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Despite their low environmental impact, electrical vehicles have low penetration in the automotive market. Consumers are reluctant for technical reasons (limited driving range and long charging time) but also for an economic reason (high investment costs). Electric vehicle total cost of ownership (TCO) is often perceived as higher than for a thermal car, especially in Europe where diesel cars have a lower TCO than gasoline cars. Accurate TCO estimations are critical, but most of the techno-economic studies of electrified vehicles are based on very simplified energy models. In this paper, a techno-economic model is developed using an accurate technical model of an electric vehicle and a diesel car of the same segment. These technical models are validated by experimental measurements on real cars using real driving cycles. These models are then coupled to economic models to calculate TCO for a French case study. The total cost of ownership of the studied electric car is lower than for the equivalent diesel car by about 1000¿ for a 5-year ownership period. Of particular importance is the finding that using real driving cycles instead of standard driving cycles decreases the TCO of electric cars while simultaneously increasing the TCO of diesel vehicles. This has implications for techno-economic models, suggesting that the typical TCO approach that uses manufacturer-reported standard cycle data may be systemically biased towards thermal vehicles. In order to understand how TCO may change in different locations, a sensitivity analysis varies different technical and economic factors. Government subsidy, ownership duration, and vehicle depreciation are the most important factors for the TCO of electric vehicles. However, TCO of the electric cars can be lower than the TCO of equivalent diesel cars under a wide range of reasonable inputs.

I. INTRODUCTION

Air pollution and greenhouse gas emissions are important challenges for the transport sector. Electric vehicles (EVs) with zero-emission energy sources have great potential for reducing harmful emissions [START_REF] Van Mierlo | Comparative environmental assessment of alternative fueled vehicles using a life cycle assessment[END_REF], [START_REF] Mou | Achieving low carbon emission for dynamically charging electric vehicles through renewable energy integration[END_REF]. According to the International Energy Agency [START_REF] Global | Towards Cross-Modal Electrification[END_REF], a scenario that limits global warning to 2 • C is possible with 150 million EVs on roads by 2030. Efficiency of transport systems are an important parallel effort to reduce pollutant emissions [START_REF] Saponara | Electric drives and power chargers: Recent solutions to improve performance and energy efficiency for hybrid and fully electric vehicles[END_REF].

Many cities around the world expect to replace conventional vehicles by electrified vehicles [START_REF]C40 Cities Organization. Fossil Fuel Free Streets Declaration[END_REF], [START_REF] Bloomberg | A Dead End for Fossil Fuel in Europe's City Centers[END_REF]. For example, 40 cities plan to ban thermal cars by 2030 [START_REF]C40 Cities Organization. Fossil Fuel Free Streets Declaration[END_REF]. However, The associate editor coordinating the review of this manuscript and approving it for publication was Jesus Felez . drivers are generally reluctant to adopt electric vehicles due to some technical reasons (limited driving range and long charging time) but mainly for economic reasons (initial purchase costs) [START_REF] Junquera | Analyzing consumer attitudes towards electric vehicle purchasing intentions in spain: Technological limitations and vehicle confidence[END_REF], [START_REF] Habib | A comprehensive study of implemented international standards, technical challenges, impacts and prospects for electric vehicles[END_REF]. Government subsidies can have a strong effect on EV economics [START_REF] Yan | The economic and environmental impacts of tax incentives for battery electric vehicles in Europe[END_REF], but cost declines and better cost of ownership information also support EV adoption. It is difficult for a consumer to understand the economic viability of EVs in comparison with thermal cars, which is different for each driver. To achieve a high-quality estimation that accounts for a driver's individual situation, an economic model must use technical tools that produce accurate and personalized energy consumption estimates of different vehicles.

