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Abstract

Various energy and exergy performance parameters of an automotive heat pump (AHP) with R1234yf have been investigated
and compared with those of the baseline system with R134a. For this aim, an AHP system was set up from the components
of an air-conditioning system employed in a compact car and equipped with instruments for mechanical measurements. It
was tested with R1234yf and R134a by changing the compressor speed and air stream temperatures incoming the outdoor
and indoor units. Using test data, energy and exergy analyses of the AHP were performed, and its performance parameters
were evaluated. The R1234yf system provided conditioned air temperatures in the range of 29.9-59.3 °C, heating capacities
in the range of 1.96-3.14 kW and coefficient of performance (COP) values in the range of 2.44-4.56. It yielded 3.3-10.8 °C
lower conditioned air temperature, 9.2—-15.4% lower heating capacity, 1.6-7.1% lower COP, 13.8-21.6 °C lower compres-
sor discharge temperature, 3.1-19.2% higher total exergy destruction rate per unit heating capacity but significantly less
TEWTI in comparison with the system with R134a. Moreover, the R1234yf system yielded larger exergy destructions in the
outdoor unit, compressor and expansion device but lower exergy destruction in the indoor unit. These findings reveal that
R1234yf can be used in AHP systems in expense of less heating capacity, lower COP and higher exergy destruction rate per
unit heating capacity in comparison with R134a.
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s Specific entropy/kJ kg ™' K™!
T Temperature/K or °C

u Uncertainty

w Power/kW

X Measured variable

y Function of measured variables
Greeks

a Refrigerant recovery factor
p CO, emission factor of the fuel/kg CO, L~}
@ Specific humidity

W Specific flow exergy/kJ kg™
Subscripts

0 Dead state

a Air

ai Air inlet

comp Compressor

cv Control volume

in Inlet

iu Indoor unit

] Location on the boundary
ou Outdoor unit

out Outlet

r Refrigerant

tot Total

v Water vapour
Introduction

Fast industrialization in the past decades has led to some
environmental problems such as depletion of the ozone layer
and global warming. Automotive air-conditioning (AAC)
systems have been one of the sources of these problems.
AAC systems initially employed R12, a refrigerant from
chlorofluorocarbon family. Noticing that refrigerants con-
taining chlorine were harmful for the ozone layer, their use
was restricted by the Montreal Protocol in 1987 [1], and
it was decided to change to more environmentally friendly
fluids. Then, automotive manufacturers started to use R134a,
a refrigerant from hydrofluorocarbon (HFC) family, with no
ozone depleting potential (ODP). However, R134a was sub-
jected to a phase-down by the Kyoto Protocol in 1997 due to
its high global warming potential (GWP), namely 1430 [2].
Then, European Union (EU) issued an F-gas regulation [3]
banning the use of refrigerants with a GWP exceeding 150 in
the AAC systems of vehicles put on the EU market starting
from 2017. The Kyoto Protocol and F-gas regulation have
accelerated the investigations on alternative refrigerants.
Potential alternatives to replace R134a have been determined
as CO, (R744), R152a and two recently developed refriger-
ants from hydrofluoroolefin (HFO) family, namely R1234yf
and R1234ze(E) [4]. Operating pressures of supercritical
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R744 systems are about 7-10 times higher than those of con-
ventional R134a systems [5]. Therefore, the components of
the AAC systems using R744 should withstand compressor
discharge pressures of as high as 150 bars without leakage,
which leads to heavy equipment and poor heat transfer due
to increased wall thickness. On the other hand, high flamma-
bility of R152a restricts its use in AAC systems. Although
it is also slightly flammable and much more expensive than
R134a, with a GWP of less than 1 [6], zero ODP and higher
energy effectiveness than R1234ze(E), R1234yf is consid-
ered as the best alternative to R134a [7]. It can also be used
as a retrofit refrigerant in existing AAC systems with R134a.

The vehicles with internal combustion engines usually
have plenty of waste heat rejected into the engine coolant.
However, electric vehicles (EVs) lack waste heat to be used
for the comfort heating of the passenger cabin. Therefore,
innovative air-conditioning systems with heat pump func-
tion, which are appropriate for both cooling and heating the
passenger compartment of EVs, have been recently studied
as reviewed by Peng and Du [8]. Automotive heat pump
(AHP) systems can also be used for providing supplemen-
tary heating if the vehicle is equipped with a high efficiency
internal combustion engine, thus having insufficient waste
heat for comfort heating.

Tamura et al. [9] evaluated the experimental performance
of an AHP with R744, finding that it had equal or slightly
better performance than the AHP with R134a. Wang et al.
[10] also investigated the performance of an AHP using
R744 and obtained the coefficient of performance (COP) for
the system as 1.7 at — 20 °C ambient temperature. Moreover,
Wang et al. [11] determined that the AHP system with R744
could operate more efficiently than the conventional positive
temperature coefficient (PTC) heaters.

