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Abstract

:

Sustainable urban development relies on forward-looking infrastructure development. As an emerging infrastructure system that incorporates green technologies, the Metro-based Underground Logistics System (M-ULS) enables sustainable transportation of passengers and freight within cities collaboratively by sharing rail transit network facilities. M-ULS can effectively save non-renewable energy and reduce pollution to the ecological environment, and the comprehensive benefits of the system make an outstanding contribution to sustainable urban development. The purpose of this study is to provide a systematic review of M-ULS based on different perspectives and to present the development of the M-ULS network integration concept. By employing bibliometric analysis, the four dimensions of M-ULS related literature are statistically analyzed to discover the knowledge structure and research trends. Through thematic discussions, a development path for developing the concept of M-ULS network integration was established. The main findings of this study are summarized as follows: (i) A comparative analysis shows that the metro system has a high potential for freight use; (ii) Improvements in metro freight technologies are conducive to urban economy, environment, and social sustainability; (iii) Network expansion is an inevitable trend for implementing underground logistics based on the metro; (iv) The interaction among public sectors, metro operators, logistics corporations, and users plays a critical role in promoting the development of M-ULS. (v) It is worth mentioning that the planning of green infrastructure should fully consider its comprehensive contribution to the sustainable development of the city. This study visualizes the current status and hotspots of M-ULS research. It also discloses frontier knowledge and novel insights for the integrated planning and operations management of metro and urban underground freight transportation.
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1. Introduction


City logistics, also known as urban freight transportation, significantly affects the viability of the economy and the environment [1]. According to studies, the primary forces behind the development of city logistics are the ongoing innovation in industrial ecosystems, transportation systems, business and economic models, and mass consumption habits [2]. In the context of booming e-commerce, the traditional logistics system based on road network is far from being able to meet the explosive growth of urban freight demand. The current problem of fragmentation, decentralization and disorder in city logistics is becoming more and more serious, and their detrimental effects are now a major issue for livelihood, the economy, and society [3]. Especially during emergency situations such as COVID-19, the drawbacks of traditional freight delivery models have become increasingly apparent. The concept of synchronized ecological, economic, and social development promotes a comprehensive change in city logistics and transportation system [4,5]. Strengthening the construction of green infrastructure and using green technologies innovatively have emerged as crucial means for the logistics industry to promote sustainable development [6,7].



The Underground Logistics System (ULS), a new type of urban transportation infrastructure system that relies on underground tunnels or pipelines for the transportation of goods, is characterized by underground installation along with the overall function of freight transfer, handling and distribution [8]. Traditional urban logistics has numerous drawbacks in terms of transportation mode, service quality and social impact [9]. First of all, the traditional logistics transportation method is singular, and the demand for labor is extremely high. Secondly, the system has a low degree of informatization, making it difficult to visualize the full freight transit process. Further, last-mile urban delivery, which is mainly carried out by electric vehicles, is costly and inefficient, and has a significant impact on social security [3]. More seriously, trucking’s activity worsens environmental issues such as noise pollution, exhaust vapors, and traffic congestion. Obviously, this strategy runs counter to initiatives to support urban sustainability [10]. To address the aforementioned issues, making use of underground space for freight transportation has become an unavoidable solution. ULS optimizes the distribution routes with the help of big data analysis through the establishment of an information platform, realizing the visualization of the whole process and improving the efficiency of logistics operation [11]. The application of artificial intelligence technology effectively lowers labor costs and improves service quality. Compared with traditional urban logistics, the utilization of green and clean energy is a reflection of the advantages of ULS, such as being all-weather, disturbance-free, low-carbon, having energy-saving features and bringing positive social benefits [12].



The Metro-based Underground Logistics System (M-ULS), by sharing the network infrastructure with the metro, enables the synergistic transportation of passengers and freight within the city [13]. Initially, the integration of urban public transport with freight networks was proposed [14]. Several European cities that have since developed a variety of practices using trams for freight transport, such as CarGoTram [15] and GüterBim [16], have acknowledged the feasibility of rail-based freight transportation. The development process has been significantly hampered by the protracted construction time and high cost of dedicated ULS. Hu et al. [17] mentioned that metro infrastructure can be expanded and utilized to fully assume the function of urban underground logistics. Therefore, M-ULS has been widely discussed as a feasible solution for ULS at this stage. In addition, it is also considered to be one of the many forms of ULS with high performance and efficiency [18]. The findings of Dong et al. [13] further demonstrate, once again, that this novel type of infrastructure system fully exploits the potential of underground tunnels and subway stations and considerably lowers the construction costs of ULS. To reduce the impact on passenger transit following the introduction of freight, the metro system should modify the infrastructure in accordance with the various operation modes. Additional logistics functional areas and equipment systems should be installed on the platforms to support freight operations such as loading and unloading, unpacking, sorting, and warehousing [19]. For the stations of trans-shipment, additional temporary storage areas are required. The installation of dedicated package storage cabinets at metro stations can be taken into consideration as a solution to the last-mile delivery problem [20].



Environmental, social and economic factors create a context around sustainable development [21]. As an important strategy for achieving sustainable urban development, previous studies have conducted systematic literature reviews [22] around green logistics and green infrastructure, respectively. The review studies on the topic of green infrastructure demonstrate that the field focuses on the relationship of green infrastructure with ecosystems and human health, as well as the construction, evaluation, and management of green infrastructure [6]. Sustainability and management, freight transportation and carbon emissions, and green supply chains are the three most commonly discussed subjects in research on green and sustainable logistics [23]. M-ULS integrates the dual characteristics of green infrastructure and sustainable logistics. To the authors’ knowledge, there is no systematic review of the theory and practice of this system in the literature.



