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A novel solar-air dual-source vapor injection heat pump air-conditioner for the electric bus
is proposed, aiming to enhance the system heating performance and increase the vehicle
endurance. Three working modes are designed for the proposed system, including solar-
air dual-source heating mode, air source heating mode, and cooling mode. The system
heating performance is explored by the simulation approach. Compared with the
conventional vapor injection heat pump, the proposed system averagely enlarges the
heating capacity and efficiency by 17.0% and 21.2%, respectively, under the considered
evaporating temperature range (-25~0°C) by utilizing the solar energy. Moreover, the two
systems possess the optimal intermediate pressures to achieve the maximal heating
efficiency. The system performance comparison under the two heating modes indicates
that the dual-source mode is preferred except for the extremely low or no solar radiation
situation. The exergy analysis shows that more than half of the system total exergy input is
destructed in the solar collector, which grows by 111.4% as the solar radiation intensity
increases by 300W m™; thus, the system exergy efficiency decreases as the solar
radiation enhances, although the system heat exergy output shows a growth
tendency. The component irreversibility analysis on the proposed system is also
conducted, aiming to explore the reason for the system exergy performance variation
and the irreversibility distribution rule. At last, the exergy flow situations of the proposed
system and the conventional system are contrastively analyzed. The exergy performance
comparison indicates that under the given condition the proposed system can improve the
exergy output by 20.2% and decrease the electricity consumption by 4.5% compared with
the conventional system.

Keywords: solar-air dual-source, heat pump, vapor injection, exergy analysis, energy analysis

INTRODUCTION

Aiming to reduce the greenhouse gas emission and go carbon neutral, the Chinese government
makes great efforts to promote the vehicle electrification (Xiao et al., 2020). For the electric vehicle,
the traditional single-cold air-conditioner system needs to be modified for realizing heating
performance, due to the absence of the waste heat from the engine (Peng and Du, 2016). In the
initial stage, the PTC (positive temperature coefficient) heater is added to the electric vehicle air-
conditioner and provides thermal heat by directly converting electricity into heat. However, the
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heating efficiency of this electric resistance heater is always less
than 1 and seriously degrades the vehicle endurance mileage. A
relevant study indicated that the endurance mileage of the electric
passenger vehicles could produce up to 45% reduction when
adopting the PTC heater to heat under the ambient temperature
of 0°C (Gohlich et al, 2015). Therefore, benefiting from the
improvement of the industrial chain, the heat pump air-
conditioner with higher heating efficiency gradually becomes
the mainstream in electric vehicles. Various research studies
have been conducted on the operation characteristics and
optimization research into the heat pump air-conditioner for
electric vehicles (Zhang et al, 2018). Fazhan et al. (2014)
experimentally investigated the variation tendency of the
heating performance of the vehicle heat pump air-conditioner
with the ambient temperature. Li et al. (2016) proposed a heat
pump air-conditioner for electric vehicles with R134a and
obtained a heating COP (coefficient of performance) of 2.3
under the ambient temperature of 5°C. However, the
traditional single-stage heat pump system owns an inherent
disadvantage that its heating performance degrades seriously
under cold environment conditions (Wei et al., 2020). Thus,
massive efforts have been made to improve the low-temperature
adaptation of the vehicle heat pump air-conditioner, including
structure modification (Feng and Hrnjak, 2016), refrigerant
substitution (Llopis et al, 2015; Wang et al, 2016), and
component optimization (Zhang et al., 2019).

Numerous studies have proved that the vapor injection
technology possessed the potential to improve the heating
performance of the heat pump system, especially under low-
temperature ambient conditions (Wang et al., 2021). Through
quasi-secondary compression, the vapor injection heat pump can
realize greater heating efficiency, longer compressor life, and
easier capacity adjustment (Li et al., 2020). The application
research on this technique in the vehicle air-conditioner is the
hotspot in recent years. Li et al. (2014) experimentally
investigated a vapor injection air-source heat pump for electric
vehicles and declared that the heating capacity and COP were,
respectively, improved by 28% and 70% over those of the baseline
system. Kwon et al. (2017) compared the performance of the non-
injection heat pump and economizer vapor injection heat pump
and declared that the latter one produced 14%-~44% heating
capacity improvement under the driving condition. Han et al.
(2019) developed a vapor injection air-source heat pump for
electric buses and achieved 14.5% heating COP improvement
over the non-injection system under the working condition of
-20/20°C. Summarily, previous research studies have strongly
proved that it may be a promising way to improve the poor low-
temperature adaptation of the vehicle heat pump air-conditioner
by adopting the vapor injection technology.

