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Analysis of the Effect of Wind Turbines Used In Electric Vehicles on Drag Power

Osama ALMAHMOUD, Abdulhakim KARAKAYA*

Abstract: The increasing role of electric vehicles (EVs) in future transportation systems is of significant importance for improving energy efficiency and environmental
sustainability. The integration of renewable energy sources, particularly wind energy, with these vehicles has the potential to reduce energy costs and carbon emissions.
This study analyzed how different wind turbine placements influence electric vehicles in terms of drag force. The aerodynamic performance impacts of various configurations
were also examined. The drag force on the vehicle was determined based on the turbine location, and the optimal placement was identified. For this purpose, an electric
vehicle model was designed, and simulations were conducted using ANSYS (Analysis Systems) software. Additionally, the amount of energy generated was compared with
the energy loss caused by the increased drag force. Furthermore, the most efficient integration method for wind turbines in electric vehicles was determined.
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1 INTRODUCTION

The widespread use of gasoline-powered vehicles has
led to environmental pollution, increased noise, and a
heightened risk of depletion of fossil fuel reserves.
Although electric vehicles (EVs) have the potential to
address some of these issues, they have not been widely
adopted [1, 2]. In EVs, propulsion is provided by electric
motors. Batteries that store electrical energy provide the
power necessary for motion without burning fossil fuels,
producing no emissions. Despite the absence of emissions,
the high purchase costs of EVs and their limited range
owing to energy storage challenges remain significant
concerns. Currently, range limitations continue to hinder
the widespread adoption of EVs [3-9]. EVs are charged at
fixed stations that draw electricity from grids responsible
for supplying residential, commercial, and industrial
facilities. This dependence on charging infrastructure may
lead to a substantial increase in electricity demand.
Research on EV range limitations focuses on two main
areas: first, developing batteries with higher specific
energy and developing electricity from alternative sources
[10, 11]; and second, reducing energy losses in vehicles
and reducing a portion of the wasted energy. Renewable
energy integration is considered a critical factor in the EV
energy supply. However, solar energy systems, which are
a renewable source, currently face challenges in vehicular
applications owing to their weather dependency, low
efficiency, and large space requirements. Thus, integrating
environmentally friendly wind turbine systems capable of
continuous and efficient operation could enhance their
energy efficiency and resolve their range limitations.

Quartey et al. designed a car with a roof-mounted wind
turbine to charge batteries using wind energy [12], and the
practical results revealed drawbacks, including increased
friction forces that reduced the vehicle’s efficiency. Lv et
al. experimentally investigated the impact of regenerative
braking on EV energy efficiency. By analyzing the energy
flow with and without regenerative braking, they
demonstrated that regenerative braking improved energy
efficiency by 11.18% and extended the driving range by
12.58% [13]. Karana and Sahoo found that waste heat
recovery via thermoelectric systems increased energy
efficiency by 5.78% [14]. Zhang et al. investigated the
aerodynamic effects of roof-mounted wind turbines

integrated into electric vehicles using Computational Fluid
Dynamics (CFD) simulations. They demonstrated that the
turbine-induced drag force increased by 8-12%, but noted
that a net energy gain remained feasible depending on the
wind speed [15]. Patel et al. compared the effects of
vertical- and horizontal-axis wind turbines on vehicle
aerodynamics and revealed that vertical-axis turbines
induce significantly lower drag increments at low speeds
[16]. Singh and Gupta reported that optimizing the drag
coefficient of multiple small turbines integrated into
vehicle bodies reduced energy loss to 4.3% [17]. Rubio and
Llopis-Albert published a comprehensive review
emphasizing the direct correlation between turbine design,
positioning strategies, and aerodynamic efficiency [18].
Existing research highlights the significant limitations of
small-scale wind turbines in mobile applications. Jahanfar
and Igbal pointed out their inefficiency, noting that typical
urban wind speeds are often too low for net energy gain
[19]. The practical energy yield from car-mounted wind
turbines remains negligible compared to the power
demands of vehicles. Empirical tests by Lee et al. showed
that a 0.5 m? turbine at highway speeds (100 km/h)
generates only ~40-60 Wh over a 100 km trip, which is less
than 0.3% of the energy required to propel an average mid-
sized electric vehicle [20]. This is supported by Shahin's
2023 experimental data, which revealed that microturbines
on EVs only recover 1.2-3.8% of drag losses in real-world
conditions [21]. These studies collectively question the
feasibility of wind turbines as standalone range extenders,
suggesting the need for hybrid solutions (e.g., solar-wind)
or alternative regenerative technologies to offset
aerodynamic losses.

