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Abstract

Over the last years the environmental awareness has become a significant concern of our society,
pushing the automotive industry players to focus on the development of electrical vehicles. CEiiA, a
center of engineering and product development, is currently developing a new electric vehicle: the Be02.

In this sense, this thesis aims to evaluate the energetic performance of electric vehicles, giving special
relevance to the thermal management in function of the environment temperature. For this purpose,
an algorithm capable of simulating the propulsion and refrigeration systems was developed. An HVAC
along with another subsystem responsible for the battery’s temperature management were integrated in
the refrigeration system. This is a generic algorithm capable of being adapted to any electrical vehicle.

The algorithm was validated though comparisons made with real data gathered from the electronic
platform Spritmonitor, analyses were performed to the electric vehicles autonomy in function of their
usual operation and through three test runs performed with a Nissan Leaf, monitoring the routes. The
analyses performed with the Spritmotor present an absolute desviation between 2% and 19%, while the
Nissan Leaf test runs present an absolute desviation between 11% and 16%.

The results chapter presents the Be02 behavior (predicted by the algorithm) for winter and summer
runs, where is possible to conclude that the vehicle’s autonomy decreases due to the battery heating
necessity. This chapter also shows results for the application of an electric resistance for heating the
air, instead of a heat pump, which reduces the vehicle’s autonomy by 70km.
Keywords: Electric vehicles, powertrain system, battery thermal management, refrigeration system,
HVAC

1. Introduction
Although the first electric vehicle was created in the
XIX century, its mass production has only started
to occur in the last decades due to the recent tech-
nologic breakthroughs on the batteries development
area (such as the development of new types of bat-
teries, reduction of battery charging time, auton-
omy improvement, etc.) [1]. Nowadays, we can
define these vehicles according to the quantity of
energy consumed [2]:

• Hybrid vehicles

• Hybrid vehicles plug-in

• Electric vehicles

By choosing this type of vehicles, the drivers
are contributing for the reduction of exhaust gases
emissions. A study made by EU basis on 2020 per-
formance, states that an electric vehicle which only
uses electric energy from oil burning, consumes 2/3
of the energy needed to feed a combustion vehicle
that performs the same route. However, the Ri-
cardo consultant predicts an emission of 5.6 tons

of CO2 for a production of a fuel vehicle while an
electric vehicle will emit 8.8 tons to be produced. It
is also showed in this report that during an electric
vehicle lifetime, the emission involved in its tank-
to-wheel will be less 20% when compared with a
fuel vehicle. [2] There is still much to develop and
research to ensure that electric vehicles can be a
clean choice.

One of the main differences between electric and
fuel vehicles is the HVAC system, where the com-
pressor works with electric energy instead of en-
gine. Another fact is the quantity of energy that
is lost. The efficiency of electric motors is much
higher when compared with equivalent combustion
motors. [3] Hence, the heat that is possible to re-
cycle in this type of systems is minor. This disser-
tation is inserted in the context of Project Be 02,
developed at CEiiA.

2. Background
2.1. Drive Cycles

In order to project an HVAC system it is required
to evaluate the performance of the powertrain sys-
tem. Thus, the drive cycles are the developed al-
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gorithm input. These cycles, simulate conduction
behaviors and are used to test emissions of pollu-
tants, fuel consumptions and autonomy of electric
vehicles [4]. There are several types defined as Eu-
ropeans, Americans, Japanese, Artemis and so on.
[5]

The NEDC cycle (European cycle) is the one used
to accomplish the emissions law and also to spread
autonomy values. However, there is a new global
cycle, emerging to replace NEDC cycle – WLTP.
The reason behind this replacement is the fact of
NEDC not being a realistic drive cycle.

2.2. Powertrains System
Once we had defined a drive cycle input, we achieve
velocity, time and acceleration. To define the pow-
ertrain system, the next equation was used 8

Ft[N ] = Fr[N ] + Fa[N ]

+Fp[N ] +m[kg] · a[m/s2] (1)

This sytem considers the resistance force (Fr),
aerodynamic force (Fa), weight force (Fp), total
force present in vehicle system (m ·a) and the force
performed by the motor (Ft). But first, it is neces-
sary to determinate Fa, Fp and Fr.