Hosoz and Direk [12] investigated the experimental per-
formance of an R134a AHP in both heating and cooling
operations, obtaining that the heating operation provided
enough heating only in mild weather conditions, while it
yielded a higher COP than the cooling operation. Lee et al.
[13] evaluated various performance parameters of an R134a
AHP for an electric bus utilizing the heat wasted by electric
devices as the heat source. They determined that the heating
capacity increased but COP decreased with rising outdoor
air temperature and compressor speed. Hosoz et al. [14]
developed an R134a AHP operated by a diesel engine and
evaluated the steady-state and transient performance merits
of the AHP for various heat sources, namely outdoor air,
engine coolant and exhaust gas. They found that the AHP
with engine coolant provided the largest heating capacity
and COP, whereas the one using ambient air provided the
lowest ones. Wang et al. [15] developed an AHP for EVs
and evaluated its performance for R134a and R407C. They
determined that the heating capacity of the R407C system
was higher, but its COP was lower compared to the R134a
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system. Lee and Lee [16] studied the performance of an
AHP using R134a for EVs. They reported the heating capac-
ity and COP as 3.10 kW and 3.26, respectively, for — 10 °C
outdoor temperature. Their results showed that the heating
capacity was insufficient to provide thermal comfort in the
passenger cabins of EVs.

After the development of refrigerants from HFO fam-
ily meeting the F-gas regulation, investigations have been
concentrated on their use as alternatives to R134a in AAC
systems. Zilio et al. [17] studied on the effects of using
R1234yf instead of R134a in an experimental AAC system,
finding that R1234yf provided a lower cooling capacity and
COP. Mota-Babiloni et al. [18] investigated the experimen-
tal performance of R1234yf, R1234ze(E) and R134a in a
vapour compression refrigeration system using an open-type
compressor, shell and tube evaporator and shell and tube
condenser. They reported that the R1234yf system yielded
on average 9% lower cooling capacity and 7% less COP
compared to the R134a system. Cho and Park [19] evalu-
ated the performance parameters of an R1234yf AAC system
by applying energy and exergy analyses to it. They reported
that the R1234yf system yielded 4.0-7.0% lower cooling
capacity, 3.6-4.5% less COP and 0.5-3.3% higher total
exergy destruction rate compared with the R134a system.
Prabakaran et al. [20] added an internal heat exchanger to an
R134a AAC system and operated it with refrigerants R134a
and R1234yf. They observed that the tuning of the thermo-
static expansion valve in the R1234yf system had a positive
influence on the COP, cooling capacity and exergy efficiency
in the ranges of 4.3-8.6%, 6.5-10.1% and 3.7-5.1%, respec-
tively, relative to the R134a system at idling and city speed
conditions. With the aim of increasing the COP and volu-
metric capacity of R1234yf while reducing GWP of HFCs,
Huang [21] compared the performance of HFC/R1234yf
mixtures using verified thermodynamic models. He found
that R134a/R1234yf mixtures required little change in the
compressor size, and considering both GWP and efficiency,
the optimal composition for R134a/R1234yf was 10/90%.

Some investigations focussed on R134a alternatives
with higher thermodynamic performance in compari-
son with R1234yf. Abraham and Mohanraj [22] evalu-
ated experimental performance of an AAC system using
R430a as a drop-in substitute of R134a. They found that
the COP of the AAC system with R430a was 12-20%
higher, while its exergy destruction rate was 12-28%
lower in comparison with the system with R134a. Gill
et al. [23] determined the irreversibility in the components
of a vapour compression refrigeration system using R134a/
LPG mixture as a replacement for R134a. They reported
that the irreversibilities in the components of the sys-
tem using R134a/LPG mixture were lower relative to the
R134a system. Then, they developed artificial neural net-
work models to predict the second law efficiency and total

irreversibility of the system. Gill et al. [24] also evaluated
the exergy performance of a vapour compression refrig-
eration system with R450a as a replacement for R134a.
They found that the total irreversibility of the system with
R450a was 15.25-27.32% lower and its exergy efficiency
was 10.07-130.93% higher relative to the R134a system.
They reported that the evaporator was the most efficient
component, while the compressor was the least efficient
one for both refrigerants.

In addition to AAC investigations, some studies focussed
on the performance of AHP systems using R1234yf. Zou
et al. [25] developed an R1234yf AHP employing an elec-
tric expander valve and a secondary fluid circuit for supple-
mental heating of EVs. They found that the expander valve
opening and working conditions had significant influence
on the performance of the system. Direk and Yuksel [26]
developed an experimental AHP system and tested its vari-
ous energy performance parameters for refrigerants R134a,
R1234ze(E), R152a and R444a. They reported that R152a
yielded the highest heating capacity, while R1234ze(E)
resulted in the lowest capacity but the highest COP. Wang
et al. [27] developed an integrated AAC and AHP system
for an electric vehicle and tested it for refrigerants R134a
and R407C. They reported that the system provided a sig-
nificant heating capacity and reduced the energy consump-
tion required for the comfort heating of the passenger cabin
compared to the PTC heater. Zhang et al. [28] performed
the exergy analysis of an EV AAC/AHP system integrated
with the battery thermal management system of the EV.
They determined that the compressor was the main source
of the exergy loss in the system for both operation modes
and the system exergy loss linearly increased as a function
of the compressor speed. They also reported that the heating
performance of the system was better than that of the PTC
heater. Ozcan et al. [29] performed the exergy analysis of a
bus air-conditioning and heat pump system, revealing that its
total exergetic efficiencies were 3.41% and 11.92% in cool-
ing and heating modes, respectively. Direk and Yuksel [30]
studied various performance parameters of an AAC/AHP
system using R134a and R1234yf from the perspective of
the first law of thermodynamics. Although their tests yielded
lower cooling and heating capacities and COPs for R1234yf
in comparison with R134a, they concluded that R1234yf can
be used in both cooling and heating applications.

