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Abstract

:

In the province of Quebec, Canada where the electricity is nearly carbon-free, the road transport sector represents 35.6% of all emissions. As such, electric vehicles (EVs) have been proposed as a means to reduce such emissions. However, it is not clear how many conventional vehicles (CVs) would need to change to electric in order to meet the greenhouse gas (GHG) emissions reduction target of reducing 1990 CO   2   emissions by 37.5% by 2030 in the province. In fact, various considerations exist such as which vehicles will change and how those vehicles are used. This articleaddresses this issue in the case of Montreal, Canada. First, to create a baseline, direct emissions by all personal vehicles in Montreal in 2018 are calculated using data from the 2018 origin-destination (OD) survey and provincial vehicle registration. Next, five scenarios are studied to calculate the variations in the number of EVs needed in the fleet in order to achieve provincial targets. The most optimistic scenario shows that roughly 49% of the fleet would need to change. The most pessimistic scenario estimates that almost 73% of the fleet would need to be converted to EVs. It can be concluded that the strategy used can have a great impact on how many vehicles need to be replaced in the fleet. However, all simulations show that the necessary replacements are far from negligible. It must surely be coupled with other actions such as reducing veh.km travelled (vkmt) or increasing public transport use.
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1. Introduction


In the province of Quebec, Canada where electricity is produced through hydropower, the transport sector represents 44.8% of all emissions [1]. The road transport sector by itself represents 35.6% of all emissions. Drilling further down, personal vehicles represent 20% of total greenhouse gas (GHG) emissions in the province [1]. Personal vehicles in Quebec were responsible for the emission of 16 megatonnes of CO   2   equivalent in 2019. This accounts for approximately 20% of total GHG emissions in the province [2]. Thus, this sector is an important lever to achieve the target of reducing Quebec emissions by 37.5% compared to 1990 levels by 2030 [3].



One of the solutions to reduce vehicle emissions is to replace part of the provincial fleet’s conventional vehicles (CVs; also called internal combustion vehicles (ICE)) with electric vehicles. Direct emissions from electric vehicles (EVs) are essentially zero, but the overall emissions related to electricity production can be higher. In the case of Quebec, its electricity was associated with roughly 34.5 gCO   2  /kWh in 2017 [4]. To compare, electricity from Canada’s largest province, Ontario, in 2008 (at the time, coal plants still functioned [5]) was associated with 201 gCO   2  /kWh [6]. Another comparison can be made with the US, whose average gCO   2  /kWh in 2019 was 417g [7]. The methods used to calculate these values vary from each other, but they can be used to get an overall idea of the differences between emissions in each region. As such, Quebec provides an example of a situation where electricity generation has very limited GHG emissions, as compared to previous studies where this could only be assumed [8].



In a context such as Quebec’s where GHG emissions for electricity are very low, the emissions associated to use could be much lower than in CVs. Assuming that an EV consumes 20 kWh/100 km (electric vehicles consume between 15 and 30 kWh per 100 km [9]), it would emit   34.5 × 20 / 100 =   6.9 gCO   2  /km in this province which would be 25 times less than CVs (assuming 220 gCO   2  /km). As such, EVs in Quebec provide the potential to significantly reduce transport-based and overall CO   2   emissions. However, vehicle emissions depend on other factors such as vehicle size and the distances driven and these are not constant over urban contexts [10]. As a result, it is not obvious what portion of the provincial fleet would need to convert to EVs to reach provincial emissions targets, or whether this would be feasible from a energy supply standpoint.



As such, this papers seeks to develop an estimate of the potential for EVs to contribute to CO   2   emission reductions in Montreal, Quebec, Canada. To do so, current GHG emissions of the Montreal personal vehicle fleet is first calculated to form a baseline. The baseline is then used to evaluate different EV-emission scenarios based on varying assumptions of CV to EV conversion to determine how many vehicles would need to change in order to achieve emissions reduction targets. The work focuses on the Montreal fleet for two key reasons: (1) it is the largest city in Quebec, with approximately half of the provincial population in 2018 [11]; and (2) granular data required to estimate use is available through its Origin-Destination survey (repeated every five years) along with complementary data.



The next section reviews existing methods to calculate GHG emissions and to analyze changes in vehicle fleets. Then the data used in this research will be presented. In the next section the methodology used to calculate Montreal’s personal vehicle fleet emissions in 2018 and to determine how many vehicles would need to change in order to achieve the emissions reduction target will be explained. Afterwards, the results of the analysis will be presented, and the paper will be finished with a discussion of the results and concluding remarks.




2. Background


A lot of work has already been done on transport CO   2   emissions and EVs.



Some papers investigated the impacts of EVs on the international scale. For example Rietmann et al. [12] used data about previous sales from 2010 to 2018 in 26 countries including USA, Japan, China and Canada to forecast future EV sales and compare the results between the different countries. For Canada this study predicted that EVs would represent 19.6% of the market share in 2030. Sorrentino et al. [13] analysed the impacts of EVs on electricity grid and infrastructures, and on CO   2   emissions in Italy, Germany, France, USA, and Japan. The authors found that current energy mixes and expected EV market penetration were insufficient to reach CO   2   emission targets in these countries in 2050, except in France, because GHG emissions from electricity production in this country are around 4 times lower than the other countries studied. Hölt et al. [14] also studied EVs at a large scale in Europe. The authors found that 97% of EVs would be needed in the fleet by 2050 if car mobility continues to increase following current trends. Otherwise, only around half of the fleet would need to be composed of EVs if transport demand shifts to other modes.



At a lower scale, comparisons can be done between different regions in a single country. For example, Ribberink et al. [15] studied the provinces of Quebec, Ontario and Alberta using the PEV-CIM tool from Natural Resources Canada to calculate potential impacts of a change in fleet composition on GHG emissions at the provincial level. The conclusion of this article was that EVs can help reduce GHG emissions in the provinces of Quebec and Ontario, but not in the province of Alberta, where electricity production emitted 34 times more CO   2   than in Quebec, and 5.6 times more than in Ontario, according to this article. Kamiya et al. [16] compared the provinces of Alberta, Ontario, and British Columbia to estimate GHG impacts of EVs using different time frames. The authors found that switching to EVs could reduce emissions by 78–98% in British Columbia, by 58–92% in Ontario and by 34–41% in Alberta. This type of article generally allows the authors to pinpoint the differences between zones whose electricity mix or EV share are different from each other.