The purpose of this study is to review the state of research and development trends by conducting a comprehensive review of the relevant literature on the topic of M-ULS. One of the novelties of this work is that the review is being undertaken in a small, unexplored field of knowledge. Specifically, firstly, a descriptive analysis is carried out on four aspects: year of literature inclusion, journal distribution, keywords, and research methods. Secondly, while summarizing the M-ULS operation model, the drivers and barriers of M-ULS are discussed based on the theory of sustainable urban development, followed by the construction of the path of M-ULS networked concept integration. Furthermore, from the perspective of stakeholders, the relationships between multiple stakeholders have been explored, and recommendations have been provided. Finally, the contribution of M-ULS to sustainable urban development is illustrated through an exploration of its combined benefits. This paper is intended to provide a reference for the research frontier and emerging trends in this field.



The remainder of this paper unfolds as follows. In the next section, a brief overview of the research perspective used in this article is provided, including an overview of M-ULS development and two underlying theories. The research methodology is described in Section 3, which offers a systematic descriptive analysis in four dimensions. Then, in Section 4 of the article, different research themes based on M-ULS are discussed. Finally, the main findings, research limitations and possible future directions are derived in Section 5.




2. Research Perspectives


The rational planning of urban spatial structure as the carrier of the urban economy will play a crucial role in the sustainable development of cities [24]. M-ULS has evolved from conventional trams to a networked and integrated concept, which is a shift in the concept of sustainable urban development planning. Additionally, from a strategic management standpoint, the implementation and management of M-ULS usually relies on the support and participation of stakeholders [17]. Due to these factors, this study is based on stakeholder theory and urban sustainability theory. The overview of M-ULS development practice is followed by a brief description of the underlying theory in this section.



2.1. M-ULS Development Overview


The integration of freight networks and public transportation is one of the major prospects for city logistics, and Freight on Transit (FOT) is an implementation of this idea [25]. FOT refers to operational strategies that use urban public transportation vehicles or infrastructure to move goods. Cochrane et al. [26] explored the challenges and opportunities of FOT using a Delphi survey in the context of Toronto and analyzed the potential benefits of using these assets for goods movement.



With the growth of the public transport line network and the accumulation of operational experience, several European countries have experimented with the use of tram networks for freight transport [27]. Examples of representative practices include the GüterBim project in Vienna and the Dresden CarGoTram system [28]. The city’s existing ground transportation lines are used by CarGoTram’s freight trams to deliver automobile parts. The GüterBim train, which was made up of a tractor car and a trailer container, was used to deliver wear-and-tear components including seats, tires, and batteries between the material depots of each vehicle division on a weekly basis [16]. Unfortunately, the initiative was abandoned after two years of trial operation due to high running expenses and a lack of policy backing.



The practice of employing trams to convey freight has not impacted the operational or infrastructure frameworks. It has also been shown that it is feasible to convey goods utilizing other light rail infrastructure. Dampier et al. [29] developed an event-based simulation model of the Newcastle Metro system to analyze the feasibility of track and platform utilization and determine the advantages of transporting urban goods on urban tracks. Unlike trams, freight is not only thought to be delivered by dedicated trains, but also by linking freight cars behind passenger trains or by sharing space with passengers during off-peak hours. Serafini et al. [30] investigated the attitudes of Rome metro commuters towards using train space for crowdsourced deliveries. The Sapporo subway experiment by Kikuta et al. [31] demonstrated that shared carriages were well-liked and successfully enhanced the flow of goods transportation by integrating public subway services and conventional freight car operations.



In fact, urban rail systems such as subways, which operate mainly underground, are also a form of underground freight transport (UFT), which can be an alternative to existing modes of freight transport such as road, rail and water transport [32]. Most of the earliest applications of underground urban freight transportation systems were for transporting energy or small materials in underground pipes, which were then defined as “freight pipes” [33]. Depending on the type and characteristics of the technology, there are different nomenclatures in the literature, such as Underground Physical Goods Distribution System [34], CargoCap [35] etc. It is currently known as ULS, a dedicated logistics infrastructure with a high cost and prolonged construction period. Therefore, M-ULS, also known as metro-integrated logistics systems (MILS), which is built on the existing metro network, has gradually attracted the attention of the academic community [36].




2.2. Sustainable Development Theory


Green building is an integral part of low-carbon ecological city construction, in which the emerging infrastructure system plays an important scale effect [37,38]. The development of green building is not only the vision of the country and society, but also the objective requirement of sustainable development [39]. Therefore, the theory of sustainable urban development was chosen as the primary theoretical basis of this paper. The World Watch Institute in the United States first coined the term “sustainable development” in the 1870s [40]. The United Nations World Commission on Environmental Development (WCED) publicly endorsed the concept in its 1987 report, “Our Common Future”. Strictly speaking, urban sustainability theory and sustainable development theory are approximately identical, with the exception that urban sustainability theory research takes a more specific and grounded approach to their analysis.



Sustainable urban development encompasses not only growth in the economy but also growth in terms of resource utilization, environmental protection, social ecology, and the use of space available [41]. In fact, construction has long been considered a resource-intensive and energy-consuming industry [42]. As the overall foundation and backbone of the urban building system, urban infrastructure is directly or indirectly involved in the production and living processes of the city in specific ways [43]. With the concept of sustainable urban development gaining more and more attention, green infrastructure has been well received by governments around the world as a strategy to improve sustainability in the construction industry [44]. Not only that, a large number of scholars have also begun to value the important contribution of urban form and spatial organization to sustainable development [45]. Based on the aforementioned arguments, it is gradually becoming a consensus that developing infrastructure underground provides more energy-saving advantages than planning infrastructure above ground [46]. Future sustainable urban development could greatly benefit from this.