However, a systematic comparison of the aerodynamic
effects of wind turbines is lacking. This study addresses
this gap by analyzing the impact of wind turbine placement
on EVs, focusing on aerodynamic drag (Cg) and energy
generation through three-dimensional ANSYS Fluent
simulations. Two turbine positions (top and front) were
tested to quantitatively evaluate the balance between the
energy loss (Piss) and gain (Pruine). Unlike previous
studies, this study specifically examines how turbine
position affects the drag coefficient, assesses whether
front-mounted turbines can reduce net energy loss, and
provides integrated design guidelines for aerodynamic
optimization. These findings provide crucial data for
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policymakers and engineers involved in renewable energy
integration and sustainable mobility.

2 TYPES OF ELECTRIC VEHICLE

Basic electric vehicles (EVs) operate solely via electric
propulsion, using batteries as the energy source.
Alternatively, they can function in combination with an
internal combustion engine (ICE) [22]. Furthermore,
alternative energy sources can be used. These vehicles are
known as hybrid electric vehicles (HEVs) [23]. Vehicles
equipped with both batteries and fuel cells are termed fuel
cell electric vehicles (FCEVs) [24, 25]. Based on these
distinctions, EVs can be classified into four categories.

2.1 Battery-Electric Vehicle

Battery Electric Vehicles (BEVs) derive their power
exclusively from batteries, and the vehicle range depends
on the battery capacity [26]. BEVs offer distinct
advantages: they have a simple structure, are user-friendly,
and are environmentally sustainable [27]. They do not
produce greenhouse gases and operate quietly. Electric
propulsion enables instant high-torque delivery, even at
low speeds [28]. Fig. 1 shows a block diagram of the BEV
configuration [26]. In this setup, the batteries supply power
to the electric motors through a power converter circuit,
and the motors drive the wheels of the vehicle.

/_\,!— AC/DC BATTERY

: ' CONVERTER PACK

Figure1 Structure of a BEV, the inverter changes DC electricity to AC power
(23]

2.2 Hybrid-Electric Vehicle

Hybrid Electric Vehicles (HEVs) are propelled by a
combination of an internal combustion engine (ICE) and
an electric power transmission (PT) system. This
combination can vary in its configuration [29]. HEVs
utilize an electric propulsion system under low-power
demand conditions [30], providing significant advantages
in urban driving scenarios by reducing fuel consumption
during engine-idle periods. At higher speed requirements,
the vehicle switches to the ICE [31]. These two power
systems can also collaborate to enhance their performance.
The batteries can be charged either via ICE or through
regenerative braking. Thus, HEVs are ICE-powered
vehicles supplemented by an electric propulsion system to
improve fuel economy [32]. The energy management
mechanisms of HEVs are shown in Fig. 2 [33]. Based on
the driver inputs, vehicle speed, battery state of charge
(SOC), and fuel economy requirements, the system
distributes power between the ICE and electric motor.

Driver
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Command Controller
Interpreter

Driver EM

Scaling Power

Factor

Command

50C

EM Speed —
Figure 2 HEV's energy management system

2.3 Plug-in Hybrid-Electric Vehicle

The Plug-in Hybrid Electric Vehicle (PHEV) concept
has emerged to extend the all-electric range of Hybrid
Electric Vehicles (HEVs) [34, 35]. Similar to HEVs,
PHEVs utilize an internal combustion engine (ICE) and an
electric power transmission (PT) system; however, in
PHEVs, the electric motor serves as the primary drive and
requires a larger battery than that of the battery in HEVs.
PHEVs operate electrically and engage the ICE only when
the battery is depleted [29]. The ICE extends the range of
the vehicle by recharging its battery. Unlike HEVs, PHEVs
can be charged directly from the grid and can leverage
regenerative braking [36]. Because they predominantly
operate on electricity, PHEVs exhibit lower carbon
footprints [37].

2.4 Fuel-Cell Electric Vehicle

Fuel-cell electric vehicles (FCEVs), also referred to as
hydrogen fuel cell vehicles, operate using fuel cells that
generate electricity through chemical reactions [38].
FCEVs primarily utilize hydrogen, the most common fuel
in this industry, which is stored in specialized, high-
pressure tanks. Oxygen, which is required for power
generation, is sourced from ambient air. The energy
produced by the fuel cells is transferred to an electric motor
that drives the vehicle wheels. Excess energy is stored in
batteries or supercapacitors [38, 39]. Fig. 3 illustrates the
configuration of an FCEV [40].

