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Abstract

:

In recent years, policymakers of urban agglomerations in various regions of the world have been striving to reduce environmental pollution from harmful exhaust and noise emissions. Restrictions on conventional vehicles entering the inner city are being introduced and the introduction of low-emission measures, including electric ones, is being promoted. This paper presents a method for scenario analysis applied to study the reduction of exhaust emissions by introducing electric vehicles in a selected city. The original scenario analyses relating to real problems faced by contemporary metropolitan areas are based on the VISUM tool (PTV Headquarters for Europe: PTV Planung Transport Verkehr AG, 76131 Karlsruhe, Germany). For the case study, the transport model of the city of Bielsko-Biala (Poland) was used to conduct experiments with different forms of participation of electric vehicles on the one hand and traffic restrictions for high emission vehicles on the other hand. Scenario analyses were conducted for various constraint options including inbound, outbound, and through traffic. Travel time for specific transport relations and the volume of harmful emissions were used as criteria for evaluating scenarios of limited accessibility to city zones for selected types of vehicles. The comparative analyses carried out showed that the introduction of electric vehicles in the inner city resulted in a significant reduction in the emission of harmful exhaust compounds and, consequently, in an increase in the area of clean air in the city. The case study and its results provide some valuable insights and may guide decision-makers in their actions to introduce both driving ban restrictions for high-emission vehicles and incentives for the use of electric vehicles for city residents.
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1. Introduction


Current ways of shaping transport policy, both on the micro and macro scales, are determined by many factors of technological, social, environmental, and economic nature. Due to the fact of global warming and growing traffic intensity on roads, especially on the streets of large cities, care for the natural environment is becoming more and more important. This applies also to city dwellers for whom daily traffic congestion becomes normal. Then the search for solutions reducing noise pollution and increasing safety of life in the city is becoming a priority for decision-makers [1]. These authorities search for new solutions to be used in traffic organisation or replacement of vehicle stock with zero-emission vehicles. Electric vehicles are then very popular. It is also necessary to search for tools supporting making the right decisions in the field of traffic organisation in the city [2].



As reported by Cartenì et al. [3], electric vehicles in cities are one of the best options for meeting both the Sustainable Development Goals and the mobility needs. The authors proposed a new e-mobility approach in which the fleet of "old" buses on the Sorrento peninsula (Italy) was replaced with hybrid diesel buses powered additionally by a photovoltaic system, which was aimed both at improving the environmental balance and obtaining a return on investment for the private operator managing transport services. Estimates show that the new-type bus service can reduce greenhouse gas emissions by up to 23%, with a 10-year payback period if a private investor is engaged. On the other hand, Cartenì, in the article [4], analysed the profitability of using hybrid electric buses in modified public transport services. The author produced a cost–benefit analysis considering total carbon footprint, not only local impacts, generated by this vehicle technology. The approach was tested with a new urban bus line in the medium-sized city of Salerno in Italy.



Planning of efficient ecological transport systems, and in particular public transport solutions, requires switching transport policy to the one assuming future social and economic benefits from the implementation of new environmentally friendly systems of organisational and infrastructure investments [5]. The transport infrastructure in the cities is characterised by high density, while the possibility of its expansion is very limited due to the existing land development. This was noticed by Quak [6], Banister [7], and Rietveld and Bruinsma [8]. High traffic in the city has a negative impact on the natural environment and living conditions. It is mainly related to the exhaust gases emission and excessive day and night noise. This has particular consequences in urban areas due to heavy traffic and a negative impact on the health of people. The impact of pollutant emissions from transport on the environment is discussed in many studies, including those of Jacyna and Merkisz [9], Figliozzi, [10], and Szczepański [11]. Restricted movement of heavy vehicles is introduced through various solutions such as integrated logistics services for urban agglomerations with the Cargo Consolidation Centres [12,13]. The problems of noise lowering the quality of life in the city is described by Tang et al. [14], Fuks et al. [15], and other authors.



High and constantly increasing emission of harmful exhaust compounds by vehicles, despite the implementation of advanced solutions in the vehicle construction, makes the restrictions on access to selected areas of the cities for vehicles with low ecological efficiency, as well as economic incentives affecting the behaviour of the operators of these vehicles necessary. The EU Commission is also devoting a large amount of attention to this problem. EU documents relating to transport policy allow for the use of differentiated rates of tolls, which depend on the vehicle’s emission class [16,17].



Many studies show that only a series of analyses may become the basis for development of appropriate guidelines for shaping an environmentally friendly transport system—especially in urban areas. The purpose of such analysis and the scope of their application should be the basis for defining scenario analysis of transport system development. Importantly, to make such analyses correct, one must have a tool enabling simulations under various boundary conditions and due to the established criteria for assessing the effectiveness of transport system functioning.



Good organisation of traffic in the city means reduction of ecological costs of traffic, increase in safety, and improvement in the quality of life of residents. Therefore, a systematic approach to solving these problems is necessary. Traffic organisation in the city must take into account the specific conditions for implementation of a wide range of transport services, including individual transport; collective transport; city supply; and services, including repairs, servicing, medical care, etc. For example, Visser et al. [18] or Behrends et al. [19] indicate that significant problems in this area embrace variable travel time, vehicle traffic restrictions due to MPW (maximum permissible weight), traffic restrictions for vehicles that do not meet specific exhaust emission standards, etc.



Bearing in mind the popularity and availability of electric vehicles and current pro-ecological trends, we propose a method of analysing the influence of city traffic structure on the emission of harmful compounds in the context of accessibility of city for various types of vehicles, especially those that are electric-driven. The method is based on scenario analyses of traffic distribution in PTV VISUM including inbound, outbound, and through traffic. Travel time and the volume of harmful emissions are criteria for evaluating scenarios.



This study used emissions of passenger cars, trucks, and delivery vans for the morning rush hour and distinguished between inbound and outbound traffic, as well as through traffic.



The first part of the paper contains a literature review in the research area, in particular the methods and tools used to assess transport emissions and the methods for internalising external transport costs, including those related to the implementation of electric and other low-emission vehicles. The next section presents the research problem. A decision support method has been defined that makes it possible to carry out scenario analyses of various participation of electric vehicles in vehicle traffic and to assess the value of harmful exhaust emissions. A description of a multifaceted decision support procedure and a scenario analysis algorithm is presented. An important part of the paper is the case study elaborated on the basis of the transport model of the city Bielsko-Biała (Poland), which was used to conduct experiments with different forms of participation of electric vehicles on the one hand and traffic restrictions for high emission vehicles on the other hand. A wide range of scenario analyses were carried out with the consideration of the travel time and evaluation of exhaust emission values as evaluation criteria for the scenarios studied.




2. Literature Review in the Research Area


2.1. Ecological Problems of Transport Systems Development


The negative impact of transport on the natural environment entails significant costs, both direct (occurring in processes of designing, manufacturing, operating, and utilising vehicles and infrastructure) and indirect (noise, vibrations, and accidents). Although the effects of this impact are difficult to assess, such studies are popular [20,21].



Issues related to ecological and social aspects of transport systems development, including so-called smart city systems, refer to the negative effects of transport such as traffic congestion, traffic noise, air pollution, climate change, land occupancy, and fragmentation [22].



