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Abstract This article presents a review of potential
technologies and strategies to develop an energy-
efficient automotive air-conditioner based on the
vapor-compression refrigeration cycle system. This
paper is broadly divided into two sections. The first
is a review of component optimization (primary and
secondary components) that enhances the energy ef-
ficiency of the automotive air-conditioning (AAC)
system. The second presents a review of operational
management and control that efficiently consumes
energy in operating the AAC system while maintain-
ing vehicular thermal comfort satisfaction. Some of
the technologies and strategies described in this arti-
cle are still conceptual and are the subject of ongoing
research. However, the growing demand to reduce
energy consumption by developing a new AAC

system has led to an increasing number of related
studies aimed at generating alternative conventional
systems in the near future.
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Nomenclature
A/C Air-conditioning
AAC Automotive air-conditioning
CRC Conventional refrigerant cycle
DEAC Dual-evaporator air-conditioning
DX Direct expansion
EEV Electronic expansion valve
EV Electric vehicle
EVDC Externally controlled variable capacity

compressor
FCC Fixed capacity compressor
FDC Fixed displacement compressor
FSTPID Fuzzy self-tuning proportional integral

derivative
HVAC Heating, ventilation, and air conditioning
MEC Modified ejector cycle
RV Revolving vane
SC Standard cycle
SEC Standard ejector cycle
TEV Thermostatic expansion valve
TPERC Two-phase ejector refrigerant cycle
VAV Variable air volume
VCC Variable capacity compressor
VCR Vapor compression refrigeration
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VCRAAC Vapor compression refrigerant,
automotive air-conditioning

2LP Secondary loop system
h Refrigerant enthalpy, kJ/kg
p Pressure, bar
T Temperature, °C
V Air velocity, m/s

Subscripts
ai Air inlet
comp Compressor
cond Condenser
evap Evaporator
FCC Fixed capacity compressor
m Mean
VCC Variable capacity compressor

Introduction

Transportation is a key component of economic de-
velopment and human welfare, and this technology
continues to expand around the world as economies
grow (Kahn Ribeiro et al. 2007). Sand and Fischer
(1997) showed that an automobile runs for an average
of 249 h annually, and using an air-conditioning
(A/C) system was estimated to account for 107 to
121 h per year (Fischer 1995) or 43–49 % of the
vehicle usage. The actual use of the A/C system varies
considerably depending on factors such as climate,
time of day, season, vehicle type, vehicle color,
outdoor/indoor parking, clothing of occupants, activ-
ity levels of occupants, length of trip, vehicle speed,
and personal preference (Farrington and Rugh 2000);
thus, the usage is expected to be higher than reported
in hot and humid countries.

Johnson (2002) showed that A/C vehicles in the
USA use 27 billion liters of gasoline annually, which
is equivalent to 6 % of the domestic petroleum con-
sumption or 10 % of imported crude oil. Alahmer
et al. (2012) stated that the A/C system accounts for
30 % of mile-per-gallon expenditure. Comfort is not
the only reason for using automotive air-conditioning
(AAC) systems; road safety also improves with the
comfort of the driver and a pleasant environment
reduces driver fatigue (Konz 2007). The A/C system
consumes a relatively high amount of energy, which
becomes a disadvantage, particularly for full electric

vehicles (EVs), because of the limited battery storage
capacity of such vehicles. The battery is used not only
to operate the electric motor of EVs but also to power
the A/C system and other accessories, thereby reduc-
ing the driving range of EVs. One way to reduce the
effect of various types of energy usage on the general
performance of the vehicle is to increase the efficien-
cy of the AAC system by adopting innovative tech-
nologies and strategies.

In general, a more efficient AAC system can reduce
energy consumption, thereby decreasing greenhouse
gas emissions. This low-carbon technology is highly
relevant in the real world and an important research
subject in energy-efficient systems. Many countries,
particularly developed ones, have policies to reduce
greenhouse gas emissions at the residential level, as well
as in the manufacturing and transportation industries.
Numerous studies have been conducted onA/C and heat
pumps (Li et al. 2014a; Li 2015).

Therefore, the present study aims to review the liter-
ature on energy efficiency and the A/C system, particu-
larly on technologies and strategies for the vapor com-
pression refrigeration (VCR) and the AAC system. The
review begins by documenting the effect of demand for
an energy-efficient AAC system. As shown in Fig. 1,
this review is divided into two key categories that are
organized systematically. The system components that
enhance the energy efficiency of the A/C system are
reviewed, followed by operational management and
control design strategies that possibly reduce the energy
use of an A/C system.

Impact on demand of energy-efficient AAC system

A typical AAC system for internal combustion engine-
powered vehicles is based on a fixed displacement com-
pressor (FDC) that continuously runs at maximum ca-
pacity (i.e., conventional bus A/C system) (Mansour
et al. 2008) or works on and off to meet the A/C demand
(i.e., AAC system) (Tian et al. 2005). This system
creates thermodynamic losses, disturbance to the engine
(Tian et al. 2005), and human thermal discomfort par-
ticularly with low cooling loads, which eventually lead
to inefficient energy usage (Mansour et al. 2008). In hot
and humid countries, the AAC system is crucial in
providing vehicular thermal comfort. The A/C system
is the second largest consumer of energy after the power
train (Roscher et al. 2012), which becomes a critical
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issue in the development of new vehicles because of
increasing concerns regarding energy cost, thermal
comfort, greenhouse gas emissions, and vehicle range
(particularly for full EVs). The demand for an energy-
efficient AAC system is a priority in the manufacturing
of new vehicles, and this system can be an important
innovation in future vehicles.

Figure 2 shows the effect of the heating, ventilation,
and air-conditioning (HVAC) system on the cruising
range of the EVs. The cruising range is critical for
EVs because of its limited battery storage capacity and
battery charging station, as well as its longer charging
time compared with conventional internal combus-
tion engine-powered vehicles. Farrington and Rugh
(2000) showed that an increase of the accessory load
from 500 to 3500 W would cause the EV range to

decrease by 7 to 38 %. According to Kwon et al.
(2012a), the EV driving range is approximately
140–160 km on a single charge; however, if the
HVAC is turned on, this range is reduced by 20 to
30 %. Chen et al. (2011) observed that the total
mileage of an EV decreases by 50 % when the A/C
is on, making the vehicle impractical for city trans-
portation. AAC cooling loads are the most significant
auxiliary loads (Zhang et al. 2009; Kaushik et al.
2011), so the AAC system has to consume energy
efficiently to minimize the reduction in the cruising
range when the AAC system is turned on.