Air
(Oxygen)

Electric Motor Hydrogen tank

&3 -3

Air
Water & Heat
Figure 3 FCEV's configuration [40]

T

Pressure Relidef Device

Tab. 1 presents a comparative analysis of the driving
components, energy sources, and limitations of the
different vehicle types.
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Table 1 Comparative analysis of several vehicle types

Driving
Type component Energy Source Features Drawbacks
Battery. and UC There are no emissions, the system is not reliant on The capacity of the battery, range,
BEV EM ™, oil, the range is mostly determined by the battery recharging time, the accessibility of

type, and the system is commercially available [41]. | charging stations, and elevated pricing [42].

HEV EM and ICE Battery, UC, and

Low emissions, long range, complicated construction
with electrical and mechanical driving trains, and

Algorithmic complexity in energy
distribution and mode transitions. Low
energy density limits the contribution of

ICE commercially available [43]. electrical energy. High weight reduces
aerodynamic efficiency [43].
The hydrogen distribution infrastructure is
extremely limited compared to electric
FCEV EM Fuel cell (FC) Little emissions, high efficiency, independence from vehicle charging stations. Currently,

electric power, and commercial availability [44].

hydrogen production largely relies on fossil
fuels, which undermines its environmental
advantages [44].

3 AERODYNAMICSOF VEHICLES

The aerodynamic performance of electric vehicles
(EVs) is crucial to their energy efficiency. This study
conducted an aerodynamic analysis to examine how the
integration of wind turbines influences the airflow
behavior around an EV, with a specific focus on changes
in the drag force. The drag coefficient (Cq4) serves as the
primary metric for quantifying aerodynamic efficiency and
is derived from ANSYS Fluent simulations using Eq. (1)
[45]:

C, = _h

I 5
—pv-A
2p

(1)

In Eq. (1), Cq is the drag coefficient, where Fy
represents the drag force, p is the air density, v indicates the
wind velocity, and 4 corresponds to the projected cross-
sectional area normal to the flow direction. Vehicle
manufacturers aim to attract consumers by designing cars
with low drag coefficients [46]. The drag coefficients vary
significantly, ranging from approximately 1.0 for large
semi-trailers to 0.4 for minivans and 0.3 for passenger cars
[46]. Generally, an increase in the bluntness of a vehicle
correlates with an increase in its drag coefficient [47].
Findings in this article address discrepancies in existing
literature by demonstrating that strategic wind turbine
placement can partially offset drag losses. However,
complete energy recovery under real-world driving
conditions remains unattainable, underscoring the need for
further optimization.

4  WIND TURBINE

A wind turbine is a device that converts kinetic energy,
known as wind energy, into mechanical energy, a process
called wind energy conversion. When mechanical energy
is used to generate electricity, the device is referred to as a
wind turbine or a wind power plant [48]. Wind turbines are
classified into two primary categories as illustrated in Fig.
4: horizontal-axis and vertical-axis. Horizontal-axis
machines rotate blades on an axis parallel to the ground,
vertical-axis machines rotate blades on an axis
perpendicular to the ground. Numerous designs exist for
both types, each with wunique advantages and
disadvantages.

Eq. (2) provides a formula for estimating the wind

power extractable from a moving fluid mass [49].
1 3
P= 5 pAv 2)

In Eq. (2), P represents wind power, and 4 is the swept
area. Eq. (2) provides all the necessary parameters to
estimate the system power output; however, a series of
factors must be considered to determine the total efficiency
(E) of the system. These include rotor efficiency (E),
generator efficiency (Eg), and transmission efficiency (£;)
[49]. According to the Betz limit supported by Musgrove,
a maximum of 59.3% of wind power can be converted into
useful power [50]. A portion of the energy may be lost in
the gearbox, bearings, generator, drive train, or other
components [51]. Fig. 4 illustrates the different types of
wind turbines [52].

HAWT Savonius  Darrieus H-Rotor

Figure 4 Wind turbine types [49]

5 SIMULATION METHODOLOGY
5.1 Geometric Model

The electric vehicle (Tesla Model S) was modeled
three-dimensionally using SolidWorks 2023 software.
Complex details, such as small ventilation holes, were
simplified, whereas aerodynamic features (streamlined
shape, side mirrors, and wheels) were retained. The vehicle
dimensions were derived from the official specifications:
length L =4.97 m, width W= 1.97 m, and height H = 1.53
m. The specifications are illustrated in Fig. 5.