Except for the vapor injection technique, utilizing solar energy
is also an effective method to improve the heat pump
performance in cold regions. In fact, vast research works on
solar energy utilization in the air-source heat pump system
already exist. Chen and Yu (2018) proposed a solar-assisted
vapor injection heat pump with a subcooler and then declared
obvious heating performance enhancement based on the
simulation results. Besagni et al. (2019) proposed a novel
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solar-air dual-source multifunctional heat pump and improved
the heating COP by 34% over the air-source system. Cai et al.
(2020) also presented a solar-air dual-source heat pump and then
achieved a heating COP of up to 4.58 under the given condition.
From these research studies, it can be concluded that both the
vapor injection technique and solar energy utilization technique
own the potentials to improve the heat pump performance, and
combining the two techniques together should produce more
outstanding effect. Nevertheless, utilizing solar energy in the
light-duty vehicle faces the difficulty that the installation of the
solar collector may destruct the vehicle aesthetically and increase
the windage resistance. This severely restricts the application of
the solar energy utilization technique in the electric vehicle.
Fortunately, the electric bus does not have this problem, which
owns a big and flat roof for solar collector installation. Moreover,
the electric bus mainly runs during daytime on uncovered roads,
which is beneficial to the solar energy absorption. Therefore, solar
energy utilization should be a feasible way to enhance the heating
performance of the electric bus air-conditioner and increase the
vehicle endurance.

Based on the aforementioned analysis, a novel solar-air dual-
source vapor injection heat pump air-conditioner for the electric
bus is proposed, driven by the desire to improve the heating
performance of the vehicle air-conditioner by utilizing solar
energy. The energetic and exergy performance of this
proposed system will be carried out by the simulation method.
The research can provide a fundamental data reference for the
research and application of this proposed system in future.

SYSTEM DESCRIPTION

The cycle structure of this novel solar-air dual-source vapor
injection heat pump air-conditioner for the electric bus (DS-
VIHP) is illustrated in Figure 1, which includes twelve devices:
a vapor injection compressor, a four-way valve, an indoor heat
exchanger, two expansion valves, a separator, a solar collector,
a mixer, an outdoor heat exchanger, a globe valve, and two
check valves. The DS-VIHP system owns three working
modes: solar-air dual-source heating mode (DS mode), air
source heating mode (AS mode), and cooling mode. The
working modes of the DS-VIHP system can be switched by
controlling the globe valve and four-way valve. The four-way
valve owns two modes: mode A (port a connects port b, and
port ¢ connects port d) and mode B (port a connects port d,
and port ¢ connects port b).

As shown in Figure 1A, this proposed system works at the
solar-air dual-source heating mode (DS mode) when the
globe valve is opened and the four-way valve stays at mode
A. The high-pressure superheated vapor (state 2) enters the
indoor heat exchanger (works as a condenser) and then
becomes subcooling liquid (state 3) after releasing thermal
heat into the cabin. This liquid at state 3 expands to be
medium-pressure two-phase fluid (state 4), after flowing
through the expansion valve |, and then separates the gas
and the liquid in the separator. The saturated liquid (state 6)
leaving the separator divides into two branches. The
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FIGURE 1 | Schematic and P-h diagrams of three working modes for the DS-VIHP system: DS mode (A), AS mode, (B) and cooling mode (C).

Four-way
b valve

saturated liquid in the main branch expands in the expansion
valve Il and becomes the two-phase refrigerant (state 9),
which further completely evaporates in the outdoor heat
exchanger (works as an evaporator). The superheated
vapor (state 1) leaving the outdoor heat exchanger is
eventually suctioned into the compressor suction port. The
saturated liquid in the bypass branch enters the solar collector

and evaporates to be refrigerant vapor (state 7) after
absorbing solar energy. This vapor (state 7) mixes with the
saturated vapor (state 5) from the separator in the mixer and
then enters the compressor injection port. By comparing
Figures 1A,B, it can be found that the only difference
between the air-source heating mode and the DS mode is
the absence of a bypass branch. Under the AS mode, the globe
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valve closes, and no refrigerant flows through the solar
collector to absorb solar energy.

