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Abstract

Energy shortages and environmental degradation are issues that are getting
more and more significant globally. New energy vehicles are being promoted
by the state due to the advantages of low pollution and low fuel consumption.
However, due to battery technology, the range of new energy vehicles cannot
meet the needs of users. As the most energy-efficient auxiliary device, the
energy consumption of air conditioning will significantly reduce the range of
new energy vehicles. In low temperature environments, heating energy con-
sumption will reduce the range of vehicles by more than 50%. Therefore, the
research aims to reduce the energy consumption of air conditioning systems
in new energy vehicles by reducing load demand and improving operating
efficiency. The study designs a low-temperature heat pump air conditioning
system based on digital technology and then uses a computational algorithm
to construct an energy consumption model for the heat pump air conditioning
system of a new energy vehicle. According to the test results, the system’s
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average increase in heat production after activating the enthalpy charge is
35% and its average COP is 0.14% lower than when switched off. At —5°C,
the air outlet temperature of the system reaches up to 50.0°C. Summer
cooling energy consumption increases exponentially with temperature, while
winter heating energy consumption decreases linearly with temperature. In
addition, the range decreases significantly as the ambient temperature devi-
ates from the human comfort zone. The decline in the winter range is more
severe than that in summer, moreover, the range of modern energy vehicles
is reduced by 30% at an average winter temperature of —10°C. In summary,
the low-temperature heat pump system offers greater performance. It is more
useful in real-world applications and can offer a rational alternative to air
conditioning’s energy-saving tactics.

Keywords: Heat pump, air conditioning, new energy vehicles, enthalpy
compensation, digital technology.

1 Introduction

With the country’s economic and technological progress, new energy vehicles
are becoming more and more popular, and car ownership in various countries
has grown very rapidly [1]. However, the world’s energy demand is increas-
ing, and China’s oil production capacity is severely limited, so reducing the
fuel consumption and energy consumption of automobiles, as well as energy
conservation, is now a top priority [2]. New energy vehicles can power cars
by using electricity stored in batteries, offering the advantages of low fuel
consumption, low emissions and low price [3]. However, the disadvantages
of new energy vehicles are also obvious, as their range is extremely short
and their charging time is very long [4]. The air conditioning equipment,
which consumes a significant amount of energy, has a significant impact on
the range; thus, maximizing new energy vehicle air conditioning performance
and minimizing energy consumption during air conditioning heating are crit-
ical [5]. Relevant research in this field mainly constructs the air-conditioning
load system of new energy vehicles by determining the heat load under
various working conditions. On this basis, the low temperature heat pump air
conditioning system is designed and the heat pump air conditioning system
model is constructed based on digital technology. The research is unusual in
that it is the first to propose a new calibration technique for the thermal load
of new energy vehicles, and its accuracy meets current criteria. The research
also introduces the different forms of make-up air heating system in the
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low-temperature heat pump air conditioning system, and finally proposes an
energy consumption model for the heat pump air conditioning system of new
energy vehicles.

2 Related Work

The energy required by the heating of modern energy vehicles in winter will
greatly reduce their driving range. Reducing the energy consumption of air-
conditioning heating is an effective way to improve the heating efficiency of
vehicles. Therefore, the use of heat pump technology to improve the heating
efficiency of automotive air conditioning has become a research focus of
many scholars [6]. Yu et al. used a mixture of CO3, R42. The results showed
that in both heating and cooling modes, there was a considerable decrease in
the system’s total operating pressure, gas cooler output temperature, high side
pressure, and low side pressure [7]. Wang et al. studied a heating auxiliary
equipment to help the ASHP in the external heat exchanger of the heat pump
air conditioner (ASHP) frost to reduce the air conditioning capacity, which
is a problem promoting the solution. According to the findings, this strategy
increased the heating time by 17.9% and by 99.7% in frost-free and anti-frost
modes, respectively, compared to the baseline mode [8]. Hussain used the
refrigerant R1234yf instead of R134a to reduce ozone depletion leakage from
refrigeration systems in air conditioners. The research results showed that
the refrigerant was more effective in cooling the automobile air conditioning
system (AACS) [9]. Bamisaye et al. used a 16-valve Nissan engine to explore
how the air conditioning system input influences the engine’s temperature
and speed while the vehicle is stationary. The findings revealed that the tem-
perature jointly with engine speed do not change when the air conditioning
system is activated [10]. Wang et al. improved the performance of the car
air conditioning system, a cross-critical COg system model was created. The
data showed how different refrigerant charge levels, as well as factors such
as ambient temperature and compressor speed, affected the air conditioning
system. The results can be used as a scientific and theoretical guide for system
design and safety [11].

