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Abstract: The recovery of kinetic energy (KER) in electric vehicles was analyzed and characterized.
Two main systems were studied: the use of regenerative brakes, and the conversion of potential
energy. The paper shows that potential energy is a potential source of kinetic energy recovery with
higher efficiency than the traditional system of regenerative brakes. The study compared the rate
of KER in both cases for a BMWi3 electric vehicle operating under specific driving conditions; the
results of the analysis showed that potential energy conversion can recover up to 88.2%, while the
maximum efficiency attained with the regenerative brake system was 60.1%. The study concluded
that in driving situations with sudden and frequent changes of vehicle speed due to traffic conditions,
such as in urban routes, the use of regenerative brakes was shown to be the best option for KER;
however, in intercity routes, driving conditions favored the use of potential energy as a priority
system for KER.

Keywords: electric vehicle; recovery energy; regenerative brake; potential energy; optimization method

1. Introduction

Recovery energy constitutes one of the main goals in energy conversion systems to
improve performance. In the case of electric vehicles, the recovery of kinetic energy losses
started with the car racing tests, specifically in Formula One [1–8], which represented an
excellent testing bench for commercial applications [9–11].

Kinetic energy recovery has become one of the focus points of researchers, designers,
and manufacturers in the electric vehicle industry [12–23]. Since part of the energy used
in propelling electric vehicles is lost during driving, the recovery of a percentage of these
losses improves the efficiency of the energy taken from the battery and extends the driving
range [24–34].

Electric vehicles use regenerative brakes as the current method of recovering kinetic
energy losses while decelerating because of brake activation, a fact that is common in urban
routes where traffic jams force the use of brakes to slow down or stop the vehicle. This
option, however, is not the only one to recover kinetic energy losses, especially in intercity
routes where traffic jams rarely happen, and where braking occurs occasionally.

The alternative to the regenerative brake in kinetic energy recovery is the use of the so
called “potential energy loss” (PEL) that happens when the vehicle slows down without
activating the braking system. In this case, the reduction of speed generates a kinetic energy
loss that can be transformed into electricity and recharge the battery [34,35].

Two situations arise as representative of kinetic energy loss with no braking activation:
slowing down due to the entering of a zone of speed limitation, and the descending
segments of the route. In the first case, the reduction of vehicle speed may happen in a
short time, and thus the amount of kinetic energy recovery is limited; the second option,
however, can be prolonged, making kinetic energy recovery profitable.

In effect, a route descent generates a reduction in potential energy in the vehicle and
thus its conversion into kinetic energy to maintain the energy balance. The increase of
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kinetic energy also makes the vehicle speed increase, although part of the kinetic energy
gain is used in compensating the increase in the drag force. In case the balance between
kinetic energy gain and the increase of energy waste due to drag forces is positive, the
electric vehicle increases its speed progressively; if the driver does not want the vehicle
speed to increase, either for security reasons or due to route speed limitations, the cruise
control should activate the kinetic energy recovery system [36–38] or dissipate the excess of
energy as heat [39].

Cruise control at descent segments produces an energy deliver that can be transformed
into electricity by reversing the electric engine of the vehicle and converting it into an
electric generator. The current so produced is, therefore, used to recharge the battery. This
way of using the kinetic energy loss represents a feasible means of energy recovery, thus
improving the performance of the system, increasing the efficiency of energy conversion,
and extending the driving range of the electric vehicle.

The paper is divided in two different sections; first, the theoretical analysis of the
problem with the development of specific algorithms; and second, the experimental tests
where all data from running tests in an electric vehicle are included. The tests are divided
in two sections: one corresponding to the urban route, and the other to the intercity route.
This second section also includes a comparison between the theoretical approach and
experimental data as well as the analysis of the comparison.

2. Theoretical Foundations

Kinetic energy losses are defined from the classical equation of kinematics:

∆ξT =
1
2

m
(

v2
f − v2

i

)
(1)

where m is the mass of the vehicle, and vf and vi are the initial and final speed of the kinetic
energy variation process, respectively.