When the cabin needs cooling, the proposed system works at
the cooling mode by switching the four-way valve to mode B and
closing the globe valve and expansion valve I, as shown in
Figure 1C. The high-pressure superheated vapor (state 2)
enters the outdoor heat exchanger (works as a condenser) and
becomes a subcooling liquid (state 9) after releasing thermal heat
to the ambient. This liquid (state 9) becomes a two-phase flow
(state 3) after flowing through the expansion valve II. This two-
phase flow at state 3 completely evaporates in the indoor heat
exchanger (works as an evaporator) after absorbing thermal heat
from the cabin and eventually returns to the compressor
suction port.

MATHEMATICAL MODEL

It should be pointed out that only the mathematical model for the
DS mode of the DS-VIHP system will be presented in the
following content, aiming to keep the content concise. In fact,
the mathematical models for the AS mode and cooling mode have
been presented in various literature works (Choi et al., 2017; Kim
etal., 2018). Moreover, the system performance under the cooling
mode will not be explored in this analysis because it is just a
classical single-stage vapor compression refrigeration cycle.

Energy Model
The energy model for the DS mode of the DS-VIHP system is
built based on the first thermodynamics law, aiming to evaluate

its energetic performance. Also, the compressor power input can
be calculated by:

Wcom =my (hls - hl) +m, (hZ - h25)> (1)

where m; and m, are the refrigerant mass flow rates in the stage |
and Il compression processes, respectively, h; and hys are the
initial refrigerant-specific enthalpies of the stage I and II
compression processes, respectively, and hjs and h, are the
final refrigerant specific enthalpies of the stage I and II
compression processes, respectively; h;; can be calculated by
the following equation:

hls,is - hl
+ S —

hls = h1 5 (2)

ﬂis
where 4 is the hypothesis refrigerant-specific enthalpy after an
isentropic stage I compression process, and #;, represents the
isentropic efficiency of the compression process and is regarded
as (Chen and Yu, 2018):

P,

= 0.874 - 0.0135—. 3)
P,

The final refrigerant specific enthalpy after the second
compression process can be calculated by:

h 's_hs
h2=h2s+u, (4)

’715
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where h, is the hypothesis refrigerant-specific enthalpy after an
isentropic stage II compression process. The refrigerant mixing
process at the compressor injection port observes the following
energy balance equation:

myhys = myhyg + mghs, (5)

where myg is the mass flow rate of the injection vapor entering the
compressor vapor injection port.

Mg +m; = m,. (6)

Defining the system injection ratio as follows:

m
a=— (7)
my
The mass flow rate of the refrigerant vapor suctioned by the
compressor from the evaporator can be calculated by the
following equation:

_ N, ncodeis dl
= —

60 ®

my
where n¢, represents the compressor rotational speed, V 4 is the
compressor displacement volume, d; is the refrigerant density at
the suction port, and 7, represents the volume efficiency (Chen
and Yu, 2018).

P,
7, = 0.959 — 0.00642 =, )
P,
The solar energy is finally gained by the flat-plate collector

with a double glazing glass, and the heat insulator can be obtained
by the Hottel-Whillier-Bliss (HWB) equation (Diez et al., 2019).

anin = spngAplG - UscApl (Tpl - Tair)> (10)

where G is the solar radiation intensity, Ay, is the solar absorber
plate area in the solar collector, ¢y is the absorption factor of the
solar absorber plate, 7 is the transmissivity of the glass cover, Usc
is the heat loss coefficient of the solar collector to the
environment, Ty is the average temperature of the solar
absorber plate, and T, is the ambient air temperature.

The refrigerant through the solar collector observes the
following energy balance equation:

Qgain = M7 (h; = hy). (11)

The system heating capacity and COP are expressed by:
Qn =my (hy — hs3), (12)
cop, = & (13)

com

Exergy Model

The exergy analysis method is able to not only evaluate the
secondary thermodynamic performance of an overall system but
also examine the irreversibility of every system component. Based
on the exergy analysis result, the component optimization
priority can be obtained when carrying out the system
modification; and then, the following exergy model for the
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DS-VIHP system is built second
thermodynamics law.
As known, the refrigerant exergy at any point of a vapor

compression system can be defined as (Qin et al., 2021):

Ex =m[(h—hy) =Ty (s - s)]. (14)

according to the

Here, Ty and P, are the reference temperature and pressure,
which are chosen as 298.15 K and 101.325 kPa, respectively, in
this analysis.

The total exergy input of the DS-VIHP system can be
calculated by:

Exsys = Weom + EXrag- (15)

Exolar is the solar exergy input through absorbing solar energy.