Fr[N ] = f ·N [N ] (2)

Fa[N ] = CD · 1

2
· ρ[kg/m2]×

×(v[m/s] + Vw[m/s])2 ·Aalar[m2] (3)

Fp[N ] = m[kg] · g[m/s2] (4)

In the previous equation f corresponds to friction
coefficient andN is the normal force. CD is the drag
coefficient, ρ is the density, v and Vw correspond
to the vehicle and wind velocity, respectively. The
vehicle mass is represented by m and gravitational
acceleration by g. Knowing the necessary force in
the motor, it is possible to determine the tire torque

T [N.m] = Ft[N ] · rp[m] (5)

Being rp the radius tire. The following equations
are used to calculate the motor torque and motor
rotation per minute,

TM [N.m] =
T [N.m]

ig · ηt
(6)

NM [rpm] =
30viigi0
πrd[m]

(7)

ηt corresponds to transmission efficiency, ig and
i0 are the transmission ratio and transmission final
velocity ratio, respectively.

These values allow to determinate the efficiency
in each part of the drive cycle. When a company
produces a motor, it also provides its efficiency
chart (efficiency depends on torque and rotation per
minute).

There are more two components that are to be
considered in the powertrain system: inverter and
battery. The first one is responsable for convert-
ing the current fom DC (battery) to AC (motor).
Both have efficiency and consequently energy lost.
The inverters efficiency chart (depending on elet-
ric power) are also provide by the manufacturing
company. Through velocity and motor force it is
possible to determine electric power

P (t)[W ] = Ft(t)[N ] · v(t)[m/s] (8)

Now, it is possible to meet the energy demanded
by the battery. According with that demand, the
dissipated energy will change, causing an increase
of battery temperature. The battery thermal man-
agement is truly relevant for its proper function.
Lithium batteries have an ideal gap or work tem-
perature between 15 e 35 oC.

2.3. HVAC

The typical HVAC system presented on cars can
also be dominated as heat pump. This system is
composed by four main elements : condenser, evap-
orator, compressor and expansion valve (figure 1).

Figure 1: Heat Pump.

The heat exchangers (condenser and evaporator)
are two complex components that fulfill significant
roles on the HVAC system operation. The heat
equation adopted by the developed algorithm is [6]

Q[W ] = U [W/(m2 ·K)] ·A[m2]∆TM [K] (9)

Where

1

UA
=

1

hi[W/(m2 ·K)]Ai[m2]
+
R′′f,i[(m

2 ·K)/W ]

Ai[m2]
+
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+
ln(De[m]/Di[m])

2πk[W/(m ·K)]L[m]
+
R′′f,e[(m

2 ·K)/W ]

Ae[m2]
+

+
1

he[W/(m2 ·K)]Ae[m2]
(10)

Inside the heat exchangers, during the internal
convection, the refrigerant fluid may be in the fol-
lowing phisicaçl states: liquid, vapor or a mix be-
tween the two previous states. If the fluid is in a sin-
gle state, the Nusselt number upon laminar regime
is [6]

NuD = 3.66 (11)

Or for turbulent regime [6]

NuD = 0.023(Re)4/5(Pr)n (12)

On turbulent regime, the n variable may assume
values of 0.4 for fluid heating cases and 0.3 for fluid
cooling cases.

By the other hand, if the fluid faces a mix of
states, it is possible to identify the occurrence of one
of these phenomena: condensation or vaporization.

