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Abstract

:

The future of urban transport (including passenger transportation and goods logistics) may develop in significantly different directions. Depending on changes in urban behavior, and depending on decisions made by lawmakers and governmental bodies, as well as by commercial players, this future may show a significantly reduced mobility of people and goods (for example, as depicted in the motion picture The Matrix, where people live immobilized in cocoons) or a significantly increased mobility (for example, as depicted in the motion picture The Fifth Element, where multiple layers of air traffic are added to road and rail traffic). We applied a systems thinking method to create a model for political decision makers and researchers. This model can contribute to a better understanding of the interrelations of societal factors (e.g., behavioral changes in the current COVID-19 situation), technological factors (e.g., the role of data traffic or emerging urban air traffic) and environmental factors (e.g., noise or CO2 emissions) in an urban mobility and logistics system. The research also shows that data traffic has the potential to partially substitute physical passenger and goods traffic under certain circumstances. Thus, data networks should conceptually be regarded as a new mode of transport that plays a role in the urban modal split.
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1. Introduction


It is uncertain how urban traffic will develop in the future. Whilst urban traffic seems to be growing in general, it can be observed that external factors, such as the current COVID-19 situation, may lead to an unexpected decrease in urban traffic.



The two motion pictures, The Matrix (director: the Wachowskis, starring: Keanu Reeves, Carrie-Anne Moss, et al., 1999) and The Fifth Element (director: Luc Besson, starring: Bruce Willis, Milla Jovovich, et al., 1997), each depict quite different visions of a distant urban future with respect to mobility and traffic. Whilst The Matrix envisions a completely immobilized humanity (in which humans are locked into cocoons, physically sustained via tubes and linked into a virtual reality universe that emulates all sensations), The Fifth Element envisions a highly mobilized humanity (moving around by traditional means of transport like cars, taxis, trains, etc., as well as by individual airborne vehicles in a multiple layer air-corridor system). Thus, the two films metaphorically depict opposite ends of an urban mobility and traffic spectrum.



In today’s real world, new technological developments (such as autonomous vehicles and ground drones, air drones, virtual reality, 3D printing, etc.) and new societal developments (e.g., changing patterns in shopping behavior, the COVID-19 pandemic, the Fridays for Future movement, etc.) contribute to shaping urban logistics and mobility concepts, as well as the resulting urban traffic of tomorrow.



Whichever mobility and logistics concepts prevail, their real-life implementation will have a twofold impact—(a) on urban traffic and (b) on the urban (and global) environment.



1.1. Research Questions


As private companies shape this future whilst attempting to maximize profits, governmental and legislative bodies should understand the mid- and long-term environmental implications of such concepts in order to make decisions with respect to legislative regulations, as well as with respect to funding of subsidy programs.



Thus, the research questions addressed in this study were: (1) What emerging logistics and mobility concepts can be detected today? (2) What new types of traffic will be induced by their implementation? (3) What environmental impacts will their implementation generate?



As the term “new concepts” is a very general one, in this context it was interpreted as “concepts related to transport modes and means of transport”.




1.2. New Transport Modes


Research question (1) (What emerging logistics and mobility concepts can be detected today?) was answered by a non-exhaustive, commented literature overview.



1.2.1. Data


Data traffic is the “elephant in the room” of traffic models. The fact that worldwide data traffic is growing is commonsense knowledge. However, we suggest understanding data as a new alternative mode of transport because it has the potential to substitute the mobility needs of humans, as well as transport logistics volumes.



As can be seen in the current COVID-19 situation, data traffic may substitute business as well as private trips. Video conferences reduce the need for business travel, meeting friends via video conferences helps humans to escape social isolation, online shopping substitutes for a significant part of shopping activities, streaming services reduce the need to go to the movies, and immersive virtual reality (VR) and (online) video games turn out to be a substitute for meeting friends—especially for the young generation of digital natives.



In the world of logistics, additive manufacturing (AM), i.e., 3D printing (3DP), may turn out to be a disruptive technology as it has the potential to substitute a large amount of goods transport with data transport to local 3D printers, even taking into account the fact that the raw print materials (e.g., filament, powder or resin) need to be transported to the printers earlier. However, as the raw print material is not itemized prior to transport, raw print material transports alone would result in significantly lower goods traffic than the transport of all individually printed items via classical resale channels due to scale effects.



Scientific publications in this domain seem to be developing. Taniguchi et al. [1] and Silva and Rezende [2] examined the potential of 3DP in future logistics. Cerdas et al. [3] assessed the ecological impacts of 3D printing in a distributed manufacturing system using lifecycle assessment. Still, the impact of 3DP on traffic seems to need further research.



