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Abstract

:

Sustainable development requires ensuring the mobility of residents and must not cause deterioration of the quality of the environment in the selected area. The purpose of this study is to verify if the construction of a cross-regional highway through the city centre affected air quality in the neighbourhood of a newly built road. Air quality was assessed based on measurements of concentrations of nitrogen dioxide, which is considered to be typical for automotive sources air pollution. The spectrophotometric method with passive sampling was used in the 24 h NO2 measurements. The calculated mean NO2 concentrations in the periods before and after road construction were within the ranges of 23.2–31.9 μg/m3 and 22.3–28.9 μg/m3, respectively. The relative NO2 concentrations determined in the study for 10 out of 11 sampling points were lower than the unity, including 5 points markedly lower (0.82–0.89). The obtained results indicate that the construction of the new artery by the city centre, using appropriate technical solutions and traffic organization (tunnel, noise barriers, roundabouts, speed limit) likely contributed to an overall reduction in NO2 concentrations. The presented solution may serve as an example for other cities struggling with problems of low air quality associated with inefficient transportation systems.
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1. Introduction


Currently, transport is one of the most substantial issues for cohesive policy in the European Union (EU). Following the EU budgetary summit (21 July 2020), of the EUR 750 billion allocated to the Reconstruction Fund for the years 2021–2027, Poland obtained EUR 124 billion for programmes and investments involving energy, environmental protection and transport. The allocation of significant funds for the development of road infrastructure is connected with the ecological nuisance of transport. In urban areas, road transport is probably the most environmentally hazardous source of air pollution [1]. The types of moving vehicles and the traffic intensity (as well as fluency of movement) are the factors which have an impact on pollutant concentration recorded in urban air [2].



The development of civilization has caused a constant increase in the number of cars. In 1990, the number of passenger cars in the EU was almost 164 million, while in 2010 it was almost 242 million. Furthermore, between 2015 and 2018, the total number of cars in the EU increased by 6.5% [3]. In Poland, the number of cars increased by 12.5%, due to the growth in gross domestic product (GDP) [3], and in the Silesia Province (Poland), it increased by 9.5% [4]. Forecasts show that by 2050, the worldwide emissions from road transport, due to the doubling of the number of cars [5], will increase from 40% to 70%, depending on the pollutant [6].



Among the numerous pollutants emitted by motor transport, nitrogen oxides (NOx) comprise the largest share of total transport emissions [2]. Among the NOx emitted from transport, the dominant share belongs to NO, but in ambient air, NO is easily converted to NO2 [7]. NO2 is biochemically more active and more toxic than NO [8]. It is a strong oxidising agent, like O3, although it is less reactive. As an oxidant, it acts on proteins causing damage to respiratory tissues [9]. Many literature studies concerning the impact of NO2 on humans underline the effects of exposure to high concentrations [10,11,12]. However, the epidemiological data indicate that even low doses of NO2 can cause irritation to the throat and oral mucosa, as well as conjunctiva, which can lead to tracheobronchitis and other non-allergic respiratory diseases [13,14]. High concentrations of NO2 in atmospheric air promote the occurrence of respiratory, cardiovascular and cerebrovascular diseases and increased mortality [15,16]. Children, foetuses, the elderly and persons with pre-existing respiratory diseases are especially vulnerable to increased concentrations of NOx, causing an increased risk of asthma, respiratory tract symptoms and reduced lung function growth and enhancing the allergic response [17,18,19]. Moreover, a correlation between increased NO2 concentrations in the air and an increase in the number of hospitalisations was found [19,20,21].



To assess the health threat of NO2, its ambient levels have been monitored at many locations around the world. National air quality monitoring systems are frequently based on continuous on-line monitors located at one sampling site. However, these monitors cannot provide spatial variations in NO2 levels over a greater geographical area. In order to measure the spatial distribution of the concentration of selected pollutants, passive samplers are an ideal tool [7]. The advantages of passive samplers include their small dimensions, low weight, simple maintenance and the lack of supply requirements. Moreover, the method offers precision, determination of low concentrations and the possibility of eliminating the influence of atmospheric conditions [2].



With the development of civilization, an increase in the number of cars has been observed, but at the same time, there is a need to improve ambient air quality. Therefore, a sustainable development policy must be followed. Policies for the sustainable development of transport focus on three factors that influence the citizens’ acceptance of environmentally friendly transport:




	
Car use reduction,



	
Transport taxes and



	
Popularisation of public transport.