Many techno-economic studies of EVs have been completed for different countries and with different time perspectives [START_REF] Faria | A sustainability assessment of electric vehicles as a personal mobility system[END_REF]- [START_REF] Abas | Technoeconomic analysis and environmental impact of electric vehicle[END_REF]. Generally, the economic model is well developed, but is usually coupled with a simplistic technical model [START_REF] Abas | Technoeconomic analysis and environmental impact of electric vehicle[END_REF]- [START_REF] Letmathe | A consumer-oriented total cost of ownership model for different vehicle types in Germany[END_REF]. For example, a common approach for vehicle energy consumption is to use a fixed kWh/km or l/km, regardless of driving conditions or behavior [START_REF] De Clerck | How total is a total cost of ownership?[END_REF], [START_REF] Desai | Heterogeneity in economic and carbon benefits of electric technology vehicles in the US[END_REF]. However, there are a few exceptions where the technical vehicle model is more sophisticated. In [START_REF] Neubauer | Sensitivity of battery electric vehicle economics to drive patterns, vehicle range, and charge strategies[END_REF], the authors deal with a techno-economic study and a well-to-wheel analysis of electrified vehicles. The vehicle model is realized on the FASTSim software from NREL (US National Renewable Energy Laboratory). The vehicle consumption is calculated using NEDC, a standard driving cycle. In [START_REF] Cox | Life cycle environmental and cost comparison of current and future passenger cars under different energy scenarios[END_REF], a vehicle simulation tool is used to calculate the energy consumption for different vehicles for a Life Cycle Assessment and an economic study. The vehicle models are not presented, but are calibrated with the NEDC driving cycle. However, [START_REF] Fontaras | Fuel consumption and CO 2 emissions from passenger cars in Europe-Laboratory versus real-world emissions[END_REF] shows that the NEDC underestimates the energy consumption of thermal cars. Consequently, that error in the consumption estimation has an impact on any economic calculations. In [START_REF] Michaelides | Thermodynamics and energy usage of electric vehicles[END_REF], a technical model of an EV is developed for a well-to-wheel analysis of the vehicle. Then, an economic model is used to compare the energy cost of an EV and a thermal vehicle. However, the technical model of the vehicle traction developed in this study is a static model, not accounting for acceleration. These transient effects are important for high-quality estimation of the energy consumption of a vehicle [START_REF] Mayet | Comparison of different models and simulation approaches for the energetic study of a subway[END_REF]. Thus, there is a gap in the existing literature, as researchers have not yet brought together a high-quality technical model using realistic driving cycles with an economic model to understand how actual driving cycle patterns affect the total cost of ownership (TCO).

The objective of this paper is to propose a more realistic TCO comparison between an electric vehicle and a diesel car of the same segment. Towards that goal, two accurate technical models will be used for a more precise estimation of driving consumption. These accurate vehicle models have been developed for a first comparison of the pollutant emissions of both vehicles [START_REF] Noura | Comparison of the energy consumption of a diesel car and an electric car[END_REF]. Because no experimental validation of these technical models was performed, this work improves the prior research with a model update and a comparison using driving tests of real vehicles. These verified technical models are then coupled with an economic model, which evaluates the TCO of vehicle operations [START_REF] Desai | Heterogeneity in economic and carbon benefits of electric technology vehicles in the US[END_REF].

The contribution of the paper is to link accurate and validated vehicle models using a real driving cycle with detailed economic models to improve total cost of ownership estimates. This new capability allows comparison between the standard driving cycles (ex. WLTC) that have historically been used in techno-economic analysis with actual driving cycles. It also allows direct comparison between technical and economic features (such as between driving style and interest rate on vehicle loan).

In order to give real-life results, actual driving cycles from commuters at our university are considered instead of classical driving cycles. This first step produces a base case that allows for sensitivity analysis with different technical and economic inputs, which can represent the scenarios in other locations.

Section II presents the technical model for both vehicles, which are validated with real measurements. In section III, the economic model is established. Section IV presents the techno-economic comparison based on real commuting trips. Finally, the impact of the accurate technical models and real trips on the techno-economic metrics are discussed under different scenarios.

II. TECHNICAL MODEL OF THE VEHICLES

The simulation tools of diesel and electric vehicles are developed respectively in part A and B. In part C, the energy consumption of both vehicles is compared with standard consumption estimation approaches found in literature. This comparison shows the importance of using accurate technical models instead of standard fixed values. In part IV, the two models are used in an economic model to produce the techno-economic results that account for more accurate energy consumption estimates. 

A. SIMULATION OF THE DIESEL VEHICLE 1) MODELING OF THE DIESEL VEHICLE

The diesel vehicle is based on a Renault Clio (Figure 1) [START_REF] Clio | [END_REF]. The parameters of the vehicle are given by Table 1. The Internal Combustion Engine (ICE) is connected to the wheels through a manual gearbox and a differential.

