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Abstract

:

Logistics services are integral to urban economic activity, and delving into the spatial distribution traits and evolutionary pathways of various kinds of logistics service node facilities (LSNF) is markedly valuable for understanding a city’s functional spatial makeup and refining the spatial layout of logistics services. This study quantitatively and qualitatively analyzes the spatial congregation and spreading characteristics of diverse LSNFs in Wuhan in 2011, 2014, 2017, and 2020, employing kernel density analysis, average nearest neighbor index, mean center, and distance distribution frequency, seeking to characterize the spatial evolution characteristics of LSNF, alongside examining the trends in distances to city cores, principal adjoining roads, and production and consumption sites. The following conclusions were made: (1) Between 2011 and 2020, various types of LSNFs in Wuhan experienced a pattern characterized by the noticeable coexistence of spatial expansion and agglomeration, particularly visible after 2014. The degree of agglomeration is classified in a descending order as follows: CWC, STN, PSN, and PDN. (2) An “absolute diffusion” phenomenon characterizes the distribution of distances between various kinds of LSNFs and city cores or neighboring roads, with the lion’s share of high-frequency distribution zones spreading beyond city cores by 5–10 km, and a majority of the LSNFs being situated within 1 km from adjacent roads. (3) While the LSNF collective exhibits a stronger tendency towards the consumption facet, it reflects a surrounding of industrial production sites on the production facet and locations of manufactured goods consumption on the consumption facet, followed by locations of agricultural product consumption and comprehensive consumption sites.
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1. Introduction


The impact of rigorous measures, such as quarantine mandates during the COVID-19 pandemic, exerted a profound influence on global and regional logistics and transportation sectors, a ripple effect that perseveres to the present day. Within urban areas, both individual travel behavior and freight transportation have been significantly impacted, resulting in a decrease in overall societal mobility [1]. Although the government has implemented various measures like mask mandates, vaccination [2] campaigns, and mobility restrictions to mitigate the impact of the pandemic on society, when the flow of both people and goods are hindered, production suffers significant losses and may even come to a complete halt [3,4]. Some transportation blockades have led to a significant reduction in the scale of logistics and freight transportation operations, rendering workers unable to commute to their workplaces. Consequently, this has resulted in hardship for laborers who are reliant on physical work [5,6]. In summary, this jolt emphatically underscored the significance of logistics operations, the revitalization of which emerges as an urgent task to restore the resilience and vigor of both global and regional economies.



The logistics sector has unmistakably emerged as a significant indicator of a city’s level of modernization and comprehensive strength. In China, a swiftly burgeoning economy is accompanied by an expanding logistics market. The 2022 China Modern Logistics Development Report exhibits that “from 2012 to 2021, China’s total social logistics grew from around 28.1 trillion USD to nearly 52 trillion USD, with an average annual growth rate of up to 7.3%, and has become the world’s largest logistics market” [7]. In 2022, the General Office of the State Council promulgated the “Modern Logistics Development Plan”, advocating the ambition that by 2025, urban distribution hubs, cold chain storage, and other pivotal facilities attain a coverage expanse of over 80% [8], a trend poised to foster economic rejuvenation and societal advancement. A resilient logistics industry can facilitate the transformation and upgrading of urban industrial structures [9]; at the same time, it also ensures the efficiency of the industrial division of labor and cooperation, enabling urban industrial structures to have greater resilience to market shocks [10].



Although in recent years, logistics geography has shown potential for development, in reality, research in this extremely important field has only scratched the surface [11]. Further exploration is needed into the urban structure and spatial functional characteristics from a logistics perspective, particularly with regard to reexamining the attributes, classifications, and efficiency of logistics spaces, and interpreting the characteristics of logistics space patterns from the perspectives of functional positioning, attribute delineation, and industry management [12]. In particular, research on logistics in China tends to focus on national or large regional scales [13,14]; some studies on urban logistics are also relatively limited, often focusing on a single type of logistics facility within the city [15]. Therefore, this study delves into the spatial pattern characteristics and evolution of each LSNF within Wuhan, comprehensively exploring them. This approach enables a finer understanding of urban logistics service development from macro to micro perspectives, providing urban policymakers with a comprehensive view for logistics facility planning and layout.



Based on the background provided, the research objectives of this paper are as follows: based on the POI data, firstly, this study aims to calculate the degree of agglomeration and diffusion of various types of logistics service node facilities in Wuhan City through the “kernel density” and “average nearest neighbor index”; then, utilizing point-based “mean center” methods, this study seeks to characterize the spatial evolution characteristics of LSNFs; lastly, the study will employ distance distribution frequency to characterize the changing relationship between logistics service nodes and urban centers, production sites, and consumption points. The structure of this article is as follows: Section 2 presents a review of the research advancements pertinent to urban logistics. Section 3 describes the fundamental socio-economic background and the underpinnings of logistics development in the targeted area, along with explicating the data and methodology employed in this study. Section 4 analyzes the relevant computations and visualizations of the results. The article concludes by summarizing and discussing the entirety of the study.




2. Literature Review


2.1. Logistics Sector and Regional Economic Development


The reconfiguration of spatial logistics and regional economy has occurred in the framework of a post-industrial development model, enhancing economic performance efficiency through specialization and agglomeration [16]. The principle of agglomeration economies explains the spatial concentration of industrial activities [17], with a significant portion of this being attributable to the synergies fostered among these enterprises; the clustering of local logistics providers precipitates reduced costs and greater flexibility. Total factor logistics productivity (TFLP) is indispensable for regional efficiency and competitiveness, as the circulation of goods, services, and labor becomes increasingly pivotal in local production systems [18]. In China, the agglomeration of logistics directly fuels regional economic growth through localization and urbanization effects [19]. Concerning the mechanism of action, it is predominantly logistics that galvanizes urbanization by bolstering employment, land utilization, and spillover effects through integration with other industries [20]. Steering the planning and construction of logistics facilities to meld with urban development and realize intensive land use emerges as an efficacious strategy to propel the high-quality evolution of China’s logistics sector and elevate the degree of new urbanization [21]. Nonetheless, in practical terms, there remain some issues that need further confirmation; for instance, the spatial spillover impact of constructing new logistics infrastructure on the trade circulation industry possesses a stabilizing boundary of 700 km. With the enlargement of geographical distance, transitions occur from the positive spatial spillover effect to the “siphon effect” [22].




