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Abstract: Electric vehicles (EVs) generally use an electric heating system to provide heat. However,
the heating system consumes a large amount of energy, and therefore reduces the mileage of the
vehicle. The energy consumption can be reduced by replacing the electric heating system with a
heat pump air conditioning system. Such systems achieve an effective heating of the vehicle interior,
but do not provide a defog or dehumidification function. Consequently, the inside surface of the
windshield tends to fog in cold weather; leading to poor driver visibility and an impaired road
safety. Accordingly, the present study proposes a novel high-efficiency heating, ventilation and air
conditioning (HVAC) system with both heating and defog/dehumidification functions for electric
vehicles. The effectiveness of the proposed system is investigated experimentally using a simulated
cabin placed in a temperature and humidity-controlled test chamber. The experimental results
confirm that the HVAC system achieves the required cooling, heating and defog/dehumidification
functions and meets the corresponding standards. Moreover, the application of HVAC in EVs could
lead to significant electrical power saving effect.

Keywords: electric vehicle; HVAC; defog; thermal management; recovery technologies for cars;
green cars; green car transition; sustainable cars

1. Introduction

As the world’s remaining supplies of fossil fuels run low and their adverse effects on
the environment become clear, the need for alternative green energy sources and efficiency
has emerged as a pressing concern [1,2]. One of the most effective means of reducing
carbon emissions is to replace the internal combustion engines used in motor vehicles
with some form of electric motor or hybrid variant [3]. However, EVs have only a short
mileage (typically of the order of 200 to 300 km). Moreover, due to the lack of an engine and
water-cooling system, the HVAC system must be driven by the same electric motor as that
used to propel the vehicle. While such an approach provides a simple means of heating
and cooling the cabin interior, the electric heaters and compressors have a high energy
consumption, and hence the mileage of the EV is seriously reduced (typically by up to
40%) [4–7]. Weckerle et al. [8,9] proposed a metal hydride air-conditioning system for fuel
cell vehicles. Their results shows that the variation of the electrical fuel cell power between
1.8 and 7.9 kW results in a maximum average cooling power of 807 W at an electrical power
of 7 kW [8]. The average cooling power of the proposed system was 662 W for an ambient
temperature of 30 ◦C and a cooling temperature of 20 ◦C [9]. Accordingly, the problem
of developing new and more efficient HVAC systems for EVs has attracted considerable
attention in the literature.

Heat pump air conditioning (A/C) systems based on a vapor compression cycle
appear to provide a promising approach for achieving cooling and heating capacities in
EVs. For example, Cheng and Huang [10] constructed a heat pump A/C system consisting
of an outdoor heat exchanger, an indoor heat exchanger, a compressor, and an expansion
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valve. In the proposed system, the operation mode is switched between heating and
cooling using a 4-way valve. In particular, on hot days, the outdoor heat exchanger and
indoor heat exchanger are used as a condenser and evaporator, respectively, while on
cold days, their roles are reversed. Cho et al. [11] used the wasted heat from the motors
and inverters of an electric bus to heat the passenger compartment. The performance
of the proposed heat pump was evaluated under various outdoor temperatures and
coolant flow rates. Lee et al. [12] used the wasted heat generated by the stacks in a fuel
cell electric vehicle (FCEV) to provide a heating function in cold weather conditions. It
was shown that the proposed system achieved a heating capacity of more than 5.0 kW
under extremely cold weather conditions (−20 ◦C) given a coolant flow rate of 5.0 L/min.
Lee et al. [13] investigated the performance of a mobile heat pump in providing both
heating and cooling functions for an electric bus. The experimental results showed that the
heating coefficient of performance (COP) decreased, but the heating capacity increased,
as the outdoor temperature or compressor frequency increased. Moreover, the cooling
capacity exceeded 23.0 kW for all values of the compressor frequency. Ahn et al. [14]
investigated the feasibility of a dual source heat pump using both air and waste heat
in electric vehicles and found that the heating performance of the pump was higher
than that of a traditional single source heat pump. Lee [15] integrated a heat pump
system with a conventional A/C system to provide a heating/cooling function in zero-
emission vehicles. The performance of the system was evaluated for various vehicle driving
conditions, outside air temperatures and compressor rotational speeds. In general, the
results showed that the power consumption of the heat pump system was around one
third that of an electric positive temperature coefficient (PTC) heating system for the same
heating capacity. Han et al. [16] proposed an air source heat pump system with waste heat
recovery (WHR) for the electric bus to improve the heating performance. Their results
showed that comparing with the vapor injection heat pump without WHR, the heating
capacity and COP of the heat pump at 2 kW waste heat were increased by 1.61% and
1.38%, respectively. Chio et al. [17] proposed a vehicle integrated thermal management
system (VTMS) for improving the energy efficiency of vehicles. The proposed neural
network model proved to be effective in predicting the characteristics of a vehicle cooling
system. Yue et al. [18] proposed a new vehicle energy supply system through integrating
a waste heat recovery organic Rankine cycle subsystem to the conventional vehicle air
conditioning subsystem. Their results indicated that the proposed vehicle energy supply
system hold prominent thermal and economic performance advantages compared to that
of the conventional vehicle energy supply system with a standalone waste heat recovery
organic Rankine cycle subsystem. Ding et al. [19] developed a heating method which used
multiple-heat sources, namely battery cooling waste heat, motor cooling waste heat and
heat pump air conditioning, to heat vehicles in stages. The results showed that the proposed
system saved 60% energy while running at an ambient temperature of −22 ◦C for 2 h.
Ramli et al. [20] used the organic Rankine cycle for hybrid vehicle application. They found
that the maximum cycle efficiency achieved from the ORC system was 5.4% with 2.02 kW
of delivered power recovered from the waste heat available. According to the review
presented in [21], the COP of heat pump A/C systems is greater than 1. Consequently, heat
pump A/C systems appear to be one of the most promising solutions for providing HVAC
functions in EVs [21]. Peng and Du [22] performed an extensive literature review on the
progress in heat pump air conditioning systems for electric vehicles.