The function of car air conditioning is to guarantee the thermal comfort
of passengers while ensuring a safe driving environment for the driver, so in
addition to improving the cooling and heating efficiency, it can also reduce
the energy consumption by reducing the load jointly with work of new
energy vehicle air conditioning [12]. Tan Y et al. conducted an artificial
study on the energy-saving performance of window accessories and analyzed
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the effect of window accessory parameters on the energy consumption of
air conditioning in residential buildings in cities dominated by cooling and
heating. The research results showed that solar transmittance and reflectance
are the most influential factors on the energy-saving performance of win-
dow accessories [13]. Zhang J and others aim to effectively meet personal
thermal comfort needs, achieve higher thermal comfort satisfaction, and
reduce air conditioning energy consumption. By integrating thermal comfort
experiments, residential simulation, user behaviour modelling and building
energy consumption simulation technologies, the results show that the use
of personal comfort systems in cold and hot conditions can significantly
improve users’ thermal comfort and satisfaction [14]. Zhao et al. developed
a simple algorithm. The results show that the algorithm can avoid high
cost and reduce the energy consumption of 16.64% air conditioning to the
minimum, and improve the overall energy efficiency of the air conditioning
system in the whole process [15]. Zhang C et al. designed a simplified
serrated guide vane leading edge considering the structural characteristics of
bat wings and humpback whale pectoral fins. Numerical calculations showed
that the new design can effectively reduce bending resistance in ventilation
and air conditioning systems. Compared with conventional guide vanes, the
maximum resistance of the new design can be reduced by 5%. Finally,
full-scale experiments confirmed the drag reduction performance of serrated
guide vanes [16]. Itoh T et al. found that liquid desiccant air conditioners
can achieve sustainable living by reducing power consumption. Therefore,
the study aimed to develop efficient dehumidification for liquid desiccant
air conditioners. The dehumidification ability of 21 ammonium salts was
analyzed, and the results showed that the hygroscopicity of double cation
quaternary ammonium bis (dimethyl or diethyl phosphate) varied with the
two terminal cation parts connected to the double cation, The carbon chain
length of the spacer group (chain) of (CH 2) 2<(CH 2) 3<(CH 2) 6 increases.
This trend remains unchanged when the methyl substituent on the cation and
phosphate anion is replaced by ethyl [17].

According to the aforementioned study, it is quite common to calculate
and evaluate the energy consumption of a heat pump air conditioner, but
neither an intelligent model nor a calculation of the heat load of an air
conditioner has been studied. Meeting the energy consumption needs of new
energy vehicles in modern society is therefore an important task. The aim of
the experiment is to reduce the energy consumption of the air conditioning
system of the new energy vehicle. The intelligent energy consumption model
of the heat pump air conditioning system of the new energy vehicle is
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constructed in order to carefully study the elements that affect the energy
consumption of the air conditioning system.

3 Building a Heat Pump Air Conditioning System Energy
Consumption Model for New Energy Cars

3.1 Construction of New Energy Vehicle Air Conditioning Load
System

Researchers are paying increasingly greater attention to the digitalization of
information in modern society as a result of the advancement of information
technology [18]. Digital technology is the technical basis of intelligent tech-
nology and information society, and also the technology needed to develop
new energy vehicle digitalization [19]. The most crucial phase in devel-
oping the air conditioning system for new energy vehicles is determining
the load, whose precision influences how well the air conditioning system
works. Therefore, the research has created the air conditioning load system
of new energy vehicles and laid a solid foundation for follow-up actions. New
energy vehicle air conditioning load system (ACLS) can be built by different
classification methods, as shown in Figure 1.

Equation (1) illustrates the computation of the new energy vehicle’s
steady-state load.

Qtan = inen + Qamb + de + Qmet (1)

In Equation (1), Qtan is the total air conditioning load, @ e, is the fresh
air load, Qump is the heat transfer load of the vehicle envelope, Q.4 is
the solar radiation load, and @Q,,e; is the personnel and other loads. The
symbols in front of the loads are the direction of heat flow, with “+”
being heat flow into the cabin and “—” being heat loss from the cabin.
To achieve more accurate determination of Heat Transfer Load of Car Body
Enclosure (HTLCBE) values under different operating conditions, the study
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Figure 1 Construction of new energy vehicle ACLS.
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uses CFD calculations and test operations to obtain a semi-empirical formula
for HTLCBE as Equation (2).