2.2. Logistics Spread and Clustering


The phenomenon of logistics activities progressively distancing themselves from the central urban areas is commonly denoted as “logistics sprawl”, “logistics suburbanization”, and “logistics decentralization” [23]. However, it is important to recognize that the terms “sprawl”, “suburbanization”, and “decentralization” encompass nuanced differences in their conceptual and connotational implications within the field of urban geography. The concept of logistics sprawl draws, to some extent, from the notion of urban sprawl [24,25], and numerous socioeconomic factors contribute to this sprawl, making it challenging to ascertain which factors have the greatest impact [26]. Sprawl predominantly denotes spatial expansion activities which are characterized as inefficient or disorganized [27], while suburbanization is associated with the spatial evolution and extension of urban expansion. In the context of logistics, suburbanization refers to the tendency of logistics activities to shift to peripheral areas with lower population densities. This intrusion/integration into low-density areas reshapes the suburbs, making them pivotal locations, bases, or intermediate points for the circulation [28]. Regarding logistics decentralization, this entails the dispersion of activities across multiple locations, where the functions of major trade nodes and primary consumer markets coexist [29].



Numerous studies have determined that several large metropolitan areas in Europe and North America have encountered logistical sprawl to diverse extents [30]. Examples include cities like Chicago and Phoenix [31], as well as Montreal, Toronto, Winnipeg, Halifax [32,33], and the Greater Paris metropolitan area [34].The diffusion of logistics involves a complex process beyond simple suburbanization [35], while warehouse establishments are most densely distributed in the logistics sector, succeeded by the goods transportation sector and population, albeit to fluctuating degrees which are contingent on the city’s and warehouse’s size [36]. Concerning influential factors, the extent of logistics decentralization is vested in the differences in the spatial distribution of commodity flows and land valuations, warehousing decentralization is influenced by freight activities and land valuations, and the bearing of freight demand and land prices on decentralization is indeed significant and non-linear [37]. This impact mechanism has been evidenced in cities such as São Paulo, Brazil [38], Brandenburg, Germany [39], and Madrid, Spain [40]. In China, the swift advancement of the Internet and e-commerce has fueled the significant enhancement of logistics facilities and enterprises. Multi-faceted studies have revealed that approximately 67.48% of the nation’s urban logistics is in a gradually spreading state, crystallizing into three major high-value nuclear density regions as follows: the Yangtze River Delta, the Shandong Peninsula, and the Beijing–Tianjin–Hebei region [41]. In myriad instances, a correlation appears between the suburbanization of cities and the decentralization of logistics facilities, as warehousing and distribution hubs have spread to peri-urban regions where land is more economical and accessible. This location changing pattern has been driven by the necessity to construct more modern and expansive facilities to accommodate the ever-increasing influx of freight.



In the process of “logistics sprawl”, logistics operations seek to leverage the closeness to akin operations for infrastructure sharing, thus often forming “spatial clusters”. The changes in logistics exhibit the following two notable traits: the transition of facilities from the urban core to the peripheral zones (sprawl), and the co-location of logistics functions (concentration) [42]. Various vantage points further corroborate the burgeoning of logistics in the Paris metropolitan expanse and the emergence of logistics clusters in its vicinity. For instance, evolving supply demand dynamics and profit associations have led to the urban parcel industry’s concentration in urban hubs, a scenario which, contrary to the broad-scope logistics sprawl, denotes a “return to urban centers” for logistics activities [34,43]. In the context of the city, Chongqing’s distribution of logistics and warehousing land exhibits a clustered pattern with multiple centers. The aggregation of logistics land extends outward from the inner ring road [44,45], and in Hangzhou, the logistics nodes demonstrate a distinct “core-periphery” structure, indicating a strong coupling relationship between logistics nodes and the urban spatial structure. Other urban case studies also confirm this trend. For example, in Guangzhou, the kernel density of “intelligent express lockers” decreases from the city center towards the suburbs [46]. Similarly, in Shanghai, the spatial aggregation of service points for express delivery companies exhibits a pattern of “one pole, multiple cores [47]”. While it remains a significant challenge for large cities to accommodate the sprawl of logistics facilities while maintaining sustainable land use patterns, fostering the growth of logistics facilities in dense, mixed-use urban territories continues to be the prevailing trend [48].




2.3. Logistics Networks and Supply Chain Integration


The spatial configuration of logistics embodies the form and structure of logistics facilities, which form the crux of the physical network, alongside the logistics organization network, representing the core of ground-based logistics enterprises [49]. The arrangement of logistics facilities and enterprises significantly correlates with industrial demands and transportation locational attributes, progressively reflecting consumer demands and population locational traits [50].



With the ascendancy of logistics intelligence, the “fourth source of profit” rooted in supply chain management is emerging with potential [51]. Logistics networks are swiftly evolving, propelled by the globalization of the supply chain, the automation of production, and transportation networking, making the construction of efficient logistics networks increasingly pivotal [52]. These networks foster vertical and horizontal collaboration in the supply chain, enabling companies operating on a parallel level in the supply chain to share information and resources, thereby enhancing efficiency and profitability, albeit with a blend of opportunity and risk [53]. For example, since the pandemic, global supply chain logistics networks and sales logistics networks have experienced significant declines in connectivity, leading to a contraction of logistics networks to local scopes [54]. Supply chain management (SCM) integrates previously dispersed activities associated with material management and logistics, delivering specialized services and enhancing the overarching supply chain [55]. The advent of the Internet of Things melds standardized, modular, and intelligent containers with novel logistics protocols and business models, forming a collaborative, extensively distributed, and leveraged logistics and distribution system [56]. Indeed, under the impetus of globalization, automation in production, and the networked nature of transportation, the construction of efficient logistics networks has become increasingly important [52].




