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Abstract: To mitigate the contemporary environmental challenges and to respect the regulations
on the progressive ban of hydrofluorocarbons (HFC), natural fluid CO, was selected as an ideal
refrigerant alternative in the transportation domain. In this study, the optimal CO, charging amount
and the refrigerant distribution in a bus air conditioning/heat pump system were analyzed in detail.
The results showed that there was a plateau (so named by the best charging amount) of the CO,
charging amount in which the system performance reached an optimal value and maintained it
nearly unchanged during this plateau while the performance declined on both sides of the plateau.
In addition, the ambient temperature was found to have little effect on the determination of the
refrigerant charging plateau, while the refrigerant distribution was affected by the ambient tem-
perature to some extent. Due to the large thermal load and thermal inertia on a bus, the data and
conclusions obtained are different from those of ordinary electric small passenger vehicles. This article
aims to discover some quantitative parameters and lay a theoretical foundation in this field which
is lacking relevant research. Through the research based on the GT-Suite simulation platform, we
simulated the transcritical CO, cycle applied on a bus, and the performance changes of the bus system
(COP 1.2-2.2, refrigerating capacity 9.5-18 kW) under different charging rates (3-8 kg) were obtained.

Keywords: transcritical CO; cycle; bus air conditioning and heat pump; optimal charging amount;
refrigerant distribution

1. Introduction

In view of the prevailing global requirements for environmental protection and con-
servation, it is urgent to find new refrigerants that are more environmentally friendly,
energy-saving, clean, and efficient for use in thermal systems such as vehicle air condition-
ers [1-3]. Various kinds of refrigerants are available, including CO,, R290, and R1234yf,
and mixtures, for example, R290/R134a, R600a/R134a, R600a/R290, etc., and there have
been many discussions about them [4-6]. However, Llopis found that through some tech-
nologies such as supercooling, CO, has better competitiveness and is a better choice as
a new refrigerant [7]. In fact, Bellos stated that refrigeration systems with CO, seem to
be attractive choices for the design of refrigeration systems with a small environmental
impact [8].

CO;, transcritical technology has a good development prospect, and research on tran-
scritical CO; in the market is emerging continually [9]. Among many available strategic
policies, Manjili proposed that, due to the destructive effects of synthetic refrigerants on the
ozone layer of the Earth’s atmosphere, the use of carbon dioxide as a safe, economical, and
clean refrigerant has attracted many studies, which means CO; will increasingly be used
as a solution for heating, cooling, and refrigeration [10]. The excellent heating capacity
of the transcritical CO, heat pump/air conditioner has been noticed by all parties, and
its extensive application and excellent ability in this field have been confirmed to some
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extent by its actual application; for example, Song et al. found the best medium tempera-
ture in space heating and evaluated the best discharge pressure of a CO, system [11,12].
Additionally, some researchers have analyzed the advantages of a transcritical CO, waste
heat heating system, compared with general water cooling, and found that it has a better
thermal economy, can improve COP, and has better development prospects [13,14]. For
the application of the transcritical CO, heat pump, most of the present research is focused
on passenger cars. Chen et al. proposed an improved CO; heat pump system for electric
vehicles by introducing the concept of the two-stage compression of intermediate cool-
ing [15]. They also did some research on the impact of ambient temperature and discussed
the impact of the ambient temperature on the refrigerant charge and system. Dandong
et al. improved the gas cooler, optimized the thermal parameters, and adopted the system
design of the secondary loop. Through the various improvements, they verified that the
CO; heat pump system has excellent heating potential; they also evaluated the CO; heating
system used in electric vehicles and obtained some basic data on the environment in which
CO, is applicable [16,17]. In addition, Llops observed that an indirect two-stage system
using CO; as a cryogenic fluid is a feasible practical solution, especially for warm regions,
which further demonstrates the feasibility of CO, as a new refrigeration fluid [18].

Wang studied the heat transfer performance of the microchannel gas cooler of an
automobile CO; heat pump system and put forward a series of practical theories [19]. In
another paper, Dong conducted experimental research on the R744 heat pump system for
electric vehicles [20]. Wang also performed experimental research on the determination of
the charge of the transcritical CO, mobile air conditioning system and the performance of
the accumulator, so there has been some research on transcritical CO, [21]. In addition, there
are studies on the heating performance of CO; heat pump buses that examined the influence
of various indoor and outdoor parameters, such as the relationship between the discharge
pressure and outlet temperature of a gas cooler [22], the influence of the compressor speed
and expansion valve opening on a system [23], and waste heat recovery [24]. However,
there are few references on the charging amount of the transcritical CO, system used in bus
vehicles, therefore, there are more aspects that need to be studied for regarding the use of
CO; in buses. However, it can be predicted that the transcritical CO, air conditioning/heat
pump system will have a better performance on buses or rail vehicles [25]. Its larger heat
exchange area, more than enough air volume, and top-mounted structural layout will bring
a better heat exchange performance and less heat loss and can also make full use of energy
potential to improve overall efficiency [26].