The M-ULS plan is an implementation of this fundamental concept, and the urban form that utilizes public infrastructure to connect the urban core to the outlying villages and tribes has been acknowledged as such. The need for sustainable transformation of urban infrastructure further contributes to the innovation of logistics systems [47]. On the one hand, it is an emerging infrastructure that supports sustainable urban development; on the other hand, it applies green technologies and enables digital operations through an intelligent platform [48]. Generally speaking, M-ULS is not only an effective way to realize the logistics and transportation system for sustainable urban development, but also an effective way to improve the accessibility of urban cargo transportation [49]. Additionally, it weakens the antagonistic relationship between traditional logistics’ economic development and environmental pollution, brings social and environmental benefits while optimizing the economic structure of the whole city, which is a new idea to promote sustainable urban development.



At this stage, the research content of urban sustainable development theory mainly focuses on system coordination theory, resource carrying theory, system renewal theory and circular economy theory [50]. In Section 4, we will construct the development path of M-ULS concept integration based on the perspective of urban sustainable development theory. Then, we will illustrate the significant benefits of M-ULS in sustainable development on three different levels: technical, economic, and socio-environmental benefits.




2.3. Stakeholder Theory


The second theoretical viewpoint in this paper is stakeholder theory. First, it is believed that the city’s stakeholders are crucial groups to evaluate when determining the future direction of sustainable urban development, and second, the stakeholders are key decision-makers in the M-ULS implementation process [51]. To discover new possibilities for sustainable urban development, they must examine the difficulties associated with the project’s entire life cycle of construction from a variety of perspectives [52]. In summary, stakeholder theory was also selected as the foundational theory for this paper.



The term “stakeholder” initially appeared in the 1860s. Stakeholder theory steadily shifted from the periphery to the fore of management study in the 1970s with the rise of Corporate Social Responsibility research [53]. As the flagship of stakeholder theory, Freeman published his classic book Strategic Management: A Stakeholder Approach in 1984, which is also regarded as the founding work of stakeholder theory [54].



There are a variety of definitions of stakeholders. According to the book mentioned previously, the traditional definition is “all individuals and groups that have the potential to affect how an organization achieves its goals or who are impacted by that process”. Freeman (1984) did not create the idea of stakeholders, but he was the one who first systematized it in terms of strategic management [54]. The underlying paradigm of the individual as the research perspective can be credited to Freeman’s stakeholder management theory, and the theoretical framework he provided has evolved into the fundamental foundation for subsequent scholars to analyze stakeholder issues.



Stakeholder theory has been incorporated into different fields of study in extremely beneficial ways. We discovered a substantial corpus of scholarly work applying stakeholder theory in strategic management [55], sustainable supply chain management [56], and corporate social responsibility [21] after reviewing the academic literature on the subject. In addition, Stakeholder theory proposes that treating all stakeholders well creates a sort of synergy [57]. As a result, it is impossible to build a project without the input and involvement of numerous stakeholders. By balancing the cooperative or competitive relationships among multiple stakeholders, the inclusion of each stakeholder in organizational decision making helps to enhance the overall advantage.



To the best of the authors’ knowledge, M-ULS has not been studied in the early literature from the perspectives of numerous stakeholders, and the implementation of M-ULS requires the joint role of urban subject decision-makers. Based on the theory of stakeholder management, we identify the key players in the implementation of M-ULS in this article, and we offer recommendations after taking factors such as drivers and barriers into account.





3. Methodology


3.1. Overview of Review Protocol


The bibliometric analysis method, an effective inquiry tool, is commonly used to analyze the literature on a certain topic and discover the structure of knowledge and research trends, e.g., green buildings [58], green and sustainable logistics [23]. This method uses statistical analysis of multiple dimensions of the literature to objectively evaluate contributions and make predictions with few external constraints [59]. In this paper, all searchable M-ULS literature are statistically measured in four dimensions, year, journal, keyword and research methodology, in order to grasp the knowledge system and establish a framework for its evolution. The methodological procedure is depicted in Figure 1 from literature retrieval through discussion.



In Step 1, comprehensive material retrieval utilizing keywords across four databases was completed and subsequent screening criteria were made to determine the eventual scope of the article research.



Four descriptive analyses of the data were designed and carried out in stage 2. These included the following: the year of publication, the distribution of the literature by journal, keyword analysis, research methodology and theme analysis.



In Step 3, five different topics were discussed for M-ULS based on the results of the descriptive analysis. Finally, the findings of the article and the gaps were summarized.




3.2. Data Collection and Selection


Keyword selection and inclusion criteria. We defined the year of search for the literature in the four databases as 2010 and beyond since theoretical study on M-ULS only formally started at the beginning of the twenty-first century [60]. A comprehensive literature search was carried out using the following logical statement, as given in Table 1. Subsequently, Endnote (X7 ver.) software was used to undertake the initial screening of the literature in each database and remove duplicate items. Following these steps, Elsevier, Web of Science Core Collection, Scopus, and Engineering Village, respectively, yielded 204, 65, 83, and 97 documents.



Review of the title and abstract for secondary screening: The aforementioned procedures resulted in the acquisition of a total of 310 documents, which were then reviewed for their titles and abstracts. We tried to screen out articles whose content did not fit well with the research topic through this step. For example, several of them, such as tunneling technology, energy, transportation management, and research, were from areas completely unrelated to the research topic. There were 73 papers in total that were chosen.



Full paper reading and evaluation to establish the ultimate study scope: At this stage, 73 papers from the literature were read thoroughly. Some of the articles were less than six pages in length, although their titles were related to M-ULS. There were also some articles containing research content unrelated to the topic, such as technical research on driverless trains or model design for subways. In addition, some articles were not directly searched in the database, but the references of some articles caught our attention according to the principle of retrospective search [31]. Finally, 52 articles were selected for our review.