A classical consumption map is used to model the engine fuel consumption as a function of the engine torque and its rotation speed (Figure 2).

The gearbox torque T gb is given as a function of the engine torque T ice , the gearbox ratio k gb , and the efficiency η gb . The last two variables can change as a function of the 5 gears of the manual gearbox (Table 2). At each step, the gear ratio is chosen as a function of the velocity of the vehicle. The speed of the gearbox gb depends on the wheel speed wh and the gearbox ratio:

T gb = k gb T ice η k g gb gb = k gb wh with k g = 1 if T gb wh ≥ 0 -1 if T gb wh < 0 (1) 
The wheels are considered as an equivalent wheel. The wheel force F wh is calculated as a function of the gearbox torque T gb , the wheel radius R wh , and the differential ratio

k diff :      F wh = k diff T gb R wh wh = k diff v dv R wh (2)
The total force F tot depends on the wheel force F wh and the braking force F br :

F tot = F wh + F br (3) 
Newton's second law gives the vehicle velocity v dv as a function of the total force F tot , the resistive force F res , and the mass of the vehicle M veh :

M veh dv dv dt = F tot -F res ( 4 
)
The resistive force F res is composed of the road resistance F road , the aerodynamic resistance F aero , and the slope resistance F slope :

F res = F road + F aero + F slope (5)

2) ORGANIZATION OF THE MODEL

The model of the diesel vehicle is described using Energetic Macroscopic Representation (EMR) [START_REF] Bouscayrol | Graphic formalisms for the control of multi-physical energetic systems[END_REF]. EMR is a graphical formalism that organizes different models of multi-physical systems. Moreover, a control loop can be deduced directly from the EMR by inverting each element. The EMR of the diesel vehicle (Figure 3) is composed of a mechanical source represented by the ICE (green oval), two conversion elements for the gearbox and the wheel (orange squares), a coupling element to couple the brake and the wheel (double orange square), an accumulation element for the chassis (crossed orange rectangle), and a mechanical source for the road. All modelling equations are integrated in the pictograms.

The control scheme is deduced from the EMR. The accumulation elements need a closed-loop control of the velocity of the vehicle (light blue crossed parallelogram). The other elements are directly inverted. A strategy level gives the gearbox ratio as a function of the car velocity to optimize the fuel consumption. Moreover, this strategy allows the decoupling of the mechanical brake from the propulsion part of the model.

3) VALIDATION

A real extra-urban trip was recorded with the diesel vehicle. The trip was 21 km long for a duration of 26 min in a city. The velocity profile (Figure 4 a) and the fuel consumption were measured. The velocity is measured with a GPS and depends on the speed limitations and the traffic conditions during the car trip. The consumption is measured on the CAN Bus of the vehicle with an OBD dongle.

The simulation of the vehicle is realized with Matlab/Simulink software based on the EMR organization. The measured velocity is provided as a simulation input. The instantaneous fuel consumption is calculated in the vehicle simulation (Figure 4 b). This fuel consumption is then integrated to obtain the cumulative fuel consumption (Figure 4 c.). The cumulative fuel consummation measured during the driving test is also plotted in the same figure. In order to have a more general comparison, the final consumption is reported in l/100 km. The consumption of the measured real trip is 4.88 l/100 km. The fuel consumption of the simulation is 4.91 l/100 km. That leads to an error of about 1%.

B. SIMULATION OF THE ELECTRIC VEHICLE 1) MODELING OF THE ELECTRIC VEHICLE

The electric vehicle is the Renault Zoe (Figure 5) [START_REF] Zoe | [END_REF]. It is in the same size segment as the diesel vehicle and comes from the same manufacturer. The parameters of the vehicle are given by Table 3.

The vehicle is composed of a battery, an electric drive, a gearbox, a differential, and the wheels.

The battery voltage u bat is a function of the Open Circuit Voltage (OCV) u O , the resistance of the battery, and the current i bat . The OCV depends on the State of Charge (SoC) relative to the current.

u bat = u O (SoC) -R bat i bat (6)
The electric drive is modeled with a static model that has a constant efficiency η ed = 87%, considered sufficient for such a study [START_REF] Mayet | Comparison of different models and simulation approaches for the energetic study of a subway[END_REF].