In terms of the refrigerant selection for bus refrigeration systems, most of the current
bus refrigerants on the market are hydrofluorocarbons (HFCs), such as R407C and R410A.
However, their use is greatly limited under the current policy, and there are also irreparable
shortcomings. With the reduction in ambient temperature, the reduction in heating capacity
and system efficiency is inevitable. Therefore, most buses on the market use PTC (positive
temperature coefficient) electric heating as the main winter heat source. In this regard, there
have been studies aimed at steam jet heat pumps to improve the efficiency of heat pumps,
hoping to replace the traditional PTC electric heating system. However, considering the
extreme weather conditions in northern China, the improvement measures in this regard
are limited, and they cannot fully and efficiently provide the heat needed in winter [27].
In view of this, hydrofluorides have a high GWP, which should be replaced. Professor
Lorentzen believed that the proposal of a transcritical CO; heat pump has re-introduced
the possibility of the application of transcritical CO; technology in the vehicle field, and its
rapid development and promotion are on the rise [28-30]. Compared with other commonly
used refrigerants, the GWP and ODP coefficients of CO, are 1 and 0, respectively, which
means it is environmentally friendly and can solve the problem of excessive global carbon
emissions to a considerable extent. In addition, for extreme working conditions, CO,
can provide advantages that other refrigerants cannot. Xu et al. found that CO, has
good potential in a cold environment [31] and Stene et al. studied CO, residential heat
pumps and found the potential of CO, heating in low-temperature spaces [32]. In addition,
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Song et al. studied the optimal temperature and pressure in a CO; heating system and
pushed the research of CO; in temperatures below —20 °C [33,34]; it was found to have
enough potential to replace the PTC electric heating module used in ordinary trams, greatly
reducing costs and saving resources. Yerdesh et al. studied the numerical simulation of a
solar collector and cascade heat pump composite hydrothermal system and determined
that the refrigerant R744/R290 is an environmentally friendly and sustainable choice due
to its global warming impact on the application of a two-stage cascade heat pump [35].
Moreover, Qin et al. conducted a comprehensive study on the effect of internal heat
exchangers based on the new evaluation method of a transcritical carbon dioxide heat
pump system and discovered the advantages of using CO; [36]. Therefore, there is an
increased possibility of using CO; as a heat pump refrigerant, and thus the transcritical
CO;, air conditioning/heat pump system has been increasingly studied and used. As an
environment-friendly refrigerant, CO, has been used in various fields, such as domestic
water heaters [37,38], heating working fluids in winter buildings [39,40], and the drying
processes of some items [41].

At present, there has been some research on refrigerant charges. Cho et al. studied the
effect of refrigerant charge on the performance of the CO; system and believed that the COP
of the system increased significantly with the increase in refrigerant charge until the optimal
charge was reached but then decreased slowly when the refrigerant charge exceeded the
optimal charge [42]. The general trend of the system performance change with the change
in the CO; charge was obtained, but the situation of a storage tank was not considered.
Kim et al. studied the effect of the refrigerant charging amount on system performance
and believed that in the CO; cycle, the evaporation pressure decreases with the increase
in the charging amount, resulting in the enhancement of the specific refrigeration effect
under overcharge conditions and the reduction in the specific compression work under
under-charged conditions [43]. Zhang et al. evaluated the influence of EEV (electronic
expansion valve) opening on the refrigerant charging amount and believed that when
the EEV opening was constant, the system performance would first become better and
then become worse with the increase in charge volume [44]. With the increase in EEV
opening, the pressure in the evaporator would increase, the pressure in the gas cooler
would decrease, and the superheat would decrease, which would have a significant impact
on the system. Basically, in a normal operating refrigeration system, the refrigerant loaded
into the system usually exists in various components in different forms, and the influence
of the refrigerant charge amount on the system performance varies under different working
conditions [45]. Therefore, there is an optimal refrigerant charge that determines whether
the system performance is good or not and is an important parameter that can be improved
and optimized [46,47]. At the same time, the refrigerant charge also has an impact on the
distribution of refrigerant in the system; the refrigerant charge has a significant effect on
the cooling and heating performance of the system [48]. Therefore, exploring this dynamic
is conducive to finding the ideal amount to optimize the system.

The research on the transcritical CO, system indicates that its heating capacity is
indeed very good, but there are also constraints in other aspects. Relevant researchers have
made a series of improvements in terms of the disadvantages of CO;, and have made great
efforts to solve them [49]. To improve energy efficiency, Zhang et al. adopted a multistage
compression method to select the appropriate pressure ratio and reduce compressor loss
to improve the energy efficiency ratio [50]. At the same time, Andres et al. proposed that
the CO; system for refrigeration was becoming complicated, while parallel compression
was physically limited in practical engineering. They then optimized an experimental
device for parallel compression, improved the cooling capacity of CO,, and improved its
COP [51]. In addition, Han et al. proposed using solar energy in CO, heat pump systems
to reduce energy waste [52]. From another point of view, Baomin et al. studied the thermal
performance of the refrigeration cycle of the transcritical carbon dioxide thermoelectric
subcooled expander. They advocated using a liquid expander to optimize the discharge
pressure of the transcritical carbon dioxide system during system cycle operation [53].
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Kohsokabe et al. then connected the expander and compressor in series, which improved
the system performance by nearly 30% [54]. Kim et al. adopted the expansion compressor,
which enhanced the heat exchange capacity of the unit and improved the COP of the
system [55]. Kakuda and Nagata et al. developed the scroll expansion compressor, which
they hoped to use to reduce the throttling loss during the system operation [56,57]; the
COP increased by nearly 30% and the ejector had the same effect. The use of an ejector can
recover a lot of energy. According to the research of Park et al., under reasonable capacity
control conditions, an ejector has excellent performance [58,59]. As for the gas cooler, a
too-high of outlet temperature will lead to a significant decline in the refrigeration capacity
of the transcritical CO, system, so the application of supercooling is also a means to solve
the problem. Song et al. discovered that the use of a subcooler with a transcritical CO,
system can improve the performance of the system; its refrigeration COP increases by at
least 10%, and its capacity is improved to a certain extent [60,61]. When summarizing the
current development of transcritical CO;, Rony et al. pointed out that the refrigeration
capacity of CO, needs to be improved [62]. In general, in the cooling mode, the outdoor
ambient temperature is high, and the outlet temperature of the gas cooler is high, so the
enthalpy difference of refrigeration is small, and the COP is low. Scholars have put forward
many methods, such as mechanical supercooling, an ejector, expander, etc., but they are not
suitable for application in the wide operating conditions of the automotive field. In terms
of the safety of the CO, system, CO, is a high-pressure system, which requires specific
pipelines. Although there is a risk of leakage, the concentration is not high, which will not
cause discomfort to personnel. Under normal conditions, the CO, system is generally in a
steady-state operation, and the transient system changes, such as local pressure changes,
will not affect the normal operation of the CO; system.