For cases of condensation the following model is
applied [7]

h = 0.05 ·Re0.8eq · Pr0.33l · kl[W/(m ·K)]

D[m]
(13)

Reeq = Rel +Reg ·
(
µg
µl

)(
ρl
ρg

)0.5

(14)

Rel =
4 ·m[kg/s] · (1 − xout)

µl[kg/(s ·m)] ·D[m]
(15)

For cases of vaporization the following model is
applied [8]

Nu =
0.00061(S + F )RelPr

0.4
l Fa0.11

ln(
1.023µl,f

µl,w
)

(16)

S =

{
30000Bo1.13 if Bo < 0.0026
36 if Bo ≥ 0.0026

(17)

F =

(
x

1 − x

)0.95 (
ρl
ρg

)0.4

(18)

Fa =
(ρl[kg/m

3] − ρg[kg/m
3])σ[N/m2]

G2[kg/(m2 · s)]Dh[m]
(19)

G represents the mass flux and σ the surface ten-
sion.

Rel =
(1 − x)G[kg/(m2 · s)]Dh[m]

µl[kg/(s ·m)]
(20)

Bo =
q[W/m2]

G[kg/(m2 · s)]hlg[J/kg]
(21)

hlg corresponds to latent heat.

On external convection, the Nusselt number upon
laminar regime is calculated by the following equa-
tion [6]

Nu = 0.664Re1/2x Pr1/3 (22)

And for mix regime (laminar and turbulent)

Nu = (0.037Re
4/5
L − 871)Pr1/3 (23)

The values of the external convection coefficients
are not significant when compared with the internal
convection. Thus, to increase the exchanged heat it
is also required to increase the external area through
the fins. These fins can exhibit a variety of shapes,
such as rectangular (figure 2), circle, triangular, etc.

Figure 2: Rectangular fin.

Meanwhile, tanking into account what will be
used in nexts chapters, the follow equation for rect-
angular fins was considered [6]

Af [m2] = 2w[m]Lc[m] (24)

Lc[m] = L[m] + (t[m]/2) (25)

Ap[m
2] = t[m]L[m] (26)

ηf =
tanh(mLc[m])

mLc[m]
(27)

m2 =
h[W/(m2 ·K)]P [m]

k[W/(m ·K)]Ac[m2]
(28)

η0 = 1 − NfinsAf [m2]

At[m2]
(1 − ηf ) (29)
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3. Implementation

The generic algorighm capable of simulating the
performance of the refrigeration systems was devel-
oped in Matlab software.

In the next figure is presented a scheme of the
developed model, where it is possibel to identify two
systems - powertrain and refrigeration. The first
one is composed by motor, inverter and battery.
The refrigeration system is composed by four heat
exchangers, one compressor, two expansion valves
and flow regulators.

Figure 3: Scheme of the developed model.

In order to perform the refrigeration systems
analyses, the user has to specify the following pa-
rameters of the electric vehicle:

• Friction coefficient

• Vehicle mass

• Wind velocity

• Frontal area (vehicle)

• Drag coefficient

• Ar density

• Gravitational accelaration

• Slope

• Tire radius

• Transmission ratio

The BE 02 characteristics were considered for the
results presented in the following chapters.

3.1. Powertrain

The first step of the program is to determine the
vehicles acceleration at each instant i, through two
input vectors from an Excel file: one velocity vector
and one time vector

ai[m/s
2] =

vi[m/s] − vi−1[m/s]

ti[s] − ti−1[s]
(30)

Afterwards, by using the equations 1-4 of the pre-
vious chapter it is possible to calculate the motor’s
power at each instant:

Pout motor[W ] = Ft(i)[N ]v(i)[m/s] (31)

Through the motor and inverter characteristics it
is possible to determine the power demanded by the
battery to the powertrain system.

On next stage, the program evaluates the bat-
tery’s temperature. This factor indicates if the re-
frigeration system is properly working, by keeping
the battery at an ideal temperature.

Defining a battery model can become a complex
task due to the variety of factors that must be taken
in consideration, such as the environment tempera-
ture or discharge cycles (that can influence voltage),
state of charge, etc.

