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Abstract

:

Emission models are important tools for traffic emission and air quality estimates. Existing instantaneous emission models employ the steady-state “engine emissions map” to estimate emissions for individual vehicles. However, vehicle emissions vary significantly, even under the same driving conditions. Variability in the emissions at a specific driving condition depends on various influencing factors. It is important to gain insight into the effects of these factors, to enable detailed modeling of individual vehicle emissions. This study employs a portable emissions measurement system (PEMS), to collect vehicle emissions including the corresponding parameters of engine condition, vehicle activity, catalyst temperature, geography, and meteorology, to analyze the variability in emission rates as a function of those factors, across different vehicle specific power (VSP) categories. We observe that carbon dioxide, carbon monoxide, nitrogen oxides, and particle number emissions are strongly correlated with engine parameters (engine speed, torque, load, and air-fuel ratio) and vehicle activity parameters (vehicle speed and acceleration). In the same VSP bin, emissions per second on highways and ramps are higher than those on arterial roads, and the emissions when the vehicle is traveling downhill tend to be higher than the emissions during uphill traveling, because of higher observed speeds and accelerations. Morning emissions are higher than afternoon emissions, due to lower temperatures.
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1. Introduction


Emission models are important tools for traffic emission and air quality estimates. Certain operational emission models collect emissions and the corresponding engine parameters (e.g., engine speed, torque, power, and air-fuel ratio) to develop a steady-state “engine emissions map” for each vehicle type. In practice, it is difficult to obtain sufficient engine data to develop a high-resolution engine map. Alternatively, some models employ vehicle activity parameters such as vehicle speed, acceleration, and vehicle specific power (VSP) [1] to explain emissions. Table 1 lists some of the operating emission models. They are categorized based on models that use engine operation data and models that use vehicle activity data. These models calculate average emissions per unit of time, known as emission rates, for different vehicle types and driving conditions, relying on large databases of emission test results (dynamometer and on-road). The emission rates are further used to generate emission inventories at the regional level or the link level for a fleet of vehicles with averaging periods ranging from one hour to one year.



In recent years, research into approaches for modelling second by second emissions of individual vehicles has gained momentum, primarily driven by the needs of planners and policy-makers to generate accurate estimates of vehicle emissions to support project-level analysis, as well as regional emission inventories. Studies have indicated that there are significant differences between measured and predicted emissions for individual vehicles [13]. This can be expected, because the emission rates embedded in the emission models are calculated by averaging the emissions of multiple vehicles. For instance, the emission rates in the Motor Vehicle Emissions Simulator (MOVES) model developed by the US Environmental Protection Agency (EPA) are based on data from 2.3 million tests from over 500,000 vehicles [14]. It is not reasonable to compare the emission rates of one specific vehicle with emission rates that are meant to represent the entire fleet.



The emission modeling process is complex, especially when it comes to estimating instantaneous emissions for an individual vehicle, owing to the various parameters affecting emissions. In addition to engine operation and vehicle activity, collecting real-world vehicle emission data introduces a number of external factors, which reduces the ability to produce robust results [15]. For light-duty gasoline vehicles, typically, three categories of external factors have significant effects on their emissions, these include: emission control technology, geography (e.g., altitude, road type, and road grade), and meteorology (e.g., ambient temperature). Among these factors, emission control causes a variation in the emissions of carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides (NOx), and particulate matter (PM)/particle number (PN), depending on the operation of control technology. Geography and meteorology factors both have significant effects on engine operation, vehicle activity, and/or emission control.