In a nutshell: The (partial) substitution of physical passenger and goods traffic by data traffic can metaphorically be interpreted as a move towards the “Matrix” end of the mobility and traffic spectrum.




1.2.2. Air


While companies, lawmakers, regulative bodies and some researchers are developing air traffic as a new mode of urban transport, surprisingly this ongoing process seems not to be largely noticed by the general public. In Europe, the EU is preparing a dedicated air space for the operation of unmanned aerial vehicles (UAVs—also called air drones) called U-space (see, e.g., [4,5]). Once operative, air will most likely become a new urban mode of transport in European cities.



Scientific publications in this domain are growing. Fu et al. [6] examine potentials and applications of urban air mobility in Munich. Shamiyeh et al. [7] present a performance benchmark of recent personal air vehicle concepts for urban air mobility. Vascik and Hansman [8] examine the constraints of urban air mobility with a special focus on noise emissions. Besides passenger transport, the mode air can also be used as a new mode of transport for goods. In this context, the concept of drone delivery is examined in the existing literature. Carlsson and Song [9], as well as Scott and Scott [10], evaluate the potentials of drone logistics (e.g., in the healthcare sector). Koiwanit [11] and Figliozzi [12] examine ecological aspects of drone delivery systems using life cycle assessment.



In a nutshell: Provided that the new transport mode air will excessively be used by passengers and by logistics service providers, this shift can be interpreted as a move towards the “Fifth Element”—end of the mobility and traffic spectrum.




1.2.3. Aerial Cable Cars


Another innovative concept for urban mobility deals with urban aerial cable cars (or metro-cable) and is implemented, for example, in Medellin (see Brand and Dávila [13]) and Bogota (see Oviedo and Guzman [14]). “Aerial cable cars … have recently become a best practice for urban integration of urban communities challenged by steep topographies and a systematic lack of good-quality mobility services …” [14]. This concept has been implemented in other urban communities, too, e.g., in London (GB), Moscow (RUS), or Sarajevo (BIH) [15], and it is being considered, for example, for Amsterdam (NL), Cologne (D), Frankfurt/Main (D), Gothenburg (SE), Munich (D), [15] or Graz (Austria) [16].



Although this mode is mainly designed for passenger transport, it can also be used for last-mile goods distribution in a crowd logistics context.




1.2.4. Pipelines


Pipeline systems such as, for example, Hyperloop or Cargo Sous Terrain are being discussed as a new transport mode for goods- and/or passenger-transport (see, e.g., Markvica et al. [17]). Hansen [18] and Werner et al. [19] assess the deployment of the Hyperloop for passenger and goods transport in the pipeline. Stein and Schoesser [20] examine new technologies for urban goods transport and, therefore, focus on CargoCap, which poses a subterranean pipeline freight transport system. Visser [21] examines similar concepts.



Anyhow, due to significant infrastructure construction costs and their capacity to transport large volumes over long distances, these systems are likely to be used for inter-city goods transports rather than for last-mile intra-city transports.




1.2.5. Sideways Used by Ground Drones


Sideways are usually not considered to represent a “new” mode of transport, because they are a very established “old” mode for passenger traffic. However, sideways gradually may become a new mode of transport for goods, if the concept of “ground drones” (often also termed “robots” or “droids” or sideway-based unmanned ground vehicles UGVs) becomes more popular in urban logistics. Ground drones maximally drive at a pedestrian’s speed and thus are designed to operate on sideways. This concept is commercially propagated, for example, by Starship Technologies (www.starship.xyz, accessed on 1 March 2021), which has implemented a large-scale field trial at Milton Keynes (GB), and which currently transports COVID-19 test kits to private homes in parts of Hamburg (GER) [22]. Still, up to now, ground drones on sideways are not frequently discussed in the scientific world, yet, even if street-based autonomous ground vehicles are considered by the scientific world as, e.g., in [23].



A non-exhaustive overview of the literature on emerging transport modes is given in Figure 1. This overview shows that transport modes usually are discussed either from a passenger’s or from a good’s perspective. It also shows that data as a dedicated mode has not explicitly been established yet.





1.3. New Concepts for Existing Modes of Transport


Besides new modes (and new means) of transport, existing scientific literature also focuses on other new innovative mobility concepts for passenger and goods transport, two of which we consider relevant for the research questions.