Savonius wind turbines are characterized by a simple
design consisting of two or more semicircular buckets
offset from the rotation axis, forming a scooping cavity to
capture wind energy [53]. This design provides a
significant advantage: a high starting torque and the ability
to operate effectively under low wind speeds and highly
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fluctuating wind directions [54]. Owing to their operational
characteristics, including robustness, self-starting
capability, and effectiveness in variable winds, Savonius
turbines are well suited for small-scale distributed power
generation applications, such as street lighting, battery
charging, and powering remote or off-grid systems [54]. A
Savonius-type wind turbine was designed for this study.
The turbine comprises three half-cylindrical blades, each
0.8 m long and 0.15 m in diameter. The turbine
specifications are shown in Fig. 6.

Figure 5 Tesla model S car

0.8

Figure 6 A Savonius type wind turbine

Simulations were conducted for three distinct cases,
and the results were compared in terms of drag coefficient
(Cq) and net energy (Pnet). Case A: Vehicle without a
turbine. Case B: Turbine mounted on the vehicle's upper
surface (turbine center located 2.35 m from the front of the
vehicle). Case C: Turbine mounted on the front section of
the vehicle (0.48 m above ground level). These three cases
are illustrated in Fig. 7.

Figure 7 Car and turbine situations
5.2 Domain Boundaries

To ensure simulation accuracy, careful attention was
paid to the computational domain boundaries. The domain
was defined as follows: 3L in front of the vehicle, 6L
behind it (where L is the vehicle length), 2 on either side
(where W is the vehicle width), and 3H above it (where H
is the vehicle height). These boundaries allowed the flow
to develop naturally and minimized the boundary effects
[55]. The details are shown in Fig. 8 and Fig. 9.

3H
H LS
1 3L [ L] 6L |
Figure 8 Side view simulation area boundaries
| 2w | W l 2W
Figure 9 Front view simulation area boundaries
5.3 Meshing

The finite element mesh was optimized for the drag
coefficient analysis and consisted of 200,655 nodes and
1,102,511 elements. This configuration ensured precise
resolution of the turbine and aerodynamic details while
maintaining computational efficiency. Key parameters
included: The Base Element Size: A size of 0.8 m with a
growth rate of 1.2 to enhance mesh density in critical
regions (e.g., turbine and aerodynamic features). Curvature
Capture: The "Capture Curvature” algorithm (minimum
size: 0.008 m) was used to accurately represent curved
surfaces. Computational Optimization: Linear elements
and removal of details smaller than 0.004 m reduced the
simulation time. The successful transfer of the model to
ANSYS Fluent, along with a minimum edge length of
~2.4¢ 5 m, validated its efficacy in simulating airflow. The
finite element mesh is shown in Fig. 10, and the reference
values and boundary conditions are listed in Tab. 2.
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Figure 10 Element mesh

Table 2 Reference values & boundary conditions

Parameter Value/Setting Description
Vehicle Mass 1200 kg Turbine weight is neglected
Density 1.225 ke/m’ Air density up@er standard
conditions
Dynamic 5. Dynamic viscosity of air
Viscosity 1789 107 Pas used in the simulation
Reference Area 3321 m? Area used in (;alculatmg
aerodynamic forces
Velocity inlet | 30 m/s (108 knyvh) | 11e speed of air entering the
calculation area.
Atmospheric Atmospheric pressure

Pressure Outlet (1 atm) condition at the outlet

Assumption of time-

Flow Type (Steady-State) invariant variables for fast
and averaged results
Turbulence f-omega SST Precise model for turbulent
Model flows
Fluid Air Fluid used in the simulation
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5.4 Mathematical Model of the System

The Navier-Stokes equations are a system of partial
differential equations that describe the motion of
Newtonian fluids (e.g., water and air). They are used to
model flow dynamics in engineering, physics, and applied
sciences [56]. Among these, Eq. (4), known as the
continuity equation, accounts for the conservation of mass

within the fluid. The first term (% ) represents the time

rate of density change, and the second term V-(pv) denotes
the mass flow per unit volume. For incompressible fluids
(constant density), the equation simplifies to V- v=0:

P v (pv)=
4V (pv)=0 3)

In Eq. (3); p: Fluid density (kg/m?), v: Velocity vector
(m/s) and ¢: Time (s).