Tair
Exsolar = 14]31c;(1 - T >> (16)

S

where T is the apparent Sun temperature and set at 4,500 K in
this analysis (Jafarkazemi and Ahmadifard, 2013).

The exergy destruction (I) and exergy destruction percentage
(i) of the kth component in the DS-VIHP system are calculated
by Eqs 17-28.

For the compressor,

Teom = (mys; — mysy — mgsg) T, (17)
Icom

= . 18

Peom Exy, (18)

For the condenser,

T
Ieon = myhy = Tos; — (hs = Tos3)] - Qh|:1 - (Tc—ioATc)]’ (19)
Icon
= . 20
q)COH Exsys ( )

where AT is the difference between the cabin temperature and
the condensing temperature, which is assumed as 10K in this
analysis.

For the throttling valve I,

I = my (54 = 83)T, (21)
Itvl

= . 22

(Ptvl E-xsys ( )

For the solar collector,

I = my[he — Tosg — (M7 — Tos7)] + EXpas (23)
ISC

= . 24

Y= Ex,, (24)

For the throttling valve II,

Lz = my (59 — 56)T. (25)
Itv2

= . 26

(Ptvl E-xsys ( )

For the evaporator,
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FIGURE 2 | Flowchart for the calculation procedure of the simulation
program.

Ieva =my [h9 —Tosy - (hl = Tos1)], (27)
Ieva

= . 28

(Peva Exsys ( )

The heat exergy outputting from the condenser is:

Exp=Quli-— Lo (29)
= 1= AT |

The system exergy efficiency can be calculated by the following
equation:
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TABLE 1 | Necessary component parameters for the simulation program.
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TABLE 3 | Thermophysical parameters of R410A, R407C, R134a, and R1234yf.

Device Parameter Refrigerant terit ('C) Pt (MPa) NBP (°C) GWP Safety class
Solar collector Aol 5m? R410A 72.5 4.95 -51.6 1,730 Al
£l 0.95 R407C 86.7 4.62 -43.6 1,700 Al
g 0.92 R134a 101.1 4.06 -26.1 1,430 Al
Use 435W m2K! R1234yf 94.7 3.38 -29.5 4 A2L
Compressor Viis 80cm =S r!
Neom 2,800 r min~"
TABLE 2 | Validation of the FVHP system model with the existing work.
Parameter Present work Existing work Relative error (%)
Coefficient of performance, COPy, 3.717 3.739 -0.59
Heating capacity, Qy, (kW) 30.14 29.8 +1.14
Injection ratio, o 0.2595 0.261 -0.57
Discharge temperature, t, (‘C) 116.3 115.7 +0.52
. (30) 50 7
exh E-xsys I 0, (R410A) —A— COP, (R410A)  1=45°C
454 I 0, (R407C) —A— COP, (R407C) p_[p ]
. o COP, (R134 A I
It should be noted that the thermodynamic characteristics of 0, (R134) i) 7

the conventional flash tank vapor injection heat pump system
(FVHP) will also be simulated for comparison, although its
mathematical model is not presented for brevity. In the
following content, the heating performance of the DS-VIHP
system refers in particular to its heating performance under
the dual-source mode, unless otherwise specified.

Model Solving Method and Validation

The energetic and exergy performance of the proposed DS-VIHP
system and the FVHP system will be compared based on the
aforementioned mathematical model. The system simulation
program is written based on MATLAB software, and the
solving procedure of the mathematical model of the DS-VIHP
system is illustrated in Figure 2. In the simulation program, the
refrigerant thermophysical parameter is obtained by invoking the
property subroutines using REFPROP 10.0 (Lemmon et al,
2018). Based on the actual operation condition of the electric
bus air-conditioner, the heating performance analysis will be
carried out based on the following operation conditions:
considered ranges of the evaporating temperature and
condensing temperature are -25~0°C and 25~50°C,
respectively, subcooling/superheat degrees of the refrigerant
flowing out the condenser/evaporator are fixed at 5°C, the
median value of the actual solar radiation intensity 600 W m >
is selected unless otherwise specified, and the refrigerant flowing
out of the solar collector is saturated vapor. Referring to previous
research studies (Pridasawas and Lundqvist, 2004), Table 1
displays the necessary component parameters for the
simulation program.