1.3.1. Crowd Logistics


Crowd logistics is an emerging concept that needs to be considered in this context. “Within crowd logistics (CL), delivery operations are carried out by using passengers’ excess capacity on journeys that are already taking place, resulting in economic, social and environmental benefits.” ([24] (p 1)). Thus, crowd logistics could be interpreted as a “meta mode of goods transport” in the sense of “backpack riding”.



Scientific publications in this domain are developing. Buldeo Rai et al. [24] and Sampaio et al. [25] describe the concept of crowd logistics, which uses the crowd to deliver packages within cities (especially on the last mile). Crainic and Montreuil [26] present the concept of the physical internet (PI), which can be interpreted as a general framework that encompasses, for example, urban crowd logistics as one possible implementation of (a local) PI.




1.3.2. Modified Land Use and Other Concepts


One cluster of literature consists of concepts aiming at sustainable urban mobility that combine land-use and urban transport (e.g., Banister [27], Banister [28], Bertolini et al. [29], Bertolini and Le Clercq [30], Kenworthy [31], and Wulfhorst et al. [32]). Banister [27] presents a sustainable urban mobility paradigm. Banister [28] and Bertolini et al. [29] propose concepts to improve urban accessibility by coordinating land-use and transport. Bertolini and Le Clercq [30] and Wulfhorst et al. [32] present policy concepts for sustainable urban mobility with fewer cars.



Other innovative mobility concepts currently examined in the scientific literature are autonomous driving (e.g., Pavone [33]) and shared mobility (e.g., Machado et al. [34]), to name but a few.



A non-exhaustive overview of the literature on innovative urban traffic concepts is given in Figure 2. This overview again shows a clear separation of concepts related to either passengers or goods.






2. Materials and Methods


Whereas the answer to the research question (1) can, for example, be generated by literature research (see Section 1), it is to be decided which methodology can generate answers to the research questions (2) and (3).



In the literature, multi-factorial modeling of mobility is reported. Priester et al. [35] create a systems thinking model to describe and evaluate developments towards sustainable urban mobility. Kunze et al. [36] apply systems thinking to city logistics, and Kunze [37] uses the systems thinking approach to examine future scenarios of urban logistics.



Other authors use a system dynamics approach to model urban mobility (e.g., Melkonyan et al. [38], Fontoura et al. [39], and Del Vecchio et al. [40]). Melkonyan et al. [38] and Fontoura et al. [39] both use their approach to evaluate mobility policies. Del Vecchio et al. [40] examine the system of smart mobility.



Another subject of investigation is the macroscopic modeling of mobility and traffic. Helbing et al. [41] present a mathematical macroscopic traffic model. Doniec et al. [42] describe a multi-agent-based model with a behavioral approach, and Xia et al. [43] analyze big urban traffic data to characterize urban mobility using vehicular social networks.



A brief overview of these approaches is given in Figure 3 and illustrates the differences in model scope and methodology. This non-exhaustive literature overview shows that several authors create different multi-factorial models of urban mobility, traffic, and transport using qualitative and quantitative model types. Again, passenger transport and goods transport are usually considered separately. It is to be noted that these models seldomly encompass new modes of transport. They mostly deal with today’s modal reality and not with the possible modal realities of tomorrow.



For these reasons, a research gap is identified in connecting individual new modes of transport, new means of transport, and new mobility concepts to a more holistic system-model, which also includes impacts on the environment.



2.1. Systems Thinking Approach


While the assessment of future developments is a difficult problem (even if it is only conducted from a non-detailed, top-level perspective), the choice of a methodology for such assessments is a difficult problem in itself. The key aspects of the choice of the methodology are adequacy (i.e., the method shall contribute to the attempt to answer the research question), falsifiability (i.e., it shall be possible to falsify results provided by the method), completeness (i.e., the method shall transparently cover the relevant aspects and also show which aspects are neglected) and data availability (i.e., a methodology which cannot be filled with the required data will not be able to generate the desired answers to the research question).



Considering these aspects, we chose the systems thinking concept introduced by Vester [44] as the basis for our methodology for the following reasons:




	
Adequacy: Systems thinking was designed for the analysis of complex systems.



	
Falsifiability: It fulfills the falsification criterion of Popper and Camiller [45] (pp. 10–11).



	
Completeness: Systems thinking positively describes what is considered (and what not); thus, it provides a basis for critical discussions on whether the selected aspects are sufficiently complete or whether significant aspects are missing.



	
Data Availability: As it is a top-level, qualitative and not a detail-level, quantitative methodology, the problem of missing numerical data is not critical.








A straightforward, quasi-linear subset of the model building steps suggested by Vester [44] was applied. This quasi-linear methodology is depicted in Figure 4.