{Qamb =Ke AT

2
K = 11.608(Sy + 0.55R) @

In Equation (2), K is the vehicle’s integrated heat transfer coefficient, AT
is the difference between the vehicle’s interior temperature on average and the
outside temperature, Sy and Sp are the external surface areas of the windows
and the roof, respectively. Solar Radiation Heat Load (SRHL) is the main
component of the air-conditioning load of new energy vehicles in summer.
Under different solar radiation intensities, the outer surface temperature of
the car body T%,, and the direct solar radiation heat load Q,44 4 c. have
been calibrated by the experiment, and the SRHL can be calculated as in
Equation (3).

de,cal = de,d,cal + K(Te,cal + ATSU/VL - Tc,cal) (3)

In Equation (3), T ., is the ambient temperature heat load, ATy, is the
difference between T, and ambient temperature, and T . is the typical
interior cabin temperature. Equation (4) is used to determine the people load.

{Qmet = N'R.ADu

4
Apy = 0.202 ¢ BW 42> ¢ BHO72 @

In Equation (4), N is the number of people in the vehicle, R is the
metabolic heat production rate, Ap, is the surface area of the human body,
BW and BH are the average weight and height of men, respectively.
At present, the measurement of dynamic load requires a huge amount of
experimental work and cost, so there is an urgent need for a dynamic load
calibration method that can conveniently and cheaply calibrate the dynamic
load of air conditioning under different working conditions. However, at
present, there is no good method for calibrating the dynamic load required for
preheating the body. A new method for handling dynamic load is proposed.
Its basic premise is to use the vehicle air as the control body and to consider
temperature changes caused by heat exchange between the air and other
vehicle components as changes in the vehicle environment. The heat capacity
of the air is taken into account while the dynamic load of the air conditioning
system is handled, thus simplifying the control equation. The heat transfer in
the vehicle is shown in Figure 2.
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Figure 2 Diagram of heat transfer in vehicle.

Figure 2 demonstrates that the major sources of heat flow within a car
are convective heat exchange with interior trim like seats and additional
heat input from the outside, which happens via the car’s envelope between
the air inside and outside. The meanings of each parameter are as follows:
ATy is the variation in temperature between the air within and the ambient
temperature outside, ATg is difference between the seat interior and the
outside air temperature. m. and mg are the air’s mass and the interior of
the car respectively; Cp. and Cp; are, respectively, a car’s interior and the
air’s ability to hold heat; S 4 is the area of the interior of the car seat; Hg is
the rate of convective heat transfer between the air within the automobile and
the surface of the car seat. According to the energy conservation equation,
ATp can be converted into the expression of AT'4, see Equation (5).

dAT dAT)
mcCpciA + mstsiB =Q+ KATx
dt dt
dAT
msCPSTB = HSSA (ATA — ATB) (5)
— SAHS t
(AT = ATy + Ce msCps

In Equation (5), C' is a constant. When the heater is on in the winter, the
temperature of the interior of the car seat T, at the starting moment is the
same as the ambient temperature 7., so the initial value of AT is 0, and
C = —ATy4 can be obtained. Substituting C' into the energy conservation
equation, ATy can be got; If the air is taken inside the car as the control
object, the air inside the car’s specific heat capacity can be considered as a
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function of time change, and get its expression. Calculate as Equation (6).

_SaHs dAT
Q = |:mccpc + msts (1 — € mf-Czi» t>:| o A

SoH 6
+ (HSSAe_m?CZit—K> ATy ©

Cps = f(t)

) _SaHgs .
In Equation (6), (HgSae msCps | — K)AT} is heat transfer term. In the
_SafHs . . C g
above formula, HgS € msCrs' tends to zero with time, which is smaller

than K, so it can be ignored where tends to 0 with time. Equation (7) can be

obtained. IAT
Q= Cpy(t) =~ ~ KAT, )

K and @) are known values. Considering that the car is heated by a
constant heat source and there is no other source of heat, ATy is also known
relative to time. The variation of Cp,(¢) and the total heat W;,; entering the
car with respect to time is found. The relationship between W;,; and Cp,
can then be established by taking a discrete pair of time for Equation (7) and
Wiot, as shown in Equation (8).

