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Abstract—In full electric vehicles, the energy for heating traction battery, the driving range of the vehicle
the passenger compartment has to be taken, contrary to may be reduced by up to 50 % [3]. Other concepts
conventional Vehicles, from other sources than the waste Iike for example aux”iary heaters may require com-
heat from the internal combustion engine. If the energy plex additional equipment and tanks (for example

is taken from the traction battery, the driving range of . . ;
the vehicle can in the worst case be reduced by up to bioethanol) and increase the complexity and the

50 %. Other heating concepts require complex additional Weight of the overal vehicle, which again increases
heating equipment and sometimes even storage tanks andthe energy consumption. The topic of this paper is to
can increase the weight of the vehicle signicantly. The describe a system of heating up the vehicle interior
topic of this paper is to describe a system of heating up \yith reduced energy consumption by using a special

the vehicle interior with reduced energy consumption by heating coating that emits infrared radiation gener-
using a special heating coating, which can be attached

to any carrier material in a vehicle cabin. This coating
emits infrared radiation, which is commonly reckoned as
very comfortable and an energy ef cient alternative to
conventional heating concepts.

Index Terms—full electric vehicle, infrared heating,
energy consumption, thermal comfort, thermal simulation,
measurement

I. INTRODUCTION

Despite all other measures to make mobility
environmentally more friendly, one possibility is to
increase the share of pure electric vehicles in private
transport. Unquestioned, a major point to make all
kinds of electric vehicles more attractive for users is
a higher range in order to reduce or even eliminate
range anxiety. So still strong attention has to be
paid to increase the energy density of the battery or
to improve the energy consumption of the electric
powertrain as well as of the auxiliary components
of the vehicle. For full electric vehicles, heating
and cooling the cabin is an issue, many people
have been working on since years [1]. The heat
for heating the passenger compartment has to be
taken from other sources than the waste heat from
the internal combustion engine (ICE) [2]. If heat
is generated electrically by energy taken from the

ated by an electric current. The infrared radiation
is, in general, perceived by people as very pleasant.
In this contribution simulations and measurements
were carried out and prototypes of heating elements
were built and tested in a full electric vehicle.

Il. STATE OF THE ART

In conventional vehicles driven by an ICE the
heating system is usually fed by the waste heat of
the combustion engine. The ICE has a relatively low
ef ciency of about 30-40 % so that a lot of waste
heat has to be dissipated to the cooling system.
One part of these heat losses is then transferred to
the vehicle cabin by a heat exchanger and forced
convection due to a fan, the other part is dissipated
to the surrounding environment by a cooler. The
usage of this heat has no direct in uence on the
driving range of the vehicle because it is generated
as part of the combustion process.

In a full electric vehicle, this waste heat is not
available. Due to the high ef ciency of the drive
components, as the electric machine, the power
electronics and the battery, only little waste heat is
generated, which is not enough to heat the cabin.
Hence, the heating system has to be powered by
another source. Many different ways exist for heat-
ing the passenger cabin, but all of them have in



The infrared radiation system is based on an
electrically conductive coating. When an electric
current ows through the coating, heat is generated
and dissipated directly as infrared radiation to the
passenger instead of heating up air. Because the
heating elements are very close to the passenger,
and infrared radiation is commonly reckoned as very
comfortable heat, the air temperatures in the vehicle
cabin can be kept lower while preserving or even
increasing the thermal comfort of the passenger.
Infrared radiation provides a very quick thermal
sensation and comfortable feeling. The heating sys-
tem can be designed either as large-area coating
for infrared heating or as contact heating. It can be
applied to different carrier materials and structures
in a vehicle environment like the dashboard, door
coverings, A- and B-pillars, to the centre console,
the steering wheel and to many more objects. Fig-
ure 3 shows prototypes of heating elements attached
to the door and the headliner of the electric test
vehicle. For choosing the right carrier and covering
materials which have different properties, several
test have been carried out to optimize the heat
dissipation and radiation capabilities. Isolating and
re ecting carrier layer materials prevent a heat dis-
sipation to the backside and optimize a heat transfer
to the desired front side. Kevlar Honeycomb layers
as used in aviation, as well as ber glass sheets
covered with silicone and a re ective coating layer
have been used to manufacture samples for the used
heating elements. The behavior of the element cov-
ers (leather or textiles for automotive applications)
is very important, especially in the case of partial
damages of the heating coating. Small damages
have a big in uence on the electrical resistance, but
do not create dangerous hot spots on the heating
coating. Different types of electrodes for contacting
the heating elements have been tested for durability
and conductivity. Aluminium electrodes have turned
out to have the best compromise between electrical
conductivity and mechanical stability.

For analyzing the long-term behaviour under au-
tomotive conditions (vibrations, UV-radiation, heat,
etc ... ) a special test box was set up where vibration
tests could be performed. Also UV-radiation tests
and operational tests in different ambient tempera-
tures were performed, to determine the long-term
reliability of the heating coating itself, the carrier
and covering layers as well as the electric contact
surfaces.

Figure 3. Prototypes of infrared radiation heating elements installed
in the full electric test vehicle

IV. THERMAL MEASUREMENT AND
SIMULATION

Through a simulative design of the coating based
heating system the energy saving potential can be
estimated in advance. Therefore a simpli ed 3D
model of the vehicle cabin was created including in-
and out ow ports of the cooling system. The vehicle
Computational Fluid Dynamics (CFD) model itself
consists of around 1.1 million computation cells,
with boundary layers resolved for all surfaces. A
convection boundary condition was used for all
cabin walls. The external heat transfer coef cients
were de ned as a function of the vehicle velocity
[7]. Material properties for the car body were de-

ned in order to achieve a total thermal transmit-
tance of 0.5 W/mtK [8]. A Surface-to-Surface radi-
ation model was used to calculate the radiation heat
exchange between all surfaces of the model. For all

ow inlets, velocity and temperature were de ned.
Turbulence was modelled using the k-omega SST
model. On the drivers seat, a human dummy model
was seated to assess the skin temperatures and
thermal comfort of the passenger. The internal heat
gain of the dummy was taken into account using a
heat ux boundary condition for the dummy surface
with a total heat transfer rate of 100 W [9].