Therefore, the battery model used in this pro-
gram is a common model, which is usually used as
a starting point for many researches. The battery
dissipation is calculated by [9]

Pdis[W ] = I[A] · (Voc[V ] − Vo[V ]) (32)

For a lithium ion battery, the Voc can be deter-
mine through the follow equation [10]

Voc = −1.031e−35·SOC + 3.685 + 0.2156 · SOC−

−0.1178 · SOC2 + 0.3201 · SOC3 (33)

It is also necessary to define the battery’s mass,
specific heat, environment temperature, nominal
voltage and capacity in order to project a battery
model.

3.2. Refrigeration system

The fluid chosen for this system was the R134a.

The model used to compute all the enthalpies and
respective temperatures on the heat exchangers is
represented in the next figure

4



Figure 4: Heat exchanger model.

As mentioned in chapter 2, the refrigeration fluid
can be in three distinct phisical states: liquid, vapor
or a mix between the two previous states. Through
the equations presented in the same chapter, the
program is able to determine the heat exchanger
portion, f, that was used in each case.

In order to determine the amount of heat removed
from the battery, the following equation was used

Q̇removed = ṁbat[kg/s] · (hout − hin)[kJ/kg] (34)

Knowing that

Q̇removed[kW ] · ∆t[s] = Qbat[kJ ] =

= mbat[kg/s]·CPbat
[kJ/(kg ·K)]·(Tf−Ti)[K] (35)

Regarding the expansion valve, it was considered
that the enthalpy remains constant. The compres-
sor pressure was chosen based on the environment
temperature. The compressor handles the entire
refrigeration system’s needs through the mass flow
rate.

The next step was to assemble the various compo-
nents and simulate the powertrain and refrigeration
system under different conditions. The following
two figures represent respectively the final system
for a summer and winter case.

Figure 5: System working on Summer case.

As shown in the figure above, the goal is to cool
the air and at the same time, the battery. Thus,

the radiator operates as a condenser and only the
evaporator is used.

In winter, besides the necessity of cooling the bat-
tery, it is also necessary to use the HVAC system to
heat the air (see figure 6). The colours are realated
with the fluid temperature where the blue one cor-
responds to the coolest temperatura and, the red to
the hottest.

Figure 6: System working on Winter case.

The power consumptions made by the powertrain
and refrigeration systems are determined by the fol-
lowing equations:

Ppowertrain[W ] =

= Ft[N ] · v[m/s] · ηmotor · ηinverter (36)

Pcompressor[W ] = ṁr[kg/s] · ∆hr[kJ/kg] (37)

3.3. Validation
Three analyses were performed in order to validate
the algorithm. The first one was focused on its sen-
sibility in function of the environment temperature.
After completing the algorithm, it was noticed that
there was no changes on the autonomy for temper-
atures below 22oC, since this is the ideal working
temperature for the defined battery model. The ex-
pected autonomy behavior is shown on figure 7.

Figure 7: Behavior of Nissan Leaf’s autonomy
(adapted from [11]).
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Since no changes have been registered, it was nec-
essary to simulate a battery heating resistance.

If the battery temperature is below 18oC, the
program calculates how much energy is needed to
heat the battery until 22oC and removes it from the
state of charge (SOC). The following figure presents
the relation between the environmental tempera-
ture and SOC.

Figure 8: Final autonomy behavior.

The second analysis was performed through the
following real inputs collected from the Spritmoni-
tor electronic platform: real cases of distance, con-
sumption and average consumption. Based on the
average consumption, the algorithm calculated the
amount of energy consumed to go through the same
distance and compared the values with the real case
scenarios. The data was gathered from several Nis-
san Leaf and Renault Zoe drivers on winter and
summer days.

The final analysis was performed through real
test runs with a Nissan Leaf. A GPS system was
used on these tests, in order to measure the velocity
and road slope. The GPS system was connected to
an antenna in order to improve the measurements
accuracy. While the vehicle was charging, a device
named Voltcraft was used to measure the amount
of energy that got into the battery (see figure 9).

Figure 9: Voltcraft device.