     T ed = T ed_ref i bat = T ed gb η k ed ed u bat with k ed = 1 if T ed gb < 0 -1 if T ed gb ≥ 0 (7)
The gearbox is a fixed-gear gearbox with a constant efficiency η gb = 95%.

T gb = k gb T ed η k g gb gb = k gb wh with k g = 1 if T gb wh ≥ 0 -1 if T gb wh < 0 (8)
The equations for the wheel and the chassis are the same as the diesel vehicle. 

2) ORGANIZATION OF THE MODEL

The model of the EV is organized with EMR. The EMR of the EV (Figure 6) is composed as follows: the battery as a power source (green oval), the electric drive as a multi-domain conversion element (orange circle), a gearbox and wheels as mono-domain conversion elements (orange squares), the coupling of mechanical brakes with the wheels as coupling elements (overlapped orange squares) and the chassis as an accumulation element (crossed orange rectangle) for the velocity of the vehicle, and a source for the road.

The control scheme of the EV is similar to that of the diesel vehicle (blue parallelograms) deduced directly from the EMR.

A strategy element manages the use of the electric brake and the mechanical brake as a function of the total force imposed by the vehicle and the SoC of the battery. In this case, energy recovery is possible during the braking phases thanks to the reversible electrical machine.

3) VALIDATION

The Renault Zoe was driven on an extra-urban trip (Figure 7 The power at the input of the battery is calculated by the simulation (Figure 7 b). This power is integrated to find the energy consumption of the vehicle and compared with the measured energy consumption (Figure 7 c). The final simulated energy consumption is 3.53 kWh. The final measured consumption from the vehicle is 3.45 kWh. That leads to an error of about 2%.

C. COMPARISON WITH STANDARD CONSUMPTION VALUES

The energy consumption of the two vehicles calculated by the developed models are compared with a ''constant consumption'' approach based on manufacturer-reported values for the same vehicles. These constant values are used for the TCO calculation in [START_REF] Letmathe | A consumer-oriented total cost of ownership model for different vehicle types in Germany[END_REF] and [START_REF] Scorrano | Dissecting the total cost of ownership of fully electric cars in italy: The impact of annual distance travelled, home charging and urban driving[END_REF].

1) ELECTRIC VEHICLE

The ''constant consumption'' value is 20 kWh/100 km. The energy consumption of the real extra-urban trip (Figure 7) is 20% lower than the constant consumption value for the EV (Table 4). In [START_REF] Letmathe | A consumer-oriented total cost of ownership model for different vehicle types in Germany[END_REF] and [START_REF] Scorrano | Dissecting the total cost of ownership of fully electric cars in italy: The impact of annual distance travelled, home charging and urban driving[END_REF], the authors used the manufacturer-reported NEDC energy consumption value with a corrective factor of 45% which would lead to overestimation of the costs of the EV.

2) DIESEL VEHICLE

For the diesel vehicle, the ''constant consumption'' value is 3.8 L/100km [START_REF] Scorrano | Dissecting the total cost of ownership of fully electric cars in italy: The impact of annual distance travelled, home charging and urban driving[END_REF] based on the manufacturer-reported NEDC consumption. The fuel consumption based on the extra-urban trip measured with the vehicle (Figure 4 a) can be compared to this fixed value for the diesel vehicle. In this case, the relationship is reversed: the constant consumption value underestimates energy use by ∼20%, which leads to underestimation of the fuel consumption and costs of the diesel vehicle (Table 5). 

3) COMPARISON DEVIATION

From these results, it should be clear that the classical techno-economical approach leads to an important misestimation. The energy consumption is overestimated for the EV and underestimated for the diesel car. This deviation will thus have an impact on the TCO estimates, biasing the results towards diesel vehicles. A more accurate technical model is thus important.