In Poland, environmental awareness is still so low that these factors would not gain public acceptance. An analysis of the mobility of Poles indicates that the car is most frequently used for travelling (above 80%). This is due to the shorter commuting times by car than by other means of transport [22].



One of the options for reducing city traffic is the development of ring roads. However, this solution mainly concerns transit and freight transport and has only a minor influence on city-centre traffic. The problem of limiting local traffic is particularly important in large cities and conurbations. A response to this problem could be the construction of cross-regional highways.



Since a change in traffic policy requires a high investment, research demonstrating the likely positive environmental effect of any investment is needed. Therefore, research is needed to prove the positive environmental effect of the planned investment. To correctly estimate the planned investment, modelling tools are particularly helpful. As described in [23], many tools are available to model yearly, daily and hourly particulate matter (PM) and NO2 concentrations at street level, taking into account urban topography, emission performance of vehicles, the composition of the vehicle fleet, the daily activity patterns and background pollution. Additionally, activity-based models can cover a nationwide region, while still providing sufficient detail to assess effects on a local scale and for different population subgroups [24]. As an example, the results from the SHERPA-city application can be recommended [25] or an activity-based model that illustrates the impact of different trip motives on PM10 and O3 concentrations as well as the intra-daily NO2 cycle [26].



One of the possibilities to investigate the effects of opening a new road is to make use of a “natural experiment,” in which a change in pollutants’ concentrations can be monitored [27]. The objective of this paper is to verify how the building of a highway through the centre of a city inhabited by 180,000 residents will affect the ambient air quality in the vicinity of the newly built artery. The specific aim of the study is to evaluate of the impact of constructing a cross-regional highway (DTS) in Gliwice (Poland) on air pollution by measuring the levels of NO2 in the ambient air at a number of points along the course of the DTS.




2. Materials and Methods


2.1. Study Area


The sampling campaigns were conducted in the city located in Metropolis GZM (Górnośląsko-Zagłębiowska Metropolia, Silesian Province, Poland). This urban agglomeration comprises 41 municipalities and is inhabited by nearly 2.3 million people. There are 20 similar conurbations in Europe, inhabited by 1 to 3 million people [28,29].



The most critical transportation routes in Europe run through Metropolis GZM (Figure 1). The intersection of two of the main Polish motorways (A1 and A4) occurs here, and these are the key corridors connecting Western and Eastern Europe, as well as Northern and Southern Europe. The existence of such a transportation network in this area makes Metropolis GZM an unrivalled region in terms of the carriage of goods by means of road transport [30].



The task of the Metropolis GZM internal transportation system is to support local traffic, as well as external traffic, associated with access to the sites located in the Metropolis, constituting as much as 88%, while the remaining 12% is accounted for by transit traffic [31]. According to the aforementioned data, the key problem in the region presented is intra-regional transport. An inefficient transportation system often runs past dense buildings and therefore has low traffic fluency, especially in residential and industrial areas. The road surfaces, often in poor technical condition, result in average speeds of approximately 15 to 17 km/h. Such a traffic situation causes a high accident rate and a high environmental burden, associated with high emissions of transport-related air pollutants.



The response to these problems was the construction of a cross-regional highway (DTS) as the main transportation artery of Metropolis GZM. This road became a “transportation backbone” of the central part of GZM, running through the downtown centres of Katowice, Chorzów, Świętochłowice, Ruda Śląska, Zabrze and Gliwice. Of the cities mentioned, the biggest challenge for DTS construction was in Gliwice, due to the plan to build the road through the city centre. Compared to other cities in the region, Gliwice is characterised by an increased level of car traffic, as it is an important academic, scientific, medical and industrial centre. By assumption, the purpose of the DTS Gliwice section was to support local traffic.



The construction plans of the DTS in Gliwice provoked much controversy among the citizens. The concerns were mainly related to the increase in car traffic in the city centre, the emission of pollutants from vehicles and transportation noise. The chosen solution in Gliwice was a road of 8.1 km in length that included (1) a single-carriageway with four lanes, (2) a dual carriageway with two lanes and (3) a dual carriageway with three lanes in each direction [31]. Limiting the “circulation” along the city road network became possible due to the dense distribution of road junctions. The section in Gliwice includes 16 road junctions, located every 1.3 km on average (Figure 2) [31]. The two turbo-roundabouts at one sampling point are shown in red, while conventional roundabouts are shown in green.