Undoubtedly traffic congestion, especially in urbanised areas, is a significant hindrance and disadvantage for dwellers. As indicated by de Palma and Lindsey [23], congestion significantly influences external costs resulting from loose of time. Levy et al. [24] present a negative impact of traffic congestion on health. Increased time of travel triggers the stress and arterial pressure. Drivers are not able to respond properly, and in consequence safety is lowered (Stokols et al. [25]). The effects of excessive traffic such as congestion are difficult to measure as well as low-quality traffic management and errors made by drivers, but the literature offers examples of attempts to improve traffic flow, especially in urbanised areas (Qingyu, et al. [26]). Congestion is a result of poor traffic management and objective overload (Jacyna-Gołda et al. [27]). It is also a strong factor for pollution dispersion, as presented by Vaitiekūnas and Banaitytė [28], and air pollution levels such as those discussed by Jacyna et al. [29].



The impact of noise on the city inhabitants well-being is described, among others, by Galilea and de Dios Ortuzar [30], Jakovljevic et al. [31], and Fuks et al. [15], as well as by other authors [32]. The research mainly concerns the impact of noise on health, methods of noise measuring, and noise levels resulting from road condition, as well as effects and identification of noise from other modes of transport, including solutions in forecasting, simulating, and minimising noise emitted by transport.



The assessment of health effects of street noise is usually carried out in monetary terms. The reason for that is because noise does not cause direct losses but, through indirect health impacts, spreads problems over time and triggers expensive medical treatments. In practice, it is assumed that the amount of money which people want to pay to avoid traffic noise is a good estimate of decrease of people’s well-being (willingness to pay (WTP) [33]). According to EU estimations of the social cost of street noise above 55 dB (A) made in 2007, this represents at least EUR 38 (30–46) billion per year. In contrast, for rail transport, estimated noise-related social costs are about EUR 2.4 billion per year. These estimates are probably understated. Another convenient measurement of social cost resulting from transport-related noise uses expected life length corrected by disabilities. The measurement combines number of life years which were lost because of premature death and years left with decreased health which are weighted by the severity of damage suffered [34]. Both methods provide close results.



The calculation of noise-related road transport costs requires the combination of data on noise effects and costs of different noise ranges. The aforementioned cost coefficients can be adopted according to the HEATCO method (2006 [35]). As a good example, German motorways (excluding cities) can be called with EUR 250 million per year [36]. When broken down into vehicle categories, unit costs can be defined on the basis of traffic data provided by TREMOVE model [37].



Another multifaceted problem is transport-related exhaust emission. One of the most significant issues in this area is identification of actual road emissions. The actual emission, according to results provided in the literature, usually does not comply with harmful exhaust compound emission factors resulting from assigned exhaust emission standard of the vehicle (especially in case of previously applicable ecological testing procedures). The discrepancy in this respect is more pronounced, especially for vehicles meeting more restrictive exhaust emission standards. Research in this area was performed, among others, by Merkisz et al. [38]. Chamier-Gliszczyński and Bohdal [39] have discussed plans for sustainable development of transport which combine economic, environmental, and social issues bounded with mobility. Simulation tests of noise propagation in an urban area are described in [40,41]. On the other hand, Wasiak et al., in the article [42], present a very interesting approach to optimising the impact of airport exhaust emissions and noise on life in the city.



Detailed ecological studies of transport are carried out with specialised simulation tools, which in most cases are dedicated to analyses in a strictly defined scope. One of such tools is the PTV VISUM software [43], which was used in the research described later in this article.



An important aspect of research leading to the environmentally friendly development of a transport system are solutions for the internalisation of external costs. Instruments of internalisation of external costs of transport are gathered in Table 1. The instruments can be analysed in the context of inter-branch interaction as well as transport policies. Among many different instruments the most significant is fuel task, which is effective tool in neutralising environmental degradation and improving energy consumption. It also contributes (indirectly) to elimination of other factors such as noise, accidents, or air pollution. Similarly, traffic restrictions in the city, which are the subject of this article, are very effective.




2.2. Problems of Limiting Vehicle Access to City Centres


In urban areas, the transport sector significantly influences fuel consumption and dangerous emissions. As indicated previously, it is very important to make proper decisions about urban mobility plans to reduce the negative effects of transport. For example, Shafiei et al., in paper [44], presented a simulation comparative analysis of various stimulus for low-emission vehicles to reduce emission of greenhouse gases in New Zealand. The authors used a multi-simulation model of energy system that integrates fuel supply and demand and energy markets as well as evolution of refuelling infrastructure. They compared various supporting and prohibiting scenarios. In case of supporting strategies, they introduced stimulants in form of support for fuel distribution infrastructure and subsidies for low-emission vehicles. In contrast, for the prohibition strategies, they imposed various types of bans on new vehicles running on petrol-based fuels.



Shi et at. [45] considered alternate traffic restriction (ATR) as a counteraction to urban congestion. They investigated a certain proportion of vehicles not allowed to enter restricted areas during specific time periods and proposed optimisation method balancing restriction areas and the proportion of stopped vehicles. The authors implemented a Stackelberg game between traffic planners and infrastructure users in a bi-level programming model solved by evolutionary algorithm.



Kholod et al. [46] present a method for estimating exhaust gases emission from city road transport under low-quality data on traffic intensities and outdated vehicle registries. The authors proposed video survey and parking lot survey as convenient methods of data collection as well as data from transportation companies and vehicle inspection stations. Then, they used the COPERT 4 model to calculate emission levels but with local emission factors.



Lu et at. [47] discuss the expansion of city scale and accompanying changes in traffic structure and growing congestion. The authors explain the influence of urbanised area expansion on exhaust gases emission and analysed it to find that city-scale expansion influences air pollution significantly. They conclude that traffic congestion increases travel time and thus air pollution, whereas greening the transport system can reduce air pollution.



Wang et al. [48] answer the question as to whether a driving restriction policy is an appropriate way of dealing with traffic congestion and exhaust gas emission, utilising the example of Beijing in China. The authors discuss a one-day-a-week driving restriction and its short-term effect on individual travel mode choices and which demographic groups are more likely to break the ban. The research revealed that the discussed restriction policy was not significantly influential as compared with the policy’s influence on public transport. The rule-breaking behaviour is accepted.



Gundalach et al. [49] discuss limitation of private car traffic in city centres and relate it to demand for public transportation to replace private cars. In their paper, they used a discrete choice experiment to investigate preferences of dwellers in the car-free city centre of Berlin. The survey revealed that 60% of dwellers accepted it alongside improving infrastructure for cyclists, which caused this acceptance to strongly increase. The same acceptance is for a system of bus and train stops and rededicating streets to recreational uses only.



Schubert et al. [50] aimed at creating support for measures which are still required to transform the urban transport system and integrate it with urban development in general. They promote a vision of a liveable and sustainable city in which institutions set long-term goals in transport policy. They list measures for cities between which there are improving public transport quality and managing motorised transport using limited traffic areas in cities.



The impact of car-restrictive policies was considered by Pasha et al. [51] who utilised the example of traffic situation in Srinagar city in India by analysing the options such as odd–even road-space rationing, revamping public transportation including inland waterways, and prohibiting on-street parking. The authors conducted an interview survey among traffic analysis zones (TAZ) across the city. They collected information on preferred travel modes and usage of private cars under restrictive policies. A total of 57% of respondents accepted implementation of the odd–even policy and 75% stated that they will not buy another car and will not park on the street if the policy is implemented.