Regarding dehumidifying the cabin air, Yang et al. [23] investigated the process of
condensation and defogging in the cabin of a truck model with considering both the
outside heat dissipation and internal air conditioning system. They found that the dewing
phenomenon was eliminated at the highest efficiency when the air conditioning system
was taken as the main defogging approach, with the relative humidity set at approximately
20% and the temperature above 320 K.

However, heat pump systems can only heat the air within the cabin, they cannot
reduce the humidity. Consequently, the interior surface of the windshield readily fogs
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when the glass temperature falls below the dew point of the cabin air [24,25]. This seriously
impairs driver visibility and thus represents a major road safety risk. Accordingly, effective
solutions for simultaneously heating/dehumidifying the cabin air are urgently required.
To meet this requirement, the present study proposes a novel HVAC system which not only
provides conventional heating and cooling capacities for EVs, but also an additional high-
efficiency dehumidification function. The performance of the proposed system is evaluated
in three different modes, namely (i) Air-Conditioning (A/C), (ii) Pure Heat-Pump (PHP),
and (iii) Defog-Heat-Pump (DHP). For each mode, the performance is investigated using
the dry bulb and wet bulb temperatures specified in the corresponding CNS standards (i.e.,
national standards of Taiwan). In the A/C and DHP modes, the corresponding COPA/C and
COPPHP are 3.18 and 3.3, respectively. In the DHP mode, the dehumidification performance
is 1.47 L/kW-h, and hence exceeds the minimum requirement of 1.4 L/kW-h laid down
in the corresponding standard (CNS 12492). In addition to the dehumidification effect,
the DHP mode also raises the air temperature within the HVAC system by around 13 ◦C
which achieving simultaneously heating/dehumidifying the cabin air. The application of
the present HVAC system in electric vehicles not only meets the corresponding standards
but also leads to significant electrical power saving effect.

2. Experimental Setup

Figure 1a presents a schematic diagram of the proposed HVAC system consisting
of a cooling loop (A/C mode), heating loop (PHP mode) and defog heat-pump loop
(DHP mode). The main items of experimental apparatus include a rotary compressor
(C)/(44R252A, RECHI PRECISION, Taiwan), two indoor heat exchangers (HX1 and HX2)
(fin-and-tube type), an outdoor heat exchanger (HX3)/(fin-and-tube type), two electric air-
heaters (H1, H2), two expansion valves (EV1, EV2)/(TX2 068Z3206, DANFOSS, Nordborg,
Denmark), two three-way valves (TWV1, TWV2), one four-way valve (FWV), and four
single-way valves (SV1–SV4).

Figure 1. (a) Schematic diagram of experimental HVAC setup; (b) Refrigerant flow and indoor air flow in A/C mode;
(c) Refrigerant flow and indoor air flow in PHP mode; and (d) Refrigerant flow and indoor air flow in proposed DHP mode.



