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Abstract

:

This study explores the long-term energy use implications of electrification, automation and sharing of road vehicles in British Columbia, Canada. Energy use is first analyzed for the years 1990–2016 for forward forecasting, and hypothetical scenarios ranging from conservative to disruptive, incorporating various effects of road vehicle electrification, sharing and automation, as well as influences of other technology disruptions, such as online shopping and e-learning are presented and used to project the road transportation energy use in B.C. to 2060. Transportation energy use projections are compared to those of the Canadian Energy Regulator (CER). When considering only the effect of vehicle electrification, the scenarios show higher energy savings compared to CER’s scenarios. The combined impact of vehicle electrification and automation leads to decreased energy use to 2060 for all scenarios considered. The energy savings for all scenarios, except for the conservative one, are higher than CER’s projections. When the effects of vehicle electrification, automation and sharing are merged, all scenarios yield energy savings beyond the CER projections. Inclusion of other technology disruptions and the effects of pandemics like COVID-19 reduce transportation demand and provide further energy savings. The BAU scenario given in this study shows energy use decreases compared to 2016 of 26.3%, 49%, 62.24%, 72.1% for the years 2030, 2040, 2050, and 2060 respectively.
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1. Introduction


A host of auto, AI, and internet companies are pursuing the development and demonstration of autonomous vehicles (AV’s) with the anticipations that they and the supporting infrastructure will become sufficiently reliable and affordable and eventually displace most manually driven cars. Automated vehicles (AV’s) perform driving tasks without the control of a human operator, depending on their autonomy level. The Society of Automotive Engineers (SAE) defines 6 levels of vehicle automation from “0 = no automation” to “5 = full autonomy” to categorize automated vehicles [1]. Connected vehicles (CV’s) can communicate with other vehicles in traffic (V2V, vehicle to vehicle communication), with surrounding infrastructure (V2I, vehicle to infrastructure communication) and with clouds and computer server systems (V2C). This information sharing (IoV, Internet of Vehicles) has the aim of providing important benefits in terms of finding optimal driving conditions, patterns, and routes. Shared vehicles (SV’s) enable new transportation modes, aiming to reduce vehicle ownership rates and cost of vehicle kms travelled. Electrified powertrains of battery electric vehicles (BEV), plug-in hybrid electric vehicles (P-HEV’s), and (plug-in) fuel-cell electric vehicles (P-FCEV’s) make it possible to use renewable energy and thus reduce greenhouse gas (GHG) emissions.



Shared automated vehicles (SAV’s) are expected to have positive impacts in various areas. The most evident ones include: improved road safety (less collisions); less congestion (tighter-packed vehicle operation); better economy (mainly due to less collisions); increased productivity (the ability to work in vehicles and less time spent in traffic); greater accessibility to mobility (for younger people, seniors and people with special needs) [2]; equitable land use (optimal traffic management, automated highway systems [AHS], platooning, less parking spaces); lower cost of mobility; fewer barriers for public transit use (especially first and last mile barriers), and better fuel economy (finding optimal strategies for driving and powertrain operation, and route planning) [3,4,5,6].



The deployment of road vehicle automation also poses a number of challenges including: complexities in implementing supporting policy (e.g., testing on public roads, policy for insurance and liability and updating of traffic laws); uncertainties around public acceptance and adoption of these vehicles (in relation to demography and geography); alterations in the job market (mainly for professional drivers); likely decrease in governmental revenue (fees, taxes, traffic fines); increase in governmental expenses (infrastructure and services); data privacy and security of users; increased risks of cyber-attacks; enormous data storage requirements and social inequity based on allocation of resources (special parking lots, lanes or areas for (S)AV’s) [3,4,5,6].



Some factors are expected to contribute to lower energy use and GHG emissions, e.g., reduced congestion, reduced collisions, optimal traffic management, platooning, optimal driving strategies, and route planning. The environmental benefits of AV’s may be leveraged further with sharing (SAV’s) and with electrification (SAEV’s) if the electricity is obtained through low-carbon sources. Road vehicle GHG emissions are expected to decrease, mainly due to the replacement of owned (conventional) vehicles, with a smaller number of automated, shared, and electrified vehicles.



However, other factors arising from this mobility transition may lead to an increase in GHG emissions. Higher vehicle km’s travelled (a result of easier and more accessible mobility), higher average speeds (a result of optimized traffic flow), and wider use of mobility in general (a result of lower costs per km) would yield higher GHG emissions. Energy use and GHG emissions may also increase because of the unoccupied SAV’s returning home or to parking locations, driving to refueling/recharging locations, looking for parking places, or on the way to pick up new passengers.



AV’s or SAV’s will also impact urban sprawl (because of easier commuting), urban densification (because of no/less garages and no/fewer parking lots needed), highway engineering (because of significant physical infrastructure modifications like narrower lanes), off-road vehicle applications such as agricultural vehicles, mining vehicles or construction machines, and mobility on public or private land by using automated shuttles and campus commuters [7]. This study assumes that sprawl and densification will balance each other to 2060.



In May 2018, the province British Columbia (B.C.) of Canada updated emissions reduction targets and set goals with respect to 2007. The province is now committed to reductions of 40% by 2030, 60% by 2040, and 80% by 2050 [8]. Total GHG emissions in B.C. were 63.6 Mt CO2e in 2007 and 62.3 Mt CO2e in 2016 [9]. In 2016, transportation constituted 40% of the overall GHG emissions at 24.89 Mt CO2e. Road transportation emissions were 17.3 Mt CO2e, including all light-duty, medium-duty, and heavy-duty vehicles, motorcycles, propane, and natural gas vehicles. This amount corresponds to 27.8% of B.C.’s CO2e emissions.