Nosal and Starowicz [52] discussed the model used in evaluation of impact of mobility management instruments used to control high-density areas of work-related travels. In their approach, a decrease in car share depends directly on accessibility to public transport and private transport in the analysed area. The authors based their model on fuzzy logic.



Bagheri et al. [53] proposed travel demand management (TDM) in order to solve the problem of crowded cities. TDM is a strategy to maximise urban transport efficiency by creating privileged conditions for public transport on one hand and restriction of private car usage on the other in specific areas and time periods. They also postulate modifying the cost of using parking spaces. The authors combine Markov processes with reward and evolutionary algorithms. They present a network traffic management system for cities that optimises a multi-criteria function built around expected value of the Markov decision system’s reward.





3. The Research Method Description


3.1. General Assumptions


According to the literature analysis, there are many instruments leading to environmentally friendly changes in transport. There is also a general assessment of their effectiveness, and there is some discussion of shifting the negative impacts of transport between different areas of the transport network (e.g., from the inner city) or to sites for the smelting and disposal of transport equipment and for electricity generation. Nevertheless, the issues of shaping an environmentally friendly transport system should be studied individually for each area, taking into account local conditions. Therefore, efforts should be made to standardise the methodology of these studies by adopting a universally accepted model.



Considering the above, we proposed a general form of a model for shaping an environmentally friendly transport system. This model was developed by taking into account the fact that the actual simulation studies of the transport system were to be carried out using existing specialised software (e.g., PTV VISUM). Nevertheless, the presented form of the model organises the process of preparation of the simulation environment and the scope and method of tests performed in it.



Analysis and assessment of functioning of existing or designed systems of different types require a model mapping of those features of a system which are important for the purpose of research [54]. With this in mind, it was assumed that in order to assess the impact of the share of electric vehicles in traffic on the reduction of harmful compound emissions in the city, or to conduct other scenario analyses of pro-ecological changes to the transport system, it is necessary to have a simulation traffic model for each scenario v that must reflect:



	
actual fleet composition with their characteristics, as well as their composition considered in the scenario approach—generic structure of vehicles for each type of traffic, e.g., passenger cars, light commercial vehicles, truck trailers, trucks—ST(v);



	
private and public transport systems, as well as scenarios for their evolution—TS(v);



	
structure of real transport network, including its technical, economic, and organisational characteristics and links to origins and declines of traffic stream as well as scenarios of its evolution—GE(v);



	
the volume of transport tasks (i.e., transport demand) realised in transport system with consideration of type of traffic, i.e., inbound, outbound and through traffic—QE(v);



	
the organisation of traffic in the transport system determining the traffic assignment to the transport network elements, considering its scenario changes—OE(v).






Considering the above, the model (MEST) of research problem is described as follows:


MEST = 〈ST(v), TS(v), GE(v), QE(v), OE(v): v∈V〉



(1)







A formal description of the proposed decision model was developed, taking into account the research described in [9,13,20].




3.2. Parameters


One of the basic values of the model taken into account in the research are scenarios of changes included in the set V, which may concern the construction of new transport connections; changes in the parameters of existing connections; the introduction of new low-emission means of transport; changes in the public transport offer; or, for example, fiscal burdens and access restrictions for specific means of transport. Thus, in the approach adopted, the scenarios will represent different proposals for change leading to a green transport system. These changes may be associated with different periods of analysis:




	
o—number of time periods.








The fleet composition can be mapped by the following parameters:




	
k—number of transport subsystems;



	
r—number of individual mode of transport;



	
t—type of vehicles for transport mode and subsystem;



	
m—type of engines;



	
n—number of vehicle emission standards;



	
s—number of pollutants from motor vehicles;



	
(a, b)—transport relation;



	
p—number of individual path in transport relation (a, b).








The fleet composition in practice may vary considerably depending on the section of the transport network under study, especially when considering the so-called internal and external traffic in relation to the study area, i.e., inbound, outbound and through traffic. Therefore, the model also includes the parameter g which allows for the identification of groups of transport relations which are homogeneous in terms of the type structure of vehicles.



With regard to the foregoing, the fleet composition is determined by their shares:




	
   u k  r , t , m , n , o    g   —share of vehicles of the certain type, moving in relation type g, [%].








Another important issue is the unit emission factors for individual means of transport. In the simplest terms, these can be included as standard values derived from exhaust emission standards, but a much better approach is to rely on more detailed studies of actual on-road emissions. Such studies lead, among other things, to the conclusion that the volume of pollutant emissions is also related to the length of the routes. This means that actual emission factors should be considered according to the distribution of route lengths for given homogeneous groups of transport relations. In this view, knowledge of the following parameters is assumed:




	
   e k  r , t , m , n , s    g   —emission of the pollutant from the certain type of vehicle moving in the relation type g, [mg/s/veh];



	
   ψ k  r , t ,   a , b   , p , m , n , s    —indicator of the distance effect on emission of the pollutant by the certain type of vehicles for path p in relation (a, b) [−].








The structure of the real transport network with its characteristics is mapped, among others, taking into account the following parameters:




	
i—number of transport node;



	
(i, j)—sections of transport network;



	
   l  i , j  r   —length of section (i, j) of transport network of the certain transport mode, [km];



	
  v  0  k ,   i , j     r , t    —velocity of free flow on section (i, j) of transport network for the certain types of vehicles, [km/h].








Transport demand    x k  h ,   a , b       is identified by taking into account predefined transport relations (a, b), transport subsystem k, and demand segments h, as well as, among others, data on the average filling of the means of transport and time valuation:




	
   w k  r , t , h , o    g   —average content of demand segment for vehicle of the certain type in relation type g, [t/veh, pas/veh];



	
   ϖ k  r , t , h    —value/price of 1 h of transition time of demand segment for vehicle of the certain type, [PLN/ton-hour, PLN/passenger-hour].








On the other hand, the model parameters concerning the organisation in the transportation system mainly include:




	
   x  k ,   i , j     r , t ,   a , b   , p , o    —traffic load of the certain type of vehicles operating on section (i, j) of transport network in transport subsystem k of transport mode r on path p in relation (a, b), [veh];



	
   x  k ,   i , j     r , t , o    —traffic load of the certain type of vehicles operating on section (i, j) of transport network in period o, [veh];



	
   v  k ,   i , j     r , t , o     X   i , j      —velocity on section (i, j) of transport network for vehicles of the certain type under X(i, j)-th workload in period o, [km/h];



	
   w  k ,   i , j     r , t , h , o    —average content of demand segment for the certain type of vehicle operating on section (i, j) in period o, [t/veh, pas/veh].









3.3. The Ecological Indicators of Transport in the City


Due to the scope of studies described below, the assessment of the environmental impact of the transport system was limited to the traffic congestion index and air pollutant emission factors. Nevertheless, it should be kept in mind that on the grounds of environmental and social influence, indicators for assessing ecological efficiency of transport system related to external costs should also embrace effects of [36]:




	
noise emissions—studies in this aspect have been described in, among others, [41,42];



	
accidents;



	
water and soil pollution.