Energies 2021, 14, 46 4 of 12

Figure 1b shows the refrigerant flow and indoor air flow of the proposed HVAC system
in the A/C operation mode. As shown, the discharged refrigerant from the compressor
flows into HX3, which acts as a condenser. After heat rejection in HX3, the condensed
liquid refrigerant passes through SV1 and EV2 and enters HX1 (the evaporator). (Note that
TWV1 is closed in the A/C mode.) The refrigerant evaporates in HX1, thereby cooling the
indoor cabin, and is then flowed back to the compressor.

Figure 1c shows the refrigerant flow and indoor air flow of the proposed HVAC system
in the PHP mode. In this mode, FWV is switched such that the refrigerant discharged from
the compressor flows into HX1, which then acts as a condenser and heats (but does not
humidify) the indoor air. Following heat rejection in HX1, the condensed liquid refrigerant
passes through SV2, EV1, TWV1, TWV2 and SV4 and enters HX3 (the evaporator). Finally,
the refrigerant evaporates in HX3 and flows back to the compressor.

Figure 1d shows the refrigerant flow and indoor air flow in the proposed DHP mode.
FWV is again switched such that the refrigerant discharged from the compressor flows
into HX1. Similarly, the condensed liquid refrigerant emerging from the condenser is again
passed through SV2, EV1 and TWV1. However, in this case, TWV1 is set such that the
refrigerant enters HX2 (the evaporator). The refrigerant evaporates in HX2 and is then
flowed back to the compressor through TWV2 and SV3. As the refrigerant evaporates in
HX2, it cools and dehumidifies the indoor air, which is passed through HX1 to produce hot
and dry air and then directed onto the windshield to provide a defogging function.

In the PHP and DHP modes, heater H1 (installed on the inlet refrigerant side of the
compressor) is used to avoid the liquid compression phenomenon at the compressor during
operations, while heater H2 installed behind HX1 is used to provide additional heat in
extremely cold weather.

The HVAC system shown in Figure 1a–d was arranged within a simulated cabin and
the cabin was then placed inside a temperature and humidity test chamber for evaluation
purposes. The simulated cabin was construct by six 1 × 1 m2 acrylic plates with thickness
of 3 mm and then forming a size of 1 × 1 × 1 m3 (L × W × H). To properly evaluate the
performance of the HVAC system, the fluid flow and temperature distribution within the
test chamber and simulated cabin must be accurately known. Accordingly, as shown in
Figure 2, eleven measuring points were established within the experimental system, includ-
ing four thermocouples (Nos. 6–1~6–4) placed in the simulated cabin, one thermocouple
(No. 1) placed at the return air inlet, another thermocouple (No. 2) placed at the entrance
of HX2, and a third thermocouple (No. 3) placed between the exit of HX2 and the entrance
of HX1. A fourth thermocouple (No. 4) was additionally placed at the exit of HX1, while a
fifth thermocouple (No. 5) was placed at the exit of H2. Finally, two more thermocouples
(Nos. 7 and 8) were placed at the entrance and exit of HX3, respectively.

Figure 2. Locations of measuring points in HVAC system and simulated cabin.

Figure 3 shows HVAC system and the temperature and humidity test chamber. The
chamber had interior dimensions of 220 × 180 × 210 cm3 (L × W × H) and enabled the
temperature to be controlled over the range of −30~50 ◦C with an accuracy of ±0.3 ◦C. In
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addition, the relative humidity (RH) was controllable over the range of 10~98% RH with
an accuracy of ±2.5%.

Figure 3. Photographs of HVAC system and temperature and humidity test chamber.

To reflect the various driving conditions an EV may possibly encounter, the A/C mode
of the HVAC system was evaluated for an outdoor air dry bulb temperature of 35 ◦C and
a wet bulb temperature of 24 ◦C (as specified in the CNS 14464 standard [26]). Similarly,
the PHP mode was evaluated for an outdoor air dry bulb temperature of 7 ◦C and a wet
bulb temperature of 6 ◦C (CNS 14464 [26]). Finally, the DHP mode was evaluated for an
outdoor air dry bulb temperature of 27 ◦C and a wet bulb temperature of 21.2 ◦C (CNS
12492 [27]). Table 1 summarizes the experimental test conditions.

Table 1. Test conditions.

