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Abstract: This article summarises the experimental testing campaign performed at the Joint Research
Centre (JRC) on the demonstrator battery electric vehicle (BEV) of the European Union Horizon 2020
research project QUIET. The project, launched in October 2017, aimed at developing an improved and
energy-efficient electric vehicle with increased driving range under real-world driving conditions,
focusing on three areas: improved energy management, lightweight materials with enhanced thermal
insulation properties, and improved safety and comfort. A heating, venting, and air conditioning
(HVAC) system based on the refrigerant R290 (propane), a phase change material (PCM) thermal
storage system, infrared heating panels in the near field of the passengers, lightweight materials for
seat internal structures, and composite vehicle doors with a novel atomically precise manufacturing
(APM) aluminium foam are all the breakthrough technologies installed on the QUIET demonstrator
vehicle. All these innovative technologies allow the energetic request for cooling and heating the
cabin of the demonstrator vehicle under different driving conditions and the weight of the vehicle
components (e.g., doors, windshields, seats, heating, and air conditioning) to be reduced by about
28%, leading to an approximately 26% driving range increase under both hot (40 °C) and cold
(—10 °C) weather conditions.

Keywords: battery electric vehicles; energy consumption; driving range; testing; efficiency; HVAC

1. Introduction

The reduction of greenhouse gas (GHG) emissions will be one of the most important
urgencies of 21st century, as stated by the Paris Agreement during COP21 [1] and the
European Green Deal [2] aiming towards a 90% cut in European Union GHG emissions
by 2050 [3,4]. The transport sector accounts for about one fourth of European Union GHG
emissions and the EC White Paper “Roadmap to a Single European Transportation Area” [5]
lists 10 goals to be reached in the next decades. They include the reduction of the percentage
of conventional internal combustion engine (ICE) vehicles in urban transport to 50% by
2030, eliminating them in the cities by 2050, and covering 30% of freight road transport over
300 km to other modes (e.g., rail or waterborne transport) by 2030, to be increased to 50%
by 2050. For light duty vehicles, one of the attractive long-term decarbonizing solutions
seems to be represented by battery electric vehicles (BEVs) [6] and consumer acceptance
is increasing significantly [7]. On this purpose, several literature studies are addressing
the life-cycle assessment of electrified vehicles in relation to the different energy mix of
worldwide countries [8-11]. The cleaner electric energy production will be in the future, by
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increasing the share of low global warming potential (GWP) solutions, the more benefits
can be retrieved with the use of electrified vehicles.

However, BEVs are still not totally recognized by all users as a complete substitute to
conventional ICE vehicles because of the intrinsic trade-offs, i.e., driving range limitations,
recharging point availability, and charging times.

Differently from conventional ICE vehicles, in which the A/C compressor is driven
as an engine accessory and wasted heat can be recovered for cabin conditioning, the
energy consumption from the heating, venting, and conditioning (HVAC) system highly
influences BEV driving range. This is particularly valid in low-temperature environments
for BEVs using high-voltage positive thermal coefficient (HV-PTC) resistive heaters (5 kW or
more) [12]. Since the coefficient of performance of HV-PTC heaters can have at most a value
of 1, this can lead to the huge power demand for the HVAC system. With respect to the
certified range, obtained in chassis dynamometer test cells with a controlled environment at
23 °C, the vehicle range can be reduced by up to 60% for low temperature conditions [13-15]
and up to 10-15% in warm ambient conditions. This phenomenon has also been studied by
the simulation tool (TEMA) developed by the Joint Research Centre (JRC) to support the
assessment of low carbon road transport policies [16,17] in Europe.

The present work focuses on the outcomes of the QUIET project (QUalifying and
Implementing a user-centric designed and EfficienT electric vehicle), a European Union
Horizon 2020 research project aiming at developing and implementing user-centric design
solutions in electric vehicles for optimised energy efficiency in different environmental
driving conditions [18]. Five different countries [19] represented by 13 multi-disciplinary
and complementary partners from industry and research participated towards the QUIET
project consortium. A Honda B-segment electric vehicle validator has been equipped
with new technologies that are still not in mass production BEVs, which is designed
and qualified to enable a reduction in energy needed for cooling and heating the cabin
of an electric vehicle under different ambient driving conditions. This was achieved
by exploiting the synergies of a technology portfolio in the areas of user-centric design
with enhanced passenger comfort and safety Figure 1, AREA I), lightweight materials
with enhanced thermal insulation properties (Figure 1, AREA II), and optimised vehicle
energy management (Figure 1, AREA III). Presented here is a list of the breakthrough
technologies enabling lowering of the energy consumption thanks to the weight reduction
or the improvement of the efficiency of the HVAC system:

HVAC system based on the refrigerant R290 (propane);

Phase change material (PCM) thermal storage system;

Infrared heating panels in the near field of the passengers;

Redesigned seat internal structures using lightweight materials, such as aluminium

and magnesium (15% weight reduction);

e  Glass or carbon fibre composite vehicle doors with a novel APM aluminium foam
(20% weight reduction and NVH optimisation);

e  Human-machine interface (HMI) specialised on EVs for easy and efficient interaction

with the thermal and energy management.

A weight saving of about 28% of vehicle components (e.g., doors, glazing, seats,
HVAC) was achieved, resulting in a total 5% vehicle weight reduction.