Future vehicles such as EVs must meet the needs of
consumers in city driving and traveling longer dis-
tances for holiday outings. One essential element is
the vehicular thermal comfort provided by the A/C
system that runs on batteries. The AAC system is a
standard accessory, but it reduces the driving range in
an EV after every battery-charging cycle. In addition
to the limited battery-storage capacity, an energy-
efficient EVA/C system is important to achieve both
vehicular thermal comfort in the vehicle and extend
the range as far as possible.

An energy-efficient AAC system can reduce the en-
ergy consumption and improve the overall performance
of the vehicle. As a result, it also helps reduce the
greenhouse gas emissions of internal combustion
engine-powered vehicles. Therefore, an energy-
efficient AAC system not only improves vehicle perfor-
mance but also, and more importantly, helps protect the
environment for future generations.

ENERGY EFFICIENT FOR AUTOMOTIVE AIR-CONDITIONING 
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Component optimization

A typical automotive A/C has four primary components:
compressor, condenser, expansion valve, and evapora-
tor. Previous studies showed that component optimiza-
tion is a potential technique to achieve an energy-
efficient A/C system. In the open literature, energy-
efficient components, including compressors, micro-
channel heat exchangers, ejectors, and electronic expan-
sion valves, are recognized as the key components in
developing an energy-efficient AAC system.
Environment-friendly alternative refrigerants with the
potential to improve the system performance compared
with the HFC-134a used in the current AAC system are
also considered. Secondary components of advanced
glazing and insulation as well as internal heat ex-
changers (IHX) are also identified as possible options
in developing an energy-efficient AAC system.

Efficient compressor

The compressor, the most important component of the
A/C, serves as the heart of the system; thus, power is
necessary to operate the AAC compressor (Farrington
and Rugh 2000). According to Park et al. (2006), the
compressor consumes the highest amount of energy
(65 %) in a typical vapor compression refrigeration,
automotive air-conditioning (VCRAAC) system.
Therefore, a small improvement in compressor efficien-
cy leads to a larger reduction in power consumption.
Considerable efforts have been exerted to improve en-
ergy efficiency in cases where a substantial amount of
energy is consumed. In general, scientific articles in the
literature related to efficient compressor A/C systems
discuss an existing well-proven compressor or newly
developed experimental compressor.

Existing well-proven compressor

Research on the variable capacity compressor (VCC) in
an AAC system using HFC-134a was first reported by
Dieckmann and Mallory (1992) for EVs because of the
urgent need to produce energy-efficient vehicles. As
shown in Fig. 3, compared with the fixed capacity
compressor (FCC), the VCC produces a higher cooling
capacity at lower compressor energy consumption. Park
et al. (2006) studied the variable displacement swash-
plate compressor in an AAC system and found that this
compressor could improve the fuel consumption ratio

by 6.1–8.6 % compared with a fixed swash-plate
compressor.

Qi et al. (2007) analyzed the performance of an AAC
system with an externally controlled variable capacity
compressor (EVDC). The capacity control method is
based on the evaporator surface temperature and cabin
temperature. As shown in Fig. 4, Qi et al. (2007) found
that during the entire test period, the cabin temperature
in an EVDC system remained the same for 24 min even
if the Sun load changed after the experimental investi-
gation. By contrast, the cabin temperature in a FDC
system significantly decreased to approximately 20 to
21 °C when the Sun load changed down-up. Eventually,
the FDC system performed poorly because it was unable
to reach the required cabin temperature of 25 °C after
45 min. These findings indicate that the FDC system
causes thermal discomfort and consumes more energy.

Alkan and Hosoz (2010) also conducted an off-road
experimental study on the performance of an AAC
system using FCC and VCC under steady-state condi-
tions. The VCC operations are equipped with a capacity
control system. As shown in Fig. 5, the coefficient of
performance (COP) in the VCC operations minimally
decreased and became almost constant after a certain
compressor speed because of the intervention of the
capacity control system. As a result, the VCC operations
yielded a higher COP in the operations at a high com-
pressor speed compared with the FCC operations.
However, at Tcond,ai = 40 °C and Tevap,ai = 40 °C, the
VCC operations produced continually diminishing
COPs because of the limitations in operating the capac-
ity control system. In general, VCC operations with an
appropriate capacity control system can adapt to meet
the required cooling capacity while constantly operating
in a wide range of compressor speeds, in contrast to the
on/off operation of FCC. As shown in Fig. 6, the rate of
total exergy destruction in the VCC operations remain
almost constant after a certain compressor speed, but
gradually increases with the compressor speed in the
FCC operations. The ability to maintain a higher COP
and reduce exergy destruction in the circuit with a wide
range of compressor speeds indicated that VCC opera-
tions are more efficient than FCC operations.

The VCC/EVDC system with its appropriate capac-
ity control system can accurately change the compressor
capacity according to the changes of the ambient condi-
tions. This ability successfully provides better thermal
comfort to the passenger and saves more energy
compared with the FCC/FDC system.
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Experimental compressor

Teh and Ooi (2009d) stressed that an energy-efficient
compressor could be achieved in two ways: by improv-
ing the existing compressor design or by introducing
new designs that are expected to overcome the limits of
the existing compressor. The new rotary compressor
design optimization with a combination of geometrical
dimensions and minimum mechanical losses at given
operational conditions and swept volume (Ooi 2005)
theoretically reduces mechanical losses by approximate-
ly 50 % and improves the COP of the compressor by
more than 14 %. Also, a new gas compression mecha-
nism called the Brevolving vane^ (RV) compressor was
invented and theoretically shown to achieve improved
mechanical, volumetric, and compression efficiencies

compared with other existing compressor designs. This
new compressor design uses the radial concept of a
rotating cylinder to effectively reduce frictional losses.
The schematic of the RV compressor is shown in Fig. 7.
Theoretical studies have shown that friction, leakage,
and discharge loss were substantially reduced in the new
design, leading to significant improvements in efficien-
cies (Teh and Ooi 2009a; Teh and Ooi 2009b; Teh and
Ooi 2009c). Figure 8 shows snapshots of the RV com-
pressor operation.

An experimental study at a shaft speed of 600–
1200 rpm (Ooi 2005) on the prototype of a RV com-
pressor with air as the working fluid proved the reliabil-
ity of the mechanism, achieving pressure ratios higher
than 8:1 and more than 30 h of operation without any
failure. Later, the design improvements by Tan and Ooi

FCC

VCC

hcomp, FCC

hcomp, VCChcooling capacity, VCC

hcooling capacity, FCC
h (kJ/kg)

p

(bar)

Fig. 3 Image of cycle efficiency
improvement (Park et al. 2006)

Fig. 4 Comparison of in-car
temperature between EVDC and
FDC system at desired passenger
compartment and ambient
temperatures of 25 and 35 °C (Qi
et al. 2007)
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(2011) of the RV compressor with a fixed-vane signif-
icantly reduced the frictional losses by 18 to 41 % and
mechanical efficiency by 96 % compared with the older
RV compressor design.