2.4. Urban Logistics Planning and Management


Logistics services stand as one of the most localized and ingrained industries, presenting a real challenge in metropolitan planning through the lens of logistics diversity. Taking Paris as an example, logistics and freight transportation are morphing into significant public issues for local governments in the metropolis, particularly as sustainability ascends as a new paradigm in urban and regional policy [57]. The unfolding impacts of the negative externalities due to urban freight transport are evident. Therefore, both managers and the general public are growing more observant and responsive to these negative externalities, leading to a rising number of city authorities instituting specific access regulations [58]. In light of the symbiotic role between the public and private sectors, the framework for urban logistics planning should encapsulate three dimensions: large-scale logistics facilities, road networks, and regional planning, further branching into four categories, namely logistics infrastructure, logistics management and control platforms, logistics transportation road types and networks, along with technical and institutional safeguards [59]. Assessments are also requisite, including cost–benefit analysis, multi-criteria analysis, or cost-effectiveness analysis [60]. The deployment of urban freight logistics measures in the European Union’s CIVITAS program underlines the pivotal role of fostering partnerships among the stakeholders in urban freight logistics [61]. Contrarily, in China, a holistic and comprehensive approach towards logistics-related planning remains absent, misaligning with the “one map” planning ethos of territorial spatial development [62]. The enterprise-centric model of logistics management notably diverges from urban planning concerning objects, goals, means, and so forth [63]. The theoretical framework and methodology underpinning public logistics facilities planning are yet to reach maturation. Hence, there appears a necessity for research delving into the location and layout of public logistics facilities, alongside their functional positioning and development objectives [64].





3. Materials and Methods


3.1. Research Area and Data Source


Wuhan, a significant provincial capital situated in central China (Figure 1), exhibits a resident population of 13,739,900 as of 2022, sprawling over an area of 8569.15 square kilometers, with approximately 84.66% of the population residing in urban areas. Since 2015, the added value of the logistics industry in Wuhan has surpassed USD 16.055 billion for the first time, accounting for approximately 9% of the city’s GDP. The logistics industry has gradually become one of the pillar industries supporting the overall economic development of the city. Wuhan boasts significant transportation advantages, including various modes of transport such as aviation, railways, waterways, and highways [65]. Situated in the heart of China, Wuhan serves as a national linchpin for both transportation and commodity circulation. According to the China City Logistics Competitiveness Report (2021), Wuhan is heralded as the 7th city in logistic competitiveness in China [66], thereby commanding a crucial stance as a logistics hub in the national tapestry, which possesses four functional categories, including land port, airport, production service, and trade service. Regarding logistics park construction, several modern logistics parks have been established, such as Hankou North, Donghu, Dongxihu, and Jiangxia, providing convenient operational environments and supporting facilities for logistics enterprises. In terms of logistics informatization, Wuhan has implemented initiatives including constructing a logistics information platform, employing Internet of Things (IoT) technology, and utilizing big data analytics to enhance logistics efficiency and service quality, thereby establishing itself as a pilot city for national modern logistics innovation and development.



The underpinning of modern logistics services lies in business entities, where diverse logistics enterprises bolster the main links and functions pertaining to societal logistics activities. Thus, the logistics industry transcends a mere industry or business domain, evolving into a facility entity designed for distribution and storage objectives. This study focuses on the traits of the spatial patterns of logistics facilities in sprawling urban centers, thereby designating the focus of the study as “Logistics Service Node Facilities” (hereinafter abbreviated as LSNF). Predominantly, the analysis employs Amap POI data in the four following years: 2011, 2014, 2017, and 2020. Additionally, the study incorporates road vector data from OpenStreetMap [67].




3.2. Research Methods


3.2.1. LSNF Classification


“Logistics nodes” refer to the different hierarchical levels of cities at the macro level and to logistics node facilities at the micro level, such as logistics parks, logistics centers, distribution centers, and transportation node facilities like railway stations, airports, ports, and docks [68]. These facilities are essential organizational elements of logistics activities [69]. In this study, focusing on the urban scale and based on POI data, logistics service node facilities mainly refer to various levels of “logistics service nodes” within the logistics network, such as logistics parks, logistics centers, distribution centers, self-pickup lockers, etc. Within the city, these nodes constitute crucial points of the social logistics service network. This study employs structured query language (SQL) to sieve keywords for functional category classification, drawing upon the procured logistics POI data. Although this methodology does not yield the utmost precise categorization, it provides a relatively objective categorization under the existing data conditions. Logistics service node facilities, denoted as LSNFs, along with the keywords and the resultant classification are presented in Table 1.




3.2.2. Measurement of the Characteristics of Spatial Distribution Patterns


The study utilizes the ArcGIS Pro software (version 2.8.3) platform to perform kernel density analysis, the mean nearest neighbor index, and mean center calculations, initially delving into the spatial distribution attributes and evolving trends of logistics facilities. These computations are executed automatically in ArcGIS Pro. Equations (1)–(3) are the formulas for the kernel density, average nearest neighbor index, and mean center.


  D e n s i t y =  1      r a d i u s    2      ∑   i = 1  n     n π  · p o  p i      1 −       d i s  t i    r a d i u s      2     2     



(1)







Density represents the kernel density value, i = 1, …, n are the input points, and only points within a radius distance from the (x, y) location are included in the sum. popi is the population field value of point I, which is an optional parameter in ArcGIS Pro tools. disti is the distance between point i and the (x, y) location.


  A N N =     ∑   i = 1  n   d i   n  /   0.5     n / A      



(2)




in which di is the distance between the nearest features, A is the area of the minimum bounding rectangle of all features or the specified study area, and n is the total number of features. ANN is the average nearest neighbor index. If the index is less than 1, the pattern indicates clustering, while if the index is greater than 1, the pattern tends towards dispersion.


   X ¯  =     ∑  i n   x i   n       Y ¯  =     ∑   i = 1  n   y i   n   



(3)







The mean center is a point constructed from the average X and Y values for the input feature centroids, where xi and yi are the coordinates for feature I, and n is the total number of features. As each point within the same category has the same function, there is no need to calculate the weighted mean center.



