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ABSTRACT 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 S-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.

INDEX TERMS Electric vehicle, diesel vehicle, life cycle cost, total cost of ownership, sensitivity analysis.

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 [1], [2]. According to the Inter-
national Energy Agency [3], 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 [4].

Many cities around the world expect to replace conven-
tional vehicles by electrified vehicles [5], [6]. For example,
40 cities plan to ban thermal cars by 2030 [5]. However,
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drivers are generally reluctant to adopt electric vehicles due to
some technical reasons (limited driving range and long charg-
ing time) but mainly for economic reasons (initial purchase
costs) [7], [8]. Government subsidies can have a strong effect
on EV economics [9], but cost declines and better cost of own-
ership 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 com-
pleted for different countries and with different time
perspectives [10]-[12]. Generally, the economic model is
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well developed, but is usually coupled with a simplistic tech-
nical model [12]-[15]. For example, a common approach for
vehicle energy consumption is to use a fixed kWh/km or I/km,
regardless of driving conditions or behavior [16], [17]. How-
ever, there are a few exceptions where the technical vehicle
model is more sophisticated. In [18], 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 [19], a vehicle simu-
lation tool is used to calculate the energy consumption for dif-
ferent 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, [20] 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 [21], a techni-
cal 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 [22]. Thus, there is a
gap in the existing literature, as researchers have not yet
brought together a high-quality technical model using realis-
tic 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 techni-
cal models will be used for a more precise estimation of driv-
ing consumption. These accurate vehicle models have been
developed for a first comparison of the pollutant emissions
of both vehicles [23]. 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 [17].

The contribution of the paper is to link accurate and vali-
dated vehicle models using a real driving cycle with detailed
economic models to improve total cost of ownership esti-
mates. 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 classi-
cal driving cycles. This first step produces a base case that
allows for sensitivity analysis with different technical and
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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.

Il. TECHNICAL MODEL OF THE VEHICLES

The simulation tools of diesel and electric vehicles are devel-
oped 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 tech-
nical 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.

FIGURE 1. Renault Clio used for validation tests.

A. SIMULATION OF THE DIESEL VEHICLE

1) MODELING OF THE DIESEL VEHICLE

The diesel vehicle is based on a Renault Clio (Figure 1) [24].
The parameters of the vehicle are given by Table 1.

TABLE 1. Critical parameters of the Renault Clio.

Characteristics
Diesel 1.5 dci 51 kW
1185 kg

Elements

Engine
Weight

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 Ty, is given as a function of the engine
torque Tic., the gearbox ratio kgp, and the efficiency ngp. 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
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FIGURE 2. Consumption map of the diesel engine.

TABLE 2. Gear ratio for the gearbox of the diesel vehicle.

Gear 1 2 3 4 5
Gearratio 3.73 195 137 1 0.76

of the gearbox €24, depends on the wheel speed £2,,, and the
gearbox ratio:
k
Tg = kgb Tice ”gi 1

with kg =
Slgb = kgbﬂwh -1

if TgpRyp >0 )
if T gbszwh <0

The wheels are considered as an equivalent wheel. The
wheel force F,y, is calculated as a function of the gearbox
torque Tgp, the wheel radius Ry, and the differential ratio
kai:

F kaifr T gp
Kl
Wi
Qo — Kaigrvay &
wh = —Rwh

The total force Fy,; depends on the wheel force F),, and the
braking force Fp,:

Fiot = Fyp + Fpy (3)

Newton’s second law gives the vehicle velocity vg, as a
function of the total force F;,, the resistive force F,.g, and
the mass of the vehicle M,,qj:

., = Ftot - Fres (4)

The resistive force Fj.g is composed of the road resistance
Froad, the aerodynamic resistance F,,, and the slope resis-
tance Fjope:

Fres = Froad + Faero + F, slope ©)

2) ORGANIZATION OF THE MODEL

The model of the diesel vehicle is described using Energetic
Macroscopic Representation (EMR) [26]. 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.
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FIGURE 3. EMR of the diesel vehicle.

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 accu-
mulation 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 decou-
pling 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 Mat-
lab/Simulinke 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 con-
sumption is reported in 1/100 km. The consumption of the
measured real trip is 4.88 1/100 km. The fuel consumption
of the simulation is 4.91 1/100 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) [27]. It is
in the same size segment as the diesel vehicle and comes
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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.

FIGURE 5. Renault Zoe used for validation test.