In recent years, interest in using the electric compres-
sor to replace the current compressor has grown. By
utilizing this compressor, any problem related to the
interaction of the refrigerant cycle components and the
rapidly changing operating conditions of the vehicle
(speed, revolutions per minute, and so on) is solved.

Murakami et al. (2001) introduced a method of design-
ing an interior permanent magnet synchronous motor
(IPMSM) for a 42-VACC with an efficiency of 94 % at
15,000 rpm. The technology used by this highly effi-
cient and super-fast motor is extremely different from
mainstream technologies. The successful application of
this motor with a suitable compressor in the automotive
industry can lead to the improved efficiency of the AAC
system and the overall efficiency of the vehicle itself.
However, according to the author’s knowledge, no
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study has analyzed this highly efficient, super-fast motor
in combination with a suitable compressor.

Ekren et al. (2013) demonstrated that direct current
compressors have the potential to be used in energy-
efficient refrigeration systems because these compres-
sors do not require additional components such as a
power inverter that an alternative current compressor
would require. All types of ground vehicles are
equipped with direct current batteries; thus, the authors
agreed that efficient direct current compressors are also
among the best options to be used in an energy-efficient
AAC system. Nevertheless, further investigations such
as the stability of the batteries to consistently supply
energy to the compressor for a longer time are required
to justify the advantage of this compressor in developing
an AAC system in the future.

Micro-channel heat exchangers

Micro-channel or compact heat exchangers are widely
used in modern A/Cs, heat pumps, and refrigeration
systems for residential, industrial, automotive, and pro-
cess industry applications because of their potential to
enhance the heat transfer coefficient (Kim et al. 2003;
Han et al. 2012). These types of heat exchangers have
advantages in compactness (17.2 and 15.1 % volume
reduction for the evaporator and condenser, respective-
ly), weight (2.8 and 14.9 % lighter for the evaporator
and condenser, respectively), and heat transfer charac-
teristics compared with the currently used heat ex-
changers in the AAC industry (Qi et al. 2010). Han
et al. (2012) highlighted that the reduced scale leads to
enhanced fluid compressibility effects, and increased
roughness leads to increased drag coefficient; the in-
creased surface area-to-volume ratio strengthened the
effects of the force associated with the area (surface
forces, viscous forces, and so on) and enhanced the
effects of the axial heat conduction of the micro-
channel wall.

Park and Hrnjak (2008) analyzed the effect of the
different types of condensers on the performance of
R410A residential A/C systems and showed that both
the COP and cooling capacity of the system with the
micro-channel condenser were higher than those of the
round-tube condenser in all test conditions. The perfor-
mance enhancement study by Qi et al. (2010) on the
AAC system indicated that the enhanced system with
more compact heat exchangers could reduce the system
charge, minimize the effective charge amount, and

Fig. 7 Schematic of the RV compressor (Tan and Ooi 2011)

Fig. 8 Snapshots of revolving
vane compressor operation (Tan
and Ooi 2011)
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supply more cooling capacity to the car compartments
under all test conditions because of the better perfor-
mance of the heat exchangers than that of the baseline
system. As a result, the cooling capacity and COP
increased by approximately 5 and 8 % under a high
vehicle speed, respectively (Qi et al. 2010).

Ribeiro et al. (2012) investigated the thermal-
hydraulic performance of a micro-channel condenser
with open-cell metal forms to enhance the air-side heat
transfer. The researchers observed that, for a fixed
pumping power, the overall thermal conductance of
the metal foam condenser was lower than that of a plain
fin condenser with similar characteristics. The effective-
ness study by Yu et al. (2013) on anisotropic, micro-
patterned aluminum fins plain fin-and-tube heat ex-
changer showed an enhancement in the performance
through the reduction in the wet air-side pressure drop
from 9.3 to 53 % and the negligible effect on the
sensible heat transfer coefficient under dry and wet
conditions.

Decrease in size and weight directly reduces the need
for raw materials, lowering the cost of heat exchangers.
Although the reduction in material is relatively small, it
reduces the total weight and fuel/energy consumption of
the vehicle. In addition, with better performance and
efficiency, the micro-channel heat exchanger is among
the best options for energy-efficient AAC systems.
However, Han et al. (2012) concluded that the pressure
loss and heat transfer characteristics in the proposed
system must be accurately predicted before designing
the micro-channel heat exchanger because the theoreti-
cal basis that can accurately guide the design has not
been developed and no standard in manufacturing
exists.

Efficient expansion valve

The expansion valve is used to reduce the pressure in a
typical VCR system. It also regulates the flow rate of the
refrigerant and controls the refrigerant to the evaporator
suction pressure level (Huang 1998; Kaynakli and
Horuz 2003). Typically, two types of conventional ex-
pansion valves are used in the A/C system: capillary
tube and thermostatic expansion valve (TEV). However,
few studies on creating a new type of expansion valve
that enhances the overall system performance have been
conducted and reported because of various concerns and
market pressure in developing an energy-efficient A/C
system.

Recently, the ejector has been intensively investigat-
ed as an expansion valve because it can control pressure
and help reduce the power consumption of the compres-
sor at the same time (Disawas and Wongwises 2004;
Sumeru et al. 2012; Yan et al. 2013). The electronic
expansion valve (EEV) also gained much attention be-
cause of its faster, accurate, and high-precision response
to the variable load with a widely regulated range,
thereby exhibiting the potential to improve the control
quality and energy-saving capabilities of refrigeration
systems compared with TEV (Li et al. 2004; Lui et al.
2007; Wang et al. 2010b).

Ejector as an expansion device

Ejectors improve refrigeration cycle performance be-
cause of their ability to reduce throttling losses and
increase the efficiency of stationary and AAC systems
(Sumeru et al. 2012, 2014). Three applications of an
ejector on the VCR cycle were highlighted by Sumeru
et al. (2012): ejector on the heat-driven refrigeration,
ejector on the condenser, and ejector as an expansion
valve. As shown in Fig. 9, two types of ejectors used as
an expansion valve are reported in the literature, namely,
standard ejector cycle (SEC) and modified ejector cycle
(MEC). Lawrence and Elbel (2014) highlighted two
types of SECs known as the single evaporation temper-
ature, as shown in Fig. 9b, and two evaporation
temperatures (Fig. 10).

As shown in the p-h diagram of Fig. 9a, the actual
throttling process in the conventional expansion valve
(from P2 to P11) produces an isenthalpic (constant
enthalpy) process. This process increases entropy and
energy loss in the throttling process. As a result, the
evaporator cooling capacity decreased, which subse-
quently reduces the system performance. However, the
ejector generates an isentropic (constant entropy) pro-
cess (Sumeru et al. 2014) with no entropy generation.
Thus, energy loss during the throttling process is
reduced.