This study conducts an analysis of the impacts of road vehicle automation, sharing and electrification on energy use, with a focus on B.C. Canada. Hypothetical scenarios regarding the transformation of B.C.’s road vehicle-based mobility for the years 2020 to 2060 are investigated. The paper starts with a literature review and continues with an analysis of B.C.’s road transportation statistics for 1990–2016. As in most other jurisdictions, road vehicle transportation in B.C. was almost completely dominated by internal combustion engine (ICE) vehicles in this period. The section on B.C.’s road vehicle energy use and GHG emission statistics is followed by the hypothetical scenarios assessing the energy-use impacts of vehicle sharing, automation, and electrification for the coming decades. Insights into SAEV’s energy use, as well as their implications for B.C. are presented in the discussion and conclusion.



In terms of energy use and GHG emissions, Miller et al. [10] note that although an overall increase in GHG emissions arising from all transportation operations is not unlikely, individual GHG emissions of functional SAVs can be reduced for passenger-km’s. In [11], the authors indicate that each SAV can replace 11 conventional vehicles, which adds up to 10% more travel distance than comparable non-SAV trips, so an overall beneficial emission impact is to be expected. According to Stephens et al. [12], the effects of SAV’s may lead to significant variation in expected energy use, ranging from a 60% reduction to an increase of up to 300% depending on various assumptions for the replacement of nearly all light duty passenger vehicles in the United States. Wadud et al. [4] also give results in both directions for energy use in the US depending on how real-world adoption evolves; a decrease by a factor of 0.5 or an increase by a factor of 2.0 is found. Delucchi et al. [13] analyze battery-electric, hybrid-electric, and fuel-cell vehicles in terms of technology, infrastructure requirements, GHG emissions, petroleum use, material use, lifetime cost, consumer acceptance, and policy initiatives. The authors conclude that the new electric vehicle era will reduce GHG emissions for most of the cases studied. The electrification of transportation accelerates the integration of renewable energy sources onto the electrical grid. In this study, we focus on travel-based energy use implications of vehicle automation and sharing as in [4], since lifecycle impacts of vehicle automation and sharing are expected to be smaller in magnitude.



B.C. announced a Zero Emission Vehicles Act (ZEVA) in 2019 [14] mandating all new light-duty cars and light-duty trucks sold in the province to be ZEV by 2040. A phased-in approach will be taken to reach this target: 10% of new light-duty vehicle sales by 2025, 30% by 2030, and 100% by 2040.



Numerous papers and reports have investigated the VMT (vehicle miles or km’s travelled) per individual vehicle or in total. Vehicle automation is expected to increase VMT, especially in connection with underserved populations; seniors, people with medical restrictions, and younger people with no driver’s license [2]. A comprehensive survey is presented in [15] showing a clear tendency for an increase of VMT for longer distance travels, but the AV energy use implications for driving for the purposes of commuting, recreation, and errands are unclear. Miller et al. [10] also report that long distance overnight travels by car instead of trains or planes can increase the passenger-mile emissions in the coming SAV-Era.



Bosch et al. [16] analyze the costs for autonomous mobility services and show that shared automated mobility will not be the only solution for mobility needs. They state that privately owned automated cars should also be highlighted, considering their flexibility as mobility robots. Bauer et al. [17] state that the cost per mile of a SAEV taxi fleet in Manhattan, New York is lower than a conventional taxi fleet, with savings on energy use and GHG emissions.



Concerning driving strategy optimization and widely adopted platooning, Wadud et al. [4] estimated an energy intensity reduction between 3% and 25% for light duty vehicles. The authors [4] calculated a reduction of 10–25% in energy intensity for freight trucks and concluded that a wide application of eco-driving practices, e.g., road networks with automated vehicles, might deliver little system-wide benefit. Similarly, Garci-Castro et al. [18] noted that if smoother accelerations/decelerations and longer headways are practiced on high traffic demand areas using SAV’s, emissions will rise, because of increased congestion and lower capacity. In terms of emissions, the effects of eco-driving are positive in low or medium demand areas with increasing number of eco-drivers. On the other hand, Stern et al. [19] performed a field test with automated vehicles and concluded that even less than a 5% share of automated vehicles in a traffic flow can dampen and support the flow of traffic. This finding may help transport authorities in managing traffic in critical passages before most vehicles in traffic are automated.



Another important factor is the occupancy rate of vehicles. The average occupancy of light-duty vehicles in the U.S. was 1.67 in 2017 [20]. If the era of SAV’s can bring about the optimum occupancy rates in trips, there is a high potential for saving energy, depending on vehicle size and mass. Wadud et al. [4] presented some hypothetical scenarios with optimized occupancy traffic for the U.S. The assumptions quantify fuel consumption savings of up to 45% in an optimistic scenario, especially when supported with car sharing [4].



Automated vehicles are accommodated in 33 states of the U.S. on public roads [21]. Research and development in the field of automated vehicles is being undertaken mainly in the US, UK, Canada, Sweden, Germany, France, China, South Korea, and Netherlands. New Zealand has legislation stating that it is not required for vehicles to have drivers [21].