For modern vehicles, the integration of each component in the overall system is
becoming very important. The interconnections between powertrain, energy storage, power
conversion and transmission, and HVAC system must be carefully exploited at early design
stages, as evidenced by Wei et al. in [20], since it can allow benefits in efficiency and energy
consumption, and, finally, reduce the total cost of ownership for each customer. QUIET
project spent a lot of its effort on the development of these innovative technologies, but also
on the overall integration into the demonstrator, developing optimised energy management
strategies to control each component efficiently [21,22] and a dedicated human-machine
interface (HMI) with a touchscreen monitor to easily interact with passengers (Figure 2).
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AREA | AREA IlI
expected energy reduction through vehicle validation expected energy reduction through
thermal and energy management platform optimised cabin heating
10 % (B-segment HONDA Fit EV) 10 %

AREA I
expected weight reduction of
lightweight vehicle components

AREA 1l
expected energy reduction through
novel AC with PCM storage

15%
AREA I AREA Il AREA I
expected weight reduction of expected energy reduction expected weight reduction of
lightweight seats through thermal insulation lightweight windows
10 % 20 % 30%

Figure 1. Expected reduction in energy consumption and weight in each of the three areas of the
QUIET project [18,19]. Image © The QUIET project [23].

|

Figure 2. Detail of the touchscreen HMI [23]. Image © Honda R&D Europe (Deutschland).

The resulting demonstrator vehicle has been qualified in its improved energy perfor-
mance by a test campaign performed at the Joint Research Centre (JRC) Vehicle Emission
Laboratories (VeLA) in Ispra (Italy) [24]. Results of these tests are compared in terms
of energy consumptions, driving range, and efficiency, with the characterisation testing
performed on the baseline vehicle at the start of the QUIET project [14] to assess the overall
energy performance improvements.

2. Overview of the Implemented Technologies

In the QUIET project, different innovative technologies were investigated and installed
on the demonstrator vehicle, such as an innovative refrigerating fluid for cooling the vehicle
cabin, together with an energy-saving heat pump operation for heating, advanced thermal
storages based on phase change materials, power films for infrared (IR) radiative heating,
and materials for improved thermal insulation of the passenger compartment.
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e Heat pump and propane

The demonstrator vehicle features a reversible refrigeration system used as a heat
pump for heating in the winter and for cooling in the summer in the passenger cabin, still
maintaining high energy efficiency to preserve the driving range [25]. A heat pump is an
efficient way to utilise the available waste heat by different thermal sources and extract
energy from the ambient environment, heating from a lower temperature level to a usable
cabin-heating temperature level [26]. Moreover, the standard refrigerating fluid (R134a)
is replaced by the propane R290. The possibility of replacing the standard refrigerating
fluid (R134a) has been widely studied and validated by modelling and experimental
studies in the literature. One of the most promising fluids to replace R134a seems to be
the propane (R290) used as pure gas or blended with other HC species [27,28]. This HC-
based gas has a low GWP and enables heat pump operation of the HVAC with higher
cooling performances when compared with R134a due to the improved low-pressure level,
especially at low ambient temperatures of —10 to —20 °C [25].

The refrigerant circuit developed for QUIET demonstrator is very compact to achieve
a refrigerant charge less than 150 g of R290 (nontoxic HC gas) to meet the safety prescrip-
tions for the installation of the system [25]. Furthermore, the distribution of the heat energy
is performed via coolant-carrying secondary circuits, so that the fluid is exchanging heat
with a water circuit, which, in turn, works with a condenser and an evaporator. As a result,
the refrigerant-carrying components run decoupled from the cabin, so that the risk of
influx of the flammable refrigerant into the vehicle cabin is completely avoided, or even
a complete encapsulation of the refrigeration circuit is feasible and a great operational
flexibility is allowed, since the water circuits are switchable to direct the heat flow to the
point where it is needed for the respective operating point [25]. The compressor and the
heater are directly connected to the high voltage system of the vehicle. The existing high
voltage (HV) heater was kept in the system to complement in the transients and for very
low temperatures.

e Advanced Thermal Storage

An efficient way to condition the passenger compartment is not to waste heat or
recover previously developed heat to be used for boosting the HVAC system performances,
particularly in the transient operating modes. This promising method comes from building
application [29,30] and is based on collecting of heat in suitable systems by means of phase
change materials (PCM). Many sources of heat are available in BEVs, for example, solar
heat loads or heat developed during battery charging. The collected heat can then be used
for conditioning the vehicle cabin when the vehicle is started again. One way to implement
the mentioned thermal storage can be the adoption of phase change materials (PCM) for
storing wasted thermal energy [31,32]. Differently than for construction applications, in
vehicles, a high loading/unloading power rate is required, which is challenging, as the
PCMs exhibit low heat conductivities.

In the QUIET demonstrator vehicle, a prototype PCM-based thermal storage system
developed by the Fraunhofer Institute for Manufacturing Technology and Advanced Mate-
rials (IFAM) was installed and tested as part of the improved performance of the HVAC
system [33]. This PCM-based thermal storage system can deliver around 500 W of heat
power for a period of 5 min (42 Wh minimum capacity). The maximum allowed storage
size, including insulation, is 490 x 275 x 80 mm and the usable temperature range of the
storage medium for these applications needs to be between 15 °C and 20 °C. The PCM was
combined with aluminium foam, with strut-lamella geometries produced with a particular
squeeze casting process; these were manufactured and their power output dependent on
the fluid flow of the coolant system was compared during charging and discharging. This
casting process of the aluminium structure ensures high efficiency, as well as the possibility
to integrate in situ the heat transfer fluid pipes, allowing a good metal bonding and thermal
contact. The developed PCM storage system shows good performances and fits the HVAC
system requirements.
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Through a modelling of the HVAC system of a BEV, allowing for several heat sources
to be arbitrarily connected, Jeffs et al. analysed in [34] the potentialities and trade-offs of
each different source (motor, transmission, battery, thermal storage, cabin exhaust). In
particular, the motor, the thermal storage, and cabin exhaust recovery prove to be crucial
for the best implementation of a heat pump system in BEVs. In fact, these components
have no temperature-based efficiency trade-off, and so heat can be removed with little
cost. From the study, it appears that a complex heat pump with multiple possible working
modes that is properly tuned reduces total electrical energy consumption when operated
over a range of temperatures. The ideal working condition of such a multivariable system
should be dynamically optimised with the objective of tuning the best operational mode
path for a set of scenarios. The target function should not only focus on the total electric
energy expenditure, but would also involve a balance with a passenger comfort parameter
and remaining driving range. As a further improvement with respect to an optimal control
approach explored by Lahlou et al. in [35], a connected BEV, having set a defined road
trip in the GPS navigation aid system and knowing the traffic level and the environmental
conditions, could estimate in real time the energy needed for traction and the energy
available for regulating the thermal comfort. This possibility was simulated by the author
in [36] for different traffic and weather condition scenarios, and different initial battery
states of charge.