3.3. Data Descriptive Analysis


3.3.1. Journal Year Trend


According to the growth and aging laws of scientific and technological literature, an annual statistical study of the number of pertinent articles released can indicate the state of the subject and forecast its future development. Figure 2 shows an annual summary of the 449 items of data from the initial screening and the 52 finalized pieces of literature for the period from 2011 to 2022. Both are generally developing in an upward trend. We primarily concentrated on the annual status of change for the final 52 works of literature examined. It was clear that until 2017, research on M-ULS was basically stagnant. It was clear that until 2017, M-ULS research did not attract the attention of a wide range of scholars, with the number of published articles per year being no more than three. During this period, the discussion topics of most articles then focused on the establishment of dedicated ULS. However, starting in 2018, the idea of constructing underground transportation systems based on the metro gained traction, and the number of papers published on M-ULS progressively rises, peaking at ten in 2022, which is nearly comparable to the total of all the prior numbers in 2017. Combined with the moving average line, it can be seen that the research topics of M-ULS show an upward trend in terms of number and agreement.




3.3.2. Journal Distribution


As shown in Figure 3, all 52 publications were from a total of 31 different journals, and each journal’s total number of publications is indicated in the lower left corner of the picture. Subsequently, in order to capture the distribution of academic journals in this research topic across countries, we counted the number of journal publications in the country of the first author. The image’s bottom right corner displays the number of articles published in each nation. In order to visualize the geographical distribution, we have marked the general location of each country and shown the corresponding data with a background global map. Scholars from 18 different nations have contributed to the research on this topic. Among them, the number of countries distributed in Europe reaches ten and the vast majority of journal publishers originate from here as well. In terms of the number of literature distributions, although the number of Asian countries is only half that of Europe, a team of authors from China contributed more than half of the total number of articles.



Further, Figure 4 depicts the major journals that published two or more articles. Although about 42% of the journals published only one article on the topic of M-ULS, there is no shortage of journals that contain very high impact factors, such as Transportation Research Part A. The journal with the highest number of published articles is Tunnelling and Underground Space Technology (seven), followed by Sustainability (five) and IEEE Access (four), respectively. Despite the short period of research on the topic of M-ULS, the classification of journals shows that the research topic spans different fields such as transportation planning [32], logistics management [19], underground space [61] and engineering construction [62]. This indicates that M-ULS research is multidisciplinary in nature and spans a wide variety of fields.




3.3.3. Keyword Occurrence Analysis


The co-word analysis method uses the co-occurrence of lexical pairs or noun phrases in a collection of literature to ascertain the connections between the subjects covered by the collection of literature [59]. In order to better summarize the key elements of the current research on the topic, we have integrated and analyzed the keywords or high-frequency words of the articles using scientific text analysis. As previously mentioned, this study was organized around a critical review of a small scoping field of knowledge. Considering that there were only 52 publications chosen, some crucial information might be overlooked if only the original keywords of the journals are reviewed. As a result, we used text analysis tools to statistically examine the data for the phrases in each article. The Python environment was initially loaded with unstructured text data. Tokenization was then used to separate the textual data into groups of words or phrases. During this process, keywords with the same meaning, such as “transport” and “transportation” were merged. Finally, deactivated words such as “is” and “a” were removed before performing word frequency data. After sorting according to the frequency of occurrence, the top five high-frequency terms or phrases that differ from the keywords of the articles were extended to our final analysis. On the basis of word frequency analysis, CiteSpace helps us identify clusters of keywords that reflect different themes. Following the aforementioned steps, the top ten that ultimately appeared more frequently were divided into three approximate clusters. The first cluster includes “city logistics”, “carbon emission”, and “sustainability”, as the background of the majority of the literature almost always discusses an array of environmental issues brought on by urban freight transportation, and the sustainability of logistics is also a hot topic supported by scholars. The second cluster consists of the terms “network design”, “model”, and “optimization and management”. Network design, operation and management are the current focus of M-ULS, and mathematical modeling is a key tool in this process. The third cluster incorporates “freight transportation”, “infrastructure”, “passenger and freight”, and “underground space”. In truth, it is easy to see that M-ULS is an ideal choice to make full use of the underground space to build a new type of freight infrastructure and put the idea of passenger and freight synergy into reality.




3.3.4. Research Methodology Analysis


The research method section of the literature is a tool for the author to reveal the inner laws of the research thrust. Therefore, according to Lagorio et al. [63], we classified the research methodologies into “Review”, “Conceptual Paper”, “Questionnaire Survey”, “Empirical Paper”, “Mathematical Modelling”, and “Hybrid Method” after reviewing the research content of each paper (see Table 2). The results showed that Mathematical Modelling was the most applied, with a total of 29 articles. While identifying the research methodologies in the literature, the author made a more detailed classification for the literature that took the Mathematical Modelling approach. Generally, Mathematical Modelling contains four types of modeling, which are Evaluation Model, Optimization Model, Classification Model, and Predictive Model. In the scope of this review study, the first two modeling types are widely used by various scholars, and in particular, the mixed integer nonlinear programming model is the most commonly used modeling approach in optimization problems. In addition, the combination of qualitative and quantitative analysis is also the most commonly used strategy for this research topic; for example, eight papers use the Hybrid Method, which includes the combination of mathematical modeling and questionnaires, or the combination of literature review and empirical analysis.





3.4. Literature Classification


The literature was tagged and categorized during the reading of the entire body of work in order to facilitate the categorization discussion in Section 4 based on various research themes. Researchers can swiftly and easily comprehend the current knowledge structure in this study field thanks to the classification of academic papers into various research topics. The operating models, logistics and distribution systems, node location studies, drivers as well as barriers, stakeholder interactions and comprehensive benefits may all be found in the examined study on M-ULS. The detailed results of the analysis will be discussed in Section 4.





4. Discussion


4.1. Operation Mode


As a consequence of the M-ULS concept being clarified, numerous teams both domestically and internationally have conducted research on the M-ULS operating mode and mechanism, as shown in Figure 5, where we explain the relevant definitions and depict the features of the existing schemes.