Conventional mobility is evolving towards a concept that provides mobility as a service (MaaS). The vehicles used within this new framework will gradually have higher levels of automation and electrification. Walker et al. [22] state that global auto makers are ready for their first AV products on a timeline between 2017–2021 (Tesla in 2017; Toyota, Honda, Renault/Nissan, Hyundai and Daimler in 2020; Ford, Volvo, Fiat/Chrysler and BMW in 2021). An IEEE study [23] proposes that 75% of all heavy-duty vehicles in UK will be fully automated by 2040. Greenblatt et al. [24] predict that automated vehicles will be an emerging phenomenon in 2020, an accepted technology in 2030, and the dominant personal transportation medium by 2050. The adoption scheme of SAEV’s can be one of the primary factors in determining whether the energy use and GHG emissions related with road vehicle transportation in total will rise or fall [10,25].



According to the BP Energy Outlook [26], 3% of motor vehicles in traffic will be shared and human-driven by 2040, 20% shared and automated, and 7% privately owned and automated. Early adopters for SAV’s are expected to be fleets (taxi, bus, and delivery vehicle fleets) and heavy-duty-trucks capable of platooning on the highways. Automation of on-road vehicles can accelerate the adoption of shared mobility services since the need to go to central locations to pick up shared vehicles will diminish. If the vehicles can travel to places where the demand is, this might boost the popularity of on-demand services.



Modeling the realistic energy use and GHG emissions impacts of electric, automated, and shared road vehicle fleets requires methods which must consider the interactions among the users of these disruptive technologies [27]. One such method is agent-based modeling that supports the use of real trip data and road network information [17].



Chen et al. [28] presented a data rich analytical framework for quantifying AV’s fuel consumption impacts for the US. The authors used a dynamic vehicle stock and turnover model, a historical VMT activity database and considered the development of vehicle specific fuel consumption in the investigated time period. They concluded a reduction of 45% and an increase of 30% in the optimistic and pessimistic scenarios, respectively.



Erhardt et al. [29] state that transportation network companies increase traffic congestion and travel times in San Francisco, California. The authors found that in the years 2010 to 2016, vehicle hours of delay (VHD) have increased by 63%. VHD is defined based on the time difference of free traffic flow and congested flow.



There is limited research on the potential of energy use savings in EVs with the help of vehicle connectivity. Qi et al. [30] evaluated a so-called eco-driving system first as a driver assistance system and then as partial automation. They report that there are energy saving potentials of up to 12% and 22% for systems they have implemented, respectively. Vehicle connectivity can leverage the positive effects of vehicle automation and electrification.



There are a few studies in the literature with a focus on B.C.’s energy use in transportation and GHG emissions. Herrera et al. [31] considered a scenario for 2020 simulating projected amounts of BEV’s and FCEVs in the vehicle stock. The electric energy use of these EVs was calculated and the effect on GHG emissions was estimated. Kamiya et al. [32] compared the GHG intensities of the Canadian provinces Alberta, British Columbia, and Ontario forward to the period 2015–2050. The originality of this study is that there are no previous integrated studies on the impacts of SAEV’s on energy use for the unique case of B.C., Canada, given its fleet makeup and energy generation mix and large transportation contribution to overall provincial emissions.




2. Materials and Methods


2.1. Current Road Vehicle Energy Use and GHG Emissions in British Columbia


Figure 1 provides a historical look at road transportation energy use in B.C., Canada, and illustrates the increasing trend in energy use for road transportation, mainly due to freight transportation. Passenger transportation by means of road vehicles shows a slight decrease over time. Data used in this figure has been obtained from Natural Resources Canada (NRC) [33].



Figure 2 depicts the energy use and GHG emissions of cars in B.C., based on NRC data [33]. The data shows an average energy use of 88 kWh per 100 km for cars between 1990–2016. The average energy use (fuel consumption) of cars is seen to be decreasing, similar to [34]. This tendency can be leveraged to a great extent with the adoption of battery electric cars which present common energy consumption values around or below 20 kWh/100 km [35]. The average GHG emissions of cars in B.C. in this time frame is 220 g/km and show a trend to go below 200 g/km in the coming years. The use of renewable electricity in the B.C. grid is highly promising with its low carbon intensity of 10 to 30 tonnes of CO2e per GWh [36]. A simple calculation for 20 kWh/100 km and 30 tonnes of CO2e per GWh yields a GHG emission level of 6 g/km if cars are operated with pure electric powertrains. Figure 2 illustrates also the average daily distance travelled and energy used of B.C. cars.



NRC data is evaluated for cars, buses (school, urban transit, and inter-city buses), and trucks (passenger light trucks, freight light trucks, medium trucks, and heavy trucks) and summarized in Table 1.



Vehicles with electrified powertrains have well-known examples in the market, both in terms of cars and urban transit vehicles. Electric school buses are making their first market introductions, and the first battery-electric passenger light trucks and freight light trucks have been presented to the market in recent months. There are nevertheless still relatively few electric cars on B.C. roads and electric trucks do not exist as commercial products in B.C., other than some small demos. As a result, most electric vehicles classes were almost absent from B.C. transportation statistics until 2016 [33]. The most recently available report on EVs in BC for 2020 saw 9.4% of new light-duty vehicles sales be ZEVs (plug-in, pure battery electric, and hydrogen), with 40,013 BEVs registered in BC out of approximately 3.1 M total registered vehicles [37]. Statistical data on urban transit buses, mainly due to trolley buses in the Vancouver area, is the only data available that shows the share of electric energy use for road transportation.



Vehicle and ride sharing has been introduced to the market with passenger cars. Examples of automated vehicles are also generally passenger cars. BC in particular did not permit ride sharing/hailing until 2019. Vehicle sharing and automation are relatively new technological disruptions for road transportation, and adoption rates are quite small in B.C., hence no data is yet available from the relevant B.C. Government sources for the past years [33].