At present, there are few relevant pieces of research on the transcritical CO, system
being used in buses, but quantitative results are needed to enrich this field. Under the
background conditions of completely different thermal inertia and thermal load between
buses and small passenger vehicles, some quantitative results were obtained based on
the simulation analysis method of the GT-Suite simulation platform. For example, when
the charging amount changes from 3 kg to 5 kg, the system is under-charged and only
becomes stable when the charging amount changes from 5 kg to 8 kg. After the charging
amount reaches 5 kg, the suction and discharge temperatures are stabilized at 30 °C and
100 °C, respectively, and the suction and discharge pressures become about 4.5 MPa and
10 Mpa. For refrigerant distribution, with a charging amount ranging from 5 kg to 8 kg, the
evaporator has 1 kg and the gas cooler has 3.6 kg, which remains unchanged. The main
change is in the gas-liquid separator, where the liquid increases from 0 kg to 3.3 kg and the
gas decreases from 0.4 kg to nearly 0 kg. Regarding the ambient temperature, the optimal
cooling capacity is 22, 21, and 19 (kW) at different ambient temperatures of 30, 35, and 40,
and the optimal COP is 2.9, 2.5, and 2.1, respectively. The optimal charging range is still
5-8 kg, which is not affected by the change in ambient temperature.

This paper discusses the application of the transcritical CO, air conditioner/heat
pump in buses and railway vehicles, and deeply studies the influence of the refrigerant
charge on the operation of the CO, heat pump. First, we analyzed the influence of the
refrigerant charge on the components of the system cycle, then we analyzed the influence
of the refrigerant charge on the refrigerant distribution, and finally, we discussed the
influence of the ambient temperature. In addition, based on the GT-Suite simulation
platform, a simulation model of a passenger car air conditioning/heat pump system based
on transcritical CO, was constructed, and a simulation coupling calculation was carried
out. At the same time, a bus experimental environment based on a transcritical CO; heat
pump system was built to test the measured quantity, and a more specific study was carried
out for the research problems.
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2. The Establishment of the Simulation Model
2.1. The Transcritical CO;,-Based Bus Air Conditioning and Heat Pump System

Different from the transcritical CO, thermal management system with distributed
structures installed in passenger cars, the transcritical CO, air conditioning/heat pump
systems used in buses and railway vehicles were always designed as an integrated structure.
Thus, the connection of pipes can be soldered to each other, causing an almost negligible
refrigerant leakage rate of the transcritical CO, system.

It can be seen from Figure 1a that the schematic of the transcritical CO,-based bus
air conditioning /heat pump system is clear and concise, compared with the transcritical
CO, systems used in passenger cars. Because of the lack of large flow, a large diameter
four-way reversing valve, one three-way solenoid valve, and two two-way solenoid valves
were employed to achieve the mode-switching function between cooling and heating.
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Figure 1. (a) The schematic of the transcritical CO,-based bus air conditioning/heat pump system.
(b) The P-h diagram of the transcritical CO,-based bus air conditioning/heat pump system under
cooling conditions.

For instance, under the cooling mode, as shown by the solid lines from Figure 1a, the
supercritical CO, fluid was directed into the outdoor heat exchanger and cooled down by
the ambient temperature. Next, the supercritical or subcooled CO; fluid (that is dependent
on the temperature and pressure) was forced into the IHX through the check valve, and
further cooled down by the low-temperature CO, fluid. Then, after throttling by the
EEV (electronic expansion valve), the two-phase CO, fluid absorbed heat from the cabin
ambient temperature in the indoor heat exchanger and flowed through the liquid-vapor
separator and IHX before going back into the compressor. In Figure 1a, EV represents an
electromagnetic valve, EEV represents an electronic expansion valve, and IHX represents
an internal heat exchanger.

Similarly, under the heating mode, as shown by the dashed lines from Figure 1a, the
CO,, fluid could achieve heat release in the indoor heat exchanger and heat absorption from the
outdoor heat exchanger by switching the three-way valve. It should be noted that no obvious
heat transfer would occur inside the IHX due to the almost 0 K of the temperature approach.