To verify the aforementioned mathematical model, the
simulation data from the developed program of the convenient
FVHP system are compared with those reported by Reddn et al.
(2014) under the given condition (t, = —8°C, t. = 65°C, P, =

40 I 0, (R1234yD) —A— COP, (R1234yf) y—

25 225 20 -17.5 -15 -125 -10 -75 -5 25 0
te (°C)

FIGURE 3 | Performance comparison of DS-VIHP with different
refrigerants.

1,833 kPa, and refrigerant = R32), as listed in Table 2. As shown,
the maximum error of the six considered parameters between the
present work and the existing work is less than 1.14%, that is, the
FVHP system model possesses the satisfactory agreement. Thus,
it can be concluded that the presented simulation mode of the
DS-VIHP system should maintain high reliability, which is
established by adding the HWB equation to the verified FVHP
system model.

RESULTS AND DISCUSSION

As known, the refrigerant type is a key influence factor on the
system performance, and thus the heating performance of the DS-
VIHP system with four typical automobile air-conditioner
refrigerants (R410A, R407C, R134a, and R1234yf) are
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FIGURE 4 | Performance variations of two systems with the intermediate
pressure.

compared based on the built model. The thermophysical
parameters of the four refrigerants are listed in Table 3. The
comparison of the system heating capacity (Qy,) and COP (COPy,)
using these refrigerants under different evaporating temperatures
(t, —25~0°C) are exhibited in Figure 3, when the condensing
temperature (t.) is set at 45°C. The system intermediate pressure
(Pm) is set as the square root of the product of the condensing
pressure (P.) and evaporating pressure (P.). As shown, R410A
always obtains the maximal heating capacity, followed by R407C,
R1234yf, and R134a. According to the simulation results, the
system heating capacity using R410A is superior to that using
R407C, R1234yf, and R134a by an average of 50.0%, 106.7% and
108.9%, respectively. Meanwhile, R410A averagely decreases the
system heating COP by 10.1% and 9.2% compared with R134a
and R1234yf, and improves the heating COP by 3.9% over the
R407C. Although possessing excellent thermophysical properties,
R134a is ongoing a phase-down process due to its high GWP
(1301). Moreover, it can be seen that R1324yf produces almost
identical heating capacity and COP to Rl34a, as an
environmentally friendly substitution for the latter one. Based
on the principle of heating efficiency maximization and
environmental protection, R1234yf is chosen as the main work
medium in the following analysis.

To evaluate the influence of the intermediate pressure on the
heating performance of the two systems, the heating capacity and
COP of the proposed DS-VIHP system and the FVHP system
under different vapor intermediate pressures (P,,) are compared
in Figure 4, while the condensing temperature and evaporating
temperature were kept at 45°C and —20°C. Not surprisingly, the
heating capacities of the two systems always drop down as the
intermediate pressure improves. According to the simulation
results, the heating capacities of the DS-VIHP system and the
FVHP system are, respectively, decreased by 28.9% and 27.0%, as
the intermediate pressure is lifted from 0.4 to 1.0 MPa. It is
mainly ascribed to the refrigerant vapor quality reduction at the
separator inlet as lifting the intermediate pressure, which further

Research on the DS-VIHP System

reduces the mass flow rate of the injection vapor. After that, fewer
refrigerants will be discharged to the condenser, and then the
system heating capacity will decrease. In addition, it can also be
found that both the two systems own the optimal intermediate
pressures to realize the maximal COP. As shown, the DS-VIHP
system and the FVHP system, respectively, obtain the maximal
COP around the intermediate pressures of 0.80 and 0.45 MPa. It
indicates that the optimum intermediate pressure of the
convenient FVHP system for the maximal heating COP is
close to the square root of the product of condensing pressure
and evaporating pressure (0.505 MPa), corresponding to the well-
known conclusion. Except for evaporating and condensing
pressures, the optimal intermediate pressure of the DS-VIHP
system is also concerned with multiple other factors, including
the solar radiation intensity, solar collector area, and refrigerant
flow rate. In the following analysis, the optimal intermediate
pressure for the maximal heating COP will be chosen as the
working intermediate pressure, if not otherwise specified.

