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Abstract
In this work, the performance enhancement of a HFO-1234yf mobile air conditioning (MAC) system with a suction/liquid 
line heat exchanger (SLHX) was carried out experimentally by tuning the thermostatic (constant superheat) expansion valve 
(TXV) and its impact on the environment was also evaluated. The optimum charge of HFO-1234yf and HFC-134a systems 
was found to be 670 g and 740 g, respectively. The results showed that the HFO-1234yf system with SLHX had better coef-
ficient of performance (COP) and exergy efficiency when compared to HFC-134a system with SLHX at idling condition, 
whereas it had reduced performance at other speed conditions. The tuning of the TXV in the HFO-1234yf system had a 
positive influence on the COP, cooling capacity, and exergy efficiency and those were higher than that of existing HFC-
134a system by 4.3–8.6%, 6.5–10.1%, and 3.7–5.1%, respectively, at idling and city speed conditions, whereas those were 
slightly lower at high-speed conditions. The total  CO2 equivalent emission of tuned and un-tuned HFO-1234yf system was 
27.98% and 24.64% lower than that of the existing HFC-134a system. The outcome of this study indicated that the SLHX 
implementation in the HFO-1234yf MAC system with tuned TXV could be a possible option to replace HFC-134a.

Keywords Global warming potential · HFO-1234yf · Total equivalent warming impact · Suction line heat exchanger · 
Thermostatic expansion valve · COP

Abbreviations
CC  Compressor volumetric capacity  (m3 min−1)
CFC  Chlorofluorocarbon
GWP  Global warming potential
HC  Hydrocarbon
HFC  Hydrofluorocarbon
HFO  Hydrofluoroolefin
HVAC  Heating, ventilation and air conditioning
IRD  Integrated receiver dryer
MAC  Mobile air conditioning
ODP  Ozone depleting potential
RPM  Revolution per minute
RPS  Regulated power supply

SLHX  Suction line heat exchanger
TEWI  Total equivalent warming impact
TFA  Trifluoroacetic acid
TXV  Thermostatic expansion valve
VCR  Vapour compression refrigeration
VFD  Variable frequency drive

Symbols
COP  Coefficient of performance
DBT  Dry bulb temperature (°C)
DSC  Degree of subcooling (°C)
DSH  Degree of superheating (°C)
Ė  Exergy rate (kW)
ED  Exergy destruction rate (kW)
EDR  Exergy destruction ratio
h  Enthalpy (kJ kg−1)
L  Average refrigerant leakage (%)
ṁ  Mass flow rate (kg s−1)
Mf  Mass of fuel used (L)
Ms  Refrigerant charge quantity (g)
N  System lifetime (years)
P  Pressure (bar)
Q  Heat transfer (kW)
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RH  Relative humidity (%)
Ṡ  Entropy (kJ kg−1 K−1)
T  Temperature (°C)
W  Work consumption (kW)
Y  Variables that represents COP, cooling capacity 

or exergy efficiency

Greek symbols
α  Percentage of refrigerant recover (%)
β  CO2 emission factor
�̇�  Specific volume  (m3 kg−1)
�  YHFO−1234yf−YHFO−134a

YHFO−134a

η  Efficiency (%)

Subscripts
comp  Compressor
cond  Condenser
d  Discharge
ele  Motor electrical power
evap  Evaporator
ex  Exergy
exp  Expansion device
gen  Generation
in  Inlet
L.S  Liquid side
O  Dead state
ot  Outlet
r  Refrigerant
ref  Reference state
V.S  Vapour side

Introduction

HFC-134a was evolved as a permanent replacement for 
CFC-12 and is being used for the past few decades. As 
global warming has become increasingly significant, it is 
important to limit and reduce the usage of high global warm-
ing potential (GWP) refrigerants [1]. As indicated by Kyoto 
protocol in 1997, HFC-134a was recognised as a controlled 
ozone depleting substance, and it has global warming poten-
tial of 1430. The Kigali Amendment to Montreal Protocol 
[2] was recommended to reduce the production and usage 
of the high GWP HFC refrigerants. In India, the usage of 
HFC-134a in new systems has been planned to be banned by 
2028 with a servicing tail till 2047 (Article 5 parties, Group 2).  
In Europe, the MAC manufacturers have already banned the 
usage of HFC-134a in vehicles manufactured since 2016 due 
to the F-Gas regulations and fixed the maximum permissi-
ble limit of GWP in alternatives as 150 [3]. Therefore, it is 
necessary to select new alternative refrigerants having GWP 
less than 150 to substitute HFC-134a in mobile air condi-
tioning (MAC) sector. The air conditioners in automobiles 

consume 12–17% of its total power from the engine, and 
thus it has a significant role in the vehicle fuel consumption 
[4] and hence detailed energy efficiency enhancement stud-
ies are needed on the new refrigerants.

Refrigerants such as R-744, HFC-152a, hydrocarbons (HC-
290 and HC-600a), and hydrofluoroolefins (HFO-1234ze and 
HFO-1234yf) have GWP less than 150, and they are the prob-
able candidates to replace HFC-134a [5]. The natural refriger-
ant R-744 has a GWP of 1, but it has disadvantages of very 
high operating pressure and low critical temperature. There-
fore, R-744 is not appropriate to be retrofit in existing HFC-
134a system [6]. Tanaka and Higashi [7] have reported that 
HFO-1234yf is a possible candidate for retrofitting in HFC-
134a system because of its similar thermo-physical properties 
and low GWP (< 4). However, it has flammability issues and 
is classified under A2L as a mildly flammable substance in 
ASHRAE standard 34 [8]. Typical thermo-physical properties 
of HFC-134a and HFO-1234yf are shown in Table 1.