Logistics expansion involves both quantitative growth and spatial change. Building upon the groundwork laid in previous research, we will analyze how various types of LSNF are changing their distances from city centers, adjacent roads, and production or consumption sites to uncover specific nuanced patterns. Distance calculations from the city center are based on the location of the municipal government, with each LSNF Euclidean distance being computed from this reference point. Similarly, we determine proximity to the nearest main road by calculating the Euclidean distance from each LSNF point to the nearest road. The methodology for assessing distances to production or consumption points mirrors that of the nearest road. We aggregate calculation results at 5 km intervals to determine distribution frequencies, utilizing the neighborhood analysis tool in ArcGIS Pro. Further methodological details are not provided here for brevity.



Based on the aforementioned data foundation, primary research objectives, methods, and the research process and framework of this study are shown in Figure 2.






4. Results


4.1. Trends in Expansion and Clustering


Drawing upon the aforementioned theories and methodologies, a diverse range of LSNFs in Wuhan were assessed concerning their overall agglomeration and spreading, along with their relative frequency distributions regarding various distance intervals from the city center, major roadways, and sites of production and consumption, for a more nuanced understanding of the evolving trends and patterns.



4.1.1. Kernel Density Analysis and Average Nearest Neighbor Index (ANNI)


Kernel density can lucidly unveil the inherent spatial concentration. The kernel density segmentation of different types of LSNFs markedly diverges, displaying a pronounced proclivity for the enhancement of both the regional diffusion and concentration after 2017. The spatial distribution is depicted in Figure 3. ① CWCs progressively establish a convergence zone at the junction of the Qiaokou District and the East–West Lake District, spanning 2011 to 2020, with four distinct and stable convergence zones materializing following 2017. ② The high-density areas in STNs predominantly reside in the constructed area, forming two high-value zones post-2017 at the periphery of the Qiaokou District and the East–West Lake, alongside the Yangtze River. ③ PDNs are extensively distributed, evincing a gradual agglomeration towards the primary urban zones in terms of density changes, whilst solely principal streets and towns are distributed in the suburban expanse. There appears to be a significant growth from 2014 to 2017, and by 2020, the agglomeration in the central urban department zone further retracts to the vicinity along the Yangtze River. ④ The high-value zones of PSNs are chiefly situated in constructed areas, witnessing a dramatic surge from 2014 to 2017, with the central urban zones being thoroughly encompassed. By 2020, the central urban zones produce multiple hotspots, whilst the coverage industry requires further expansion.



The result of calculating the nearest neighbor index when utilizing ArcGIS Pro is illustrated in Figure 4. According to the mean of the average nearest neighbor index, the smaller the index, the higher the clustering degree. Therefore, the degree of agglomeration is classified in a descending order as follows: CWC, STN, PSN, and PDN. Regarding inter-annual variation, the results across different years for CWCs exhibit a pattern of a high level of clustering, where a slight decrease with each subsequent year is evident, indicating a slight decline in the degree of clustering. The inter-annual variation in the ANN index for STNs is relatively small; however, overall, there is a slight decrease in the index from 2011 to 2020, indicating a trend towards increased clustering. STNs reflect lesser inter-annual variability, albeit 2020 demonstrates a pronounced exponential decline and a subsequent increase in agglomeration when compared to 2011. As for PDNs, the ANN index significantly decreased after 2014, indicating a notable trend towards increased clustering. And PSNs experienced a fluctuating year-on-year variation, initially increasing and then decreasing; overall, this still demonstrates a trend towards strengthened clustering. The results above indicate that from 2011 to 2020, various types of LSNFs in Wuhan showed a clustering trend. The clustering changes in the upper-end logistics service nodes were relatively minor, with the main changes concentrated in the middle and end nodes. This consistency aligns with the spatial characteristics observed in the kernel density analysis mentioned earlier.




4.1.2. Changes in the Mean Center


To delve deeper into the temporal and spatial shifts of LSNFs in Wuhan, the “Mean Center” spatial statistical tool in ArcGIS Pro is employed to identify the trends of various LSNFs. The findings (Figure 5) indicate that CWCs incline towards the administrative district boundary, departing from the city center, with an average displacement of over 1.5 km; STNs increasingly gravitate towards the city center along the Yangtze River region, with an average displacement of around 1.2 km; PDNs exhibit a gradual tendency towards cross-river movement, with a larger moving distance of about 2 km from the center; and PSNs primarily shifts towards the Wuchang district, with an average displacement of around 1.2 km. These changes imply some noteworthy phenomena. The mean centers of CWCs tend to move closer to the Third Ring Road, indicating an outward expansion trend. However, the mean centers of other LSNFs exhibit a tendency to regress towards the main urban area, aligning with the notion of “logistics activities returning to the city center” mentioned in previous literature. Some of these changes are related to the natural factors in Wuhan. For example, the city is divided into three regions by two rivers, and the presence of numerous lakes restricts urban land use. The movement of the center of gravity of these LSNFs also partially reveals the direction of the regional development center and population changes in the city.





4.2. Characterization of Distance Variations


4.2.1. Change in Distance from City Center


The aforementioned analysis of clustering and spreading illustrates that the clustering and spreading of LSNFs in Wuhan coexist, each exhibiting varying degrees of spatial differences and imbalances. To further observe the trend of LSNFs’ deviation from the city center, the locus of the Wuhan municipal government is designated as the city center, and the Euclidean distance from LSNFs to the city center is measured, with the distribution probability counted in 5 km intervals.



The proximity table is utilized to calculate the Euclidean distance and angle between each type of logistics service facility and the city center. The results (Figure 6) demonstrate the following: ① Over 90% of CWCs are situated within a distance zone ranging from 10 to 20 km from the city center, with the facilities extending to about 60 km from the city center, and the high-frequency zone being narrowed from 15–20 km to 10–15 km from the city center. ② Overall, 90% of STNs are situated within 40 km of the city center, and the distance range of high-frequency distribution expands from 5–10 km to 15–20 km from the city center. ③ More than 90% of PDNs are distributed within 55 km of the city center, with the high-frequency distribution region transitioning from within 5 km of the city center to between 5 and 10 km. ④ Overall, 90% of PSNs are distributed within 25 km of the city center, and the high-frequency distribution interval broadens from 5–10 km to 10–15 km.