Eq. (4), the momentum equation (Conservation of
Momentum), describes the evolution of the fluid velocity
under pressure and viscous forces [56]. The left side
includes local and convective accelerations, whereas the
right side incorporates the pressure gradient (—Vp) and

viscous forces (' V?v):

p(%-i—v.ij:—Vp—i-,uV% 4

In Eq. (4); p Density, v Velocity (m/s), p Pressure (Pa),
¢t Time (s) and x Dynamic viscosity (Pa.s).

The energy loss (Pross) and generated energy (Prurbine)
are derived from Eq. (5) and Eq. (6), respectively, as
follows: Tab. 3 and Tab. 4 show the values and results of
Eq. (5) and Eq. (6), respectively.

1 3
Bogs = E,DAV o %)
Table 3 Values and results of Eq. (5)
Case plkgm® | 4/m* | v/m/s Cy Ploss | KW
A 1.225 3.32 30 0.293 16.124
B 1.225 3.56 30 0.33 19.425
C 1.225 3.32 30 0.3 16.787
1 3
Prospine = 5 pAV'Cp (6)
Table 4 Values and results of Eq. (6)
Case p/kg/m? A/m?* | v/m/s Cp Prubine | kKW
B 1.225 0.24 33 0.4 2.016
C 1.225 0.24 29 0.4 1.575

In Eq. (6); Prurine Wind power, p Air density, A Turbine
area, Cp Betz coefficient and v Wind speed.

Under practical operating conditions, the inclusion of
the turbine mass (mumwine) affects the energy consumption
during the acceleration and grade-climbing phases. The
influence of this added mass was determined using Eq. (7),
which accounts for both vehicle acceleration and road
grade [57].

R mass — Mturbine &V SN 0+ Mirbine 4V (7)

In Eq. (7), myuine = 20 kg (typical mass for Savonius

turbines), g = 9.81 m/s? (gravitational acceleration), v =30
m/s (constant vehicle speed), 6 is the road gradient angle
(°), and a is the vehicle acceleration (m/s?). For steady-state
conditions (a = 0) and flat roads (8 = 0°), Pmas = 0.
However, during acceleration (a # 0) or uphill driving (6 #
0°), this term becomes significant. For example, at § = 5°,
the P_.. is equal to 0.513 kW.

mass

6 FINDINGS AND DISCUSSION
6.1 Pressure

In Case A, a regular pressure distribution was
observed around the vehicle body. High pressure is
concentrated at the front owing to the airflow impact on the
surface, whereas low pressure is formed at the rear owing
to the boundary layer separation and vortex generation.
This phenomenon is shown in Fig. 11. The pressure color
gradient remained relatively smooth along the body,
indicating an aerodynamically optimized design.

o

e o

Figure 11 Pressure distribution in case A

In Case B, the presence of the top-mounted turbine
created a sharp low-pressure zone behind it owing to flow
disruption. Additionally, an increase in the high-pressure
region on the front wing was observed as the airflow paths
were changed. The pressure distribution in this case is
illustrated in Fig. 12. Furthermore, the streamlines around
the turbine exhibited distortions accompanied by lateral
vortices. These changes adversely affect the aerodynamics
of vehicles by increasing drag and friction.

35+
-12480+03
“1382a+03
14760403
a)

Figure 12 Pressure distribution in case B

In Case C, the turbine was positioned at the front of
the vehicle, resulting in a high-pressure zone ahead and a
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low-pressure zone behind it, which induced vortex
formation. A slight improvement in the pressure
distribution on the upper surface of the vehicle, compared
to Case B, was observed. Fig. 13 illustrates the pressure
distribution.

Figure 13 Pressure distribution in case C

In general, it has been determined that the addition of
a turbine significantly influences the airflow around the
vehicle, leading to alterations in the pressure distribution
and the formation of vortices. These changes can adversely
affect the aerodynamics of a vehicle by increasing drag and
reducing fuel efficiency.

6.2 Velocity Distribution

In Case A, the velocity streamlines around the vehicle
were regular and parallel, indicating stable aerodynamic
flow. High velocities (~46.5 m/s) were observed on the
upper surfaces and sides owing to the airflow acceleration
over the curved regions. Low-speed zones (< 10 m/s) were
concentrated at the rear, resulting from boundary layer
separation and vortex formation. The velocity distribution
is shown in Fig. 14. Rear vortices account for 60-70% of
the total drag, a common characteristic in conventional
aerodynamic designs.

