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[bookmark: _Toc7474970]Ultrafine Particle Pollution & Health Risks: A Global Issue for Urban Cities

Air pollution is a global problem that threatens the health of people who live, work, and travel within highly urbanized cities. While greenhouse gases dominate most conversations regarding air quality, particulate matter has been widely overlooked as a constituent of air pollution. Classification of particulate pollution (summarized in Table 1) is determined by the diameter of the particle in micrometers (μm): particle mass (PM10), coarse particles (PM2.5-10), fine particles (PM2.5), ultrafine particles (PM0.1), and nanoparticles (PM0.02) (Press-Kristensen, 2014).
[bookmark: _Toc14516938]Table 1: Characterization of particle fractions (Press-Kristensen, 2014)
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[image: ]Levels of particle pollution can be measured in mass per volume or number per volume. Larger particulates are measured using mass density and smaller particles are measured using number density, due to their extremely small mass. Figure 1 illustrates the distribution of particle mass and particle number for each of the classifications. [bookmark: _Toc7395748][bookmark: _Toc7467361][bookmark: _Toc14516998][bookmark: _Toc14517017]Figure 1: Distribution of particles based on mass and number (Press-Kristensen)


Diesel vehicles are a major source of particle pollution, and emissions produce both the larger particulates in the form of soot (carbonaceous agglomerates) and smaller particles in the form of sulfates and hydrocarbons (Bhardawaj, Habib, Kumar, Singh, & Nema, 2017). In cities, traffic-related particulate pollution is considered the primary source of dangerous levels of street level particulate concentrations (Nagl, Schneider, & Thielen, 2016). High volumes of diesel vehicles, idling due to congestion, and lack of dispersion conditions in cities are primary factors that contribute to traffic-related particle pollution. Both the large and small particles found in diesel exhaust are very toxic due to the high organic carbon content and have caused an “escalation in the incidence and severity of many health issues” (Bhardawaj et al., 2017). Particulates can enter the body in a variety of ways (inhalation, dermal, oral, olfactory) and can result in asthma, cardiovascular and olfactory disease, chronic obstructive pulmonary disease (COPD), and cancer, whereas systemic lung inflammation can cause Parkinson's and Alzheimer's disease (Bhardawaj et al., 2017). Cyclists and pedestrians are most vulnerable to harmful levels of particle pollution from vehicle emissions.

Despite the prevalence of air quality in global discussions on environment and sustainability, less emphasis has been placed on the reduction of ultrafine particulates and their health concerns simply due to inadequate technology and lack of recorded data (Bhardawaj et al., 2017). 
[image: ]However, the reality is that continuous exposure to particulate matter produced by any form of emissions, vehicular or not, leads to serious health problems that may result in hospitalization and even death. For these reasons, the World Health Organization (WHO) has established limits for the annual and daily mean of particle concentrations. By working to keep average concentrations within the WHO limits, cities can reduce the number of health issues directly related to particle pollution. The values shown in Figure 2 represent target limits for two different sizes of particulates - PM10 and PM2.5. Studies have shown that some regions within Europe and the United States are within the WHO concentration limits, but there are many cities that are not. Furthermore, the continued exposure to particulates in any urban environment (especially in areas with concentrations above the limits) can have severe health consequences. (WHO; 2006). [bookmark: _Toc7395749][bookmark: _Toc7467362][bookmark: _Toc14516999][bookmark: _Toc14517018]Figure 2: Global Ultrafine Particle Guidelines from the World Health Organization (WHO Air Quality Guidelines, 2006).


A study conducted by the WHO in 2012 determined that over 80% of urban populations within Europe are exposed to excess levels of ultrafine particles. Experts have found that short-term UFP exposure has a medium to very high likelihood of impacting mortality rates directly, and high likelihood of affecting cardiovascular and respiratory hospital admissions (Knibbs Luke, Cole-Hunter Tom, & Morawska Lidia, 2011). Although ultrafine particles are extremely small, their surface area is large enough to absorb “detrimental organic chemicals” which are then transported to the lungs, pulmonary system, or blood stream (Bhardawaj et al., 2017). The same experts also predicted that if Europe collectively decreased the concentration of UFPs in the air by 1000 particles per cubic centimeter, the number of hospital admissions throughout Europe related to cardiovascular issues would decrease by 0.2% and respiratory admissions would decrease by 0.16%. To provide context about what these percentages would mean for an individual city, Prague had roughly 2,700 and 8,200 hospital admissions related to respiratory and cardiovascular problems in 2012, respectively. Using the percent decrease of hospital admissions estimated for Europe, there would be 440 fewer people admitted to the hospital due to respiratory issues and 1,600 fewer people for cardiovascular problems (Lanzinger Stefanie, Schneider Alexandra, & Breitner Susanne, 2016). For Europe as a whole, reducing particulates even by a small amount would result in a significant decrease in the number of hospital admissions. Correspondingly, the population would have a lower likelihood of developing the related respiratory and cardiovascular health problems.

It is clear that exposure to high concentrations of UFPs can have a significant effect on respiratory and cardiovascular functions, but they can also cause destruction to DNA. UFPs oxidize DNA, damaging the individual DNA strands that circulate through blood cells. As a result, mutated and cancerous cells are created, which unfortunately are transmitted to future generations (Prakash, Doublié, & Wallace, 2012). Furthermore, UFP damage to DNA can occur over very short exposure periods. In a 2005 study, researchers measured the levels of FPG lesions among cyclists over a five-day period. The researchers quantified the amount of UFP exposure by multiplying the time spent cycling in congested traffic areas by the concentration of UFPs (Vinzents et al., 2005). The plot in Figure 3 shows the relationship between cumulated UFP exposure among the subjects and [image: ]the resulting FPG lesions, which are indicators of immediate DNA damage (Prakash et al., 2012). As shown in the plot, there is a clear positive, linear correlation between UFP exposure and number of lesions produced (Vinzents et al., 2005). Thus, the study shows that even short-term exposure to UFPs can have immediate effects on the health of any given individual. Furthermore, it highlights the danger of exposure to particle pollution for citizens who often bike or walk in the city for work or leisure. Other research studies have determined that average UFP exposure levels for bicyclists and pedestrians have are 1.4 times greater than for people operating or riding in a vehicle (Bhardawaj et al., 2017). The health complications related to excessive levels of UFPs are major incentives for reducing UFP pollution. To lower particle concentrations and reduce the risk of these health concerns, cities across the globe have taken political, technological, and social action. [bookmark: _Toc7395750][bookmark: _Toc7467363][bookmark: _Toc14517000][bookmark: _Toc14517019]Figure 3: Relationship between DNA Damage and Exposure to UFP’s over 5 days (Vinzents et al., 2005)