Other papers study EVs on a national or regional level, focusing on a given region. For example, Propfe et al. [17] studied different possible governmental decisions to help EV diffusion in the German fleet. The authors found that German objectives regarding the number of EVs in the fleet wouldn’t be reached without acting on external factors like increasing fuel prices or decreasing EV manufacturers’ mark-ups. Kloess et al. [18] tried to estimate the market share of different types of vehicles in Austria from 2010 to 2050 under different policies. In this article, authors studied seven types of vehicle technologies, three different vehicle sizes and 3 possible user travel behaviour. The model they used proved that policy can help reduce GHG emitted. Wang et al. [19] used a four-step model to forecast trip behaviour in Maryland. The authors found that a high EV ownership scenario (43.14% of the fleet is made of EVs) would reduce CO   2   emissions by 16% from 2015 levels and would result in more balanced geographical distribution of emissions. A number of other articles [8,20,21] focused on the case of the United Kingdom. The first article [20] compared different integration scenarios for EVs and hybrid vehicles to determine which one would result in the lowest emissions, while the second [8] focused on national policies and the number of EVs in the fleet expected by the government. Both articles highlighted the fact that energy mix is really important when considering the replacement of CVs by EVs. The first [20] showed that a full EV scenario can reach national objective when coupled with the right energy mix, and the authors of the second [8] explained that replacing CVs by EVs is not the only solution that should be used to reach national GHG emissions reduction objective. The last one [21] analyzed the options available to reach a given GHG emission threshold in 2030. The authors of this last article suggested a lot of changes have to be made on transport and urban planning to achieve emissions goals. In these articles, the methodology used to calculate CO   2   emitted is similar and requires the same parameters: The size of the fleet, the proportions of the different vehicle technologies in it, CO   2   emitted per km by each vehicle technology, vehicle size or mass, and yearly km travelled. However, at this scale authors typically use averaged values for the zone studied.



The smallest scale that seems to have been studied is the scale of a city [22,23,24,25,26]. These papers often use Origin-Destination surveys so as to more accurately represent travel behaviour within the city. Two main equations emerge from these articles to calculate GHG emissions for a given trip. The first, taken from Waygood et al. [23] is straight-forward (Equation (1)). It requires distance traveled (d), energy efficiency per km (f), a factor to convert kWh to CO   2   emitted (k) and the time that a vehicle has sat still in order to calculate the cold start impacts.


  G H G = d × f × k  



(1)







Total GHG emitted is the multiplication of these three terms. However, calculating the energy efficiency per km (f) would require knowing the energy used by all transport modes studied (9 in this case) and the average passenger rates for each.



The second, used in more papers [22,24,25] is based on disaggregate data on personal vehicles and an average value for buses (Equation (2)).


  G H G =   F C R × S C F × E F × D   N P    



(2)







Total GHGs emitted is the multiplication of the average fuel consumption rate (FCR) of the vehicle used, a speed correction factor (SCF), an emission factor (EF) and the distance of the trip (D). This total is also divided by the number of people in the vehicle during the trip (NP) because the objective is to give an emission value for a given person. The formula can vary across articles. For instance, Yang et al. [25] were able to know which part of the trip was done with a motorized mode and which part was not. They replaced the total distance (D) in Equation (2) with the motorized trip distance during the trip. However, these studies do not typically consider electric vehicles, their uptake, and how they might help achieve reduction targets.



The studies presented in the previous paragraph only took into account tailpipe GHG emissions, to better understand emissions at a local scale. However, it is possible to perform a complete life cycle assessment to have a better insight on global impacts. Both articles [13,18] chose this approach. A life cycle analysis was carried out by Kloess et al. [18] to calculate the associated emissions of each type of vehicle studied. As mentioned above, the model they used proved that policy can help reduce GHG emitted. Sorrentino et al. [13] even took into account EV operating cycles and technical features like battery technology and battery energy capacity to better estimate the impact on grid and infrastructures. As mentioned above, the authors found that current energy mixes and expected EV market penetration were insufficient to reach CO   2   emission targets in Italy, Germany, USA, and Japan in 2050.



When studying possible future impacts of EVs, other authors have focused on estimations of the future sales of EVs. A review of the methods available for this has been done by Al-Alawi et al. [27]. That study divided previous work into three groups: agent-based models, consumer choice models, and diffusion rate and time-series models. Agent-based models estimate the travel choices of a population that has to meet given needs under given constraints. This method was used by Propfe et al. [17] for example. Consumer choice models use utility measures and logit models to predict people’s choices like in article by Kloess et al. [18]. Finally, diffusion rate and time-series models predict the evolution of markets in a more macroscopic scale. Articles [8,12] used this approach. It is the method used when knowing data regarding previous sales.



Some work has been done to try to translate government policies or emission reduction strategies into changes in fleet or travel behaviour and see the associated impacts on CO   2   emitted [8,17,18,19,20,22]. Article by Zahabi et al. [22] studied the transition to hybrid buses, electric trains, or more fuel efficient cars and compared these strategies. Authors found that the two most efficient strategies to reduce GHG emissions are the continuous improvement of fuel efficiency of cars and the improvement of transit supply. Scenarios developed by Propfe et al. [17] followed different possible governmental decisions to help EV diffusion. The authors found that German objectives regarding the number of EVs in the fleet wouldn’t be reached without acting on external factors like increasing fuel prices or decreasing EV manufacturers’ mark-ups. In addition to factors like fleet growth and yearly driving distance, the global approach by Kloess et al. [18] took into account political and economic decisions to forecast future GHG emissions. Wang et al. [19] studied the Maryland Department of Transportation projections, coupled with different scenarios regarding fuel prices and taxes. As mentioned above, the authors found that a high EV ownership scenario would reduce CO   2   emissions by 16% from 2015 levels and would result in more balanced geographical distribution of emissions.



Unlike papers described in the previous paragraphs, a different approach can be followed: fixing an objective and creating one or more scenarios to reach this objective. This backcast approach was followed by [14,21]. For example, Hölt et al. [14] sought to find solutions to decrease european transport emissions by 60% compared to 1990 levels, acting either on car ownership, shift rate to EVs, or energy mix. As mentioned above, one article [21] suggest that a lot of changes have to be made on transport and urban planning to achieve emissions goals, and the other [14] showed that different travel behaviours and car ownership trends could lead to different fleet compositions to reach emission objectives.



Other research does not focus on EVs but investigates factors that have an impact on GHG emissions. For example, articles [10,22,23,25,26,28] studied the link between urban form and CO   2   emissions. Some of them also investigated socio-economic factors, transit supply, and distance to downtown. Yang et al. [25] also took into account the purpose of trips in the structural equation model approach they used. The findings of these articles were similar. They found that GHG emitted are influenced by land use mix, population density and transport supply. The number of workers and retirees in a household also play a role in GHG emitted. Emissions were also found to be higher during weekdays. More populated households emit less and richer ones emit more. In addition, Zahabi et al. [26] showed that variations of household emissions among neighbourhoods is much greater than among cities. The trend is actually the same for all cities: less emissions in the center and more in the periphery.