The trifluoroacetic acid (TFA) formation is a problem 
associated with the usage of HFO-1234yf in a MAC sys-
tem when released/leaked into the atmosphere. The TFA is 
extremely resistant to reductive degradation and microbial 
oxidation. Therefore, this will accumulate in the water bod-
ies over a long period of time, resulting in harmful effects 
on flora and fauna [9]. Lueken et al. [10] reported that the 
100 μg L−1 of TFA concentration is found to be a safe level 
in the aquatic bodies and the direct inhalation of HFO-1234yf 
in atmosphere will not cause any health effects. Kajihara 
et al. [11] simulated the TFA formation due to the leakage of 
HFO-1234yf used in HFC-134a system, and it was revealed 
that the peak TFA levels were in the range between 1.26 and 
1.70 μg L−1 only. Therefore, the effect of HFO-1234yf on the 
environment is very minimal and it is safe.

Lewandowski [12] reported that the HFO-1234yf has 
lower flammability index than that of the HFC-152a, HC 

Table 1  Properties of refrigerant HFC-134a and HFO-1234yf at 5 °C

Properties HFC-134a HFO-1234yf

Saturated pressure/bar 349.66 372.92
Vapour density/kg m−3 17.131 20.744
Liquid density/kg m−3 1278.1 1160.4
Vapour enthalpy/kJ kg−1 401.49 366.52
Liquid enthalpy/kJ kg−1 206.75 206.5
Vapour Cp/kJ kg−1 K−1 0.92059 0.94835
Liquid Cp/kJ kg−1 K−1 1.3552 1.308
Vapour therm. cond./W m−1 K−1 11.954 × 10−3 12.044 × 10−3

Liquid therm. cond./W m−1 K−1 89.806 × 10−3 73.422 × 10−3

Vapour viscosity/Pa s 10.911 × 10−6 11.363 × 10−6

Liquid viscosity/Pa s 250.11 × 10−6 197.1 × 10−6

GWP 1430 4
Flammability A1 A2L
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refrigerants and their blends, and it was acceptable to be 
used in new MAC systems as well as in retrofitted systems. 
According to Environmental Protection Agency [13], the 
HFO-1234yf in the MAC systems must follow some safety 
requirements as per SAE J639 which includes compressor 
cut-in/cutoff switch, pressure relief devices, and other spe-
cific fittings.

Previous studies [14–16] revealed that the coefficient of 
performance (COP) and cooling capacity of vapour com-
pression refrigeration (VCR) system with HFO-1234yf were 
3–15% and 0.3–19%, respectively, lower than those with 
HFC-134a. Sukri et al. [17] stated that the liquid subcool-
ing has the potential to improve the performance of a MAC 
system operated with HFO-1234yf and HFC-134a. Junye 
et al. [18] found that the MAC system performance with 
HFO-1234yf was poorer under retrofit condition. However, 
the tuning of thermostatic expansion valve (TXV) superheat-
ing resulted in better system performance. Zilio et al. [19] 
analysed the experimental performance of HFO-1234yf in 
a typical HFC-134a MAC system with a nominal cooling 
capacity of 5800 W. It was reported to have a poorer perfor-
mance as a drop in substitute and suggested to have small 
hardware modifications such as TXV tuning and optimised 
variable displacement compressor to improve the system 
performance. Many researchers [20–24] suggested that 
the use of suction/liquid line heat exchanger (SLHX) and 
sub-cooler can improve the subcooling before the expan-
sion process. The study made by Desai et al. [22] found 
that the HFC-134a system COP was improved by 7–12% 
with the introduction of SLHX. Navarro-Esbri et al. [23] 
and Cho et al. [24] reported that the difference in cooling 
capacity and COP between HFO-1234yf and HFC-134a can 
be reduced by up to 1.8% and 3%, respectively, by adopting 
SLHX.

Another great challenge for air conditioning engineers is 
to use minimum amount of power from the vehicle engine 
to reduce the fuel consumption and in turn NOx emissions. 
Kurata et al. [25] also observed that the SLHX implementa-
tion reduced the power consumption up to 10% for the same 
cooling capacity in HFC-134a MAC system, which indi-
rectly reduces the fuel consumption. It is also very important 
to determine the optimal refrigerant charge to get maximum 
performance under any working condition. In MAC systems, 
the optimal charge is normally determined at some extreme 
operating conditions. Such conditions may vary with HVAC 
manufacturers, and it requires detailed thermodynamic anal-
ysis [26]. Many researchers carried out the charge optimisa-
tion test using energy analysis and it deals only with COP 
[27]. However, the exergy analysis is an useful method to 
analyse the actual system losses and their magnitude due to 
irreversibilities. This method gives a better understanding 
on the system performance and also indicates avenues to 
enhance the system efficiency [28].

Prabakaran and Lal [29] proposed an exergy-based 
charge optimisation method instead of COP-based method. 
It was found that the exergy method was more consistent 
and yielded single optimum charge irrespective of compres-
sor speed. Golzari et al. [30] theoretically studied the MAC 
system performance with HFO-1234yf using second law 
of thermodynamics. They found that the exergy efficiency 
decreased with rise in evaporator/condenser air inlet tem-
perature and drop in condenser air velocity. It was also found 
that the exergy efficiency and COP of HFO-1234yf were 
19.8% and 15.5%, respectively, higher than that of existing 
HFC-134a. They also found that the majority of the losses 
occurred in the compressor, trailed by the condenser, expan-
sion device and lastly the evaporator. Recently, the environ-
mental impacts because of the air conditioning and refrig-
eration system operation have been taken account seriously 
due to the global warming effect [31]. There are numerous 
techniques used to assess the environmental impact associ-
ated with air conditioning and refrigeration systems namely 
GWP, total equivalent warming impact (TEWI), carbon 
footprints and life cycle climate performance (LCCP) [32]. 
Abraham and Mohanraj [33] reported the TEWI analyses of 
the MAC systems using R430A and HFC-134a. They found 
that the system with R430A had 35%, 32.4% and 47.3% 
lower TEWI than those of the system using HFC-134a for 
petrol, diesel and liquid petroleum gas vehicles, respectively,

Mastrullo et al. [34] reported the performance of MAC 
unit in a high-speed train based on TEWI and energy con-
sumption using HFO-1234yf, HFO-1234ze, and HFC-134a. 
The results showed that the TEWI of HFO-1234yf and HFO-
1234ze were 5% and 18% lower than HFC-134a system dur-
ing summer condition. Aprea et al. [35] analysed the global 
effects of R-744 as a replacement for HFC-134a in the refrig-
eration system using TEWI analysis. The results showed that 
the indirect emission from the trans-critical R-744 system 
was always higher than the baseline HFC-134a system due to 
its low cycle efficiency. The TEWI index was 5–22% lower 
for HFC-134a in comparison with R-744 (at a fixed leakage 
rate between 5 and 20%) for MAC system.