[bookmark: _Toc7474971]International Approaches to Reduce Particulates in the Transportation Sector
 
[bookmark: _Toc7474972]Technological Solutions
[image: ]The use of filters in the exhaust system of diesel vehicles is one common reactive method for addressing the particle pollution produced by transportation. The Euro 5 diesel emission standards require installation of diesel particulate filters (DPFs) in diesel vehicles to ensure particle emissions do not exceed the limit set by the standard (Tzamkiozis, Ntziachristos, & Samaras, 2010). However, since the filters accumulate many particles over time, the collected particles must be removed or the filter will become oversaturated and ineffective. The most common method for cleaning the accumulated particles in DPFs is regeneration. The process of regeneration occurs when the vehicle’s engine temperature is hot enough to burn off the particulate collected which effectively cleans out and “regenerates” the filter. The self-cleaning nature of filter regeneration eliminates the need to remove the filter from the vehicle for cleaning. There are many different types of regeneration, which are shown in Figure 4. The two main types of regeneration are passive regeneration and active regeneration. Passive regeneration is achieved using a catalyst that lowers the particulate oxidation temperature, enabling auto-regeneration to occur during regular vehicle operation (Majewski, 2015). Active regeneration requires the use of an external energy source to achieve the oxidation temperature of the particles trapped in the filter (Majewski, 2015). Using either method of regeneration, DPFs can remain clean and continue to be effective.[bookmark: _Toc7395751][bookmark: _Toc7467364][bookmark: _Toc14517001][bookmark: _Toc14517020]Figure 4: Diesel filter regeneration systems (Majewski, 2015)


[image: ]Another distinction that must be made when discussing filters is the difference between open and closed filters. As seen in Figure 5, the open filter consists of large open channels that collect the particles as the exhaust exits the vehicle. In closed filters, the channels of the filter are enclosed, which is more effective at trapping the particles so they can be incinerated. Closed filters can remove over 99% of particles from the exhaust, whereas open filters only remove between 30% and 50% of the larger particle sizes under ideal conditions (Press-Kristensen, 2014). Furthermore, performance of open filters can even decline to less than 5% due to the slow driving speeds in the city (Press-Kristensen, 2014). Additionally, particles that have been accumulated by open filters at slow speeds within the city are then released in a large plume of soot when the vehicle accelerates to a greater speed (Press-Kristensen, 2014). [bookmark: _Toc7395752][bookmark: _Toc7467365][bookmark: _Toc14517002][bookmark: _Toc14517021]Figure 5: Open and Closed Filter diagrams (Bhardawaj et al., 2017)


Closed filters are typically required for heavy-duty vehicles since European emission standards require 80% removal efficiency, and removal from open filters is not sufficient. Diesel cars that are manufactured with built-in particle filters use closed filters, but retrofits to diesel cars may utilize open filters instead, since they are much less expensive. Including installation, an open filter costs roughly €1000 ($1120 USD) where as a closed filter costs €2000 ($2240 USD) (Press-Kristensen, 2014). Even though the cost of a closed particle filter is twice that of an open filter, “closed particulate filters on average remove 3-5 times more particles,” which makes them more cost-effective for the amount of particulate they eliminate (Press-Kristensen, 2014). 

[image: https://lh5.googleusercontent.com/apMP2Tg1yptxhWHsbbBaQayf_daJFJiye6ghFvRdULDaR0GJxYl8jn_aCLp_EMJ4qWBP1-v6pC8tJ8k0EAIizny03EZ-yelcUngsSc9qIDkcVyNlnHoGeuuM-o2UZ-AX2e48OXbT]Although closed particulate filters are extremely effective in filtering out elemental carbon, they fail to filter a large portion of ultrafine particles, increase some of the smallest liquid sulfate particles, and can become essentially useless if not properly maintained. The effect of the DPF on different particle sizes is demonstrated by the graph in Figure 6. The graph shows there is a dramatic increase in the number of particles less than 100 nm in diameter -- ie. small liquid sulfate particles. The number of small particles increases because the DPF removes the solid elemental carbon soot “which otherwise acts as a ‘sponge’” for the small particle condensates (Majewski, 2007). By filtering out the solid carbon particles, the small sulfate particles are released into the atmosphere. Furthermore, the effectiveness of DPFs against smaller particles is especially problematic when diesel fuel has a high sulfur content. [bookmark: _Toc7395753][bookmark: _Toc7467366][bookmark: _Toc14517003][bookmark: _Toc14517022]Figure 6: Effects of DPFs on Particle Emissions, modified from (Majewski, 2007)


The most important aspect to consider with DPF performance is reliable filter regeneration (Majewski, 2007). Besides the amount of sulfur in diesel fuel, there are a few other factors that compromise DPF effectiveness. For example, excessive heat released during regeneration can damage the filter material and result in complete mechanical failure (Majewski, 2007). On the contrary, if diesel vehicles are not driven for long enough and fast enough, the required temperature to regenerate will not be reached. Therefore, buses and taxis may be more likely to experience inadequate temperatures for regeneration since their driving pattern is more intermittent and generally constrained to shorter distances at slower speeds within the city (as opposed to driving long distances along a highway.) Under these unfavorable conditions, a passive filter (as explained above) would not be appropriate for buses and taxis. If a suitable filter is not used and the DPF cannot regenerate, the filter will become ineffective and the vehicle “will experience [...] engine damage and reduced power” (Coastal Diesel Injection, 2018).