In Case B, significant turbulence and distortion of the
flow streamlines were observed around the turbine. Along
the turbine sides, velocity increases of ~40 m/s were
detected owing to the narrowing of the airflow path. The
velocity distribution in this case is shown in Fig. 15.
Compared with Case A, the low-speed zones (< 15 m/s), at
the rear of the vehicle expanded, and larger vortices were
formed. The turbulence induced by the turbine increased
the form drag.

o [ 200 i
— — )
= ]

Figure 14 Velocity distribution in case A

L.

Figure 15 Velocity distribution in case B

In Case C, partial airflow redirection around the front
turbine was observed, with streamlines being more
organized than in Case B. High velocities (~44 m/s) were
recorded in front of the turbine, gradually decreasing
toward the rear. The rear vortices were smaller than in Case
B but remained larger than in Case A. The velocity
distribution in this case is illustrated in Fig. 16. Despite the
reduced turbulence, the front turbine partially obstructed
the forward flow.

3 s A i
—
2 e

Figure 16 Velocity distribution in case C
6.3 Drag Coefficient Comparison

To assess the aerodynamic implications of turbine
placement, drag coefficients (C4) were extracted for all
three cases and are presented with the corresponding error
margins derived from the standard deviation of the final 50
iterations post-convergence (Tab. 5). The baseline
configuration (Case A) without turbines yielded a drag
coefficient of 0.293 + 0.010, which aligned with the
expected aerodynamic efficiency of a sedan-class vehicle
[58].

Table 5 Drag coefficients and efficiencies for each case.

Case Cu Standard Deviation (£) Change / %
A 0.293 0.010 -
B 0.33 0.015 12.63%
C 0.3 0.015 2.39%

The inclusion of a top-mounted Savonius turbine
(Case B) led to a marked rise in acrodynamic resistance,
increasing the drag coefficient to 0.330 + 0.015,
representing a 12.63% increase. This elevation primarily
stems from intensified form drag due to flow separation

598

Technical Gazette 33, 2(2026), 593-602



Osama ALMAHMOUD, Abdulhakim KARAKAYA: Analysis of the Effect of Wind Turbines Used In Electric Vehicles on Drag Power

and enlarged wake vortices generated by the turbine
geometry. Additionally, the flow detachment around the
turbine body and localized pressure disturbances caused
elevated drag loss.

In contrast, positioning the turbine on the front surface
of the vehicle (Case C) caused a milder increase in Cg,
reaching 0.300 £ 0.015, a 2.39% increase relative to Case
A. Although the frontal location still introduced moderate
obstruction to the airflow, it yielded a more favorable wake
structure with reduced vortex shedding behind the vehicle,
improving flow reattachment over the upper surface and
partially mitigating pressure drag.

The convergence plots for each simulation (Figs. 17-
19) illustrate the residual stabilization behavior. The Cqy
value fluctuation remained within +0.1% for 50 iterations.
Notably, Case B exhibited slower residual damping,
indicating increased turbulence intensity and numerical
instability induced by the roof-mounted configuration.

1e+00

1e-0t
1e-02:
1e-03;
Te-04

1e-05;

Te-06

Te-07+
0 100 200 300
Iterations

continuity — x-velocity — y-velocity — z-velocity —k —omega

Figure 17 lllustrate the convergence behavior in case A
1e+00;
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1e-02
1e-03
- \\W\/\/\/
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1e-06;

0 100 200 300
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continuity — x-velocity — y-velocity — z-velocity —k — omega

Figure 18 lllustrate the convergence behavior in case B

1e+00;

1e-0%
1e-02;
1e-03;

Te-041

1e-05)

1e-064

Te-07.

Iterations

continuity - x-velocity — y-velocity — z-velocity —k — omega

Figure 19 lllustrate the convergence behavior in case C

6.4 Energy Analysis

This study analyzed the impact of wind turbine
placement on the energy balance of electric vehicles. As
shown in Tab. 6, in the turbine-free case (A), the energy
loss due to aerodynamic drag alone was measured at
16.124 kW. The top-mounted turbine (B) increased the
energy loss to 19.425 kW (20.5% increase) owing to the
higher drag. However, the turbine generated 2.017kW of
energy, resulting in a net loss of —17.921kW (calculated
using Eq. (8)), which describes the mechanism by which
the turbine-generated energy partially offsets the
aerodynamic losses. In the front-mounted turbine case (C),
the energy loss remained lower, at 16.787 kW (4.1%
increase), with 1.576kW of energy generation reducing the
net loss to —15.724 kW (2.5% improvement). The results
indicate that turbines cannot fully compensate for energy
losses in the current design; however, the front-mounted
configuration is relatively more efficient. Aerodynamic
optimization and hybrid systems are expected to improve
this balance.