It is important to gain insight into the effects of these factors on vehicle emissions, to allow for the detailed modeling of individual vehicle emissions. One of the proposed methods is by capturing the variability in instantaneous vehicle emissions based on field test data. Many studies made efforts to validate the effects of altitude, road type, road grade, and ambient temperature on emissions, in order to correct the errors of emission estimates related to these factors. Frey et al. [16,17] and Nagpure et al. [18] indicated that altitude and road grade are the dominant factors influencing the emissions of CO and NOx in hilly areas. Wyatt et al. [19] points out that it is incorrect to assume that the increase in emissions on uphill sections will be offset by the decrease in emissions on paired downhill sections. Multiple studies [20,21,22,23,24] reported that positive road grade tends to increase vehicle emissions per distance, if the vehicles are traveling at a similar speed, and the effects vary by pollutant. De Vlieger et al. [25] and Jackson et al. [26] reported that CO2, CO, HC, NOx, and PN emissions are all systematically related to road type. The authors observed that the emissions for restricted access roads (like expressways) are significantly different from the emissions for unrestricted access roads (like arterial roads). Nagpure et al. [18] indicated that CO tends to increase at high altitude and high ambient temperature, while the opposite trend is observed for NOx. Ko et al. [27] explained that as the ambient temperature decreases, because of the poor mixing of fuel and air and the reduced combustion efficiency and stability, the exhaust gas recirculation rates decrease, increasing the NOx emissions. Most of these studies modeled emissions as a function of vehicle speed and acceleration instead of VSP, although the latter is one of the most important parameters often used to explain vehicle emissions in current operational emission models.



This study employs portable emissions measurement systems (PEMS) to collect vehicle emissions, and other parameters to explore the variability of emissions across different VSP categories, as a function of engine speed, torque, load, air-fuel ratio, vehicle speed, acceleration, altitude, road grade, road type, catalyst temperature, ambient temperature, and time of day. Capturing and understanding the variability in emissions under VSP categories provides critical information for the development of instantaneous emission models. Since VSP plays an important role in predicting emissions, by capturing and explaining the variability in emissions under each VSP category, this study informs the development of emission modelling tools in terms of the VSP resolution and the impacts of different factors on the range of emissions per VSP category.




2. Methodology


2.1. Data Collection


In this study, 31 on-road emission tests were conducted in the City of Toronto between 22 October and 12 December 2019. A 2020 Nissan Rogue SV was tested, and its specifications are listed in Table 2. The tested vehicle used regular gasoline (Octane No. 87) with Sulphur content below 14 mg/kg [28]. The emission measurements were conducted using a SEMTECH DS+ light duty PEMS manufactured by Sensors Inc.: Ann Arbor, USA. The mass emissions of CO2, CO, NOx, and PN were recorded every second during the tests, while HC were not measured, because of the limitations in carrying hydrogen gas in light duty passenger vehicles (HC analysis entails the use of a flame ionization detector). A GPS tracker was installed in the vehicle to record its trajectory. The on-board diagnostics (OBD) data of the vehicle were also collected to monitor the vehicle’s operating parameters. A weather station was installed on the rooftop of the vehicle to record temperature and humidity. In summary, 196,413 data points of CO2, CO, NOx, and PN emissions, timestamp, latitude, longitude, altitude, vehicle speed, acceleration, engine speed, engine torque, engine load, air-fuel ratio, catalyst temperature, and ambient temperature were collected. The vehicle speed ranged from 0 to 121.9 km/h and the ambient temperature ranged from −7 to 37 °C.



Figure 1 illustrates the vehicle trajectory during the tests. The digital map of the road network for the City of Toronto and a map-matching algorithm were employed to match each vehicle position to its corresponding road segment to obtain the road grade and road type, which are available in the map’s database. In this study, the test routes cover all the road types according to the Transportation Association of Canada (TAC) Manual of Geometric Design Standards for Canadian Roads [29], as listed in Table 3.




2.2. Estimates of Emission Variability


For each second, the VSP, which is defined as the instantaneous power per unit mass of the vehicle, was calculated. The instantaneous power generated by the engine is used to overcome the rolling resistance (FRolling) and aerodynamic drag (FAerodynamic), and to increase the kinetic (KE) and potential (PE) energies of the vehicle, as shown in Equation (1) [1].