In case the energy losses are converted into electricity, the following equation should
be used:
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I and V are, respectively, the output voltage and current of the electric engine when
playing the role of electric generator, and ηg is the efficiency of the energy conversion process.

Provided the electric generator supplies a constant voltage, and considering the gener-
ated current depends on the rank of kinetic energy, Equation (2) should be reformulated
as in
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where different steps in the kinetic energy loss process are considered for time intervals
of ∆t.

In case the time interval is sufficiently short,
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__
vj represents the average value of the vehicle speed at the segment j.
Equation (4) is useful in flat terrain where no changes of route elevation occur, or they

are negligible, and the variation of kinetic energy is associated with a reduction of vehicle
speed due to braking or simply to a releasing of the accelerator pedal. However, if the route
is descending, the kinetic energy variation can be associated with the changes in the route
elevation; thus,
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At the route descent, two different situations arise, namely, cruise control engaged
or disengaged; in the first case, the cruise control maintains constant the vehicle speed;
therefore, the drag force is maintained constant too. In this situation, the loss of potential
energy due to the descending level of the route is transformed into kinetic energy that is
converted into electricity at the generator; the amount of electric current injected into the
battery is given by

I =
ηgmg sin α

V
__
v (6)

where α is the slope of the road,
__
v is the average vehicle speed during the descent, and ηg

is the efficiency of the electric motor acting as an electric generator.
Assuming the duration of the descent is t, which is given by Equation (7), the amount

of charge injected into the battery is

t = d/
__
v (7)

q = It =
ηgmgd sin α

V
(8)

where d is the travelled distance during the descent.
The amount of charge from Equation (8) can be expressed, in terms of battery capacity,

as Equation (9), where ∆C represents the relative capacity increase, and Cn is the nominal
capacity of the battery, currently provided by the manufacturer.

Since the battery capacity is not a fixed value but a variable one that depends on the
discharge rate, Equation (9) should be rewritten in terms of real capacity, Cr:

∆C = q/Cn (9)

∆C =
q

Cr
=

q
fCCn

(10)

where fC is the capacity correction factor defined as [40]

fC =

(
tD
tre f

)0.0149

(11)

tD is the theoretical discharge time at the operating discharge rate, and tref is the
discharge time for standard discharge conditions [41–43].

Combining Equations (8), (10) and (11),

∆C =
ηgmgd sin α

VCn

( tre f

tD

)0.0149
(12)

Since the driving range is directly related to the battery capacity, the capacity increase
can be transformed into a driving range extension through the following equation:

∆(DR) =
∆C
ζrate

=
ηgmgd sin α

ζrateVCn

( tre f

tD

)0.0149
(13)

where ζrate is the energy rate of the electric vehicle, in Wh/km.
The electric energy rate can be obtained from the analysis of the dynamic conditions

under which the electric vehicle is running. From the classical expressions of dynamics,
namely, Equations (14) and (15), where ξ is the energy consumption, P is the required
power, t is the time of operation, and F is the propelling force, we can establish

ξ = Pt (14)
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P = F
__
v (15)

ξ =
(

ma + kv2 + µmg + mg sin α
)__

v t (16)

Since the cruise control maintains constant the vehicle speed, the acceleration is null;
therefore, Equation (16) is converted into

ξ =
(

k
_
v2 + µmg + mg sin α

)__
v t (17)

Applying the definition for energy rate,

ζrate =
ξ

d
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Using Equation (7), it results in

ζrate =
(

k
_
v2 + µmg + mg sin α

)
(19)

Combining Equations (13) and (19), we obtain
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ηgmgd sin α(
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or in terms of generated current,

∆(DR) =
ηgmgd sin α(
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Equation (21) provides a useful expression to obtain the enlargement of the driving
range for the electric vehicle as a function of characteristics parameters.