Wtot — /(Q ‘|- KATA)dt
Cps = f(Wt0t>

From Equation (8), Wy, is a monotonically increasing term with time,
and its value is always positive. At this point, there must be an inverse
function of W;,; on time, and then it can be substituted into the expression
of Cp, to find the function of Cp, on Wy,,. Finally, use Cp, to calculate the
variation of AT4 under other initial conditions.

®)

3.2 Building a Heat Pump Air Conditioning System Energy
Consumption Model for New Energy Cars

The digital transformation has led to the endless emergence of new digital
technologies and the rapid development of new energy vehicles. The air
conditioning and heat dissipation systems in new energy vehicles need to
use digital technologies to further improve the safety and comfort of the
vehicles. In the winter heating conditions, the car’s range will be severely
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lowered by the heating load. As a result, selecting a heat pump heating and
cooling system may significantly increase the heater’s energy efficiency. The
configuration of the conventional heat pump system, which employs a four-
way valve, is relatively basic. However, there is still a need for defogging
in automobile air conditioners, so the traditional heat pump system cannot
meet the needs of new energy vehicles. The research needs to further develop
the low-temperature heat pump system to meet the functional requirements
of the air conditioning system. The make-up enthalpy technology has been
commonly used in domestic systems, and previous research results have
verified its stability and reliability, which is one of the effective means to
enhance the performance of heat pumps [20]. There are two forms of air
replenishment and enthalpy enhancement in the research. Based on this,
two types of air conditioning heat pump systems were designed, namely the
condenser branch and the economizer branch. In addition, to investigate the
effect of economizer capacity on the air conditioning heat pump system,
improvements were made to the economizer branch, resulting in an air
conditioning heat pump system that changes the economizer capacity. The
specific air conditioning heat pump system diagram is shown in Figure 3.

Outdoor side heat Outdoor side heat
exchanger exchanger

— —

Air make-up Compressor Air make-up Compressor
expansion expansion
4 valve 6 valve
5 1

S

Economizer
Economizer

Main Main
expansion expansion
9
(a) Condenser rear branch (b) Change the capacity of economizer

Outdoor side heat
exchanger

Compressor
Air make-up

expansion
valve

Main
expansion|—|><|_

valve -
(c) Rear branch of economizer

)

Economizer

Figure 3 Schematic diagram of three kinds of air replenishment and enthalpy increasing
system schemes.
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Figure 3(a) is the most common form of the system, which is a down-flow
unit. The make-up air is led out from the rear of the condenser, becomes two-
phase after throttling, overheats in the economizer, and finally injects into the
make-up air chamber of the compressor. Figure 3(b) is highly consistent with
Figure 3(a), but the economizer capacity is increased and it is a counter-flow
device. Figure 3(c) shows the charge gas enthalpy system of the air condition-
ing heat pump proposed in the study, which differs in that the branch point
of the charge gas path is behind the economizer. In this case, the refrigerant
subcooling in front of the charge gas control valve is greater, which is more
conducive to the stable operation of the system compared with the original
form. The capacity of the economizer is the same as that in Figure 3(b). The
change of its layout makes the inlet enthalpy of the make-up air circuit lower,
which can further increase the heat exchange of the economizer. In order to
better evaluate the energy consumption of the designed low-temperature heat
pump air conditioning system, a new energy vehicle air conditioning energy
consumption model is studied and constructed. The influencing factors of
air conditioning energy consumption in new energy vehicles are calculated
from the input power and the operating time of the system, as shown in
Equation (9).

23

Wgev = Z(Pl,j b tl,j + PTJ b tr,j) 9)
=0

tj=tse fj @ PPD,

Wgev in Equation (9) is the energy consumption value of the air con-
ditioning system within one day; I} ; and P, ; respectively represent the
input power of the cooling and heating time regulation systems of the air
conditioning system; ¢; ; and ¢, ; respectively refer to the operating time of
the air conditioning system in cooling and heating modes; j is the different
time of the day, from O to 23 o’clock. ¢; represents the time when the air
conditioner is turned on at a certain time of the day, ¢4 is the total length of
driving all day, f; is the proportion of trips at different times, and PPD; is
the proportion of people who are dissatisfied with the thermal comfort of the
environment at different times. According to the analysis of Equation (11),
it can be seen that the time of turning on the air conditioner is determined
by the climate conditions, driving time and the proportion of trips, so these
three factors are used as input conditions. The construction process of this air
conditioning energy consumption model is shown in Figure 4.