In addition, the compressor suction pressure (P1) of
SEC (p-h diagram of Fig. 9b) is higher than the com-
pressor suction pressure (P1) of the standard cycle with-
out ejector (SC) (p-h diagram of Fig. 9a). SEC recovers
expansion energy that was previously lost in the expan-
sion valve, and converts it into pressure energy. The
pressure lift provided by the ejector reduces workload
by the compressor (process P1 to P2 in Fig. 9b), thereby
reducing the overall power consumption and increasing
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the performance of the A/C system. According to Fig. 9,
using the ejector also reduces the quality of the

refrigerant entering the evaporator (P7 for SEC and P8
for MEC), thereby producing a higher cooling capacity

Fig. 9 Schematic and p-h diagram of the vapor compression refrigeration cycle. a Standard cycle. b Standard ejector cycle. c Modified
ejector cycle (Sumeru et al. 2014)
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compared with SC. The reason is the overall heat trans-
fer coefficient of the evaporator in the system with
ejector is higher than that of the SC system under the
same area of the evaporator.

These findings are consistent with experimental and
numerical results published by other researchers. As
shown in Fig. 11, at the same operating conditions,
Lee at al. (2011) found that the system with the ejector
caused the pressure in the compressor inlet (point 1′) to
be higher than that (point 1) of a SC system. At the same

time, the pressure in the compressor inlet of the SC
system (point 1) and the pressure in the evaporator outlet
of the system using an ejector (point 9′) are almost
similar. The evaporating temperature and pressure in
the compressor outlet (points 2 and 2′) of both systems
are also similar. Consequently, the compressor work
decreased by approximately 13 % and the COP of the
system using an ejector is approximately 15 % higher
than that of the SC system (Lee at al. 2011).

Meanwhile, the higher cooling capacity with system
using the ejector is also consistent with the experimental
findings of Disawas and Wongwises (2004). The re-
searchers determined that the cooling capacity in a sys-
tem with a two-phase ejector refrigerant cycle (TPERC)
is always higher than that of a conventional refrigerant
cycle (CRC) in the same operating conditions (Fig. 12).
As shown in Fig. 13, these observations cause the COP
of the TPERC to be higher than that of the CRC in all
experimental conditions.

Kairouani et al. (2009) showed that the COP of the
conventional direct expansion (DX) multi-evaporator
system utilizing the ejector is better, with an improve-
ment of 15 %, than the same system without the ejector.
Yan et al. (2013) determined that the COP of the com-
bined ejector-vapor compression cycle based on R134a
and air-cooled condenser improves by approximately
15.9–21.0 %. Studies on the performance of a CO2

A/C system using the ejector as an expansion device
by Lee et al. (2014) also indicated that the cooling
capacity and COP in the A/C system using an ejector
are higher than those in the conventional system at an

Fig. 10 a Layout diagram and b p-h diagram of SEC A/C system with two evaporation temperatures (Lawrence and Elbel 2014)

Fig. 11 p-h diagrams in CO2 A/C system using and ejector and
conventional/SC system (Lee at al. 2011)
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entrainment ratio greater than 0.76. The entrainment
ratio is the ratio of the mass flow rate in the suction
nozzle to the motive nozzle of the ejector (Lee et al.
2014).

Sumeru et al. (2014) also conducted an experimental
investigation on the effect of the ejector as an expansion
valve to the performance of an A/C system. As shown in
Fig. 14, the researchers found that at a constant ambient
temperature, the MEC A/C system of a split-type air
conditioner always consumed a lower compressor input
power compared with a SC A/C system using the con-
ventional expansion valve. Meanwhile, the reduction in
compressor input power later improved the COP of the
MEC by 13.78 %, as indicated in Fig. 15. The ejector

and conventional expansion valve used in the experi-
mental study was installed at the same experimental test
rig to ensure that any change or improvement would not
be attributed to other design changes.

All previous studies concluded that an ejector could
replace the function of a conventional valve. The ejector
increases the cooling capacity and reduces compressor
work (at the same operating conditions) compared with
the conventional expansion valve. Apart from having
simple construction, high reliability, low installation,
and low maintenance cost (Yan et al. 2013), the ejector
is a potential replacement to the conventional expansion
valve to increase the performance of the AAC system.

Electronic expansion valve

The cooling load in the passenger compartment varies
with the daily conditions of the environment. Thus, an
energy-efficient AAC system addresses this variation
while saving energy. In this case, a throttling device
can regulate the refrigerant mass flow rate to match the
variable load. Thermal expansion valves (TEVs) have
been widely used in the AAC system; however, in terms
of energy efficiency, it has a slow response speed and
low response precision to variable load. Mitsui (1987)
studied the TEV based on the VCC system and demon-
strated that the evaporator performance deteriorates at
an initial stage because of the shortage of the refrigerant
flow caused by the response delay of the TEV.

To improve the refrigerant flow control method, the
concept of EEV-based AAC system was first proposed
byMitsui (1987) for a conventional on/off AAC system.
Nowadays, the latest research on the A/C system also
focuses on EEV as a replacement for the conventional
expansion valve because of the quick response of the
electrical signal. Wang et al. (2010) highlighted that,
with the growing popularity of energy-efficient air con-
ditioners, the application of EEV has widened and many
studies on EEV have focused particularly on its flow
characteristics.

Li et al. (2004) described the improvement of the
refrigerant flow control method using an EEV driven by
a stepper motor in the AAC system. Figure 16 shows the
experimental results on the variations of the evaporator
discharge air temperature over time for the AAC system
using the fuzzy self-tuning proportional integral deriva-
tive (FSTPID) and conventional PID as a control system
for EEV. The experimental study was conducted under
the same operating conditions. Using FSTPID has

Fig. 13 Comparison of the cooling capacity between TPERC and
CRC at various operating conditions (Disawas and Wongwises
2004)

Fig. 12 Comparison of the cooling capacity between TPERC and
CRC at various operating conditions (Disawas and Wongwises
2004)
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lowered the evaporator discharge air temperature by
approximately 3 °C compared with that of the conven-
tional PID control system. This observation implies that
the cooling capacity is increased at equal compressor
workload, thereby improving the COP of the system.
Therefore, the EEV with its appropriate control system
can provide the adequate refrigerant flow into the evap-
orator in various operations and produce an energy-
efficient system compared with the conventional AAC
system.