2.2. Characteristics of Sampling Points


The collection of samples was carried out during two campaigns: before the DTS construction (performed from April to May 2012 (labelled B)) and after opening the DTS (from May to July 2016 (labelled A)). The sampling was performed at 11 measuring points along the DTS in Gliwice. Seven of them (Nos. 1–7) were located next to existing streets, intersections or road junctions in the immediate vicinity of the DTS. These points were characterised by heavy or medium traffic, leading urban traffic in an E/W direction (from the eastern border of the city to the DK88 national road, leading traffic to the A4 highway). Three points (Nos. 8–10) were situated next to existing roads with negligible traffic, while point No. 11 was located in an area distant from roads, until the DTS was put into use. A detailed characterisation of sampling points before and after the change of traffic organisation is presented in Table S1.




2.3. Sample Collection and Preparation


A passive sampling method was used for NO2 collection in accordance with the Polish Standard PN-89-Z-04009/08 [32]. This method is based on the Japanese method of Amaya–Sugiura. Absorption of nitrogen dioxide took place on Whatman absorbent paper (23 mm diameter), soaked with an absorbing solution and placed inside a box passive sampler. Before exposure, the absorbent paper was treated with 0.1 mL of 20% (m/m) triethanolamine aqueous solution. The details concerning absorbing solution and its chemical reactions with NO2 were presented by Żak et al. [1], following [33,34,35].



Each sampling point was equipped with one set of passive samplers, including three samplers. The samplers were suspended at a height of about 1.5 m above ground level and 2 m from the edge of the road. Sampling time lasted for 24 h, and then after exposure, the samplers were transported to the laboratory.




2.4. Spectrophotometric Sample Analysis


Preparing the samples for spectrophotometric analysis involved removing the Whatman papers from the samplers. Each absorbent paper was then leached by Saltzman solution and, after at least 15 min, the extract was analysed by the spectrophotometric technique. The measurements of ray absorption were taken using a SHIMADZU UV–2101 PC spectrophotometer (Shimadzu Corporation, Japan) at a wavelength of 540 nm. The obtained absorbance values were referred to a prepared calibration curve. Sodium nitrite extra pure (Merck) was used as a standard solution for calibration purposes. Each calibration solution was prepared by dilution at 0.05 mg     NO  2 −    ions/cm3 stock solution with ultrapure, distilled water.



The calculated mass of nitrite ions in the tested solutions was used to calculate the average concentration of NO2 during 24 h exposure. The 24 h concentration of NO2 was calculated according to the formula presented in [32]. According to the standard [32], 24 h NO2 concentration was calculated as an arithmetic mean of the concentrations obtained from the set of three samplers. Any values which differed from the arithmetic mean by more than 20% were rejected.



The accuracy of NO2 concentrations determined via the spectrophotometric method, with passive sample collection, was about 10%, and the limit of detection (LOD) during the 24-h sampling time was 2 μg/m3 [36]. All of the reagents needed for both stage sampling and subsequent analysis were prepared according to the principles described in [32].





3. Results


The mean temperatures, relative humidity and wind speeds during the two measurement periods before (B) and after (A) the DTS construction were 8.4 °C, 66.4% and 1.1 m/s and 18.9 °C, 66.8% and 0.7 m/s, respectively. It is expected that meteorological parameters are interlinked in various ways with NO2 levels in ambient air. However, it is difficult to assess the effect of each separate meteorological factor on NO2 pollution. Studies involving analysis of NO2 ambient levels as a function of meteorological parameters strongly depend on local factors [37,38,39]. According to [40], the NO2 concentration is slightly higher at a lower relative humidity, whereas other authors found that the NO2 concentration correlates positively with the relative humidity in all seasons, especially during winter [41]. A negative correlation between wind speed and NO2 concentration was found by [42,43,44]. However, their analysis, constructed by averaging pollutant concentration by wind speed, used the following categories: 0–1 m/s, 1–2 m/s, etc. or <2 m/s and >2 m/s. As can be seen, differences in humidity and wind speed between the periods are small and likely insignificant. On the other hand, the difference in temperature between both sessions was 10.5 °C. However, the relation between NO2 and temperature was inconsistent. The correlation was found to be insignificant or weak [43,45], but other studies found strong positive correlations between the NO2 concentration and temperature for all seasons [41]. Research studies [37,40,46] underline that the seasonal variation in NO2 is only evident when comparing summer/spring with fall/winter. The lifetime of NO2 decreases from 4.2 to 3.2 h between the spring and summer [47]. Thus, on average, afternoon concentrations of NO2 are less in the summer than in the spring. However, the NO2 concentrations used in this study are 24 h averages, which are less affected by the change in lifetime, which is driven by seasonal changes in daytime OH concentrations.