We want to point out that even if the methodology seems quite linear, we conducted several iterations of this linear process (see the backward path in Figure 4) until initial implausibilities and gaps were removed from the effect system. Thus, we call this methodology quasi-linear.



We also want to point out that, according to Popper’s scientific theory, it is impossible to validate models, but it is possible to falsify models. Thus, we will now explain each of the methodological steps, decisions, and choices we applied to build a most robust basis for falsification of our model. We present this model to the scientific community for critical assessment and improvement.



In an initial step, the system description was built based on the research questions (2) and (3). The key assumptions for the system are:




	
The land use of the city is static—i.e., we assume, that a city and its geographical structure regarding activities (e.g., living, work, school, shopping, spare time) is given (see grey elements in Figure 5). This is a significant assumption, but it is motivated by the fact, that the layout of a city will only gradually change over long periods.



	
Modes of traffic and means of transport can be changed—i.e., by adding new modes and means of transport, traffic and the impact on the environment will change.



	
Behavior patterns of citizens need to be considered at least on a less-detailed granularity level.








The visualization of the system description (as suggested by Vester) is shown in Figure 5.



Parallel to the creation of this system description, a first literature research was conducted, which was later expanded within the iterative model building process (see the backward path in Figure 4). Based on the literature research results (see Section 1) and on the system description, a set of possible influence factors was collected, which formed the basis for the choice of the set of variables.




2.2. Set of Variables


The choice of the set of variables (or factors) is crucial for the systems thinking model design. As the model shall help to understand new transport modes and new means of transport and their ecological impacts, “traffic” and “ecological impacts” are two mandatory factor sets for our model. Model entities to represent “transport logistics services” are also needed, as they generate goods traffic. Finally, we decided to include “mobility and logistics demand” entities that shall represent the urban activities of humans.



2.2.1. Mobility and Logistics Demand


Where does the need to transport goods and passengers stem from in an urban context? The need to transport passengers stems from their mobility needs (see Figure 5)—i.e., the need to go to work, to school, go shopping, go to places where they can spend their spare time, or the need to go to other places (e.g., hospitals, court, etc.). We will focus our model on office work, schooling, leisure, and shopping, as theoretically these activities could be performed at home, too. Other activities (see grey elements in Figure 6) were ignored in our model because they cannot be performed at home.



The need to transport goods is also quite diverse (e.g., construction material needs to be transported to construction sites, waste needs to be collected, heating oil needs to be distributed) but a significant part of goods transports is related to retail, i.e., shop replenishment and home delivery.



In our model, we focus on the non-exceptional mobility demand and on the logistics demand, which stems from retail (excluding other logistics operations such as relocation services, construction site deliveries, waste collection, etc.). We also suggest differentiating between home-based activities (including online shopping) and non-home-based activities, as they have a different impact on traffic.




2.2.2. Transport Logistics Services


Today most transport logistics services use vans or trucks. However, currently a larger number of different new options to provide logistics transport services are being discussed and are emerging ([37] (pp. 286–299)). For instance, bike-delivery services have become more popular, and crowd and drone logistics services are being tested. These new service concepts also have the potential to use different modes of transport, and thus they have the potential to shift commercial traffic from roads to other transport modes. Figure 7 shows an overview of potential logistics services and concepts—differentiated by transport modes and means of transport.



Not all new services may transport all types of goods, but most of them could transport small shipments (e.g., small parcels). One especially interesting logistics transport service is 3D printing because it has the potential to largely substitute the physical transports of items by the transport of digital twins (i.e., 3DP-construction data) to the local printer.



In our model, we focus on services that can (a) transport smaller shipments to a multitude of urban destinations (thus, pipeline logistics are excluded) and which (b) are potentially available in every city without the need to have or build new infrastructures (thus, waterway logistics and cable car logistics are excluded).




2.2.3. Traffic


Urban traffic needs to be differentiated by transport mode if modal shifts are to be considered. Figure 8 shows an overview of the different emerging and existing urban transport modes.



If only existing modes are considered, no new modal developments can be considered. If, on the other hand, all possible modes are considered, some “exotic” modes may get too much attention. Therefore, we needed to make a choice, which traffic modes we want to include in our model. Thus, we reason, that “mode availability” is a top-level criterion to cluster and assess existing and emerging new modes, and clustered them into three categories:




	
Modes with operative infrastructure—i.e., the infrastructure exists in almost every urban context and is operationally used. Here, we included today’s existing urban transport modes (road and rail) and added sideway traffic (which is often neglected, but we consider sideway traffic to represent an interesting mode for logistics-co-use, e.g., by ground drone transports and crowd logistics transports).