Mode Environment Conditions Standard

A/C dry bulb temperature of 35 ◦C
wet bulb temperature of 24 ◦C CNS 14464

Pure Heat Pump dry bulb temperature of 7 ◦C wet
bulb temperature of 6 ◦C CNS 14464

Defog Heat-Pump dry bulb temperature of 27 ◦C
wet bulb temperature of 21.2 ◦C CNS 12492

When the temperature and humidity in the test chamber reached the state required by
the corresponding standard, the compressor of the proposed HVAC system was turned on
to start the measurement process. For all of the experiments, the compressor frequency was
set as 60.0 Hz and the work done by the compressor was calculated using the measured
values of the power input and current obtained using a digital power meter (760401-D,
Yokogawa Electric Corporation). For the DHP experiments, the simulated cabin was re-
moved such that the HVAC system functioned directly as a dehumidifier in the temperature
and humidity test chamber. Moreover, each test was repeated 3 times.

3. Experimental Data Reduction
3.1. A/C Mode

For the A/C mode, Lee et al. [28] suggested that the air-side heat transfer rate should
be set equal to the sum of the air-side sensible and latent heat transfer rates derived from
the air temperature change and water vapor mass transfer, respectively. According to
Lee et al. [28], the air-side heat transfer rate of HX1, i.e.,

.
QHX1, was set as

.
QHX1 =

.
mair,indoor(h3 − h4), (1)
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where
.

mair,indoor is the indoor air supply mass flow rate; and h3 and h4 are the enthalpies of
measurement points 3 and 4, respectively.

The COP of the proposed HVAC system was then calculated as

COPA/C =

.
QHX1

Wc
=

.
mair,indoor(h3 − h4)

Wc
, (2)

where Wc is the power consumption of the compressor.

3.2. PHP Mode

The PHP mode involves only sensible heat exchange. Consequently, the air-side heat
transfer rate of HX1 can be derived simply as

.
QHX1 =

.
mair,indoorCp(T4 − T3) (3)

where Cp is the specific heat of the air.
The COP of the proposed HVAC system was then calculated as

COPPHP =

.
QHX1

Wc
=

.
mair,indoorCp(T4 − T3)

Wc
(4)

3.3. DHP Mode

The CNS 12492 standard in Taiwan [27] specifies a daily dehumidification capacity
of at least 12 l/day for large dehumidifiers and a corresponding dehumidification perfor-
mance of more than 1.4 l/kW-h power consumption. Thus, the HVAC requirement in the
DHP mode was set as

Dehumidification performance =
Total dehumidi f ication quantity (liter)

Total power consumption (kW − h)
≥ 1. 4 L/kW−h

3.4. Data Acquisition System

The data of interest in the experimental system, namely the mass flow rate, tem-
perature, pressure and air velocity were captured by an MV2000 Data Acquisition Unit
(YOKOGAWA, Tokyo, Japan), converted into digital values, displayed in real-time on a
monitor. The power consumption of the compressor was measured by a digital power
meter (760401-D, YOKOGAWA, Tokyo, Japan). The measured data then interfaced to a
notebook, converted into digitized readable values and then saved to disk for further
processing.

3.5. Instrumentation Accuracy

To ensure the accuracy of the measurement data, all of the measuring devices were
calibrated prior to the main experimental trials. As shown in Table 2, the temperature
sensors (T-type) used to measure the refrigerant and air temperatures had an accuracy
of ±0.1 ◦C while the accubalance air capture hood (model: TSI 8380) used to measure
the supply air mass flow rate had an accuracy of 3.0%. The digital power meter used to
measure the compressor power input had an accuracy of 0.2%. Finally, the anemometer
(SwemaAir 40, SWEMA, Farsta, Sweden) used to measure the air speed had an accuracy of
±0.04 m/s for air flow rates in the range of 0.1~1.33 m/s and ±3% for air flow rates in the
range of 1.33~30 m/s.
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Table 2. Calibration results.

Sensor Accuracy after Calibration

TC (Temperature) ±0.1 ◦C

Power meter ±0.2%

Accubalance air capture hood ±3.0%

Anemometer ±0.04 m/s for 0.1~1.33 m/s; ±3% for 1.33~30 m/s

4. Results and Discussion

Figure 4 shows the temperature distribution within the chamber and HVAC system
for the A/C mode, in which the dry bulb and wet bulb temperatures in the chamber
were controlled at 35 ◦C and 24 ◦C, respectively. From Figure 4, it can be seen that the
time constant is approximately 40 min for the system to reach steady-state conditions (as
indicated by a variation of less than 0.1 ◦C/min in the average of cabin temperatures). It
can also be seen that all of the measurement points within the simulated cabin (i.e., points
6–1~6–4) reach a temperature of less than 25 ◦C within five minutes of the system being
turned on. Moreover, after ten minutes, the temperatures in the simulated cabin are all less
than 20 ◦C. Under steady-state conditions, the temperatures reduce further to around 15 ◦C.
In other words, the cooling performance of the proposed HVAC system is confirmed.