e Lightweight materials and infrared radiative heating

Further focus in QUIET project was on lightweight glasses and composites for win-
dows and closures, as well as light metal aluminium or magnesium seat components [19].
Moreover, infrared heating panels were explored and were installed in the demonstrator
vehicle to be used in the heating transient occurrences. From a comfort point of view, IR
radiation heating allows a reduced air temperature at the same comfort level with respect
to convective heating, hence allowing higher energy efficiencies.

e  User-centric design and optimisation

The optimised energy management strategies, such as preconditioning and zonal
cooling /heating of the passenger cabin, and the user-centric designed cooling/heating
modules further enhance the thermal performance of the vehicle. These strategies were
implemented in a vehicle control unit enhanced by a novel human-machine interface
(HMI), which, beyond being intuitive and user friendly, also considers diverse users’ needs,
accounting for gender and ageing society aspects [19]. The evaluation of the impact of the
adopted solutions for increasing the HVAC system’s effectiveness and energy efficiency
has been studied through a new methodology based on enhanced thermal comfort and
predicted mean vote (PMV), avoiding computational fluid dynamics (CFD), high compu-
tational costs, and/or time-consuming experimental investigations [37]. This innovative
method is integrating the CFD models of the vehicle cabin within 1D thermal and comfort
models, with the target of applying available synergies in thermal and comfort modelling.
This method proves to be significant for the optimisation of the HVAC systems for BEVs
and offers substantial computational time and effort savings. The methodology offers the
capability to evaluate the performance of different scenarios and technologies implemented,
which would otherwise need a large experimental campaign [19].

The QUIET project also made an estimate of the costs of some of its innovative compo-
nents (i.e., advanced foam materials and new lightweight components, doors, and seats [38])
and investigated the possible impact of the QUIET approach applied to vehicles of different
segments (i.e., B-SUV segment, C segment, D segment, and D-SUV segment) [18]. Each of
these segments represents a popular BEV model currently on sale in Europe. The energy
efficiency of the HVAC system is more relevant for smaller cars with a relatively low driv-
ing resistance in respect to larger cars, but they usually have space and price constraints
limiting the adoption of advanced component solutions.

The overall aim of QUIET project was to decrease the energy needed for conditioning
the cabin of the demonstrator vehicle under different driving conditions by at least 30%
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with respect to the values of the baseline vehicle, and to reduce the weight of vehicle
components (e.g., doors, windshields, seats, heating, and air conditioning) by about 20%,
leading to a minimum of 25% driving range increase under both hot (40 °C) and cold
(—10 °C) environmental conditions. To verify the performance of the demonstrator vehicle
in achieving these objectives, the reference values of the baseline vehicle were established
as a starting point during the first phase of the project with a dedicated test campaign [14].

3. Experimental Set-Up
3.1. Test Vehicle and Laboratory

The QUIET baseline vehicle (HONDA B segment EV) was tested in 2018 at the JRC
Vehicle Emission Laboratories (VeLA) in Ispra (Italy) [14]. A new test campaign took
place in March and April 2021 to test the resulting improvements in energy consumption,
driving range, and energy efficiencies after the design, development, and integration of the
mentioned innovative technologies in the demonstrator vehicle.

The tests were performed in VeLA-8 facility, which features a 4 x 4 chassis dynamome-
ter (independent roller benches) with a nominal power per axle of 300 kW that can achieve
full road simulation up to 260 km/h and accelerations up to 10 m/s?. The inertia range
varies from 250 up to 4500 kg, while the wheelbase can be modified according to the
vehicle from 1800 mm up to 4600 mm. The laboratory is suitable for passenger vehicles and
light-duty trucks testing, both for a conventional fuel engine, and full-electric and hybrid
vehicles. It features all the relevant technologies to reproduce the same conditions as those
occurring on the road, and measurement systems to acquire related variables:

Vehicle-speed coupled blower;

Driver’s aid system with a data logger for real-time acquisition of signals;
Precision power analyser used for the electrical components;

Flow controlling devices;

Emission measurement system for gases, PM, and PN (raw and diluted emission).

Environmental conditions can be set through a powerful climatization system, allow-
ing the control of ambient temperature from —30 °C to 50 °C and of humidity. The VeLA-8
emissions measurement system is also customised to allow reliable hybrid vehicle testing
during the phases when the combustion engine is switched off. A description of the testing
facility is reported in [15,39].

Figure 3 shows the demonstrator vehicle in the JRC testing facility and some details of
the vehicle installation on the chassis dynamometer. The tested vehicle is a 2013-year model
with a total of 69,733 kilometres before starting the tests. The vehicle’s main characteristics
are summarised in Table 1. It is a 5-seat vehicle, powered by a synchronous electric motor
rated at 75 kW maximum power and 256 Nm maximum torque in front-wheel driving
mode. The vehicle features a 432-cell lithium-ion battery (lithium titanium oxide anode),
accounting for a 20 kWh nominal capacity and approximately 331 V nominal voltage [40].
The temperatures of the powertrain components are controlled by a water-cooling system,
while the battery pack only has an air-cooling system, which, in normal operation, works on
the natural airflow around the battery modules and is helped, if necessary, by the activation
at low speed and high temperature of two battery fans. The location of the air outlets inside
the vehicle is shown in Figure 4 [41].

Table 1. Test vehicle characteristics [14].