To piggyback cargo during the metro’s flat-peak operation, some academics initially advocated dedicated logistical rooms inside the passenger locomotives that could be movably segregated. Based on the operational times, Marinov1 [64] recommended “dedicated night deliveries”, “dedicated day deliveries”, and “combi day deliveries”. An empirical investigation about its viability was undertaken by Motraghi and Marinov [65]. The findings demonstrate the model’s benefits of easy operational scheduling and minimal disturbance to passenger transportation. Due to the small volume of freight and the stricter requirements for carrying cargo, it can only share the city’s meager freight pressure.



Consequently, drawing on the operation mode of intercity train passenger and freight synergy, this form of transportation can often be separated into two synergistic operating modes, namely, passenger-freight co-line (P-F CL) and passenger-freight separate line (P-F SL) [66]. In Table 3, the benefits and drawbacks of the various modes of operation are compared. Although passenger and freight separation lines increase freight safety and operational flexibility, they are substantially more complex to alter and expensive to build, therefore, only conceptual design feasibility exists as a result [13]. The terms “Co-line Separation” (CL-S) and “Co-line Towing”(CL-T) refer to two different types of passenger and freight co-lines. CL-S is flexible in how it organizes its transportation and is well able to deal with unforeseen circumstances. A broader freight time window can be obtained by configuring the platform level of the distribution line, which effectively increases freight capacity and locomotive loading rate [67]. When the conditions need to be avoided, implementing rapid and slow train operation can considerably boost freight capacity. The CL-T is relatively easier to arrange and extend the station than the CL-S. However, the highest limit of its freight supply capacity is determined by the limited space for trailer cars and the loading and unloading operating times.



Overall, the choice of M-ULS transportation mode must take into account the real freight features as well as technical implementation considerations including site modification and growth limits [68]. It is undeniable, however, that the current locomotive synergy is primarily focused on passenger-freight co-line. Both types of passenger-freight co-lines are the focus of the current study since they have a larger freight potential. Additionally, a review of the literature may show that the development of conceptual hypotheses and feasibility analyses are the extent of the research on the M-ULS transport mode to date. However, the combination scheduling of passenger and freight trains, the layout of logistics functional areas in metro stations, and the parametric design of train equipment systems may be the key factors affecting the M-ULS’s implementation. The literature that is accessible is solely valuable as a reference. In future research, standard specifications for cooperative transportation and the determination of vehicle parameters will be essential.




4.2. Drivers and Barriers for M-ULS


In the second part of the paper, we mentioned the theory of urban sustainability, in which the sustainability of urban systems can be illustrated through economic, social and environmental perspectives. In order to encourage the adoption of M-ULS as a new kind of urban transportation facility based on the urban sustainability theory, this paper will analyze the drivers and barriers of M-ULS from three perspectives: technical, economic, and socio-environmental benefits. It will also explain how these three perspectives interact with one another.



4.2.1. Drivers


As shown in Table 4, at the technical implementation level, the transportation rail network in large and medium-sized cities has been gradually expanded and developed [69], and the metro network has a wide coverage area and reasonable distribution plan for each station, so the location of M-ULS and the layout of facilities can be taken from the metro system. In addition, the relatively constant frequency of urban railways ensures prompt and effective goods transit [70]. The ability to integrate transportation in metropolitan areas using metro is also made possible by the research and development expertise of numerous paradigm ULS projects, intelligent logistics technology, and subterranean engineering construction technology [71]. At the economic level, research cases using Beijing, China, Seoul, South Korea, Madrid, Spain, and Toronto, Canada show that intermodal systems operating in a network have a good cost advantage over conventional ground freight and dedicated ULS networks [61]. Because of its operational flexibility, lack of ground freight interruption, and “contactless distribution”, intermodal systems have exceptional logistical advantages, particularly in unexpected situations such as epidemics [3]. The implementation of M-ULS reduces truck use somewhat on a socio-environmental level, which in turn reduces the consumption of natural resources such as gasoline and the emission of polluting gases such as CO2 and NOx. Urban traffic congestion is also being significantly decreased, which has significant positive social and environmental effects. The findings of Kikuta et al. [31] and others, indicate that intelligent, intensive, and environmentally friendly multimodal transport systems are widely accepted in society [20].




4.2.2. Barriers


Firstly, M-ULS adoption is still hampered by concerns about the safety of freight and the effect on passenger traffic [75]. There are tighter restrictions on the items that can be transported because the metro is used for passengers, which restricts the kinds of goods that can be moved. Secondly, there are not any fully successful operational cases from a technical standpoint that can offer a wealth of experience. Relying on the subway for freight transport also necessitates close coordination between the logistics industry and the subway sector, as well as careful scheduling management [14]. Finally, the urban metro system’s network coverage typically uses the urban area as its focal point and extends in all directions. However, the end area is typically broad and fragmented, and the “last mile” of urban distribution is carried out manually [80]. The public might not be prepared to take their own packages home if the last pickup point is established in the train station because it will affect residents’ behaviors to some extent.



Although there are challenges in implementing M-ULS, as indicated in Figure 6, these obstacles can be properly overcome by creating corresponding measures from various perspectives. By optimizing the logistics operation flow and designing a reasonable station, for instance, the impact on passenger flow can be significantly decreased [78]. By reducing turnaround times, saving on transportation, and increasing freight volume, reasonable network planning and operation scheduling can also improve logistics and society [81]. The relevant departments should research public acceptance of the last-mile delivery issue beforehand, enhance publicity, and work to prevent the issues that the public rejects the most in order to increase local acceptance and market awareness. Furthermore, there is a need for intensive study and development of intelligent delivery systems such as drones.