It is seen that numerous investigations have been made to
compare the performance of AAC systems using R1234yf
and R134a. However, the number of investigations on the
performance comparison of AHP systems with these two
refrigerants is very limited. In those studies, the tests were
usually performed in a narrow range by considering the
energy performance of the system. In this study, based on
tests conducted in a broad range of operating conditions,
various energy and exergy performance merits of an AHP
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system with R1234yf were experimentally evaluated and
compared with those of the system with R134a.

Experimental system and test procedure

The schematic layout of the experimental AHP is indicated
in Fig. 1. It was developed by adding some extra components
to the refrigeration circuit of the air-conditioning system
employed in a compact automobile. It employs a fixed-
capacity seven-cylinder wobble plate compressor, parallel
flow micro-channel outdoor unit, laminated indoor unit, lig-
uid receiver, filter/drier, reversing valve, two thermostatic
expansion valves (TXVs) and five hand valves which are
indicated by the symbol V in Fig. 1. The technical specifica-
tions of these components are reported in Table 1.

The compressor was operated by a 5.5-kW three-phase
asynchronous electric motor via a frequency inverter to
run it at desired speeds. The indoor unit, which was origi-
nally an evaporator, and the outdoor unit, which was origi-
nally a condenser, were located into separate 100-cm-long

Ambient air

Table 1 Technical specifications of the components of the experi-
mental AHP

Component Specification

Type: seven-cylinder wobble plate fixed capacity
Stroke volume: 154.90 cm® !

Type: parallel flow micro-channel

Dimensions: 630 mm X 380 mm X 20 mm
Number of channels: 37

Compressor
Outdoor unit
Type: laminated

Dimensions: 235 mm X 220 mm X 65 mm
Number of channels: 20

Indoor unit

Type: internally balanced thermostatic expansion
valves
Capacity: 5.5 kW

Expansion valves

air ducts. The indoor and outdoor air ducts have their
own electric heaters with the heating capacities of 1.8
and 5.4 kW, respectively. They were located upstream of
the units to obtain the desired air temperatures at their
inlets. A twin axial fan arrangement provided an outdoor
air stream with an average speed of 3.6 m s~! while a
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Fig. 1 Schematic layout of the experimental AHP

@ Springer

electric motor



Experimental energy and exergy performance of an automotive heat pump using R1234yf

centrifugal fan provided an indoor air stream with an aver-
age speed of 1.5 ms™".

Figure 1 also indicates the points at which mechanical
measurements such as pressure, temperature, relative humid-
ity, refrigerant flow rate, air speed and compressor speed
were performed. The refrigerant mass flow rate was meas-
ured by a Coriolis mass flow meter placed downstream of the
condenser. The suction and discharge pressures were meas-
ured by both pressure transmitters and Bourdon manometers,
while the indoor unit outlet pressure, outdoor unit inlet pres-
sure and liquid line pressure were measured by only pres-
sure transmitters. The pressure measurement locations are
indicated by the symbol P in Fig. 1. The refrigerant tem-
peratures were measured by T-type thermocouples located
at the points indicated by the symbol T. Moreover, the air
dry-bulb temperatures and relative humidities were moni-
tored by SHT 71 type temperature/humidity sensors located
at the points indicated by the symbols T and RH, respec-
tively. The average air speeds in the ducts were measured
by air flow transmitters placed in the positions shown by the
symbol V,. Because a torque sensor was not employed in the
system to measure the shaft torque applied to the compres-
sor pulley, the compressor power was determined from the
refrigerant side by applying the conservation of energy prin-
ciple to the compressor as defined in the next section. The

compressor speed was measured by an inductive proximity
sensor. The data obtained from the sensors were collected
by data acquisition cards and transmitted to a computer via
a RS485 MODBUS communication protocol. The desired
operating conditions were specified by the user in the com-
puter environment, and the operation of the experimental
system at these conditions was performed by a PLC, which
could change the compressor speed and air temperatures
incoming the indoor and outdoor units by controlling the
inverter of the compressor electric motor and duct electric
heaters, respectively. The specifications of the instruments
are reported in Table 2, and a photograph of the AHP system
is indicated in Fig. 2.

The refrigerants tested in the experimental AHP system
were R134a and R1234yf. Various thermodynamic, trans-
port, environmental and safety properties of these refriger-
ants are reported in Table 3. Both refrigerants are non-toxic
and pure substances with zero ODP. However, having a 100-
year GWP of 1430 [2], R134a cannot meet the F-gas regula-
tion of the EU. Although the 100-year GWP of R1234yf was
initially calculated as 4 [2], further investigations revealed
that its GWP was less than 1 [6]. R134a and R1234yf are
classified as non-flammable (A1) and mildly flammable
(A2L) refrigerants, respectively, by ASHRAE [21, 31].
R1234yf is an unsaturated organic compound composed of