As can be seen in the previous paragraphs, GHG emissions and electric vehicle ownership have been the topic of a lot of studies. Some aim to calculate CO   2   emissions in a given area. Others try to predict electric vehicle market evolution. Still others assess the effects on GHG emissions of modifications of vehicle fleets. Nevertheless, estimating how many EVs would be necessary to meet government objectives to reduce GHG emissions taking into account that vehicle emissions and use varies across urban development does not seem to be have been examined. In other words, previous work that compared GHG emissions evolution with government objectives did so at a macroscopic scale, often using average values regarding km travelled and vehicle emissions. Given that other studies showed that transport based emissions vary spatially within a city and depend on the built environment, and that typically larger, less efficient vehicles are found in the more suburban areas where people drive more, it is important for policy makers to know how this would affect the percentage of vehicles that would need to change to meet reduction targets. That would also allow them to have a better insight on the possible differences in the number of CV that would need to be replaced between possible replacement methods.



This article will thus investigate this question. The following work is divided into two steps:




	
calculating the 2018 the current emissions of the Montreal fleet of personal vehicles based on all registered personal vehicles and likely distances travelled by municipal sector;



	
calculating the composition of the fleet necessary to achieve Quebec provincial government GHG reduction objectives based on five different fleet replacement scenarios.








As the province of Quebec mostly relies on hydro-power to produce its electricity, carbon emitted during energy production is very low in this region (34.5 gCO   2  /kWh in 2017 [4]). Thus, this case can be seen as a reference situation where no efforts are needed to change energy mix as opposed to various previous studies where assumptions had to be made to forecast future energy mix [12,13,14,20,21]




3. Data Used


Three main different datasets were used in the analysis for this report. The 2018 origin-destination (OD) survey was used to provide information about the number and length of trips by Montrealers [29]. This survey investigates personal vehicle trips made by 147,200 respondents from 73,400 households to draw a portrait of Montreal mobility. 3.89% of total households answered the survey and this sample represents all 4.4 million people on the 9840 km   2   area covered by the survey [30]. A total of 357,800 trips from 5 September to 20 December inclusive were recorded in the database. These are trips made by respondents in the 24-h period before they answered the survey. However, week-end trips were not recorded. Therefore, the origin-destination survey for Montreal uses a fall day to make estimations of people’s travel behavior. Some countries such as Sweden use a rolling survey so as to capture different travel patterns by season [31]. However, in the case of the province of Quebec, Canada, only travel data on a random fall day is gathered. The assumption being that people have established their general travel pattern after summer holidays and the start of the new school year (which starts in September). Future surveys should aim to gather data from all periods of the year to make estimations of yearly travel more accurate. The OD survey is done with a stratified random sample: the 158 municipalities in the area are gathered into 113 municipal sectors, which is the stratum. A municipal sector is a geographic area the size of a small city whose population typically is around 100,000 people, but can vary between 3000 and 140,000 people.



Among other variables, the survey provides the origin and destination coordinates of the trips made by respondents. The combination of modes used is also available. For example one can know if a person took the bus, then the metro, then was picked up by someone with a car. Junction coordinates indicate where the person switched between a private mode and public mode of transport. Finally, household expansion factors were available that allow the sample to be expanded to be representative of the actual population.



Although the OD survey is very detailed, it does not include the characteristics of household vehicles like their average CO   2   emissions per km. This value has to be averaged at the municipal sector level and was based on the vehicle registration database and data provided by Natural Resources Canada.



The vehicle registration database for the province is maintained by the Société de l’assurance automobile du Québec (SAAQ; English: Quebec Automobile Insurance Company) [32]. Emission statistics of vehicle models was obtained from Natural Resources Canada [33] and this was used to calculate CO   2   emissions. The first gives the year, make, model, number of cylinders and engine size of each vehicle in the province. The second gives the corresponding CO   2   emissions in grams per km.



These two databases were combined to get the CO   2   emission profile of personal vehicles in the province. Vehicles with similar emissions were then gathered into ten emission categories using a k-means clustering method. Only their CO   2   emission values were taken into account to measure the distance between them. The distance measurement used is the square of the emission difference between vehicles.



Figure 1 shows the distribution of emission values for all vehicles in the province obtained with this method. The vertical lines present the boundaries between the emission categories. Table 1 gives more information about the average emissions and the number of vehicles per category in the Greater Montreal area. One category (category 0) was dedicated to EVs. They were assumed to emit 6.9 gCO   2  /km. This value is the estimation made in Section 1 of the CO   2   emitted during the production of electricity needed to power the vehicle in Quebec. This category is a bit different from the others, that is why the boundary between it and category 1 does not appear in Figure 1.



A request was made to the provincial licensing authority to obtain a dataset with the number of vehicles in each emission category at the dissemination area level (slightly smaller than the US block group). This data was aggregated to the municipal sector level afterwards. Aggregated values had to be used for confidentiality reasons. The number of emission categories was set to 10 to respect data confidentiality.



Table 2 shows what was obtained at the end of that process. For instance 2317 vehicles belong to emission category 2 in the peripheral city center.



For the second part dedicated to changes in the fleet, additional data was used. Population estimates for Montreal were taken from two sources. The first is the population census for Montreal [34]. It provides population estimates every 4 years from 1996 to 2016. It is the only one which provides data for the year 1990. This is why it was used to calculate 1990 CO   2   emissions. The other source is Quebec’s provincial institute of statistics (ISQ) [11]. Data from the ISQ is available at the municipal level for every year between 2011 and 2018, thus it was used for the vehicle ownership growth calculations.



To estimate 1990 emissions, population data for the province was taken from annual demographic estimates by Statistics Canada [35]. Emission values for the province by Delisle et al. [1] were also used.



To create the hypothetical fleet, vehicle data from the SAAQ [32] for the years 2011 to 2018 was used. Population growth forecasts for 2030 were obtained from reference scenario values by the ISQ [36].




4. Methodology


The article will follow a backcast approach as in Höltl et al. [14]. An overview of the methodology used is given here first. A detailed explanation of each step will then follow.



	
Estimation of 2018 emissions in Montreal (Section 4.1)



	
Definition of the emission level that needs to be reached in 2030 (Section 4.2)



	
Creation of the business as usual baseline until 2030 (Section 4.3)



	
Creation of the different scenarios followed to reach the objective from the baseline situation (Section 4.4)






Once these are discussed, the implications for the ability to meet emission targets through the electrification of the private vehicle fleet will be discussed as well.



The code used for this study can be found in a public GitHub repository at https://github.com/Pierre-C-M-Laffont/How-Many-EVs-are-Needed-to-Reach-CO2-Emissions-Goals-A-Case-Study-from-Montreal-Canada, last accessed 10 December 2021.



4.1. Estimation of 2018 Emissions


To calculate Montreal’s personal vehicle fleet CO   2   emissions in 2018, the equation used by [22,24,25] was applied. In this case, Equation (3) was used.


  G H  G 2018  =  ∑ p   ∑  t p      D  p v   × E  F  v e h     N P    



(3)







In this equation, p is the number of people in Montreal, t   p   the number of trips made by person p in 2018, D    p v    the distance traveled using a private vehicle during the trip, EF    v e h    the emission factor in gCO   2  /km of the vehicle used for the trip, and NP the number of people in the vehicle. It should be noted that the fuel consumption rate, the speed correction factor, and the emission factor from Equation (2) were combined into the emission factor in Equation (3).