Technology enhancement is a direct driver to improve the economic, social and environmental benefits of cities. High levels of automation and effective freight transportation management are required for the functioning of intelligent logistics systems [79]. Currently, there is little research literature related to intelligent equipment systems and management with M-ULS as a theme. If transportation devices such as technologically sophisticated drone delivery are developed, they will perfectly solve the difficult last-mile problem and also transform the obstacle factor into a driving factor. In addition, most of the scholars’ studies on benefits are based on dedicated ULS and are qualitative in nature, so quantifying the benefits generated by M-ULS is also a future research trend.





4.3. System Network Design and Operation Optimization


In addition to the above-mentioned analysis of operation models and affecting factors, studies on the design and operational optimization of the system network with M-ULS as the theme have been undertaken. On the one hand, this is due to the academic community’s ongoing network-based analysis and empirical research of the M-ULS program, on the other hand, it is due to the advancement of planning theories and system development strategies.



4.3.1. Node Network Design


The initial research concentrated on single-line routes, which are the fundamental layout form of M-ULS [82]. Numerous empirical studies have been conducted in the literature around its conceptual design, site selection, distribution path optimization and other issues, providing theoretical support for the implementation of M-ULS pilot projects [70]. However, too singular transportation paths limit the service scope of cargo transportation as well as transportation capacity, making it difficult to generate economies of scale. Subsequently, the concept of multilane intermodal transportation network was proposed [83].



The service range of transportation based on the original infrastructure, which may initially implement large-scale distribution in urban peripheral logistics parks and central metropolitan areas, is substantially improved by multilane intermodal transport networks [77]. Existing research frequently takes into consideration factors such as construction costs, traffic patterns, logistics demands, and industrial layout [84]. These studies then recommend network formation in regions with significant negative externalities and a pressing need for urban freight transportation by judiciously optimizing key metrics such as travel distance, travel cost, and utilization rate. However, studies have shown that “riders”, with a low degree of intensification and intelligence, continue to dominate the end-of-line distribution of multilane networks. As a result, the demand for logistics cost reduction and efficiency cannot be effectively realized, and a number of new traffic issues for freight demand areas are created, such as passenger and freight lane grabbing, poor freight safety, etc. [68]. It is also far from being a practical solution to logistics issues because of the rise in multilane intermodal transit, which will result in higher transportation costs and longer travel times. Thus, there is currently an agreement that the network should be operated to maximize the benefits of intermodal transportation systems and boost their efficiency, and Figure 7 depicts the evolution of the proposed M-ULS networked concept.




4.3.2. System Operations Management


Studies on system operation optimization are currently scarce and largely concentrated on two areas: designing a collaborative dispatching scheme for passengers and freight, and improving the internal station operating flow. Visual simulation modeling of freight stations was used by Hu et al. [66] to propose an optimization scheme for internal logistics functional area layout and station operation flow. Li et al. [14], Behiri et al. [74], and Ozturk and Patrick [85] optimized the collaborative transportation scheme from the perspectives of cost–benefit, capacity constraint, distribution time, and dynamic time window, respectively. The development of secondary underground freight sub-networks in freight-intensive locations in order to create an extended M-ULS network has emerged as a new research trend based on the existing metro mainline freight network. Based on this, the operational schedule will be more complicated after adding an underground freight sub-network, and the relevant study is still in need of completion.



In general, the multilane intermodal network already in existence is unable to support the high-quality growth of an underground logistics system, therefore, network development is a necessary part of the implementation of underground logistics based on metro. Although M-ULS network design is the issue that has received the most attention in the literature so far, the mechanism of M-ULS network expansion is still unclear. The realization of networked services is directly impacted by the aforementioned trends. In this process, the assessment of project investment, operational performance and external benefits are dynamically changing. There is a lack of papers in the literature that further investigate the above issues.





4.4. Stakeholder Interaction Relationship


The government, metro operating firms, logistics companies, and users are the key direct stakeholders in M-ULS from the perspective of the entire project building process [86]. The findings of Villa and Monzon [1] demonstrate that the introduction of an urban freight metro has enormous potential advantages for urban transportation. M-ULS suggests lower external costs for local governments, including social and environmental factors, which range from 11.16% to 14.72% less than in the existing model. Additionally, the mixed transport strategy results in cheaper operating costs for logistics organizations, which increases profitability. Utilizing the metro’s extra capacity for cargo transportation also generates additional revenue for the firms who operate the metro. Finally, the punctuality and efficiency of cargo delivery with M-ULS is a substantial advantage for users, particularly in emergency situations such as epidemics.



Stakeholder theory’s core view is that organizations should balance the needs of various stakeholders in an integrated way rather than solely focusing on performance [57]. A project should concentrate on its own external societal benefits in addition to its internal rewards [87]. In order to facilitate the development of M-ULS, stakeholders should develop initiatives as shown in Figure 8 based on the analysis of the three themes mentioned above. The numbers in the ellipses are the statistical values of the 52 articles in the literature that are focused on or can reflect the corresponding themes, respectively. According to Hu et al. [88], system performance will be improved by early government backing and regulatory mechanisms between pricing, supply and demand levels, and investment. As a result, since this is a novel sort of urban infrastructure, the government ought to take the lead in deciding how to proceed and implement the plan. Additionally, the government should oversee and regulate the market, assisting all stakeholders in agreeing on how to distribute benefits along the logistical process. Metro operators must establish a strong working relationship with logistics firms in order to schedule trains for both passenger and cargo service. The rebuilding of metro infrastructure and the planning of trains for passenger and cargo transportation should fall more on the metro operating firms. However, metro operators need to forge a strong collaboration with logistics firms in order to participate in the standardized process of cargo transportation. Moreover, logistics firms must adopt the ideal delivery strategy and consider the needs of customers in the final mile of delivery. Finally, users must actively promote and adopt this new mode of transportation while taking advantage of M-ULS.