Table 2 Specifications of the

. . Physical quantity Instrument Range Uncertainty
instrumentation
Refrigerant temperature Type T thermocouple —40-350 °C +0.5°C
Air dry-bulb temperature SHT 71 temperature sensor —40-123 °C +04°C
Pressure Vika S—10 transmitter 0-25 bar +0.25 bar
Relative humidity SHT 71 humidity sensor 0-100% +3%
Air velocity EE65-VCK200 transmitter 0.2-10m s~ +02ms™!
Mass flow rate Krohne Optimass 3300C H04 0-450kgh™! +0.1%

Coriolis flow meter

Fig.2 Photograph of the experi-
mental AHP
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Table 3 Thermodynamic, transport, environmental and safety proper-
ties of the tested refrigerants [6, 18, 21, 31, 33]

Refrigerant R134a R1234yf

Chemical formula CH,FCF; C;H,F,

Molar mass/g mol~! 102.03 114.04
Boiling point/°C —-26.3 -30
Critical point/°C 101.1 94.7
Critical pressure/kPa 4059.3 3382.2
Liquid density @ 0 °C/kg m™> 1294.8 1176.3
Vapour density @ 0 °C/kg m™ 14.428 17.647
Latent heat of vaporization @ 0 °C/kJ kg™! 198.60 163.29
Latent heat of vaporization @ 45 °C/kJ kg™! 157.58 127.36
Liquid viscosity @ 0 °C/uPa s 266.53 208.33
Vapour viscosity @ 0 °C/uPa s 10.726 10.068
Liquid thermal conductivity @ 0 °C/W m™'K~' 0.0920  0.0715
Vapour thermal conductivity @ 0.0115 0.0116
0°C/W m~'K™!
ODP 0 0
GWP 1430 <1
ASHRAE Safety Group Al A2L

hydrogen, fluorine and carbon. Its atmospheric oxidation
gives trifluoroacetic acid (TFA). Although TFA is corrosive,
it is not considered hazardous because its carbon—fluorine
bond is stable [32]. R1234yf has an atmospheric life cycle of
as short as 11 days, i.e. it degrades very quickly. TFA is bio-
degradable, and there is no significant risk from TFA formed
by the degradation of R134a [32]. All thermodynamic and
transport properties of the refrigerants presented in Table 3
were taken from REFPROP 9.1 software [33]. The liquid
density of R1234yf is lower and vapour density of R1234yf
is higher than the corresponding densities of R134a. The
latent heat of vaporization of R1234yf is lower than that of
R134a for common evaporating and condensing pressures
experienced in AAC systems. The liquid and vapour vis-
cosities of R1234yf are lower relative to the related viscosi-
ties of R134a. Furthermore, the liquid thermal conductivity
of R1234yf is lower than that of R134a, while the vapour
thermal conductivities of both refrigerants are close to each
other.

The system was initially tested with an R134a charge of
1850 g, which yielded the best system performance. Then,
the R134a was recovered, and in accordance with Cho et al.
[34], the system was charged with 1650 g of R1234yf, about
10% less than the R134a charge. The difference between
R1234yf and R134a charges was due to about 10% lower
liquid density of R1234yf compared with that of R134a.

In AAC systems driven by internal combustion engines,
the compressor speed changes as a function of the engine
speed and it is about the same as the engine speed. While
the idle speed of engines for regular automobiles is typically
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between 600 and 1000 rpm, the driving speed ranges
between 2000 and 3000 rpm. In the tests, the minimum com-
pressor test speed corresponding to engine idle speed was
chosen as 800 rpm and the maximum speed was chosen as
2800 rpm. Once the required test speed was specified by the
user via the computer connected to the PLC, the compres-
sor speed was immediately adjusted to the required value by
the PLC through changing the output voltage frequency of
the inverter energizing the electric motor of the compressor.

The system was tested by keeping the air temperatures
incoming the indoor and outdoor units simultaneously at the
same values, namely 2 °C and 10 °C. For 2 °C incoming air
temperature, the compressor speed was varied between 800
and 1600 r min~! with 200 r min~! interval. The compressor
speeds exceeding 1600 r min~" for this air inlet temperature
yielded sub-zero evaporating temperatures and eventually
caused frost formation on the outdoor unit. Therefore, the
tests at 2 °C air inlet temperature were not performed at
the speeds exceeding 1600 r min~!. Furthermore, the air
relative humidity entering the outdoor unit was maintained
at 77 = 8% for both refrigerants in these tests. On the other
hand, frost formation on the outdoor unit was not observed in
the tests conducted at 10 °C air inlet temperature as a result
of rising evaporating temperature. Consequently, these tests
were performed in the range of 800-2800 r min~'. Moreo-
ver, the relative humidity of the air stream incoming the
outdoor unit was maintained at 52 +4% for both refrigerants
in these tests. Not only the steady-state but also the transient
performance of the experimental system was evaluated. The
former was achieved using only the steady-state data, which
were collected in the last 5 min of the tests.

Energy and exergy analyses
of the experimental AHP

The conservation of energy principle was applied to the
components of the experimental AHP to evaluate its energy
performance parameters by ignoring the pressure drops in
the indoor and outdoor units as well as refrigerant lines
and assuming that the kinetic and potential energies do not
change in the components.