Architecture Vehicle Demonstrator
Propulsion Synchronous electric motor
Max. Power (kW) 75
Max. Torque (N-m) 256
Mass (kg) 1540

20 kWh-432 Li-Ion cells

Battery 331V (nominal voltage)
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Figure 3. QUIET demonstrator tested at the JRC Ispra VeLA 8 facility [18,23,24]. Image © European
Union, 2021.
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Figure 4. Air outlet locations [41]. Image ©Honda R&D Europe (Deutschland).

The conventional HVAC system of the baseline vehicle was modified to a heat pump
system operated with propane (R290) as the working fluid, as explained above. The actual
vehicle test mass was 1540 kg, including additional tools and monitoring equipment, of
which 856.5 kg was on the front axle and 683 kg on the rear axle. Despite the weight
reduction of 28% of vehicle components (e.g., doors, windshields, seats, heating, and air
conditioning), there is a total weight reduction of 5% at the vehicle level because of the
additional components and monitoring systems installed on the vehicle.
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3.2. Measurement Points

During testing, the energy flows were monitored at different locations within the
vehicle to derive the consumptions and the efficiencies. A comprehensive description of
the measurement locations can be found in the schematic representation in Figure 5 and
Table 2.

M; Ms
»  A/Ccomp.
DE g, =
12v o
AC Aux. DC/DC »|  Heater
F'y
M, | =
[T}
b
< ©
T (a1]
& o
&
Ms . 3-phases o o T
o i 1 -
M, < |« &
—
@©
o =
AC-IN (]
3.3/6.6kW

Front Axle Rear Axle

M,

Figure 5. Schematic representation and measurement points.

Table 2. Detail of measurement locations [14] (see Figure 5).

Measurement D .
Point Label escription
M Energy from the grid to the high-voltage battery (Wh)
1

(acquired directly on the recharging station)

Current (A) and Voltage (V), from the high-voltage battery feeding the inverter,
M, the low-voltage auxiliary systems, and the heating and A/C systems
(acquired both by CANbus and current clamp measurements)

Rotational speed (rpm) and torque (N-m) of the electric motor

M; (acquired by CANbus)
M Energy at the wheel (Wh)
4 (acquired by the dyno)
M Current (A) and Voltage (V), from the high-voltage battery to the heater
5 (acquired by CANbus)
Current (A) and Voltage (V), from the high-voltage battery to the
Mg A/C compressor

(acquired both by CANbus and current clamp measurement)

The measurement at M; is acquired directly on the 6.6 kW AC recharging station,
i.e., the electric energy required to recharge the battery. The measurement at M is acquired
both via the vehicle CANbus and via a current clamp directly mounted on the battery
output power-line and voltage measurement from the CANbus. The measurement at My is
acquired from the dynamometer; at Ms, only via CANbus, as at M3; whereas, at Mg, it is
acquired both via the vehicle CANbus and via a current clamp and voltage measurement
from the CANDbus. The 12 V battery was also monitored via a current clamp and voltage
measurement. The data were either stored on the internal memory of the power analyser
or acquired in real time by the laboratory data logger.
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Additionally, the cabin compartment has been instrumented with temperature sen-
sors to monitor the performance of the HVAC system following the European MAC test
procedure [42], and a dummy passenger is installed with thermocouples fitted in specific
body locations to test the modified HVAC system from the thermal comfort perspective
(Figure 6).

Figure 6. Cabin temperature sensors [18,23]. Image © European Union, 2021.

The results from both the CAN current and CAN voltage measurements (Case 1) and
from the AC/DC clamps for current and CAN voltage measurements (Case 2) will be
presented in this publication.

3.3. Test Driving Cycles

The following driving cycles were applied during the testing of the demonstrator
vehicle for measuring the energy consumptions, as depicted in Figure 7:

e  The Worldwide harmonized Light-duty Test Cycle (WLTC) [43,44];
e  The Mobile Air Conditioning (MAC) [42];
e  The Worldwide harmonized Light-duty Shorten Test Procedure (WLTP STP) [43,44].

The results of the Worldwide harmonized Light-duty Test Procedure (WLTP) and the
MAC tests will be reported.

The WLTC is the European homologation driving cycle for the light-duty vehicles
(LDVs) [43,44]. It was created to reflect the real-world vehicle operations more closely
than the previous NEDC cycle. The WLTC is composed of 4 phases, designed to represent
the urban, the rural, the extra-urban, and the highway conditions, respectively. Stated
here are some details on the phases” duration and length (Figure 7): low speed (589 s
and 3.09 km), medium speed (433 s and 4.76 km), high speed (455 s and 7.16 km), and
extra-high speed (323 s and 8.25 km). To test the BEV driving ranges, the consecutive
cycle test (CCT) procedure is applied, in which, starting with fully charged battery, the
WLTC is repeated up to when the break-off criterion is reached, which, for BEVs, represents
a battery fully depleting. This occurs when the trace on the driver’s aid cannot be followed
anymore by the driver; the driving shall be interrupted and the vehicle brought to standstill.
During the demonstrator vehicle tests, the CCT procedure was applied at different ambient
temperatures (23 °C, —10 °C, and 40 °C) without and with the HVAC system in operation
to analyse how driving range and distance-specific energy consumption change in the
different conditions.
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WLTC Driving Cycle

150 : : : ; :

g | | | | |
£ 100/~ I R
g 50 - m ***** ‘ ‘
o | | |
(7] M | | |
0 1 M 1 1

0 200 400 600

800 1000 1200 1400 1600 1800
Time [sec]

3.09 km —
4.76km = 716km ¢

MAC Driving Cycle

150
<
£ 100
® 50
L |
%) 0 ;
0 500 1000 1500 2000 2500 3000 3500 4000
Time [sec]
L 4

variable —_—) .
16.32 km 16.32 km

WLTP STP Driving Cycle
140 T T

120 -
CS5S5p CSsg

100 1
S0 1
B0 1
40 1
20 n 1

o I I I
. i L . i
Ds1 DsS2

Time [sec]

speed [kmih]

Figure 7. Driving cycles adopted: WLTC, MAC, and WLTP STP [42-44].