The heating capacity and COP of the DS-VIHP system under
different evaporating temperatures are compared with those of
the FVHP system in the Figure 5, aiming to evaluate its heating
performance advantage. The condensing temperature is kept at
45°C, while the evaporating temperature ranges between —25°C
and 0°C. As expected, the heating performance of the DS-VIHP
system always exceeds that of the FVHP system under the given
condition. Actually, as the evaporating temperature grows from
-25°C to 0°C, the DS-VIHP system, respectively, increases the
heating capacity and COP by 23.2%~12.0%, and 30.4%~14.2%
over the FVHP system. It is because absorbing the solar energy
can raise the dryness of the two-phase refrigerant entering the
separator, which further increases the injection vapor flow rate
and enhances the heating performance. In addition, it also implies
that the superiority of the DS-VIHP system is enhanced as the
evaporating temperature drops down. It is because the air energy
absorbed by the evaporator from the ambient reduces by lowering

25 8
[ 0, DS-VIHP) —A— COP, (DS-VIHP) 1=45°C
[ 0, (FVHP) —A— COP, (FVHP) L5

20 -4 P, is chosen to maximize COP,
m h

15

0, (kW)
COP,(-)

25 225 20 -17.5 -15 125 -10 275 -5 25 0
£, (°C)

FIGURE 5 | Performance comparison under different evaporating
temperatures.
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20 9 7 20
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FIGURE 6 | Performance comparison under different condensing
temperatures.

the evaporating temperature, and then the performance
improvement effect of utilizing solar energy is enhanced
because the absorbed solar energy has shown a little change.
The heating performance comparison of the DS-VIHP system
and the FVHP systems under different condensing temperatures
is displayed in Figure 6, when the evaporating temperature is
fixed at —20°C. Similar to the situation in Figure 5, the DS-VIHP
system outperforms the FVHP system throughout the
condensing temperature scope. As the condensing temperature
ranges between 25°C and 50°C, the DS-VIHP system, respectively,
exceeds the FVHP system in the heating capacity and COP
aspects by an average of 19.1% and 27.7%. In line with the
expectation, the heating COP of the two systems dramatically
decreases by lifting the condensing temperature, while their
heating capacities yield a relatively flat variation tendency.
Actually, as the condensing temperature rises from 25°C to
50°C, the heating COP of the DS-VIHP system and the FVHP
system, respectively, decreases by 40.5% and 37.4%, while the
maximal variation range of the heating capacity is less than 2%. In
summary, the proposed DS-VIHP system yields more significant
heating capacity and COP over the convenient FVHP by utilizing
solar energy under all the considered operation conditions.
The heating performance variation tendencies of the DS-
VIHP system with the solar radiation intensity (G) under the
DS mode and the AS mode are displayed in Figure 7, when the
condensing temperature is 45°C. As shown, both the heating
capacity and COP grow up with strengthening the solar radiation,
in line with expectations. Actually, as G rises from 0 W m™ to
800 W m 2, the heating COP grows up from 4.22 to 5.49 at the
evaporating temperature of —10°C and 3.40 to 4.90at the
evaporating temperature of —20°C. Meanwhile, the FVHP
system yields constant COP values of 4.24 and 3.48 at the
evaporating temperatures of —10°C and -20°C, respectively. A
similar situation occurs in the system heating capacity
comparison. It can be seen from Figure 7 that the DS mode

1=45°C  P_ischosen to maximize COP,

0,(kW)

0 100 200 300 400 500 600 700 800
G (W-m?)

FIGURE 7 | Performance comparison under different solar radiations.

can help the DS-VIHP system obtain superior heating
performance when the solar radiation intensity exceeds
52Wm™ for the evaporating temperature of —10°C and
67 Wm™ for the evaporating temperature of —20°C. This
demonstrates that the DS mode is suitable for the proposed
DS-VIHP system except under the very low and no solar
radiation cases. This phenomenon is mainly ascribed to that
the heat transferring to the refrigerant from the solar collector
equals the difference between the solar energy radiated on the
collector surface and the heat leaked to the surrounding. Under
the very low or no Sun radiation situation, the refrigerant loses
heat to the surrounding and degrades the heating performance. In
other cases, the solar collector eventually transfers heat to the
refrigerant in the solar collector and then contributes to the
performance superiority under the DS mode. In addition, it also
can explain why the DS-VIHP system offers two heating modes
depending on the solar radiation condition.