Assuming the dynamic conditions are constant as well as vehicle parameters and
battery characteristics, the only two variables that arise from Equation (21) are the generated
current and the slope of the route, which can be easily obtained from the appropriate
sensors, namely, an inclinometer for the slope and an ammeter for the current. The other
parameters involved in the enlargement of the driving range can be taken from a data base.

An alternative situation occurs if the cruise control is disengaged; in such a case, the
vehicle speed can no longer be constant—either increasing or decreasing depending on
dynamic driving conditions. A vehicle speed increase happens when the electric engine
continues pulling the vehicle at the same or similar rate, while vehicle speed diminishes if
the driver releases the accelerator and leaves the vehicle to run under inertial forces.

In this latter case, there is a minimum value for the slope of the route that makes
the electric vehicle run, since the drag and rolling forces continue acting on the vehicle
movement, reducing its speed until the vehicle is completely stopped. In this situation, the
kinetic energy recovery can only be applied if the following condition is fulfilled:

sin α >
k

_
v2

mg
+ µ (22)

or in terms of variation of the altitude of the route,

zi − z f

d
>

k
_
v2

mg
+ µ (23)
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where z is the altitude of the route, and sub-indexes i and f account for initial and final
state, respectively, of the specific segment.

The conditions expressed in Equation (22) or Equation (23) indicate the amount of
potential energy that must be devoted to compensate the energy waste due to drag and
rolling forces; therefore, the kinetic energy recovery can be obtained from

∆ξKE = mgd sin α− d
(

k
_
v2 + µmg

)
(24)

It can be noticed that the kinetic energy recovery depends on the slope of the road
segment and on the travelled distance on the segment.

Converting the kinetic energy recovery into increases in driving range, we have
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3. Experimental Tests

Two types of tests were run: one in urban routes at the city of Madrid, Spain, and
another in an intercity route, north of Madrid, Spain. The urban route was extended for a
travelled distance of 12.4 km, and the intercity route for a one-way distance of 53.3 km. The
test electric vehicle was a BMWi3, the characteristics of which were taken from the official
data sheet of the manufacturer [44,45].

The physical diagram of the experimental device is shown in Figure 1. The figure
represents the layout of the system with the different components and sub-systems. Sensors
provide specific information about the operating voltage of the battery and electric motor,
as well as the current extracted from the battery. The power sensor gives the power used
by the electric motor to propel the vehicle.

Vehicles 2023, 5, FOR PEER REVIEW 6 
 

 

The test electric vehicle was a BMWi3, the characteristics of which were taken from the 
official data sheet of the manufacturer [44,45]. 

The physical diagram of the experimental device is shown in Figure 1. The figure 
represents the layout of the system with the different components and sub-systems. Sen-
sors provide specific information about the operating voltage of the battery and electric 
motor, as well as the current extracted from the battery. The power sensor gives the power 
used by the electric motor to propel the vehicle. 

Tests on the intercity route were run on the way back and forth to verify the validity 
of the results. The urban route was considered only for the regenerative brakes, while the 
intercity route was devoted to kinetic energy recovery from variations of potential energy 
along the route. The intercity route was divided into three segment categories according 
to the route profile: flat terrain, ascent, and descent. Segments were classified as flat ter-
rain, ascent, or descent depending on the slope of the road; for slopes in the range (−1°, 
1°), the segment was considered to be flat terrain, while above and below these values, the 
segment was classified as ascent for positive values of the slope and descent for negative 
values. 

 
Figure 1. Layout of the power system for the tested electric vehicle. 

For simplicity, all segments belonging to any of the aforementioned categories were 
grouped; Table 1 summarizes the travelled distance for any of the three categories. 

Table 1. Distribution of travelled distance at the intercity route according to segment category. 