Figure 4. Temperature distribution in A/C mode.
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The average supply air volume flow rate in the A/C mode was found to be 0.1306
m3/s. Moreover, the air density (measured at 27 ◦C) was 1.18 kg/m3. Consequently, the
supply air mass flow rate,

.
mair,indoor, was calculated to be 0.1541 kg/s. At steady state, the

inlet temperature and relative humidity of HX1 (T3) were 21.3 ◦C and 60.0%, respectively.
Consequently, the corresponding enthalpy (h3) was obtained as 45.58 kJ/kg. Moreover, the
steady-state outlet temperature and relative humidity of HX1 (T4) were measured to be
10.4 ◦C and 90.0%, respectively. As a result, the corresponding enthalpy (h4) was obtained
as 28.29 kJ/kg; giving a difference (h3–h4) of 17.29 kJ/kg between them. In accordance
with Equation (1), the air-side heat transfer rate of HX1 (

.
QHX1) was thus determined to

be 2.665 kJ/s. The power consumption of the compressor (Wc) was measured to be 0.837
kW. Thus, in accordance with Equation (2), the COPA/C of the A/C mode was computed as
COPA/C = 2.665/0.837 = 3.18.

Figure 5 shows the temperature distribution within the chamber and HVAC system in
the PHP mode, for which the dry and wet bulb temperatures in the chamber were set as 7
◦C and 6 ◦C, respectively. After 10 min, the temperatures within the cabin (points 6–1~6–4)
all reach 30 ◦C. Furthermore, under steady-state conditions, all of the temperatures exceed
40 ◦C. In other words, the ability of the HVAC system to heat the cabin interior under
low-temperature conditions is confirmed.

Figure 5. Temperature distribution in PHP mode.
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In the PHP mode, the average supply air mass flow rate of the system was again equal
to 0.1306 m3/s. Given the same air density (i.e., 1.18 kg/m3) the supply air mass flow rate,
m .air,indoor, was thus found to be 0.1541 kg/s once again. Under steady-state conditions,

the inlet and outlet temperatures of HX1 (T3 and T4) were 38.2 ◦C and 56.8 ◦C, respectively.
Thus, taking a value of Cp = 1.005 J/(kg K) in Equation (3), the air-side heat transfer rate of
HX1 (

.
QHX1 =

.
mair,indoorCp(T4 − T3)) was calculated to be 2.881 kW. The power consump-

tion of the compressor (Wc) was measured to be 0.872 kW. Consequently, from Equation (4),
the COPPHP of the PHP mode was calculated to be COPPHP = 2.881/0.872 = 3.3.

In evaluating the performance of the DHP mode, the dry bulb and wet bulb temper-
atures in the chamber were set as 27 ◦C and 21.2 ◦C, respectively, and the HVAC system
(without the simulated cabin) was run continuously for 24 h. The dehumidification ca-
pacity of the system (i.e., the average water removal per hour) was found to be 1.274 L/h.
Meanwhile, the hourly power consumption of the system was calculated to be 0.867 kW.
Consequently, the dehumidification performance of the DHP mode was determined to be
1.274 (L/h)/0.867 kW = 1.47 L/(kW-h) ≥ 1.4 L/(kW-h). In other words, the DHP mode
satisfies the dehumidification requirement specified in the CNS 12492 standard.

Figure 6 shows the temperature distribution within the test chamber given the use of
the DHP mode. The results indicate that the return air cooled and dehumidified by HX2 has
a temperature of around 17 ◦C. However, after passing through HX1, the air temperature
increases to approximately 40 ◦C. In other words, in addition to the dehumidification effect
described above, the DHP mode also raises the air temperature within the HVAC system
by around 13 ◦C (40 ◦C–27 ◦C).

Figure 6. Temperature distribution in DHP mode.
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Table 3 shows a comprehensive comparison between the present study and the other
HVAC system for EVs. It can be seen that the COP of the pure heat pump for the present
study is slightly larger than that of the other studies. Moreover, Telsa’s official website [29]
shows that Telsa replace the heater matrix, which would have had engine coolant running
through it, with an electric heater that has 400 volts running through it. Because the COP
of electric heater is less than 1. In other words, it means the COP of the heating system of
Telsa is much less than using a pure heat pump. Moreover, the present study is the only
HVAC system with Defog Heat Pump (simultaneously heating/dehumidifying) functions.