Additionally, the P-h diagram of the transcritical CO,-based bus air conditioning/heat
pump system under cooling conditions is shown in Figure 1b. It is obvious that the evapo-
rating pressure could be relatively high (around 4 MPa) to achieve a lower pressure ratio
of the cycle due to the appropriate crew cabin temperature, but the gas-cooler outlet CO,
temperature was difficult to cool down to lower than 35 °C due to the high outdoor ambient
temperature. On the contrary, the evaporating pressure was always lower thereafter so the
discharge pressure could not rise too high for the appropriate pressure ratio and discharge
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temperature, but the gas-cooler outlet CO, temperature could be reduced to a lower value
to achieve an increased heating capacity under heating conditions. Thus, it was difficult to
simply judge whether the cooling COP or heating COP was higher.

2.2. The Simulation Model

A simulation model of the transcritical CO,-based bus air conditioning/heat pump
system was built based on the GT-Suite simulation platform, as shown in Figure 2a. The
construction of the evaporator and gas cooler was designed as outdoor and indoor heat
exchangers. It should be noted that the three-way and two-way valves were not added in
this simulation model because the cooling and heating modes were simulated for simplicity
of calculation; the structures of the indoor and outdoor heat exchangers were only swapped
between modes.

PID for discharge
pressure

il

K
11/}

I LI
Evaporator | m
L I p— ﬁ
T ? # Gas-cooler zfé

|
g8 |Air side of =
w vaporator eparator
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' Imﬂ%ompressor é
i : o Air side of
© (—
PID for air

Gas-cooler
| temperature

(a) (b)

Figure 2. (a) The GT-Suite simulation model of the transcritical CO,-based bus air conditioning/heat
pump system. (b) The sketch of the EEV structure.

Two PID controllers were added inside this simulation model: the opening of the EEV
was totally dependent on the discharge pressure valve, by which the optimal discharge
pressure of the transcritical CO; cycle could be achieved, and the indoor air supply temper-
ature was totally dependent on the indoor air flow rate, by which a comfortable air supply
temperature could be adjusted to a proper value.

The specific modeling methods of each component are described in detail as follows.

e  Compressor
The three-efficiency model was employed in this study to evaluate the performance

and parameters of the transcritical CO, compressor. The mass flow rate of the CO; com-
pressor can be calculated as:

my = vacomps/ (1)

Moreover, the shaft power consumption, discharge enthalpy, and total power con-
sumption can be calculated as:

m,(hy — hg

Wshaft = M/ (2)
s

hy = hs + M, )

Mis
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com = ’ (4)

Additionally, the volumetric efficiency, motor efficiency, and isentropic efficiency of
the transcritical CO; compressor can be drawn by the following correlations (the data are
from the empirical value of the experiment).

P
fo = 119379 — 0136351, ®)
S
Py
I = 0.64107 — 0.07487 ", (6)
S
Py
s = 0.8014 — 0.04842 ", @)
S

e  Gas-cooler

In the GT-Suite simulation model, the idea of the distributed parameter method was
always adopted for the simulation of the heat exchangers. In this study, the gas cooler
under cooling conditions was the outdoor heat exchanger, which was presented in the form
of finned tubes. The heat transfer conservation at No. j microelement between refrigerant
and air can be written as:

Qj = myj[h(T, P)yij = h(T, P),, ], ®
Qj = majcpa(Taoj — Tai), )
Tyij—Tao,j
[(Trij = Tao) = (Troj = Tai) |/ In(2 =12

Q= (10)

1 1 !
(“r,jAr,j + “a,j']ﬂAa,j)

The heat transfer of supercritical CO, was calculated as Gnielinski correlation [41]:

_ Dpar _ (fp/8)(Rep —1000)Pr ( 0.5 < Pr < 2000 ) a1

Nup = A 14 12.7(fD/8)0-5p72/3 -1 2300 < Rep < 5% 10°
In addition, based on the Churchill correlation [42], the friction factor is:

8\ 12 1 37530\ 16 ok
fp=38 (Re) + [ (2457 | ——gg——— +( e ) , (12)
() +0.27¢

e  Evaporator

Similarly, the evaporator under cooling conditions was the indoor heat exchanger,
which was also a fin-tube heat exchanger, and the idea of distributed parameter method was
still introduced in this part. Then, the heat transfer conservation at the No. j microelement
between the refrigerant and air (heat absorption in the refrigerant side, convection between
CO, and wall, and heat release in the air side) can be written as:

Qj = myj[hyoj — hyij], (13)

Qj = "‘rAr,j(Tpm,j - Trm,j)/ (14)
Q] = My, [hui,j - hao,j} ’ (15)
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In addition, the convection between the air and wall should be considered as two
situations, named the dry condition and wet condition, and the convection under these
two conditions can be obtained by:

Qj = @aaadAaj(Tam,j — Tym,j), (16)

o IxadﬂadAa,j(Tam,j — Tpm,j)
i =

B / 17)

The Cheng boiling heat transfer correlation of the two-phase CO, fluid during the
evaporating process was adopted in this study for evaluating the heat transfer in the
evaporator (that is the indoor heat exchanger under cooling conditions and the outdoor
exchanger under heating conditions). Due to the obvious shift in flow patterns (intermittent
flow, annular flow, and drying region, etc.), the convection heat transfer needed to be
drawn by different correlations, which can be written as:

Intermittent flow and annular flow:

(e

aip = [ (Stm)’ + 20’ (18)

Ny = 1311)7,70.0063(_loglopr)—0.55M70.5q0.58, (19)
4G(1—x)6\ " /cprpr\ %A

fep = 0.0133( ( 1(7 e)yz ) < ”AL > 7L (20)

-1

e = [1+0.12(1—x)]<x—1_x>+1'18[g5(pf_pg)] 1-x)p , ()