Europe and the United States already require all diesel vehicles coming off production lines have DPFs, but many of the vehicles made before the laws were enacted are still on the roads. In the United States, the EPA “estimates that more than 11 million older diesel engines are in use today” (Federal Highway Administration, 2017). One solution employed by various cities has been to retrofit these vehicles with DPFs, which has been highly successful at reducing particle emissions in New York City and San Francisco. In New York City, over 820 garbage trucks were retrofitted, which eliminated an estimated “281.5 kg/year [of] PM2.5, and 356.0 kg/year [of] PM10” (Federal Highway Administration, 2017). In San Francisco, nearly 1,700 transit buses across 12 transit agencies were retrofitted with DPFs, which reduced particulate emissions by 150 kg/day (Federal Highway Administration, 2017). The cost of the New York City and San Francisco retrofit projects were $10 million and $15.6 million, respectively, and both cities received the majority of funding from the “Congestion Mitigation and Air Quality Improvement” program, or CMAQ (Federal Highway Administration, 2017). In general, the cost effectiveness of a DFP retrofit project ranges from $18,700 to $87,600 per ton of PM2.5 reduced” (Federal Highway Administration, 2017).

[image: ]Diesel engine particulate emissions have also been reduced through improvements to the diesel emission control system in vehicles. Clean diesel engines utilize a system made up of a DPF and Selective Catalytic Reduction (SCR) catalyst to reduce particulate matter and nitrogen oxide emissions. A vehicle with an SCR system uses a diesel exhaust fluid called AdBlue, a colorless, not toxic liquid made up of 32.5% urea and 67.5% deionized water (Toma, 2017). A diesel emission control system consists of two stages, shown in Figure 7. (1) Exhaust from the diesel engine passes through a DPF to trap the particulate matter. (2) Then, the exhaust moves through the SCR catalyst where AdBlue is injected into the system, reducing the amount of nitrogen oxide by 90 percent (Frost & Sullivan, 2015). When the exhaust is emitted from the vehicle, it is made up of harmless steam and nitrogen, in addition to a small amount of carbon dioxide. Moreover, a study conducted by University of California Berkeley in 2015 found that the SCR system increases the effectiveness of the DPF. When using the two together there was an 86% decrease in PM, in comparison to 72% when exclusively using a DPF (Chelsea Preble, Timothy Dallmann, Nathan Kreisberg, Susanne Henrig, Robert Harley and Thomas Kirchstetter, 2015). With the increasingly strict Euro vehicle emissions standards, the number of vehicles that utilize SCR technology is expected to rise drastically. In 2014, about 8 percent of diesel vehicles used SCR, and may increase to 34 percent by 2021 (Frost & Sullivan, 2015).[bookmark: _Toc14517004][bookmark: _Toc14517023]Figure 7: Diesel emissions control system schematic (Diesel Technology Forum, n.d.)


Although DPFs and SCR systems are effective reactive technologies for removing particles from the exhaust of diesel engines, there are several proactive technologies that directly reduce the number of particles that a diesel engine will produce. One of the most direct methods to mitigate diesel particle emissions is to reduce fuel consumption by minimizing idling (Ziring & Sriraj, 2010). Zero-emission climate control systems, such as electric heaters, air conditioners, and generators, are being developed for school buses. Electric control systems allow “the school bus driver to turn off the engine when in a school zone and continue to operate the air-conditioning, wheelchair lifts, radios, lights, etc. without engine emissions” (Vanner, 2019). Heavy-duty trucks and buses can use auxiliary power units (APU) to minimize idling and reduce particulate pollution. APUs are vehicle-mounted systems that usually consist of a small 5-10 hp diesel engine, with a heating/cooling system and generator that can power climate control, lighting, and other electronic features within the vehicle (Alternative Fuels Data Center, n.d.). A few companies, such as Idle Free and Energy XTreme, have even developed all-electric APUs that operate with a battery system (Waldman Laura, 2013). Installations of APUs reduce particulate emissions and can result in significant fuel savings since “discretionary idling for a typical fleet sleeper truck can consume as much as 3,000 gallons of diesel per year” (Phillips and Temro, 2019). A study on mitigating excessive idling of transit buses found that retrofitting just one bus with an APU could result in approximately $12,400 - $14,700 of fuel savings each year (Ziring & Sriraj, 2010). The study also identified three other idle reduction technologies, (1) battery-powered air conditioning, (2) diesel-fired heater automatic shutdown–start-up devices, and (3) direct power connection, as profitable solutions that have resulted in major reductions to particle pollution (Ziring & Sriraj, 2010). Using the Chicago Transit Authority (CTA) as an example, the researchers estimated that retrofitting the buses with just one of the technologies could save over 3 tons of particulates from being produced by idling each year (Ziring & Sriraj, 2010). The researchers concluded their study with the recommendation that “[idling] technologies should be included as important components of any agency’s procurement and implementation plans as well as in any state implementation plan” (Ziring & Sriraj, 2010).



[bookmark: _Toc7474973]Progress with Political Initiatives
[image: ]Cities around the world have undertaken a variety of political initiatives to systematically encourage adoption of technologies that reduce particle pollution and enforce restrictions on particle production. Since particle pollution is a major concern for many cities internationally, IQAir AirVisual estimated PM2.5 exposure in 73 different countries/regions and compiled the results in the 2018 World Air Quality Report of PM2.5 rankings (See Figure 8). It is important to note, however, that international monitoring of PM0.1 does not presently exist; it only occurs in select countries that have identified the necessity. The IQAir study identified leading countries, such as the Netherlands (18th), USA (9th), Canada (8th), and Norway (6th), who also had some of the world’s cleanest capital cities (IQAir AirVisual, 2018). These forefront countries have shown that the most effective political measures taken against particle pollution target a variety of sources and factors contributing to particle generation. The political measures may include national or local policies but, in nearly every case, they are strongly supported by local initiatives.[bookmark: _Toc7395755][bookmark: _Toc7467368][bookmark: _Toc14517005][bookmark: _Toc14517024]Figure 8: Global map of estimated PM2.5 exposure by country/region in 2018 (IQAir AirVisual,2018)


There are a variety of policies that have been implemented around the world that focus on the regulation and enforcement of particle production. Copenhagen, Denmark has emerged as a global leader in sustainable development and has already implemented many of the political strategies listed in Figure 9. Some of the strategies are effective on their own, whereas others require substantial enforcement initiatives to make measurable reductions to particle pollution in practice. Furthermore, the effectiveness of the policies is also influenced by degree of restriction. If the restrictions are not tight enough when the policy is implemented, the results will be limited. The following discussion will address global examples of each of the political strategies [image: ]listed in Figure 9 in detail: 