Table 3. Comparison of HVAC systems with the other studies.

Reference No. Authors COP of Pure Heat Pump

Defog Heat Pump
(Simultaneously

Heat-
ing/Dehumidifying

Ability)

Present study Chang et al. 3.3 (outdoor temperature
at 7 ◦C)

With (the
dehumidifying ability

is 1.47 L/kW-h)

[10] Cheng, Y.T.; Huang, S.J
3–3.5 (outdoor
temperature at
−3 ◦C–10 ◦C)

Not report.

[11] Cho et al. 3 (outdoor temperature at
0 ◦C) Not report.

[13] Lee et al. 2.5 (outdoor temperature
at 10 ◦C) Not report.

[15] Lee, D.
2.8–3.3 (outdoor
temperature at
−10 ◦C–7 ◦C)

Not report.

[30] Tang et al. 3.2 (outdoor temperature
at −5 ◦C) Not report.

[29] Telsa’s official website

None, a Positive
Temperature Coefficient

(PTC) heater with 400
volts is used for heating.

None, but using A/C
system for cooling
and dehumidifying
and then using PTC
for heating the cold

and dry air.

Compare the temperature distribution in Figures 4–6. The lowest temperature in
Figure 4 is point 4, which is the outlet of HX1 (i.e., evaporator of A/C mode). Meanwhile,
the highest temperature is point 8, which is the outlet of HX3 (i.e., condenser of A/C
mode). Moreover, the lowest temperature in Figure 5 is point 8, which is the exit of HX
3 (i.e., evaporator of PHP mode). The highest temperature is point 4, which is the outlet
of HX1 (i.e., condenser of PHP mode). Figures 4 and 5 show the switch between simple
air-conditioning and heating (i.e., evaporator and condenser are interchanged), so the
highest temperature and lowest temperature positions are just interchanged. In addition,
the lowest temperature in Figure 6 is point 3, which is the outlet of HX2 (i.e., evaporator of
DHP mode). The highest temperature is point 4, which is the outlet of HX1 (i.e., condenser
of DHP mode). From above discussion, it can be seen that the highest temperature of
different modes all appear at the outlet of the condenser, and the lowest temperature all
appear at the outlet of the evaporator.

5. Conclusions

The pure heat pump systems used in EVs provide an efficient means of heating the
vehicle interior without significantly reducing the mileage. However, they do not provide
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a dehumidification function while heating. Consequently, in cold weather, the interior
surface of the windshield tends to fog; posing serious road safety concerns. Therefore,
EVs use A/C system to cool the cabin air then achieving the dehumidification purpose
and use PTC electric heaters to reheat the cooled cabin air [30,31]. However, the COP of
the PTC heating system is low (i.e., ≤1). Accordingly, this study has proposed a novel
high-efficiency HVAC system which not only provides the conventional A/C and Pure
Heat Pump (PHP) modes of a traditional EV HVAC system, but also provides an additional
Defog Heat Pump (DHP) mode through the combined use of two heat exchangers (one
evaporator and one condenser) and a heater. The performance of the A/C, PHP and DHP
modes has been evaluated experimentally in a temperature and humidity control chamber
using the dry and wet bulb temperatures specified in the corresponding CNS standards
(namely CNS 14464 and CNS 12492). The main findings of this study can be summarized
as follows:

1. In the A/C mode, the temperature within the simulated cabin reduces to less than
25 ◦C in five minutes and falls to around 15 ◦C under steady state conditions. The
corresponding COPA/C is 3.18.

2. In the PHP mode, the cabin temperature rises to 30 ◦C within 10 min and increases to
approximately 40 ◦C at steady state. The corresponding COPPHP is 3.3.

3. In the DHP mode, the air sucked from the temperature and humidity test chamber at
27 ◦C is dehumidified and reduced to a temperature of around 17 ◦C by an evaporator
and is then passed through a condenser, where it is heated to a temperature of
around 40 ◦C. The dehumidification performance of the DHP mode is equal to
1.47 L/kW-h, and hence exceeds the minimum requirement of 1.4 L/kW-h laid down
in the corresponding standard (CNS 12492).

4. When the outdoor temperature is too low and using PHP mode, the freezing phenom-
ena will occur on the outdoor HX3, than will affect the performance of PHP. Moreover,
It is currently a laboratory test and will be installed in the car for on-road test in the
future.
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