Congestion lengthens passenger and freight transport over the time for unloaded network (free flow). This causes specific financial losses depending on the type of transport and the motivation of the trip or group of goods. Lengthening of transport time is calculated by the following formula:


  Δ  τ k o  =   ∑  h    ∑  r    ∑  t      ∑     i , j          l    i , j    r     v  k ,   i , j     r , t , o     X   i , j       −    l    i , j    r    v  0  k ,   i , j     r , t       ⋅  x  k ,   i , j     r , t , o       [ vehicle - hours ]  



(2)







Whereas the valuation of lost time in monetary units is calculated by the following formula:


   τ k o  =   ∑  h    ∑  r    ∑  t     ϖ k  r , t , h     ∑     i , j          l    i , j    r     v  k ,   i , j     r , t , o     X   i , j       −    l    i , j    r    v  0  k ,   i , j     r , t       ⋅  x  k ,   i , j     r , t , o   ⋅  w  k ,   i , j     r , t , h , o       [ PLN ]  



(3)







An important negative environmental impact of transport is exhaust gases. The level of emission depends on the type of vehicle and its engine, including the compliant emission standard, traffic velocity, and distance. According to this, pollutant emission is calculated by the following formula:


    E k  s , o   = 3600 ⋅   10   − 6   ⋅   ∑  r    ∑     i , j       ∑     a , b       ∑  p    ∑  t   x  k ,   i , j     r , t ,   a , b   , p , o   ⋅      ∑  m    ∑  n     u k  r , t ,   a , b   , m , n , o     100 %   ⋅    l    i , j    r  ⋅  e  k ,   i , j     r , t , m , n , s      v  k ,   i , j     r , t , o     X   i , j       ⋅  ψ k  r , t ,   a , b   , p , m , n , s     [ kg ]   



(4)








3.4. Restrictions


In the pro-environmental model of traffic organisation, due to the scope of the conducted research, we introduced restrictions concerning access to particular zones of the city. These restrictions may concern types of vehicles (e.g., heavy-duty vehicles), vehicles with certain types of engines, or vehicles that do not meet the required emission standards.



In addition, the model takes into account all standard constraints imposed on the traffic flow, i.e., the constraint on the behaviour of the traffic flow, the additivity of the traffic flow and its non-negativity, and the constraint that guarantees the fulfilment of the agreed traffic tasks.




3.5. The Method Procedure


For the needs of scenario analyses taking into account the influence of electric vehicles on the reduction of exhaust emissions, we introduced the following types of fleet composition, which are presented in Table 2.



The fleet compositions, determined in this way, provide the basis for the development of an appropriate number of demand segments taking into account the detailed structure of vehicles.



Scenario analyses of reducing exhaust emissions by introducing electric vehicles require a specific approach. Therefore, a method, shown schematically in Figure 1, was developed. It takes into account the implementation of the transport model. An appropriate level of detail in the model is necessary to perform this type of analysis.



When conducting analyses, it is necessary, apart from the assumptions concerning the fleet composition relating to individual scenarios, to define the assumptions related to the temporal and spatial scope of the study. The time period of the analysis is conditioned by the assumptions of the transport policy and may cover both the whole day and a selected shorter period, e.g., the traffic rush hour. The spatial scope depends on the adopted restrictions relating to the possibility of high-emission vehicles entering the entire city or its separate areas, e.g., areas located in the central parts of the city.



The main part of the analyses is simulations performed with the use of the transport model. The developed methodology assumes the implementation of the PTV VISUM software containing a special HBEFA (The Handbook of Emission Factors for Road Transport)-based emission calculation procedure, which determines both the desired emissions and optionally cold start excess emissions, taking into account the traffic situation, volumes, and fleet compositions [55]. The use of the HBEFA procedure in the VISUM software enables the determination of the dispersion of emission of harmful substances on the basis of links divided into appropriate categories. When fuel quality is being calculated, fuel consumption for the entire network (expressed in quantity/g) for a specific demand segment is converted into specific consumption (expressed in l/100 km) separately for diesel and petrol. First, the amount of fuel is divided by its density (for gasoline it is approximately 0.75 kg/L, for diesel it is approximately 0.83 kg/L), and then related to the mileage for a specific segment of demand. To assess fuel consumption for the entire vehicle fleet, including electric vehicles, we also report the results in [MJ]. The result of analyses carried out with the use of VISUM software is traffic and emission assignment for different scenarios.



The scenario analysis is conducted in two perspectives: global and local. Thus, the area of analysis is determined both as the whole city (global scale) and as the central areas of the city (local scale). The developed methodology assumes that the assessment of the impact of the share of electric vehicles in traffic on the reduction of harmful substances will be based on a comparison of the results for individual scenarios W1–W4 with the reference scenario W0. The measures used for the evaluation were divided into the following three groups:




	
Group 1—measures related to the total emission of selected harmful substances:



	○

	
carbon dioxide (CO2) reported total [g];




	○

	
carbon monoxide (CO) total [g];




	○

	
hydrocarbons (HC) total [g];




	○

	
nitrogen oxides (NOx) total [g];




	○

	
particulate matter (PM) 10 µm total [g].







	
Group 2—measures related to the consumption of fuels and energy:



	○

	
fuel consumption total [g];




	○

	
fuel consumption total [MJ];




	○

	
fuel consumption diesel total [g];




	○

	
fuel consumption gasoline total [g];




	○

	
fuel consumption electric total [MJ].







	
Group 3—measures related to the traffic parameters:



	○

	
total time spent in network [h];




	○

	
average speed in network [km/h].












The values of the measures are obtained both for the whole city (global scale) and for the central areas of the city (local scale) in the analysed period of time (the morning rush hour).





4. Case Study


4.1. Research Area


The transport model built for the Bielsko-Biała city was used to assess the impact of the introduction of electric vehicles in traffic on the reduction of exhaust emissions. Bielsko-Biała is a city with poviat rights in Poland in the southern part of the Silesian Voivodeship, located near the borders with the Czech Republic and Slovakia. The city has a population of around 170,300 inhabitants and its area is about 124.5 km2. The location of Bielsko-Biała against the background of Silesian Voivodeship is presented in Figure 2.



Bielsko-Biała is one of the most economically developed cities in Poland and constitutes a significant centre of the southern subregion of the Silesian Voivodeship, which is one of the four areas of development policy of the voivodeship. In the functional-spatial structure of the region, the city of Bielsko-Biała is characterised by a wide spectrum of diverse economic, administrative, scientific, and cultural functions.



Bielsko-Biała city is also an important road and rail junction on a national scale. It is characterised by a high level of accessibility from other centres of the voivodeship and of the country due to the convenient location of the city on the network of national and provincial roads and the existing system of these roads, supplemented with poviat and municipal roads. They ensure the connectivity of the city area and its accessibility. Geographical and demographic indicators of road density are 4.38 [km/km2] and 31.41 [km/10 thousand inhabitants], respectively. There are 1237 road intersections in the city, including 51 intersections (4.1%) with traffic lights. The average length of a section between the intersections is about 479 m.



The results of comprehensive travel survey carried out in 2015 indicated that the mobility among transport-active persons, i.e., those who have made at least one trip a day, was about 2.2 trips/day. However, taking into account the entire population, we found that this measure is equal to 1.59 trips/day. The largest average number of trips made by transport-active inhabitants of the Bielsko-Biała city is related to the purposes home—other and other—home. A significant number of trips are made also for the purposes home—work and work—home. Trips related to school (education) are of less importance. These data were used to build a transport model which is a simulation tool supporting the analyses.



For scenario analyses, in accordance with the proposed method, we found it important to distinguish inbound, outbound, and through traffic. Table 3 shows the volume and share of car traffic during the morning rush hour.



For realising the scenarios, the selected network parameters were defined:




	
links for trucks, truck trailers, articulated trucks in through traffic;



	
central areas of the city.