The variation tendencies of the compressor input work
(Weom), solar exergy input (Exgon,), heat exergy output (Ex),
and exergy efficiency (4ey) of the DS-VIHP system with the solar
radiation intensity are illustrated in the Figure 8, aiming to
examine the system irreversibility. The condensing
temperature is set at 45°C, when the evaporating temperature
is —10°C and —20°C. As shown, the heat exergy output always
grows up as it strengthens the Sun radiation, although the heat
exergy efficiency yields an opposing situation. Actually, as G rises
from 100 to 800 W m ™2, the exergy output grows up by 15.5%
(260.6-300.9 W) at the evaporating temperature of —10°C, while
the exergy efficiency relatively drops down by 46.7%. It is ascribed
to that the total exergy input leads to a more significant
improvement against the exergy output as it enhances the
solar radiation. As G increases by 700 W m ™2, the system’s
overall exergy input is increased up to 116.7%
(2,049.8-4,442.4 W) at the evaporating temperature of —10°C.
Thus, the variation tendency of the system exergy efficiency is
contrary to that of the available heat exergy output. In addition,
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FIGURE 8 | Variation of system exergy performance with solar radiation intensity.
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FIGURE 9 | Component exergy destructions under different solar
radiation intensities.

Figure 8 also explains that the compressor input work decreases
by 9.0% as the solar radiation intensity grows from 100 to
800 W m™2, which implies that the increment of the overall
exergy input is attributable almost entirely to the explosion of
the solar energy input.

The system exergy performance of a thermodynamic system is
determined by the exergy destructions of the system components,
and then the exergy destructions in the main components of the
DS-VIHP system are illustrated in Figure 9. The solar radiation
intensity is selected as 300 and 600 W m ™2, when the evaporating
temperature is regarded as —20°C and —10°C. As shown in the
Figure 9, the maximal component irreversibility exists in the
solar collector. According to the calculation results, 53.7% and
52.3% of the system exergy input are, respectively, destructed in

the solar collector when the evaporating temperature is 20°C and
~10°C under the constant solar radiation intensity of 600 W m™.
Meanwhile, under the constant evaporating temperature of
—10°C, the exergy destruction in the solar collector will rise by
111.4% (from 934.4 to 1975.6 W) as increasing the solar radiation
intensity by 300 Wm™>, and the summation of the exergy
destructions in all the other components relatively decreases
by 2.6%. Therefore, the system exergy efficiency is mainly
determined by the irreversibility of the solar collector, and
then the system exergy efficiency decreases with enhancing the
solar radiation, as shown in Figure 8. Meanwhile, it also indicates
that the solar collector should yield the highest priority when
conducting the component optimization. Figure 9 also displays
that the exergy destructions in the compressor, evaporator, and
throttling valve I slightly decrease as it enhances the solar
radiation. As shown, the exergy destructions in the
compressor, evaporator, and throttling valve I, respectively,
reduce by 4.9%, 10.1%, and 59.2% at the evaporating
temperature of —10°C, as the G grows by 300 W m2. Then,
the summation of the exergy destructions in all the
components except for the solar collector is decreased as the
solar radiation intensity improves, although the exergy
destructions in the condenser and throttling valve II yield
uptrend due to the increase of the intermediate pressure and
refrigerant injection ratio. This phenomenon can express the
reason for utilizing solar energy benefiting the system heating
COP in the perspective of the second law of thermodynamics. In
addition, it can be seen from Figure 9 that the exergy destruction
in the solar collector reduces with decreasing the evaporating
temperature. It can be mainly attributed to the reduction of the
heat leak to ambient, which is resulted from the reduction of the
intermediate pressure as decreasing the evaporating pressure.
Aiming to assess the influence of the intermediate pressure on
the system irreversibility, the component exergy destructions
under different intermediate pressures are illustrated in
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4000 reduction at the evaporator entrance. Therefore, the exergy

P,=0.4MPa [ P,=0.6MPa [l P,=0.8MPa [l P,=1.0MPa destruction in the evaporator yields a reduction tendency, since

3500 4 1=45°C; (=20°C P, is chosen to maximize COP, the refrigerant state at the evaporator outlet remains
unchanged. Moreover, Figure 10 also displays that the

3000 4 system heat exergy output decreases by lifting the

intermediate pressure. Actually, by lifting the injection
pressure from 0.4 to 1.0 MPa, the heat exergy output
decreases by 28.9%, mainly resulting from the reduction of

2500 H

Exergy destruction/Exergy output (W)

2000~‘ the refrigerant flow rate through the condenser. In addition, it
1500 4 can be seen that the throttling valve II is the unique component

whose exergy destruction grows up as the intermediate pressure
1000 rises, resulting from the increment of the working pressure

differential of the throttling valve II.