Ps  Pf G Pff
— ke 1 -1
: -7
xa = |1.809 ( £2 (“) +1] (22)
pf Hg
Drying region:
X — Xgi
_ X X —a,; 2
QAtp = KipXgj Yo — Xy, (D‘tpxdl “mzstxde)/ (23)
!
yist = 0.0117Rel Prg Y 15, (24)
0.4
Y:l—O.leL—l)(l—x)] , (25)
Pg
¢ = 0.131p%5n —0g))*% 26
Gerit = U.1010¢ LG(gU(PL Pg)) ’ (26)
0 0.25 0.7
x4 = 0.58exp | 0.52 — 0.67Wel 17 Fr2348 <g> (q> : (27)
oL Gerit

e  Expansion Valve

As mentioned above, an electronic expansion valve (EEV) was employed in the trans-
critical CO, system to simply adjust the discharge pressure towards the optimal value. A
sketch of the EEV structure is shown in Figure 2b, and the opening of the EEV corresponded
to the vertical position of the valve needle. The pores between the valve needle and the
orifice plate serve as the flow channel for the refrigerant, thus the area of flow and the mass
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flow rate through the EEV can be obtained by the size and geometry of the mechanical
structure, as shown in Figure 2b:

0.5
my = CpAp (zpexp,in (Pexp,in - Pexp,out)) ’ (28)
Cp = 0.02005\/W + 0.634v,, (29)
ve = xvg + (1 — x)vy, (30)
Ah
Ap = Ahnszn(ﬁ)(d - —smﬁ) (31)

2.3. Methodology

According to the system principles in Section 2.1 and the component models in
Section 2.2, we simulated the transcritical CO, system in a bus through the GT-Suite
simulation platform.

The system starts with the compressor components. The speed, suction pressure,
and density of the compressor are input, then the outlet enthalpy and mass flow of the
compressor are output to the inlet of the gas cooler. The refrigerant and air exchange heat
are input under the conditions of temperature, pressure, humidity, and mass flow of the
gas cooler. Then, the outlet conditions of the gas cooler, such as the pressure density, are
input into the inlet of the high-pressure side of the internal heat exchanger. The air-side
wind enters the bus or discharges into the environment with new parameters. After that,
the outlet enthalpy value and mass flow of the internal heat exchanger are transferred
to the electronic expansion valve, where the refrigerant is throttled, and then the output
enthalpy, density, and other parameters are transferred to the gas-liquid separator, then
input to the internal heat exchanger, and finally return to the compressor. The whole system
continuously inputs and outputs the relevant state parameters to complete the cycle work
of the whole system. A corresponding illustration is shown in Figure 3.

Compressor SRR Heat
Exchan

Speed

\nput pressure
Mass flow
Pressure
Out\et enthalpy, Density
——
Mass flow

Output enthalpy
Mass flow

Output pressure, LiqUid_va por

Densit
! Separator

Exchanger

Figure 3. The simulation flow chart.

3. Experimental Setup

As mentioned above, by switching the three-way and two-way valves, the transcritical
CO, system can cover the demands of heating and cooling the bus cabin environment.
Generally, the discharge pressure of the compressor was monitored and regulated by the
opening of the EEV in real time for obtaining the highest COP. The system was mainly
composed of basic heat exchange cycle components, including indoor and outdoor heat
exchangers, electronic expansion valves, transcritical CO, compressors, internal heat ex-
changers, and gas-liquid separators.

The overall air conditioning system of high-speed railways, motor trains, or buses
would be designed as an overhead type at present to reduce the space occupancy of vertical
height and make more space available to create a more spacious place for passengers. To ob-
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tain more accurate and powerful conclusions, a transcritical CO; bus air conditioning/heat
pump system was built, relevant experiments were carried out, and the maximum COP
of heating and cooling was measured under different working conditions. The physical
experimental prototype of the bus CO, air conditioning heat pump is shown in Figure 4
and the important parameters of the experimental components are shown in Table 1.

Figure 4. The experimental prototype of the transcritical CO,-based bus air conditioning/heat pump system.

Table 1. Component parameters of the transcritical CO,-based bus air conditioning/heat pump system.

Part Name Parameter Description

Compressor The displacement is 31.1 cm?

The finned heat exchanger is used as the heat exchanger, with the
Indoor heat exchanger cross-flow as the flow path, copper tube as the material, and a
heat exchange area of 0.972 m?

The finned heat exchanger is used as the heat exchanger, with the
Outdoor heat exchanger cross-flow as the flow path, copper tube as the material, and a
heat exchange area of 1.615 m?

Throttling device The electronic expansion valve (EEV)

The plate heat exchanger is used as the heat exchanger, the
Internal heat exchanger material is stainless steel, the number of plates is 10, and the heat
exchange area is 0.095 m?

Gas-liquid separator 48L

Additionally, a series of measuring instruments were used to monitor the experimental test
data for the convenience of subsequent result processing. Table 2 shows the parameters of some
of the main measuring instruments used in this study and auxiliary experimental equipment.

Table 2. Main measuring instruments and auxiliary experimental equipment.