Euro Emission Standards - Regulation
[image: ]The Euro standards (also called Euro Norms) are a strategy for introducing restrictions on engine emissions from vehicles in the member-states of the EU. Table 2 shows how particle mass and particle number limits for diesel vehicles have changed over subsequent Euro Norms. The standards are based on measurements of emission pollutants, and therefore do not specify installation or production of certain pollutant reduction technologies (Press-Kristensen, 2014). Thus, the standards encourage any type of technological solution to reach the pollution limits. When a new Euro standard is introduced, car dealers have one year to sell their remaining stock of new vehicles with an earlier emission standard. Replacement of vehicle fleets often take between 10 and 15 years unless other political initiatives are implemented to encourage replacement or install retrofits on the existing fleet (Press-Kristensen, 2014). Since the Euro 5 standard, diesel passenger cars have required factory installed particle filters to achieve the particulate targets. After the introduction of Euro 6 in 2014, heavy-duty diesel vehicles were also required to have factory installed DPFs, otherwise the limit for particle number cannot be met (Press-Kristensen, 2014). Nonetheless, effectiveness of DPFs at reducing particle number is inconclusive, since they remain ineffective at removing smaller particles less than approximately 50 nm (Majewski, 2015). However, if the fuel only contains trace amounts of particulate precursors (such as sulfur compounds and hydrocarbons), then significant reductions to the overall particle number emission can be expected (Majewski, 2015).[bookmark: _Toc14516939]Table 2: Euro 1 through Euro 6 Emission Standards for diesel vehicles. Data Source: (Press-Kristensen, 2014) and (Julian, 2017)
[bookmark: _Toc7395756][bookmark: _Toc7467369][bookmark: _Toc14517006][bookmark: _Toc14517025]Figure 9: Chart of global political initiatives taken to reduce particle pollution


[image: https://lh5.googleusercontent.com/rp6MLmEsSMP5bdpTfZkBNC0uGjH_WDc83KgCG6brQHxW_hzwet44ZrHDVjMCe9ipe3W4y7c6AZEOk7NSdrX0z38Fv2co_l_vgB1i_hk6rQGK2_7YgshKrv79XCKRUtMDYXiy2tfB0eLHmQ]Economic Incentives - Regulation
Green taxes are an example of an economic incentive that can be used as a political strategy to encourage the replacement of vehicle fleets with cleaner emissions standards. Oslo, Norway is a leading example for how economic incentives can produce substantial shifts in green vehicle ownership. As of December 2018, 45% of all new car sales in Oslo were battery electric (Lindeman, 2018). The prevalence of electric and hybrid vehicles has made Oslo “one of the cleanest, quietest cities on the planet” (Lindeman, 2018) and has made the country number one in plug-in electric vehicle shares (see Figure 10) (EV-Volumes, n.d). Norway is the world’s biggest per-capita market for electric vehicles, which can be attributed to decisive governmental action. The national government back electric vehicles through generous economic incentives: buyers are exempted from paying an import tax and a 25% sales tax (Lindeman, 2018). Furthermore, the City of Oslo has engaged in numerous political efforts to encourage electric vehicle adoption: electric car owners do not have to pay road tolls, ferry fees, or city emission charges (Vaughan, 2017). Furthermore, they are given HOV-lane access, free parking, free charging, and can sometimes even bypass traffic by traveling in some bus lanes (Lindeman, 2018). As electric vehicles become mainstream, however, many of the incentives will be phased out, and Oslo will focus on its end goal, to be a car-free city (Lindeman, 2018). [bookmark: _Toc7395757][bookmark: _Toc7467370][bookmark: _Toc14517007][bookmark: _Toc14517026]Figure 10: Top 20 Plug-In Electric Vehicle Shares (EV-Volumes, n.d.)


Idling Laws - Regulation
In the United States, federal and state regulations are also supported by local anti-idling efforts. Anti-idling laws are a good start to address the problem, however, without proper enforcement, they are not very effective (Yee, 2013). Many studies have found that anti-idling campaigns and educational programs that spread knowledge about the harmful practice and the law are important parts of enforcement (Penney, 2005). In general, enforcement involves a response to citizen reporting of idling violations. Law enforcement may respond by speaking to the offenders, educating them about the law, and requesting future compliance, whereas tickets are fairly uncommon (Penney, 2005). For example, New York City tightened its idling laws in 2009 but was criticized for loosely enforcing them: “Where the city issues some 10 million parking tickets every year, it only issues a few thousand idling tickets despite the fact that the rule, which allows for no more than 1 minute of idling when near a school, is so frequently violated” (Yee, 2013). However, cities like Philadelphia have facilitated citizen participation in enforcement by introducing online tools (idlefreephilly.org) that make it easy to report cases of idling (Vehicle anti-idling initiatives, 2017). 

Environmental Speed Limits - Regulation 
Norway and the Netherlands have both implemented programs to address how vehicle speed affects particulate pollution levels. Since the production of particles by diesel engines is exacerbated at higher speeds, both countries have introduced speed reduction strategies such as “environmental speed limits” on highly trafficked roads. Furthermore, these speed reduction programs can be enhanced by considering traffic dynamics. For example, the Netherlands introduced a pilot speed management program in Rotterdam and Amsterdam that combined a traffic speed reduction to 80 km/h with strict enforcement via cameras and automatic fines. The two strategies helped to mitigate speed variability, which subsequently reduced the additional emissions that result from acceleration and deceleration. The study found that the PM10 emissions near frequently trafficked roads were reduced by 5% to 25% (Brauer, Reynolds, & Hystad, 2012). Furthermore, the percentage decrease for PM10 can be extended across the range of particulate sizes (including UPFs) since decreasing engine speed/variability reduces particulate production as a whole. 
 