At each 20km the values of velocity, consumption

and velocity average, environment temperature and
time were recorded. Taking into account the avail-
able resources, three tests were made at these con-
ditions. The first two routes were about 100km,
one with air conditioning turned on and other with
air condition turned off. The third route was about
25km and air conditioning was turned on.

4. Results

This section compares the data collected from the
Spritmonitor with the values computed by the de-
veloped algorithm. Herein is also presented the
Be02 behavior on a WLTP drive cycle for winter
and summer scenarios.

4.1. Spritmonitor

The following images compare the cases between
the Spiritmonitor and the algorithm. The collected
data correspond to runs performed on January 2018
(winter scenarios) and August 2018 (for summer
scenarios) at Denmark and Austria. The environ-
ment temperature used in the calculation of each
run corresponds to a mean between the minimum
and maximum temperature of that day, since there
were no values for this input in the precise moment
of the run

Figure 10: Comparison of the values for Renault
Zoe in summer.

Figure 11: Comparison of the values for Renault
Zoe in winter.

6



Figure 12: Comparison of the values for Nissan Leaf
in summer.

Figure 13: Comparison of the values for Nissan Leaf
in winter.

From the above data it is possible to notice that
all cases present similar results.

For the winter scenarios the real temperature at
Denmark was between -2oC and 2oC. However,
the algorithm considers that the battery evaporator
temperature is always 5oC below the battery’s tem-
perature. Knowing that the refrigerant fluid tem-
perature is about 2oC, the algorithm would assume
that heat was being inducted to the battery, wich
is a not considered situation. An 8oC temperature
was considered for the environment, so that algo-
rithm could properly operate, which might be the
cause of the results deviations.

The computed absolute and relative desviations
were always below 10%, except for a Nissan Leaf
user on summer. In this particular case, the air con-
ditioning was turned on, which might be the cause
of the deviation. The air conditioning temperature
was not available, as well as the temperature at the
moment of the run.

4.2. Nissan Leaf Monitoring

The following table presents the results for the test
measurements, the algorithm predictions and the
Voltcraft device measurements.

Table 1: Measurements test values (all the values
are in kWh)

Test Algorithm Board Computer Voltcraft
1 14.37 16.17 20
2 15.04 18.02 22.57
3 5.13 4.6 5.98

Through the following tables it is possible to
determined that there is a difference between the
board computer and Voltcraft values. This varia-
tion probably results from heat losses during the
charge, along with some battery thermal manage-
ment. Considering the board computer data as the
real value, it was possible to evaluate the desvia-
tions.

Table 2: Desviation values.
Test Desviation
1 -11.2 %
2 -16.5 %
3 11.3 %

During the test travel it was possible that the
GPS signal has been lost and therefore some ve-
locity and altitude measurements could not match
with the real ones. Another fact, is that the envi-
ronment temperature has been changing through-
out each test, while it was considered constant in
the developed algorithm.

The radiaton is also a very important coefficient
that was not considered. Thus, the refrigeration
system could be spending more energy, once the
additional heat will cause a rise on the battery’s
temperature.

The regenerative braking is another element of
great relevance, since the quantity of energy that is
regenerated on the algorithm is higher than what
is actually being regenerated on the Nissan Leaf,
which would obviously lead to a deviation from the
real value.

All these facts could have contributed for the reg-
istered desviations. However the highest desviation
was of 16.5% which can be considered as a good
result, if all the performed approximations and the
general models that were used are taken in consider-
ation. With basis on table 2 the average desviation
of this algorithm is 13%.

4.3. WLTP

The first plot to be performed by this algorithm is
the drive cycle. Figure 14 presents the Be02 WLTP
drive cycle.
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Figure 14: WLTP drive cycle.

Afterwards, the program determines if the elec-
tric vehicle is capable of accomplish the path (fig-
ure 15). Therefore, all points must be under the
lines of maximum and nominal torque.

Figure 15: Torque vs RPM on WLTP cycle drive.

To finish the first stage, the state of charge is
presented, along with the autonomy based only on
powertrain system (figure 16).

Figure 16: State of Charge during the WLTP cycle
drive.