It can be realised that many researchers reported that 
the performance of MAC systems with HFO-1234yf can 
be enhanced by the inclusion of SLHX [21–24] and tuning 
the TXV [18–20]. However, no study has been reported by 
combining the SLHX and suitable TXV tuning in the same 
system to improve the HFO-1234yf system performance. 
The novelty of the present study is to analyse the effect of 
TXV tuning on the MAC system performance enhance-
ment with SLHX using HFO-1234yf as a replacement for 
HFC-134a at different compressor speeds. Initially, charge 
optimisation test was carried out for HFC-134a and HFO-
1234yf at idling speed (900 rpm). The performance of the 
system as a function of refrigerant charge and compressor 
speeds are also evaluated based on energy as well as exergy 
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analysis. Further, the TXV superheat setting was tuned to 
enhance the performance of the MAC system in steps of 45° 
in the counter-clockwise direction. Finally, the environmen-
tal issues associated with MAC system was also evaluated 
by using TEWI analysis.

Experimental

Test facilities

The MAC system performance was carried out using a 
bench test rig schematically shown in Fig. 1, and the photo-
graphic view of complete test facilities is shown in Fig. 2. 
It consists of a 160 cc swash plate compressor, integrated 
receiver dryer (IRD) condenser (590 × 444.8 × 16 mm), mini 
channel evaporator (230 × 201 × 38 mm), block-type TXV 
and double-pipe SLHX (L = 450 mm). The evaporator coil 
with HVAC panel was fixed in the calorimetric chamber, 
and the compressor was operated by using a 3 phase 2 HP 
motor through a belt drive. The variable frequency drive 
(VFD) was used to vary the speed of the motor from 100 to 
3000 rpm. Generally, the compressor operation is regulated 
by the thermostat switch and it works based on the supply air 
temperature. In order to conduct experiments under steady 
state, the thermostat was not used.

The requited airflow across the cooling coil was varied by 
varying the blower speed with a help of regulated power sup-
ply (RPS) and the condenser air flow rate was also regulated 
by a separate VFD that drives the condenser blower. The 
required chamber temperature and relative humidity (35 °C 
and 40% RH) were achieved by modulating the electrical 
heater power supply (via dimmer stat) and ultrasonic humid-
ifier, respectively. All the refrigerant pipelines connecting 
the components were perfectly insulated. The required con-
denser inlet air temperature was also realised by providing 
heaters in the air inlet duct.

Measurements

The refrigerant temperature and pressure across each compo-
nent were measured by using PT-100 type RTDs (± 0.15 °C) 
and MEAS pressure transmitters (± 2%), respectively. The 
refrigerant flow rate was measured with a help of Coriolis 
type (Promass 83, ± 0.15%, Make: Endress & Hausser) flow 
meter, which was fixed at the condenser outlet. The velocity 
of the airflow through the condenser and evaporator was 
measured using vane-type anemometer (± 5%). The com-
pressor motor power consumption and speed were measured 
using an ELTRAC power meter (± 0.5%) and non-contact 
type tachometer (± 0.05%). All the measuring facilities 
except tachometer and power meter were connected into the 
data logger.

Fig. 1  Schematic of MAC system experimental facility
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Test conditions

The optimum charge identification is very important for all 
the refrigeration and air conditioning system for achieving 
maximum performance. The charge optimisation test was 
performed in the bench test rig itself. Compared to the real 
MAC systems, the length of the connecting hoses in the test 
rig is longer because of the measuring instruments. Though, 
it does not influence the system performance comparison 
because both the refrigerants are charged in the same sys-
tem under retrofit condition. In this work, the test conditions 
for charge optimisation as shown in Table 2 were chosen 
as recommended by the Society of Automotive Engineers 
SAE J2765 standard [36]. Qi et al. [26] and Prabakaran and 

Lal [29] were also used the same test conditions for charge 
optimisation.

The influences of compressor speed on the system perfor-
mance are carried out for three different speeds of the com-
pressor; viz, (1) Idling (900 rpm), (2) city limit (1800 rpm) 
and (3) high-speed conditions (2700 rpm). These conditions 
were chosen based on the study reported by Qi et al. [26].

Experimental

At first, the condenser and evaporator blower motors were 
switched ON through respective VFDs and then the required 
flow rates were achieved by regulating the VFD and RPS, 
respectively. Then HFC-134a refrigerant (initially 500 
grams) was charged into the MAC system. The compres-
sor motor, electrical heaters and humidifier were switched 
ON. After a few minutes, the magnetic clutch of the com-
pressor was energised and connected to the motor shaft via 
a belt drive. The electrical heating loads were modulated 
using a dimmer stat to attain the required condition shown 
in Table 2. Small fans fixed in the calorimetric chamber were 
also switched ON for keeping constant temperature and RH 
throughout the chamber. After achieving the steady state, 

Fig. 2  Photographic view of test facility a overview of the facilities, b compressor and condensing unit assembly, c inside view of calorimetric 
chamber (door opened)

Table 2  Test condition for charge optimisation of MAC system

Compressor 
speed/rpm

Evaporator side Condenser side

Air inlet 
condition

Air flow rate Air inlet 
condition

Air face 
velocity

900 35/ °C and 
RH 40/%

420/m3 h−1 35/ °C 2.5/m s−1
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the unit was permitted to run for 30 min. Then the follow-
ing performance parameters namely (1) refrigerant tempera-
ture and pressure across each components, (2) mass flow 
rate of refrigerant, (3) RH and temperature of the air across 
the evaporator, (4) air temperature across the condenser, 
(5) temperature and RH in the calorimetric chamber and 
(6) compressor motor electrical power consumption were 
logged into the computer for another 30 min at 10 s interval. 
Further, the refrigerant was charged in steps of 30 g and 
then the same technique was repeated to find the optimum 
charge level.