Figure 3 shows the B.C. motor vehicle stock and car stock per 1000 inhabitants since 1990. The car density has remained nearly constant in the last decades, while the motor vehicle density has increased. B.C.’s population has increased over this period [38] so absolute stocks have grown. Vehicle stocks in 2030, 2040, and beyond are highly uncertain, because of the disruptive effects of vehicle electrification, vehicle sharing, and vehicle automation.



Figure 4 provides an overview of energy use in the last decades and illustrates a tendency towards less road vehicle energy use per inhabitant. This effect in Figure 4 will be considered in this study in terms of Canada Energy Regulator’s (CER) projections for transportation. CER uses assumptions within the published scenarios. The projections of CER use Canadian energy and climate policies, expected crude oil, and natural gas prices, Solar power, onshore wind power, and EV battery price assumptions to make projections up to 2050.



Figure 5 presents a comparison of statistical B.C. road vehicle energy use data with a driving schedule simulation using different vehicle classes. The simulation uses representative vehicle specifications corresponding to vehicle classes in terms of vehicle mass, aerodynamic properties, and tire rolling resistance. The results are presented as specific energy consumption in (kWh/100 km). For cars, passenger light trucks (PLT) and freight light trucks (FLT), EPA UDDS and HWFET driving schedules were used; for school buses (SB), urban transit vehicles (UT), inter-city buses (ICB), medium trucks (MT), and heavy trucks (HT), EPA HDUDDS driving schedule was used for calculations. B.C. statistical energy use data shows good agreement with the driving schedule simulation, especially for certain vehicle classes like PLT, FLT, ICB, and MT. The vehicle data used is given in the appendix (Appendix A).



Figure 6 and Figure 7 illustrate single vehicle annual energy use (MWh) and vehicle fleet annual energy use (TWh) according to B.C. statistics [33]. In the single vehicle energy use approach, the UT, ICB, and HT are the vehicles which consume the maximum amount of energy per year. From the viewpoint of vehicle fleets however, cars, PLT, and MT are heavily represented in the annual energy use budget.



Wide adoption of SAEV’s will doubtlessly change the energy use and GHG emissions of transportation. The existing literature shows both decreasing and increasing tendencies, frequently even within the same publication because of the uncertainties involved. The cumulative impact of the scenarios applied in this study show decreasing tendencies for energy use, if vehicle automation and sharing is adopted in parallel to vehicle powertrain electrification using renewable energy sources. About 90% of B.C. grid electricity is generated from renewable sources which is a strong motivator for powertrain electrification [39]. The tables below show our modelled assumed future year % changes across the four scenarios considered in 10-year increments in the later part of this paper.



2.1.1. Factors Decreasing Road Transportation Energy Use


Table 2, Table 3, Table 4, Table 5 and Table 6 summarize the impacts of vehicle electrification, sharing, and automation, on road transportation energy use. To study these impacts, four hypothetical scenarios for B.C.’s road vehicles, except motorcycles, to the year 2060 are created. The road transportation energy use scenarios represented as percentage changes are given in the tables for four scenarios: conservative scenario (CS), business-as-usual scenario (BAU), leveraging scenario (LS), and disruptive scenario (DS). These estimations, given in brackets, correspond to changes in energy use in the [CS, BAU, LS, and DS] scenarios, and are calculated with respect to the reference year 2016. New technologies, services, and other disruptive events [40] which may reduce or eliminate the need for transportation are summarized in Table 7. The effects incorporated in Table 7 are: flexible working schedules (e.g., off days, work from home days), less attendance to on-site events (e.g., live stream of events like meetings, webinars, conferences, concerts), online shopping, local-manufacturing of goods using 3D printing, and disruptive events like the epidemics implying total or partial lockdowns of communities (e.g., COVID-19).



The factors expected to decrease transportation energy use are reflected using negative signs for the influencing factors in the last column.




2.1.2. Factors Increasing Road Transportation Energy Use


Effects of SAEV on different vehicle user groups are summarized in Table 3. The factors included in this table are expected to boost energy use, so the numbers have a positive sign.




2.1.3. Mixed Effects and Other Uncertainties in Energy Use


There is a large space of domain interactions among these new technologies where most of the studies indicate contradicting results. These are the effects arising from vehicle parking, fueling, and charging, urban sprawl and densification. Table 4 summarizes the effects of vehicle parking, fueling, charging, and deadheading. Urban sprawl and densification are thought to be in balance within this study, leading to a net zero effect on energy-use.




2.1.4. Parameters with No Expected Effects on Energy Use


There are some parameters which are not expected to impact the energy use scenarios in the next decades. Table 8 summarizes these parameters and gives a brief description of their influence on road transportation.



The transition to shared, electric, and automated vehicles will realistically occur on the scale of decades. This study assumes that there will be no obvious and immediate changes in average travel speeds, maximum speeds, vehicle powertrain power levels, vehicle sizes, and weight of passive safety equipment. Vehicle compatibility must be maintained in vehicle traffic, so even if some of these factors change, they will only change gradually over years. Special conditions like lower passive safety standards or drastic powertrain downsizing will be applicable to vehicle design and operation only after achieving very high market penetration of SAEV’s (near 100%). Vehicles with special design and operation conditions can also be encountered today, mostly in special areas that are closed to traffic or in the form of low-speed commuters on pre-set routes.



If automated vehicles are used for long distance travel instead of rail or airplanes, they need to have more room and offer a higher level of comfort and luxury, leading to increased vehicle size, weight, and energy consumption. These changes will be taken into consideration in a future study and are out of the scope of this study.