Name Detailed Description
Sample duct Collects indoor and outdoor ambient air for temperature measurement
Real-time temperature measurement of key components with a test error of

Thermo-couple 1 05°C

Measures the air temperature in the sampling air duct (which is considered
to be extracted from the environment) with a test error of £0.5 °C
Thermal insulation cotton Maintains the relative heat insulation of the thermo-couple measuring pipe
Monitors the real-time pressure of each component with a test error of
+0.5% of the test value

Armored thermocouple

Pressure sensor
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Based on the accuracy of the sensors mentioned in Table 2, the error propagation
for the heating/cooling capacity and COP was obtained using the Kline and McClintock
method [63]:

R \? (3R \? oR  \*]"?
.. 2
(axlwl> + (axzwz) +o+ (axnwn> ] , (32)
Adopting Equation (32), in which the wg is the resultant uncertainty and wq, wy, ...,

wy, are the uncertainty of the independent variables, the calculated maximum uncertainties
for the heating/cooling capacity and COP were 2.84% and 3.20%, respectively.

WR =

4. Results and Discussion

In a functioning refrigeration system (a bus air conditioning/heat pump system
included), the refrigerant charged into the system generally exists in different forms in
various components. For example, a supercritical CO, fluid existed in the gas cooler
with various densities, a subcritical two-phase CO; fluid existed in the evaporator, and a
subcooled and superheated CO, existed in the high-pressure side and low-pressure side of
the IHX, respectively. In addition, due to the introduction of a gas-liquid separator, a large
amount of saturated vapor and liquid CO, was stored in this container, while there was also a
part of the vapor or liquid phase CO, in the compressor cylinder, suction, and discharge pipes,
liquid pipeline, etc., which were referred to as “other positions” in this article.

From the perspective of the macroscopic performance and microscopic reasons, the in-
fluence of the refrigerant charging amount on the system performance and the distribution
law of refrigerant in the system under different conditions were carefully analyzed in this
section. Thus, the optimal refrigerant charging amount and its influencing factors can be
obtained to some extent through these analyses.

4.1. The Influence of the Charging Amount on the Global Performance

Basically, the global performance of any refrigeration system (the bus air condition-
ing/heat pump system included) would be highly affected by the refrigerant charging
amount, hence the optimal refrigerant (CO; in this model) charging amount became a
significant optimizable parameter to evaluate whether the system operates well or not.
Based on the simulation model mentioned in Section 2, the T-s diagram and P-h diagram of
the transcritical CO; cycle in the bus air conditioning /heat pump system under various
refrigerant charging amounts can be obtained, as shown in Figure 5. It should be noted that
the operating condition was 40 °C ambient temperature, 2~8 kg range of CO, charging amount
with 0.5 kg as step, 27 °C cabin temperature, and 12 °C cabin air supply temperature.

150 - ——2kg 2kg
1 —— 2.5kg ——2.5kg
—— 3kg —
1204 3kg
— 3.5kg ——3.5kg
1 4kg —4kg
O 90 4.5kg = —45kg
g —5kg —— 5kg
2 6 ——5.5kg % —— 5.5kg
5 6kg E ——6kg
z —— 6.5kg 2 ——6.5kg
£ 304 —7kg & ——7kg
] ——7.5kg 7.5kg
—— 8kg —
04 8kg
-304
T T T T T 0 T T T T
1.25 1.50 1.75 2.00 2.25 2.50 200 300 400 500 800 700
Entropy (kJ/kgK) Enthalpy (kJ/kg)

Figure 5. The T—s diagram and P—h diagram of the transcritical CO; cycle under various refrigerant
charging amounts.
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It can be seen from Figure 5 that the discharge pressure of the transcritical CO; cycle
could always enter the supercritical region (which meant that the discharge pressure was
higher than the critical pressure, 7.377 MPa) in most running conditions, except for those
cases with a very low refrigerant charging amount. In those cases with low charging
amounts, both the discharge and suction pressures of the transcritical CO; cycle were much
lower than the average values because the extreme lack of refrigerant CO, ensured that the
effective working pressure could not be established in both the gas cooler and evaporator.
Thus, these cases were considered “under-charging conditions”.

Similarly, it was obvious that the system running states (the shapes of T-s or P-h
diagrams) were highly affected by the increase in the refrigerant charging amount in the
beginning, but varied slightly when the refrigerant charging amount reached a certain level.
When the system running states of the transcritical CO; cycle were basically unchanged
with an appropriate increase or decrease in the refrigerant charging amount, we declared
that the charging amount reached the “well charging condition”, as shown in Figure 5.

In addition, it can be observed that the suction pressure (pressure in the evaporator)
of the transcritical cycle reached its stable state very quickly with the increased charging
amount, but the discharge pressure (pressure in the gas cooler) kept rising for a longer
period until it reached the well charging condition. The exact reason will be clearly
explained in Section 4.2.

Furthermore, from the perspective of temperatures instead of pressures, it can be
seen from Figure 5 that the system running states (the shapes of T-s or P-h diagrams)
continuously moved from the superheated vapor region to the subcooled liquid region
until reaching the well charging condition. On one hand, according to the trend of CO,
isotherms in the supercritical region from Figure 1b, the CO, state point in the gas-cooler
exit will definitely move to the left with the rising discharge pressure, with the premise that
the refrigerant CO, in the gas cooler can be cooled to a same temperature. On the other
hand, the continuous increase in the discharge pressure corresponds to the remarkable
rising temperature of the CO, working fluid inside the gas cooler, thereafter raising the
temperature approach between the CO; fluid and the airflow and enhancing the heat
transfer in the gas cooler. Thus, the CO, temperature in the gas-cooler exit will be probably
cooled down to a lower value. Considering that the throttling process could be treated as
an unchanged-enthalpy process, one can see why the CO, state point in the evaporator
entrance kept moving to the left inside the two-phase region.