	
Modes with quasi-existing infrastructure—i.e., infrastructure, which generally speaking is already there in most urban areas, but which is not “ready to use” yet, because functional nodes (stations, hubs) are currently still missing. Here, we added water traffic (which is not available in many cities, due to the lack of waterway systems), air traffic (which currently is strongly promoted by the drone lobby), and data traffic.



	
Modes requiring specific extra infrastructure—i.e., infrastructure, which still needs to be built.








For our model, we excluded those traffic modes which would require significant infrastructure investments. We also excluded waterways as a mode of transport, because they are not available in every city. Thus, the two new “promising” traffic types we consider in our model are data traffic and air traffic.




2.2.4. Ecological Impacts


In our model, we focus on the key traffic-related ecological impacts (i.e., global CO2 emissions, local particle emissions, noise emissions, and fossil energy depletion). We also modeled electrical energy consumption as a mediating factor for fossil energy depletion because electric energy can also be generated by means of nuclear or sustainable energy sources (for details, see Figure 9).



Still, there are ecological impacts which might go unobserved. Thus, we also want to point out which aspects are not considered by our model. To illustrate which aspects are covered and which are missing, we used the concept of impact categories (as defined in the ReCiPe 2008 method—see [46] (p. 7)) as a benchmark. These categories are implicitly structured in four ecological impact clusters: Air (climate change, CC; ozone depletion, OD; human toxicity, HT; photochemical oxidant formation, POF; particulate matter formation, PMF; ionizing radiation, IR), Land (terrestrial acidification, TA; terrestrial ecotoxicity, TET; agricultural land occupation, ALO; urban land occupation, ULO; natural land transformation, NLT), Water (freshwater eutrophication, FE; freshwater ecotoxicity, FET; marine eutrophication, ME; marine ecotoxicity, MET) and Resource Consumption (water depletion, WD; mineral resource depletion, MRD; fossil resource depletion, FD). Figure 9 depicts a graphical comparison of the ReCiPe 2008 impact factors and the factors considered in our model.



This criterion selection was mostly based on the fact that we wanted to keep the model complexity at bay. We want to point out one important implication of this choice: leaving out rare-earth and lithium resource depletion (as part of MRD) which is induced, for example, by battery electric vehicles, is an uncovered aspect in our model and thus requires further research. This example shows that our model cannot say which transport alternatives are ecologically better in general, but only which are better with regard to the selected four ecological impact factors within our model.




2.2.5. Other Factors


The above factor (or variable) selection for the model might be disputed—but it provides a positive list of factors considered and, probably even more important, which factors are not considered.



Due to the current COVID-19-Situation, we added one more factor to our model which we call “pandemic wake”. It shall model the (previous to the outbreak mostly unpredicted) shifts in urban transportation demand due to the threat of the virus.



We assume, that there may be other factors like the pandemic wake which could impact the socio-sphere and other factors related to the techno- or eco-sphere. However, in our model, such factors are not included.





2.3. Influence Matrix and Effect System


Now that we have established the set of factors for our model, we want to introduce the influence matrix and the effect system—i.e., the model of how strongly the modeled factors are interrelated (or have an effect on each other). Vester [44] (pp. 219–225) suggests to use the values {0,1,2,3} to indicate if and how strong one factor influences another (0: no influence, 1: small/less than proportional, 2: middle/ proportional and 3: strong/stronger than proportional). These influences are represented by the so-called influence matrix (see Figure 10).



Adding directions to these influences (“+” means if factor A grows, factor B grows, too, and “−” means if A grows, B declines and vice versa) and graphically depicting these effects in a directed network chart generates the so-called effect system (see Figure 11).



Note that the determination of the strength of influence is not an exact science; thus, we want to give reasons for our influence assessment. For this reasoning, we clustered the factors of our model in accordance with Bjørn et al. [47] (pp. 78–79) into techno-sphere-factors and eco-sphere factors. In addition to these two spheres, we suggest introducing a “socio-sphere” to cluster the socio-behavioral factors.



2.3.1. Socio-Sphere Effects (Causes)


The socio-sphere in our model shall represent the causes for urban traffic and logistics. With regard to the question whether activities are conducted from home (i.e., no physical traffic is generated) or not from home (i.e., physical traffic is generated), we defined three pairs of factors: classic office work/home office, classic leisure/home leisure, and classic shopping/online shopping.