Inspection and Maintenance Programs - Regulation & Enforcement
To directly address the harmful UFP emissions from diesel vehicles, many cities have implemented emissions standards for new vehicles. In addition, cities have also attempted to find a way to control the emissions from the in-use fleet. Global efforts to regulate emissions from older vehicles include, “implementing inspection and maintenance programs at the provincial or regional level, retrofitting older vehicles with after treatment devices, and switching to alternative fuels (e.g. natural gas) or new technologies (e.g. hybrid-electric or electric vehicles)” (Brauer, Reynolds, & Hystad, 2012a). Older vehicles are correlated to higher levels of pollutant emissions and policies that systematically remove these vehicles from the road are effective; however ethical complications arise from the fact that “age-based vehicle scrappage programs… disproportionately impact lower-income vehicle owners and operators” (Brauer et al., 2012). A viable alternative is inspection and maintenance (I/M) programs, which can be applied to both light-duty and heavy-duty vehicles. I/M programs target malfunctioning diesel vehicles that are responsible for the majority of particulate emissions. The programs require inspection of vehicle (or fleet) emissions at regular intervals, and penalties for failure to meet regulatory limits may include a fine or a prohibition of vehicle registration until appropriate maintenance and re-testing is completed. The most comprehensive study conducted on heavy-duty vehicle I/M programs was conducted in 2003 by the Colorado School of Mines. The study concluded (with a 90% statistical confidence level) that opacity based I/M programs produced a >40% reduction in particle emissions in vehicles 1991 and later, and a >55% reduction in pre-1991 vehicles (Mccormick, Graboski, Alleman, Alvarez, & Duleep, 2003). The study did not investigate the extent of reduction to different particle sizes, which indicates a greater need for the evaluation of the effectiveness of such strategies against different sizes of particulates, such as PM0.1.

[image: https://lh6.googleusercontent.com/vYZNgQL-sIpoQeHdZWgjgQG8aZpc4M2LiY1oZOn6hioSwGpdGlPt4q4JAfmdfpRgv3RTucULQM2L8BMtesuFg1dZaKTSds0GHFgOxuYBN3i7uIsOZXBl-18sKoSunaIVmsW8slw0]In Canada, Metro Vancouver’s AirCare program and Ontario’s provincewide Drive Clean program have been effective I/M programs at both the regional and municipal level (Brauer et al., 2012). Table 3 displays the results of the AirCare On-Road program, launched in May of 1999, which used roadside testing (Society of Automotive Engineers J1667 Snap Acceleration Test) of heavy-duty vehicles that displayed excessive levels of dark exhaust to administer Emissions Notice and Orders (EN&O). The order required operators to get their vehicle re-inspected within 30 days and demonstrate compliance with the standard. Shortly after the program was implemented, an estimated reduction of 85 tons per year of PM10 and 75 tons per year of PM2.5 from diesel engine emissions was determined. Emissions of both particulate sizes were estimated to have been reduced by 24% (Taylor, Duleep, & Caton, 2002). Although the programs monitored reductions to PM10 and PM2.5, once again, PM0.1 was not included in the evaluation of the effectiveness of the I/M programs.[bookmark: _Toc14516940]Table 3: Estimated Emission Benefits of the ACOR Program in 2000 (Taylor, Duleep, Caton, 2002)


Environmental Zones - Enforcement
Both Germany and Denmark have introduced environmental zones (or low emission zones) within a number of their cities. The restrictions enforced in the zones are determined at the national level, but the zones themselves are implemented locally. Although Germany and Denmark have implemented these low emission zones to enforce Euro standards and technology requirements, there is a radical difference between the level of restriction between the zones. Figure 11 summarizes the German and Danish environmental zones. [image: https://lh5.googleusercontent.com/GyC4gPdH2ZUXTTXfLOtzVAq4tIbc4Glax7ATOgo2yDCYQn0ReGy5VZeKnkzddtDuPVOx8pP63W5nJv4ZuPIYohuHCtyebib91zWE-ifEeGUlUaIvNRZUO5ggFIbkYxVoIPKmUyAYizItUQ]
As can be observed from the chart, the German emission zone enforces tight restrictions on trucks, buses, vans, and passenger cars, whereas the Danish emission zone only imposes restrictions on heavy-duty trucks and buses. The technology requirements in the Danish environmental zone are also less strict, as they only require a DPF on vehicles with earlier emission standards than Euro 4. On the other hand, the German low emission zone requires all diesel vehicles to be at least Euro 3 with an installed filter. Lastly, there are no requirements for gasoline vehicles in the Danish zones. Ultimately, the comparison between the German and Danish environmental zones show that political regulation and enforcement can target different vehicles from city to city. Although Copenhagen has implemented many of the political strategies that have emerged worldwide, the city may not take restrictions far enough with implementation. (Press-Kristensen, 2014).Figure 11: Comparison between German and Danish low emission zones (Press-Kristensen, 2014)
a) If a vehicle does not fulfill the technology requirement, then is must at least meet this Euro standard



Vehicle Fleet Renewals, Congestion Charging Schemes, & Environmental Zones - Regulations & Enforcement: Milan, Italy Case Study
[image: https://lh3.googleusercontent.com/HQxl4rQdnlYyjusEkIR3k0dIf1bL4kuH-OzTxeGq0TAki2QkS_NqWZEwWhlKwe7kFod7PS4yBDzZwd6a1lZh13598NwyF9Rke8Rb5TmDisdibA_BGvh6zYXsjYfd7wJMSyhKiYf2HWhoAQ]In 2016, the European Parliament had infringement procedures open against 16 of the 28 member-states of the European Union for failing to comply with the Ambient Air Quality Directive (AAQD) limits for mean particle concentrations (Nagl, Schneider, & Thielen, 2016). Adhering to the limits set by the AAQD is especially difficult for highly urbanized cities that have had historically high concentrations of street level particulates. In a 2016 study of the Implementation of the AAQD, Milan, Italy was included as one of four hotspots that was investigated with greater detail. The Milan case study served as an example of how significant reductions to the dangerous levels of ultrafine particle pollution can be made as a result of the political initiatives set forth by the EU infringement procedures. Implementation of political initiatives such as environmental zones, charging schemes (which require vehicles to pay to enter certain areas of the city), electric or hybrid vehicle fleet renewals, and green transformations of public transportation have shown highly effective at improving air quality of cities with heavy traffic. (Nagl, Schneider, & Thielen, 2016). Italy’s infringement procedures were launched in 2010 after its case was referred to the Court of Justice of the European Union for exceeding the annual mean concentration of particulates. Milan has suffered from consistently high levels of particle pollution from traffic within the city due to its high number of vehicles per capita and many diesel vehicles. Additionally, the low wind speeds in the region of the Po Valley (see Figure 12), where Milan is located, prevent dispersion of particles, especially during the winter season. To address the transportation related sources of particulates, Milan implemented the ETC/ACM 2013a and 2013b measures which included the creation of a low emission zone (LEZ), a charging scheme for vehicles, and access regulations for vehicles. Both the LEZ and charging scheme were established central Milan (Zone C), where tighter environmental regulation on transportation was enforced during designated time frames on work days. Vehicles entering the zone were required to pay a fee of 5 euros and diesel vehicles prior to the Euro 4 emission standard (and petrol vehicles prior to the Euro 1 emission standard) were not permitted to enter the zone. (Nagl, Schneider, & Thielen, 2016). [bookmark: _Toc7395759][bookmark: _Toc7467372][bookmark: _Toc14517009][bookmark: _Toc14517028]Figure 12: Map of Po Valley in Northern Italy (Hecket et al., 2004)