Disaggregate data from the OD survey was aggregated to the municipal sector level. This data also represents the travel behavior for an average fall day (the survey was carried out from September to December). Therefore, Equation (3) has to be modified to be used with the available data. The equation used given this constraint is presented in Equation (4).


  G H  G 2018  =  ∑  p  O D     ∑  t  p  O D        D  p v   × E  F  v e  h  M S       N P   ×  f  e x  p  O D     ×  f  e x  p  a n n u      



(4)







Here, the sum is calculated across the trips made by the expanded respondents (  p  O D   ). The emission factor is now average CO   2   emissions per km for all vehicles in the municipal sector MS where the respondent lives (  E  F  v e  h  M S      ). It was obtained using Table 2. Two new terms are added in the equation. The first accounts for the household expansion factor (  f  e x  p  O D     ) and the other is a factor to annualize (i.e., to give a yearly amount) the results (  f  e x  p  a n n u     ). The following paragraphs will explain how these variables were calculated.



4.1.1. Distance Calculations


To calculate the distance of automobile trips, the shortest path between the origin, destination and the given junctions of the trip were estimated using the OSRM API [37]. As this route calculation server only works for trips within Canada, the distance of trips whose origin or destination were outside of Canada (0.5% of the total number of trips) was calculated with the HERE API [38].



Since the purpose of the study was to examine only how the vehicle fleet would need to change if reductions were made with private electric vehicles, not all modes were retained. Only trips where one part was car-driver, car-passenger, taxi or motorbike modes were used. Those using metro, bike, plane, train or interurban bus modes were not used in the calculation.



The results of the two APIs were checked for plausibility and some unusual results were found. For example the distance between origin given and origin returned (or destination given and destination returned) by the requests were more than 5 km. These 2902 trips were ignored as most of them had one of their coordinates equal to zero. Among these trips, only two had coherent X, Y values, but they did not seem to use the road network.




4.1.2. Average Emissions by Municipal Sector


As it was explained in Section 3, vehicles from the original database of the provincial vehicle licensing authority (SAAQ) [32] were sorted into 10 categories of emissions. One category was dedicated to EVs. Emissions for all other vehicle types in a given emission category represented the average emissions of all vehicles in the category.



The average emissions of vehicles from a given municipal sector were calculated using Equation (5).


  E  F  v e  h  M S     =  ∑ c     n c  × E  F c    n  t o t     



(5)







In this equation, c is the vehicle emission category,   n c   the number of vehicles in this category in the municipal sector,   n  t o t    the total number of vehicles in the municipal sector and   E  F c    the emission factor whose calculation was explained in the previous paragraph.




4.1.3. The Other Factors of Equation (4)


	
The number of people in the vehicle (NP) was not always reported in the OD survey (i.e., if the trip was not made by the respondent), such missing values were replaced by the average value calculated using trips for which the number of passengers was given. This assumes that the number of people in cars does not vary spatially, and that the time and purpose of the trip do not have any influence on it. Studying the link between these factors and the number of people in cars would have made the calculation more precise.



	
The household expansion factor (  f  e x  p  O D     ) was taken from the OD survey results.



	
The factor   f  e x  p  a n n u      used to annualize the results was set to 335 for all trips. This value was chosen following research on how to annualize the values from an OD survey in Montreal [39] and was calculated using trip data by the ministry of transport in this region. This factor can obviously be questioned, even if it has already been used in another study. In fact, annualized OD survey results are risky, because such surveys only register trips made during weekdays for one. Other values have already been used in previous work: 290 was used by Morency et al. [40] and was calculated according to counts in public transport. This value focuses on public transport, and only takes into account weekdays. The value of 250 accounts for the number of working days in a year, and was used by Jeanjacquot [41].






It can be further noted that the time of the trips was not taken into account. This implies that vehicles emit as much during peak hours than during the other times of the day. Taking time of day into account would therefore increase precision. Tradeoffs between precision and feasibility are required in all such studies.





4.2. Definition of the Emission Level That Needs to Be Reached


The objective of this article is to determine how many CVs need to be replaced by EVs in order to reduce Quebec emissions by 37.5% compared to 1990 levels by 2030. Thus, Montreal’s personal vehicle fleet GHG emissions in 1990 need to be estimated.



A different approach was necessary to calculate the Montreal private vehicle fleet emissions for the year 1990. Data was only available about the emissions of cars for the whole province in 1990 [1], along with the population of the Montreal census metropolitan area [34] and the total population of the province [35]. Comparable data was also available for the year 2018.



In order to come up with comparable emissions between 1990 and 2018, the following approach was used. The difference in emissions per person between Montrealers and the rest of the province has been assumed to remain constant over time. This was the most appropriate approach given the available data, and knowing that previous research found that people in more densely-populated areas drive less and emit less than others [23,24].


    E  m y    P  m y    = α ×   E  q y  − E  m y    P  q y  − P  m y     



(6)







In Equation (6), the emissions (E) of Montreal (m) over its population (P) for a given year (y) equals a constant ( α ) times the emissions of the rest of the province (the difference between the emissions of the province of Quebec (q) and the emissions of Montreal (m)) over the population. With this equation,  α  could be calculated using 2018 values for the province’s and Montreal’s population, as well as emissions for the province. Montreal’s 2018 emissions come from the results of the first step of this research described in Section 4.1.



From Equation (6), CO   2   emissions of the personal vehicle fleet in Montreal in 1990 were approximated by Equation (7).


  E  m 1990  =   α × E  q 1990  × P  m 1990     ( P  q 1990  − P  m 1990  )  + α × P  m 1990     



(7)







This method assumes that Montrealers’ emissions varied at the same rate as the emissions by other people of the province. Further, socio-demographics were not analyzed. Taking this into account could have modified the results.



After 1990 levels were estimated, the 2030 CO   2   emission objective was set to 37.5% of this value.




4.3. Creation of the Business As Usual Baseline until 2030


Before calculating the number of vehicles that need to be replaced in order for the provincial GHG emission target to be reached, the composition and size of the 2030 private vehicle fleet for each municipal sector needed to be created assuming that business as usual trends were followed. Previous studies have tried to forecast vehicle ownership, for example with discrete choice models [42]. The article by Lansley et al. [43] focused on the type of vehicle used by households, at a fine geographical scale. Since this study focused on vehicle type and distances travelled on the municipal sector level, population forecasts by Quebec’s provincial statistics institute (the ISQ) [36] were first used to predict the population of the entire area covered by the OD survey in 2030.



Two methods were then applied to estimate how many vehicles would make up the fleet in 2030. The first was a naive solution: multiply the number of all vehicles of each category of each municipal sector by the rate of population increase. In other words, this method assumes that all new vehicles from 2018 to 2030 will be sorted in to the 10 emission categories according to the 2018 distribution. This is a very strong assumption as it involves an increase in the number of the most emitting vehicle categories even though these categories are largely made up of old vehicles, which will be retired by 2030. However, the method is quick and easy to implement. This method is illustrated in Figure 2.