2.2. Study Scenarios to 2060


This study considers four hypothetical scenarios for B.C.’s road transportation vehicles, except motorcycles, to the year 2060 and predicts the effects of vehicle sharing, automation, and electrification on road transportation energy use. The energy use scenarios represented as percentage changes in brackets are given in the Table 2, Table 3, Table 4, Table 5, Table 6 and Table 7 for four scenarios: conservative scenario (CS), business-as-usual scenario (BAU), leveraging scenario (LS), and disruptive scenario (DS). These estimations correspond to changes in energy use in the [CS, BAU, LS and DS] scenarios, and are calculated with respect to the reference year 2016.



The estimates found in literature are also given in each table. Predictions for the conservative scenario (CS) and the business-as-usual scenario (BAU) are generally within the numeric limits found in literature. The leveraging scenario (LS) and disruptive scenario (DS) foresee more dynamic technology adopting schemes inspired by recent technology disruptions, like digital cameras, mobile phones, and internet use and services. Forward-predictions are made using these percentage changes to baseline projections to explore the range of future scenario possibilities. Each of the assumptions in Table 2, Table 3, Table 4, Table 5, Table 6 and Table 7 are incrementally applied to isolate the impacts of various considerations in SAEV adoption.



The percentual changes of road transportation energy use are calculated in decadal time steps using MATLAB, using an equation incorporating all implications of technology adoptions (Table 2, Table 3, Table 4, Table 5 and Table 6) and transportation need changes (Table 7). This equation is like Kaya Identity [45] and is named here as EIF (Energy Implications Factor). EIF is calculated as follows:


EIF = 1 − [(Implications)Vehicle_Electrification × (Implications)Vehicle_Automation × (Implications)Vehicle_Sharing × (Implications)Other_Disruptive_Technologies]



(1)







EIF is a factor between 0 and 1. The terms within [1] are the percentual numbers in the Table 2, Table 3, Table 4, Table 5, Table 6 and Table 7, considering both positive and negative implications of affecting factors. EIF values which are closer to 1 indicate higher savings in transportation energy use.



The direct impact of BC’s population growth projections for the next decades on per inhabitant transportation demand or energy (Figure 4) was left out of the calculations in this study due to the uncertainty in range of factors (e.g., efficiency of EV powertrains; improved traffic flow through automated driving; vehicle sharing; online learning; work from home; e-commerce and online shopping). It is currently unclear how the new generations will use the different transportation options and make use of different technologies (Table 7) which will alter the transportation demand and energy use in the province.





3. Results


Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13 illustrate a mix of various effects to generate a picture of road transportation energy use (excluding the small B.C. motorcycle segment). In the following results plots, the solid curves after 2016 correspond to hypothetical scenarios using the calculated EIF. The annual energy consumption of B.C.’s road vehicles in 2016 was 67.9 TWh. The black dashed lines in Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13 illustrates the energy demand projection performed by CER (Canada Energy Regulator). This line foresees an annual decrease of 0.6% in the transportation sector energy use, including road, rail, marine, and air transportation [46]. The data for 1990–2016 (shaded area) is imported from data sources of the B.C. Government [33].



B.C.’s road transportation annual energy use in (TWh) for the time frame 1990–2060 incorporating road vehicle electrification (Table 2) is illustrated in Figure 8. There is a similar trend between the CER projection, and the conservative scenario CS affected by road vehicle electrification. All other scenarios in Figure 8 go beyond the CER projection in terms of lower energy use levels and show larger energy use decreases with respect to current levels.



Figure 9 merges the effects of vehicle electrification (Figure 8) with vehicle automation-related travel demand increase (Table 3). Seniors, younger people, handicapped people, and long-distance travelers are expected to use more transportation energy because of vehicle automation. A general demand increase because of faster and cheaper vehicle kilometers is embedded in Figure 9. At this step, the CER projection matches with the most disruptive scenario employed in this study. The negative effects of demand increase, i.e., more energy use due to automation, balance the benefits coming from vehicle electrification.



Figure 10 illustrates the cumulative effects of vehicle electrification, travel demand increases due to vehicle automation and increased energy use of automated vehicles arising from fueling, charging, and deadheading (Table 4). Figure 9 and Figure 10 show similar results, with minor differences. The CER projection is more aligned with the disruptive scenario. In all scenarios, except for the conservative scenario, there is a tendency towards a decrease in energy use after 2030.



Figure 11 summarizes all effects of vehicle automation and vehicle electrification, adding the effects from reduced congestion, automated fleet operations, platooning, and parking easiness, on energy use (Table 5). Transportation energy use in this figure decreases for every year until 2060 in all scenarios. As an intermediate result of the hypothetical scenarios, it can be concluded that even without the effects of vehicle sharing, the impacts of vehicle electrification and automation are enough to decrease the transportation energy use uninterruptedly until 2060.



Figure 12 presents B.C.’s road transportation energy use to 2060 under the impacts of vehicle electrification, automation, and sharing. These are the effects given in Table 2, Table 3, Table 4, Table 5 and Table 6. All hypothetical scenarios in Figure 12 present lower energy use values than the CER projection. The BAU scenario consumes 51.1, 38.5, 31.3, and 25.3 TWh for 2030, 2040, 2050, and 2060, respectively. The data in 2016 is 67.9 TWh, so the energy use decreases in percent with respect to 2016 are 24.8%, 43.3%, 54%, and 62.8%, respectively. The energy savings in 2060 in the disruptive scenario reaches up to 80%.