During both sampling campaigns, a total of 561 samples were collected to determine 24 h concentrations of NO2. After the initial verification of the results, 4.4% of NO2 concentrations (which differed >20% from the arithmetic mean concentrations) were rejected. However, the removal of the outliers does not materially affect the results. In total of 536 NO2 concentration values were used for the final statistical analysis. Mean values of the 24 h concentrations (treated as a database attributed to a given sampling point) were statistically analysed to interpret the results obtained. Some statistics, like standard deviation, relative standard deviation and skewness (a measure of the asymmetry of the observed results, which describes the shape of the resulting pattern around the mean in each sampling point) are presented in Table 1 (before the DTS construction) and Table 2 (after the DTS construction).



None of the mean values of 24 h concentrations exceeded the permissible concentration level, equal to 40 μg/m3 [48]. Mean concentrations ranged from 58% to 80% and from 56% to 72% of the permissible concentration level for measuring periods (B) and (A), respectively.



The diversity in traffic intensity and engine operating conditions at each sampling point, as well as variable meteorological conditions, led to the variability of the measured concentrations. Mean values of 24 h NO2 concentrations at all sampling points for series performed before the DTS construction (B) varied from 23.2 μg/m3 to 31.9 μg/m3. The lowest 24 h NO2 concentration was recorded at sampling point No. 4. This point is surrounded by a green, non-usable area (Table S1) and is characterised by medium traffic intensity. Such topographical conditions ensure the adequate dispersion of pollutants. The highest 24 h NO2 concentration during sampling series (B) was measured at sampling point No. 7 located near a road junction. It was one of the critical transportation nodes for the city, including the traffic to and from the city in a northerly direction (Figure 2). This node, consisting of two intersections, was always heavily laden with traffic, caused by a stream of cars, trucks and buses. The failure of the (B) road system created frequent road congestion, affecting the high emission of pollutants associated with unfavourable engine operating conditions, such as deceleration, stopping and accelerating.



At all sampling points, the mean values of 24 h NO2 concentrations measured after the DTS construction (A) varied from 22.3 μg/m3 to 28.9 μg/m3. The lowest 24 h NO2 concentration was found at sampling point No. 1. Before the DTS construction, it was one of the most traffic-laden roads for vehicles entering the city centre district. The traffic on this road decreased significantly, and there are now entry and exit roads to and from the DTS at the beginning and the end of this road. The implemented solution led to the transfer of traffic to the newly built DTS to a large extent. The highest 24 h NO2 concentration was reported at sampling point No. 3 during the sampling of series (A). This point was on the road in which the DTS currently runs. Before opening the DTS, it was a two-lane road, loaded with heavy traffic. It is now a four-carriageway road, but still with heavy traffic in terms of cars, trucks and buses. Additionally, in the long section, this road was constructed without acoustic screens, which can promote the dispersion of pollutants.




4. Discussion


To find out whether and how the construction of the DTS through the city centre affected the quality of the air in the vicinity of the newly opened road, the 24 h concentrations of NO2 were determined at each sampling point. The mean of the 24 h concentrations was obtained before and after DTS construction (i.e., the (B) and (A) measurement periods, respectively). These concentrations were used to evaluate the impact of changing the traffic organisation on ambient air quality. For this purpose, the concentrations measured after putting the DTS into use (A) were compared to concentrations determined at the same sampling points before the construction of the DTS in the city (B). Assuming the concentration (B) period to be 1.0 for all sampling points and comparing the concentrations from period (A), we obtain the relative concentrations presented in Figure 3.



The comparison of relative concentrations shows that, for the vast majority of sampling points (Nos. 1–10), even a partial transfer of traffic to a nearby DTS had a positive effect on the NO2 concentration levels measured along the existing roads. At these points (Nos. 1–10), the concentrations of NO2 decreased. Only at one point (No. 11) was an increase of mean 24 h NO2 concentration found compared to the initial situation (B).



Based on the change in size and nature of NO2 concentrations, sampling points can be divided into three categories, characterised by:




	
A clear decrease in concentrations (change >10%),



	
A slight decrease in concentrations (change <5%) and



	
An increase in concentrations.