For the second method, population predictions for 2030 from the reference scenario values from the ISQ [36] were first used. Then, vehicle ownership was estimated using these predictions and both vehicle [32] and population [11] data from 2011 to 2018. Next, the proportions of the 10 vehicle categories were estimated with the same method. Linear regressions were used to predict the 2030 values. Finally vehicles were allocated to municipal sectors according to their 2018 ratios. This method is illustrated in Figure 3.



The linear regression for vehicle ownership only takes into account the number of vehicles per person per year. Similarly, vehicle category regressions take into account the percentage of vehicles of each emission category per year to predict the 2030 values. Equation (8) was used for these regressions and Table 3 shows all the regressed parameters.


   V  y e a r   = A ∗ y e a r + B  



(8)







In Equation (8), V is either the number of vehicles per person, or the percentage of vehicles in a given emission category (depending on whether we look at car ownership or the size of the different emission categories in the fleet). A and B are the regressed parameters.



For the emission category regressions, only the years 2015 and higher were taken into account because the trend changed significantly after this year for emission categories 2 and 3. To improve the estimation, further factors that influence vehicle emissions such as socio-demographics could be used. Whelan et al. [42] used a discrete choice model with parameters such as household income, employment, license holding, car purchase and use costs to forecast future vehicle ownership. The method used in the current study is much simpler but it can at least give some insight on the future evolution of the 10 emission categories.



An estimation of veh.km travelled (VKMT) in 2030 is needed to estimate the emissions linked to this situation. Kilometers travelled per vehicle within a given municipal sector were assumed to remain constant from 2018 to 2030. This was felt to be reasonable as vehicle kilometers travelled seem to have been relatively stable in Canada for the past two decades according to Shenstone et al. [44]. As the timeline is short (10 years), we then also assumed that individual behaviour will remain relatively stable in the near future. One means to increase accuracy would be studying the evolution of travel behaviour. This would allow for a more refined calculation of the estimated veh.km travelled in 2030.




4.4. Changes in the Fleet


The scenarios allowing CO   2   emissions (Section 4.3) to to meet the reduction target are described in this section. Vehicles in the different categories shown in Table 2 were replaced with electric vehicles (category 0) following rules based on five scenarios. Vehicles were replaced following the rules until the emissions reduction target was met. The rules are as follows:




	
1st scenario (Random): Replace vehicles randomly



	
2nd scenario (Efficient): Replace vehicles that have the highest emissions per km first (i.e., the least efficient motors and the biggest vehicles)



	
3rd scenario (Optimistic): Replace vehicles that emit the most during a year first (both emissions per km and veh.km travelled in municipal sectors are taken into account)



	
4th scenario (Inefficient): Replace vehicles that have the lowest emissions per km first



	
5th scenario (Pessimistic): Replace vehicles that emit the least during a year first








The first scenario, Random, could be interpreted as resulting from electric vehicles purchase incentives without targeting specific vehicles. The second, Efficient, could be interpreted as incentives targeting vehicles which emit the most per km. The third, Optimistic, can be seen as focusing on both the use and efficiency of the vehicle. The second to last, Inefficient, relates to people who already seek out energy-efficient vehicles, replacing their vehicles with EVs. The last one, Pessimistic, is the situation where perhaps environmentally concerned individuals who already own efficient vehicles and do not use them frequently are the people that replace their vehicles.




4.5. Summary of the Main Assumptions


A number of assumption have been made to adapt to data availability and complexity of calculations. Table 4 lists the main assumptions authors needed to make to carry out this study.





5. Results


Montreal’s 2018 personal vehicle fleet emissions and the emission level that needs to be reached will be described first. Then the business as usual scenario for the 2030 fleet will be presented. Finally, the five scenarios on the replacement of CVs with EVs will be presented.



5.1. 2018 Emissions


In 2018 there were 2.3 million vehicles in the OD region of Greater Montreal and their division between emission categories is given in Figure 4.



Category 0 represents electric vehicles, whose emissions are set to 6.9 gCO   2  /km, while category 1 is largely made of hybrid electric vehicles, whose emissions values were averaged at 47.6 gCO   2  /km based on dataset described in Section 3. The other categories contain only conventional vehicles whose emission values vary from 170.2 gCO   2  /km (category 2) to 375.9 gCO   2  /km (category 9).



Figure 5 represents average emissions per veh.km by municipal sector. People in the suburbs generally use vehicles that emit more. However, areas with high average emissions per veh.km can be seen around the center of the island too. This may be due to higher income, previously associated to higher vehicle emissions [24].



Figure 6 shows average km traveled per vehicle and Figure 7 shows CO   2   emitted per vehicle in municipal sectors It can be seen that people from suburban areas use their car more, and given that their vehicles emit more per km, the total emissions per vehicle are the highest in the region. This geographical difference is supported by the conclusions of [22,23,24,26] about the built environment, and especially [26] which pointed out the increase in emissions when households were far from the city center.



Table 5 shows key values concerning CO   2   emissions and distances traveled by Montrealers in 2018. Note that gCO   2  /km is the average emission factor of vehicles by municipal sector. This estimation finds that in total Montreal’s personal vehicle fleet emitted in total 5.52 MtCO   2   in 2018. That represents 2.35 tCO   2   per vehicle and 1.28 tCO   2   per person. It sould be noted that tCO   2   per person only includes people aged 5 years or over, because that age group is not counted in the OD survey.



1990 emissions were estimated to be 3.7 MtCO   2  . That means emissions would have to be lower than 2.31 MtCO   2   in 2030 to achieve provincial objective (reduction of 37.5%). As such, Montreal 2018 emissions estimated here (5.52 million metric tons) would have to be reduced by 58.2%.




5.2. Description of the Business as Usual Baseline for 2030


Before calculating the number of vehicles which need to be replaced in order to reach the emission target, different methods for estimating Montreal’s 2030 fleet were used. Changes include the number of total vehicles in the fleet and the distribution of vehicles among the emission categories. The first method (naive solution) resulted in the same composition of the fleet but with 2.6 million vehicles in total due to population growth. The composition of the fleet using the second method is given in Figure 8. The number of vehicles with this method increased to 2.9 million due to both population and vehicle ownership growth (as combined vehicle ownership and population growth is greater than population growth only). It can be seen in Figure 8 that there would be more vehicles in categories 2 and 3 in 2030 than in 2018 which follows a trend of increasing vehicle efficiency.




5.3. Scenario Results


Table 6 shows the result of all replacement simulations on both 2030 fleets described in the previous paragraph, in terms of the number of vehicles and in the percentage of the total fleet. It can be noted that randomly changing vehicles would require the replacement of nearly two thirds of the fleet by EVs, and only the most optimistic scenario (replacing the highest total CO   2   emitting vehicles first) results in less than half of the fleet being replaced by EVs. It can be seen that the replacement of more than 100,000 vehicles could be avoided by focusing on total emissions rather than just on emissions per km. Finally, the difference in the number of vehicles changed between the best and the worst scenarios reaches 687,000 vehicles (23% of total vehicles). It can also be seen that the results do not vary much (<4%) between methods used to estimate the composition of the fleet.