An efficient EEV is important for a VCR A/C system
that works on the basis of variable refrigerant flow
(VRF). This system produces the desired cooling capac-
ity based on the imposed cooling load in the cabin
compartment by controlling the refrigerant flow/volume
in the refrigerant cycle using the EEV and VCC. By
changing the refrigerant flow, the power consumption
of the compressor is reduced, particularly at the lower
cooling load, thereby saving energy while maintaining
human thermal comfort. The potential of the VRF system
for the AAC system is explained in the section of
BVariable refrigerant flow air-conditioning system.^

Alternative refrigerants

The refrigerant of HFC-134a has zero ozone-layer de-
pletion potential (ODP = 0) but high global warming
potential (GWP = 1340) (Wu et al. 2014; Li et al.
2014b). The HFC-134a in the current AAC system will
eventually be phased out because of strong legislative
pressure to protect the environment from global
warming by reducing greenhouse gases. Li et al.
(2014b) highlighted that legislation in the European
community requires the use of refrigerants with a
GWP that is less than 150 in all new vehicle types
beginning in 2011 and in all new vehicles by 2017.
Thus, the alternative refrigerant of R134a will be intro-
duced to meet the dual environmental demands of the
zero ODP and low GWP.

The type of refrigerant also influences the performance
of the AAC system; thus, a few studies have reported the
effect of alternative refrigerants on the performance of the
AAC system as a replacement for HFC-134a (Steven
Brown et al. 2002; Tamura et al. 2005; Wongwises
et al. 2006; Cho et al. 2013; Han et al. 2013; Qi 2013;

Fig. 14 Variation of input power
(Winput) and input power
reduction (Winput_red) with
ambient temperatures (Sumeru
et al. 2014)

Fig. 15 Variation of COP and
COP improvement with ambient
temperatures (Sumeru et al. 2014)
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Wu et al. 2014; Li et al. 2014b). Table 1 shows the
previously proposed alternative refrigerant and its effect
on the performance of the AAC system. As shown in
Table 1, the potential refrigerants replacing HFC-134a are
CO2, the mixture of HC-290/HC-600/HC-600a, HFO-
1234yf, the mixture of HFC-161/HFC-134a, HFC-161,
HC-290, HC-600a, and HFC-152a.

All those potential alternative refrigerants have a zero
ODP and lower GWP that is less than 150 with better
COP compared with a system with HFC-134a except
CO2, the mixture of HFC-161/HFC-134a (60 %/40 %),
and HFC-1234yf. As a natural refrigerant, CO2 is the
best GWP, but it does not improve the system perfor-
mance and it requires operation at high pressure, which
results in energy and cost issues. The mixture of HFC-
161/HFC-134a at 60 or 40 % possibly has a GWP
higher than 150, whereas HFC-1234yf decreases the
system performance compared with the HFC-134a sys-
tem. Hydrocarbon (HC) refrigerants have low GWP
value but are not popular because of safety concerns,
such as flammability (Li et al. 2014b).

Table 1 indicates that the effect on COP depends on
the thermophysical properties of the proposed refriger-
ants, which are suitable for the projected AAC system.
An increase or decrease in cooling capacity and com-
pressor power occurs because of energy balance. A
dominant increase in cooling capacity, as opposed to a
rise in compressor power, as well as a prominent de-
crease in compressor power, rather than a decline in
cooling capacity, leads to the improvement of COP.
Any possible alternative refrigerant, which has zero
ODP and low GWP, minimal safety concerns, and
adaptability with the current AAC system designed for

HFC-134a with or without minor modifications, may
replace HFC-134a in the near future. Evidently, the
alternative refrigerant that performs at least equally as
the system with R134a is preferred.

A limited number of refrigerants improve the COP
and require specific modifications to the current DX
AAC system. For example, flammable refrigerants, such
as HC-290 and HFC-152a, require a secondary loop
system to reduce their flammability risk. Therefore,
further investigation is necessary to justify the best
refrigerant before it can be commercially marketed for
future AAC systems.

Secondary components

In addition to the main components, adding secondary
components has a successful result in achieving an
energy-efficient AAC system. Secondary components,
such as an IHX, as well as advanced glazing and insu-
lation materials, can be directly or indirectly installed to
the AAC system to reduce its energy consumption.

Internal heat exchanger

An IHX functions as an efficient heat transfer device for
energy or heat recovery (Abd El-Baky and Mohamed
2007; Ahmadzadehtalatapeh 2013). The IHX can be
installed in the refrigerant pipeline at the location indicat-
ed in Fig. 17 to exchange energy between the warm liquid
of the refrigerant exiting the condenser and the cool gas of
the refrigerant leaving the evaporator. Therefore, the IHX
affects the performance of the A/C system by influencing
both its high and low pressure sides.

As shown in Fig. 18, the enthalpy of the refrigerant
leaving the condenser (i.e., point 3) decreases before
entering the expansion device (i.e., point 4) by rejecting
energy to the vapor refrigerant leaving the evaporator
(i.e., point 1) before entering the compressor (i.e., point
2). The cooling of the condensate that occurs on the
high-pressure side (i.e., point 3 to point 4) increases the
cooling capacity and reduces the probability of liquid
flashing prior to reaching the expansion valve (Klein
et al. 2000). In the low-pressure side, the IHX increases
the temperature and reduces the pressure of the refriger-
ant entering the compressor, causing a decrease in the
refrigerant density and compressor volumetric efficien-
cy (Klein et al. 2000). Consequently, the refrigerant
mass flow decreases as the effectiveness of the IHX
increases. However, the refrigerant effect per unit mass

Fig. 16 Comparison of evaporator discharge air temperature for
EEV using FSTPID and conventional PID (Li et al. 2004)
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flow rate advances as a result of increased of enthalpy
difference across the evaporator. Therefore, the benefi-
cial effects of the IHX are offset by the refrigerant
pressure drops that occur in it. Thus, the actual

advantage of the IHX depends on its competing effect.
In certain cases, the IHX improves the system perfor-
mance, whereas it in other circumstances, it degrades the
system performance.

Table 1 Summary of previous studies related to performance of AAC system with alternative refrigerants

Authors Alternative refrigerants GWP ODP Performances

Steven Brown et al.
(2002)

CO2 1 0 • System with R134a has better COP where the COP of
CO2 system is lower by 21 and 34 % at Tai,cond of
32.2 and 48.9 °C, respectively.

Tamura et al. (2005) CO2 1 0 • Cooling COP ratio to HFC-134a AAC system is 1.00.

Wongwises et al. (2006) mixture of HC-290/HC-600/HC-
600a

20/20/20 0/0/0 • The mixture of HC-290/HC-600/HC-600a:
50 %/40 %/10 % yielded highest COP than
HFC-134a in every tested condition.

Cho et al. (2013) HFO-1234yf 4 0 Compared to AAC system with HFC-134a, system with
HFO-1234yf has

• Lower power consumption and cooling capacity up to 4
and 7 % respectively.

• Cooling capacity and COP decreased up to 7 and 4.5 %
(without IHX), and decreased by 1.8 and 2.9 %
(with IHX), respectively.