Finally, Figure 13 merges all effects presented in Table 2, Table 3, Table 4, Table 5, Table 6 and Table 7. Figure 13 adds the effects given in Table 7 with the ones in Table 2, Table 3, Table 4, Table 5 and Table 6. Table 7 gives a prediction for the impacts of new technologies affecting road transportation needs. This incorporates disruptions arising from other technologies/events on transportation energy use. Pandemics which may result in community lockdowns leverage the effects of these factors given in Table 7.



The BAU scenario in Figure 13 yield 50.1, 34.7, 25.6, and 18.9 TWh for 2030, 2040, 2050, and 2060, respectively. The energy use decreases compared to 2016 are 26.3%, 49%, 62.24%, 72.1% respectively, for the same years. In the disruptive scenario, energy savings in 2060 reach up to 86%.



In this study, the energy impacts of electrification, automation, and sharing (recent disruptions in ground vehicle transportation) are analyzed. A similar approach to [41] is used in this study. Brown et al. [41] analyzed the energy impacts of vehicle automation. The authors found that vehicle automation could lead to either an increase or decrease in energy use. As a result of the incorporation of electrification and sharing, we were able to provide holistic estimates of the ground vehicle transportation energy use for the coming decades. Our estimates show mainly decreases of energy use under the heavy energy saving effects of vehicle electrification. We focused on a specific geographic area, British Columbia of Canada, where the historical data of ground transportation was publicly available.




4. Discussion


Road transportation energy use has increased during the historical 1990–2016 period mainly due to freight transportation. In this study, the average energy use in kWh per 100 km and GHG emissions in grams per km are presented for all vehicle classes in B.C., except motorcycles. Road transportation data shows that the number of motor vehicles per inhabitant is increasing, but road transportation energy use per capita-year is decreasing. When individual vehicle classes are analyzed, urban transit vehicles, inter-city buses, and heavy trucks are found to use higher amounts of energy per 100 km. If vehicle fleets (all vehicles of a single class) are considered, cars, passenger light trucks, medium trucks, and heavy trucks are found to use more energy than freight light trucks, school buses, urban transit vehicles, and inter-city buses.



Hypothetical scenarios have been presented to predict the road transportation energy use in B.C. to 2060. The scenarios incorporate the effects of road vehicle electrification, sharing, automation. In addition, influences of other technology disruptions like online shopping, e-learning, virtual and augmented reality, 3D printing are also included. The calculations are carried out by incorporating the influencing factors in a step-by-step approach, observing the combined effect of all factors in the resulting prediction. Projections of the Canadian Energy Regulator (CER) are included in the figures, to provide a comparison.



The main findings are:




	-

	
When only the effect of vehicle electrification is considered, higher energy savings are expected compared to the CER scenario.




	-

	
When the effects of vehicle electrification and automation are considered in combination, road transportation energy use decreases until 2060 for all scenarios. The BAU, Leveraging, and Disruptive scenarios result in higher energy savings compared to CER projection.




	-

	
Combining the effects of vehicle electrification, automation, and sharing leads to a combined impact of energy savings that goes beyond the projection of CER, in all scenarios.




	-

	
Disruptions in other technologies and the effects of pandemics like COVID-19 are included as a last step and reduce the transportation needs of people and communities. The combined disruptions have synergistic effects and lead to high energy savings. Energy savings can reach up to 86% in 2060 in the disruptive scenario.









The presented decreases in road transportation energy use for the years 2020–2060 should encourage policy makers and stakeholders to consider these new technologies. A clear benefit can be observed if all the technologies mentioned in this study, i.e., vehicle automation, vehicle sharing, and vehicle electrification, are adopted simultaneously, and parallel to other developments in other technology areas. B.C. has an important advantage in terms of low carbon energy, since the electric energy of the province is, to a great extent, generated using renewable sources. Whereas the implications of vehicle automation, vehicle sharing, and other technology disruptions are not straightforward, “vehicle powertrain electrification” in B.C. is a clear-cut strategy for reducing energy use and GHG emissions, given the low carbon intensity of the electricity mix, 98% of which consists of renewables (primarily hydro) and only 2% generation from back-up natural gas-powered plants [47].



The analysis presented here is focused on the energy use implications of recent technology disruptions and is based on available fleet data from peer-reviewed open access sources. However, each vehicle class is influenced differently by vehicle sharing, automation, and electrification. To expand this study, the effects of vehicle electrification, automation, and sharing should be broken down into distinct vehicle classes, using the existing and projected number of vehicles in B.C. This in conjunction with agent-based modelling work under way to embed all types of trips and vehicles within the province will enable more precise predictions of energy use and GHG emissions. Additional scenarios might also be included to further explore the range of energy implications of the various technologies alongside in-depth policy design to support and in some cases constrain their adoption. Our study focuses on the operational energy use of road transportation vehicle units, which consists of fuel and electric energy use for the total km’s travelled. A more in-depth analysis might include the effects of manufacturing and disposal/recycling of the corresponding road vehicles [48] to achieve a more precise determination of the overall road transportation energy use.
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Appendix A