The first of these groups includes points Nos. 1, 2, 5, 7 and 9, in which concentrations decreased by 11% to 18%. Sampling point No. 1 was located on the street which, before the construction of the DTS, was the access road to the city centre, characterised by high traffic. Currently, the traffic has moved to the DTS, which runs in parallel to this street at a distance of about 70 m. Change of traffic organisation has resulted in a reduction in traffic and a decrease in the mean NO2 concentration by more than 12%.



A similar decrease in concentration (11%) was found at sampling point No. 2. Before the change in traffic organisation, this road was characterised by medium traffic. It is now close to the DTS (approximately 10 m) and is separated from the surroundings by acoustic screens with a height of about 8 m. Movement of traffic on the DTS and the use of acoustic screens resulted in a decrease in NO2 concentrations.



Sampling points Nos. 5 and 9 were located in streets which, before the construction of the DTS (B), were characterised by high traffic due to the fact that they were the main access roads to the city centre (city market), as well as exit roads towards the north and west. The traffic has now moved to the DTS, which leads to a tunnel (Figure 4). The tunnel is 493 m long and 10 to 20 m wide. Moreover, the entrance and exit of the tunnel are 100 to 200 m away from both points, so sampling points Nos. 5 and 9 are not directly exposed to pollution coming from the DTS tunnel; the mean NO2 concentrations dropped by nearly 15% and 17%, respectively.



Sampling point No. 7 was located next to the road, situated between two road junctions which have been changed into two turbo-roundabouts. Before the reconstruction (B), as well as after (A), this section was characterised by very high traffic due to its direct proximity to the entry/exit to the DK 88 road. The previous arrangement of entries and exits to DK 88 caused frequent traffic jams and lack of traffic flow. The new turbo-roundabouts enabled free-flowing traffic and the mean NO2 concentration at point No. 7 decreased by nearly 18%.



Sampling points 3, 4, 6, 8 and 10 form a second group. At these points, the concentrations of NO2 decreased between 0.3% and 3.4%. Among these locations, before the construction of DTS (B), points Nos. 3, 4 and 6 were characterised by medium or high traffic and the presence of traffic lights (point No. 6), which limited the traffic flow. The construction of the cross-regional highway (A) resulted in the transfer of traffic from the existing roads to the nearby DTS. Although the intensity of the car flow throughout the DTS increased, the concentrations of NO2 were not significantly higher. The mean 24 h concentration of NO2 at this point represents 65% of the permissible concentration value. The achieved effect is most likely due to the fluent movement of vehicles.



Only one sampling point (No. 11, located nearby the Oncology Centre) belongs to the third category; an almost 11% increase in the mean 24 h concentration of NO2 was found. The sampling point is located at the newly created roundabout connecting the DTS with three other roads. It should be noted that this case does not point to a negative role of DTS on air quality. Before changing the traffic organisation, this point was located in a green area, near streets with low, local traffic. A noticeable increase in car traffic at point No. 11 is now (A) associated with commuting to the Oncology Centre. Annually, the number of hospitalised patients in the Oncology Centre exceeds 35,000, while the number of outpatient advice reaches approximately 194,000 on average [49]. Previously (B) the main access road to this healthcare facility led though the narrow street from the west side of the city. Currently, DTS is the basic access road for the Oncology Centre patients and employees.



We now explore the five factors that played a role in the improved air quality after construction of the DTS:




	
The imposition of a speed limit of 70 km/h,



	
The dense network of DTS entrances and exits,



	
The tunnel,



	
The roundabout and



	
The noise barriers.








The imposition of a speed limit: In order to reduce emissions from cars moving along the DTS in the Gliwice city centre and along roads in densely built-up areas, the obligatory vehicle speed limit was set at 70 km/h. The impact of speed management on the environment, from the point of view of fuel consumption, pollutant emissions and noise emissions, is widely described in the literature [50,51,52,53]. Research on pollutant emissions indicates that the dependence of the average vehicle speed on CO and HC road emissions has a minimum value, corresponding to an average vehicle speed of 75 km/h. In the case of NOx, the speed increase above 100 km/h causes a significant increase in emissions of these pollutants; however, below this speed, emissions remain at a relatively low level [54,55,56]. Research by Andrzejewski [55] indicates the possibility of further reducing road emissions at a speed of 70 km/h by driving in higher gears, i.e., at lower engine speeds. The beneficial effect of lower engine load on the pollutant emission rate also applies to speeds other than 70 km/h.