[image: ]As a result of the legislation implemented from 2010 to 2014, there was a 60% decrease in PM10 pollution from vehicle emissions within Zone C, which accounted for a 36% reduction of total PM10 emissions. The notable decrease of particle pollution from 2011 to 2012 can be credited to the introduction of the LEZ, and further reductions for subsequent years can be explained by the transition to Euro 5 and Euro 6 vehicles within the car fleet, as shown in Figure 13.  Furthermore, the annual average of particle concentration decreased each year over the 4-year period and the number of exceedances of the daily-average limit also decreased. The especially low particle concentrations in 2014 are related to the particularly favorable dispersion conditions for that year. Despite the substantial progress made to reduce particle pollution, Italy (in addition to 5 other countries) still did not meet the air quality targets in 2014. As a result, the Clean Air Policy package defines a plan to reduce “impacts on human health by 50% up to 2030” and aims to bring particulate mean concentration levels to the WHO target value in nearly all member-states. (Nagl, Schneider, & Thielen, 2016). Although the limits and monitoring of PM10 and PM2.5 are specified by the AAQD to enable international cooperation to reduce particulate levels, PM0.1 is not included in the criteria for the assessment of air quality in the Member States. However, ultrafine particles present serious health concerns and should be developing a stronger presence in air quality evaluations and initiatives.[bookmark: _Toc7395760][bookmark: _Toc7467373][bookmark: _Toc14517010][bookmark: _Toc14517029]Figure 13: Annual Average of UFP Concentrations in Milan, Italy (Guariso, G., &Malvestiti, G., 2017)


Political strategies have the potential to make great strides in particle pollution reduction within cities. A combination of federal, regional, and local regulation, with additional municipal support can result in highly effective particle reducing initiatives. The degree of restriction and extent of enforcement are two primary factors that affect the amount of particle reduction that the political strategies may accomplish. Global cities have engaged in many similar political efforts to reduce particle pollution for their citizens, however the variance in implementation and enforcement within each city has produced varying degrees of success. For cities to reach their PM targets, they must fully consider how the policies will be carried out in practice and the necessary support mechanisms that will enable regulation to be effective. Furthermore, significant global UFP reduction will be nearly impossible to achieve until widespread targets, monitoring, and reporting requirements for PM0.1 are specified. As a result, both individual countries and multi-national associations will be required to consider UFPs in their particulate reduction efforts.
















[bookmark: _Toc7474974]Mending Social Practices
Many cities have found that changes to social practices have been helpful in reducing particle pollution. There are a number of social habits, such as idling, that contribute to increased production of particulates. Therefore, when harmful behaviors are identified and counter-measures are introduced, citizens can collectively change social practices and reduce the number of particulates that are produced. Over the years, increasing studies of traffic patterns within cities across the globe have found that the unnecessary idling of vehicles contributes heavily to the production of air pollutants. It was found that on a yearly basis, Americans waste nearly 3.8 million gallons of fuel from idling alone thus producing the associated level of emissions as well (Yee, 2013). For heavy duty, diesel vehicles, the particulate emission levels are 0.1 grams per kilowatt hour, as defined by the Euro 6 standards (Emissions standards: Heavy-duty truck and bus engines. 2019). 

To combat the high levels of particulate pollution produced by idling, organizations around the globe have created educational programs such as anti-idling campaigns. The Crown Uniform and Linen company successfully helped pioneer one of these programs with 20 of their 75 trucks in 2014. First, they determined an idling baseline by measuring the average length of time their trucks spent idling on a daily basis -- approximately 70 minutes per day. Then the drivers were re-trained and instructed to always shut off their vehicles when stopped. The company kept an idling record via a “data tracking and reporting system” and rewarded drivers who successfully followed idling policy (Kazda, 2014). Crown Uniform and Linen found that making simple changes to their truck fleets reduced daily idling times from 70 minutes down to 7 minutes and saved roughly 20 gallons of fuel per vehicle along with the corresponding emissions produced. The results of the education program with Crown Uniform and Linen demonstrated that small adjustments to driving practices can drastically save operating costs and reduce the amount of particle pollution produced (Kazda, 2014). Other countries such as Sweden, Switzerland, and England have also started to utilize educational programs to inform the general public about the effects of unnecessary idling. The programs help citizens learn how their own actions can reduce idling time and decrease overall air pollution, while also saving money on fuel. Overall, educational programs have sparked a transition to greener diving habits to help reduce particle pollution. Considering the success of social practices at reducing general particle pollution thus far, they have the potential to be a powerful tool for targeting UFPs specifically.
 