	Vehicle Class
	Vehicle Mass m (kg)
	Wheel Rolling Resistance

fRR (-)
	Aerodynamic Projection Area

A (m2)
	Aerodynamic Drag Coefficient

cD (-)
	ICE Efficiency, Powertrain Efficiency



	Car (CAR)
	1500
	0.015
	2
	0.3
	0.2, 0.9



	Passenger Light Truck (PLT)
	3500
	0.015
	3
	0.4
	0.2, 0.9



	Freight Light Truck (FLT)
	3500
	0.015
	3
	0.4
	0.2, 0.9



	School Bus (SB)
	15,000
	0.015
	7
	0.7
	0.2, 0.9



	Urban Transit (UT)
	20,000
	0.015
	7
	0.7
	0.3, 0.9



	Inter-City Bus (ICB)
	25,000
	0.015
	7
	0.7
	0.38, 0.9



	Medium Truck (MT)
	12,500
	0.015
	5
	0.5
	0.3, 0.9



	Heavy Truck (HT)
	40,000
	0.015
	8
	0.9
	0.38, 0.9
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Figure 1. B.C. Road transportation energy use, data from [33]. 
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Figure 2. Distance Traveled, Energy Use & GHG Emissions of B.C. Cars (1990–2016), data from [33]. 
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[image: Vehicles 04 00007 g002]







[image: Vehicles 04 00007 g003 550] 





Figure 3. B.C. Motor vehicle stock and car stock per 1000 B.C. inhabitants, data from [33,38]. 
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Figure 4. B.C. Road transportation energy use per year per inhabitant, data from [33,38]. 
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Figure 5. B.C. Road transportation energy use, statistical data vs. driving schedule simulation, B.C. statistical data from [33]. 
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Figure 6. B.C. road transportation annual energy use for single vehicles in (MWh), B.C. statistical data from [33]. 
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Figure 7. B.C. road transportation annual energy use for vehicle fleets in (TWh), B.C. statistical data from [33]. 
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Figure 8. B.C. road transportation annual energy use in (TWh), impacts of vehicle electrification. 
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Figure 9. B.C. road transportation annual energy use in (TWh), impacts of vehicle electrification and travel demand increase due to vehicle automation. 
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Figure 10. B.C. road transportation annual energy use in (TWh), impacts of vehicle electrification, travel demand increases due to vehicle automation and increased energy use of automated vehicles arising from fueling, charging, and deadheading. 
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Figure 11. B.C. road transportation annual energy use in (TWh), impacts of vehicle electrification, travel demand increases due to vehicle automation, more energy use of automated vehicles arising from fueling, charging, and deadheading, less energy use of automated vehicles arising from less congestion, fleet operations, platooning, and parking easiness. 
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Figure 12. B.C. road transportation annual energy use in (TWh), impacts of vehicle electrification, vehicle automation, and vehicle sharing. 
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Figure 13. B.C. road transportation annual energy use in (TWh), all effects presented in Table 2, Table 3, Table 4, Table 5, Table 6 and Table 7. 
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Table 1. Energy use and GHG emissions of road vehicles in B.C. (Average for 1990–2016, except motorcycles) [33].
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	B.C. Road Vehicle

Classes
	Energy Use

(kWh/100 km)
	GHG

(g/km)





	Cars
	88
	220



	School Buses
	325
	818



	Urban Transit
	572
	1306



	Inter-city Buses
	391
	997



	Passenger Light Trucks
	118
	295



	Freight Light Trucks
	120
	296



	Medium Trucks
	251
	627



	Heavy Trucks
	413
	1058
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Table 2. Impacts of vehicle powertrain electrification on road transportation energy use.
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	Vehicle Powertrain Electrification
	Remark
	[Literature]

(% Change)
	Year, (% Change in Scenarios)





	Battery electric vehicles (BEV), fuel-cell electric vehicles (FCEV), plug-in hybrid electric vehicles (HEV)
	High level of CO2 reduction potential corresponding to electric grid source (depending on the ratio of renewable energy to conventional sources)
	[41] (up to −100)

[5] (up to −58)
	2030, (−10, −15, −25, −35)

2040, (−15, −25, −35, −45)

2050, (−20, −35, −45, −55)

2040, (−25, −45, −55, −65)
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Table 3. Effects of SAEV on different user groups.
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User Group

	
Remarks

	
[Literature] (% Change)

Year, (% Change in Scenarios)






	
Seniors *

	
Seniors tend not to drive or drive less with age, so in the era of automated vehicles, they will start to regain mobility

	






[41] (up to 40), [2,4,14] (up to 11)



For each group *

2030, (3, 4, 5, 6)

2040, (4, 5, 6, 7)

2050, (5, 6, 7, 8)

2040, (6, 7, 8, 9)




	
Younger people *

	
Young people below driver license age are not allowed to drive, so in the era of vehicle automation they can be driven to school or recreational centers etc. without a driver




	
Handicapped/ill people *

	
Patients are normally taken to their destinations (hospitals, clinics, and therapy centers) by relatives, friends, taxi, etc. In the era of automated vehicles, the need for a driver will decrease and ultimately disappear over time.




	
Long distance travelers

	
A portion of rail transportation and aviation passengers are expected to change their preferences and could travel long distances with fully automated road vehicles.

	
[5] (unclear)



2030, (1, 2, 4, 5)

2040, (2, 4, 5, 6)

2050, (3, 6, 6, 7)

2040, (4, 7, 8, 9)




	
Everyone

	
Everyone travels more because of low cost of vehicle km’s (faster travel, less traffic, etc.)