All classic factors have a positive impact on sideway-, road-, and rail- traffic, but as induced traffic is split between the modes, we assessed the related impact strength with “+1”, each. Reciprocally, we assessed the impact of home-based activities on these three forms of traffic with “−1” as staying at home will reduce traffic.



With respect to data traffic, we assumed that classic leisure and classic shopping have no significant impact on data traffic “0”. Online shopping and classic office work will generate moderate data traffic “+1”, but home office will generate additional data traffic in comparison with classic office work, thus we rated the impact strength “+2” in this case. As home leisure often includes streaming movies and playing online games, we assume that home leisure has a factor “+2” on data traffic.



Our impact assessment on goods traffic (or logistics) was based on the following aspects. Classic shopping requires shop replenishments, which up to now is mostly fulfilled by truck- and van logistics “+2”. Online shopping (not including click and collect models, which are represented by classical shopping in our model) requires home deliveries. Whilst today most home deliveries are performed by means of delivery vans (“+2”), the emerging goods transport services may also grow with online-shopping volumes (“+1”) depending on the modal split.



Of the different potential factors which may influence the home–non-home-activity split in the socio-sphere, we picked one factor which currently implies major changes, which is the “pandemic wake” (driven by shutdown regulations as well as by personal fears to get infected with COVID-19). We assume that it has a strong positive effect on home leisure and online shopping “+3” and a medium effect “+2” on home office (because some work requires non-home-work, such as, e.g., in hospitals, and because some employers are reluctant to allow home offices). Reciprocally, the pandemic wake will reduce classical activities (“−3” and “−2”).




2.3.2. Techno-Sphere Effects (Intermediators)


Whereas the mobility needs of people (passengers) in our model have a direct impact on traffic, goods transport needs are mediated via logistics services concerning their effect on traffic. If logistics services grow, we assume that they will contribute linearly to the relevant traffic “+2” with the following exceptions:




	
Growing bike logistics will increase the number of bikes on roads, but it will not cause standing and obstructing road traffic (e.g., home delivery vans parked in second lanes). Thus, we rate the impact as small “+1”.



	
Crowd logistics will help to reduce existing road traffic “−1” by partly shifting goods transports to other modes.








Air-, 3D-printing-, and ground-drone-logistics will help to significantly reduce urban road traffic by means of modal shift “−2”, whereas crowd logistics will only partly reduce road traffic (because road traffic is one sub-option for crowd logistics execution)—thus we rate its effect on road traffic only as “−1”.



On the other hand, air-drone, ground-drone- and crowd logistics will contribute to data traffic due to process monitoring and synchronization needs (“+1”).




2.3.3. Eco-Sphere Effects (Results)


Finally, we assume that traffic contributes to resource depletion and urban emissions in our model as follows.



Electrical energy consumption is strongly affected by air-traffic (due to extra energy needs for take-off and hovering “+3”). It is proportionally affected by data traffic and rail-traffic “+2”. It is slightly affected by urban sideway traffic (i.e., ground drones “+1”) and road traffic “+1” (due to the current small part of road traffic which is electrically propelled).



Fossil energy depletion is partly driven by direct combustion in vehicles (“+2” from road traffic”) and partly by electrical energy consumption (depending on the electricity mix-fossil, nuclear, regenerative “+1”). Fossil energy depletion will also affect global CO2 emissions proportionally “+2”.



Urban traffic-related local particle emissions are considered to be proportionally affected by road traffic, only “+2”.



Last but not least, noise is a crucial factor for the well-being of urban citizens. Traffic-related noise emissions today mostly stem from road traffic “+2” and partially from non-underground rail traffic (trams, suburban trains, mass rapid transit, etc., which operate on significantly less dense networks than road-networks and on scheduled intervals only, and thus contribute less to total urban noise emissions “+1”). However, if air traffic becomes a significant part of urban traffic, it can be considered to be a strong additional urban noise emission source “+3”, as there are almost no options for passive noise reduction constructions (which are widely in place for road and rail noise reduction in many urban contexts).






3. Results


The result of all the previously described steps is the effect system as depicted in Figure 11.



The resulting key insights of this approach can be summarized as follows: The introduction of data-traffic as a new modal concept has proven to have many and significant effect links to other model factors. Thus, it is a relevant factor in an urban transport effect system. Air traffic is just one of many new urban modal transport options. Its negative impacts on energy consumption and noise emissions are significant.