Aiming to compare the exergy performance of the two
systems, the irreversibility distributions of the DS-VIHP
system and the FVHP systems are, respectively, illustrated in
Figures 11A,B, when the condensing temperature and the
FIGURE 10 | Component exergy destructions under different evaporating temperature are kept at 45°C and —20°C. The solar
intermediate pressures. radiation intensity is 600 W m™>, and the optimal intermediate

pressure for the maximum heating COP is chosen for the two

system. It can be seen that the DS-VIHP system can reduce the
Figure 10. The condensing temperature and the evaporating electricity consumption (Weom) by 4.5% (1,624-1,551 W) by
temperature are constant at 45°C and —20°C. As shown, except  utilizing solar energy and improve the heat exergy output
for the throttling valve II, the exergy destructions in other  (Ex,) by 20.2% (183.4-220.4 W). Introducing solar energy to
components decrease by lifting the intermediate pressure. The  increase the ratio of the heat exergy output over the electricity
calculation results show that the exergy destructions in the  consumption benefits the system’s energetic performance. It is
compressor, condenser, solar collector, throttling valve I, and ~ worth noting that the exergy destructions in the condenser and
evaporator, respectively, reduce by 36.4%, 28.5%, 29.1%, 97.0%,  throttling valve II of the DS-VIHP system exceed those of the
and 30.8%, by improving the intermediate pressure from 0.4to ~ FVHP system. Compared with the FVHP system, the DS-VIHP
1.0 MPa. The refrigerant vapor quality at the vapor-liquid  system owns a large refrigerant flow rate through the condenser,
separator inlet will decrease by lifting the intermediate  which naturally produces the increment of the exergy destruction
pressure and further leads to the reduction of the vapor  inthe condenser. The greater irreversibility in the throttling valve
quality at the separator inlet and the injection ratio.  II is ascribed to the higher optimal intermediate pressure of the
Furthermore, the refrigerant flow rates through the  DS-VIHP system (0.808 MPa) over that of the FVHP system
compressor, condenser, solar collector, and throttling valve I~ (0.456 MPa). Meanwhile, the exergy destructions in the
decrease, which contributes to the exergy destruction reduction ~ compressor, throttling valve I, and evaporator of the DS-VIHP
in the aforementioned components. The refrigerant vapor  system are less than those of the FVHP system. Under combined
quality at the evaporator inlet grows up with raising the  effects of the aforementioned factors, the DS-VIHP system
intermediate pressure, which brings the refrigerant exergy  obtains higher exergy output with less electricity consumption
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FIGURE 11 | Exergy flow diagrams for the DS-VIHP system (A) and the FVHP system (B).
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than the FVHP system, which is the motivation for utilizing the
solar energy.

CONCLUSION

A novel solar-air dual-source vapor injection heat pump air-
conditioner for the electric bus is proposed, which couples the
solar energy utilization technique and vapor injection technique
to enhance the system heating performance. Three working modes
are designed for this proposed system, solar-air dual-source heating
mode, air source heating mode, and cooling mode. The heating
performance of the proposed system and the conventional vapor
injection system is compared based on the built mathematical
model, in terms of energetic and exergy aspects. Based on the
analysis results, the following conclusions can be obtained:

(1) The proposed system outperforms the conventional system
in the heating capacity and COP aspects by 23.2%~12.0% and
30.4%~14.2% under the considered condition, respectively.

(2) Both the proposed system and the conventional system
possess the optimal intermediate pressures to achieve the
maximal heating COP.

(3) The dual-source mode is preferred for the proposed system
under most solar radiation situations, while the air source
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NOMENCLATURE

Abbreviations

A area, m

COP coefficient of performance
d density, kgm™

Ex exergy rate of fluid, W

G solar radiation intensity, W m >
GWP global warming potential
h specific enthalpy, J kg™

I exergy destruction, W

m refrigerant mass flow rate, kg/s
n rotational speed, r min~
NBP normal boiling point

P pressure, MPa

Q4 heating capacity, kW

s specific entropy, J kg™' K

t Celsius temperature, °C

T Kelvin temperature, K

V4is displacement volume, m?

U heat loss coefficient

W power input, W

Greek symbol

& injection ratio

€ absorption factor
1 efficiency
T transmissivity

@ exergy destruction percentage

Subscripts

0 reference state

1-9 state points of the refrigerant
C condensing

COm compressor

con condenser

crit critical condition

€ evaporating

€va evaporator

exh heat exergy
h heating

m intermediate
pl plate

SC solar collector
SYS system

tv throttling valve

V volumetric
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