To analyse the impact on the energy consumption of the HVAC system, the MAC
testing procedure has been applied [42]. The MAC cycle is composed of 3 phases of
constant speed segments: the 1st one is a preconditioning phase in which the HVAC
system is ON and the vehicle is driven at constant speed-up to reach the stabilisation of the
temperature in the passenger compartment; the 2nd and 3rd phases are identical in constant
speed values, but with, respectively, the HVAC system switched on and off as a means of
comparison in the total vehicle energy consumption. Phase 1 consists of a constant speed
segment (90 km/h) with approximately 30 min duration, while phases 2 and 3 have an
approximately 16 min duration each, spent half at a constant speed of 50 km/h and half
at 100 km/h (Figure 7). The MAC procedure prescribes a cell temperature of 25 °C, and
a target temperature for the cabin to be reached by the HVAC system of the vehicle set
below 15 °C in a specific location between the driven and the passenger seat. The minimum
HVAC system mass flow rate should be 230 kg/h, monitoring the passenger compartment
temperature in seven control locations: four positioned on the dashboard and three at the
rear of the front seats—behind the heads of the driver and of the passenger and in the
midpoint between the seats (Figure 6).
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A modified version of the MAC test procedure has also been applied at —10 °C, with
the HVAC system in heating mode, and with the phase 1 reduced to 15 min driving plus
15 min in idle (keeping the HVAC system switched on) to ensure enough battery capacity
to perform phases 2 and 3, as shown in Figure 7. The WLTP STP for pure electric vehicle
driving range determination [43,44] has also been applied to collect more data on the
vehicle performance. The STP consists of two dynamic segments (DS1 and DS2), together
with two constant speed segments (CSSys and CSSg) ( Figure 7). The dynamic segments
DS1 and DS2 are necessary to calculate the energy consumption of the considered phase.
The constant speed segments CSSy; and CSSg are meant to diminish the test duration by
discharging the battery in a faster way than with the CCT procedure. The test cycle is
designed based on the vehicle characteristics.

Table 3 summarises the tests performed on the demonstrator vehicle. The vehicle is
recharged after each driving range test using the 6.6 kW on-board AC charger.

Table 3. Laboratory and on-road driving tests.

Cycle Ambient Temperature HVAC
WLTP CCT 23°C off
AUTO mode
WLTP CCT —10°C 2 seats occupied
25 °C enforced (heating)
AUTO mode
WLTP CCT 40°C 2 seats occupied
26 °C enforced (cooling)
WLTP STP 23°C off
AUTO mode
MAC 25°C 2 seats occupied
15 °C enforced (cooling)
AUTO mode
MAC —-10°C 2 seats occupied

22 °C enforced (heating)

4. Results and Discussion
4.1. WLTP Consecutive Cycle Test Energy Consumption Results

The WLTP CCT procedure [43,44] has been applied at 23 °C without HVAC contri-
bution and at —10 °C and 40 °C with the HVAC system set, respectively, in heating and
cooling mode to obtain the distance-specific energy consumption of the demonstrator
vehicle in different ambient conditions and explore the limitations and strengths of the
test procedure when applied at different temperatures than 23 °C. The HVAC system is
switched on immediately before the beginning of the test without performing the cabin
temperature preconditioning.

The electric energy variation of all rechargeable electric energy storage systems (REESS)
has been monitored for each phase by integrating over time the measured voltage and
current, and the energy consumption is calculated by both dividing the variation of the
electric energy of the REESS by the driven distance for each phase and applying a K-
weighting factor, as per the WLTP [43,44].

4.1.1. Energy Consumption at 23 °C

Table 4 reports the energy consumption values for the CCT tests for both the base-
line and the demonstrator vehicle for the test conducted at 23 °C with the HVAC system
switched off. Energy consumptions are calculated at the battery level, so the efficiency loss
during charge is not considered. The energy consumption values for the demonstrator
vehicle range approximately between 130 and 136 Wh/km, slightly higher values than the
baseline vehicle ones (i.e., 3.5%). Despite there being an improvement in the energy con-
sumption of the electric motor, 106.8 Wh/km in the demonstrator versus 116-121 Wh/km
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in the baseline vehicle (Figure 8), there is an increase in the total vehicle energy consumption
due to the extra weight and energy consumption of the measurement systems installed in
the demonstrator. The energy consumption during the last driven cycle is almost the same
in both vehicles. Each result has also been expressed into an equivalent value in litres of
gasoline per 100 km (i.e., litres /100 km, see values in parenthesis) by using the conversion
proposed by the Environmental Protection Agency [45]. The energy content of the gasoline
fuel has been assumed equal to 8.90 kWh/litre (i.e., 115 kbtu/gallon). The calculated
consumption ranges from 1.5 to 1.53 1/100 km (combined data), without including the
effect of the inefficiencies during the recharge (i.e., from the grid to the battery). If these
additional energy losses are included, a higher energy consumption would be derived.
The energy recuperation ratio for WLTP CCT is also calculated both at the battery
and at the electric motor (EM) level. At the battery level, it is computed by dividing the
electric energy charging the battery by the one discharging the battery measured by current
and voltage (at measurement point My), while, at the EM level, it is calculated by dividing
recuperated energy at the electric motor by the driving energy (at measurement point Ms3).
These ratios provide a rapid evaluation of the effect of the energy recuperation on the
total energy consumption for each cycle and test conditions. The energy recuperation
at the battery level is lower than that at the EM level, accounting for the energy losses
between the battery and the EM (i.e., power lines and inverter). The recuperation ratio of
the demonstrator vehicle at the battery level showed slightly lower values with respect to
the vehicle baseline (i.e., 22% against 24% at room ambient temperature). The difference
between the two measurement modes (Case 1 and Case 2) is approximately 2-5% at 23 °C.

Table 4. Energy consumption results for the WLTP CCT at 23 °C for the baseline [14] and the
demonstrator vehicle. Results for the two measurement cases (Case 1—CAN current and CAN
voltage measurements; Case 2—AC/DC clamp for current and CAN voltage measurements).