III. ECONOMIC MODEL

The economic model is developed for a vehicle purchased in France in 2020 and calculates the total cost of ownership (TCO) using a standard Net Present Value (NPV) method. The economic model takes into account the cost of the Electric Vehicle and the Diesel Vehicle, the tax policy, the salvage/resale values of the vehicles at the end of the ownership, and the energy costs. The replacement of the battery and its lifetime is not considered as newer batteries now have lifetimes approximately equal to the expected life of the vehicle [START_REF] Hossain | A comprehensive review on secondlife batteries: Current state, manufacturing considerations, applications, impacts, barriers & potential solutions, business strategies, and policies[END_REF].

The capital cost of the vehicles (CC) depends on the initial cost of the vehicle C veh , the cost of the green card (registration) C gc , and a tax policy P veh in favor of the vehicle (or disfavor in the case of the diesel):

CC = C veh + C gc -P veh (9)
The Salvage Value SV is the resale value of a vehicle at the end of its ownership. We follow the method described in [START_REF] Desai | Heterogeneity in economic and carbon benefits of electric technology vehicles in the US[END_REF] where resale value depends on the initial cost of the vehicle C veh , the tax policy P veh , and the depreciation rate A dep, and is discounted to present value using the discount rate σ and the number of years before resale n [START_REF] Faria | A sustainability assessment of electric vehicles as a personal mobility system[END_REF]. The depreciation rate follows a decelerating decline, calibrated based on actual resale values of US vehicles [START_REF] Raustad | Electric vehicle life cycle cost analysis[END_REF]. We assume that the percentage change in value over time for a vehicle in France follows the same empirical trend as the US. Moreover we assume that the same model can be used for both types of vehicles. While new technologies generally do not have the same salvage value as mature technologies, we consider that EVs will become a more mature and accepted technology in the coming years. However a sensitivity analysis will study the impact of this factor in section IV.F.

SV = 1 -A dep (C veh -P veh )(1 + σ ) -n (10) 
With A dep = 6 × 10 -5 n 3 -0.0038 n 2 + 0.093 n + 0.1384 [START_REF] He | Economic and climate benefits of electric vehicles in China, the United States, and Germany[END_REF] The energy cost of the Electric Vehicle EC EV is a function of the vehicle annual mileage D veh , the annual amount of charging energy needed by the vehicle E ev , and the cost of electricity C elec : [START_REF] Abas | Technoeconomic analysis and environmental impact of electric vehicle[END_REF] The energy cost of the diesel vehicle EC DV depends on the fuel consumption of the diesel vehicle E DV , the diesel cost C D and the annual mileage of the vehicle D veh :

EC EV = E EV D veh C elec
EC DV = E DV D veh C ( 13 
)
The energy cost for each vehicle EC is added to the maintenance cost C m and the insurance cost C ins to obtain the annual cost for the different vehicles AC: [START_REF] Hao | Levelized costs of conventional and battery electric vehicles in China: Beijing experiences[END_REF] The total cost of ownership (TCO) depends on the capital cost, the salvage value and the annual cost of the vehicle:

AC = EC + C m + C ins
TCO = CC -SV + n i=0 AC (1 + σ ) i ( 15 
)

IV. ECONOMIC COMPARISON UNDER DIFFERENT SCENARIOS

In this part, the techno-economic model is brought together to analyze the total cost of ownership of vehicles. The techno-economic study is presented first as the link between the technical models and the economic model. Then, the study is applied to 3 different real driving cycles: an urban, an extra-urban and a highway trip. The real driving cycles represent a case study at the University of Lille, as part of the CUMIN program. The CUMIN (Campus of University with Mobility based on Innovation and carbon Neutrality) program [START_REF] Bouscayrol | Campus of university with mobility based on innovation and carbon neutral[END_REF] is focused on reducing greenhouse gas emission from thermal vehicles that come to campus. One strategy of this program is to replace thermal cars with electric vehicles. In this transition, economic tools are necessary to plan for charging stations and photovoltaic panels to provide electricity for EVs.

Commuting trips to the University of Lille are analyzed in detail to guide the selection of vehicles for campus commuters. These driving cycles represent the diversity of expected road conditions and energy consumption. The three driving cycles are compared with the standard case (WLTC) used in recent techno-economic studies. Finally, a sensitivity analysis is conducted to compare the effect of different technical and economic parameters.