Another way that cities have been able to promote a change in social practices is by implementing daily air quality indexes to inform citizens about areas with high concentrations of particulates. In 2017, the city of Helsinki implemented fifteen new state-of-the-art air quality monitoring instruments across the metropolitan part of the city. Helsinki’s monitoring system is worth emphasizing because the close proximity of the stations addresses the localization issue of air pollution monitoring (Lemola, 2017). “The fixed monitoring stations of most cities are too limited and far apart to produce local air quality information, failing to address the highly local nature of urban air pollution problems” (Lemola, 2017). Since its introduction, the project organizers have launched an open access database whereby anyone is easily able to monitor the air quality within a certain part of the city. Although the monitors do not measure particulates smaller than 0.1 µm (ultrafine particles), monitoring systems still create awareness of the current air quality problems and provide information about what areas to avoid. As seen in Figure 14, the Air Quality Index website for Helsinki provides ratings for overall air quality for a specific location (location 44 is displayed in the figure) along with a rough minimum to maximum rating for each particle on a given day (The World Air Quality Index, 2019). 
[image: https://lh5.googleusercontent.com/UGUevHZF1-xiEBhftEpaPVNSVt6LG8D4OtmALQedbq_-mwC52ru-rL77_gXoA7nPuY4vu1tE-P5iZLLrpCcw9nRZcPdsaxSJvpnSnmHF9yQHbeb8g-wSRIBWZo1AT1qNn8HeGeXYTt6AJg]
[bookmark: _Toc14517030]Figure 14:Daily Air Quality Measurements - Helsinki (The World Air Quality Index, 2019)
In addition to monitoring air quality, it is crucial to effectively use the data. A software program called CITYZER “develops an IoT-based open business ecosystem that turns atmospheric observations into digital products and services to support decision-making processes” (Lemola, 2017). The software combines “air quality data with weather data” to produce services such as warnings and forecasts. The open interface allows citizens to identify unsafe areas and understand the accompanying health concerns. A study in late ‘90s showed that behavioral modification towards air pollution changed when people were made aware of an exceedance and “were more likely to take defensive action if they experienced adverse health symptoms when exposed to air pollution” (Brauer, Reynolds, & Hystad, 2012). As a result, the use of eco-friendly public transportation and car share programs increased, reducing overall fuel consumption. The overall decrease in particle emissions was estimated to be between five and fifteen percent (Brauer et al., 2012).

Road shutdowns are practices that temporarily alleviate certain parts of the city from high levels of traffic and air pollution. Bogota, Columbia is one of the most air-polluted cities in Latin America and has been at the forefront of road shutdowns, experiencing measurable levels of success. During peak driving hours they experience some of the worst gridlock traffic in the world. The city responded in 1974 with a program called Ciclovía: On Sundays and holidays, roads throughout Bogota are closed to motorized vehicles from 7am to 2pm. Currently, 121 kilometers are closed throughout the city during Ciclovia (Development Asia, 2016). During these days the streets become a “Cycling Superhighway,” and on average, 1.4 million city dwellers participate each Sunday (Dixon, 2018). Ciclovía has connected the city and has become a part of the culture. Ciclovía provides relief from the typical street noise and air pollution for families that live near busy streets. Furthermore, the road shutdown allows them to use the space for cultural and social enrichment. [image: https://lh4.googleusercontent.com/i-nzifJd-4dtCy7SzkbLciVUUy205oBTUtJrQ52JpZFBWMU8wyDQ9WO1I1NbLriy2G5wOWHEJZ9UfGqAntqUAHZmru3ldJyocC9JiqisIdfgZqeflHZ0B7YNHNULlaI_xmVaMzQjkoQBzQ] The success of the Ciclovia movement has caught the attention of cities around the world and has inspired some cities to start their own program. For example, Los Angeles, California began a program called CicLAvia in 2010 to address its own high levels of traffic and pollution. CicLAvia spans across approximately 200 miles (322 km) of streets and is the biggest open street event in the United States (CicLAvia, n.d.). Although only a portion of the roads is used for each event (see Figure 15), the expanse of the road network encourages as many people as possible to participate. There are 4 CicLAvia events each year, which are always on Sundays from 9am to 4pm. Over 1.6 million people have attended a CicLAvia event, and about 80 percent of the Los Angeles County population has participated. CicLAvia events produce an immediate effect on air pollution levels in Los Angeles. During the Sunday of the event, average on-road UFP levels are 21% lower and average PM2.5 levels are 49% lower than typical Sunday levels (Shu, Batteate, Cole, Froines, & Zhu, 2016). The event also benefits the surrounding community by reducing PM2.5 levels by 12 percent on nearby roads that are not used for CicLAvia (Shu, Batteate, Cole, Froines, & Zhu, 2016). [bookmark: _Toc7395763][bookmark: _Toc7467375][bookmark: _Toc14517012][bookmark: _Toc14517031]Figure 15: Map of recent CicLAvia event (CicLAvia, n.d.)


Although social practices may not have the same effect on reducing particle pollution as technological innovations or transformative public policy, such as DPFs and environmental zones, they do play a crucial role in informing the public on the prevalence of the problem. With a greater perspective, citizens are more receptive to the incorporation of such technologies and policies into society. Without public motive, policies suffer limited success (eg. idling laws) and adoption of new technology faces greater resistance, and often with misuse (eg. lack of DPF maintenance). Educating the public and creating outlets for citizens to collectively participate in the particulate reduction movement facilitates social change and increases citizens’ motivation to adapt to the changes. Presently, UFPs have largely been left out of particulate pollution discussion, and subsequently UFPs been neglected in most mitigation strategies. Social practices must make UFPs a new focus to enable policies and technologies to produce a greater impact on UFP reduction.







[bookmark: _Toc7474975]Progress & Challenges: Copenhagen’s Efforts to Reduce UFP Pollution 

[image: https://lh4.googleusercontent.com/_E3-9jCiAM0fTc0rBEgSO0WXTBGM_uZeHrNNZ5Z-DYxuFcSUe85gVZJxzxfx6mxn85ISoS9L7RvlA6Mymq2DJgEAfxgdJ4srjlvj3Um6rk3n2iZ0wtMMARTFi1Q_R2k8F06tlRAS] Copenhagen has pursued a variety of efforts to target particle pollution and improve air quality within the city. One of the most notable efforts to reduce particle pollution was the introduction of a low emission zone (Miljøzone) in 2008 that imposes tighter emission restrictions on the heavy-duty vehicles that drive through Copenhagen. The zone, shown in Figure 16, requires all vehicles that weigh over 3500 kg to comply with the Euro 4 emission standards (common limit values on exhaust emissions) or have particle filters installed that operate at 80% efficiency or better. The environmental zone has proven highly effective; the “particle emissions from trucks and buses on H.C. Andersen Boulevard in 2010 have been reduced by 60% ... [which] corresponds to 16% of the total particle emissions from all vehicles.” The reductions of particle pollution are expected to result in 150 fewer premature deaths and 8000 fewer cases of asthma, annually (Københavns Kommune, 2015).[bookmark: _Toc7395764][bookmark: _Toc7467376][bookmark: _Toc14517013][bookmark: _Toc14517032]Figure 16: Copenhagen Environmental Zone (European Commission, n.d.)