Furthermore, although both the suction and discharge pressure were quite low, the
highest discharge temperature was achieved at the most serious “under charging state”.
Because the refrigerant in most areas of the cycle was in the superheated states, although
the compressor pressure ratio was approximate, a larger suctioning superheat will certainly
cause a worse isentropic efficiency and a higher discharge temperature. This result can be
also confirmed by the first graph in Figure 6.

For a similar reason, with the rising charging amount, the suctioning superheat degree
decreased remarkably, thereafter the discharge temperature of the compressor was highly
affected, also presenting a downward trend. Additionally, it should be noted that the
algebraic difference between the suction temperature and superheat degree represented
the CO, temperature at the evaporator exit (reflecting the evaporating temperature to
some extent). It can be seen that, similar to the information from Figure 5, in addition
to the obvious low evaporation temperature at extreme under-charging conditions, the
evaporating temperature is kept almost constant under other running conditions, which
can be also deduced by the evaporating pressure trend from the second graph of Figure 6.
What is more, the discharge pressure also presented a similar changing trend.

As expected, the superheat degree would keep decreasing until reaching 0; even
if liquid compressor suction occurred as the charging amount kept rising, the superheat
degree would never decline further. However, as in the first graph of Figure 6, the discharge
temperature (the green line) would predictably keep decreasing with a charging amount
rising to over 8.5 kg. In this article, those cases were named “over-charging conditions”.
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Figure 6. The global performance of the transcritical CO, system under various refrigerant charging amounts.

In addition, it can be clearly observed that most thermodynamic parameters (COP,
power consumption, cooling capacity, superheat degree, suction and discharge pressures,
and suction and discharge temperatures included) would remain unchanged under the
well charging conditions. The reason could be that, because of the adoption of the liquid-
vapor separator, the refrigerant that cannot be accommodated in the components could
accumulate in the form of saturated liquid in the separator, which could cause the rising
liquid level in the separator. That is, theoretically, the separator should be empty with 5 kg
of refrigerant charging (the demarcation point between under and well charging conditions),
and should be full with 8 kg of refrigerant charging (the demarcation point between well
and overcharging conditions). For the same reason, excessive discharge pressure and
deficient cooling capacity would cause under-charging conditions, and liquid suction, a
low discharge pressure, and excessive power consumption would cause overcharging
conditions, as shown in the last diagram from Figure 6. Thus, the maximum COP could
always achieve a well charging condition.

4.2. The Influence of the Charging Amount on the Refrigerant Distribution

In a refrigeration system, except for the separator, the gas cooler and the evaporator
always occupy most of the refrigerant fluid (liquid and vapor included). It can be drawn
from Figure 5 that both the suction and discharge pressures were deficient and the refriger-
ation cycle was almost in the superheat region under the severe “undercharging condition”,
which caused the suction density of the compressor and the CO; mass flow rate to be
quite low. However, the evaporating pressure increased remarkably with a higher charging
amount, which would definitely raise the suction density as well as the CO, mass flow rate
until it reached the “well charging condition”, as shown in Figure 7.

Similarly, as mentioned above for this study, the vapor-liquid separator would be
empty until the charging amount reached 5 kg, and then the liquid level would go up
continuously with the increase in the charging amount. Finally, the liquid level would reach
almost 100% in the separator, and stay unchanged no matter how much more refrigerant
was charged into the system after peaking.

Additionally, it should be noticed that the throttling valve opening changed slightly
among all the test ranges, thus, the trends of evaporating and discharging pressures regard-
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ing the change of charging amount were affected by the heat transfer in heat exchangers.
That is, the charged refrigerant accumulated first in the low-pressure side (mainly con-
sisting of the evaporator and separator) due to the charging port that is usually located
before the separator, which caused the remarkable rise in evaporating pressure with the
rising charging amount, as shown in Figure 5. In addition, the refrigerant amount in the
gas cooler increased significantly due to the much higher pressure and density of CO; in
the gas cooler over the evaporator side, as shown in Figure 7.
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Figure 7. The CO; refrigerant distribution under various refrigerant charging amounts.

Then, almost all the parameters of the transcritical CO; cycle were kept nearly constant
after the refrigerant reached the “well charging condition”, except the parameters of
the separator. It can be seen that the liquid level in the gas-liquid separator went up
continuously, and the liquid phase refrigerant amount increased noticeably with the rising
charging amount under the “well charging condition”, as shown in Figure 7. As the result,
the vapor phase refrigerant amount in the separator kept decreasing under the “well
charging condition” because of the encroachment on volume caused by the liquid level.

Similarly, the refrigerant amounts in the evaporator and gas cooler as well as the
CO;, mass flow rate rose up again after reaching the “overcharging amount”, however,
the separator (liquid level, vapor, and liquid refrigerant amounts included) parameters
stayed almost constant because it would maintain the full liquid state in the “overcharging
amount”, as shown in Figure 7.

It can be observed from Figure 8 that the CO, gas cooler always occupied the highest
refrigerant amount no matter how much refrigerant was charged into the system, but the
relative proportion of it in the gas cooler kept decreasing gradually. In addition, once the
system reached the “well charging amount”, the liquid phase in the separator increased
significantly with the increase in charging amount, and it gradually became the second
largest refrigerant container in the whole system. Correspondingly, both the absolute value
and the relative proportion of the vapor phase kept declining with the rising liquid phase
inside the separator, as shown in Figure 8. Additionally, the refrigerant amount in the
evaporator increased first and then stayed almost constant, but its relative proportion
increased first and then decreased with the rising charging amount.
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Figure 8. The refrigerant amount ratios in different positions under various refrigerant charging amounts.