The above characteristics indicate that LSNFs in Wuhan predominantly occupy the urban zone proximal to, and encompassed by, the Third Ring Road (within a 20 km radius from the city nucleus). Analyses unveil a spatial correlation between the spread of LSNFs and the direction and distance of urban expansion. Concurrently, the frequency attributes of the distribution exhibited across distances are related to the morphological features of the administrative demarcation boundaries, with the distribution likelihoods of LSNFs markedly characterized by distance decay. The territories of high frequency distribution across inter-annual variability invariably extend outward, albeit by a maximum of 5 km; hence, the rural coverage remains insufficient.




4.2.2. Change in Distance from Major Roads


The development of contemporary logistics is inherently connected to the advancement of transportation infrastructure and freight conveyance technology; convenient transport conditions can improve logistics efficacy and reduce logistics expenditures. To delve into the spatial variation of logistics service facilities in association with the distance from principal urban thoroughfares (incorporating motorways, trunk, primary, and secondary roads within Wuhan from OSM data), the Euclidean distance from LSNFs to the nearest road was computed, followed by a conduct of distance interval frequency analytics to identify any propensity of relative spreading between logistics service facilities and roads. The findings (Figure 7) reveal that approximately 90% of LSNFs are situated within a 1 km range, with the most pronounced interannual fluctuation in facility distribution frequency in this distance scope, exhibiting more sensitivity to distance. Specifically, CWCs and PSNs demonstrate a decline in relative frequency within the 0.5 km and a surge between the 0.5 and 1 km range. Conversely, STNs and PDNs depict an antithetical trend, evidencing a significant increase in the relative frequency of facilities within 0.5 km and a decreasing tendency between 0.5 and 1 km.




4.2.3. Change in Distance from Place of Production or Consumption


The modern urban landscape functions as a central hub for material production, distribution, and consumption processes, with logistics service facilities playing a crucial role in facilitating the flow of materials within urban areas. To delve deeper into the potential correlation between the spread of logistics service facilities and the principal economic activities in the city, places representing production and consumption functions were selected from the Amap POI. The structured query language (SQL) was employed to refine the categories and keywords, wherein the production POI primarily emerged from “small category factories, industrial parks, companies” which were filtered from “large category companies”. In this process, the production POI primarily extracts the “small class of factories, industrial parks, and companies” from the “large class of companies and enterprises”, subsequently isolating data including the keywords “manufacturing”, “processing”, and “supply” in the title to represent “industrial production” (IP); the data pertaining to “agriculture, forestry, animal husbandry and fishery bases in the middle category”, along with those incorporating the keywords “agriculture”, “ecology”, “farming”, and “cooperative” in their titles are refined to signify “agricultural production” (AP). Consumption-centric POI denote “consumption of agricultural products” (AC) by sifting data from “shopping services in the major category” to “flower, bird, insect, and fish markets, agricultural and sideline product markets, and general markets in the minor category”, filtering data for “shopping centers and malls in the subcategory” to represent the “Consumption of manufactured goods” (MC), and the data of “convenience stores and supermarkets in the subcategory” are refined to symbolize “comprehensive consumption” (CC).



The findings (Figure 8) exhibit significant variability in the distribution of LSNFs in association with diverse types of production sites (PS) over time and across distance intervals. Collectively, all categories of logistics service facilities are predominantly situated around industrial production zones, with the distribution distances of CWCs and STNs being somewhat nearer in comparison to IP, while the arrangement of logistics service facilities and AP appears relatively balanced. With respect to distance intervals, LSNFs are chiefly distributed in a range of approximately 5–20 km relative to IP and 15–30 km to AP. Nonetheless, as time progresses, all LSNFs in 2020 demonstrate a notable spreading trend when compared to 2011; that is, the relative distances from both IP and AP have extended by roughly 5–10 km. This illustrates a corresponding spreading trend of LSNFs in Wuhan, utilizing the production site as a reference point.



By calculating the Euclidean distance and interval frequency distribution between each type of logistics service facility and each type of consumption site (CS), a clearer understanding of the results emerges (Figure 9). Overall, all LSNFs in Wuhan are primarily situated around MC premises, followed by AC and CC premises. Among these, STNs and PSNs are slightly closer to various types of consumption points compared to other logistics service facilities. Pertaining to distance intervals, STNs and PSNs are relatively closely affiliated with MCs and ACs within a distance of 0–15 km, while CWCs exhibit a closer association with ACs and CCs within a relative range of about 15–25 km. However, with the passage of time, specifically in 2020 as compared to 2011, all LSNFs display a relative spreading trend, and the distances from all types of consumption points have increased by about 5–10 km. This indicates a relative dispersal trend of LSNFs in Wuhan concerning consumption sites.



In this study, the focal point is the spatial interrelation between local LSNFs and the activities of production or consumption, as assessed through a comparative flow analysis. The results (Figure 10) emphasize that LSNFs are more closely linked with consumption activities in urban economies. Notably, two nodal types, PDNs and PSNs, hold significant relevance to consumption activities, particularly ACs and MCs. Conversely, CWCs and STNs are more proximately aligned with IP in production activities. With regard to spatial intervals in the 0 to 10 km range, PDNs and PSNs exhibit a tendency to be organized around ACs and MCs, whereas CWCs and STNs hold a somewhat stronger connection to CCs; in the contrasting range of 10 to 25 km, the proximity of CWCs and STNs to various hubs of production or consumption exhibits a balanced and consistent demeanor; beyond this range, as the distance increases, the distribution of LSNFs gradually attenuates, bringing the prominence of PDNs and PSNs into sharper relief once more. An additional observation involves that CWCs and STNs, positioned in the middle and upstream segments, progressively reduce in closeness to production and consumption activities when compared with PDNs, PSNs, and other terminal segments. This underlines the indelible correlation between the metamorphosis of logistic structures and the unfolding urban industrial labor division, wholesale, retail, and e-commerce dynamics.