  V S P =  1 m  (  d  d t   ( K E + P E ) +  F  R o l l i n g   · v +  F  A e r o d y n a m i c   · v )  



(1)




where m is the vehicle mass, v is the vehicle speed.



In the US EPA modal emissions model MOVES [12], the equation is simplified, and the VSP is calculated based on the vehicle’s speed, acceleration, and road grade, as shown in Equation (2).


  V S P =  1 m  ( A · v + B ·  v 2  + C ·  v 3  ) + ( a + g · sin   θ ) · v  



(2)




where VSP is in kW/t, v is the vehicle’s instantaneous speed in m/s, a is the acceleration in m/s2. A, B, and C are coefficients in kW·s/m, kW·s2/m2, and kW·s3/m3, respectively. A is associated with tire rolling resistance, B with mechanical rotating friction as well as higher order rolling resistance losses, and C with aerodynamic drag. m is the mass for the specific vehicle type in metric ton, g is the acceleration due to gravity, and sin θ is the road grade.



If the vehicle speed is zero (or idling), the VSP is zero; the VSP is negative when the vehicle is decelerating; and if the vehicle is accelerating, the VSP is positive.



In this study, after calculating the VSP associated with each second, a VSP binning method, which is defined by an equal VSP interval of 1 kW/ton, was employed for the purpose of reducing aggregation errors and computational complexity. The coefficient of variation (CV) of CO2, CO, NOx, and PN emissions was calculated to capture the variability in emissions per second along road segments, VSP bins, and across various categories of engine speed, torque, load, air-fuel ratio, vehicle speed, acceleration, altitude, road grade, road type, catalyst temperature, ambient temperature, and time of day. The CV is defined as the ratio of the standard deviation to the mean. The emissions with CV < 1 are considered low-variance, while those with CV > 1 are considered high-variance.





3. Results


3.1. Average Speed, VSP, and Emissions


The average speed, VSP, CO2, CO, NOx, and PN emissions per second across 156 road segments are illustrated in Figure 2. Each color represents 20% of all the road segments. The average CO2, CO, NOx, and PN emissions show high consistency with the average speed and VSP. This is one of the reasons why the operational emission models employ the average speed and VSP to estimate emissions. We also observe that the average speed, VSP, and emissions for restricted access roads (expressways) are higher than those for unrestricted access roads. In general, the average VSP for expressways was found to be positive and high (between 2.3 and 13.6 kW/t); the VSP for arterial roads was positive and low (between 0.5 and 2.2 kW/t); the VSP for collectors and local streets was negative, which means the vehicle is traveling at low speeds and frequently decelerating. Emissions of CO2 vary in a relatively small range (between 0.82 and 6.35 g/s) and the highest value is 7.4 times the lowest value. CO, NOx, and PN emissions vary in a much larger range: CO emissions are between 0.005 and 219.56 mg/s and the highest/lowest ratio is 43,912; NOx emissions are between 0.001 and 0.539 mg/s and the highest/lowest ratio is 539; PN emissions are between 0.006 and 28.959 × 109 #/s (“#” refers to the number of particles) and the highest/lowest ratio is 4826.5. For the unrestricted access roads, CO and NOx emissions tend to behave in opposite ways. For the road segments with high CO, the NOx is low and vice versa. One of the possible reasons is that the air-fuel ratio has the opposite effects on CO and NOx emissions (during the lean burn, CO is low while NOx is high; and during the rich burn, it is the opposite). This point is further illustrated in Section 3.3.



Figure 3 illustrates the CV of emissions on each of the 156 road segments along the test routes, based on the second-by-second measurements conducted during all of the tests which fall on each road segment. Since the vehicle was operating in different modes on each road segment, the CV of CO2, CO, NOx, and PN are high, reaching 1.4, 10, 6, and 12, respectively. The emission variability for some of the road segments is significantly higher, and the variability tends to be higher for the unrestricted access roads, because of stop-and-go driving conditions. The CV of CO, NOx, and PN are particularly higher than the CV of CO2. This is associated with the fact that CO, NOx, and PN emissions not only depend on driving conditions, but also are easily affected by external factors, such as catalyst temperature and ambient temperature on the emission control process.