	
[41] (up to 50), [4]



2030, (1,5,7,10)

2040, (3,10,12,20)

2050, (5,15,17,30)

2040, (7,20,22,40)
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Table 4. Impacts of vehicle parking, fueling, and charging on road transportation energy-use.
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	Vehicle Activity
	Remark
	[Literature] (% Change)

Year, (% Change in Scenarios)





	Search for parking places,

driving to and from the parking lot.
	CO2 reduction potential of (shared) automated vehicles related to vehicle parking activities
	[41] (−4%)

2030, (−2.5, −3, −3.5, −4)

2040, (−3, −4, −4.5, −5)

2050, (−3.5, −5, −5.5, −6)

2060, (−4, −6, −6.5, −7)



	Driving to fueling/charging stations
	(Shared) automated vehicles drive to be fueled/charged without being occupied (empty travels)
	2030, (−0.5, −1, −2, −3)

2040, (−2, −3, −3.5, −4)

2050, (−3, −4, −4.5, −5)

2060, (−4, −5, −5, −5.5)



	Deadheading
	Empty vehicle travel for various reasons
	2030, (–2,–3,–4,–5)

2040, (−5, −4, −3, −2)

2050, (−4, −3, −2, −2)

2060, (−3, −3, −2, −2)
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Table 5. Impacts of vehicle automation on road transportation energy-use.
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	Impact
	Result
	[Literature] (% Change)

Year, (% Change in Scenarios)





	Less congestion (optimal traffic management, optimal routing, optimal driving) and less collisions
	Dynamic traffic light management, dynamic speed management, optimal use of alternative routes by commanding the vehicles in the traffic, less stops, less accelerations, less decelerations. Automated traffic and vehicle systems communicate with each other, so no collisions are allowed except system failures or unexpected circumstances.
	[41] (−15, up to −30), [4]





2030, (−8, −9, −10, −11)

2040, (−9, −10, −11, −12)

2050, (−9.5, −10.5, −12, −13)

2060, (−10, −11, −13, −14)



	Platooning
	Increased road capacities, increased average speeds, reduced cost of km’s, lower aerodynamic drag.
	[41] (−10), [4,5,42] (up to −21.5)



2030, (−0.5, −3, −3.5, −4)

2040, (−1, −5, −5.5, −6)

2050, (−1.5, −6, −7, −8)

2060, (−2, −7, −8.5, −10)



	Automated fleets
	Taxi fleets*, bus fleets, delivery fleets, heavy duty truck fleets
	[43] *, (GHG emissions up to −94 in 2030)



2030, (−0.5, −1, −1.5, −2)

2040, (−1, −1.5, −2, −2.5)

2050, (−1.5, −2, −2.5, −3)

2060, (−2, −2.5, −3, −3.5)
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Table 6. Impacts of vehicle sharing on road transportation energy-use.
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	Positive Aspect
	Result
	[Literature] (% Change)

Year, (% Change in Scenarios)





	Right sizing of vehicles to trips,

optimizing occupancy rates
	The vehicles are rented for trips tailored for the purpose of the trip
	[41] (−12, up to −50)

[4,5,42]



2030, (−5, −15, −17, −20)

2040, (−10, −30, −35, −40)

2050, (−15, −37, −44, −50)

2060, (−20, −42, −48, −55)
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Table 7. New technologies affecting road transportation needs [40].
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Technology/Method/Event

	
Effect

	
Remarks

	
Year, (% Change in Scenarios)






	
Flexible work hours, work from home, videoconferencing

	
Less or no commuting to workplace

	
Mixed impacts on energy use. Need for comparisons of energy consumption at home or at the workplace.

	
2030, (−1, −2, −3, −5)

2040, (−2, −10, −13, −15)

2050, (−4, −18, −23, −25)

2040, (−8, −25, −33, −35)




	
3D printing, classical printing

	
Less need for delivering products, printing, and manufacturing on site

	
Mixed impacts




	
Virtual reality, augmented reality

	
Less need for on-site visits for various purposes

	
Prospective positive effect on energy use and GHG emissions




	
On-line shopping, delivery services

	
Less travel for shopping

	
Mixed impacts




	
Drones

	
Less travel for transportation of goods using road vehicles

	
Unclear




	
Internet of Things (IoT)

	
Less travel for on-site visits to check/calibrate/adjust (technical) systems

	
Unclear




	
e-Learning

	
No commuting to schools, universities, or other institutions

	
Unclear




	
Sharing information and arts like music, video, books & communication via social media, etc.

	
Less need to go to concerts, cinema, going to bookstores, visiting friends and relatives

	
Unclear




	
Pandemics resulting in partial or total lockdowns of communities

	
Partial or total stop of road transportation

	
Unclear
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Table 8. Parameters which will not change drastically in the next decades.






Table 8. Parameters which will not change drastically in the next decades.





	Parameter
	Cause
	Literature, Exceptions, Remarks





	Average travel speeds
	Vehicle compatibility in performance, all types of vehicles in the same traffic *
	exception: platooning on highways



	Maximum speeds on highways and other roads
	Vehicle compatibility in passive safety, all types of vehicles in the same traffic *, accident-free traffic is a distant goal
	Exceptions: pilot projects



	Size and power of internal combustion engines and e-motors
	Driving pleasure requirements will continue to dominate, compatibility with other traffic participants will be a requirement, i.e., no downsizing is expected (market dependent)
	[4,41]

exceptions: campus operations, closed areas, private land, platooning on highways



	Amount of passive safety equipment of vehicles, the size and weight of vehicles (market dependent)
	Compatibility in passive safety, all types of vehicles will be moving in the same traffic*, and accident-free traffic is a distant goal.
	[4,5,41]

exceptions: campus operations, closed areas, private land.



	The hardware used for the automation not heavy, consuming not much power and will not change the shape/drag of the vehicle
	The automation related hardware is not heavy and do not require big cavities, and it will become lighter in time.
	[44]

examples: Tesla models and other brands & models etc.



	Right sizing of owned vehicles for particular trips
	Owning a vehicle does not imply owners drive alone or only with one passenger; the purchased vehicle for a household should be multipurpose for many customers.
	exceptions: singles, single parents, families with no kids, seniors, young people

and vehicle sharing.
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