Both of the characteristics are presented in Figure 3. The central area in Bielsko-Biała is the district called Śródmieście. In the transport model, it is mapped by 12 traffic analysis zones (TAZs). This part of Bielsko-Biała covers the area of 0.52 km2, which is 0.42% of the entire city area. The length of the road and street network in this area is 20,682 km, which with the length for the entire city being 1,488,048 km gives about 1.39% of the total length of the city network.




4.2. Assumptions Concerning the Scenarios


The analysis covers the following scenarios for introducing restrictions on the accessibility of the city and its regions for high-emission vehicles:




	
Scenario W1:



	○

	
entry of high-emission vehicles from outside the analysed area is not allowed;




	○

	
through traffic is not allowed in the central areas of the city.







	
Scenario W2:



	○

	
entry of high-emission vehicles from outside the analysed area is not allowed;




	○

	
through traffic is allowed.







	
Scenario W3:



	○

	
entry of all high-emission vehicles is not allowed;




	○

	
through traffic is not allowed in the central areas of the city.







	
Scenario W4:



	○

	
entry of all high-emission vehicles is not allowed;




	○

	
through traffic is allowed.












In order to assess the impact of the share of electric vehicles in traffic on the reduction of harmful compound emissions in the city, we built a transport model using the PTV VISUM software with an appropriate level of detail due to the type structure of vehicles for the selected area of analysis. Thus, it was possible to conduct scenario analyses taking into account at least:




	
types of traffic, i.e., inbound, outbound and through traffic;



	
types of fleet composition (according to the specification in Table 2).








Taking into account the previously defined fleet composition (A–L), we defined the vehicle structures in the transport model for the reference scenario W0 and for the scenarios W1–W4, which are presented in Table 4.



Scenarios W1 and W3 assume that high-emission vehicles in through traffic are not allowed in the central areas of the city. In the transport model, this is done by excluding the possibility of distributing through traffic into sections of the road and street network located in selected transport regions. In Figure 4, the links closed for through traffic are presented.




4.3. Results of the Analyses for the Whole City (Global Scale)


The results of scenario analyses of exhaust emissions reduction through the introduction electric vehicles at the global scale, i.e., for the whole city, are presented in Table 5.



The scenario analysis was carried out by developing a ranking for each of the measures for assessing the impact of the share of electric vehicles in traffic on the reduction of exhaust emissions separately. The scenarios were organised in such a way that the highest rank was assigned to the scenario with the best value of measures. The ranking of the scenarios for the whole city is presented in Table 6.



The results of the calculations for the measures from Group 1 for the whole city for reference scenario W0 and optimal scenario (W4) as bars on the links are presented in Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9. In Figure 10, Figure 11 and Figure 12, selected measures from Group 2 are also presented.



Observing the distribution of values of almost all the measures under study, we found that the highest values were observed at the streets of high technical class. The area in the southwestern part of the city (due to low density of development) and its smaller role in handling inbound and through traffic is characterised by the lowest values of the measures studied.




4.4. Results of the Analyses for the Central Areas of the City (Local Scale)


Similar analysis was presented for the central areas of the city. In Table 7, the results of the simulation are presented, and in Table 8, the ranking of measures for the scenarios W1–W4 are shown.



The results of the calculations for the measures from Group 1 for the central areas of the city for reference scenario W0 and optimal scenario (W3) as bars on the links are presented in Figure 13, Figure 14, Figure 15, Figure 16 and Figure 17. In Figure 18, Figure 19 and Figure 20, selected measures from Group 2 are also presented.



In the central area, the highest values of the selected measures were observed in one of the most important streets of the transportation network in the city, i.e., Warszawska street, leading through the centre from north to south. The exclusion of vehicles with fleet composition type A to I from the central areas of the city resulted in a significant decrease in the emission of harmful substances.





5. Discussion


5.1. General Comments and Observations


Improving the quality of life in cities is one of the greatest challenges facing society today. An important aspect of this problem is the desire to minimise environmental pollution resulting from the development of civilisation leading to increasing human interference in the ecosystem. For years, various studies have been carried out to identify the sources of pollution, among which transport plays a leading role. Therefore, scientific research conducted to search for solutions aimed at reducing the negative impact of transport on the natural environment focuses on the development of electromobility.



The analyses presented in this article are an example of such research, as the use of electric vehicles is becoming more and more common, significantly affecting the functioning of the entire transport system. Moreover, establishing the rules of operation of this system is a tool of the authorities which, in order to encourage the society to reach for electromobility solutions, use various types of incentives. Examples of such actions are prioritising electric vehicle users or imposing restrictions on users of conventionally powered vehicles.



The issues presented in the article focus on these aspects, showing the methodology of conducting scenario analyses to assess the impact of applying priorities and restrictions in accessing the transport system to various groups of its users, as well as presenting detailed research results. Due to the complex structure of the transport system, the presented methodology is multifaceted. It assumes the use of a simulation tool in the form of a macroscopic transport model, the HBFEA method, and three groups of assessment measures. The methodology is universal and can be applied to small, medium, and large cities as well as to metropolitan areas. Moreover, a significant advantage of the presented methodology is the assumption that analyses can be conducted both for the whole city and for the selected regions, e.g., the central areas of the city. Its distinguishing feature in relation to other methods used in this type of analysis is taking into account of three types of traffic, i.e., inbound, outbound, and through traffic.



The article presents the results of research carried out at the example of a large city in Poland, i.e., Bielsko-Biała. The results of these studies are the values of measures for assessing the impact of changes in the accessibility of the area and the related traffic organisation for users of electric cars and conventionally powered vehicles, presented in three groups. Analyses were performed for four scenarios that were compared with the scenario for the existing state, which constitutes the reference scenario.



The research results indicate that, regardless of the scenario considered and the area for which the analyses were conducted, the highest values of assessment measures from Group 1 were for CO2 reported total [g], and the lowest for PM (10 µm) total [g] and HC total [g]. In turn, measures from Group 2 were related to the generic structure of the traffic and should not be compared in this way.




5.2. Discussion of Citywide Analyses


Considering the results obtained for the entire city, one should note that there are the highest concentrations of harmful substances on roads of high technical classes, the task of which is to handle not only inbound, outbound, but also through traffic. Hence, it is important to designate such roads in low-density areas when designing a communication system in cities. Similar conclusions can be formulated when considering measures related to the consumption of fuels and energy.



From the point of view of the purpose of the article, it can be stated that for each of the analysed scenarios, there was a decrease in the value of all the analysed assessment measures, except for fuel consumption electric total [MJ], because in the scenario for the current state (W0), the share of electric vehicle in traffic is negligible.



From the point of view of the entire city, the best scenario in terms of improving the impact of transport on environmental conditions is scenario W4, assuming that entry of all high-emission vehicles is not allowed and through traffic is allowed. This is confirmed by the ranking presented in Table 7. However, it should be noted that this is not the most favourable scenario from the traffic point of view (after analysis total time spend in network [h] and average speed in network [km/h]) due to allowing vehicles in through traffic to pass through the central areas of the city and to use the infrastructure with lower technical and operational parameters than the one which is dedicated to such type of traffic.



Detailed results are shown in Figure 21, Figure 22 and Figure 23. In Figure 21, the values of the ratio between W0 and individual scenarios W1–W4 for the measures from Group 1 are presented.