Han et al. (2013) Mixture of HFC-161/HFC-134a
(60 %/40 %)

12/1340 0/0 Compared to AAC system with HFC-134a, system with
proposed mixture refrigerant has

• Higher COP of up to 8.4 %.

• Higher cooling capacity and compressor power of about
32 and 30 %, respectively.

Qi (2013) HFO-1234yf 4 0 • Cooling capacity of system with HFO-1234yf reduced
up to 8.0 % in laminated type evaporator, but
comparable and/or larger than that of HFC-134a up to
6.5 % in microchannel parallel flow evaporator.

Wu et al. (2014) HFC-161 12 0 • The experimental COPs of system with HFC-161 were
higher than those of HFC-134a at lower evaporation
temperature but become closer at higher evaporation
temperature.

• The cooling capacities and compressor power of system
with HFC-161 were about 56 and 47 % larger than
those of system with HFC-134a, respectively.

Li et al. (2014b) HFC-152a, HC-290 140, 3.3 0,0 Compared to direct expansion HFC-134a AAC system,
at 35 °C of ambient temperature

• COP of the HFC-152a secondary loop system (2LP)
was increased by 5 and 10 % for highway driving and
idling conditions, respectively.

• COP of the HC-290 2LP was increased by 8 % and was
decreased by 15 % under highway driving and idling
conditions, respectively.

• Total exergy destruction of the HFC-152a 2LP and
HC-290 2LP was reduced around 9.6 and 14.3 % for
highway driving conditions respectively.

• A theoretical potential of COP and exergy destruction
during idling condition for HC-290 2LP were
approximately 15 % higher and 12.5 % lower than
those of the HFC-134a system, respectively.
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Klein et al. (2000) revealed the net effect of the IHX
with mass flow rate correction and absence of pressure
losses in the relative capacity index (RCI) for seven
refrigerants as shown in Fig. 19. The RCI is defined as
the value of cooling capacity with the IHX minus the
cooling capacity without it, divided by the cooling ca-
pacity without the IHX at the same evaporating and
condensing temperature. Few refrigerants have a higher
RCI with an increased effectiveness of the IHX. One of
the refrigerants is HFC-134a, which is widely used in
the current AAC system. Furthermore, Klein et al.
(2000) described in detail the method of obtaining the
net result of the IHX on the COP with the effect of
pressure loss. At this point, performing an economic
assessment can determine the overall value of the IHX.

In general, an experimental investigation of IHX
reported in the literature presented an improvement in
the system COP. Desai et al. (2011) used the IHX for the
AAC system. The experimental results indicated that the

cooling capacity increases by 4.84 and 3.17 %, the COP
increases by 11 and 7.18 %, and the compressor input
power decreases by 6.05 and 4.18 % with the use of a
copper and an aluminum IHX, respectively. A study by
Cho et al. (2013) on the sameAAC system experimental
test rig demonstrated that a system with an IHX and
HFO-1234yf can reduce the decrease in COP from 4.5
to 2.9% compared with a systemwith an IHX andHFC-
134a.

Kwon et al. (2012a) analyzed the effects of sub-
cooling heat exchanger (SCHX) on the performance of
the multi-split VRF system. Results in the p-h diagram
shown in Fig. 20 indicate that the multi-split VRF
system with the SCHX performs more efficiently than
the system without the SCHX. The advantages of the
SCHX are due to the reduced pressure ratio, which leads
to a reduction in power consumption, an improvement
in compressor efficiency, and an increase in cooling
capacity (Kwon et al. 2012a). Further details on the
benefits of the sub-cooling control method are presented
in the section of BSub-cooling control.^

Previous studies reveal that IHX is suitable for a
system that uses HFC-134a or an alternative refrigerant
of HFO-1234yf. Figure 19 proves the former where the
relative system COP index increases with an IHX and
becomes higher at a heightened heat exchanger effec-
tiveness. The current AAC system utilizes HFC-134a;
thus, an IHX may be suitable to increase the system
performance. Furthermore, using an IHX reduces the
possibility of liquid carry-over from the evaporator,
which can damage the compressor (Klein et al. 2000).

In addition, COP calculation typically considers only
the compressor work as input energy and the cooling
capacity as output energy. However, certain secondary
components, such as blowers, also consume a

Fig. 17 Schematic of
experimental setup (Cho et al.
2013)

Fig. 18 p-h diagram indicating the effect of an idealized IHX
(Klein et al. 2000)
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significant amount of input energy. If all of the input
energy of each possible component is considered for a
more realistic indication of the system COP, then the
actual COP can be lower than expected. The use of an
IHX becomes more advantageous in achieving an
energy-efficient AAC system because the IHX does
not require external power to operate. However, in cer-
tain cases, the IHX can decrease the performance of the
A/C system; thus, further detailed analysis must be
conducted, especially when a new type of refrigerant is
used, to confirm the benefits of using an IHX before it
can be implemented in an AAC system.

Advanced glazing and insulation materials

Vehicle heat gain or cooling load mainly comes from
solar radiation through glazing surfaces. Sukri et al.

(2012) emphasized that glass surfaces are recognized
as the weak point of a building envelope in reducing
building energy consumption. Their research on a com-
mercial building indicated that 69.2 % of building heat
gained is from solar heat gain through windows.
Cordoba et al. (1998) noticed an approximately 12 %
saving in building electricity consumption when a com-
bination of solar control glass with thermal insulation
was used. A similar problem is expected for vehicle
cooling load because most of the exterior surfaces (i.e.,
front and rear windscreen and right and left windows)
are made of glass.

For vehicle application, a 50 % reduction in com-
pressor power can be achieved by implementing vehicle
insulation strategies in addition to Bsmarter^ refrigerant
components (Meyer et al. 2003). Fritsch (1991) con-
cluded that double-glazing can improve passenger com-
fort while reducing the workload of an A/C system in a
car. Farrington et al. (2000) demonstrated that glazing,
which reflects the infrared portion of the solar spectrum,
can reduce interior temperatures by 9 °C and reject more
than 500 W while the vehicle is parked; thus, it im-
proves the fuel economy of a compact car by approxi-
mately 0.3 km/l if the A/C system is appropriately
downsized. Türler et al. (2003) stated that advanced
insulation and window technologies reduce heating
and cooling loads, which allows downsized HVAC
equipment, increased fuel savings for conventional and
hybrid vehicles, extended range for EVs, improved
passenger comfort, reduced degradation of interior
surfaces, and improved safety. Gasworth and Tankala
(2011) illustrated that polycarbonate has lower thermal
conductivity, which affords reduced steady-state heat

Fig. 19 Relative capacity (and
relative system COP) index as a
function of internal heat
exchanger effectiveness for
various refrigerants (Klein et al.
2000)

Fig. 20 Comparison of pressure and enthalpy diagram for refrig-
eration cycles with and without SCHX (Kwon et al. 2012a)
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transfer relative to glass and reduced nominal HVAC
load in all of the operating conditions.