Insights from a methodology point of view are of another type of result. First of all, the application of Vester’s (simplified) systems thinking approach has proven to be helpful to answer the research questions. The transfer of the eco-sphere and techno-sphere concept from life cycle assessment (LCA) to Vester’s system thinking approach has proven to be helpful and has led to the establishment of a new sphere, the socio-sphere. The transfer of ecological impact factor categories from life cycle inventory (LCI) to Vester’s system thinking approach has proven to contribute to the completeness assessment of environmental effects. The consequent (and falsifiable) definition of included and excluded impact factors helps to critically discuss and further develop the effect system model. A consequent differentiation between transport of passengers and transport of goods has helped to establish the need for an intermediate factor cluster, which we call “logistics services”. This factor cluster moderates the impact of the demand for goods transport on goods traffic. A consequent differentiation between home activities and non-home activities has helped to model the impacts of the pandemic wake on traffic. Last but not least, the inclusion of noise as a significant emission factor is important—especially for the assessment of urban air traffic—even if this impact category is not represented by, e.g., the ReCiPe 2008 impact factor categories.



The interpretation of the effect system is given in the conclusion section. However, before we start with the interpretation, we want to critically discuss the used methodology and the results.




4. Discussion


Designing an integrated systems-thinking model for urban passenger and goods transport is a complex task. First of all, the underlying research questions have a significant impact on the choice of model elements. Secondly, the balance between model complexity and simplicity is a dilemma. Thus, the model and the implications of the model require critical discussion.



4.1. Critical Discussion of Model


The model and the methodology to generate this model are not the only possible options to answer the research questions. However, in a Popperian concept of science, both methodology and model together represent a tentative approach to solve the research questions, which may either be falsified by the scientific community or gain relevance, if falsification attempts fail.



4.1.1. Model Elements (Factors)


As we chose to build a qualitative top-level model, we needed to exclude certain factor clusters and factors. Especially leaving out costs and convenience as factor clusters was a major design decision. However, integration cost and convenience factors in the model would have resulted in a much higher model complexity which we wanted to avoid. Thus, adding cost and convenience factors to the model can be considered as a need for further research.



Within those factor clusters which we considered (i.e., social activities, traffic, logistics, and environmental impacts), we also had to choose which individual factors needed to be considered and which could be omitted (see discussion in Section 2). Still, these choices should critically be discussed by other scientists and, therefore, we see room for further research with regard to factor choice.




4.1.2. Model Relations (Effects)


A key challenge within systems-thinking modeling is the need to assess the effects between factors. Vester [44] (p. 230) phrases this task as follows: “The question is always this: If I change element A how strongly (in whichever direction) does element B change as a result of direct influence by A?” He then suggests to use the numbers 3 (“change a lot”/“disproportionally strong”), 2 (“more or less equally”/“proportionally”), 1 (“weak”) and 0 (“no effect at all, a very weak effect or an effect occurring only after a lengthy delay”/“no connection”) to indicate effect strength dimensions. This approach is helpful, but there is an inbuilt fuzziness in this approach, as there are no binary decision criteria on whether an effect strength is 3 or 2 or whether an effect strength is 1 or 0. Thus, we argued in Section 2 why we assumed which effect strength and, hence, acknowledge the potential need for further critical discussion and research (especially, but not limited to the impact of air drones on noise emissions with regard to single unit noise emission vs. corridor noise emission as a function of distance, including its impact on human well-being and health in cities).





4.2. Implications


We see the following implications of our model for policymakers and regulatory bodies, lecturers and teachers, and researchers.



4.2.1. Implications for Policymakers and Regulatory Bodies


Policymakers, as well as regulatory bodies, need to make decisions. They decide which technologies shall be supported (e.g., by opening up regulatory frameworks for their use, or by granting subsidies) and how they shall be restricted (e.g., by setting regulative restrictions or by taxation). Concerning the opening of urban space for air drone traffic, the presented effect system shows the environmental mechanisms of such decisions. It also shows alternative decision options (e.g., support of data traffic or ground drone operations).




4.2.2. Implications for Lecturers and Teachers


The conception of traffic and transport is usually based on (or biased by) experience. New concepts of traffic and transport, by definition, show a lack of this experience element. Thus, models of traffic and transport that aim to create a better understanding of emerging and future developments and their effects are important. Therefore, it is an important contribution to put new concepts into a systems thinking model, because this approach helps to substitute missing experience.




4.2.3. Implications for Researchers


This non-quantitative piece of research unveiled some topical and conceptual issues that require further research.