Note on Electricity Supply


In the hypothetical fleet used for the scenarios described in the previous section, around 40,000 vehicles were electric, while there were only 7870 EVs in 2018. The scenario requiring the replacement of the largest number of vehicles (replacing lowest total CO   2   emitting vehicles first) forecasts requiring 2 million new EVs in 2030, added to the 40,000 already in the fleet. Naturally, the number of vehicles provides an estimate of overall electricity that would be required to power the vehicles in 2030. In addition to demand, its useful to compare such demand with the amount of electricity potentially available in the province in 2030.



The two million vehicles of the pessimistic replacement scenario, traveling the average distance calculated in this research (33 km/day equivalent to 11,000 km/year), and consuming 20 kWh per 100 km, would consume 4.4 TWh a year. This is equivalent to the electricity consumption of 237,600 households (using the equivalence from [46]). This same report states that current electricity production capacity exceeds the provincial needs by more than 40 TWh. As such, it is amply sufficient to provide electricity for a 2030 fleet that could meet provincial personal vehicle emission targets. However, further analysis may want to predict the impact on electricity demand during peak hour to recharge the batteries.





5.4. Sensitivity Analyses


Sensitivity analyses were carried out regarding two factors in this study: the factor used to annualize the OD data (  f  e x  p  a n n u      in Equation (4)) and the emissions values for EVs (mentionned in Table 1).



Table 7 shows how the results would vary for three different annualization factors: 335 (used in this study), 290 (used by [40]) and 250 (used by [41]).



Results show that annual emissions are proportional to the chosen factor. This can be proven using Equation (4). It can be further noted that when the emission factor decreases, the number of CVs that need to be replaced by EVs to reach provincial objective increases. However, the variation in the number of vehicles to be replaced is much lower than the variation in the emission factor value.



Table 8 shows result variations for three different possible EV electricity consumption values: 20 kWh/100 km (6.9 gCO   2  /km in the province of Quebec) accounts for the Tesla model S and was the value used in this study, 30 kWh/100 km (10.35 gCO   2  /km) accounts for the Jaguar i-Pace and 15 kWh/100km (5.175 gCO   2  /km) accounts for the Hyundai IONIQ.



Results first show that the EV electricity consumption value has a negligible impact on 2018 emissions because only 0.3% of the Montreal’s fleet was electric in 2018. As it could be expected, when EV emission value increases, more CVs need to be replaced in order to reach a given GHG emission threshold because the emission difference between vehicles is lower. However, variations in emissions are low compared to variations in EV emissions.





6. Discussion


6.1. Intermediate Results


This study first showed that instead of decreasing, overall CO   2   emissions of the Montreal fleet increased by 49% from 1990 to 2018. The 2018 Montreal fleet is also characterized by a low number of low-emission vehicles. In fact, vehicles from category 0 and 1 account for only 1.7% of the current fleet.



Results at the municipal sector scale show that people from suburban areas not only travel more than others, but also have vehicles with higher emissions per km. This result is coherent with the findings of Chen et al. [10]: neighbourhoods with high densities in population and employment own smaller vehicles. Therefore, total emissions vary from around 0.5 tCO   2   per person per year (1.4 kgCO   2   per day) in some municipal sectors on the island of Montreal to more than 3 tCO   2   per person per year (8.5 kgCO   2   per day) in the most emitting suburban areas. However, one must be careful about these results. First sensitivity analyse showed that the 2018 emissions are proportional to the factor chosen to estimate the yearly emissions based on one day’s observed travel (i.e., annualizing the result). Using another value could have reduced total CO   2   emissions by 25%. In addition, real-world emissions can be very different from the values contained in the Natural Resources Canada dataset due to driving speeds or temperature for example. This fact can cause the final Montreal’s 2018 emissions to have been underestimated. Despite that, results by [23,24] suggest the final results of this paper are coherent. Emissions per person are a bit higher than the values calculated by [23] for Osaka, which vary from 0.12 tCO   2   per person per year in “older single households” living in highly commercial areas to 1.13 tCO   2   per person per year in “all adult households” living in rural areas. On the contrary, they are lower than the values calculated by [24] for Quebec, which vary from 4.3 kgCO   2   per person per day in the city center to 9.7 kgCO   2   per person per day in peripheral areas. The fact that it falls between a less car-centric urban area (Osaka) and a more car-centric urban area (Quebec City), the results seem reasonable.



Differences in average vehicle emissions per km between municipal sectors are minimal. This might be due to the aggregation level. A more disaggregated study would be more precise and would better find areas where emission reduction solutions should be focused. Such an approach was not possible in this study because the population was sampled at the municipal sector level for the OD survey. Therefore data was not reliable if studied at the dissemination area level.



According to the results, vehicles studied in this paper travelled around 11,000 km in 2018. It is a bit less than the value from the 2007 annual Canadian vehicle survey [47]. That survey estimated that the average Canadian vehicle travelled 15,797 km per year. At this date this was the lowest annual value. It is possible that the value calculated in this study is lower because it focuses on an urban area with some of the highest public transport use in Canada [48]. Unfortunately, average distances are not estimated by that earlier study [47] since 2009.



Between the two methods used to estimate the 2030 fleet, the composition of the 2030 fleet is quite different. Following the trends from previous years would result in a clustering of vehicles in categories 2 and 3 whose emissions per km vary from 108 gCO   2  /km to 200 gCO   2  /km. There would also be more vehicles in category 0 and 1 which emit the least. Despite these differences, the numbers and proportions of vehicles to be changed in the first fleet (naive method) are not so far from the second. In fact, the fleet resulting from vehicle replacement is really different from the initial 2030 fleet for both methods: 50% of vehicles have to be replaced with the most optimistic scenario. Therefore the composition of the fleet one works on does not seem to be that important. If the emission threshold was not this low, differences in results between the two methods would have been probably more visible. Therefore, it might not be so unrealistic to approximate the 2030 fleet by assuming the distribution of vehicles in emission categories is the same in 2030 than in 2018 in this study, as it was done with the naive method. Thus, despite the relatively small differences between the two methods, we would recommend the more detailed method.




6.2. Number of Vehicles That Need to Be Replaced


In this study, following the estimation of vehicle emissions in 1990 and 2018, a reduction of 58.2% by 2030 from the 2018 is necessary. It is almost the same objective as a previous study for Europe [14], whose objective is to decrease emissions by 60%.



