.7039

	
0.8655




	
Shilimiao

	
0.5

	
0.0000

	
0.9889

	
0.7255

	
0.9255

	
0.8316

	
0.8258

	
1.0000




	
Tushuguan

	
0.5

	
0.0353

	
0.4831

	
0.8498

	
0.7686

	
0.8195

	
0.2878

	
0.9234




	
Xiqilitang

	
1

	
0.9339

	
0.8782

	
0.633

	
1.0000

	
0.9048

	
0.6981

	
0.9448




	
Mean (N = 77)

	

	
0.4908

	
0.0877

	
0.542

	
0.7079

	
0.5903

	
0.7128

	
0.6821

	
0.6614




	
(b)




	
Level

	
TOD Name

	
Residential

	
Retail

Catering

	
Parks

Forest

	
Industrial

	
Educational

Health

Culture

	
Service

	
Degree of Functional Mix




	
L1 (N = 1)

	
Haitang

	
0.7755

	
0.7233

	
0.0000

	
0.8402

	
0.0000

	
0.0000

	
0.9




	
L2 (N = 14)

	
Douqiaowan

	
0.7716

	
0.0000

	
0.000

	
0.0000

	
0.7075

	
0.0000

	
0.9167




	
You’ershifan

	
0.712

	
0.7177

	
0.868

	
0.7959

	
0.9824

	
0.7705

	
0.9306




	
Changhuai

	
0.9073

	
0.9479

	
0.0000

	
0.0000

	
0.8516

	
0.0000

	
0.9167




	
Sanlijie

	
0.7909

	
0.7932

	
0.0000

	
0.0000

	
0.9216

	
0.0000

	
0.9167




	
Anyida’erfuyuan

	
0.712

	
0.7177

	
0.868

	
0.7959

	
0.9824

	
0.7705

	
0.9306




	
Dongwulijing

	
0.7798

	
0.8578

	
0.0000

	
0.0000

	
0.8618

	
0.0000

	
0.9167




	
Fangmiao

	
0.7496

	
0.7656

	
0.7972

	
0.8851

	
0.0000

	
0.0000

	
0.9167




	
Gongdafeicuihuxiaoqu

	
0.0000

	
0.0000

	
0.0000

	
0.0000

	
0.9725

	
0.0000

	
0.9167




	
Hefei South Railway Station

	
0.0000

	
0.7421

	
0.0000

	
0.7971

	
0.0000

	
0.9638

	
0.9167




	
Honggang

	
0.7936

	
0.8013

	
0.0000

	
0.7965

	
0.0000

	
0.0000

	
0.9




	
Longgang

	
0.8029

	
0.8138

	
0.0000

	
0.0000

	
0.82

	
0.0000

	
0.9167




	
Shilimiao

	
0.9517

	
0.871

	
0.0000

	
0.8074

	
0.4351

	
0.0000

	
0.9167




	
Tushuguan

	
0.6607

	
0.8248

	
0.0000

	
0.9214

	
0.0000

	
0.0000

	
0.9167




	
Xiqilitang

	
0.9394

	
0.9129

	
0.0000

	
0.0000

	
0.9167

	
0.607

	
0.9167




	
Mean (N = 77)

	

	
0.7657

	
0.6728

	
0.1915

	
0.5001

	
0.6506

	
0.3345

	
0.9159
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