With the same optimum charge, the experiment was 
repeated for three different compressor speeds of 900, 1800 
and 2700 rpm for analysing the system performance The 
entire procedure was repeated with HFO-1234yf refrigerant 
with charges from 430 to 730 g insteps of 30 g.

Data reduction

The performance parameter of the MAC system based on the 
energy analysis is the COP. The MAC system actual COP 
is calculated based on the system cooling capacity (Qevap) 
and the consumed power by the compressor motor (Wele). 
The cooling capacity is the product of mass flow rate of 
the refrigerant 

(

ṁr

)

 and the refrigerant enthalpic difference 
across the cooling coil [37],

The following equation was used to evaluate the volumet-
ric efficiency of the compressor,

The maximum work that can be produced by a system 
or a process at a specified condition is called as exergy. In 
a process or a system, the losses occur due to the entropy 
generation [38]. The exergy balance during a process can be 
stated in the following equation [39],

where ED is the rate of exergy destruction and Ėin − Ėot 
is total exergy transferred during the process. It is can be 
explained in terms of entropy generation also

where To is the reference temperature for the considered pro-
cess and Ṡgen is the entropy generated during the process. 

(1)COP =
Qevap

Wele

(2)Volumetric efficiency =
ṁr𝜗r,in

CC × compressor speed

(3)ED =
(

Ėin − Ėot

)

(4)ED = ToṠgen

The exergy destruction for the individual components of the 
MAC is as follows:Compressor,

Condenser,

SLHX,

Expansion device,

Evaporator,

The exergy efficiency of the VCR system is defined as 
follows:

The thermo-physical properties of the refrigerants HFO-
1234yf and HFC-134a were taken from the REFPROP soft-
ware [40].

Uncertainty analysis

The measured parameters such as refrigerant side tem-
perature/pressure across each component, mass flow rate 
of refrigerant, compressor speed, compressor power con-
sumption are used to estimate the system cooling capacity, 
COP, and exergy efficiency. The uncertainties of estimated 
parameters are calculated by using the following equations, 
which are derived from Moffat method [41] and the values 
are tabulated in Table 3.

(5)
EDcomp = Ẇele − ṁr

((

hcomp,ot − hcomp,in

)

− To
(

scomp,ot − scomp,in

))

(6)EDcond = ṁrTo
(

scond,ot − scond,in
)

+ Qcond

(

To

Tcond,ot

)

(7)EDSLHX =
(

EDSLHX

)

L,S
+
(

EDSLHX

)

V,S

(8)
(

EDSLHX

)

L,S
=

(

ṁrT0
(

sslhx,ot − sslhx,in
)

−
QSLHX

Tr,cond

)

L,S

(9)
(

EDSLHX

)

V,S
=

(

ṁrT0
(

sslhx,ot − sslhx,in
)

−
QSLHX

Tr,evap

)

V,S

(10)EDexp = ṁrTo
(

sexp,ot − sexp,in
)

(11)EDevap = ṁrTo
(

sevap,ot − sevap,in
)

− Qevap

(

To

Tevap,ot

)

(12)�ex =
COPactual

COPcarnot

(13)Qevap = f
(

ṁref, Tevap.in, Tevap.ot,Pevap,in,Pevap,ot

)
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Results and discussion

Based on the measured variable, the MAC system perfor-
mance parameters such as degree of superheating (DSH), 
degree of subcooling (DSC), compressor power consump-
tion, cooling capacity and system COP were calculated at 
each charge level for HFO-1234yf and HFC-134a systems. 
Further, the components exergy destructions and exergy effi-
ciency at each level of the refrigerant charge were also esti-
mated. Finally, the effect of TXV tuning on the HFO-1234yf 
system performance improvement was also presented.

Energy analysis

The variations in DSH and DSC for the different refrigerant 
charges are shown in Fig. 3a. It shows that the DSH reduces 

(14)𝜕Qevap

Qevap

=

√

√

√

√

(

𝜕Tevap,in

Tevap,in

)2

+

(

𝜕Tevap,ot

Tevap,ot

)2

+

(

𝜕Pevap,in

Pevap,in

)2

+

(

𝜕Pevap,ot

Pevap,ot

)2

+

(

𝜕ṁref

ṁref

)2

(15)
Wcomp = f

(

ṁref, Tcomp.in, Tcomp.ot,Pcomp,in,Pcomp,ot,Wele

)

(16)𝜕Wcomp

Wcomp

=

√

√

√

√

(

𝜕Tcomp,in

Tcomp,in

)2
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(

𝜕Tcomp,ot

Tcomp,ot

)2
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(

𝜕Pcomp,in

Pcomp,in

)2

+

(

𝜕Pcomp,ot

Pc,o

)2
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(

𝜕ṁref

ṁref

)2
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(

𝜕Wele

Wele

)2

(17)COPactual = f
(

Qevap,Wcomp

)

(18)
�COPactual

COPactual
=

√

√

√

√

(

�Qevap

Qevap

)2

+

(

�Wcomp

Wcomp

)2

(19)�ex = f
(

COPactual, COPcarnot
)

(20)��ex

�ex
=

√

(

�COPactual

COPactual

)2

+

(

�COPcarnot

COPcarnot

)2

with increase in refrigerant charge, while DSC increases 
for both the systems owing to the increased refrigerant flow 
rate and higher condensing temperature. At a lower charge, 
TXV cannot control the flow rate because it is already in 
fully opened position due to higher DSH, while the asso-
ciated higher discharge pressure results in increased mass 
flow rate through the TXV leading to drop in DSH. This is 
experienced for a refrigerant charge up to 600 g and 650 g 
for HFO-1234yf and HFC-134a, respectively.