Category Flat Terrain Ascent Descent 
Travelled distance (km) 15.3 23.5 14.5 

3.1. Urban Route 
The vehicle studied was equipped with a regenerative braking system, which takes 

advantage of braking moments to charge the vehicle battery with the kinetic energy losses. 
Tests were carried out for the purpose of evaluating the maximum capacity of kinetic en-
ergy recovery. To do this, data were taken from the vehicle�s control system, which pro-
vides information on the vehicle�s speed and instantaneous power. In order to obtain data 
on the maximum use of kinetic energy, the vehicle was allowed to brake only with the use 

Figure 1. Layout of the power system for the tested electric vehicle.



Vehicles 2023, 5 392

Tests on the intercity route were run on the way back and forth to verify the validity
of the results. The urban route was considered only for the regenerative brakes, while the
intercity route was devoted to kinetic energy recovery from variations of potential energy
along the route. The intercity route was divided into three segment categories according to
the route profile: flat terrain, ascent, and descent. Segments were classified as flat terrain,
ascent, or descent depending on the slope of the road; for slopes in the range (−1◦, 1◦), the
segment was considered to be flat terrain, while above and below these values, the segment
was classified as ascent for positive values of the slope and descent for negative values.

For simplicity, all segments belonging to any of the aforementioned categories were
grouped; Table 1 summarizes the travelled distance for any of the three categories.

Table 1. Distribution of travelled distance at the intercity route according to segment category.

Category Flat Terrain Ascent Descent

Travelled distance (km) 15.3 23.5 14.5

3.1. Urban Route

The vehicle studied was equipped with a regenerative braking system, which takes
advantage of braking moments to charge the vehicle battery with the kinetic energy losses.
Tests were carried out for the purpose of evaluating the maximum capacity of kinetic energy
recovery. To do this, data were taken from the vehicle’s control system, which provides
information on the vehicle’s speed and instantaneous power. In order to obtain data on
the maximum use of kinetic energy, the vehicle was allowed to brake only with the use of
the regenerative braking system; that is, at no time were the electric vehicle’s conventional
brakes activated. It was observed that the regenerative braking system was deactivated at
a speed of 6 km/h.

Electric vehicle speed was taken from the vehicle speedometer and from GPS data.
Since the car speedometer had a margin of error, an adjustment in the profile of vehicle
speed was necessary to match speedometer values and GPS data. In our case, the deviation
between the GPS signal and speedometer values was in the range of 2–5 km/h.

Using expression from the theoretical section, the power evolution with time was
calculated and compared to the values provided by the electric vehicle control unit (EVCU).
The results of the comparison can be seen in Figures 2–5.

Analyzing the curves of Figure 2 we realized there were two different sections, one to
the left of the vertical dotted line, with positive power values, and one to the right with
negative power values; the left hand section shows that the regenerative braking system
was not activated, since the vehicle speed was not reduced; however, in the right hand
section the regenerative braking system was activated and was recharging the battery, so it
is the one that interested us.
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It can also be noticed that theoretical curve covers a larger area than the experimental,
which means the regenerative braking system used only a fraction of the predicted kinetic
energy recovery.
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Figure 3 shows how the vehicle speed evolved with time. We realize the vehicle speed
was maintained constant as long as the regenerative braking was not working, which
means there was no kinetic energy losses. When the vehicle started reducing its velocity,
regenerative braking was activated, and it initiated energy recovery from the reduction of
kinetic energy due to a reduction of velocity.

Since the regenerative braking system was only activated when there was an effective
reduction of vehicle speed and thus of kinetic energy, we represented the section where
the regenerative braking is activated, the right hand section of Figure 2, to analyze the
effectiveness of the kinetic energy recovery system (Figure 3).

To evaluate the real performance of the regenerative braking system, we calculated
the kinetic energy losses from the experimental data provided by the EVCU as well as the
energy recovery from the regenerative braking system, resulting in the following value:

ηKERS =
RE

KEL
=

22.5
39.3

= 0.573 = 57.3% (27)

This value represents the average efficiency of the regenerative braking system.
As stated before, we observed that the theoretical prediction of kinetic energy recovery

by the regenerative braking system does not match experimental values, a clear sign of the
inefficiency of the process. To evaluate how the efficiency of the regenerative braking system
evolved with kinetic energy loss, we correlated the ratio of theoretical to experimental
values of kinetic energy recovery power as a function of the vehicle speed. Figure 4 shows
the results of the correlation.