The dense network of DTS entrances and exits: The dense distribution of road entrances and exits to and from the DTS (including 16 road junctions), located in the city centre every 1.3 km, on average, limits the “circulation” along the city road network beyond the DTS [31].



Tunnels: Sustainable development of transport infrastructure in areas with strong urbanisation requires the construction of road tunnels. This solution improves road transportation and acts as a barrier to the spread of solid and gaseous pollutants and noise on the surface above the tunnel [42]. A study [57] on the effect of a new road tunnel on the concentration and distribution of traffic-related air pollution, specifically NO2, showed that, although the tunnel intervention did not lead to consistent reductions in NO2 over the more comprehensive study area, the analysis of passive sampler data indicated that the most significant reductions in NO2 concentrations occurred within 100 m of the existing road. Moreover, tunnels are the most effective means of reducing noise and air pollution as well as the visual intrusion of infrastructure screening; however, they are the most expensive [58].



Roundabouts: At intersections, vehicles usually decelerate or stop, causing disruption to the traffic flow, whereas roundabouts improve the traffic flow. They encourage the flow of traffic and the reduction of intersection collisions [59]. Moreover, they improve local air quality, and the costs of landscaping are relatively low [60,61]. The classic roundabout is formed around a central island in the shape of the circle. The alternative to the standard roundabout is a turbo-roundabout, created when the circle is divided into two semicircles and displaced along the axis of the roundabout by the width of the traffic lane [62]. A comparison between the two-lane roundabout and the turbo-roundabout, in terms of NOx emissions, points to the fact that the increase in average speed by 38%, under morning congestion conditions, results in a 31% reduction in the emission of NOx. In the evenings, when the traffic is definitely lighter, an increase in the average speed of 8% for turbo-roundabouts causes a 21% decrease in the NOx emissions [63]. The VERSIT + Enviver emission model [63] shows that small roundabouts reduce NOx by 21% [60]. On the contrary, the studies by [64,65] point out that that vehicles at turbo-roundabouts generated more NOx (12%–19%) than vehicles at the conventional multi-lane roundabouts (depending on the car flow) and 33% more NOx than signalised intersections [59,66]. As can be seen, there is no consensus about the benefits of turbo-roundabouts regarding the available capacity of the intersection. In our studies, we observed a decrease in NO2 concentration at turbo-roundabouts (point No. 7), which indicates the role of fluent road traffic in improving air quality.



Noise barriers: Various studies have looked at the impact of noise barriers on the dilution and dispersion of air pollution. For example, [67] reported that noise barriers reduce concentrations of nitrogen oxides (NOx) and airborne particulates along motorways. The results show that if the barriers are present on both sites of the highway, the area affected by car emissions does not extend a considerable distance in the lee of the road.



NOx is highly concentrated between barriers and decreases much faster with the distance from the road edge than without a barrier. The possibility of reducing NO and NO2 concentrations is seen in the use of photocatalytic processes. The CEDR report (Conference of European Directors of Roads) [68] highlights the potential of using TiO2 coatings for photocatalytic reduction of NOx applied to noise barriers [69]. Comparison of the modelling measurements concerning the use of such barriers [70] indicates that more than 30% of the NOx reduction is possible at vehicle level, with an overall pollution reduction of 10%–20%. On the other hand, the examples of practical trials of TiO2 coatings underline the reduced effectiveness in real conditions, as well as higher costs than ordinary noise barriers [68].



It can be assumed that the reduction of concentrations measured in 2016 compared to 2012 may be influenced not only by the actions presented earlier (construction of DTS with the whole infrastructure), but also by the change of the vehicle fleet during these four years. The age of a vehicle certainly has an impact on pollutant emissions, including NO2, as newer models meet the increasingly rigorous Euro standards and pollute the environment to a lesser extent. The Euro 6 standard valid form September 2015 enforced a significant reduction of NOx from diesel engines (ZS) (a 67% reduction) compared to Euro 5, while for petrol ones (ZI), the standard had not been exacerbated [71]. However, the Polish car fleet has a very unfavorable age structure compared to other European countries with a significant share of old cars. During four analyzed years, the number of new cars increased slightly (0.8%), the number of cars aged 3–15 years decreased (8.7%), while the number of the oldest cars (>16 years) increased (7.4%). In case of trucks and buses, this structure is also unfavorable [72,73]. With such old vehicles, often in poor technical condition, it is difficult to suppose that 4 years of difference in the measurement period will have a significant impact on the observed changes in pollutant concentrations, due to the fleet turnover.