The five replacement scenarios results are very different, but first, it can be noted that at least half of the fleet should be replaced by EVs to reach provincial objectives. Even if Quebec’s electricity production emit a low amount of CO   2  , the effort required is far from being negligible. Results by Logan et al. in the UK [20] describe a higher EV share in the fleet: even with the 100% EVs scenario, national objectives may not be met, depending on the future energy mix. Höltl et al. [14], using a backcasting approach to investigate the potential of behaviour change, EV share and energy mix to decrease emissions by 60% from 1990 levels, showed that without acting on energy mix or travel behaviour (the assumptions that were made in this Montreal case), 97% of the fleet would need to be electric in Europe in 2050. In Montreal where the carbon content of electricity is already quite low, even the most pessimistic scenario would lead to the replacement of 75.7% of the fleet by EVs in 2030. This confirms that the Montreal case can be seen as a reference scenario as it already has an optimal energy mix.



The gap in the number of vehicles that have to be replaced by electric ones between the best and the worst scenario is high too. It means the impacts of two distinct policy choices could have significantly different repercussions: the pessimistic scenario would lead to the replacement of 49% more vehicles than the optimistic scenario.



Overall the results suggest that a targeted vehicle replacements policy rather than just supporting EV sales seems more important than the choice of the method used to replace vehicles itself.



Results are quite robust regarding annualization factor and EV emission value used. The first sensitivity analyse showed that the factor chosen to annualize the results has a much lower impact on the number of vehicles that need to be replaced to reach the provincial objective than on 2018 emissions. The other sensitivity analyse suggests that the type of vehicle chosen has not much importance on total CO   2   emissions either, as long as it is an EV, but it must not be forgotten that the study carried out in this paper only focuses on tailpipe emissions, and does not take into account the whole life cycle like articles [13,18].



Finally, the fact that vehicles CO   2   emissions per km values come from laboratory-based test results could have an impact on the number of vehicles that need to be changed but the results of the second sensitivity analysis suggest that this assumption would not have a significant influence on the number of vehicles that would need to be replaced. In addition, results showed that the method chosen to estimate the composition of the 2030 fleet has a great impact on the dominant vehicle categories in the fleet. However, the percentage of vehicles that need to be changed from the two different 2030 fleets are not very different. This other point also suggests that the precision level on the initial fleet CO   2   emissions has not much influence on the final results.



However, it must not be forgotten that the geographical area studied and the time can influence the results through carbon intensity of power generation. For example, if the study was carried out in Ontario in 2008, electric vehicles would have indirectly emitted almost 6 times more CO   2   than in this study as the carbon intensity was roughly 6 times larger [4,6]. If it was carried out in the United States of America, EVs would have indirectly emitted 12 times more (electricity carbon intensity is around 417 gCO   2  /kWh in the US [7]). The scenarios results may be very different if they were carried out in these areas. For example, even with replacing all CVs by EVs with the same energy mix as USA, provincial objectives would not be met.



The values obtained via this simulation can be compared to other forecasts. The first is the electric vehicle association of Quebec’s (AVEQ) 2026 objective [49]. By 2026, they would like 600 thousand vehicles to be on the roads of the province. The second is the government objective [50]: 1.5 million electric vehicles by 2030. The last one is the Hydro-Quebec estimate taken from their report [46]. That report stated that 11% of the fleet in 2029 might be electric, which would require an additional energy supply of 2.3 TWh [46]. It can be seen that the 1.5 million vehicles objective for the whole province is just enough to reach the emission reduction target just for Montreal following the optimistic scenario (1.395 million vehicles replaced). As Montreal represents only 49.1% of the provincial vehicle fleet according to the SAAQ database, it suggests that this would be insufficient without significant changes in travel behavior. It can be concluded that the provincial objective regarding the number of vehicles to be replaced should at least be coupled with other strategies to reduce veh.km travelled or to change the modal share in the province, to reach the emission reduction objective for the whole province. Results for the different scenarios show that at least 50% of the Montreal’s fleet would need to be replaced by EVs to reach emission goals. That value is much higher than the 11% estimate by Hydro-Quebec. The results of this study suggest that the previous estimates were not ambitious enough.





7. Conclusions


This paper explored the possible evolution of CO   2   emissions by personal vehicles in Montreal by focusing on electric vehicle ownership. Current emissions have been estimated at 5.52 MtCO   2   in 2018 which represents a growth from an estimated 3.7 MtCO   2   in 1990. To reach the 37.5% decrease from 1990 levels by 2030, the Montreal’s personal vehicle fleet has to reduce its 2018 transport emissions by 58.2%. The 2018 fleet included only 1.7% of low emission vehicles, and in this fleet, the largest GHG emitters are located in the suburban areas of the Montreal region.



A number of policy-relevant points have been highlighted here: (a) considerable changes to the fleet would need to occur in a very short time; (b) a general incentive that would result in random replacement would require over 60% of the fleet to be replaced; (c) if the most polluting vehicles were targeted, just over half of all vehicles would need to be replaced; (d) if vehicles that are both inefficient and high use were replaced, just under 50% of vehicles would need to be replaced; on the other hand, (e) individuals in central areas are more likely to have smaller, more efficient vehicles and typically drive them less, and following this trend two-thirds to three-quarters of all vehicles would need to be replaced. However, despite the difference between the results of the five scenarios, it can be concluded that changing only the number of vehicles planned by the government or Hydro-Quebec will not be enough to reach the emission reduction objective, if replacing CVs by EVs is the only reduction strategy.



Provincial and federal governments can benefit from this policy-relevant work as they will be better informed about policy approaches to reduce emissions from transport. As seen at COP26 [51], the promotion of EVs as a solution was common, but the extent to which the vehicle fleet must change is not really known, and as it is shown there is considerable variation depending on use. This case can then be seen as a reference case given that Quebec’s CO   2   emissions by electricity production are very low.



This model can be also be applied to another urban context where similar data is available.



This research focused on one parameter to reduce emissions: the number of electric vehicles in the fleet. Changing the km travelled per vehicle or the mode used would have influenced the results. However, the purpose of this analysis was to demonstrate the extent to which changes would be required in the fleet over a short period in order to meet reduction targets if a “business-as-usual” approach were taken towards car ownership and use.



The results of this study could be improved if simplifying assumptions of this study were replaced with more sophisticated models. This could be the next step for this topic in a number of ways in future studies. For example, more research could be done on vehicle occupancy for trips where a value was not given, on the factor used to annualize CO   2   emissions, and on the evolution of travel behaviour over the years and across all age groups of the population. Some recent trends suggest that people may not be buying vehicles at the same rates [52], though it could be that vehicle purchase is simply delayed [53]. Urban sprawl and socio-demographic analysis that would have helped us better understanding travel behaviour could be taken into account in a future study.