The power factor shown in Figure 5 was correlated to a third degree polynomial
function of the following type:

PF = −0.0001v3 + 0.0094v2 − 0.2796v + 3.6507 (28)

This correlation function has a regression coefficient of R2 = 0.9955, which indicates
excellent agreement.

To verify the validity of the correlation we applied the power factor to the theoretical
predictions, and the resulting values were drawn against experimental data, obtaining the
following results shown in Figure 6. We realize there was very good agreement between
theoretical predictions and experimental data, with accuracy higher than 98%.
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As in the first test, we noticed a difference in performance between theoretical predic-
tions and experimental values, which were the result of the inefficiency of the regenerative
braking system. The same correlation process was applied to tests 2, 3, and 4 with similar re-
sults to those obtained for test 1, with slight differences in the coefficient values of the third
degree polynomial function in Equation (28); therefore, the algorithm of Equation (28) was
taken as a reference to determine the ratio between theoretical predictions and experimental
results for the regenerative braking power as a function of the vehicle speed.

The efficiency of the regenerative braking system for tests 1 through 4 is shown
in Table 2.

Table 2. Efficiency of the regenerative braking system.

Test 1 2 3 4

Efficiency (%) 57.3 61.8 60.4 60.7

Deviation from
average (%) 4.6 2.9 0.6 1.1

Averaging the values from Table 2, we obtained an efficiency for the regenerative
braking system of 60.1%. We observed that all values were within 95% accuracy, which
proved the validity of the results.

It must be noted that all carried out tests were developed using pure electric breaks
with no activation of mechanical brakes at any time.

The average speed during the urban routes was set to 30 km/h, although the resulting
value from experimental data was 28 km/h. The slight difference was due to errors in the
speedometer, as has been mentioned before, of around 2.5 km/h on average. If we take
into account the band error, the experimental data fell within the set up range.
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An additional test was run using mechanical brakes together with the regenerative
braking system to reduce vehicle speed; the efficiency in recovering kinetic energy losses
was 22.8%, much lower than the value obtained with the use of regenerative braking only.
The difference was due to the conversion of kinetic energy at the conventional brakes
into heat.

Using data from the experimental test, we determined the energy rate, including the
kinetic energy recovery; the results are shown in Table 3.

Table 3. Energy rate.

Kinetic Energy
Reduction System

Conventional
Breaking System

Combined System
(Regenerative +
Conventional)

Regenerative
Braking

Energy rate (Wh/km) 140.4 124.0 98.3

Now using data from the technical data sheet for the tested electric vehicle [44,45], and
applying results from the experimental tests, we could obtain the global energy recovery.
Since our tests lasted for 20 min, the resulting recovery power is given by

ξGER = PEVηKERS f = (50)(0.601)(1/3) = 10kW (29)

where PEV is the power recovery data given by the manufacturer, ηKERS is the average
efficiency of the energy recovery system, and f is the factor that account for the relative
operational time related to the hourly period.

Comparing the results obtained in Equation (29) with those from Figures 5 and 6, we
observed that there was good agreement, which indicates the accuracy of the testing method.

If we apply these results to the determination of the driving range of the tested electric
vehicle, using the battery energy capacity provided by the manufacturer [44,45], we obtain
the results shown in Table 4.

Table 4. Electric vehicle driving range.

Kinetic Energy
Reduction System

Conventional
Breaking System

Combined System
(Regenerative +
Conventional)

Regenerative
Braking

Driving range (km) 284.9 322.6 406.9

Driving range
increase (km) 0 37.7 122.0

Driving range
increase (%) 0 13.2 42.8

We realize there is a significant increase in the driving range in the case of using the
regenerative braking system up to 42.8% and 122 km.