A. TECHNO-ECONOMIC STUDY

A driving cycle is an input of the technical models, used to calculate the energy consumption of the vehicles. For the diesel vehicle, the fuel consumption is directly connected to the economic model. For the Electric Vehicle, the charging infrastructure efficiency is also required to estimate the true energy used to charge the vehicle and purchased by the EV owner. The charging infrastructure is considered to have an efficiency of 87% [START_REF] Apostolaki-Iosifidou | Measurement of power loss during electric vehicle charging and discharging[END_REF]. Only slow charging is considered in this study. For both vehicle types, the calculated energy consumption is an input of the economic model (Figure 8).

Other inputs of the economic model are the mileage of the vehicle, the interest rate of the vehicle loan, the electricity price, the diesel price, and the maintenance and the insurance of the vehicle. These variables are summed up in VOLUME 8, 2020 TABLE 6. Base case parameters of the techno-economic study and ranges used in sensitivity analysis. TABLE 6 with their values in 2020. Base case numbers the most current values available, while the range is based on historical variation in the variable over the last 10 years, except for the interest rate, where it is 5 years. The economic calculations give the energy cost and the TCO for the different vehicles.

The vehicle prices are the prices in 2020. The EV can be considered with two options: one has battery leasing, the second is the electric vehicle purchased with its battery. In leasing, the vehicle is sold at 23 900¿, versus 32 000¿ for the complete The leasing cost of the battery depends on the mileage and the lifetime of the vehicle and is between 530¿ and 1 490¿ per year. The diesel vehicle is sold at 19 300¿ and has no tax policy. The Electric Vehicle is considered to have a tax bonus of 8 000¿ in the base case. While the actual subsidy is higher than 8 000¿ in France [START_REF]EV Bonus in France[END_REF] or Norway [START_REF]EV Bonus in France[END_REF], it represents a typical subsidy level given by most European countries [START_REF] Global | Entering the decades?[END_REF]. 

B. COMPARISON OF DIESEL AND EV VEHICLES FOR AN URBAN DRIVING CYCLE

The first considered trip is a real measured urban trip with a lot of stops due to traffic lights and traffic conditions (Figure 9). The trip length is 14 km. The duration is 40 min.

The consumption is calculated for the two vehicles with the two technical models. The fuel consumption for the diesel vehicle is 5.48 l/100 km. The EV has an energy consumption of 14.16 kWh/100 km. These energy consumption estimates are scaled up for the two vehicles and used to estimate annual energy costs by assuming that the vehicle is driven 9 500 km per year on this route. The energy cost for the diesel vehicle is 754¿ per year against 204¿ per year for the EV. That leads to a reduction of 73% in the energy cost when switching to an EV under the urban driving cycle. The total cost of ownership (TCO) for the EV with and without the leasing of the battery and the diesel vehicle are compared (Figure 10). In each case, the EV has a TCO equal to or lower than the diesel vehicle. The EV saves between 72¿ and 1952¿. Between the 2 EV options, the leasing of the battery is preferred for shorter ownership duration of the vehicle. But in the long-term, it is better to buy the full EV with the battery included. This is generally expected: leasing terms are normally most favorable for shorter-term ownership of assets.

C. COMPARISON OF DIESEL AND ELECTRIC VEHICLES FOR AN EXTRA-URBAN DRIVING CYCLE

The extra-urban case was used for the validation of the EV (see Figure 7) and is also used as a scenario here. The simulation of the diesel vehicle gives a consumption of 4.72 l/100 km. The EV has a consumption of 16.64 kWh/100 km. Using this as the standard driving cycle over the year gives an energy cost of 650¿ for the diesel. The EV has an energy cost of 240¿, representing a reduction of 63%.

In this case, the TCO of the electric vehicle is not consistently dominating the diesel (Figure 13). The difference goes from -317¿ to 1563¿ of savings on the total cost of ownership for EVs. As in the urban case, the leasing of the battery is preferred in the first 5 years but not at 8 years or more.

D. COMPARISON OF DIESEL AND EV VEHICLES FOR A HIGHWAY DRIVING CYCLE

The last case is a real, measured highway-heavy trip (Figure 14). The trip has a higher average velocity and fewer accelerations than the previous driving cycles. The trip length is 19.5 km for a duration of 16 min.