Referring to Fig. 1 and using the conservation of energy
principle, the heat transfer rate in the indoor unit, i.e. the
heating capacity of the system, can be determined from

0Oy, = i (hy — hy) ()

where 7, is the refrigerant mass flow rate and £ is the
enthalpy of the refrigerant, which can be obtained from
REFPROP 9.1 software [33] as functions of pressure and
temperature measurements.
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The compressor power transferred to the refrigerant in the
adiabatic compressor can be evaluated from

Wcomp = mr(hZ - hl) (2)

The ratio between the heating capacity and compressor
power yields the COP for heating, an indicator of the energy
effectiveness of the AHP, i.e.

COP = Q— 3)

comp

If the exergy rate balance equation is applied to the sys-
tem components, their thermodynamic inefficiencies can
be determined. This equation for control volumes can be
written as

T\ . . .
Z (1 - %)Q]’ - W, + Z M Win — Z Moy Wou = EXy
j

“)
where T is the environmental temperature, Q] is the time
rate of heat transfer at the l.ocation on the boundary, T; is
the boundary temperature, W, is the work produced in the
control volume, 7 is the mass flow rate, y is the specific flow
exergy, and Ex, is the rate of exergy destruction in the con-
trol volume while the subscripts in and out denote inlet and
outlet, respectively. The specific flow exergy of the refriger-
ant can be obtained from

w = (h=ho) = Ty(s = so) (5)

where subscript “0” denotes the dead state.
Assuming that the compressor operates adiabatically, the
compressor exergy destruction rate can be evaluated from

EXd,comp = mr(wl - WZ) + Wcomp (6)

The outdoor unit exergy destruction rate can be deter-
mined from

EXd,ou = ﬂ’lr(lll7 - WS) + ma,ou (Wa,E - ll/a,F) (7)

where 7, ., indicates the air mass flow rate blown across the
outdoor unit. The specific flow exergies of air at locations E

and F can be obtained from [35]

Assuming that the expansion valve operates adiabati-
cally, the exergy destruction rate in the TXV can be found
from

EXd,TXV = mr(ll/6 - W7) 9

The indoor unit exergy destruction rate can be evalu-
ated from

EXd,iu = mr(WS - I1/4) + ma,iu(wa,B - ll/a,C) (10)

The specific flow exergies of air at locations B and C
can be obtained from Eq. (8).

The exergy destruction in the reversing valve can be
ignored because this component has been insulated very
well, and the heat transfer rate between the two refriger-
ant streams passing through it is very low. Then, the total
exergy destruction rate in the AHP can be evaluated from
the summation of the individual destruction rates, i.e.

EX g0t = EXgcomp T EXgou + EXgrxv + EXqjy (1D

Uncertainty analysis

The uncertainties of the performance parameters of the
AHP system were determined using the method proposed
by Moffat [36]. In this method, if a function y is to be cal-
culated from a set of totally n measured variables, namely
X}, X5 ..., X, the uncertainty of the y function can be deter-
mined from

12)

where u,_indicates the uncertainty of the measured variable.

Considering that the y function is the performance param-
eters defined by Eqgs. (1-3), (6), (7) and (9—11) and using
the test results along with the uncertainties of the instru-
ments specified in Table 2, the absolute uncertainties of the
performance parameters can be calculated from Eq. (12).
With the aid of Engineering Equation Solver software [37],

v = (¢pa +wcP,V)TO[<T10> ~1-In <T10>] + [(1 + 1.6078)R, T, In <1%>]
)

1+ 1.6078w, 0]
+ R, Tyq 1+1.6078w)In [ —————— ) +1.6078wIn | —

1+ 1.6078w

Wy

where ¢, , and ¢, , are specific heats of air and water vapour,
respectively, R, is the ideal gas constant of dry air, w is the

specific humidity and P is the pressure.

the uncertainty bands of the performance parameters of the
AHP system have been evaluated and the results are pre-
sented in Table 4 for both refrigerants.
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Table 4 Absolute uncertainties of the performance parameters of the

AHP system

Parameter R134a R1234yf

0 /KW +0.011-0.017 +0.012-0.019
Weomp/ kKW +0.010-0.015 +0.012-0.017
COP +0.029-0.104 +0.033-0.123
EXq comp/kW +0.043-0.083 +0.046-0.088
EXg o0 /KW +0.036-0.074 +0.038-0.079
Exqxy /KW +0.006-0.011 +0.008-0.014
Exgu/kW +0.006-0.007 +0.006-0.007
EXg o /KW +0.011-0.015 +0.012-0.016

Total equivalent warming impact (TEWI)
of the experimental AHP system

The AAC and AHP systems can cause warming impact on
the environment directly or indirectly. Their direct impact
is due to the refrigerant emissions caused by leakage, par-
tial recovery of the refrigerant and disposal of the system.
Their indirect impact, on the other hand, is due to the CO,
emissions caused by the burning of the fuel to generate the
mechanical power required for driving the AAC and AHP
systems. The sum of these two impacts is represented by
the total equivalent warming impact (TEWI), which can be
calculated from the equation below in kg CO, equivalent
[22, 38]

TEWI = GWP L N m, + GWP m (1 — a)

MAHP Dann > COPR134a ﬂN
™ 100 10000/ COP,

13)
where L is the annual refrigerant leakage ratio and m, is the
refrigerant charge in the system, respectively, while N is the
lifetime of the system and «a is the refrigerant recovery factor.
Moreover, FC,,, indicates the volumetric fuel consumption
per 10,000 km driving to power the AHP using R134a, D,
shows the annual driving distance in km, FC,, denotes the
volumetric fuel consumption for incremental mass changes
of the vehicle per 100 kg mass of the AHP system per
10,000 km driving and myp means the mass of the AHP
system. Finally, g is the CO, emission factor of the fuel used
in the vehicle in kg CO, per unit fuel volume, COPg 3,4, is
the COP of the system using R134a while COP, is the COP
of the system using the tested refrigerant, i.e. COPy 3,4, or
COPR 234y The sum of the first and second terms in Eq. (13)
accounts for the direct impact while the third term gives the
indirect impact of the system on global warming.