3.2. Intercity Route

In this section, we studied and analyzed the kinetic energy recovery due to changes
in the elevation of the route. In this case, the variation of potential energy because of
the changes in the elevation was transformed into electricity since the vehicle speed and
therefore the kinetic energy was maintained constant.

To do so the following condition must be fulfilled:

−mg sin|α| > 0.5ρCx Av2 + µmg cos α (30)
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where m is the mass of the vehicle, ρ the air density, Cx the aerodynamic coefficient of the
vehicle, A its front area, v the vehicle speed, µ the rolling coefficient, and α the slope of
the road.

Replacing characteristics values for the BMWi3, which were taken from the technical
data sheet [44,45], the minimum slope from which the kinetic energy recovery is feasible
could be obtained. Table 5 shows the minimum slope of the road as a function of the
vehicle speed.

Table 5. Minimum slope of the road for feasible recovery energy.

Vehicle Speed
(km/h) 50 60 70 80 90 100 110 120 130

Slope (◦) −0.94 −1.10 −1.29 −1.51 −1.76 −2.04 −2.35 −2.68 −3.05

We considered negative values of the slope of the route segments, since they are the
only ones where there is kinetic energy recovery. To facilitate the evaluation, we used a
route where most of the segments have negative slopes, so the amount of kinetic energy
recovery would increase, thus minimizing the error in the calculation of the efficiency in
the kinetic energy recovery process.

The orographic profile of the testing route can be seen in Figure 8.
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Figure 8. Orographic profile of the testing route (descending segments). Blue line in Figure 8
corresponds to orographic profile supplied by the cartographic information of the region. Red line
represents the theoretical approach of the profile used by the simulation.

The vehicle speed was set up at 77 km/h activating the cruise control unit. The
dissipated power was calculated through the following expression:

PL = mgv
(

sin α− C f cos α
)
− 0.5ρCx Av3 (31)

Following the orographic profile, using data from official data sheet for the electric
vehicle [44,45], taking values for measuring parameters, and applying Equation (31), we cal-
culated the energy used as a function of the slope of the route; the results of the calculation
are presented in Figure 9.
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Figure 9. Testing route energy rate vs. slope of the road.

The route was divided into 43 segments, each one characterized by the travelled
distance, the slope of the segment, the change in road elevation, and the average speed of
the electric vehicle. The energy rate at every segment is represented by a point in Figure 10.
We observed that the kinetic energy recovery system was activated for slope values above
−1.6◦, when the energy rate became positive.
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From the mathematical definition of average energy rate,

Cav =
ξ+ − Xξ−

d
(32)

where ξ+ and ξ− are the energy used and recovered, respectively, and d is the travelled
distance; using data from experimental tests and applying Equation (32), we determined
the average energy recovery rate.

X =
ξ+ − Cavd

ξ−
=

721.67− (58)(10.49)
233.56

= 0.485 = 48.5% (33)
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The average energy recovery rate was used for simulating the energy rate for the
whole route, and the results were compared to the experimental data obtained directly
from the electric vehicle control unit. Figure 9 shows the results of the comparative analysis
between the theoretical prediction from the simulation process and experimental data from
direct measurements.

Dealing only with route segments with negative slopes, the energy recovery rate
increased, as shown in Figure 11.
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Figure 11. Power demand (red) and recovery (blue) at the intercity testing route for negative
slope segments.