5. Discussion


This study carefully delves into the evolution of the spatial and temporal patterns of various sorts of LSNFs across 2011, 2014, 2017, and 2020. The results indicate that, compared to other global metropolises, Wuhan has undergone a moderate-to-high level of logistics expansions. This aligns with another study’s findings, revealing a shift in the spatial distribution of warehouse facilities from the city center to the outskirts, with a greater concentration of warehouse land use. This demonstrates a characteristic coexistence of “expansion and agglomeration [45]”. Similarly, shifts in their distribution concerning their distances from the city center, main adjacent roads, and production or consumption sites, further corroborate the aforementioned results. It provides a more nuanced description of these characteristics, highlighting three noteworthy points for discussion.



Between 2011 and 2020, various types of LSNFs in Wuhan experienced a pattern characterized by the noticeable coexistence of spatial expansion and agglomeration. In spatial location terms, CWCs predominantly cluster at the outskirts of the main urban area, where urban and rural areas intersect. The agglomeration zone of STNs extend on either side of the juncture between the main and more distant urban areas, with new agglomerations emerging in the riverfront sector of the principal city. Conversely, the agglomeration domain of PDNs chiefly span in the scope of the main urban area, and, with the enhancement in the count of streets and townships in the distant urban areas post-2017, a minor-scale change in agglomeration was noted. The agglomeration shifts in PSNs share semblances with PDNs, yet predominantly cluster at the central region of the main city. These findings indicate that, in terms of CWCs and STNs, Wuhan, like other major cities, underwent a process of logistics expansion, with these areas often serving as crucial logistics land-use zones in urban planning. Evidence from the Paris metropolitan area also supports similar conclusions, suggesting that warehouses and freight stations are increasingly moving away from the city center due to urban planning policies and economies of scale [70]. When the government plans the logistics-related land use, it typically aims to create employment opportunities and fiscal revenue for the local area [71]. While expanding into the outskirts can drive development opportunities in rural areas, the industrial-focused logistics sector will remain the primary driver of expansion [72]. In the case of PSNs and PDNs, the results also echo another study focusing on Wuhan, indicating that express pickup points tend to cluster in the central urban area, forming “central hotspots”. Their distribution correlates highly with residential land use and the area and population size of each district [73].



The selection, accessibility, and urban layout play a crucial role in determining the locations of logistics facilities. They tend to concentrate nearer to key transportation infrastructure like highways, airports, and seaports. The significant expansion of logistics largely stems from transportation enhancements and suburbanization. Evidence from Spain suggests that almost half of logistics companies operate within a kilometer of a highway, with over 95% being within 10 km. Furthermore, 89% of these companies are situated in urban areas, contrasting the much lower 11% in rural regions [74]. In Wuhan, regarding to distance from the city center, the majority of LSNFs are situated proximate to the Third Ring Road (within an approximate 20 km radius from the city center) or in developed zones, with a preponderance of distribution areas stretching between 5–10 km, while CWCs extend to nearly 60 km from the city core. LSNFs exhibit a greater sensitivity to the closeness of adjacent roads, with the majority being distributed within 1 km of these roadways. Notably, an explicit sprawl phenomenon between the CWCs and PSNs vis-a-vis the roads is characterized by a decrease in distribution frequency within 0.5 km from the roads, and an increase between 0.5 and 1 km. Conversely, STNs and PSNs exhibit a contrary trend, i.e., a significant increase in relative frequency up to 0.5 km and a reducing trend between 0.5 and 1 km, suggesting a proclivity for LSNFs in this category to cluster nearer to the roadways. Although logistics is closely tied to transportation factors, the spatial distribution of freight between intra- and inter-regional transport facility groups also needs to consider the share of freight within and between regions, as well as the types of goods [75].



In large cities, efficient commodity supply chains increasingly benefit from logistics facilities which are located close to the places where goods are used and consumed [76]. Although LSNFs generally tend to be situated closer to the consumption end, there are still some interesting phenomena observed in specific relationships. With respect to their proximity to production sites, the relative distance of LSNFs to both IP and AP extends by approximately 5–10 km, yet they are typically situated closer to industrial production areas, among which, CWCs and STNs are somewhat nearer to IP areas, spanning about 5 to 20 km. In relation to consumption sites, all LSNFs have enhanced their relative distances to consumption points by around 5–10 km, but are primarily arranged around MC, trailed by AC and CC; in this arrangement, STNs and PSNs are located somewhat more closely when compared to the distribution distances of the various types of consumption points, which are distributed within a relative distance of about 0 to 15 km. The above indicates that facilities situated at the upstream end of the logistics service, such as CWCs and STNs, remain closely linked to industrial production or the consumption of finished goods, while facilities at the downstream end of the logistics service, such as PDNs and PSNs, are increasingly connected to broader consumer areas. These new findings are corroborated by the existing research; for instance, the decline in employment numbers in logistics and wholesale trade in city centers is due to the growth of logistics activities predominantly in the peripheries of urban areas [77]. Moreover, in some of the world’s major cities such as New York, Paris, Seoul, Shanghai, and Tokyo, there is a necessary overcoming of the high costs of establishing and operating logistics facilities in dense urban environments. Therefore, in practice, logistics activities are often integrated with housing, retail, or other purposes, giving rise to emerging mixed-use facilities, thereby leading to the spatial reorganization of these LSNFs and generating new spatial functionalities.




6. Conclusions


Due to the growing urban population’s demand for more and convenient goods, the expansion of urban freight is inevitable. Numerous studies have indicated that the changes in logistics geography represent not only the spatial reorganization of urban areas. but also the increasing connectivity among metropolitan, regional, and national economic entities over long distances [78]. In terms of the hierarchical structure and spatial patterns of logistics networks, there are significant geographic and hierarchical differences in the spatial distribution of different nodes, and there is a high degree of diversity among nodes and levels [79].