Table 3  Uncertainties of estimated parameters

Estimated parameters Uncertainties/%

HFC-134a HFO-1234yf

Cooling capacity ± 2.14 ± 2.17
Compressor power ± 1.62 ± 1.63
COP ± 2.09 ± 2.35
Exergy efficiency ± 2.54 ± 2.68
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Fig. 3  Influences of refrigerant charge on a DSC at TXV inlet and 
DSH at compressor inlet, b cooling capacity and compressor power 
consumption
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At this point, DSH reaches the safe level and the system 
starts running smoothly. This charge is said to be “minimum 
effective charge” for the individual system [26]. Further 
charge addition will lead to a plateauing effect in DSH as 
well as DSC in HFC-134a while the DSH slightly increases 
for HFO-1234yf. This could be due to the variation in satu-
ration pressure between the operating fluid (HFO-1234yf) 
and the bulb fluid (HFC-134a) in the TXV which results in 
reduced HFO-1234yf mass flow rate, whereas the same is 
by and large steady for HFC-134a. The DSH in the HFC-
134a system is almost the same between the charges of 
710–800 g, and DSC is the same between the charges of 
710–740 g. Then further charging increases DSC suddenly 
by 1 °C. The same trend is also experienced in HFO-1234yf 
system between the refrigerant charges of 640–670 g. The 
low latent heat of vaporisation of HFO-1234yf causes quick 
evaporation of the refrigerant resulting in higher DSH and 
correspondingly more refrigerant flow rate ranging from 
23.6 to 44.7% in comparison with HFC-134a.

The variation in the cooling capacity and power con-
sumption of the compressor motor as a function of refriger-
ant charge are presented in Fig. 3b. The cooling capacity 
increases with a refrigerant charge up to 740 g and 670 g in 
HFC-134a and HFO-1234yf system, respectively. Beyond 
this charge, it starts decreasing because of the reduced 
refrigerant mass flow rate, while the compressor motor 
power consumption increases continuously with refrigerant 
charge. The maximum cooling capacity and the correspond-
ing compressor motor power consumption of HFO-1234yf 
system are 7.43% and 3.58% higher when compared to HFC-
134a system. At this point, the HFO-1234yf has 26% higher 
mass flow rate when compared to HFC-134a, whereas the 
discharge pressure dropped by 2.57%. The reason behind 
the higher HFO-1234yf mass flow rate is its higher vapour 

density when compared to HFC-134a. The lower discharge 
pressure in HFO-1234yf system is resulting from its lower 
vapour pressure for the same saturation temperature than 
that of HFC-134a system. When compared to HFC-134a, 
the latent heat of evaporation of HFO-1234yf is low; though 
it has higher cooling capacity owing to its higher mass flow 
rate.

The variation in COP of the HFC-134a and HFO-1234yf 
systems as function of refrigerant charge is shown in Fig. 4. 
The trend of COP variation is like that of the cooling capac-
ity for both the systems. The maximum COP is experienced 
at 670 g and 740 g for the HFO-1234yf and HFC-134a sys-
tems, respectively. This is observed to be the “Optimum 
charge” of the individual refrigerants. The reduced value 
of the optimum charge of HFO-1234yf is owing to its lower 
liquid density. At this point, the COP of HFO-1234yf system 
is 3.71% higher than that of HFC-134a system. The rise in 
cooling capacity outweighs the rise in compressor power 
resulting in higher COP for HFO-1234yf system.

Exergy analysis

The exergy efficiency of the MAC system depends on the 
exergy destructions experienced in the each component 
used in the system. According to the Cho and Park [27] and 
Prabakaran and Lal [29], the compressor has more exergy 
destruction and it decides the performance of the system. 
Therefore, the compressor exergy destruction along with 
system exergy efficiency for various refrigerant charges is 
presented in Fig. 5.

As refrigerant charge increases from 500 to 560 g in 
HFC-134a system and 430–580 g in HFO-1234yf system, 
the compressor exergy destruction increases because of the 
higher DSH at compressor inlet. Further increase in charge 
reduces the loss in the compressor up to 740 g and 640 g 
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in HFC-134a and HFO-1234yf system, respectively, due to 
the drop in DSH and improved refrigerant flow rate. Com-
paring these points, the exergy destruction experienced in 
the HFO-1234yf system compressor is 4.28% higher than 
that of HFC-134a system compressor. Beyond this charge, 
the losses in the compressor increases in both the system 
because of the excess charge that has accumulated in the 
condenser resulting in higher discharge pressure and lower 
refrigerant mass flow rate.

The trend of the exergy efficiency variation as a function 
of charge quantity of the refrigerant for both the refriger-
ants is similar to that of the system cooling capacity and the 
system COP as shown in Figs. 3b, and 4, respectively. The 
exergy efficiency increases with a refrigerant charge up to 
670 g and 740 g for HFO-1234yf and HFC-134a systems, 
respectively, and beyond that, it starts decreasing. The maxi-
mum exergy efficiency of 39.1% and 40.1% is experienced in 
HFC-134a and HFO-1234yf system. The maximum exergy 
efficiency of HFO-1234yf system is 2.57% higher than that 
of HFC-134a system, which is also reflected in the trend of 
actual COP.

From the analysis, it is found that the trends of exergy 
destruction experienced in the evaporator, TXV, condenser 
and compressor with respect to refrigerant charge are simi-
lar to the results reported by Prabakaran and Lal [29] using 
HFC-134a in MAC system without SLHX.