Figure 4 shows that the input part includes the test bench data, driving
conditions in the target city, climate parameters and average daily driving



Research on Energy Consumption Model of Heat Pump Air Conditioning 321

L] L] i
Driving Climatic
conditions parameters Target City Input

| O  E— e W section_:

Air conditioning

PMV-PPD

load
_| Driving Air conditioning | | Al

conditions operation time gorit

hm part
:::'.:'.:::'.:'.:::'.:'.:::'.:l'.:::'.:'.:::'.:'.:::'.:'.:::'.:'.:::'.:'.::'.'.:'.::'.'.:'.::'.'.:'.::'.'J:'.::'.'.:'.::'.'.:'.::'.'.:'.::'.'.:'.::'.'.:
‘ L] .
i | Annual average air conditioning energy consumption Output :

‘ section

Figure 4 Heat pump air-conditioning system energy consumption model flow for new
energy cars.

hours. The algorithm part needs to test the input power and thermal comfort of
the air conditioning system, and then determine the air conditioning opening
time at different times in combination with the average daily driving time
and travel time ratio. Finally, the energy consumption of the air conditioning
system at different times can be determined and the typical annual energy
consumption for air conditioning can be calculated. The air conditioning
load of a car changes continuously with the speed of the car and the driv-
ing conditions can reflect the driving characteristics of a car in a region, so
the New European Driving Cycle (NEDC) conditions were chosen for the
study. The air conditioning energy consumption per unit time is calculated
by the average energy consumption in one NEDC cycle condition, but there
are differences in the average speed of different urban roads, and the speed of
NEDC condition needs to be corrected, see Equation (10).

Vawe, city (10)

UNEDC,k,c = UNEDC,k ®
Vave,NEDC

In Equation (10), vygpc x and vNgDpc k. are the vehicle speeds in the
k-th second under the NEDC cycle conditions before and after the correction.
Vave, city 18 the city’s average speed for vehicles, and v e, NEDC 18 the NEDC
cycle’s average vehicle speed. The TMY?2 climate database is used as the
input of meteorological parameters in the model, and the monthly mean
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hourly dry-bulb temperature, relative humidity and solar radiation intensity
are used to calculate the PMV-PPD value. Since air conditioning is used only
when the car is driven, the driving time of the vehicle directly affects the air
conditioning energy consumption. In addition, the driving time of different
types of vehicles also varies, so the model selects two types of light vehicles,
Private Car (PC) and Commercial Vehicles (CV). In general, the intensity of
use of CV is higher than that of PC. The model considers that the hourly
average driving time of CV is 1.3 times that of PC, and there is no significant
difference between their average speed. From this, the average daily driving
time 7 4, 4 Of light vehicles in the model and the hourly travel ratio f; between
6-24 hours, which is the most in a day’s travel period, can be obtained, as
shown in Formula (11).

Npc e tPC,d +1.3eNgy e tPC,d
Npc + Nev
_ 5e fwd,j +2e fwk,j
In Equation (11), tpc g is the average daily driving time of PC, Np¢,
Nc¢vy are the number of registered PC and CV, respectively. fy,q; and fyx ;
are the hour-by-hour travel ratios of weekdays and weekends, respectively.
The model considers f; to be applicable to all cities. In the air conditioning
system performance prediction, the change of evaporator inlet air volume and
vehicle speed under fresh air mode needs to be corrected, and the relationship
between the corrected fresh air volume into the vehicle body FAV and
vehicle speed V' is shown in Equation (12).