The TEWI of the experimental AHP system was
evaluated using the assumptions or experimental values
described below:

Dann
+ (FCPOWIOOOO +FC
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Fig.3 Conditioned air temperature as a function of time

e The GWP of R134a is 1430. Although the GWP of
R1234yf is reported as lower than 1 [6], it is assumed as
1.

e The annual leakage ratio is 0.2 (i.e. 20%) [22], and the
lifetime of the system is 15 years [22].

e The refrigerant charges used in the experimental system
are 1.85 kg and 1.65 kg for R134a and R1234yf, respec-
tively.

e The recovery factor is 0.75 [39].

e The volumetric fuel consumption to power the AHP with
R134ais 60 L of gasoline per 10,000 km driving.

e The volumetric fuel consumption due to the increase in
the vehicle mass is 57 L of gasoline per 100 kg mass of
the AHP system per 10,000 km driving [38].

e The mass of the AHP system is 15 kg [22], and the
annual driving distance is 12,000 km.

e The CO, emission factor of the fuel is 2.31 kg CO, per L
gasoline.

¢ The COPygy34, and COPg ;34 are assumed to be equal to
the mean experimental COP values, namely 3.5644 and
3.4061, respectively.

The results of TEWI calculations are presented in the
next section.

Results and discussion

Various performance merits of the experimental AHP using
R1234yf are presented in Figs. 3—11 relative to the baseline
system using R134a.

The variation in the conditioned air temperature leaving
the indoor unit of the AHP with respect to time is reported
in Fig. 3. It usually took about 5-7 min to the reach steady
state for both refrigerant cases depending on the compres-
sor speed and air inlet temperatures. In the most critical
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test performed at the compressor speed of 800 r min~' and

air inlet temperature of 2 °C, the R134a and R1234yf sys-
tems yielded the steady-state conditioned air temperatures
of 36.5 °C and 29.9 °C, respectively. On the other hand,
when the air inlet temperature was 10 °C for 800 r min~!,
the R134a and R1234yf systems resulted in the steady-state
conditioned air temperatures of about 49.4 °C and 44.8 °C,
respectively. Furthermore, when the compressor speed was
increased to 2800 r min~! for 10 °C air inlet temperature,
the R134a and R1234yf systems provided the steady-state
conditioned air temperatures of about 68.7 °C and 59.2 °C,
respectively. Because the latent heat of vaporization of
R134a is 21-28% higher than that of R1234yf depending
on the saturation temperature, R134a absorbs more heat
from the ambient air in outdoor unit, thus rejecting more
heat in the indoor unit and providing higher conditioned air
temperature.

The steady-state conditioned air temperature leaving the
indoor unit of the AHP with respect to the compressor speed
is shown in Fig. 4. The higher the compressor speed, the
higher the conditioned air temperature for both refrigerants.
Furthermore, the conditioned air temperature gets higher
when the air temperatures entering the outdoor and indoor
units increase simultaneously. For 2 °C air inlet tempera-
ture, the AHP with R1234yf resulted in 4.2-6.6 °C lower
conditioned air temperature compared to the system with
R134a in the compressor speed range of 800—1600 r min~".
On the other hand, for 10 °C air inlet temperature, the AHP
system with R1234yf yielded 3.3—10.8 °C lower conditioned
air temperature in the compressor speed range of 800-2800
rmin~!.

The refrigerant mass flow rate in the AHP with respect
to the compressor speed is indicated in Fig. 5. The mass
flow rate gets higher with rising compressor speed and air
temperatures entering the outdoor and indoor units for both
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Fig.5 Refrigerant mass flow rate as a function of the compressor
speed

refrigerants. When the air temperature entering the outdoor
unit increases, so does the refrigerant mass flow rate. How-
ever, it decreases on increasing the air temperature enter-
ing the indoor unit. When both air temperatures increase
simultaneously, the effect of the former one overweighs that
of the latter, thus promoting the refrigerant mass flow rate.
Because the vapour density of R1234yf is higher than that of
R134a for the same saturation temperature, it yields higher
refrigerant mass flow rate. For the air inlet temperatures of
2 °C and 10 °C, the mass flow rate of R1234yf was higher
than that of R134a in the ranges of 9.7-13.9% and 4.4-8.9%,
respectively.