Demonstrator Tests Baseline Tests (Rep. #1)

Tamp, = 23°C Case 1 Case 2 Case 1 Case 2

HVAC OFF WLTC WLTC WLTC WLTC

(Wh/km) (Wh/km) (Wh/km) (Wh/km)
(1/100 km) (1/100 km) (1/100 km) (1/100 km)

. 136.0 138.2 131.3 1287
Cycle 1 combined (1.53) (1.55) (1.47) (1.43)
. 131.0 137.9 129.6 126.7
Cycle 2 combined (1.47) (1.54) (1.46) (1.41)
. 130.4 138.4 129.4 127.4
Cycle 3 combined (1.46) (1.55) (1.45) (1.42)
. 132.8 139.7 129.2 127.0
Cycle 4 combined (1.49) (1.57) (1.45) (1.41)
. 130.8 138.4 130.7 1285
Cycle 5 combined (1.47) (1.55) (1.47) (1.43)
. 131.9 128.8
Cycle 6 combined / / (1.48) (1.43)
Total from start up to break-off 131.6 139.4 128.6 125.
criteria combined (1.48) (1.57) (1.44) (1.40)
Total fmf;iizir; “j\};{;’; reak-off 133.1 1385 130.3 127.8
(1.50) (1.56) (1.46) (1.44)

(K-weighted values)
Rec. Ratio (Battery) 22.9% 22.9% 24.3% 25.5%
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Figure 8. Distance specific energy consumption (CCT at 23 °C) of the demonstrator and baseline vehicles.

4.1.2. Energy Consumption at —10 °C

The energy consumption of the demonstrator vehicle at —10 °C with the HVAC system
in heating mode was estimated by combining the energy consumption of the demonstrator
vehicle at —10 °C during a WLTP test without the HVAC system in operation, lasting
3600 s (two WLTC cycles), with the HVAC system energy consumption recorded during a
static test consisting of warming up the vehicle cabin at —7 °C, lasting 3139 s. The static
power consumption of the measurement equipment installed in the vehicle was subtracted
from the total power consumption of the vehicle (approximately 200 W). An ideal thermal
transfer from the chiller to the cabin heat exchanger was assumed. The energy consumption
of the HV battery, A/C compressor, and heater has been derived for 3600 s, obtaining
approximately 9757 Wh total energy consumed at the battery level for a test of two WLTC
at —10 °C with the HVAC system in operation, resulting in approximately 207.6 Wh/km
distance-specific energy consumption.

Table 5 summarises the results of Repetition #3 of the WLTP CCT test at —10 °C with
the HVAC system switched on of the baseline vehicle [14]. Both the whole combined energy
consumption and the WLTP K-weighted value from the start of the test up to the break-off
criteria are reported. The distance-specific energy consumption ranged from approximately
236 Wh/km to 240 Wh/km, 12% more than the demonstrator vehicle.

Table 5. Energy consumption results (Wh/km) for the WLTP CCT at —10 °C (HVAC on) for the
baseline vehicle [14]. Results for the two measurement cases (Case 1—CAN current and CAN voltage
measurements; Case 2—AC/DC clamp for current and CAN voltage measurements).

Baseline Vehicle Tests (Rep. #3)

Tamp, = —10 °C Case 1 Case 2
HVAC ON WLTC WLTC
(Wh/km) (Wh/km)
(1/100 km) (1/100 km)
. 258.9 264.6
Cycle 1 combined (2.91) (2.97)
. 227.6 233.2
Cycle 2 combined (2.56) (2.62)
o . 235.9 186.8
Total from start up to break-off criteria combined (2.65) (2.10)
Total from start up to break-off criteria WLTP 240.5 249.9
(K-weighted values) (2.70) (2.81)

Rec. Ratio (Battery) 8.9% 6.9%
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Table 6 shows the energy consumption of the demonstrator vehicle at —10 °C for
two consecutive WLTC without the HVAC system in operation, measured according to
Case 1 and Case 2. The energy consumption ranges between 140 and 145 Wh/km. The
HVAC system in heating mode increases the energy consumption by about 70-80% for
the baseline vehicle and by approximately of 52-60% for the demonstrator. By comparing
Tables 5 and 6, it is also evident that, in the tests with HVAC switched on, a lower battery
recuperation ratio is encountered; this can probably be explained through a direct flow of
energy going to the HVAC system and not being recovered and stored through the battery.

Table 6. Energy consumption results (Wh/km) for the WLTP CCT tests at cold temperatures of the
demonstrator vehicle without the HVAC system in operation. Results for the two measurement cases
(Case 1—CAN current and CAN voltage measurements; Case 2—AC/DC clamp for current and
CAN voltage measurements).

Demonstrator Tests

Tamp, = —10°C Case 1 Case 2
HVAC OFF WLTC WLTC
(Wh/km) (Wh/km)
(1/100 km) (1/100 km)
. 159.42 163.36
Cycle 1 combined (1.79) (1.83)
. 145.88 149.91
Cycle 2 combined (1.64) (1.68)
I . 140.79 144.70
Total from start up to break-off criteria combined (1.58) (1.63)
Total from start up to break-off criteria WLTP 152.63 156.59
(K-weighted values) 1.71) (1.76)
Rec. Ratio (Battery) 18.15% 18.15%

The differences between the two measurement modes (Case 1 and 2) showed higher
variability for the low temperature tests, i.e., 11-14% at —10 °C in respect to 3-5% recorded
at 23 °C.