First, we decided to leave out a significant number of influence factors in our model (see grey elements in figures of Section 2) to reduce complexity in our model. Thus, we see the need for further research in adding additional factors to the model. For instance, the ecological aspects of non-fossil resource depletion (e.g., rare earths and lithium) are affected by urban passenger and goods transport requirements on the one hand. On the other hand, these aspects are also influenced by emerging new means of transport (i.e., air drones, electrical vehicles, and data traffic), and thus may become more relevant in the nearer future. Therefore, the integration of non-fossil resource depletion into the model is desirable.



Second, urban low-altitude air traffic is likely to gradually come into existence. Whilst the general public can be considered to be mostly still unaware of this significant change, and policymakers can be considered to at least partly be influenced in their decisions by lobbyists, scientists working in the domains of ecology, traffic and transport, and acoustics should help to counterbalance this potentially lop-sided information situation.



Third, data transport and traffic as a potential partial substitute for passenger transport and traffic (see COVID-19 situation), as well as goods transport and traffic (see 3D-printing potentials), show potential for further research.



Fourth, there seems to be a need for further research on integrated traffic (and transport) models that integrate both passenger and goods traffic (and transport). Without refinement of these integrated models, it is difficult to assess concepts, which try to harvest the synergies from both worlds as, for example, crowd-logistics concepts. The introduction of logistics service model entities as we used them in our model may help to create better models for combined passenger and goods traffic.






5. Conclusions


The presented effect system helps to understand some significant interdependencies in urban traffic system evolution.



5.1. Impacts of Changes in the Socio-Sphere


Unsurprisingly, changes in the socio-sphere will change the demand for passenger and goods traffic. However, as can be seen by the example of the pandemic wake, these changes can be very strong. Thus, it makes sense to take into account whether the changes induced by the pandemic wake will remain, partially remain or evaporate. Further research is needed on whether there are (or might be) other socio-sphere factors with the potential to significantly change social behavior with respect to work, leisure, and shopping. Convenience-desire, which we explicitly omitted as a factor in our model, is one of these socio-sphere factors, but there may be others, too.




5.2. Changes in the Techno-Sphere


If cost and convenience aspects are omitted from a top-level perspective, passenger traffic directly depends on the existence and accessibility of passenger transport modes and the relevant demand from the socio-sphere.



However, goods traffic also depends on the available logistics services (which use the relevant transport modes and thus generate goods traffic). As legislative and regulative actions may hinder or support certain types of logistics services, their sustainability and ecological impacts should be considered by legislators especially as data-transfer (e.g., for 3D printing, teleworking, home leisure, etc.), ground-drones, eBikes, and crowd logistics are sustainable options to reduce road traffic without introducing air traffic.




5.3. Impacts on the Eco-Sphere


The impacts on selected elements of the eco-sphere are relatively simple to understand and strongly depend on the sustainability of the electrical energy generation (energy mix). However, air traffic especially is likely to have significant negative effects on the global environment due to missing bundling effects and additional energy consumption for take-off and keeping airborne. Additionally, air-traffic noise emissions (without the option for noise protection walls) will most likely have a negative effect on urban life quality.




5.4. Conceptual Insights


As data traffic has the potential to partially substitute physical passenger and goods traffic under certain circumstances, data networks should conceptually be regarded as a new mode of transport that plays a role in the urban modal split.




5.5. The Matrix vs. The Fifth Element—Where Are We Heading?


The propagation of air drones and air taxis as a new means of urban transport will bring us closer to a scenario as depicted in “The 5th element”. Individual and commercial traffic will grow not only on roads but over the heads of citizens, too. Energy consumption and urban noise levels will rise.



On the other hand, the pandemic wake brings us closer to a scenario as depicted in “The matrix”—traffic is significantly reduced, our senses are fed not only by audio and video data, but by means of virtual reality, and our physical needs are met by home delivery services (including 3D printing). Still, this somehow frightening perspective will have a positive impact on our environment.
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Figure 1. Overview of emerging transport modes. 
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Figure 2. Overview of selected innovative traffic-related concepts. 






Figure 2. Overview of selected innovative traffic-related concepts.



[image: Sustainability 13 03531 g002]







[image: Sustainability 13 03531 g003 550] 





Figure 3. Overview of selected models. 
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Figure 4. Methodology overview. 
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Figure 5. Visual system description. 
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Figure 6. Mobility and logistics demand. 
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Figure 7. Logistics services (and concepts). 
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Figure 8. Emerging and existing urban transport modes differentiated by infrastructure prerequisites. 
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Figure 9. Considered ecological impact assessment criteria. 
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Figure 10. Influence matrix (enhanced by effect directions; zeros represented by empty spaces for transparency reasons). 
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Figure 11. Effect system. 
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