In addition to the environmental zone, Copenhagen uses green taxes to discourage activities that increase particle pollution and to promote activities that reduce particulates. For example, the high Danish registration tax on purchasing new cars has discouraged car ownership, resulting in significantly lower car ownership levels compared to those of neighboring countries. Additionally, the Danish registration tax and the annual green car owner’s tax have encouraged Danes to purchase small, energy-efficient cars. However, the 2007 tax-change made small diesel cars without particulate filters more economical, and consequently increased levels of UFPs and total particle pollution (Press-Kristensen, 2014). Copenhagen responded in 2010 with a new tax law, still in practice today, that requires owners of diesel cars without particulate filters to pay an annual fee of 1,000 DKK (Mathiesen & Kappel, 2013).

[image: https://lh5.googleusercontent.com/_jaP1QpjyHXwklmX_D2L3DQCuQyRFCzD7vccu77g5uyBdksZymUkuFJrVRdGLXC2drLKlufrD_m6ARGo1DcumsHjSBTCVz_e2yhEUBSpZDnkmg8-oCHSLtdDuRMTmS2U0OzAoqKd]Finally, Copenhagen has consistently made extensive efforts to support cycling as a part of the Danish Culture and to promote public biking as pollution free transportation. The city has constructed bicycle paths along all major roads that are separated from the diving lanes to ensure safe travel. The bike lanes are cleaned regularly and are snowplowed during the winter so that they may be used year-round. Approximately 75% of Copenhagen citizens use cycling as their daily mode of transportation and the population owns 5 times more bicycles than cars. As a result of the prevalence of biking, cyclists have become symbols of the modern, green, healthy lifestyle, whereas owning an expensive personal vehicle has lost its prestige. There are estimates on the impact of public biking available, although the precise effects are difficult to approximate. The estimates shown in Table 4 are generated through a linear extrapolation of the contributions to annual UFP concentrations from each individual source of particle pollution and by holding the background level for UFPs constant. Because of the popularity of biking, street level PM0.1 concentration on one of Copenhagen’s busiest streets, H.C. Andersen’s Boulevard, has been reduced by approximately 18%. “Copenhagen would not be able to fulfill the limit value for [daily average of] particle mass [recommended by the Danish Ecological Council] without the added benefit of a large volume of bicycle traffic” (Press-Kristensen, 2014). However, the annual mean concentrations of PM10 and PM2.5 on H.C. Andersen’s Blvd. still exceed the WHO limits today (see Table 5). [bookmark: _Toc14516941]Table 4: Estimated effect of bicycle traffic on air pollution on H.C. Andersens Boulevard (Press-Kristensen, 2014)

Table 5: Annual Mean Concentrations of PM10 and PM2.5. 
Data Source: Department of Environmental Science, Aarhus University, 2016

[image: cid:3d641ef1-8beb-406b-9c02-d1eb3f6bd3d3]The widespread cycling movement, green taxes, and Miljøzone have been partially successful efforts to reduce UFP pollution, but they do not go far enough. In a 2016 study that compared UFP levels on car free Sundays vs workdays, it was found that public buses are the most significant source of UFPs in comparison to the pollution measured from individual sources, such as taxis, motorcycles, trucks, and smaller vans (Bredsdorff, 2016). In response to these important findings, Copenhagen will take more drastic steps to reduce UFP pollution within public transportation by transitioning from highly polluting diesel buses to zero-emissions electric buses. Copenhagen started conducting tests on the feasibility of zero-emission electric buses in 2016. Electric buses were tested on two bus routes in Copenhagen for two years and the results showed that eighty-percent of bus drivers were pleased with the operation, and ninety-percent of passengers were satisfied with the service (Berggreen, 2019). At the end of 2019, Copenhagen will have added 41 more electric buses to their fleet (Hinrichsen, 2018). This is a big step for Copenhagen towards their goal of eliminating all public diesel buses in the city before the end of 2025 (Berggreen, 2019). The switch to zero-emissions electric buses will eliminate 350 pounds of diesel particulate matter emissions per bus over a 12-year period (Sierra Club, n.d).
For Copenhagen, ships and industry comprise background levels of UFPs, but the largest source of street level UFP pollution is traffic, where the many soft road users are vulnerable (Nyheder, 2016). In 2018, the tour buses and taxis observed at Kongens Nytorv, in Holbergsgade and at Rådhuspladsen produced measurements of UFP concentrations that were higher than the average (Spang Bech, 2018). The 2016 legislation to transition Copenhagen’s public buses to electric by 2020 does not apply to taxis or private tour companies, nor is there control over particle filters for these vehicles. Thus, the tour buses and taxis that idle within the city produce massive amounts of UFPs without enforced requirements on installation or maintenance of particle filters. Additionally, it was found that both old vehicles and new buses and taxis have been contributing to higher levels of UFP pollution. This is because many newer vehicle models still do not meet emission standards and require DPF retrofits; but neglect to maintain the filters can cause them to become ineffective as soon a year after they are installed (Spang Bech, 2018). For example, filters were installed on Copenhagen’s 5A diesel buses, but when measurements were taken a year and a half later, the filters were no longer effective at removing UFPs and other particulates from the exhaust (Spang Bech, personal communication, April 4, 2019). The lack regulation on filter maintenance and the exclusion of privately-owned buses and taxis from tighter environmental regulations has left some of the biggest contributors to UFP pollution unaddressed.

In response to Copenhagen’s failure to make more significant reductions to their concerningly high levels of UFPs, the EU Commission sent a letter to Denmark in August of 2016. In the letter, the Commission fiercely criticizes the city’s inability to uphold the expectations for air quality that they themselves helped to set (Saietz, 2016). Since 2010, Denmark’s air pollution levels have exceeded the EU limits (Saietz, 2016). More specifically, the measuring station on H.C. Andersen’s Boulevard has reported consistently high concentrations of ultrafine particles. The commission accused Denmark of neglecting to take full advantage of the opportunities to reduce air pollution, which could have been accomplished by imposing tighter restrictions on heavy-duty diesel vehicles (Saietz, 2016). Denmark has responded to these allegations in its 2019 Climate and Energy Plan, but the logistics of their ambitious goals still remain a problem within the city of Copenhagen. Overall, the city has made some efforts to reduce particulate emissions in general, but most of the strategies have not made UFPs a significant focus. Consequently, UFPs have been left largely unaddressed; but the serious health concerns associated with UFPs necessitate action.
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