The results could also be improved if the research was carried out at a more disaggregated scale, and if a survey gathered more detailed information on the type of vehicle owned. The enlargement of the area of study to the whole province could also provide more interesting data, but emissions would be probably more difficult to estimate. Finally, a life cycle assessment approach would enable a better overall insight on the overall climate impacts. The analysis carried out by [54] illustrates this idea: the report shows that around 90% of total GHG emissions of an EV in the province of Quebec is due to the construction process, which was not taken into account in this study. As emissions are a global issue, this is an important point to consider. In the current study, only point of origin (i.e., tailpipe) emissions are considered as this directly relates to how emissions are associated to regions.
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Figure 1. Distribution of emission values for the province’s fleet. 
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Figure 2. Creation of the hypothetical 2030 fleet with the naive method. 
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Figure 3. Creation of the hypothetical 2030 fleet with the complex method. 
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Figure 4. Vehicle emission categories in the 2018 Montreal fleet. 
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Figure 5. Average CO   2   emissions (grams, g) per veh.km in Greater Montreal in 2018. 
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Figure 6. Kilometers per vehicle per day (km/veh/day) traveled in Greater Montreal in 2018. 
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Figure 7. Tonnes of CO   2   emissions per vehicle per year. 
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Figure 8. Estimated fleet composition according to vehicle emission category in Montreal in 2030. 
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Table 1. Emission values and number of vehicles for the 10 emission categories.
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	Emission Category
	Emissions (gCO    2   /km)
	Number of Vehicles





	0
	6.9
	12,576



	1
	47.6
	55,843



	2
	170.2
	895,852



	3
	190.8
	1,036,725



	4
	210.5
	691,539



	5
	234.5
	693,929



	6
	263.3
	618,897



	7
	291.6
	428,870



	8
	331.2
	248,867



	9
	375.9
	96,092
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Table 2. Overview of the data obtained from the provincial licensing authority.
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	Emission Category
	Montreal: City Center
	Montreal: Peripheral City Center
	Montreal: Southwest





	0
	34 (0.5%)
	66 (0.4%)
	53 (0.2%)



	1
	175 (2.9%)
	347 (2.3%)
	327 (1.4%)



	2
	863 (14.1%)
	2317 (15.8%)
	4509 (19.0%)



	3
	1169 (19.1%)
	2881 (19.6%)
	5418 (22.8%)



	4
	1112 (18.2%)
	2600 (17.7%)
	3880 (16.3%)



	5
	1180 (19.3%)
	2608 (17.8%)
	3811 (16.0%)



	6
	807 (13.2%)
	1941 (13.2%)
	2954 (12.4%)



	7
	517 (8.4%)
	1276 (8.7%)
	1859 (7.8%)



	8
	160 (2.6%)
	425 (2.9%)
	683 (2.8%)



	9
	95 (1.5%)
	186 (1.2%)
	252 (1.0%)
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Table 3. Regressed parameters.
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	Regression
	A
	B
	R    2   





	Vehicle Ownership
	0.00361
	−6.769
	0.915



	Emission category 0
	0.000859
	−1.730
	0.881



	Emission category 1
	0.00310
	−6.257
	0.962



	Emission category 2
	0.00965
	−19.296
	0.974



	Emission category 3
	0.00638
	−12.651
	0.984



	Emission category 4
	−0.00317
	6.555
	0.895



	Emission category 5
	−0.00306
	6.332
	0.992



	Emission category 6
	−0.00446
	9.130
	0.995



	Emission category 7
	−0.00531
	10.814
	0.996



	Emission category 8
	−0.00251
	5.103
	0.996



	Emission category 9
	−0.00147
	2.998
	0.999
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Table 4. Main factors, their assumptions, and justifications.
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	Factor
	Assumption/Value Chosen
	Justification





	2018 emissions
	
	



	Vehicle emissions in municipal sector
	average value for
	Vehicle type is found to vary



	
	each municipal sector
	by built environment [10,28,45]



	Annualization factor
	335
	[39]



	1990 emissions
	
	



	difference in emissions per person between
	
	



	Montrealers and the rest of the province
	no change over time
	[23,24]



	business as usual baseline
	
	



	Population rate of increase
	1.1025
	calculated using population



	
	
	predictions by [36] for this area



	Vehicle ownership (naive method)
	no change over time
	naive method



	Vehicle ownership (complex method)
	linear regression
	following annual current trends



	Distribution of vehicles in emission categories
	
	



	(naive method)
	no change over time
	naive method



	Distribution of vehicles in emission categories
	
	



	(complex method)
	linear regressions
	following annual current trends



	yearly km travelled by vehicle
	no change over time
	[44]
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Table 5. Overview of results per municipal sector.
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	gCO    2   /km
	km/pers/day
	km/veh/day





	mean
	220.4
	20.1
	33.0



	std
	6.4
	8.5
	8.4



	min
	212.5
	6.6
	16.2



	25%
	216.8
	13.3
	26.3



	50%
	219.2
	20.2
	3201



	75%
	222.7
	25.5
	3800



	max
	265.1
	44.2
	59.1



	
	tCO   2  /pers/year
	tCO   2  /veh/year
	tCO   2  /MS/year



	mean
	1.5
	2.4
	48,882.6



	std
	0.7
	0.7
	30,813.9



	min
	0.5
	1.4
	2742.3



	25%
	1
	1.9
	25,604.7



	50%
	1.5
	2.4
	45,038.9



	75%
	1.9
	2.8
	67,982.9



	max
	3.4
	4.5
	155,356.8
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Table 6. Number of vehicles which need to be replaced in order to reach the emission target.
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	Million Vehicles Changed
	Percentage of the 2030 Montreal Fleet





	S1: random
	1.762
	61.5%



	
	naive: 1.652
	naive: 63.8%



	S2: efficient
	1.531
	53.5%



	
	naive: 1.417
	naive: 54.7%



	S3: optimistic
	1.395
	48.8%



	
	naive: 1.315
	naive: 50.8%



	S4: inefficient
	1.972
	68.9%



	
	naive: 1.879
	naive: 72.6%



	S5: pessimistic
	2.082
	72.7%



	
	naive: 1.960
	naive: 75.7%
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Table 7. Sensitivity of the results to the annualization factor.






Table 7. Sensitivity of the results to the annualization factor.











	Annualization Factor Used
	335
	290
	250





	Variation
	
	−13%
	−25%



	Emissions in Montreal in 2018 (in million metric tons)
	5.5
	4.7
	4.1



	Variation
	
	−13%
	−25%



	Proportion of vehicles replaced randomly
	61.5%
	61.9%
	62.2%



	Variation
	
	+0.7%
	+1.1%



	Proportion of vehicles replaced with the optimistic scenario
	48.8%
	49.2%
	49.5%



	Variation
	
	+0.8%
	+1.4%
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Table 8. Sensitivity of the results to the emission value for EVs.
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	EV Electricity Usage (kWh/100 km)
	20
	30
	15





	Emission value for EVs (in gCO   2  /km)
	6.9
	10.35
	5.175



	Variation
	
	+50%
	−25%



	missions in Montreal in 2018 (in million metric tons)
	5.5
	5.5
	5.5



	Variation
	
	+0%
	+0%



	Proportion of vehicles replaced randomly
	61.5%
	62.8%
	61.0%



	Variation
	
	+2.1%
	−0.8%



	Proportion of vehicles replaced with the optimistic scenario
	48.8%
	49.9%
	48.3%



	Variation
	
	+2.3%
	−1.0%
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