At the optimum charge, the condenser exergy destruc-
tion in the HFO-1234yf system is 14.97% lower than that of 
HFC-134a system due to its lower discharge pressure, while 
in the TXV, evaporator, and SLHX, it is higher by 115.17%, 
28.51%, and 25.7%, respectively. It is to be noticed that 
the saturation pressure of HFO-1234yf is higher at a lower 
temperature which becomes lower than HFC-134a above 
40 °C. The increased refrigerant mass rate and higher DSH 
result in more destruction in the TXV and the evaporator, 

respectively. The excess mass flow rate is due to the differ-
ence in the saturation pressure between bulb fluid (HFC-
134a) and the working fluid (HFO-1234yf) when the HFC-
134a system is retrofitted with HFO-1234yf.

Influences of compressor speed on the performance 
of the system

The system COP and exergy efficiency were analysed 
with the optimum charge in both the systems by varying 
the compressor speed. Three speeds namely 900, 1800 and 
2700  rpms were considered. The change in compressor 
discharge temperature and discharge pressure for the vari-
ous compressor speeds are shown in Fig. 6. It is found that 
the discharge temperature and the pressure increase when 
compressor speed increased from 900 to 2700 rpm. As the 
speed is increased from 900 to 2700 rpm, the rise in dis-
charge pressure of HFC-134a and HFO-1234yf is found to 
be 22.75% and 25.37%, while the discharge temperature is 
increased by 31.72% and 29.11%, respectively. When com-
pressor speed increased from 900 to 2700 rpm, the difference 
in discharge temperatures of HFC-134a and HFO-1234yf 
system increases, whereas the difference in discharge pres-
sure decreases. This can be attributed to the pressure–tem-
perature characteristics of the two fluids. It also shows that 
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Table 4  Compression ratio and volumetric efficiency of the compres-
sor as a function of compressor speed

Compressor 
speed/rpm

Compression ratio Volumetric efficiency

HFC-134a HFO-1234yf HFC-134a HFO-1234yf

900 3.73 3.38 0.522 0.562
1800 5.25 4.71 0.453 0.486
2700 5.76 5.24 0.362 0.388
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the HFO-1234yf system has 0.98–3.03% of lower discharge 
pressure than HFC-134a as the speed is varied from 900 to 
2700 rpm. The reason behind the lower discharge pressure 
of HFO-1234yf is its lower vapour pressure.

The variation in the pressure ratio and the compres-
sor volumetric efficiency as a function of compressor rpm 
are shown in Table 4. It is observed that the pressure ratio 
increases with compressor speed and hence the volumetric 
efficiency reduces for both the refrigerants. It also shows 
that the HFO-1234yf system pressure ratio is 9.02–10.30% 
lower than that of HFC-134a system, while the volumetric 
efficiency was higher by up to 7.66%. The reduced discharge 
pressure by up to 3.03% resulted in lower pressure ratio for 
HFO-1234yf.

The variations in refrigerant mass flow rate and compres-
sor power consumption as a function of compressor speed 
for HFC-134a and HFO-1234yf are shown in Fig. 7. The 
refrigerant flow rate and the compressor power consumption 
increases with increase in compressor speed for both the 
systems. As the speed increased from 900 to 2700 rpm, the 
increase in mass flow rate of HFC-134a and HFO-1234yf is 
found to be 59.88% and 62.02%, respectively, while the com-
pressor power increases by 160.21% and 169.55%. Overall, 
the mass flow rate and compressor power consumption are 
higher for HFO-1234yf at all the speeds by 26–27.6% and 
4–7.3%, respectively, than those of HFC-134a. The specific 
volume and latent heat of vaporisation of the HFO-1234yf 
are lower than those of HFC-134a at the same saturation 
pressure resulting in more refrigerant mass flow rate at the 
same compressor speed for HFO-1234yf. A lower pressure 
ratio for HFO-1234yf results in a better volumetric efficiency 
which increases the pumping capacity. This effect coupled 
with lower vapour specific volume yields a higher mass flow 
rate. Further the lower latent heat of vapourisation results in 
higher DSH leading to more opening of the TXV. This also 

complements the mass flow rate along with the compressor 
pumping power. The reason behind the higher power con-
sumption in case of HFO-1234yf is owing to its high DSH 
at compressor inlet and higher refrigerant mass flow rate 
compared to HFC-134a. Rajendran et al. [38] also reported 
that the refrigerant mass flow rate and power consumption 
of HFO-1234yf system was 16–24% and 3–14% higher than 
those of HFC-134a system for a given compressor speed.

The influence of the compressor speed on the system COP 
and cooling capacity are shown in Fig. 8. It is found that the 
system cooling capacity increases with compressor speed, 
whereas the COP reduces for both the systems. The increase 
in the cooling capacity of HFC-134a and HFO-1234yf sys-
tems is found to be 63.21% and 48.37%, respectively, while 
the COP reduced by 37.31% and 44.94%. The HFO-1234yf 
system has 7.43% and 4.01% higher cooling capacity than that 
of HFC-134a system at a compressor speed range of 900 and 
1800 rpm, respectively. Although the latent heat of evapo-
ration of HFO-1234yf is low when compared HFC-134a, it 
has higher cooling capacity resulting from better heat transfer 
between the refrigerant inside the cooling coil and the cabin 
air due to the improved refrigerant mass flow rate. At high 
compressor speed of 2700 rpm, HFO-1234yf system cooling 
capacity is lower than that of HFC-134a system by 2.33%. 
This could be due to the rise in mass flow rate which is not 
sufficient enough to compensate for the lower latent heat of 
HFO-1234yf. Similar trends are experienced in COP vari-
ations also. At a lower speed of 900 rpm, the HFO-1234yf 
system COP is 3.71% higher than that of HFC-134a system, 
whereas it reduced by 1.743% and 8.97% for compressor 
speed of 1800 and 2700 rpm, respectively. The reason behind 
the lower COP is that the increase in cooling capacity doesn’t 
equivalent with the magnitude of the rise in compressor motor 
power consumption as compressor speed is increased.
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The influence of the compressor speed on the sys-
tem exergy efficiency is shown in Fig. 9. It shows exergy 
efficiency of the HFC-134a and HFO-1234yf systems is 
reduced by 14.18% and 20.81%, respectively, as compres-
sor rpm increases from 900 to 2700 rpm. At low speed of 
900 rpm, the HFO-1234yf system exergy efficiency is 2.57% 
higher, whereas the HFC-134a system performs better at 
higher rpms namely 1800 and 2700. The exergy efficiency 
of HFC-134a is higher by 5.35% at 2700 rpm. The higher 
COP of HFC-134a leads to increase in the exergy efficiency 
at higher speeds. From this study, it is evident that the HFO-
1234yf MAC system with SLHX gives better performance 
than that of HFC-134a at low compressor speed using opti-
mum refrigerant charge and slightly poor performance at 
higher compressor speed.