Thus, reduced vehicle solar heat gain through glazing
surfaces (i.e., advanced glazing and insulation) can sig-
nificantly lessen the cooling load as well as the energy
consumption for a more energy-efficient AAC system.

Operational management and control

An energy-efficient AAC system can also be achieved
through effective strategies in managing and controlling
the system operation. According to the open literature,
these strategies are sub-cooling control method, com-
pact A/C system, extra-circuit A/C system, variable air
volume, occupied-zone A/C system, and control of the
refrigerant flow (i.e., VRF) in the A/C circuit.

Sub-cooling control

The COP and capacity of VCR cycles can be increased
beyond what is possible through standard cycles by
utilizing a dedicated sub-cooling control method
(Thornton et al. 1994). Jensen and Skogestad (2007)
highlighted that if allowed by design, sub-cooling can
be used to increase the performance of the VCR cycle.
Two potentially optimal designs with sub-cooling and
no super-heating are shown in Fig. 21. According to
Jensen and Skogestad (2007), these designs can be
maximized only if the optimal value of sub-cooling
and super-heating are used. Yang and Yeh (2015) sup-
ported this claim when they discovered that the optimal
degrees of sub-cooling occur between 2 and 6 °C for

initial cost saving and from 4 to 7 °C for total exergy
destruction for R134a, R22, R410A, and R717.

Super-heating is unnecessary for optimal design
(Jensen and Skogestad 2007) except to prevent the
liquid refrigerant from entering the compressor.
Therefore, a low-pressure tank (i.e., receiver drier) is
installed after the evaporator as shown in Fig. 21, to
allow only saturated vapor out of the evaporator at a
steady state for optimum condition. Then, only two-
phase flow occurs inside the evaporator tube, producing
a better difference in temperature between cold two-
phase flow refrigerant and the hot air. The heat transfer
process increases between the two-phase flow refriger-
ant and the hot air. As shown in Fig. 21a, the expansion
valve controls the degree of sub-cooling. Jensen and
Skogestad (2007) mentioned two other options of sub-
cooling control methods, namely, keeping the valve
opening position at its optimal value and controlling
the pressure. However, they emphasized that controlling
the degree of sub-cooling produces a good self-
optimizing control method.

Few studies related to the sub-cooling control
method on the VCR cycle successfully increase the
performance of the system. The case study by Jensen
and Skogestad (2007) on an ammonia refrigeration
unit revealed that sub-cooling in the condenser may
result in 2 % savings in compressor power. Pottker
and Hrnjak (2015) conducted an experimental study
on the effect of sub-cooling on the performance of the
A/C system operating with R134a and R1234yf under
the same working conditions. As shown in Fig. 22, at
a certain value of sub-cooling, the COPs of both
refrigerants undergo a maximum effect because of

Fig. 21 Two potentially optimal designs with sub-cooling and no super-heating. aOptimal with one tank. bOptimal with two tanks. (Jensen
and Skogestad 2007)
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the reduction of the condenser exit temperature and
increase in specific compression work caused by an
inflation in the condensing pressure. The maximum
COP improvement for system using R134a because of
condenser sub-cooling is 18 % (without an IHX) and
9 % (with an IHX). Moreover, using both (IHX and
condenser sub-cooling) simultaneously yields a more
efficient improvement of A/C system, especially for
R1234yf.

Thus, standard VCRwith sub-cooling cycle provides
a lower heat sink temperature, resulting in a gain in
capacity and COP, particularly at high ambient and
low evaporator temperatures. In addition, sub-cooling
allows the refrigerant to enter the inlet evaporator with a
lower quality compared with a typical VCR cycle. The
lower quality of the evaporator inlet produces an in-
crease in the refrigeration capacity per unit mass of
refrigerant circulated. However, induced by energy

Fig. 22 COP as a function of the
condenser sub-cooling for
systems with and without IHX. a
R134a. b R1234yf (Pottker and
Hrnjak 2015)
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balance (neglecting losses to the environment), the in-
crease in refrigeration capacity provided by sub-cooling
must be equal to the heat addition to the system. This
heat addition must be rejected through the condenser at
the cost of extra compressor work as illustrated in
Fig. 23. Therefore, a trade-off exists between the
amount of extra refrigeration capacity provided to the
system and the amount of work performed by the
compressor. Jensen and Skogestad (2007) justified that
a small degree of sub-cooling may be optimal to ensure
performance improvement in the VCR system. In a real
application of the AAC system, sub-cooling is clearly
allowed by design. Therefore, optimality of the sub-
cooling control method at a certain degree of sub-
cooling may be possible for the performance improve-
ment in the AAC system.

Compact air-conditioning system

Another way to achieve an energy-efficient AAC sys-
tem is to make the system as compact as possible;
therefore, the frictional losses are reduced and the
compressor performs less work in transporting the

refrigerant around the cycle. Yan et al. (2012) studied
the effects of refrigerant pipeline length on the opera-
tional performance of a dual-evaporator air-conditioning
(DEAC) system; they indicated that the COP of the
DEAC system decreases with an increase in the refrig-
erant pipeline length as presented in Fig. 24.

From this result, a conclusion can be made on how a
compact A/C system, especially because of a short
refrigerant pipe, can lead to the development of more
energy-efficient AACs.

Extra-circuits air-conditioning system

Multi-circuits system

In practice, large transport A/C systems, such as con-
ventional bus A/C systems, have no thermostat
installed, causing the compressor to work continuously
at maximum capacity (Mansour et al. 2008). This con-
ventional system used energy inefficiently and severely
over-cooling the passenger compartment during partial
load conditions. A multi-circuit system offers an attrac-
tive solution to this problemwhere more than one unit of

Fig. 23 Comparison between theoretical cycles with and without condenser sub-cooling (Pottker and Hrnjak 2015)
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the A/C circuit can be used; each unit consists of an
independent compressor, condenser, and expansion
valve while sharing an evaporator.

The main concept behind this system is to control the
refrigerant flow in the circuit so that it matches the
various cooling loads using few circuits. Therefore,
during partial cooling load, such as evening hours or
early morning hours, and with a limited number of
passengers, one unit of the A/C circuit can be designed
to provide adequate cooling to the passengers. A smaller
capacity of the compressor is powered up to run the
smaller A/C system for smaller cooling loads. However,
during peak-cooling load condition, such as the highest
ambient temperature in the afternoon and with a full
capacity of passengers on board, all the circuits are
switched on to provide sufficient cooling to all passen-
gers. More favorable operating conditions during low to
high loads are achieved because of a better adjustment
of the system to the cooling load. Thus, the A/C system
works efficiently and thermal comfort is achieved
regardless of any cooling load condition compared with
a conventional system.