From the point of view of the whole city, the solutions proposed in the W1 and W2 scenarios would contribute to the greatest extent to the reduction of NOx total [g] and CO2 reported total [g]. In turn, the use of electric vehicles for inbound and outbound traffic (scenarios W3 and W4) would cause a much greater decrease in the emission of pollutants for all measures classified into Group 1. Compared to the reference scenario, W0 value of HC total [g] would be lower by about 86.5%, and compared to W1 and W2 by about 75%. Similar values were observed for CO total [g] at 7%, because in relation to scenario W0, the decrease was by approximately 84%, and in relation to W1 and W2 by 60%. In Figure 22, four measures from Group 2 are presented.



The solutions proposed in the W3 and W4 scenario will contribute to reducing fuel consumption diesel total [g] by over 72% and fuel consumption gasoline total [g] by about 65%. On the other hand, fuel consumption electric total [MJ] will increase significantly, by over 580,000 times. Such results have confirmed the correctness of the analyses conducted.



In Figure 23, the percentage change of fuel consumption electric total between W0 and other scenarios is presented.



Figure 23 shows the percentage change in the fuel consumption electric total measure between all analysed scenarios (W1, W2, W3, and W4) and the reference scenario (W0). It can be seen that the changes in this measure were similar between W1 and W2 and between W3 and W4. This was due to the assumptions made for the simulations carried out. For scenarios W1 and W2, entry of high-emission vehicles from outside the analysed area was not allowed and for scenarios W3 and W4, entry of all high-emission vehicles was not allowed. Traffic restrictions introduced for scenarios W3 and W4 were much wider than for scenarios W1 and W2, and thus the percentage change in the measure of fuel consumption electric total was over 2.5 times greater for W3/W0 and W4/W0 than for W1/W0 and W2/W0.




5.3. Discussion of the Analyses Carried out for the Central City Area


In Figure 24, the values of the ratio between W0 and individual scenarios W1–W4 for the measures from Group 1 are presented.



Simulations carried out with the use of the transport model showed that the introduction of changes in the accessibility to the central area of the city for vehicles with a conventional power source in the outbound traffic (scenarios W1 and W2) contributed to a decrease in the value of assessment measures from group 1 for this area by reported total [g]—22%, CO total [g]—7%, HC total [g]—5%, NOx total [g]—22%, and PM (10 µm) total [g]—19%.



In Figure 25, four measures from Group 2 are presented.



In scenarios W1 and W2, there was a decrease in fuel consumption total [g] by approximately 22%. Considering the type of fuel used to power vehicles, we found that there was not much difference between fuel consumption diesel total [g] and fuel consumption gasoline total [g]. Both measures indicate a decrease of around 22%.



The introduction of restrictions in the central area of Bielsko-Biała city resulted in the fact that most of the harmful substances will be eliminated almost completely, as the decrease ranged from 99.88 for CO2 reported total [g] and NOx total [g] to 99.98% for HC total [g]. This was also confirmed by the fuel consumption total [g], the values of which indicated a general decrease in fuel demand by 99.88%. However, due to the small share of the use of electric vehicles in traffic in the reference scenario W0, this did not apply to fuel consumption electric total [MJ], as the increase in electricity demand was approximately 15,800 times greater for the scenarios W3 and W4.



In Figure 26, the percentage change of fuel consumption electric total between W0 and other scenarios is presented.



The overall trend of the percentage change in fuel consumption electric total is very similar to that for the citywide analyses. This is due to the assumptions made for the simulations carried out. The percentage change in the fuel consumption electric total measure was over 4.4 times greater for W3/W0 and W4/W0 than for W1/W0 and W2/W0.





6. Conclusions


The scenario analysis revealed expected truth that increasing the share of low-emission (electric) vehicles is toward the reduction of harmful exhaust emissions. However, this finding proves also that scenario analysis in PTV VISUM is an effective tool to support decision-makers in assessing whether the new area restrictions for high-emission vehicles, incentives for the use of electric vehicles, or other pro-ecological modes of transport are justified for implementation.



Introduction of electric vehicles in the cities is the priority of decision-makers. The method can be applied in cities and areas of different sizes for the parameterisation of desired municipal transport fleet composition and traffic organisation.



The scenarios of Bielsko-Biała city accessibility for vehicles with different fuelling were analysed for inbound, outbound, and through traffic. Scenarios testing show that different results are gained for whole city and different for the city centre standalone. The highest reduction of pollutant emissions for entire city (global level) is provided by the obligation of all users of individual transportation to use electric vehicles, except for transit traffic. On the other hand, the greatest reduction of pollutant emissions for the central area (local level) shall be achieved by obliging all users of individual transportation in the city to use electric vehicles, while excluding the city centre from transit traffic.



Four scenarios restricting entry into the city for high emission vehicles were developed (W1–W4). Results at global and local scales were compared with the W0 baseline scenario. It was observed that for scenarios W1 and W2, the reduction of harmful substance emissions was obtained at the level from 9.90% for HC total [g] to 27.92% for Nx total [g] for the entire city, and from 4.73% to 22.00% for the central area, respectively. Scenarios restricting the entry (W3 and W4) resulted in a further reduction in emissions ranging from 69.78% for CO2 reported total to 86.58% for HC total at the level of the entire city, and to a practically complete reduction in emission (99.59%–99.98%) in the central area.



The next step is adding noise-related measures to scenario analyses. This will provide a comprehensive approach to assessing the impact electric vehicles in the city. However, the problems of electromobility and associated drive for lower emissions in cities is much broader and more complex than just an analysis conducted at a location where electric vehicles are in use. A comprehensive approach should also address the production and disposal of both batteries and vehicles and the related environmental impacts.
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Figure 1. Scheme of the method of the scenario analyses of reducing exhaust emissions by introducing electric vehicles in the city. 
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Figure 2. Silesian Voivodeship against the background of Poland, and Bielsko-Biała city against the background of the Silesian Voivodeship. 
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Figure 3. Road and street network of Bielsko-Biała city and of the central areas of the city: (a) road network allowed for through traffic; (b) central areas of the city (in scenarios W1 and W3 without through traffic). 
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Figure 4. Links closed for through traffic in the central areas of the city. 
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Figure 5. The assessment of CO2 reported total [g] (measure from Group 1) for scenario W0 and optimal scenario (W4)—analysis for the whole city: (a) measure for scenario W0; (b) measure for scenario W4. 
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Figure 6. The assessment of CO total [g] (measure from Group 1) for scenario W0 and optimal scenario (W4)—analysis for the whole city: (a) measure for scenario W0; (b) measure for scenario W4. 
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Figure 7. The assessment of HC total [g] (measure from Group 1) for scenario W0 and optimal scenario (W4)—analysis for the whole city: (a) measure for scenario W0; (b) measure for scenario W4. 
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Figure 8. The assessment of nitrogen oxides (NOx) total [g] (measure from Group 1) for scenario W0 and optimal scenario (W4)—analysis for the whole city: (a) measure for scenario W0; (b) measure for scenario W4. 






Figure 8. The assessment of nitrogen oxides (NOx) total [g] (measure from Group 1) for scenario W0 and optimal scenario (W4)—analysis for the whole city: (a) measure for scenario W0; (b) measure for scenario W4.



[image: Energies 14 02030 g008]







[image: Energies 14 02030 g009 550] 





Figure 9. The assessment of particulate matter (PM) (10 µm) total [g] (measure from Group 1) for scenario W0 and optimal scenario (W4)—analysis for the whole city: (a) measures for scenario W0; (b) measures for scenario W4. 
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Figure 10. The assessment of fuel consumption total [g] (measure from Group 2) for scenario W0 and optimal scenario (W4)—analysis for the whole city: (a) measure for scenario W0; (b) measure for scenario W4. 