The diesel vehicle has a fuel consumption of 5.73 l/100 km. The energy consumption is 22.9 kWh/100 for the EV. The annualized energy cost for the diesel vehicle, assuming that this driving cycle represents driving patterns over the year, is 789¿. The EV has an energy cost of 330¿, saving 58%. The TCO for the vehicles are presented in Figure 13. Except for the full EV with resale at 3 years, the EV has a lower TCO than the diesel vehicle. Despite having a lower percentage decrease in the annual energy cost than the Extra-urban driving cycle (58% vs. 63%), this cycle has more favorable economics for the EVs because the absolute difference in annual fuel costs is larger (459¿ versus 410¿). The leasing of the battery is preferred for 3-or 5-year lifetime but not for 8-years of ownership.

E. COMPARISON BETWEEN DIFFERENT DRIVING CYCLES

In this part, the results of the different cases are summarized and a comparison with the classical approach is provided. For the classical approach, the consumption of the two vehicles is taken from the manufacturer [START_REF] Clio | [END_REF], [START_REF] Zoe | [END_REF]. This consumption is calculated with the WLTC and represents a more traditional (and simple) method for calculating the total cost of ownership of vehicles.

The difference in annual energy costs is given by Figure 14. The largest savings for the EV in terms of energy spending is for the urban cycle (550¿ less than the energy cost for the diesel car). The difference is 410¿ for the extra urban trip and for the highway trip. Using the information provided by a standard WLTC produces the smallest savings for the EV, at 330¿ per year. This standard classical driving cycle thus underestimates the annual savings of an EV relative to any of the three measured driving cycles. However, this standard driving cycle is used, directly or indirectly through manufacturer-reported data, in essentially all techno-economic comparisons of thermal and electric vehicles [START_REF] Fontaras | Fuel consumption and CO 2 emissions from passenger cars in Europe-Laboratory versus real-world emissions[END_REF]. The Difference in TCO between EVs and diesel vehicle are given in Figure 15 for an ownership period of 5 years. In order to show the importance of the accurate technical models, TCO values calculated using a traditional techno-economic approach are also plotted. This includes the TCO using a WLTC (rather than a real driving cycle) and a TCO calculated using the ''constant consumption'' value reported by the manufacturer (see section II.C). Both the WLTC-based information from the manufacturer and the constant consumption data are more favorable to diesel than any of the real driving cycles. Relative to a diesel vehicle, the real driving cycles suggest that EVs are consistently preferred in terms of TCO. While further study is justified, this suggests that the existing economic literature may have a small but consistent bias against EVs because of the commonly used methods.

F. SENSITIVITY ANALYSIS

A sensitivity analysis is performed to compare the effects of technical variables with economic variables. This also permits consideration of other scenarios and locations than the study case.

The base case and the ranges are given in TABLE 6. The base case driving cycle is the extra-urban cycle and the base case vehicle carries only the driver. For variation in technical parameters, we change the driving cycle for the vehicle or increase the average number of passengers to For economic variation, we use historical variation in the data collected (references in TABLE 6) to get plausible ranges for the variables: electricity and diesel prices in [START_REF] Andreï | Bilan Energétique de la France pour l'année 2018[END_REF], the mileage in [START_REF] Armoogum | La Mobilité des Français, Panorama Issu de l'Enquête Nationale Transports et Déplacements[END_REF] and the interest rate in [START_REF] France | Loans to the Households[END_REF]. The bonus (government subsidy) can change quickly, and we apply a variation in either direction of 40%. A more regressive salvage value is also considered for the EV. Equation ( 16) gives a faster depreciation rate of the salvage value compared to [START_REF] He | Economic and climate benefits of electric vehicles in China, the United States, and Germany[END_REF].

A dep = -58 × 10 -10 n 5 + 10 -7 n 4 + 1, 98 × 10 -4 n 3 -0.0087 n 2 + 0.137 n + 0.1384 [START_REF] De Clerck | How total is a total cost of ownership?[END_REF] The Total cost of ownership (TCO) is calculated for both the diesel and the electric vehicle. The difference between the TCO for the diesel vehicle and the EV are calculated for each case (Figure 16). In the base case, the difference is -10¿, meaning that the TCO of the EV is essentially equal to the TCO of the diesel vehicle.