FAV = 0.56V + 265.34 (12)

If the PMV of the new energy vehicle is greater than 0, it must also have
a cooling requirement for defogging. The cooling system for defogging is
usually at an ambient temperature of 0—10°C, at which time the air condition-
ing operation time can be calculated by the relative humidity of the external
environment as in Equation (13).

tave,d =

QY

0, RH < 10%

5%, 10% < RH < 40%
Jam =\ 0.002RH? — 0.0022RH — 0.1262, 40% < RH < 80%

100%, RH > 80%

(13)
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In Equation (13), f4, is the proportion of the time of defogging and
cooling to the total vehicle operation time, and RH is the relative humidity
of the external environment. The real input power FP¢ ; of the system in the
cooling mode needs to be rectified in the air conditioning system input power
algorithm. The PTC heater’s heating efficiency is 0.95 in the heating mode,
and its input power can be calculated at P}, ,,;.. When the ambient temperature
is very low, the heat pump system will start the PTC heater for auxiliary
heating, and the heating input power P, ; of the entire air conditioning system
can be calculated. In the defogging mode, the PTC heater also needs to
include the heat of the defogging reheat, such that Py, ; may be used to
compute the system’s total input power. The relevant calculation is shown in
Equation (14).

(P _p ) hcz’ty,j
Cu] - C7pvj d h .
P,J

Qn

Ph,ptc = 0.95
' (14)

Qn — Py j
0.95
_ Qn+ Pcje COPc

Fam,j = 0.95 e

In Equation (14), Pc ; is the input power of the system obtained by
fitting the curve to the experimental data. h;, ; and hy, ; are the enthalpy
of air in the use area and the experimental condition, respectively. Q) is
the heating load of the car, P, ; is the heat pump system’s input power.
COPc  is the system’s efficiency ratio when it is cooling. The input power
of the defogging mode for a heat pump system is regarded as being equiv-
alent to that of the heat pump mode. Finally, the expression between PTC
heater energy consumption Wprc_100x, and geographical location can be
obtained. The expression between air conditioning energy consumption W4 ¢
and relative range REM can also be obtained. As shown in formula (15):

(WPTC!lOOkm = 0.2566(m [ ] f) —5.0133

1, 500
f—{ .

Prj = Php,j +

0.000283 + 0.8525, 3 > 500 (15)

Wa
REM = —————
L (Wa+Wac)
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In Equation (15), (m e f) is the corrected latitude, f is the correction
factor of latitude with respect to altitude, and W is the energy consumption
of the car driving. The energy efficiency ratio calculation of the automotive
heat pump system is shown in Equation (16).

COP = Qeva/Wcomp +1 (16)

In Equation (16), ¢y, represents the heat absorbed by the evapora-
tor from the environment, and W .., represents the input power of the
COmpressor.

4 Performance and Use of Heat Pump Air Conditioning
System Energy Consumption Model for New Energy
Cars

4.1 Performance Evaluation of a New Energy Vehicle’s
Low-temperature Heat Pump Air Conditioning System

In order to verify the performance of the low-temperature heat pump air con-
ditioning system of the new energy vehicle proposed in the study, the working
conditions are determined according to the actual working requirements.
The parameters of the system components are as follows: EVI compressor
speed range is 1000-8500 rpm, micro-channel parallel flow heat exchanger is
660*500%16 (mm), two types of economizers are 12 and 26 pieces, the main
expansion valve is EAS-14MO07 electronic expansion valve, and the charge
air enthalpy expansion valve is Shian 1.5RT. The results of the EVI test are
displayed in Table 1.

Table 1 shows that owing to the broad working range of the new
energy vehicle air conditioning system, the exterior side’s lowest temperature
was adjusted at —18°C in accordance with the low-temperature heat pump

Table 1 EVI test condition

‘Working Condition Nol 1 2 3 4 5 6 7 8 9 10
Outdoor side —18 —18 —12 —12 0 7
temperature (°C)

Wind speed at outdoor 4.5

side (m/s)

Indoor temperature (°C) —18 -7 —12 -2 0 716
Indoor air volume (m3/h) 400

Compressor speed (rpm) 8500 4500 6500 8500 4500 6500 6500 8500 4500 4500

Air make-up pressure level EVI off/multiple make-up pressure levels EVIon
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system’s design criteria. Other temperature points are chosen to examine the
operational condition of the low-temperature heat pump system in different
states and the evolution of the make-up gas enthalpy system over time.
For the indoor ambient temperature, it has been avoided to set the inlet air
temperature as the optimum temperature inside the car. In winter, the outdoor
side temperature is very low, the air in the cabin is small, and the moisture
emitted by the human body is easy to condense on the windshield surface,
forming condensation fog, thus affecting driving safety. Therefore, two limit
values (100% and 70%) of fresh air volume are used to ensure that the relative
humidity in the vehicle is not too high when heating the air conditioner of new
energy vehicles, so as to avoid the occurrence of windshield condensation.
In the heating mode, the head-on wind speed on the outside of the system
room has little effect on the west energy, so 4.5 m/s was selected. 4500,
6500 and 8500 rpm compressors were selected for testing to investigate the
performance of different EVI speeds. To quickly raise the temperature in
the vehicle, the maximum speed of the compressor is 8500 rpm. Among
them, the heating capacity is the most concerned in the system performance.
The research first selects the maximum heating capacity of the system after
opening the air supply and enthalpy increase, and compares the performance
of the system when closing the air supply and enthalpy increase, to evaluate
the system characteristics as a whole, and to obtain the system efficiency
ratio. The results are shown in Figure 5.