4.1.3. Energy Consumption at 40 °C

During the demonstrator vehicle test campaign at the JRC, the recirculation flap
position stopped in a mixed mode, neither completely open nor closed. The QUIET system
showed an AC compressor consumption of 5.4 kWh, while the baseline system showed an
energy consumption of 1.4 kWh. Since a reduction factor of about 4.5 is observed between
partial fresh air and recirculation mode in previous tests’ data, it was estimated that AC
compressor consumption in the QUIET vehicle decreased to 1.2 kWh in the recirculation
mode [18]. From the test results, a total battery consumption of 18.440 kWh was estimated
for the four WLTC. Subtracting the measurement system energy load of approximately
400 Wh for the whole four WLTC cycles and applying the energy reduction factor to
the AC measured energy consumption, as calculated above, a distance-specific energy
consumption of approximately 147.3 Wh/km was derived. The results for the specific
energy consumption are reported graphically in Figure 9.
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Figure 9. Energy consumption results of the baseline and demonstrator vehicle at different ambient

temperatures from the WLTP CCT tests.

4.2. MAC Test Energy Consumption Results

The MAC testing procedure aims to evaluate the effect of the HVAC system on the

whole vehicle energy consumption [42]. The results are summarized in Table 7, both for
the demonstrator and the baseline vehicle. The results of the application of the MAC test
procedure at —10 °C are reported only for the baseline vehicle [14]. The ratio between the
energy consumption from phases 2 and 3 is reported to evaluate the contribution on the
energy consumption of the HVAC system in operation. The demonstrator vehicle shows
an increase in the energy consumption due to the HVAC system being in cooling mode at
25 °C, ranging between +14% and +18%, while the baseline vehicle shows approximately
a +12% increase in the energy consumption in the cooling mode, and a +71% increase in
heating mode at —10 °C. The increasing of the energy consumption in the demonstrator is
higher in respect to the one observed for the baseline vehicle.

Table 7. Energy consumption results (MAC).

Demonstrator Vehicle Baseline Vehicle
Case 1 Case 2 Case 1 Case 2 Case 1 Case 2
MAC MAC MAC MAC MAC MAC
(Wh/km) (Wh/km) (Wh/km) (Wh/km) (Wh/km) (Wh/km)
(1/100 km) (1/100 km) (1/100 km) (1/100 km) (1/100 km) (1/100 km)
Phase 1 175.8 168.6 172.7 171.3 143.3 117.1
HVAC ON (1.97) (1.89) (1.94) (1.92) (1.61) (1.32)
. Phase 2 155.1 148.8 153.6 152.9 140.9 107.6
Tamb. =25°C gyacoN (1.74) (1.67) (1.73) (1.71) (1.58) (1.21)
Phase 3 131.1 116.7 134.2 130.2 128.1 96.0
HVAC OFF (1.47) (1.31) (1.51) (1.46) (1.44) (1.08)
Ratio +18.3% +27.5% +14.4% +17.4% +10.0% +12.1%
Phase 1 / / / / 301.7 298.9
HVAC ON (3.39) (3.36)
R Phase 2 237.3 234.0
Tamp. =-10°C pgyacON / / / / (2.66) 2.63)
Phase 3 146.7 136.9
HVAC OFF (1.65) (1.54)
Ratio +61.7% +71.0%
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4.3. Driving Range Results
4.3.1. WLTP Consecutive Cycle Test Driving Range Results

The WLTP CCT driving range is derived for all the performed CCT tests at 23 °C,
—10 °C, and 40 °C and reported in Table 8. For the —10 °C and 40 °C tests, only the cumula-
tive distance driven up till break-off is reached is reported, with the K-weighted coefficients
only defined in the WLTP for the test at 23 °C. The WLTP CCT pure electric range (PER) is
computed by dividing the usable battery energy (i.e., the variation in the battery energy
over the complete test procedure) over the K-weighted energy consumption [43,44]. The
results at 23 °C show a decreased driving range for the demonstrator vehicle with respect to
the baseline, that is, 136 km against 155 and 156 km for the baseline. This might be related
to the aging of the battery in the vehicle, since the UBE recorded during the demonstrator
tests (18,103 Wh) was lower than the one recorded for the baseline (20,164 Wh).

Table 8. Driving range test results for the WLTP CCT procedure at the different ambient temperatures.

Demonstrator Test Baseline Tests

Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 Case 1 Case 2

Driving Range (km) Driving Range (km) Driving Range (km) Driving Range (km)

WLTP CCT
up to break-off 136.08 136.44 154.43 154.10 154.74 124.10 149.24 148.90
Tamp =23 °C K-weighted
HVAC OFF WLTP CCT
up to break-off 136.61 156.50 156.78 148.76
Not weighted

Estimated

Tamp. = —10°C WLTP CCT
HVAC ON up to break-off
Not weighted

Estimated

Tamp, = 40 °C WLTP CCT
HVAC ON up to break-off
Not weighted

86.8 68 63.98 63.93

137-140 137 / /

At —10 °C, knowing that the UBE during the baseline vehicle tests was about 16.18 kWh,
assuming a constant power consumption of the HVAC system estimated as explained above
for the energy consumption estimate, it is possible to calculate how many kilometres can
be driven in total at —10 °C with the HVAC system in operation. The total driven distance
for the demonstrator vehicle was derived to be 86.8 km [15,19].

The baseline vehicle showed a 56% reduction in the range when tested at —10 °C with
the HVAC system switched on in respect to its test at 23 °C. The demonstrator vehicle
shows a lower percentage reduction, approximately 36%. Comparing the two values at
cold conditions, an improvement of the driving range of 26% is reached. This result is in
line with the QUIET project targets and the simulation results of the starting phase of the
project [19].

For the high temperature tests at 40 °C, the energy consumption has been estimated
according to the assumptions made in chapter 4.1.3. The driving range for the demonstrator
was derived by dividing the UBE available during the baseline vehicle tests at 40 °C by the
specific energy consumption. A constant HVAC system consumption and an ideal thermal
transient from the chiller to the cabin heat exchanger were assumed. A total driven distance
between 137 and 140 km was calculated for the test at 40 °C, close to the same value as the
baseline vehicle.