The current model of collaboration between logistics companies, service providers, and other stakeholders will unavoidably alter when new infrastructure is introduced. M-ULS has different stages of development from project planning to formal operation. Research on the demands of stakeholders and dynamic game behavior at every stage of the complicated contract logistics relationship is still lacking. Research on how to form a new logistics cooperation model and how to balance the interests between the parties also deserves in-depth discussion.




4.5. Comprehensive Benefit


Sustainable urban development requires that the construction and operation of infrastructure is needed to meet the coordinated development of economic, social and environmental benefits at the same time. When making the development plan for a public infrastructure project, the project’s external benefits are always considered critical factors that motivate political support. The establishment of the M-ULS comprehensive benefit assessment system can offer government officials and decision-makers a deeper understanding of urban land utilization benefits and facilitate the selection of financing strategies.



Taking the Beijing urban rail transit system as a case study, Hu et al. [19] considered five aspects of benefits: transportation, energy, environment, land conservation, and safety. Their findings demonstrated that the M-ULS exhibits competitive advantages in terms of service capacity and profitability. Furthermore, the study’s results revealed a significant impact of government funding intensity on the performance of M-ULS in terms of construction progress, benefits, and profits. Based on previous benefit studies, Pan et al. [76] constructed a benefit evaluation system containing 13 indicators using the service cost replacement method to quantitatively study the comprehensive benefits of M-ULS in transportation, logistics, environment and society. The research findings indicate that M-ULS can mitigate the negative impacts of road freight on urban sustainability and enhance the proportion of underground urban space. What is more, the application of green and intelligent technologies enables it to replace a substantial amount of labor and distributed logistics facilities, thereby fostering urban sustainable development. A model with three interrelated modules is proposed by Chen et al. [89]. In addition to quantifying the benefits in various aspects mentioned above, they also took into account the comprehensive benefits of emergency support for multi-functional logistics systems, providing a reference decision-making mechanism for the network expansion of M-ULS. In this study, energy efficiency benefits rise fastest with the promotion of underground urban freight, followed by logistics economies of scale. Once again, the significant contribution of green infrastructure planning to sustainable urban development was confirmed.



The Strategic Research Agenda for the European Underground Construction Sector has explicitly stated that the vision for its development is to put infrastructure underground and free up the surface for citizens. M-ULS initiatives stand on the maximum utilization of urban infrastructure and underground space resources to meet diverse logistics needs and compatibility for sustainable urban development. By summarizing the literature on the topic of M-ULS benefits, it becomes evident that its contribution to society is substantial. The comprehensive benefits of M-ULS are positively correlated with network scale. Therefore, the planning of M-ULS should consider the overall impact on urban sustainable development. As a matter of fact, the roles of governments and logistics companies in financing and operations are expected to evolve at different stages of ULS development. Increasing financial support in the early stages of the project can significantly accelerate system expansion. Indeed, adopting a flexible and diversified financing strategy can greatly facilitate the implementation of ULS. By encouraging the participation of various stakeholders in institutional development, it can foster the sustainable development of both the public and city logistics industries, ultimately benefiting society at large.





5. Conclusions


M-ULS is an intelligent and automated goods transportation system that is oriented toward sustainable urban development. It enhances the quality of logistics services and reduces negative externalities in cities through the application of green technologies such as smart warehousing, automated sorting, and distribution. This article reviews the current status, trends, and gaps in M-ULS research based on a bibliometric analysis of 52 relevant studies selected from four well-known databases. Following that, the main findings are presented.



First of all, as shown by the moving average trend graph for the year of journal publication, there is an increasing trend in the number and consistency of research themes in M-ULS, which indicates a gradual recognition of the innovative construction of green infrastructure. Then, the categorization of the publications demonstrates that the research topics cover a variety of industries, including engineering construction, logistics management, environmental ecology, subsurface space exploration, and transportation planning. This suggests that M-ULS research is multidisciplinary in nature and spans a wide variety of topics. Moreover, according to the statistical analysis of keywords in the literature, the creation of intelligent logistics systems integrated with subway infrastructure networks proves to be a favorable tool for the sustainable development of urban freight transportation. In the context of urban logistics advocating sustainable development, M-ULS is an ideal choice to make full use of the underground space to build a new type of freight infrastructure and put the idea of passenger and freight synergy into reality. Last but not least, within the scope of this review study, Mathematical Modelling is the most applied research method. In particular, the mixed integer nonlinear programming model is the most commonly used modelling approach in optimization problems. Moreover, the combination of qualitative and quantitative analysis is also the most commonly used strategy for this research topic.



	
Subsequently, this paper summarizes the M-ULS operation model while exploring the drivers and barriers of M-ULS based on urban sustainability theory, and subsequently constructs a path for the conceptual integration of M-ULS networking. What is more, the relationships between multiple stakeholders are explored and recommendations are given from the stakeholder’s perspective. Finally, the impact of the comprehensive benefits of M-ULS on urban sustainable development is explained. The key points are summarized as follows.



	
Firstly, the existing operation modes mainly include P-F SL and P-F CL. According to the composition of train cars, P-F CL can be further divided into CL-S and CL-T types. A comparative analysis shows that P-F CL has higher freight potential and is the mainstream of current research. Secondly, technical, economic, and socio-environmental advantages are the three levels at which we analyze the drivers and barriers of M-ULS. The findings indicate that by taking the appropriate steps, the barriers can be transformed into drivers. Technical improvements can theoretically improve the economic, social and environmental benefits of cities. Thirdly, the concept of M-ULS network integration has gone through multiple stages of derivation. Multiline intermodal networks cannot achieve high quality development of ULS, and network expansion is an inevitable trend for implementing underground logistics based on metro. Furthermore, the government, metro operating businesses, logistics corporations, and users are the primary direct stakeholders in M-ULS. Each stakeholder participant should develop corresponding actions to help the development of M-ULS. In the end, as an emerging urban infrastructure system, M-ULS demonstrates comprehensive benefits in various aspects, including social, environmental, economic, logistics, transportation, energy, and emergency support. It is worth mentioning that the planning of green infrastructure should fully consider its comprehensive contribution to the sustainable development of the city. The comprehensive benefits of M-ULS are positively correlated with the network scale, and stakeholders can adopt different strategies at different time periods to control the development scale of M-ULS, thereby enhancing the overall benefits of the system.