5. Strengths and Limitations


From the perspective of several years of using the DTS, the authorities of Gliwice City consider that the DTS road meets expectations. Residents use this road, and the traffic on the DTS is growing. In 2016, the number of cars passing through the tunnel was about 30,000 per day. Current usage, on an average working day, is 37,000 cars [74]. This means that more and more people are choosing DTS instead of going through the city. This effectively reduces traffic in the city centre. The new road is also used by patients of the Institute of Oncology in Gliwice. It is crucial for an institution of such importance to have the right access roads. Road connections to many other places in Gliwice have also been improved, including the Silesian University of Technology and the subzone of Katowice Special Economic Zone [75]. There are several traffic solutions in the city, which play a significant role in changing the habits of the residents (who now choose DTS more often than local roads). There is also the unique (in eastern Europe) intelligent traffic control system (ITS Gliwice), which, by the signs with variable content, provides information about the time of arrival to the city centre (Figure 5). The system optimises traffic in Gliwice and ensures a fluent passage in a shorter time. The additional innovation of ITS in Gliwice is to give public transport buses the priority of passing through crossings with traffic lights. Based on the same devices, a system gives absolute priority to privileged vehicles (police, ambulance and the fire brigade).



The DTS has a length of 31.3 km, connecting Gliwice with Katowice—the capital of the Metropolis GZM—and it ensures convenient and safe movement between densely populated areas of the Metropolis and improves accessibility to the most critical facilities, located mainly in the downtown zone. The collision-free course of the DTS on the Katowice–Gliwice section and its high technical parameters reduce the length of the road by 26%, travelling time by 76%, fuel consumption by 47% and road accidents by 82% and allow a significant reduction in environmental pollution [31] compared to former road connections.



In Gliwice, the distance that had to be driven within the city borders in the east–west direction was 9.4 km before 2012, and after the road was built (2016), the distance is 8.1 km. Shortening this distance leads to a reduction in NO2 emissions from vehicles and a reduction in the environmental burden of this pollution. Moreover, the construction of the road, due to its highway character, allowed for the reduction of engine idling and the amount of stops and accelerations. Driving between the city borders in the east–west direction in the old road system (until 2012), one encountered 10 large intersections, including 8 with traffic lights and 1 railroad crossing. Currently, traffic on the DTS is very fluent, and unfavourable operating conditions have been minimized.



Burns et al. [76], in a comprehensive review, presented four groups of interventions to reduce ambient air pollution and their effects on human health (industrial, residential, multiple and vehicular). Among vehicular interventions implemented in the cities to reduce ambient air pollution, infrastructure changes or road reconstructing represents one of seven groups. The other transport-related interventions included speed limit changes, low-emission zones, even–odd restrictions, charging schemes, public transport restructuring and comprehensive traffic reduction strategies. The first infrastructure intervention [77] included closing and reconstructing 400 m of the street in the centre of Ljubljana municipality for all traffic except public buses and taxis as an abatement measure. In comparison to our intervention, this was much smaller and did not result in significant improvement in NO2 concentrations; the NO2 was reduced from 29 to 27 μg/m3. The second intervention [57] included building a 3.6 km tunnel linking two major roadways, along with concomitant road changes to a nearby main road to reduce traffic, including lane number reduction and a dedicated bus lane. The study [57] from 2006 to 2008 showed that the tunnel intervention resulted in an 8.1% reduction in NO2 concentration, which is comparable to our results. The third intervention [27] included the opening of the by-pass road. The authors of this study underline that the opening of the by-pass led to a reduction in atmospheric pollution in the congested streets, with a proportionate reduction of the lower concentrations in the uncongested streets. However, their research was based on PM10 and PM2.5 reduction.



A limitation of this study is that it focuses on air quality based on NO2 concentrations. Moreover, our study does not include the period of DTS construction (from January 2013 to March 2016). Some studies underline the environmental impact of greenhouse gasses (GHG), particularly CO2, as well as NOx and PM, which were generated during highway or tunnel construction [78,79,80].



Although NO2 is a good indicator of air pollution caused by transportation, it would have been interesting to also include the measurement of noise or other air pollutants, such as O3 or particulate matter (PM), particularly the fine fraction (PM2.5). It is worth continuing the measurement in the future and including winter campaigns. Future research could also include the role of an intelligent traffic control system on ambient air quality in Gliwice city.