The heating capacity of the AHP with respect to the
compressor speed is reported in Fig. 6. Since the refrig-
erant mass flow rate increases with the compressor speed,
so does the heating capacity for both refrigerants. Further-
more, when the air temperature incoming the outdoor unit
increases, more heat is transferred from the air stream to
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Fig. 6 Heating capacity as a function of the compressor speed
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the evaporating refrigerant in this unit. Consequently, the
amount of heat transferred to the conditioned air stream
in the indoor unit increases, thus causing a higher heating
capacity. The AHP system using R134a and R1234yf pro-
vided heating capacities in the ranges of 2.15-3.47 kW and
1.96-3.14 kW, respectively. For the air inlet temperature of
2 °C, the AHP with R1234yf yielded 9.2-12.2% lower heat-
ing capacity than the system with R134a. For the air inlet
temperature of 10 °C, on the other hand, the system with
R1234yf yielded 10.9-15.4% lower heating capacity. As a
result of the higher latent heat of vaporization of R134a,
the system with R134a provides a higher heating capacity
despite its lower refrigerant mass flow rate. Although both
refrigerants offer considerable heating capacities, they are
unsatisfactory to meet the comfort heating requirement of
the passenger cabin in an automobile.

The compressor power of the AHP with respect to the
compressor speed is shown in Fig. 7. The compressor power
gets higher with rising compressor speed and air tempera-
tures entering the outdoor and indoor units. Because rising
the compressor speed promotes the refrigerant mass flow
rate and pressure ratio across the compressor, the compres-
sor power gets higher. Furthermore, rising the air tempera-
tures increase the compressor pressure ratio, thereby causing
higher compressor power. Although R1234yf operates with
higher refrigerant mass flow rates, it experiences lower com-
pressor pressure ratios relative to R134a. It is seen that the
effect of the latter overweighs that of the former one. The
AHP system using R134a and R1234yf absorbed compressor
powers in the ranges of 0.46—1.40 kW and 0.43-1.29 kW,
respectively. The AHP system with R1234yf absorbed
5.4-9.2% and 5.5-10.4% less compressor power in compari-
son with the system with R134a for the air inlet temperatures
of 2 °C and 10 °C, respectively.

The COP for heating of the AHP with respect to
the compressor speed is presented in Fig. 8. The COP
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Fig.7 Compressor power as a function of the compressor speed

@ Springer

5.0
1 A R134a, Tou, ai=Tiu,ai=2°C
4.6 - A R1234yf, Tou, ai =Tiu,ai=2°C
0O R134a, Tou, ai = Tiu, ai= 10 °C
4.2 4 W R1234yf, Tou, ai = Tiu, ai = 10 °C

Coefficient or performance

22 +4———v+—F—7"—+7" T
700 1000 1300 1600 1900 2200 2500 2800

Compressor speed/r min~!

Fig.8 Coefficient of performance as a function of the compressor
speed

decreases with rising either the compressor speed or air
temperatures entering the outdoor and indoor units for
both refrigerant cases. A rise in the compressor speed
leads to a moderate increase in the heating capacity but
a more abrupt increase in the compressor power. Conse-
quently, the COP for heating drops with rising compressor
speed. Similarly, when the air inlet temperatures increase,
the compressor power gets higher more abruptly than the
heating capacity does, thus reducing the COP. The AHP
system using R134a and R1234yf resulted in COP values
in the ranges of 2.54-4.68 and 2.44-4.56, respectively.
Although R1234yf absorbs slightly less compressor power,
it provides considerably lower heating capacities, thus
resulting in lower COP values relative to R134a. For the
air inlet temperatures of 2 °C and 10 °C, the AHP with
R1234yf yielded 1.6-4.5% and 3.7-7.1% lower COP com-
pared to the system with R134a, respectively.

The compressor discharge temperature of the AHP with
respect to the compressor speed is reported in Fig. 9. The
higher the compressor speed or air inlet temperatures,
the higher the compressor discharge temperature for both
refrigerant cases. Rising either the compressor speed or
air inlet temperatures promote the pressure ratio across
the compressor and refrigerant mass flow rate, thus lead-
ing to elevated compressor discharge temperature. High
discharge temperature deteriorates the compressor lubri-
cation oil, thus decreasing the lifetime of the compressor.
However, it promotes the heat rejection in the indoor unit,
thus increasing the heating capacity. For the air inlet tem-
peratures of 2 °C and 10 °C, the R1234yf system yielded
13.8-20.8 °C and 13.9-21.6 °C lower discharge temper-
ature relative to the R134a system, respectively. Lower
discharge temperature provided by the AHP system with
R1234yf is one of the reasons of its poorer heating capac-
ity reported in Fig. 6.
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The exergy destruction rates in the AHP components are
shown in Fig. 10 for two different air temperatures incoming
the outdoor and indoor units at 1000 r min~! compressor
speed. The outdoor unit destructed the largest exergy, fol-
lowed by the indoor unit, expansion device and compressor
in decreasing order for both refrigerant cases. The exergy
destructions in the outdoor and indoor units are due to the
heat transfer between the refrigerant and air streams. The
exergy destruction rates in these units increase with rising
temperature difference between these two streams. In the
outdoor unit, the R1234yf system destructed 5.6-19.2%
more exergy than the R134a one. Because R1234yf yields a
lower compressor discharge temperature, it causes a lower
average temperature difference between the refrigerant
and air streams in the indoor unit, thus causing less exergy
destruction in the indoor unit compared to R134a. The AHP
with R1234yf yielded 25.5-39.8% less indoor unit exergy
destruction rates than that with R134a. Despite lower com-
pressor pressure ratios experienced with R1234yf, due to
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Fig. 10 Exergy destruction rates in the components

higher refrigerant flow rates, the compressor and expansion
device of the R1234yf system destruct larger exergy relative
to the system with R134a. Moreover, both the refrigerant
mass flow rate and compressor pressure ratio increase with
rising air inlet temperatures, thus destructing more exergy
in the compressor and expansion device. Consequently, in
comparison with the R134a system, the R1234yf system
destructed 7.9-14.1% and 25.8-26.9% more exergy in the
compressor and TXYV, respectively, as a function of the air
inlet temperatures.