	
This study evaluates the relevant literature on the topic of M-ULS and visualizes the research trends. Importantly, it proposes new ideas and requirements for the development of M-ULS through the discussion of different topics. This study offers a systematic and comprehensive review. On a theoretical level, the findings provide a basis for researchers to identify gaps for future research. On a practical level, this study serves as a strong reference for practitioners to use already-known information and analyze the conditions that facilitate the implementation of M-ULS. It will make it easier for academics and practitioners to assess the current status of M-ULS and to grasp the future direction. Inevitably, there are some limitations to this study, such as the fact that the literature was searched only in four major databases based on the “title” field, a strategy that may have led to partial omission of literature. Additionally, due to the short period of research in this field and the small amount of literature, these factors may partially limit the descriptive analysis of the data.
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Figure 1. Flow chart of literature review. 
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Figure 2. Year distribution of M-ULS literature. 
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Figure 3. Regional distribution of periodicals. 
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Figure 4. Distribution of literature journals. 
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Figure 5. Characteristic diagram of different operation modes’ definition. 
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Figure 6. Multi-perspective analysis framework for M-ULS implementation. 
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Figure 7. Integration of a networked M-ULS concept. 
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Figure 8. Stakeholder interaction relationship. 
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Table 1. Results of literature retrieval and selection.
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Database

	
Elsevier

	
Web of Science Core Collection

	
Scopus

	
Engineering Village






	
Logical statement

	
TI = ((“metro” OR “subway” OR “rail”) AND (“logistics” OR (”underground” AND “logistics”)) OR ((“freight” OR “goods” OR “cargo”) OR (“mixed” AND “passenger”) AND (“transport” OR “transportation” OR” delivery” OR “distribution”))) AND Language: (English) AND Time span (2010–2022)




	
Inclusion criteria

	
(i) articles, proceedings papers, review articles, conference papers; (ii) literature obtained through a retrospective search strategy despite not being in the database




	
Initial records

	
204

	
65

	
83

	
97




	
Exclusion criteria

	
(i) brief article with less than six pages; (ii) lack of references or full text; (iii) unrelated to the topic of the study (e.g., energy, design field)




	
Final records

	
52
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Table 2. Materials classified by research methodology.
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No.

	
Research Methodology

	
Description

	
Count






	
1

	
Review

	
Research that reviews and analyses the content and trends of published literature

	
4




	
2

	
Conceptual paper

	
A study that focuses on conceptual content and design framework

	
5




	
3

	
Questionnaire survey

	
A research instrument consisting of a series of questions related to the topic to obtain information about the interviewee’s answers

	
2




	
4

	
Empirical paper

	
An article that tests a proposed theory or hypothesis based on collected data

	
4




	
5

	
Mathematical modelling

	
Evaluation model

	
A study that builds a mathematical model aimed at conducting an evaluation of the project objective

	
15




	
Optimization Model

	
A study that builds a mathematical model aimed at optimizing the project objective

	
14




	
6

	
Hybrid method

	
A study that uses two or more of the methods mentioned above

	
8
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Table 3. Comparison table of characteristic features of locomotive co-location.






Table 3. Comparison table of characteristic features of locomotive co-location.












	
	Description
	Passenger-Freight Separate Line

(P-F SL)
	Co-Line Separation

(CL-S)
	Co-Line Towing (CL-T)





	Construction cost
	Consider the stage from the design phase to the official commissioning
	High
	Medium
	Low



	Modification difficulty
	Consider construction technology and existing infrastructure conditions
	High
	Low
	Medium



	Operations management
	Consider train scheduling and collaboration between stakeholders
	Low
	Medium
	High



	Impact on passenger
	Consider the impact on passenger travel during construction and operation
	Low
	Medium
	High



	Freight capacity
	Consider the maximum daily cargo transportation capacity
	High
	Medium
	Low
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Table 4. Multi-perspective analysis table for M-ULS implementation.
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Perspectives

	
Detailed Categories

	
Representative References






	
Socio-environmental perspective

	
Reduction in harmful gas emissions and noise pollution

	
Chen et al. [18]; Miller et al. [12]; Langhe [72]; Hu et al. [11]




	
Effectively alleviate traffic congestion and reduce the probability of traffic accidents

	
Langhe [72]; Chen et al. [73]




	
Safety of freight transport and the intelligence of intermodal systems

	
Kikuta et al. [31]; Behiri et al. [74]; Chen et al. [73]




	
Economic perspective

	
Improving logistics performance

	
Xu et al. [3]; Visser [75]




	
Cost benefits of intermodal systems

	
Cochrane et al. [26]; Zheng et al. [70]




	
Benefits of energy savings

	
Hu et al. [48]; Chen et al. [73]; Pan et al. [76]




	
Technical perspective

	
Engineering technology

	
Infrastructure renovation and metro interior layout design

	
Hu et al. [19]




	
Mature intelligent logistics and underground engineering construction technology

	
Shalaby et al. [14]; Harten et al. [77]




	
Complexity of system networking

	
Behiri et al. [74]; Hu et al. [78]




	
Operational organization

	
Last-mile delivery

	
Villa and Monzon [1]; Gatta et al. [20]




	
Scheduling of the train

	
Li et al. [14]; Hu et al. [48]




	
Operation flow of logistics

	
Shahooei et al. [35]; Hu et al. [79]
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