The influence of the compressor speed on the DSH 
and DSC for different compressor speeds is tabulated in 
Table 5. As the speed increases the DSH reduces for both 
the refrigerants, but it is well above the normal DSH value 
if HFO-1234yf is used, while the DSC increased. Despite 
the fact that the mass flow rate of HFO-1234yf is high, the 
DSH is almost 12 °C higher than that of HFC-134a; this is 
because of the lower latent heat of evaporation and improper 
expansion process. Zilio et al. [19] and Zhao [42] have also 
reported similar kind of experimental results when HFO-
1234yf was used in the existing HFC-134a MAC system 
without SLHX.

It may be noted that the DSH at suction would be still 
higher because of the exchange of heat in the SLHX (as seen 
from Fig. 3a) and hence the performance of HFO-1234yf 
comes down at higher speeds. This gives a clue that the 
superheat setting is to be tuned so that the mass flow rate 
increases and the suction superheat get reset to the original 
value. This can improve the performance of the evaporator 
as well as the compressor. Needless to say that the exergy 
destruction would be decreased and the exergy efficiency 
also would increase.

Effect of TXV tuning on system performance 
with HFO‑1234yf

The TXV orifice opening is controlled by evaporator out-
let pressure, the spring force (adjustable superheat setting) 

and sensing bulb pressure. Normally, all the manufactured 
TXVs are provided with a superheat values between 6 and 
12 °C of DSH; that is sufficient for most applications. How-
ever, as seen in the previous sections, the inclusion of SLHX 
increases the DSH at the compressor inlet and the system 
with HFO-1234yf has higher DSH than that of HFC-134a 
by 12 °C. Junye et al. [18] and Rajendran et al. [20] have 
suggested tuning the TXV for reducing the DSH in order 
to improve performance. Therefore, the TXV was tuned 
by opening the orifice to increase the mass flow rate that 
reduces the DSH at the evaporator outlet. This was done by 
turning the TXV superheat adjusting screw counter-clock-
wise in steps of 45°, and angle of turn is further referred 
as tuning angle. The outcome of TXV tuning on the HFO-
1234yf system performance is discussed below. The maxi-
mum opening was limited to 180° of turning the screw as 
there was sufficient mass flow rate that significantly reduced 
the DSH at the cooling coil exit.

The effect of TXV tuning angle on the refrigerant mass 
flow rate, DSH at evaporator outlet and compressor inlet of 
the HFO-1234yf system is shown in Fig. 10. It shows that 
the HFO-1234yf mass flow rate increases as the TXV orifice 
open for all the compressor speeds, resulting in the drop 
of the DSH at both compressor inlet and evaporator outlet. 
When superheat adjusting screw rotates in counter-clock-
wise, the spring pressure acting on the diaphragm reduces 
and this allows the valve stem goes downwards resulting in 
more opening in the TXV orifice. With 180° TXV tuning, 
the maximum increase in the HFO-1234yf mass flow rate is 
found to be 10.6%, 13.9% and 10% at a compressor speeds of 
900, 1800 and 2700 rpm, respectively, while DSH at evapo-
rator outlet reduced by 6 °C, 6.1 °C and 6.5 °C. Similarly, the 
DSH at compressor inlet drops by 3.2 °C, 4 °C and 5.6 °C 
at a compressor speed of 900, 1800 and 2700 rpms, respec-
tively. The increase in mass flow is reduced at 2700 rpm, 
as compared to other two speeds, which indicates that the 
full flow of refrigerant through the TXV may be reached 
and the tuning was stopped after 180° in counter-clockwise. 
Rajendran et al. [20] also reported that the TXV tuning by 
180° resulting in improved refrigerant mass flow rate leads 
to a drop in DSH at compressor inlet by 7 °C in HFC-134a 
MAC system.

The variation in compressor power consumption, cooling 
capacity COP, and exergy efficiency of HFO-1234yf system 
for the various TXV tuning angle is shown in Fig. 11. It 
shows that TXV tuning has positive effects on both COP 
and cooling capacity; however, the power consumption 
increases continuously due to the higher HFO-1234yf mass 
flow rate. The increase in refrigerant mass flow rate reduced 
the DSH at the evaporator outlet which in turn reduces the 
two phase heat transfer length in the evaporator resulting 
in better heat transfer between the refrigerant and the cool-
ing air. With 180° tuning, the maximum enhancement in 

Table 5  DSH and DSC as a function of compressor speed

Compressor 
speed/rpm

DSH at Evaporator 
outlet/°C

DSC at TXV inlet/°C

HFC-134a HFO-1234yf HFC-134a HFO-1234yf

900 3.5 18.1 16.6 15.4
1800 2.4 15.4 18.9 16.2
2700 1.5 14.5 20.2 17.4
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cooling capacity is found to be 5.3%, 8.5% and 5.2% at 900, 
1800 and 2700 rpm, respectively, with the rise in COP by 
2.1%, 4.6% and 3.8%. Similarly, the exergy efficiency of the 
HFO-1234yf system is increased by 2%, 2.87% and 2.57% 
for compressor speed of 900, 1800 and 2700 rpm, respec-
tively. The compressor power consumption also increases by 
3.1%, 3.7%, and 1.4%, respectively, for the three speeds. The 
increase in exergy efficiency and COP of the HFO-1234yf 
system with tuned TXV is not significant like cooling capac-
ity, which is mainly due to the increase in compressor power 
consumption because of the increased HFO-1234yf mass 

Fig. 10  Effect of TXV tuning 
on a refrigerant mass flow rate 
and b DSH at evaporator outlet 
and compressor inlet
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flow rate. Junye et al. [18] also reported similar results that 
the MAC system retrofitted with HFO-1234yf had 13% and 

has superior performance than that of the existing HFC-
134a system at low speeds and slightly poorer at high-speed 
conditions. 