The structural changes in various types of LSNFs regarding distance and configuration trends illuminates the spatial evolution of urban characteristics in the domain of material circulation. Extant data suggest that service node facilities with a warehousing focus are often related to a city’s industrial framework and land-use planning. Considering their substantial land occupancy, these facilities are typically envisioned to be situated at the urban periphery transitioning into rural areas, thereby acting as a “bridgehead” for the expansion of the city’s built-up zone. However, logistics connections in the downstream and terminal phases tend to be market driven, predominantly clustering in central urban areas with significant populations and industrial activities to cater to the diverse logistics demands of clientele, while extensive rural regions remain comparatively underserved. Such developments seemingly indicate that variances in transportation costs, rental rates, and commercial objectives contribute to a differentiation in the nature and function of logistics nodes, thus leading to different forms of agglomeration. While the classification of logistics in this study might undergo adjustments and refinements in practical scenarios per varying industrial sectors and logistics requisites, the attenuation of intermediate links remains a constant. LSNFs are progressively embodying flexibility and personalization in the organizational frameworks and business models of these diverse enterprises.



The intra-city logistics system has transcended serving merely the conventional manufacturing sector’s production logistics, evolving to accommodate the burgeoning sectors of e-commerce courier services, urban delivery, and other service industry-oriented logistics. In tandem, the logistical spatial structure of entities such as e-commerce firms and express delivery companies has undergone notable transformations, presenting new quandaries and challenges for urban logistics, freight transportation, and allied industry planning. As many cities experience population growth in their central areas while freight facilities expand outward, it leads to increased freight travel distances and exacerbates spatial mismatches [80]. Consequently, this situation results in negative impacts, such as traffic congestion, exhaust emissions pollution, air pollution, greenhouse gas emissions, noise disturbance, and safety hazards [81].To overcome these challenges, it is necessary to not only coordinate the contradictions between logistics costs, environmental impacts, traffic safety, and energy consumption [82], but also to harmonize the interests of stakeholders involved in urban logistics at the microlevel [83]. Optimizing urban logistics layouts from the perspective of the spatial supply–demand balance, ensuring fair distribution of logistics facilities is essential to promote the sustainable development of urban logistics sector [84]. In addition to this, aiming for economic, social, and environmental sustainability, promoting the integration of Internet of Things (IoT) and smart logistics systems is essential. For instance, planning and constructing intelligent and automated logistics facilities related to new energy trucks seems promising.



While this study delved into the spatial distribution and evolutionary traits of various LSNFs in Wuhan from diverse perspectives, there are still avenues for further exploration. Factors influencing the distribution and development of different LSNF types, along with their mechanisms and socio-economic impacts, warrant deeper investigation. Furthermore, comparative analyses with similarly sized cities in China are imperative to delineate the universality or specificity of these logistics traits. Moving forward, we will focus on selecting suitable influencing factors and econometric models to conduct more refined research and exploration into the spatial and network patterns of each category of LSNF. This will enable us to provide more specific and quantifiable recommendations for urban logistics planning.
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Figure 1. Geographic location of Wuhan city (Area 1–7 are the rural areas of Wuhan, the others are suburban areas. The map of China is from the Ministry of Natural Resources, while others are drawn by the author). 
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Figure 2. The research process and framework of this study. 






Figure 2. The research process and framework of this study.



[image: Ijgi 13 00082 g002]







[image: Ijgi 13 00082 g003] 





Figure 3. Spatial distribution of LSNFs’ kernel density in Wuhan for 2011, 2014, 2017, and 2020. 
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Figure 4. ANNI of Various LSNFs in Wuhan for 2011, 2014, 2017, and 2020. 
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Figure 5. Average center changes of LSNFs in Wuhan for 2011, 2014, 2017, and 2020. 
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Figure 6. Distribution frequency of LSNFs from the city center in Wuhan for 2011, 2014, 2017, and 2020. 
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Figure 7. Distance Changes of LSNFs from major roads in Wuhan for 2011, 2014, 2017, and 2020. 
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Figure 8. The distance distribution of relative frequencies between LSNFs and PS in Wuhan for 2011, 2014, 2017, and 2020. 
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Figure 9. Distance distribution of relative frequencies between LSNFs and CSs in Wuhan for 2011, 2014, 2017, and 2020. 
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Figure 10. Comparison of distance-varying flows between LSNFs and PS or CS in Wuhan. 
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Table 1. LSNFs Classification.






Table 1. LSNFs Classification.





	Keywords
	Logistics Function
	Service Area
	Categorized and Short Form





	Base,

Park,

Center,

Warehousing,

Headquarters.
	This category represents logistics bases, logistics parks, and other large-scale warehousing facilities and their headquarters of the agglomeration area, often close to transportation hubs, to undertake inter-regional or intra-city logistics transit, exchange, and connectivity.
	International, national, or regional
	CWC:

Comprehensive Warehouse Center



	Branch,

Transshipment,

Warehouse,

Dedicated Line.
	This category represents the distribution centers such as the branches and transshipment centers of logistics enterprises, which have the important function of connecting the upper and lower logistics nodes to ensure the circulation of goods in transit.
	National or regional
	STN:

Storage and

Transit

Node



	Collection and Delivery,

Sales Department,

Post Office,

Distribution

Station.
	This category represents service nodes that serve local businesses, residents, etc. for the purpose of sorting, loading, unloading, and distributing goods.
	Intra-city or local
	PDN:

Patch Distribution Node



	Storage Cabinet,

Post Station,

Express Pickup Point, Service Station.
	This category represents the “last mile of logistics service” node, which is the final link to complete the logistics service.
	Intra-city or local
	PSN:

Pickup

Service

Node
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
80 80
2 z ®STN  —o—20m
<o =
fa0 fw
Eso Eso
Fw w0
Tw 0
£ 20
£ 10
3o o
AP R I D R T S S DL
Distarnce from adjacent roads(hm) Distance from adjacent roadsthm)

s 50
™ @PDN o o0 = (@PSN o z0n
: e T ——
fo ooy e —o—a017
£ —o—2m Ff .
Fwo ol
Y a0
£ £
Z Za
o Ewf
) Sof
2 e

o s 0 1 2 s

Distance from adjacent roads(hm)





media/file4.png
Keyword Search

Classification of
Logistics Facilities

Distance from
City Center

Euclidean Distance

CWC||STN|

Distance Distributio
Characteristics

Distance from Production
or Consumption Points

Review of Logistics
Literature

PDN | | PSN

=

Euclidean Distance

Distance from
Adjacent Roads

Logistics Spatial
Patterns

Results
Visualization

l

®
(=]