TABLE 3. Critical parameters of the Renault Zoe.

Characteristics

Li—ion NMC—41 kWh

Elements

Battery
Electric Machine

Weight

Synchronous machine 65 kW
1480 kg

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 up,s is a function of the Open Circuit
Voltage (OCV) ug, the resistance of the battery, and the
current ip,. The OCV depends on the State of Charge (SoC)
relative to the current.

Upar = U0 (S0C) — Rparipar (6)
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The electric drive is modeled with a static model that has
a constant efficiency 1.y = 87%, considered sufficient for
such a study [22].

Tea = Ted_ref ‘
S 1 if T,qR 0
Ted Slgb ﬂk;d with ked = :f ed Nbgh <
Upat

(N

The gearbox is a fixed-gear gearbox with a constant effi-
ciency ngp = 95%.

k .
{ Tgbzknged”gi with g=[ 1 if TgpQyn >0

. (®)
QRop = kgp 2yn -1 if Tgbszwh <0

The equations for the wheel and the chassis are the same
as the diesel vehicle.

Electric ;
Drive Gearbox Wheel Chassis
O s 71 o SO P 7 38 Fu (v £
0

.

Strategy
Braking

kbr

FIGURE 6. EMR of the electric vehicle.

2) ORGANIZATION OF THE MIODEL

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 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.
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150 VCIOCIty ) : 7 (a) TABLE 4. Comparison of the energy consumption for an EV.
100 b Real Constant
Consumption (kWh/100 km) 16.6 20.1
50F 1
0 : n(\ . [time (s ﬂ M NEDC consumption. The fuel consumption based on the
0 500 1000 1500 extra-urban trip measured with the vehicle (Figure 4 a) can
75 : : : be compared to this fixed value for the diesel vehicle. In this
Power (kW (b) case, the relationship is reversed: the constant consumption
S0 value underestimates energy use by ~20%, which leads to
25 underestimation of the fuel consumption and costs of the
diesel vehicle (Table 5).
0 .
-25 L L time (S) TABLE 5. Comparison of the energy consumption for a diesel vehicle.
0 500 1000 1500
Real Constant
4000 Energy consumption (Wh) Consumption (1/100 km) 4.9 38
simulation ~y, Z
2000 measur 3) COMPARISON DEVIATION
) From these results, it should be clear that the classical
0 ) _ time (s) techno-economical approach leads to an important misesti-
0 500 1000 1500 mation. The energy consumption is overestimated for the EV

FIGURE 7. a) Measured velocity profile for the evaluation of the EV b)
Simulated battery power ¢) comparison of the simulated and measured
cumulative energy consumption of the EV.

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 ¢). The final sim-
ulated 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 con-
sumption”’ approach based on manufacturer-reported values
for the same vehicles. These constant values are used for the
TCO calculation in [15] and [28].

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 [15] and [28], the authors used
the manufacturer-reported NEDC energy consumption value
with a corrective factor of 45% which would lead to overes-
timation of the costs of the EV.

2) DIESEL VEHICLE
For the diesel vehicle, the “‘constant consumption™ value
is 3.8 L/100km [28] based on the manufacturer-reported
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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.

lIl. ECONOMIC MODEL

The economic model is developed for a vehicle purchased
in France in 2020 and calculates the total cost of own-
ership (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 [29].

The capital cost of the vehicles (CC) depends on the initial
cost of the vehicle Cyey, the cost of the green card (registra-
tion) Cgc, and a tax policy Py, in favor of the vehicle (or
disfavor in the case of the diesel):

CC =Cyp + Cgc — Pyen 9

The Salvage Value SV is the resale value of a vehicle at
the end of its ownership. We follow the method described
in [17] where resale value depends on the initial cost of the
vehicle Cyp, the tax policy P,.p, and the depreciation rate
Agep, and is discounted to present value using the discount
rate o and the number of years before resale n (10). The
depreciation rate follows a decelerating decline, calibrated
based on actual resale values of US vehicles [30]. 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
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FIGURE 8. Techno-economic model coupling for the study.