Figures 10 and 11 show a comparison between the driving range values obtained for
both the baseline and the demonstrator vehicle at cold and warm ambient temperature.
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Figure 10. Driving range comparison at cold ambient temperature.
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Figure 11. Driving range comparison at warm ambient temperature.

4.3.2. Multi-Cycle Approach for Estimating the Driving Range

Table 9 presents the driving range estimates obtained by simply dividing the nominal
battery capacity (20 kWh) with the energy consumption values measured during CCT tests,
reported in Tables 4-6, as per the abbreviated test procedure [15,46,47]. This simplified
method can only give an estimate of the vehicle range. The use of the nominal battery
capacity might lead to an overestimated driving range in respect to the WLTP CCT.

Table 9. Multi-cycle driven range results.

Demonstrator Tests Baseline Tests
WLTC WLTC legl;% WLTC WLTC
23 °C HVAC OFF —10 °C HVAC OFF 23°CHVACOFF —10°CHVAC ON
HVAC ON
(km) (km) (km) (km)
(km)

Cycle 1 147.04 125.46 111.66 152.37 77.26
Cycle 2 152.64 137.10 / 154.37 87.88
Cycle 3 153.36 / / 154.55 /
Cycle 4 150.61 / / 154.77 /
Cycle 5 152.94 / / 152.99 /
Cycle 6 / / / 151.64 /

WLTP CCT 136 51 26 156 68
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The driving range results for the demonstrator and the baseline vehicles obtained with
the first WLTC cycle at the ambient temperature are comparable, being, respectively, 147 km
for the demonstrator and 152 km for baseline, while, for the low temperature WLTC tests
with the HVAC system switched on in heating mode, a higher driving range is calculated
for the demonstrator featuring the improved HVAC system (i.e., 77 km for the baseline and
112 km for the demonstrator).

4.3.3. WLTP City Driving Range Results

The city driving range for the CCT tests conducted at 23 °C applying the WTLP city
test cycle has also been derived, both for the baseline and the demonstrator vehicle. The
vehicle selected for the QUIET project is a HONDA B segment EV, a vehicle conceived for
urban mobility, where the BEVs are growing in consensus and market share. Due to the
lower energy consumption of the low-speed phases, the derived city range is higher. For
the baseline vehicle, the city driving range results are approximately 211 km, 35% higher
than the WLTP driving range of 156 km, while, for the demonstrator vehicle, it is 188 km,
38% higher than the WLTP driving range of 136 km.

5. Discussion and Conclusions

This article presents the main outcomes of the European Union Horizon 2020 QUIET
project, aiming at developing a prototype B-segment battery electric vehicle with im-
proved energy consumption and driving range, thermal comfort, and user interfaces. This
was achieved by integrated innovative technologies with improved energy management,
lightweight materials with enhanced thermal insulation properties, and enhancing safety
and comfort.

The energy consumption was measured following the WLTP, but also by specific tests
designed to verify the effectiveness of the prototypal components, such as by applying
low- and high-temperature tests and the MAC procedure, to investigate the influence of
the HVAC system on the energy consumption and driving range of the demonstrator.

The results showed that the developed features integrated and qualified in a Honda
B-segment electric vehicle validator enable a reduction in the energy necessary for heating
the passenger compartment of the electric vehicle under different operating conditions
by approximately 12-14% compared to the Honda baseline vehicle. These efforts lead to
an approximately 26% driving range increase under cold (—10 °C) weather conditions
and to approximately the same driving range in hot (40 °C) weather conditions. This
result is in line with the targets and the simulation results of the QUIET project. The
improvement in the energy consumption and driving range is encountered when the
HVAC system is operated in heating mode, with the heat pump in operation, exploiting
the efficiency gains by introducing this technology that is not conventional nowadays in
the production vehicles.

Investigations on the possible impact of the QUIET approach applied to vehicles
of different segments (i.e., B-SUV segment, C segment, D segment, and D-SUV segment)
indicate that the energy efficiency of the HVAC system is more relevant for smaller cars with
a relatively low driving resistance. This results in a lower energy consumption from the
drivetrain, leading to a higher relative importance of the HVAC. For larger cars, especially
SUVs, this balance is shifted. Due to the higher energy demand needed for overcoming the
driving resistances, the drivetrain is responsible for a higher portion of the overall vehicle
energy demand. Therefore, the energy consumption from the HVAC has a lower relevance.

Due to the time restrictions for the project, it was not possible to test the demonstrator
vehicle extensively at high- and low-environment conditions with the HVAC system in
operation for a long time period. Therefore, it would be interesting to experimentally test
the demonstrator vehicle in this respect in future work.

The QUIET project has explored the possibility of integrating advanced innovative
technologies in electric vehicles to enhance the efficiency and the energy performances
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in different environmental conditions. The results might support the verification and the
development of next-generation electric vehicle technologies and type approval regulations.
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Abbreviations

A/C Air conditioning

AC Alternating current

APM Atomically Precise Manufacturing

BEV Battery electric vehicle

CAN Controller area network

CCT Consecutive cycle test

CFD Computational fluid dynamics

CSS Constant speed segment

DC Direct current

EM Electric motor

GHG Greenhouse gases

GPS Global positioning system

GWP Global warming potential

HC Hydrocarbon

HMI Human-machine interface

HV High voltage

HVAC Heating, ventilation, and air conditioning
HV-PTC  High-voltage positive thermal coefficient
ICE Internal combustion engine

IFAM Fraunhofer Institute for Manufacturing Technology and Advanced Materials
IR Infrared

JRC Joint Research Centre

MAC Mobile air conditioning
NEDC New European Driving Cycle
NVH Noise Vibration Harshness

ODP Ozone depleting potential
PCM Phase change material
PM Particulate mass

PMV Predicted mean vote

PN Particulate number

STP Shortened test procedure
SUvV Sport utility vehicle

QUIET QUalifying and Implementing a user-centric designed and EfficienT electric vehicle
VELA Vehicle emission laboratories
WLTP Worldwide harmonized Light-duty Test Procedure
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