The higher (light blue) and lower (dark green) cases are represented for each variable by a bar beginning at the base case. The variables are sorted by the magnitude of the effect on TCO difference. Over the ranges selected, a faster vehicle depreciation rate for resale of the electric vehicle has the largest effect on TCO. However, this depreciation rate will likely slow down as EVs sales increase. The EV Bonus has the second-largest effect. A reduction of the EV bonus by 3 000¿ leads to a difference of 1800¿ (due to the depreciation of the EV) in favor of the diesel vehicle. The next is the mileage, where an increase of 4500 km increases the TCO difference by 860¿. Increasing the diesel price by 28% (consistent with historical fluctuations) increases the TCO difference by 800¿. The duration of ownership has a moderate impact. A highway driving cycle or an urban trip instead of the extra-urban cycle increases the difference respectively by 220¿ and 620¿. The increase of the electricity price by 30% decreases the TCO difference by 320¿. Adding two passengers into the cars increases the total cost of ownership benefit of an EV by 210¿. The interest rate is the last variable and has the smallest impact on the TCO of the vehicle because of the short lifetimes of vehicle loan payments and the historically consistent loan rates. Increasing the loan interest rate from 4.05% to 5.17% decreases the TCO difference by 40¿.

V. CONCLUSION

This work has developed a techno-economic analysis of the total cost of ownership of electric and diesel vehicles and applied it to a case study in France. The focus of the work is to bring together technical and economic models that can capture and compare the relevant factors from both domains. The technical model has been validated with real measurements and is able to provide accurate energy consumption for the two vehicles studied. This has been coupled with an economic model to assess the energy cost and total cost of ownership for the vehicles under a variety of scenarios. An accurate consumption can thus be calculated for any driving cycle and used in an economic estimation of the total cost of ownership.

The results illustrate a TCO advantage for EVs in France that is dependent on the currently favorable tax bonus but is otherwise relatively robust. In general, the economic variables have a stronger effect on TCO than the technical variables. The depreciation rate and governmental incentives are the main factors for the TCO of EVs. Importantly, this work highlights a general issue with standard driving cycles, which consistently underestimate the benefits of EVs for the three measured driving cycles we used.

There is potential to apply or extend this research in several directions. For an economic study of a dedicated area, we can offer precise estimations to commuters about the cost of ownership of their vehicle options and calculate the amount of charging infrastructure needed to charge a fleet of EVs. The analysis can be extended to other vehicle segments and technologies and the effect of climate conditions and driver behavior on the TCO can be assessed.
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 1 FIGURE 1. Renault Clio used for validation tests.
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 2 FIGURE 2. Consumption map of the diesel engine.
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 3 FIGURE 3. EMR of the diesel vehicle.
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 4 FIGURE 4. a) Measured velocity profile for the diesel vehicle b) Instantaneous fuel consumption of the ICE c) Comparison of the measured and simulated cumulative fuel consumption.
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 5 FIGURE 5. Renault Zoe used for validation test.
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 6 FIGURE 6. EMR of the electric vehicle.

  a) of 21 km and a duration of 27 min. The velocity profile is measured with a GPS and the energy consumption is measured on the vehicle CAN Bus with an OBD dongle.VOLUME 8, 2020 
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 7 FIGURE 7. a) Measured velocity profile for the evaluation of the EV b) Simulated battery power c) comparison of the simulated and measured cumulative energy consumption of the EV.
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 8 FIGURE 8. Techno-economic model coupling for the study.
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  FIGURE Urban driving cycle.
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 10 FIGURE 10. TCO of vehicles for the urban case, for the diesel car and electric vehicles with and without the battery leasing.
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 11 FIGURE 11. TCO for the extra-urban case, for diesel vehicle and electric vehicles with and without the battery leasing.
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 12 FIGURE 12. Highway driving cycle.
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 13 FIGURE 13. TCO for the highway driving cycle, for the diesel vehicle and electric vehicles with and without the battery leasing.
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 14 FIGURE 14. Annual energy costs savings achieved by switching from the diesel to the electric vehicle under four driving cycles.

FIGURE 15 .

 15 FIGURE 15. TCO benefit of selecting an electric rather than a diesel vehicle, under five driving cycle scenarios.
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 16 FIGURE 16. Sensitivity analysis.
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