3.2. Emission Variability in VSP Bins


Figure 4 illustrates the CO2, CO, NOx, and PN emissions in the VSP bins, defined by an equal VSP interval of 1 kW/t. The boxplot captures second-by-second emissions and the bar chart represents the CV. Outliers, which are outside the interquartile range—1.5 times above the upper quartile and below the lower quartile—are not illustrated in the boxplots, and not included in the calculation of CV.



For the tested vehicle, the VSP varies in a range of (−73, 72) kW/t. Over 99.5% of the VSP is in the range of (−30, 30) kW/t. The average emissions of the negative and zero VSP are significantly lower than those of the positive VSP.



CO2 average emissions remain at a very low level in the negative and zero VSP bins, while increasing approximately linearly in the positive VSP bins. CO, NOx, and PN are not monotonically increasing in the positive VSP bins. CO is particularly sensitive to the high positive VSP.



Compared with the variability for the road segments, the variability in each 1 kW/t VSP bin is smaller. However, the CV of emissions is still high, even in the same VSP bin. The CV of CO2 is approximately 0.6, depending on the VSP bins. The CV of CO, NOx, and PN is much higher, and is over 1.0 in most of the VSP bins.




3.3. Emission Variability and Influencing Factors


As discussed in Section 3.2, the emissions in the negative and zero VSP bins remain at a very low level, while the emissions in the positive VSP bins tend to vary depending on the VSP. In this section, the negative VSP bins are merged and the positive VSP are categorized in intervals of 10 kW/t, for the purpose of providing a robust sample size for the analysis of each influencing factor.



Figure 5, Figure 6, Figure 7 and Figure 8 illustrate the CO2, CO, NOx, and PN emissions per second in each VSP bin across engine speed, torque, load, air-fuel ratio, vehicle speed, acceleration, altitude, road grade, road type, catalyst temperature, ambient temperature, and time of day.



We observe that CO2, CO, NOx, and PN emissions are strongly correlated with engine speed, torque and load. High engine speed, torque, and load produce high emissions. CO2, CO, and PN emissions during lean-burn are significantly lower than the emissions during the stoichiometric mix and rich burn while the NOx emissions during rich burn are the lowest.



Emissions are also strongly associated with vehicle speed and acceleration. The process of high speed and aggressive acceleration produces high emissions while the process of aggressive braking produces low emissions. It should be noted that emissions vary in a very wide range, especially at high engine speed, torque, load, high vehicle speed, and aggressive acceleration.



Previous studies have identified that altitude is one of the dominant factors influencing the CO and NOx emissions in hilly areas [16,17,18]. The City of Toronto is relatively flat, and the maximum altitude difference in the dataset is only approximately 300 m. Thus, the emission differences due to altitude in this study are not significant.



Various studies have investigated the emissions for different road grades and road types on the basis of vehicle speed and acceleration. When comparing the emissions per second on the basis of VSP, the results are different. We observe that in the VSP bins of (0, 10), [10, 20), and >=20 kW/t, the emissions while traveling downhill tend to be higher than the emissions while traveling uphill. In fact, we noted that the vehicle is traveling faster and accelerating more frequently when driving downhill. On average, the vehicle speeds while traveling downhill are 56.7%, 50.3%, and 26.7% higher than the speeds while traveling uphill in the VSP bins of (0, 10), [10, 20), and >=20 kW/t, respectively, and the accelerations while traveling downhill are 298.0%, 11.0%, and 13.1% higher than the acceleration while traveling uphill, as illustrated in Figure 9.