4.3. The Influence of the Ambient Temperature on the Optimal Charging Amount

In the application of the bus air conditioning and heat pump in the field, the perfor-
mance of the transcritical CO; cycle was highly affected by the outdoor ambient temper-
ature because the indoor temperature was almost kept at 27 °C. Moreover, as shown in
Figure 9, under the cooling mode of the transcritical CO; cycle, the gas-cooler outlet temperature
(that was the most important parameter to some extent) was limited by the outdoor ambient
temperature. That is, the system running state, the CO, temperature/density before EEV, and the
CO, quality/density after EEV were determined by the outdoor ambient temperature.
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Figure 9. System performance versus refrigerant charging amount under different ambient temperatures.
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As a result, it can be concluded that the system COP and cooling capacity increased
significantly with the decline of the gas-cooler outlet CO, temperature which was caused
by the ambient temperature decreasing from 40 °C to 30 °C. However, even though the
mean density in the heat exchangers changed, the “well charging condition” was always
around 5~8 kg of charging.

In other words, the outdoor ambient temperature highly affects the system’s perfor-
mance, but it does not significantly affect the optimal charging amount.

4.4. The Influence of the Ambient Temperature on the Refrigerant Distribution

For a more specific analysis of the conclusion from Section 4.3, the influence of the
outdoor ambient temperature on the refrigerant distribution is discussed.

For instance, a lower ambient temperature, and thus the gas-cooler outlet temperature,
would definitely increase the mean density in the gas cooler, which might be a signal
of a higher refrigerant charging demand. However, the optimal discharge pressure of
the transcritical CO, cycle must decrease with a lower ambient temperature, thus a lower
gas-cooler outlet temperature is also a signal of lower discharge pressure, lower mean density
in the gas cooler, and lower refrigerant charging demand. Considering all these effects, the
outdoor ambient temperature may have no effect on the gas cooler refrigerant amount.

Additionally, the operating condition of the evaporating side was relatively stable
since the cabin temperature was kept around 27 °C in cooling mode, thus the refrigerant
parameters on the low-pressure side also remained steady.

Therefore, as shown in Figure 10, even though the refrigerant amount in different
components varied noticeably with the rising CO, charging amount, the refrigerant distri-
bution as well as the refrigerant proportion in different components was almost unchanged
with different charging conditions.
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Figure 10. Refrigerant distribution versus refrigerant charging amount at different ambient temperatures.
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For the simulation results in this paper, we built a transcritical CO, bus system, tested

the relevant data, and then compared the experimental data with the simulation data (as
shown in Figure 11); the error basically stayed within 5%, which verifies the accuracy of
the simulation results.

Theoretical data of COP

7

Positive 5% error line
Negative 5% error line
0 error line

Scatter corresponding to theoretical and
experimental data

. 1 1 . 1
0 1 2 3 4 5 6
experimental data of COP

Figure 11. Comparison between the experimental data and simulation data.

5. Conclusions

Considering the excellent environmental properties and the unmatched heating ability

under ultra-low ambient temperatures, CO, refrigerant was selected as an ideal alternative
to the HFC refrigerant in the transportation domain. In this study, the optimal CO, charging
amount and refrigerant distribution in a bus air conditioning/heat pump system were
analyzed in detail, and the main conclusions are drawn as follows:

As the CO, charging amount varied from severely insufficient to overcharged
(2 kg-5-8 kg; seriously insufficient at 2 kg and stable from 5 kg to 8 kg) the trans-
critical CO, cycle varied from the low-pressure overheat region to the high-pressure
liquid region.

The system heating capacity and power consumption increased with the rising charg-
ing amount from the undercharging region, stayed almost unchanged during the well
charging region, and finally increased again in the overcharging region; however, the
system COP increased, remained almost unchanged, and then decreased in the under-
charging, well charging and overcharging regions, respectively. From a quantitative
perspective, regarding the cooling capacity, the 3-5 kg in the undercharged region
increased rapidly from 9.5 kW to 18 kW, and the 5-8 kg in the stable region stabilized
at 20 kW and then increased slowly in the overcharged region. The power showed the
same trend, and the data showed that the stable area was maintained at 10 kW. For
COP, at 3-5 kg, it rose rapidly from 1.2 to 2.2, remained stable at 2.2 from 5-8 kg, and
then decreased slightly at 8-8.5 kg.

The main parameters of the bus air conditioning /heat pump system remained almost
unchanged in the well charging region (under a well charging amount of 5-8 kg, the
refrigeration in the evaporator was maintained at 1 kg, while in the gas cooler, it was
maintained at 3.6 kg), while the liquid level of the separator increased gradually (the
gas decreased from 0.5 kg to about 0 kg, and the liquid increased from 0 kg to about
3.2 kg), which meant that the separator provided a proper adjustable margin to the
system to some extent.

The ambient temperature was found to have little effect on the determination of
the refrigerant charging plateau (the well charging region), while the refrigerant
distribution was found to be affected by the ambient temperature to some extent.
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Finally, the quantitative results obtained in this paper show the importance of research
on the charging capacity of electric buses. Relying on the technology based on the GT-Suite
simulation, the influence of the charging amount on bus performance and refrigerant
distribution was obtained, providing a reference result for future research in this field
which will be conducive to the further development of science and technology.
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