Figure 5 shows that the heating capacity of the system has increased
significantly by 11.2% — 95%, with an average increase of 35%. After closing

5000 4
= 4000
~ T 3
2
5 X X A
£ 3000 7 \/ (N
8 429
=0 =l
= 2000
§ — Heating capacity of open system
an 1000} Turn off the heating capacity of the system 11
Open COP of the system
Close the COP of the system
0 | | | | | | | | \ 0
0 1 2 3 4 5 6 7 8 9 10

Working condition No

Figure5 Comparison of the energy efficiency ratio and heating capacity when the heat pump
air conditioning system is on and off.
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60

— Optimum heating capacity
201 Turn off EVI

0 | | | | | | | | | 1

Exhaust temperature/C

o 1 2 3 4 5 6 7 8 9 10
Working condition No

Figure 6 The compressor exhausts the heat pump air conditioning system’s temperature
under typical working conditions when it is opened and closed to increase enthalpy.

the air supply and the enthalpy increase, the heating capacity of conditions
4 and 8 is lower than that of conditions 1 and 5. However, after opening
the air supply and enthalpy boost, the heating capacity of the four working
conditions is approximately the same, indicating that a high condensation
pressure is more conducive to the performance of the air supply and enthalpy
boost system. In addition, the inlet air temperature of cases 4 and 8 is
higher than that of cases 1 and 5, and there is no big change in the heating
capacity, which indicates that the system outlet air temperature of cases 4
and 8 is higher, and they are both low-temperature heat pump systems that
are beneficial to new energy vehicles. In comparison to turning off EVI, the
total change in COP after activating the charge air enthalpy is not appreciably
different, ranging from —11.6% to 11.25, with an average drop of 0.14%.
To sum up, the performance of the system after opening the air supplement
and enthalpy increase has no obvious difference from that when closing,
but it is far higher than the efficiency of the original PTC electric heater.
Another advantage of the make-up enthalpy system is that it can significantly
reduce the exhaust temperature of the EVI, so Figure 6 shows a comparison of
the compressor exhaust temperature between the low-temperature heat pump
system’s on and off states under normal operating circumstances.

Figure 6 shows that the exhaust temperature of the compressor is much
lower when it is operating than when it is not. The highest exhaust temper-
ature is 100.1°C and the average decrease over the 8 operating conditions is
10.75%, demonstrating how much the air supplement and enthalpy increase
can help the compressor work more efficiently. The investigation compared
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Figure 7 Comparison of the temperature of the passenger compartment and the low temper-
ature heat pump air conditioning system from the original car PTC.

the temperature of the passenger compartment and the original vehicle PTC
with the air outlet of the low-temperature heat pump system at various
temperatures. The results are shown in Figure 7.

From Figure 7(a), the outlet temperature of the low-temperature heat
pump system is similar to that of the original vehicle PTC at —20°C.
At —15°C and —10°C, the final outlet temperature of the system is 36.6°C
and 43.0°C respectively. At —5°C, the maximum outlet temperature of the
system can reach 50.0°C, which can fully meet the needs of human comfort.
In addition, the heating time of the system is long. This problem can be solved
by adding auxiliary PTC, and can also make up for the heat gap of the system
under extreme conditions. Figure 7(b) shows that the average temperature
of the passenger compartment and the original vehicle differ greatly, and the
compressor stops working twice due to the instability of the compressor mass.
At —10°C, the average temperature in the car is 20°C, which can maintain
the comfort of the car environment. To scientifically validate the performance
of the energy consumption model proposed for the new energy heat pump air
conditioning system, comparative experiments were carried out using the air
conditioning energy consumption models from references [11, 12] and [14].