The total exergy destruction rate per unit heating capac-
ity of the AHP with respect to the compressor speed is
reported in Fig. 11. Because the exergy destruction rate in
each component of the AHP increases more abruptly than
the heating capacity does with rising either the compressor
speed or air inlet temperatures, the total exergy destruction
rate per unit heating capacity increases with them as well.
The pressure ratio across the compressor increases on ris-
ing the compressor speed, thereby decreasing the evaporat-
ing temperature and increasing the condensing temperature.
As a result, the temperature difference between the air and
refrigerant streams increases, and the exergy destruction
rates in the evaporator and condenser get higher. Moreover,
rising pressure ratio leads to larger exergy destructions in the
compressor and TXV. The total exergy destruction rate per
unit heating capacity of the R1234yf system was 3.1-19.2%
and 8.6-16.1% higher than that of the R134a system for
the air inlet temperatures of 2 °C and 10 °C, respectively.
These results agree with the lower COP values offered by
the R1234yf system as shown in Fig. 8.

Based on the assumptions and experimental values
described in the previous section, the TEWI of the experi-
mental AHP system with R134a and R1234yf is reported in
Table 5. It is seen that the impact of the direct refrigerant
emissions from the R134a system is substantially greater
than that from the R1234yf system. However, the R1234yf
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Table 5 TEWI of the AHP system using R134a and R1234yf

Impact R134a R1234yf
Direct impact/kg equivalent CO, 8598 5
Indirect impact/kg equivalent CO, 2850 2983
TEWI//kg equivalent CO, 11,448 2988

system yields a slightly higher impact due to the power-
ing of the system. Consequently, the use of R1234yf in the
AHP causes a considerably lower TEWI relative to the use
of R134a. These TEWI results agree with those reported
by Hamza and Khan [39] and Tuchowski and Kurts-Orecka
[40].

In accordance with the findings of this study, insuffi-
cient heating capacities for R134a AHP systems were also
reported by Hosoz and Direk [12] and Lee and Lee [16].
Furthermore, Direk and Yuksel [30] also found that their
R1234yf AHP performed poorly in terms of the heating
capacity and COP compared with the R134a system.

Conclusions

An experimental AHP was developed by adding a reversing
valve, another expansion valve and hand valves to the com-
ponents of an AAC system belonging to a compact automo-
bile. The performance merits of the AHP were evaluated for
R134a and R1234yf by changing the compressor speed in
the range of 800-2800 r min~"! for two different temperatures
of the air streams incoming the outdoor and indoor units,
namely 2 °C and 10 °C. The following conclusions can be
extracted from the comparison of the experimental results:

e The AHP with R1234yf resulted in steady-state con-
ditioned air temperatures ranging between 29.9 and
59.3 °C, which were 3.3-10.8 °C lower than those pro-
vided by the system with R134a.

e The AHP with R1234yf yielded 4.4-13.9% higher refrig-
erant mass flow rates in comparison with the system with
R134a.

e The AHP with R1234yf yielded heating capacities rang-
ing between 1.96 and 3.14 kW, which were 9.2-15.4%
lower in comparison with the system with R134a.

e The AHP with R1234yf resulted in COP values rang-
ing between 2.44 and 4.56 kW. Although it absorbed
5.4-10.4% less compressor power, it yielded 1.6-7.1%
lower COP relative to the R134a system.

e The AHP with R1234yf provided 13.8-21.6 °C lower
compressor discharge temperatures compared to the sys-
tem with R134a.

e For both refrigerant cases, the component causing the
largest exergy destruction was the outdoor unit, followed
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by the indoor unit, TXV and compressor in reducing
order.

e The AHP with R1234yf caused 3.1-19.2% higher total
exergy destruction rate per unit heating capacity in com-
parison with the R134a system.

e The TEWI of the AHP with R134a is 11,448 kg equiva-
lent CO,, while that with R1234yf is only 2988 kg equiv-
alent CO,.

These findings reveal that R1234yf can be used in AHP
systems in expense of lower heating capacity and COP rela-
tive to R134a. The heating capacity of the system for both
refrigerants is too low to meet the comfort heating require-
ment of the passenger cabin in an automobile. Therefore,
it can presently be used to provide supplemental heating.
However, the performance of AHP systems can be improved
by increasing the size of the outdoor unit or its air flow rate
to promote the heat absorbed from the ambient air. Further-
more, employing a compressor with larger stroke volume
and compression ratio will increase both the refrigerant flow
rate and compressor discharge temperature, thus promoting
the heating capacity. Moreover, the performance of the AHP
systems with R1234yf can be increased by using an internal
heat exchanger between the suction and discharge lines of
the refrigeration circuit to drop the enthalpy of the refriger-
ant entering the outdoor unit. In this case, the refrigerant can
absorb more heat from the ambient air in the outdoor unit,
thus dissipating more heat in the indoor unit, which leads to
higher heating capacity and COP.
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