The autonomy predicted for Be02 is approxi-
mately 247km. Until this point the algorithm is al-
ways equal independently of the conditions. From
this point on, the algorithm applies different ap-
proaches according to the chosen scenario: winter

run, summer run or battery temperature manage-
ment.

4.3.1 Summer

Considered conditions for summer scenario:

• Tcabin = 18oC

• Tbattery = 22oC

• Tenvironment = 32oC

The following figure shows the air temperature
during the trip, responsible for cooling the passen-
ger compartment.

Figure 17: Air temperature on WLTP drive cycle.

On figure 18, where the battery temperature is
presented, at 400 seconds the battery reaches the
desired temperature and at the same time there is
a negative peak on figure 17.

This algorithm considers that the enthalpy on the
expansion valve is preserved and that there is also
two refrigerant flow controls for the battery and air
temperature. Through figure 5 it is possible to un-
derstand that changing the battery refrigerant flow
rate, demanded for battery cooling, will cause a
fluctuation in air temperature.

Figure 18: Battery temperature on WLTP drive
cycle.
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Up to 400 seconds the system is cooling the bat-
tery temperature to 22 oC. In figure 19 is possi-
ble to conclude that the pressure on HVAC system
reaches the maximum, once the power is not in-
creasing above 3500 W and the battery temperature
remains higher than 22oC.

Figure 19: Power consumed by compressor.

The figure 20 represents the state of charge for a
drive cycle with and without refrigeration system.

Figure 20: State of charge on WLTP drive cycle
with and without refrigeration system.

The autonomy predicted is approximately 215
km, considering the drive cycle on these conditions.

4.3.2 Winter

Considered conditions for winter scenario:

• Tcabin = 27oC

• Tbattery = 22oC

• Tenvironment = 10oC

As presented in figure 21, the air temperature is
not as unstable as in the summer scenario because
the way how refrigeration system works under these
conditions (figure 6).

Figure 21: Power consumed by compressor.

Once the environment temperature is below
18oC, the program simulates the battery heating
until it reaches 22oC, that’s why this is the starting
temperature, instead of the environment one (fig-
ure 22).

Figure 22: Battery temperature on WLTP drive
cycle.

In this case there is no need to decrease the
temperature (as performed in the summer case).
Thus, all the consumption peaks are caused by the
battery’s cooling. The minimum value is approxi-
mately 550 W, due to the energy used for heating
the air (figure 23).

Figure 23: Power consumed by compressor.

In this scenario, the refregeration system does not
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have a significant impacto on the drive cycle (fig-
ure 24).

Figure 24: State of charge on WLTP drive cycle
with and without refrigeration system.

The predicted autonomy is approximatly 211km,
considering the drive cycle on this conditions. This
scenario presents a lower autonomy when compared
with the summer scenario, caused by the battery
heating at the starting point.

4.3.3 Electrical Resistance

Another analysis was performed, considering a sum-
mer scenario with the same conditions mentioned in
chapter 4.3.2, using an electrical resistance on the
HVAC system, instead of a heat pump (figure 25).

Figure 25: Power consumed by compressor.

With this analysis, it was possible to predict an
autonomy of 134km. For the same scenario, the
use of a heat pump corresponds to an autonomy
improvement of 77km.

5. Conclusions
Through the present results, it was possible to con-
clude that the development algorithm is capable os
simulating real cases with significant accuracy, since
the medium desviaton presented for the Spritmoni-
tor data and monitored tests were of 8.8% and 13%,
respectively. On the first analysis resusts matched
the expected autonomy values for the electric vehi-
cles. Thereafter, a comparison with real data val-

ues were made. Herein the calculated desviation
was always below 10%, except for one user, what
revealed a reasonable accuracy taking into account
all the performed approximations.For the monitor-
ing tests performed with the Nissan Leaf, the calcu-
lated desviations were between 11% and 16%, how-
ever it would be interesting to preform more tests
in order to evaluate the GPS error and the regen-
erative braking approach.
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