Figure 10. The assessment of fuel consumption total [g] (measure from Group 2) for scenario W0 and optimal scenario (W4)—analysis for the whole city: (a) measure for scenario W0; (b) measure for scenario W4.



[image: Energies 14 02030 g010]







[image: Energies 14 02030 g011 550] 





Figure 11. The assessment of fuel consumption diesel total [g] and fuel consumption gasoline total [g] (measures from Group 2) for scenario W0 and optimal scenario (W4)—analysis for the whole city: (a) measures for scenario W0; (b) measures for scenario W4. 
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Figure 12. The assessment of fuel consumption total [MJ] and fuel consumption electric total [MJ] (measures from Group 2) for scenario W0 and optimal scenario (W4)—analysis for the whole city: (a) measures for scenario W0; (b) measures for scenario W4. 
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Figure 13. The assessment of CO2 total [g] (measure from Group 1) for scenario W0 and optimal scenario (W3)—analysis for the central areas of the city: (a) measures for scenario W0; (b) measures for scenario W3. 
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Figure 14. The assessment of CO total [g] (measure from Group 1) for scenario W0 and optimal scenario (W3)—analysis for the central areas of the city: (a) measures for scenario W0; (b) measures for scenario W3. 
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Figure 15. The assessment of HC total [g] (measure from Group 1) for scenario W0 and optimal scenario (W3)—analysis for the central areas of the city: (a) measures for scenario W0; (b) measures for scenario W3. 
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Figure 16. The assessment of NOx total [g] (measure from Group 1) for scenario W0 and optimal scenario (W3)—analysis for the central areas of the city: (a) measures for scenario W0; (b) measures for scenario W3. 
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Figure 17. The assessment of PM (10 µm) total [g] (measure from Group 1) for scenario W0 and optimal scenario (W3)—analysis for the central areas of the city: (a) measures for scenario W0; (b) measures for scenario W3. 
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Figure 18. The assessment of fuel consumption total [g] (measure from Group 2) for scenario W0 and optimal scenario (W3)—analysis for the central areas of the city: (a) measures for scenario W0; (b) measures for scenario W3. 
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Figure 19. The assessment of fuel consumption diesel total [g] and fuel consumption gasoline total [g] (measures from Group 2) for scenario W0 and optimal scenario (W3)—analysis for the central areas of the city: (a) measures for scenario W0; (b) measures for scenario W3. 
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Figure 20. The assessment of fuel consumption total [MJ] and fuel consumption electric total [MJ] (measures from Group 2) for scenario W0 and optimal scenario (W3)—analysis for the central areas of the city: (a) measures for scenario W0; (b) measures for scenario W3. 
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Figure 21. Values of the ratio between W0 and individual scenarios W1–W4 for the measures from Group 1—analysis for the whole city: (a) the ratio between scenario W0 and W1; (b) the ratio between scenario W0 and W2; (c) the ratio between scenario W0 and W3; (d) the ratio between scenario W0 and W4. 
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Figure 22. Values of the ratio between W0 and individual scenarios W1–W4 for selected measures from Group 2—analysis for the whole city: (a) the ratio between scenario W0 and W1; (b) the ratio between scenario W0 and W2; (c) the ratio between scenario W0 and W3; (d) the ratio between scenario W0 and W4. 
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Figure 23. Values of the ratio between W0 and scenarios W1–W4 for fuel consumption electric [MJ]—analysis for the whole city. 
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Figure 24. Values of the ratio between W0 and individual scenarios W1–W4 for the measures from Group 1—analysis for the central areas of the city: (a) the ratio between scenario W0 and W1; (b) the ratio between scenario W0 and W2; (c) the ratio between scenario W0 and W3; (d) the ratio between scenario W0 and W4. 
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Figure 25. Values of the ratio between W0 and individual scenarios W1–W4 for selected measures from Group 2—analysis for the whole city: (a) the ratio between scenario W0 and W1; (b) the ratio between scenario W0 and W2; (c) the ratio between scenario W0 and W3; (d) the ratio between scenario W0 and W4. 
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Figure 26. Values of the ratio between W0 and scenarios W1–W4 for fuel consumption electric [MJ]—analysis for the city centre. 
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Table 1. Instruments for the internalisation of external costs of transport related to noise and exhaust emissions.
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Instrument Name

	
Instrument Type

	
Efficiency

	
Cost-Effectiveness Index *






	
Communication noise




	
New brake systems for railway vehicles

	
Technical

	
High

	
1




	
Design changes of engines

	
Technical

	
Low

	
2




	
Speed limits

	
Command and control

	
Average

	
3




	
Tires with reduced noise levels

	
Technical

	
Low

	
4




	
Soundproof walls/soundproof screens

	
Infrastructure

	
High

	
5




	
Air pollution




	
Buses and other vehicles with alternative drive (low and zero emission)

	
Technical

	
Low

	
1




	
EURO emission standards

	
Command and control

	
High

	
2




	
Emission-related tolls

Fuel tax

	
Economic

	
High

	
3




	
City parking policy (availability, prices)

	
Economic/infrastructure

	
Average

	
4




	
Tariff policy in urban public transport

	
Economic

	
Average

	
5




	
Traffic bans in the city (low and zero emission zones)

	
Command and control

	
High

	
6




	
Speed limits

	
Command and control

	
Average

	
7




	
Climate changes




	
Economic driving courses

	
Organisational/institutional

	
Average

	
1




	
Kyoto Mechanism (Emissions Trading, Clean Development Mechanisms)

	
Economic

	
High

	
2




	
Fuel tax

	
Economic

	
High

	
3




	
Renewable energy sources for electricity production (railways, electric vehicles)

	
Technical

	
High

	
4




	
Buses and other vehicles with alternative drive (low and zero emission)

	
Technical

	
High

	
5




	
Tolling on vehicles with high fuel consumption and CO2 emissions or fuel consumption (i.e., low fuel efficiency) and rebates for low CO2 emissions or fuel-efficient vehicles.

	
Economic

	
Low

	
6




	
EURO standards for exhaust emissions and alternative fuels

	
Command and control

	
Average

	
7




	
Speed limits

	
Command and control

	
Average

	
8








* 1—vehicle with the highest cost-effectiveness ratio. Source: own work on the basis of [21].
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Table 2. Types of fleet composition
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Fleet Composition

	
Type of Vehicles

	
Types of Fleet Composition






	
Urban

	
passenger car

	
A




	
light commercial vehicle

	
B




	
mix (trucks, truck trailers, articulated trucks)

	
C




	
Average

	
passenger car

	
D




	
light commercial vehicle

	
E




	
mix (trucks, truck trailers, articulated trucks)

	
F




	
Motorway

	
passenger car

	
G




	
light commercial vehicle

	
H




	
mix (trucks, truck trailers, articulated trucks)

	
I




	
Electric

	
passenger car

	
J




	
light commercial vehicle

	
K




	
mix (trucks, truck trailers, articulated trucks)

	
L
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Table 3. The volume and share of car traffic during the morning rush hour in Bielsko-Biała city.
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	Type of Traffic
	Volume of Car Traffic [E/h]
	Share of Car Traffic [%]