Pnet = PTurbine - Ploss - Pmass (8)
Table 6 Energy loss and gained energy values
Case | Pros/ kW Prurbine / KW Prass | KW Puet | KW
A 16.124 0.000 0.000 —16.124
B 19.425 2.017 0.513 —-17.921
C 16.787 1.576 0.513 —15.724

The results were compared with those of a previous
study [59]. Unfortunately, owing to a lack of resources,
analyses were performed using the proven ANSYS
program instead of a physical experiment for this study.
The same study reported a 4.05% drag increase and 5.13%
net energy recovery for a turbine embedded in the frontal
cavity, consistent with observed 3.95% increase in Pjoss and
2.5% energy gain (Tab. 6). Minor deviations arise from
turbine design differences (Savonius vs. horizontal axis)
and vehicle geometry. This convergence validates that
frontal integration, when aerodynamically optimized,
yields a net positive energy despite the induced drag.

6.5 Analysis of the Range

The battery capacity of the electric vehicle used in this
study, based on the Tesla Model S Long Range, was set to
100 kWh. This value was verified through official tests by
the U.S. Environmental Protection Agency (EPA) and
aligned with the manufacturer's technical specifications
[60]. Maintaining a constant battery capacity ensured
consistency in the energy loss (Pnt) and range
comparisons. The vehicle range per charge was
recalculated based on the turbine positions and a fixed
speed of 108 km/h. The range (D) was derived using Eq.

) [61].

— Ebat v

D (€))

net

In Eq. (9), Evar = 100 kWh (Tesla Model S Long Range
[60]), v = 108 (km/h) and Py Average net energy loss is
calculated for each case Pne. These calculations assume
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Py s independent of speed, a theoretical simplification. In
real-world scenarios, Pne increases with speed, resulting in
lower range values. As shown in Tab. 7, turbine positioning
significantly impacted the range.

* The ideal range (no turbines) was calculated to be
652 km.

* The range of Case A (without turbines) increased
by 2.7% to 670 km.

* The range of Case B (upper-mounted turbine)
decreased by 8.12% to 603 km.

* Case C (front-mounted turbine—optimized turbine
position) achieved a 5.1% range improvement, reaching
687 km.

These results highlight the critical role of turbine
positioning in balancing aerodynamic efficiency and
energy consumption.

Table 7 Range values and changes of cases

Case D /km Change / %
The ideal range 652 -
A 670 +2.7%
B 603 —8.12%
C 687 +5.1%

7 CONCLUSION

This study investigated the aerodynamic and energy
trade-offs associated with integrating wind turbines into
electric vehicles (EVs), focusing on two configurations:
roof-mounted (Case B) and front-mounted (Case C). The
results demonstrated that while both configurations
increased drag, the front-mounted turbine (Case C) offered
amore favorable balance, reducing net energy loss by 2.5%
compared to the baseline (Case A) and improving the range
by 5.1%. However, the roof-mounted turbine (Case B)
significantly increased the drag (12.63%) and reduced the
range (8.12%), despite generating slightly more power.

From an economic perspective, the marginal energy
gains from wind turbine integration must be critically
assessed against system costs, including those of
manufacturing, installation, and maintenance. Although
front-mounted turbines show promise in partially
recovering drag-induced losses, their financial viability
remains uncertain, particularly when considering
durability challenges and relatively low energy recovery
rates (2.5%). Future research should explore hybrid
renewable energy systems (e.g., combined solar-wind or
regenerative braking) to enhance their cost-effectiveness
and reliability.

This study contributes to the field by providing
empirical data on the effects of turbine placement,
emphasizing the need for aecrodynamic optimization in EV
design. However, further studies are required to evaluate
long-term performance, scalability, and economic
feasibility = under  dynamic  driving  conditions.
Policymakers and engineers should weigh these findings
against alternative range-extending technologies to ensure
sustainable and economically viable solutions for future
mobility.
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