Another limitation of the presented data in the article is the lack of information on the change of shares of cars and trucks moving on DTS and surrounding roads in the period before and after the construction of this road, but such data are not available. Such information would be valuable in analyzing the impact of a possible change in cars and trucks shares on the NO2 levels, because, as the literature data indicate, NOx truck emissions are much larger than car emissions [81,82].




6. Conclusions


Car traffic on the Gliwice section of the DTS did not cause deterioration of the air quality along its route and, on the contrary, there was a decrease in mean 24 h NO2 concentrations by 0.3% to 18% compared to the period before the DTS construction.



The specific road solutions used in the DTS construction included replacing crossings with roundabouts, building noise barriers and a tunnel below the strict city centre. Turbo-roundabouts achieved the highest decrease in 24 h NO2 concentration at a point located nearby. The effect of such an apparent reduction (18%) in NO2 concentration, compared to the previous intersection-based road system, was achieved by increasing traffic flow in this road section.



The second effective solution proved to be the construction of a tunnel in the centre of the city. Despite a significant increase in traffic in the studied area, the applied solution allowed a 15% reduction of NO2 concentration above the tunnel, compared to the road situation before the construction of the DTS.



An increase in the mean 24 h NO2 concentration by nearly 11% was found only at one sampling point. Before the construction of the DTS, this point was located in green areas away from busy roads but is now located next to the newly built DTS, which has become a primary access road to the nearby health centre with significant importance for the southern region of Poland. Despite the increase in concentration, the permissible NO2 concentration level was not exceeded.



The reasonableness of the implemented transportation solution, which involves conducting a cross-regional highway through the city centre, is confirmed by the positive opinions of the city authorities and, above all, the residents, who previously expressed doubts at the design stage regarding the adverse environmental effects of such a road solution.
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Figure 1. (a) Cities and commuting zones in Europe (2018); (b) location of Metropolis GZM in Poland; (c) route of main roads in Metropolis GZM. 
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Figure 2. Location of sampling points (No. 1−11) along the cross-regional highway in Gliwice. 
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Figure 3. The NO2 relative concentrations in sampling points before the cross-regional highway (DTS) construction (B) and after DTS construction (A). 
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Figure 4. Photograph of the tunnel after DTS construction (A). 
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Figure 5. Example information displayed by Intelligent Traffic System Gliwice. 






Figure 5. Example information displayed by Intelligent Traffic System Gliwice.



[image: Sustainability 12 10403 g005]







[image: Table] 





Table 1. Statistical characteristics of 24 h NO2 concentrations in ambient air measured at sampling points Nos. 1–11 before the DTS construction (B).
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	Sampling Point
	Mean Value (μg/m3)
	SD (μg/m3)
	RSD (%)
	Skewness





	1
	25.4
	3.1
	12.3
	−0.38



	2
	26.9
	6.0
	22.3
	0.87



	3
	28.8
	7.2
	24.9
	−1.07



	4
	23.2
	4.7
	20.2
	−0.42



	5
	29.4
	8.8
	29.9
	−0.13



	6
	26.8
	7.3
	27.3
	−0.98



	7
	31.9
	5.6
	17.6
	−1.10



	8
	25.0
	6.3
	25.4
	−1.24



	9
	26.8
	7.7
	28.6
	−1.02



	10
	24.6
	5.5
	22.2
	0.29



	11
	23.8
	5.1
	21.3
	0.14
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Table 2. Statistical characteristics of 24 h NO2 concentrations in ambient air measured at sampling points Nos. 1−11 after the DTS construction (A).
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	Sampling Point
	Mean Value (g/m3)
	SD (μg/m3)
	RSD (%)
	Skewness





	1
	22.3
	1.8
	8.1
	−1.04



	2
	24.0
	3.2
	13.2
	0.35



	3
	28.9
	4.3
	15.0
	0.61



	4
	22.9
	3.4
	14.7
	1.27



	5
	25.1
	3.8
	15.1
	0.12



	6
	26.6
	5.0
	18.8
	0.11



	7
	26.2
	4.1
	15.6
	−0.34



	8
	24.7
	2.3
	9.5
	−0.04



	9
	22.3
	3.3
	14.8
	−0.07



	10
	23.7
	2.7
	11.3
	−0.03



	11
	26.3
	3.8
	14.3
	0.37
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