In a rst step, a 3D CFD ow simulation of
the conventional convective heating system was
performed, to determine reference values for the
energy consumption of the conventional system. For
validating these simulations, measurements in the
climatic wind tunnel at a temperature of -7 {C
have been performed (see gure 4). Measurement
data included electrical currents and voltages of the
drive system and the auxiliary components as well
as about 20 temperature values inside the vehicle
cabin. The sensors were positioned according to



VDA220 [10].

In a second step, the infrared heating elements
have been positioned in the vehicle simulation as
depicted in gure 6 as purple elements. This CFD
model was coupled to a 1D model of a controller for
the infrared heating elements. The control concept
(see gure 5 for the controller of one heating
element) takes into account the current ambient and
cabin temperature, as well as the vehicle velocity.
For these three variables, correction terms apply.
The higher the ambient or cabin temperature gets,
the lower the temperature of the heating elements
has to be to get the same thermal comfort in the
cabin. On the contrary, the higher the vehicle veloc-
ity gets, the higher the heat transfer coef cient to
the ambient and hence, a higher desired temperature
on the heating elements is demanded. Furthermore
maximum power and temperature values for each
heating element are de ned. A PI controller with
anti-windup controls the desired temperature of the
elements.

The thermal comfort of the simulated driver
dummy was determined and evaluated using com-
fort indicators gained by a human thermoregulation
model [11], [12].

In the rst simulation with heating elements with
a total maximum power of 200 W were installed
and convective heating was deactivated. The power
of the heating elements was increased until a surface
temperature limit of 70 jC was reached. In gure 6 it
can be seen, that the skin temperature of the human
dummy does not reach comfortable values between
25 jC and 36 jC. The maximum value of the
human dummies skin temperature is about 22 iC, a
maximum cabin temperature of 2 jC was reached.
This shows, that infrared radiation heating alone is
not enough to create a comfortable environment in
the cabin, because the surrounding air in the cabin
is not heated up suf ciently.

In a second simulation, additional convective
heating with a power of approximately 2 kW was
switched on. An outlet temperature of about 55 jC
was assumed. Figure 7 shows the skin temperature
of the human dummy again, that is now closer to
the comfort temperature. Also the cabin temperature
is higher and between 10 jC in the foot space and
30 jC around the head.

Figure 4. Flow measurement of the test vehicle in the climatic wind
tunnel with chassis dynamometer.
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Figure 5. The controller of one heating element (Controller HE_1).
Dependent on the current ambient and cabin temperature, the power
of the heating elements is controlled. Different correction factors
apply taking into account cabin and ambient temperatures as well
as the vehicle speed.
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Figure 6. Termperature distribution on the human dummy during
heating with the infrared heating elements only. The heating elements

are indicated as purple elements around the dummy. The cabin
temperature reaches around 2 jC in steady state condition.
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Figure 7. Temperature distribution on the human dummy and on
a surface through the cabin during heating with the infrared heating

elements and additional convective heating. The heating elements are
not depicted in this image, but their positions can be seen in gure 6.

V. VALIDATION RESULTS

The simulation was validated by putting the
electric vehicle, equipped with six infrared heating
elements and numerous temperature, voltage and
current sensors, in a climatic chamber. The ambient
temperature in the climatic chamber was cooled
down to a constant value of -7 jC. The vehicle was
conditioned to this temperature to simulate warm-up
of the vehicle during operation in cold weather con-
ditions. During the rst test phase, only the infrared
heating elements with a total maximum power of
200 W were active, without additional convective
heating. Test persons were asked to sit in the vehicle
for an hour and assess their thermal comfort and
sensation every ve minutes. Like the simulations
showed before, the body parts directly warmed by
the heating elements were regarded as comfortable
very quickly by all test persons. Whereas most of
the test persons observed cold feet, because there are
heating elements under the steering wheel pointing
to the knees and thighs but not near the feet. The
cabin temperature after about 30 minutes rose to
only 2 jC, because the infrared radiation of the
heating elements warms up the human body directly,
but not the surrounding air, which shows a good
correlation with the simulated results. The heat-up
of the inner air happens mostly by the dissipated
heat of the passenger.

In a second testrun, additional convective heating
with reduced power of around 2 kW was switched

on. Here as well, body parts exposed directly to
the heating elements were warmed up very quickly.
Despite of an additional convective heating, the
feet needed nearly 30 minutes to be regarded as
comfortable for most of the test persons.

VI. CONCLUSIONS

In this contribution an electric vehicle heating
system based on a special coating of vehicle inte-
rior objects was presented. This coating generates
infrared radiation and warms up the passengers
directly instead of the cabin air. Thus, lower air
temperatures in the cabin are required while pre-
serving or even increasing the passenger comfort.
Due to the higher ef ciency of this infrared radiation
heating, the energy consumption of the vehicle s
heating system can be reduced by 50 %. Simulation
and measurement results show the functionality of
this heating system. Due to the insuf cient heat-up
capabilities of the cabin air by radiation alone, only
a combined infrared and convective heating system
is applicable. Otherwise the test persons have been
complaining about cold feet.
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