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-A44yp) (C,,, — Pren)1+0)7" (10)
With Agep = 6 x 1075 n® — 0.0038 n% 4 0.093 n + 0.1384
(11)

The energy cost of the Electric Vehicle ECgy is a function
of the vehicle annual mileage Dy, the annual amount of
charging energy needed by the vehicle E,,, and the cost of
electricity Cejec:

ECgv = EgvDyenCelec (12)

The energy cost of the diesel vehicle ECpy depends on the
fuel consumption of the diesel vehicle Epy, the diesel cost
Cp and the annual mileage of the vehicle D,:

ECpy = EpyD,enCp (13)

The energy cost for each vehicle EC is added to the mainte-
nance cost Cy, and the insurance cost Cj,; to obtain the annual
cost for the different vehicles AC:

AC =ECH+Cp + Cipg (14)

The total cost of ownership (TCO) depends on the capital
cost, the salvage value and the annual cost of the vehicle:

n AC

 —— 15
i=0 (1 + o)’ (>

TCO =CC —SV +)

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
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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 Uni-
versity of Lille, as part of the CUMIN program. The CUMIN
(Campus of University with Mobility based on Innovation
and carbon Neutrality) program [31] 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 tech-
nical 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% [32]. 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 elec-
tricity price, the diesel price, and the maintenance and the
insurance of the vehicle. These variables are summed up in
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TABLE 6. Base case parameters of the techno-economic study and ranges
used in sensitivity analysis.

Parameters ‘ Values ‘ Range
Diesel (€/1) [36] 1.44 1-1.85
Electricity off-peak hour (€kWh)  0.132 0.095-0.171
(36]

DV maintenance (€) [37] 592

EV maintenance (€) [37] 500

DV insurance (€) [37] 500

EV insurance (€) [37] 400

EV bonus [34] 8000  5000-11000
Interest rate (%) [38] 4.05% 3.57-5.17
Mileage (km) [39] 9500 5000 — 14000

TABLE 6 with their values in 2020. Base case numbers are
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 vehicle. 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 consid-
ered to have a tax bonus of 8 000€ in the base case. While
the actual subsidy is higher than 8 000€ in France [34] or
Norway [34], it represents a typical subsidy level given by
most European countries [33].

Velocity (km/h)

0 500 1000

FIGURE 9. Urban driving cycle.

1500 2000 2500

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.
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The consumption is calculated for the two vehicles with
the two technical models. The fuel consumption for the diesel
vehicle is 5.48 1/100 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.

Total cost of ownership (k)

3‘].

0 Vehicle
D Diesel
B ev

10 A . EV leasing

U.

T T T
3 years 5 years 8 years

FIGURE 10. TCO of vehicles for the urban case, for the diesel car and
electric vehicles with and without the battery leasing.

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 con-
sumption of 4.72 1/100 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 con-
sistently 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
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FIGURE 11. TCO for the extra-urban case, for diesel vehicle and electric
vehicles with and without the battery leasing.
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FIGURE 12. Highway driving cycle.
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FIGURE 13. TCO for the highway driving cycle, for the diesel vehicle and
electric vehicles with and without the battery leasing.

Annual energy cost savings due to switch from diesel
to electric vehicle (€/yr)
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FIGURE 14. Annual energy costs savings achieved by switching from the
diesel to the electric vehicle under four driving cycles.

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 1/100 km.
The energy consumption is 22.9 kWh/100 km for the EV. The
annualized energy cost for the diesel vehicle, assuming that

VOLUME 8, 2020

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 percent-
age 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 [24], [27]. This consumption is
calculated with the WLTC and represents a more traditional
(and simple) method for calculating the total cost of owner-
ship 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 459€ for the highway trip. Using the information
provided by a standard WLTC produces the smallest sav-
ings 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 [20].

TCO benefit of choosing electric
rather than diesel vehicle (€)

1000
Driving cycle
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[ ] Extraurban
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WLTC
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500+

=)
|

—500]
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FIGURE 15. TCO benefit of selecting an electric rather than a diesel
vehicle, under five driving cycle scenarios.

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 I1.C). Both the WLTC-based infor-
mation 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
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Sensitivity analysis
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FIGURE 16. Sensitivity analysis.

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 techni-
cal parameters, we change the driving cycle for the vehicle
or increase the average number of passengers to three. 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 [36], the mileage
in [39] and the interest rate in [38]. 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 (11).

Adep = —58x 107115 + 1077 n* +1,98 x 1074 ?
—0.0087 22 +0.137n + 0.1384  (16)

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
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3 000€ leads to a difference of 1800€ (due to the depre-
ciation 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 moder-
ate 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 passen-
gers 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 cap-
ture 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 vari-
ables have a stronger effect on TCO than the technical vari-
ables. 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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