~
(=]

o)
o

B ——2017
- —O—2020

o
o

@
(=}

N
(=]
T

Kernel Density Mean Center

Relative distribution frequency(%)
'y
(=}

=N W ks g N
o © © © © © o

Relative distribution frequency(%)
Qo
(=] (=]

Relative distribution frequency(%)

N W B
(==

a0
2020'
30F J
20 J
10F E
0F
40 PR SR TR T S TR 1 —
2017
30 L
20k g
10F J
ok
40 ! 'l 'l A 1 'l A 1
2014
30 E
20F J
10F E

(=T}
T

=
o

(=}
T

10 20 30 40 50 60 70 80 90 100
Distance to city center (km)

(=}
=
N
W
'S
RS

Hanyang
0 1,000
m

Type of PS or CS PS or CS

Discussion, Conclusion, and Recommendations






media/file18.png
== NN W
oS 1 © U1 O

==, NN W
a o O O

ive frequency(%) Relative frequency(%)
e} o G

. o) R
Relative frgquegnc%( A;()» elati

o G

a o O O

S Ol

_ = NN W
o g o a9 O

Relative frequency(%)
a1

(a)AC

= 2011

Distance interval (km)

== NN W
o 1 © U1 O

Relative frequency(%)
Q1 8 o G

frequency(%)
o o 8 &

Relative
(=] Q1

== NN W
o o o O O

= = NN W
o o o U o o O

Relative frequency(%) Relative frequency(%)
1

(b)MC

== 2011

Distance interval (km)

(%)
5 8

freiuerll)cy
a1 O

Relative
o a1 S

N QW
a o

frequency(%)
o 83

—_
e}

S G

(%)  Relative frequency(%) Relative
> & B8 & 8 o u S

Relative frequency
Q1

(c)CC

== 2011
=O— 2014

Distance interval (km)





media/file3.jpg





media/file19.jpg
o>

LSNFs.

T TEEER

¥

Distance interval (km)

Year

Type of PS or CS

PSorcs





media/file7.jpg
1.00

--O--CWC
0.80 --%--STN
3 --0--PDN
% 0.60
<040
020
0.00

2011 2014 2017 2020
YEAR





media/file10.png
201

D0
L iangan Legend

f

%
3

CWC

{ 2014

-

Hua;;:g*pi Wuchang STN
H 020 PDN
anyang
0 1,000 0 900 PSN
B M e

annual changes

Jiangan

Third ring road

Administrative
Jianghan boundary

City boundary

O
O
O
O
— Direction of
2014 Jianghan 202

Main water areas

0 20 40
e km 0 600






media/file14.png
Relative distribution frequency(%)

Relative distribution frequency(%)

80

80
70
60
50
40
30
20
10

(a)CWC —— 2011

0 1 2 3 4
Distance from adjacent roads(km)
] (c)PDN o o011
L —O— 2014
R —— 2017
- ——12020
0 i 2 3 4 D

Distance from adjacent roads(km)

o)
c o <o O

= N W sk O O
o O O ©

Relative distribution frequency(%)
o

4]
o O O O

=N W s O & N
c O o O

Relative distribution frequency(%)
]

(b)STN —— 2011

1 2 3 4

Distance from adjacent roads(km)
I (DPSN o 5011
5 —O—2014
L —{— 2017
N —<—2020
0 1 2 3 4

Distance from adjacent roads(km)





media/file11.jpg





media/file6.png
2011 2014
(a) CWC

2011
(b) STN

0.5

2011

(d) PSN

0 50 100
The third ring road  km

Administrative boundary






media/file15.jpg





nav.xhtml


  ijgi-13-00082


  
    		
      ijgi-13-00082
    


  




  





media/file16.png
(b)AP

(a)IP

™ ™ = DN ™ D
™ ™ - = o ™ o
(=] =) © o O (=B =R
W - W - M {7z
7
C- 1 1 1 1 S- 1 1 1 1 P- 1 1 1 1 P 1 1 1 1
n o on <o 1w o ;n o 1 o ;1 o v o ;v o 1 o W o Lo o To]
N N = N N = - N N o= N (o —~ —
(op ouanbasf aonwpay () fiouanbarf aoxypiay  (%)houanbasf a0syviay  (op)Rouanbaif aoywiay
™~ - N O
™ = = =
o o O QO O
o 4 « N N w/_ AAJ_
. 4 Z 4
=
1 1 1 1 1 [ 1 1 1 1 P- 1 1 1 1
n <o nm < 1 S 1w <o 1 o 1 o 1 o 1 o W o W
N &N = - (o] N — o\

N N =
(o) ouanbaif aoyvay

(o) fouanbaif aonymay (%) Rouanbaif ey

(o] ™ b
(o )Miouanbaif ao1yviay

80 90 100

70

20 30 40 50 60
Distance interval(km)

10

80 90 100

70

Distance interval(km)





media/file2.png
114°E

115°E

3}°N

39°N

Wuhan city

1 Jiangan

2 Jianghan
3 Qiaokou
4 Hanyang
5 Wuchang
6 Qingshan
7 Hongshan

1: 48,000,000
Figure number GS(2019)1673

108° 112° 116°F
Z| Hubei Province z
S S
0 (35}
@ Tianhe Airport
Railway Stations
Z Z
Cargo Port ‘:%_ _:%
e Third Ring Road
Mam.r(')ads . Legend
= Administrative National M.
boundary Z 0 150 300 ——— National Motorway
. = e s km County boundary
- City boundar ©
0 20 40 y Yy ' v '
km " Main water areas 108°E 112°E 116°E
114°E 115°E





media/file20.png
n
a
i

—

2

o \ “
I
L
R

\ NN

-