To further explain the effects of road grade, we provide two pieces of data extracted from the emission test results for a stretch of road extending along the Don Valley Parkway, as illustrated in Figure 10. On this specific drive, the vehicle is traveling uphill in Case #1 (average road grade = 0.43%), while it is running downhill in Case #2 (average road grade = −0.43%). The vehicle is traveling at an average VSP of 1.51 kW/t uphill and 1.65 kW/t downhill. In addition, the vehicle speed and acceleration downhill are both higher than under uphill driving (the average speeds uphill and downhill are 29.0 km/h and 41.5 km/h and the average accelerations are 0.037 km/h/s and 0.111 km/h/s, respectively). Consequently, the emissions during downhill driving are also higher.



The emissions for restricted access roads (mainly highways) and ramps are higher than the emissions for unrestricted access roads (like arterial roads with signalized intersections). In fact, the observed vehicle speeds for restricted access roads are approximately twice the speeds for unrestricted access roads while the speeds for ramps are approximately one and a half times the speeds for unrestricted access roads in the VSP bins of (0, 10), [10, 20), and >=20 kW/t. It is not easy to compare the emissions for the restricted access roads and the emissions for the ramps here, because both the emissions for the on-ramp and off-ramp are included.



CO2 emissions are not sensitive to catalyst temperature, ambient temperature, and time of day because: (1) these factors primarily have effects on the emission control process, where the existing CO2 would not be affected, unlike CO, NOx, and HC; and (2) although parts of CO and HC are oxidized to CO2, which causes a very small increase in CO2 emissions, this increase is not substantial, because the existing CO2 is not at the same magnitude as CO and HC emissions (CO2 is in g/s while CO and HC are in mg/s).



For CO, NOx, and PN emissions, the effects of catalyst temperature are not significant. One of the reasons is that in this study, the tested vehicle was picked up from an underground parking lot in the morning (overnight parking is not allowed in the lab) and driven to the lab (about 10 min) for vehicle instrumentation and PEMS calibration prior to the first test route. At noon, the vehicle was parked inside the lab until the afternoon test started. Thus, technically, cold starts were not captured as part of the testing and for each test, the catalyst temperature had reached its efficient range. CO, NOx, and PN emissions at low ambient temperature tend to be higher, because of the poor mixing of fuel and air and the reduced combustion efficiency and stability [27]. The trend for the time of the day is consistent with that for ambient temperature that the emissions in the morning are higher than the emissions in the afternoon, because of the lower ambient temperature in the morning.





4. Conclusions and Recommendations


In this paper, the emissions of a gasoline direct injection vehicle were tested using a state of the art PEMS unit, along two study routes that cover various types of roads and traffic conditions. The paper focuses on documenting the variability in emissions under similar vehicle powers, thus, capturing the effects of other factors affecting emissions. By capturing the variability in emissions occurring at the same VSP, this study sheds light on existing emission models that use the VSP as the main parameter to generate a single deterministic emission estimate. The results will inform the development of future, more robust models, which account for this variability, and promote the development of a binning process that can reduce variability.



Vehicle emissions are strongly associated with engine speed, torque, and load, as well as air-fuel ratio. The process of high engine speed, torque, and load produces high emissions. The CO2, CO, and PN emissions during lean-burn are significantly lower than the emissions during the stoichiometric mix and rich burn, while the NOx emissions during rich burn are the lowest.



Emissions are also strongly associated with vehicle speed and acceleration. The process of high speed and aggressive acceleration produces high emissions, while the process of braking produces low emissions.



We observed that in the same VSP bin, the emissions per second while the vehicle is traveling downhill tend to be higher than the emissions going uphill, because the vehicle is traveling faster and accelerating more frequently when in downhill conditions. Even at the same power, we observed that the vehicle tended to travel faster and accelerated more frequently downhill. The emissions for restricted access roads (highways) and ramps are higher than the emissions for unrestricted access roads (arterial roads), because of the higher speeds.