TEWI analysis

The TEWI analysis was used to estimate the overall global 
warming effects due to the air conditioning system opera-
tion. It can be divided into two categories namely (1) effects 
due to the refrigerant loss from the unit (Direct emission) 
and (2) the  CO2 emission from the fossil fuel burnt (indirect 
emission) to generate the power that is used to run the air 
conditioning unit [32]. The TEWI can be calculated by using 
the following equation [33],

In the above equations, L is the average refrigerant leak-
age from the MAC system per year (20%) [33]; N is the 
system lifetime (15 years); Ms is the refrigerant charge quan-
tity; α is the percentage of refrigerant recovered from the 
system (70%); Mf is the fuel consumed due to AC compres-
sor operation; β is the Carbon-dioxide emission factor. The 
parameters of the midsize passenger car for calculating the 
TEWI are shown in Table 6.

The TEWI results for the existing HFC-134a system, 
HFC-134a with SLHX, HFO-1234yf with SLHX systems 
and tuned HFO-1234yf system with SLHX are shown in 
Table 7. It shows that the direct emission of the MAC system 
with HFO-1234yf is almost negligible (lower by 99.7%) in 
comparison with the existing HFC-134a because of its very 
low GWP of 4. The total equivalent  CO2 emission of HFO-
1234yf system with SLHX and tuned HFO-1234yf system 

(21)TEWI = Direct emission + Indirect emission

(22)
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Table 6  Parameters of the midsize passenger car [33]

Parameters Values

Mileage without air conditioning/km L−1 18.3
Mileage with air conditioning/km L−1 16.4
Fuel density/kg m−3 750
CO2 emissions/kg of  CO2  L−1 2.31
CO2 emissions/kg of  CO2  km−1 0.1408

8% improved cooling capacity and COP, respectively, with 
optimised TXV.

The difference in cooling capacity, COP and exergy effi-
ciency between the tuned HFO-1234yf system and HFC-
134a system with SLHX is shown in Fig. 12. It shows that 
the tuned HFO-1234yf system performance is superior to 
that of HFC-134a system in terms of cooling capacity, COP 
and exergy efficiency at idle and city speed conditions. The 
TXV tuning has enhanced the performance of HFO-1234yf 
at city limit speed. This increases the cooling capacity and 
COP by 13.1% and 3.4%, respectively. The existing HFC-
134a system still has better COP and exergy efficiency 
than that of the tuned HFO-1234yf system at high speed. 
Nevertheless, the cooling capacity of the tuned system is 
2.87% higher because of the higher HFO-1234yf mass flow 
realised.

Similarly, energy and exergy performance difference 
between the tuned HFO-1234yf system and the existing 
HFC-134a system [29] is shown in Fig. 13. It shows that the 
cooling capacity, COP, and exergy efficiency of the tuned 
HFO system at idle and city speed conditions are increased 
by 6.5–10.1%, 4.3–8.6% and 3.7–5.1%, respectively, than 
that of the existing system. However, the existing system still 
has better performance than that of the tuned HFO-1234yf 
system at high speed. The TXV tuning has a positive impact 
on the performance of HFO-1234yf system with SLHX at 
the considered conditions. From this study, it is inferred that 
the TXV tuning in the HFO-12343yf system with SLHX 
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are found to be 24.64% and 27.98% lower than those of the 
existing HFC-134 system.

Conclusions

The effect of TXV tuning on the performance enhancement 
and environmental impact of the MAC system with SLHX 
using HFO-1234yf as an alternative to HFC-134a was car-
ried out experimentally. The influences of compressor speed 
on the system performance and exergy efficiency were also 
studied. Based on this study, the following conclusions are 
made,

• The optimum charge of the HFO-1234yf system was 
found to be 670 g, which was 9.45% lower than that of 
the HFC-134a system.

• The COP and exergy efficiency of HFO-1234yf system 
was 3.71% and 2.57% higher than that of the HFC-134a 
system at 900 rpm.

• The exergy loss in the compressor, evaporator, and TXV 
of HFO-1234yf system was higher than those of HFC-
134a system by 4.38%, 28.51%, and 115.17%, respec-
tively.

• The TXV tuning had a positive impact on the HFO-
1234yf system performance to the extent of 8.5%, 4.6%, 
and 2.87% improvement in cooling capacity, COP and 
exergy efficiency.

• The tuned HFO-1234yf system had 13.1% higher cooling 
capacity and 3.5% higher COP at 1800 rpm compared to 
the HFC-134a system with SLHX.

• At 2700 rpm, even though the cooling capacity was 2.9% 
higher, the COP was 5.22% dropped compared to the 
HFC-134a system with SLHX.

• When compared to the existing HFC-134a system, tuned 
HFO-1234yf system with SLHX has superior perfor-
mance at low speeds and slightly poorer at high-speed 
conditions.

• The TEWI analysis showed that the total  CO2 equivalent 
emission of tuned and un-tuned HFO-1234yf system was 
27.98% and 24.64% lower than that of the existing HFC-
134a system.

This study highlights the performance comparison 
between HFO-1234yf and the existing HFC-134a in a MAC 
system. It also reports the exergy destruction experienced in 
each component of the system. Finally the impact of MAC 
system on the environment also evaluated. It is also con-
cluded that the HFC-134a MAC system can be successfully 
retrofitted with HFO-1234yf possibly with SLHX and suit-
able tuning of the TXV.
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