The results of comparing the error percentages of the different air condi-
tioning energy consumption models are shown in Figure 8. From Figure 8,
the proposed air conditioning energy consumption model has the smallest
error percentage, with an average error percentage of 1.25%. The model
corresponding to reference [11] has the largest error percentage of 5.67%,
followed by the error percentage value of reference [12] with 3.24%. The
above results show that in the error comparison experiments of different
models, the proposed energy consumption model for the heat pump air
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Figure 8 Comparison results of error percentages between different models.

conditioning system of new energy vehicles has the highest accuracy and
good precision.

4.2 Analysis of the Use of the Heat Pump Air conditioning
System’s Energy Consumption Model in New Energy
Vehicles

To explore the application of the energy consumption model of the heat pump
air conditioning of the new energy vehicles in real life, the influencing factors
of the annual energy consumption of the new energy vehicles are analyzed,
and the influence of various influencing factors on the system energy con-
sumption is quantified. The impact of climate conditions and geographical
location on the energy consumption of the air-conditioning system of new
energy vehicles can be obtained, and the results are shown in Figure 9.
Figure 9(a) shows how the energy used for cooling in the summer
grows exponentially with temperature. This is because, after the temperature
hits 25°C, the heat pump system must raise the EVI speed to fulfill the
evaporator’s output temperature requirements. Figure 9(b) demonstrates that
the air conditioning energy consumption of heating in winter presents a
linear decline trend with the increase of temperature, which is determined
by the air conditioning load of new energy vehicles in winter. From 9(c), the
temperature decreases linearly with the increase of altitude. After the latitude
correction, the energy consumption of the heat pump system of the 100 km
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Figure 10 Influence of energy consumption of low temperature heat pump air-conditioning
system on endurance mileage.

new energy vehicle increases linearly with the increase in latitude. According
to the algorithm calculation and the impact of climate on the range, the impact
of the heat pump air conditioning system of new energy vehicles on the range
can be obtained as shown in Figure 10.
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As can be seen from Figure 10, the range tends to decrease significantly as
the ambient temperature deviates from the human comfort zone. The decline
in winter range is more severe compared to summer. The range of new energy
cars is reduced by 30% at —10°C on average throughout the winter.

5 Conclusion

The development of new energy vehicles has been aided by suitable legis-
lation in numerous nations, and they are now extensively employed in the
actual world. However, the energy consumption of air conditioning of new
energy vehicles will seriously affect the range, especially in winter. More
digital methods may be employed to overcome the issue of energy consump-
tion of air conditioners for new energy vehicles as science and technology
advance. The low temperature heat pump air conditioning system is built
by introducing the technology of adding air and boosting enthalpy after first
studying and building a new energy vehicle air conditioning load system. The
new energy vehicle heat pump air conditioning system’s energy consumption
model is then constructed. The research results show that in the performance
verification stage of the low-temperature heat pump air conditioning system,
the average increase value of the system heating capacity after opening the
air supply and enthalpy increase is 35%. The average COP is 0.14% lower
than that of the closed one after opening the air supplement and increasing
the enthalpy; The compressor exhaust temperature decreased by 10.75% on
average. The energy consumption of cooling in the summer rises exponen-
tially with temperature, while that of heating in the winter falls linearly with
temperature in the application phase of the energy consumption model of the
heat pump air conditioning system of new energy vehicles. As the ambient
temperature deviates from the comfort zone of the human body, the range
shows a significant downward trend. The drop in endurance mileage in winter
is more serious than that in summer. At the average temperature of —10°C
in winter, the range of new energy vehicles will drop by 30%. In summary,
the energy consumption model of the heat pump system proposed in the
study has excellent effectiveness and applicability, and has optimized the low-
temperature heating performance of the heat pump, providing a reference for
the calculation and evaluation of annual energy consumption in the field of
new energy vehicles. However, there are still shortcomings in the research,
mainly including the following two points. Firstly, in existing models, the
temperature inside the vehicle is characterized by the average temperature,
which lacks temperature differences between different air masses; secondly,
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the influence of various body components on the air conditioning load is still
relatively wide. With further research in the future, a database of the effects of
body components on the air conditioning load can be established, which will
make it easier to optimize the air conditioning load from the perspective of
body materials in the future. In addition, research can refine the calculation
of air mass temperature inside the car, and colleagues can further evaluate
the impact of local air supply and other factors on air conditioning energy
consumption.
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