	Inbound traffic
	14,403
	47.79



	Outbound traffic

(the city is the origin of the trip)
	5698
	18.91



	Outbound traffic

(the city is the destination of the trip)
	8159
	27.07



	Through traffic
	1880
	6.24



	TOTAL
	30,140
	100.00
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Table 4. The fleet compositions in the transport model adopted for the reference scenario W0 and for the scenarios W1–W4 for the purposes of analyses of exhaust emissions.
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	Type of Traffic
	Scenario W0
	Scenario W1
	Scenario W2
	Scenario W3
	Scenario W4





	Inbound traffic
	A, B, C
	A, B, C
	A, B, C
	J, K, L
	J, K, L



	Outbound traffic

(the city is the origin of the trip)
	A, B, C
	A, B, C
	A, B, C
	J, K, L
	J, K, L



	Outbound traffic

(the city is the destination of the trip)
	D, E, F
	J, K, L
	J, K, L
	J, K, L
	J, K, L



	Through traffic
	G, H, I
	G, H, I (without central areas of the city)
	G, H, I
	G, H, I (without central areas of the city)
	G, H, I
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Table 5. The values of the measures for assessing the impact of the share of electric vehicles in traffic on the reduction of exhaust emissions for the reference scenario W0 and for the scenarios W1–W4—analysis for the whole city.
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Measure of Assessment

	
Scenario W0

	
Scenario W1

	
Scenario W2

	
Scenario W3

	
Scenario W4






	
Group 1




	
CO2 reported total [g]

	
42,343,255.82

	
30,984,001.26

	
30,980,307.60

	
12,797,176.89

	
12,793,777.41




	
CO total [g]

	
184,107.10

	
157,678.34

	
157,676.72

	
28,845.66

	
28,837.32




	
HC total [g]

	
29,186.26

	
26,296.08

	
26,295.47

	
3917.83

	
3917.20




	
NOx total [g]

	
194,904.37

	
140,494.09

	
140,482.04

	
54,422.58

	
54,408.70




	
PM (10 µm) total [g]

	
7991.16

	
5969.17

	
5968.66

	
2093.45

	
2092.81




	
Group 2




	
Fuel consumption total [g]

	
14,580,702.09

	
10,669,279.59

	
10,668,006.20

	
4,413,042.97

	
4,411,871.06




	
Fuel consumption total [MJ]

	
616,895.76

	
502,461.61

	
502,408.14

	
314,856.75

	
314,809.19




	
Fuel consumption diesel total [g]

	
9,504,016.51

	
6,869,764.36

	
6,868,988.59

	
2,629,596.30

	
2,628,879.40




	
Fuel consumption gasoline total [g]

	
5,076,530.12

	
3,799,396.56

	
3,798,898.96

	
1,783,358.59

	
1,782,903.60




	
Fuel consumption electric total [MJ]

	
21.96

	
51,182.74

	
51,183.13

	
128,237.83

	
128,239.83




	
Group 3




	
Total time spend in network [h]

	
108.34

	
108.16

	
108.34

	
108.16

	
108.34




	
Average speed in network [km/h]

	
33.03

	
33.03

	
33.03

	
33.03

	
33.03
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Table 6. Ranking of the scenarios—analysis for the whole city.
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Measure of Assessment

	
Scenario W1

	
Scenario W2

	
Scenario W3

	
Scenario W4






	
Group 1




	
CO2 reported total [g]

	
4

	
3

	
2

	
1




	
CO total [g]

	
4

	
3

	
2

	
1




	
HC total [g]

	
4

	
3

	
2

	
1




	
NOx total [g]

	
4

	
3

	
2

	
1




	
PM (10 µm) total [g]

	
4

	
3

	
2

	
1




	
Group 2




	
Fuel consumption total [g]

	
4

	
3

	
2

	
1




	
Fuel consumption total [MJ]

	
4

	
3

	
2

	
1




	
Fuel consumption diesel total [g]

	
4

	
3

	
2

	
1




	
Fuel consumption gasoline total [g]

	
4

	
3

	
2

	
1




	
Fuel consumption electric total [MJ]

	
1

	
2

	
3

	
4




	
Group 3




	
Total time spend in network [h]

	
1

	
2

	
1

	
2




	
Average speed in network [km/h]

	
1

	
2

	
1

	
2
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Table 7. The values of the measures for assessing the impact of the share of electric vehicles in traffic at the city centre area on the reduction of exhaust emissions for the reference scenario W0 and for the scenarios W1–W4—analysis for the central areas of the city.






Table 7. The values of the measures for assessing the impact of the share of electric vehicles in traffic at the city centre area on the reduction of exhaust emissions for the reference scenario W0 and for the scenarios W1–W4—analysis for the central areas of the city.





	
Measure of Assessment

	
Scenario W0

	
Scenario W1

	
Scenario W2

	
Scenario W3

	
Scenario W4






	
Group 1




	
CO2 reported total [g]

	
858,504.30

	
670,728.44

	
673,202.79

	
1033.93

	
3508.28




	
CO total [g]

	
5309.83

	
4922.72

	
4927.67

	
2.60

	
7.55




	
HC total [g]

	
943.74

	
898.60

	
899.10

	
0.24

	
0.75




	
NOx total [g]

	
3737.12

	
2915.01

	
2924.82

	
4.49

	
14.30




	
PM (10 µm) total [g]

	
167.95

	
135.95

	
136.32

	
0.18

	
0.55




	
Group 2




	
Fuel consumption total [g]

	
295,550.57

	
230,849.60

	
231,702.57

	
356.37

	
1209.34




	
Fuel consumption total [MJ]

	
12,498.38

	
10,549.47

	
10,585.55

	
3487.12

	
3523.21




	
Fuel consumption diesel total [g]

	
189,812.73

	
148,453.24

	
148,976.21

	
221.43

	
744.41




	
Fuel consumption gasoline total [g]

	
105,736.01

	
82,395.15

	
82,725.12

	
134.93

	
464.91




	
Fuel consumption electric total [MJ]

	
21.96

	
789.44

	
789.44

	
3472.05

	
3472.05




	
Group 3




	
Total time spend in network [h]

	
1.08

	
0.93

	
1.08

	
0.93

	
1.08




	
Average speed in network [km/h]

	
25.03

	
25.05

	
25.03

	
25.05

	
25.03
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Table 8. Ranking of the scenarios—analysis for the central areas of the city.
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Measure of Assessment

	
Scenario W1

	
Scenario W2

	
Scenario W3

	
Scenario W4






	
Group 1




	
CO2 reported total [g]

	
3

	
4

	
1

	
2




	
CO total [g]

	
3

	
4

	
1

	
2




	
HC total [g]

	
3

	
4

	
1

	
2




	
NOx total [g]

	
3

	
4

	
1

	
2




	
PM (10 µm) total [g]

	
1

	
4

	
1

	
2




	
Group 2




	
Fuel consumption total [g]

	
3

	
4

	
1

	
2




	
Fuel consumption total [MJ]

	
3

	
4

	
1

	
2




	
Fuel consumption diesel total [g]

	
3

	
4

	
1

	
2




	
Fuel consumption gasoline total [g]

	
3

	
4

	
1

	
2




	
Fuel consumption electric total [MJ]

	
2

	
2

	
1

	
1




	
Group 3




	
Total time spend in network [h]

	
1

	
2

	
1

	
2




	
Average speed in network [km/h]

	
2

	
1

	
2

	
1
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