CO, NOx, and PN emissions at a low ambient temperature tend to be higher. The emissions in the morning are observed to be higher than the emissions in the afternoon, because of the lower ambient temperature.
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Figure 1. Vehicle emission test routes. 
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Figure 2. Average speed, vehicle specific power (VSP), CO2, carbon monoxide (CO), nitrogen oxides (NOx), and particle number (PN) emissions per second for each road segment (“#” refers to the number of particles). 
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Figure 3. Coefficient of variation (CV) of emissions for each road segment. 
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Figure 4. CO2, CO, NOx, and PN emissions as a function of vehicle specific power. 
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Figure 5. CO2 emissions in each VSP bin under various influencing factors. 
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Figure 6. CO emissions in each VSP bin under various influencing factors. 
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Figure 7. NOx emissions in each VSP bin under various influencing factors. 
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Figure 8. PN emissions in each VSP bin under various influencing factors. 
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Figure 9. Vehicle speed, acceleration, and VSP while traveling uphill and downhill: (top) vehicle speed distribution and (bottom) distribution of accelerations. 






Figure 9. Vehicle speed, acceleration, and VSP while traveling uphill and downhill: (top) vehicle speed distribution and (bottom) distribution of accelerations.



[image: Atmosphere 11 00765 g009]







[image: Atmosphere 11 00765 g010 550] 





Figure 10. Examples of (left) vehicle trajectories uphill and downhill (top right) variation of VSP with time and (bottom right) variation of speed with time. 






Figure 10. Examples of (left) vehicle trajectories uphill and downhill (top right) variation of VSP with time and (bottom right) variation of speed with time.



[image: Atmosphere 11 00765 g010]







[image: Table] 





Table 1. Existing Emission Models Based on Engine Operation and Vehicle Activity Data.






Table 1. Existing Emission Models Based on Engine Operation and Vehicle Activity Data.





	
Parameter

	
Model Name

	
Abbreviation

	
Reference






	
Engine

Operation

	
Comprehensive Modal Emission Model

	
CMEM

	
[2]




	
Emissions from Traffic

	
EMIT

	
[3]




	
Passenger Car and Heavy-Duty Emission Model

	
PHEM

	
[4]




	
Vehicle Transient Emissions Simulation Software

	
VeTESS

	
[5]




	
Vehicle

activity

	
Mobile Source Emission Factor Model

	
MOBILE

	
[6]




	
Emission Factors Model

	
EMFAC

	
[7]




	
Computer Program to Calculate Emissions from Road Transport

	
COPERT

	
[8]




	
International Vehicle Emission Model

	
IVE

	
[9]




	
Handbook Emission Factors for Road Transport

	
HBEFA

	
[10]




	
Virginia Tech Microscopic Model

	
VT-Micro

	
[11]




	
Motor Vehicle Emissions Simulator

	
MOVES

	
[12]
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Table 2. Specifications of Tested Vehicle.






Table 2. Specifications of Tested Vehicle.





	Specifications
	Value





	Engine
	2.5-Litre DOHC 16-Valve 4-Cylinder



	Horsepower
	170 HP @ 6,000 RPM



	Torque
	175 lb-ft @ 4,400 RPM



	Curb weight
	1,681 kg



	Mileage
	500 km



	Fuel type
	Regular Gasoline



	Fuel injection type
	GDI



	Emission standard
	Tier 2, Bin 5



	Transmission
	Automatic



	Turbo-compound
	No



	Ignition type
	Direct ignition system
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Table 3. Road Types and Length of Road Segments along Test Routes.






Table 3. Road Types and Length of Road Segments along Test Routes.





	
Road Type for Emission Model

	
Road Type

	
Length (km)






	
Restricted access

	
Expressway

	
28.9




	
Ramp

	
Expressway ramp

	
7.2




	
Unrestricted access

	
Major arterial

	
70.4




	
Minor arterial

	
20.9




	
Collector

	
2.9




	
Local

	
1.3




	
Other

	
1.3




	
Total

	
132.8
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