To determine the efficiency of the kinetic energy recovery system, we calculated the avail-
able energy for recovery and the energy recovery itself and applied the following expression:

X =
ξrec

ξav
=

38.58
45.57

= 0.847 = 84.7% (34)

Sub-indexes rec and av account for recovery and available.
Values in Equation (34) have determined integrating the curves for available and

recovery in Figure 11 for the whole time lapse.
To verify the validity of the calculation, we determined the energy associated with

the drag and rolling forces during the energy recovery process. Since the electric vehicle
operates at zero acceleration, the dynamic conditions statement can be expressed as:

F = kv2 + µmg− µmg sin α (35)

Because the electric vehicle is under mechanical equilibrium, F = 0, and taking into ac-
count that the last term of the equation corresponds to the recovery energy, we can establish

Frec = µmg sin α = kv2 + µmg (36)

Equation (36) indicates that only the drag and rolling forces intervene in the calculation
of the available energy, as stated before.

Converting force into energy,

ξrec = ηKERS

(
kv2 + µmg

)
(37)
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where the efficiency of the kinetic energy recovery system (KERS) was included to match
real operating conditions.

Applying the MATLAB-Simulink simulation to the process, we obtained

ηKERS =
ξrec

kv2 + µmg
=

38.85
45.57

= 0.853 = 85.3% (38)

a value that matches the previous result within 99.2% accuracy.
Two additional tests were run on similar driving conditions in alternative intercity

routes of likely orographic profiles; the results of these additional tests gave energy recovery
rates of 86.8% and 88.2%, slightly above the previous result. Averaging the three values,
we obtained a characteristic average rate for the kinetic energy recovery of 86.7%. Table 6
shows the deviation from the average value at any case.

Table 6. Efficiency of the kinetic energy recovery system.

Case 1 2 3

Efficiency (%) 85.0 86.8 88.2

Deviation from
average (%) −2.0 +0.1 +1.7

The driving range was extended at the testing intercity routes by using the conversion
process of potential energy reduction into kinetic energy; applying the same procedure as
for the urban route to the entire intercity route,

ξGER = PEVηKERS f = (50)(0.485)(1/3) = 8.1kW (39)

which represents an extension of 98.6 km for the BMWi3 tested electric vehicle, considering
the reference energy rate of 14.04 kWh/100 km provided by the manufacturer.

This extended range, however, may change with the route configuration, since the
efficiency of the kinetic energy recovery system depends on the used system, regenerative
braking or potential into kinetic energy conversion, which should be applied to different
segments of the route, regenerative braking for the flat and ascent segments, and potential
to kinetic energy conversion for the descending ones.

4. Conclusions

It was proven that kinetic energy recover can be attained, either by using the re-
generative braking system or through the conversion into kinetic energy of the potential
energy reduction.

The efficiency of the kinetic energy recovery system from the conversion into kinetic
energy of the potential energy reduction is higher than using a regenerative braking system.
The first method produced an average efficiency of the energy recovery rate of 86.7%, while
for the regenerative braking, the efficiency was only 60.1%.

The high value of the efficiency of the energy recovery process through the conversion
of potential energy variation into kinetic energy is valid only if applied to a route segment
with a negative slope; in case the method is applied to an entire route with flat, ascent, and
descent segments, the efficiency drops to 48.5%, a lower value compared to the regenerative
braking system.

The regenerative braking system is more suitable for urban routes where sudden and
frequent reduction of vehicle speed occurs due to traffic conditions. On the contrary, kinetic
energy recovery from the reduction of potential energy should be used in intercity routes
where braking barely happens and where changes in the route elevation, and thus of the
potential energy, are more frequent.
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According to what has been previously stated, in intercity routes it is more efficient to
use the regenerative braking system with flat and ascending terrain, and the conversion
process or potential energy reduction into kinetic energy with descending terrain.

The use of the energy recovery system extends the driving range of the electric vehicle
in a significant way, up to 42.8% in urban routes when using regenerative braking system
and up to 34.5% in intercity routes if the conversion system of potential energy variation
into kinetic energy is applied.

The extension percentage for intercity routes may change if the configuration of the
route is modified, since the efficiency of the kinetic energy recovery system depends on the
type of system used for the recovery, regenerative braking, or energy conversion. Because
the two systems should be applied at different segments of the route, the configuration is
critical, hence the global efficiency and the resulting driving range extension.
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