Mansour et al. (2008) introduced two circuits of a
rooftop bus A/C system, with each circuit consisting of
an independent compressor, condenser, and expansion
valve while sharing an evaporator as shown in Fig. 25.
Through an appropriate automatic control strategy, this
system is able to provide passengers thermal comfort
with up to 31.6 % energy saving and 17 months of
payback period compared with the conventional system
(Mansour et al. 2008).

With an appropriate control strategy, this multi-
circuit A/C system is more suitable for large transport
A/C systems, such as busses with an A/C system that
runs continuously at maximum capacity. However, in-
troducing extra circuits can increase the initial capital
and maintenance costs as well as the weight of the
vehicle. Extra weight signifies extra fuel/energy

consumption, which reduces the overall performance
of the vehicle. Thus, the beneficial effects of multi-
circuits are counterbalanced by the extra cost and weight
of the vehicle. With no scientific publication related to
on-road investigation on the fuel consumption and per-
formance of a vehicle using the multi-circuit A/C sys-
tem, the actual net effect of this system remains unclear.

Secondary loop system

A secondary-loop (2LP) AAC system is introduced for
alternative refrigerants with safety risks, such as flam-
mability (Wang et al. 2010a; Li et al. 2014b), as
discussed in the section of BAlternative refrigerants.^
The potential alternative refrigerants with flammability
issues are HFO-1234yf, HFC-152a, HC-290, and HC-
600a (Li et al. 2014b). A schematic of the secondary
loop refrigeration system is shown in Fig. 26. Rather
than the evaporating refrigerant directly cooling down
the cabin compartment, the refrigerant/secondary fluid
heat exchanger is used to cool down a secondary fluid
first to achieve the same purpose. Therefore, a typically
variable speed pump is used to circulate the cool sec-
ondary fluid from the refrigerant/secondary fluid heat
exchanger through a secondary fluid/air heat exchanger.

Wang et al. (2010a) claimed that the 2LP refrigera-
tion system indicates benefits in reducing refrigerant
charge, improving energy efficiency, and being able to
use natural refrigerants compared with the DX system.
Kazachki and Hinde (2006) concluded that for super-
market application, the 2LP system has two advantages
over the traditional centralized DX system; these advan-
tages are short liquid-refrigerant supply lines and short
vapor-refrigerant return lines.

However, the system encounters efficiency degrada-
tion because of the refrigerant/secondary fluid heat
exchanger and pump. Therefore, two disadvantages of
the 2LP system are the presence of circulation pump and

Fig. 24 Variation of COP with
the increase in the length of
refrigerant pipelines in branch I
(Yan et al. 2012)
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refrigerant/secondary fluid heat exchanger. The circula-
tion pumps draw energy in addition to the energy used
in the DX systems. Then, a portion of this energy results
in increased refrigeration load. The refrigerant/
secondary fluid heat exchangers introduce an additional
temperature differential between the refrigerant and the
secondary fluid. The initial capital cost also increases
because of these additional components. However, as
stated in Table 1, an experimental investigation by Li
et al. (2014b) revealed that alternative refrigerants of
HFC-152a and HC-290 with 2LP AAC system have
better COP and less exergy destruction compared with
the DX HFC-134a AAC system. Thus, the balance
between the advantages and disadvantages associated
with 2LP systems is the key to its success in future AAC
systems.

Occupied-zone air-conditioning system

In general, a typical AAC system is equipped with a
single evaporator. Using this configuration, Huang et al.
(2005) highlighted that the A/C system in the cabin of a
small car is separated into the front and rear sections by a
flow field with a temperature difference of approximate-
ly 6.5 °C; the front and rear cabins are at different
temperatures. Therefore, to provide thermal comfort
for rear occupants/passengers, the front occupants (i.e.,
front passenger and driver) may experience over-
cooling, and when thermal comfort for front occupants

is achieved, the rear occupants may experience inade-
quate cooling. Thus, this system causes inefficient ener-
gy usage, and during a full-passenger situation, it can
cause thermal discomfort.

The main objective of the AAC system is to provide
human thermal comfort in a cabin compartment.
Therefore, instead of cooling down the entire cabin as
typical conventional AAC systems do, an occupied-
zone A/C system only cools down occupied-zone/se-
lected points in the cabin compartment. Therefore, the
cooling effect in a certain compartment provides only
what is necessary, resulting in optimum thermal comfort
and energy saving. Power consumption of the AAC
system is drastically reduced especially during lower
cooling load and with a limited number of passengers
while the passenger thermal comfort is maintained.

Based on the open literature, two types of operational
management and control of A/C system can be catego-
rized under occupied-zone A/C system: airflow man-
agement or variable air volume (VAV) and variable
refrigerant flow/volume (VRF). A typical conventional
AAC system operates as a VAV system; however, all of
the air outlet vanes are located on the dashboard, espe-
cially for small to compact and medium-sized vehicles.
The A/C system in the front and rear sections are sepa-
rated by a flow field; consequently, the front and rear
sections are at different temperatures. To optimize the
current design, intensive research on this technique con-
tinues to be reported worldwide.

Fig. 25 Schematic of two circuit
roof top bus AC system (Mansour
et al. 2008)
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The VRF technique is well accepted as a new option
for the VAV system in building space cooling for more
energy saving. However, information on the system,
especially on control strategies and energy and thermal
performance characteristics, are extremely limited be-
cause of market potential and company policies. In the
case of vehicle application, publications related to VRF
are scant because of new research interest in the field of
AAC system.

Airflow management technique

Huang et al. (2005), Kaushik et al. (2011), Kwon et al.
(2012a), and Gosh et al. (2013) realized the occupied
zone or spot cooling of the AAC system through airflow
management technique. This technique controls airflow

in the vehicle cabin to achieve a regional steady-state
temperature. Thus, the controlled airflow of all passen-
gers in different areas of the compartment can be satis-
fied with respect to their unique temperature demands
by delivering a relatively smaller amount of localized air
directly to the occupied zone or effectively to the ther-
mally sensitive body parts of the occupant.

Kaushik et al. (2011) demonstrated that all of the
three micro-cooling/heating strategies, namely, ventilat-
ed seat + seatbelt nozzle active, ventilated seat + neck
nozzle active, and ventilated seat + front nozzle active,
are capable of delivering sufficient overall thermal com-
fort at a potentially lower A/C energy consumption and
yielding reasonably good estimates of overall thermal
sensation and comfort perception levels. Kwon et al.
(2012b) developed an occupied-zone HVAC system
based on airflow management technique (as presented
in Fig. 27) with three zones: driver, front passenger, and
rear passenger. Fuel economy evaluation during cooling
and heating for the driver-zone mode showed 17–20 %
reduction in HVAC power consumption compared with
the conventional whole-cabin system (Kwon et al.
2012b).

Consequently, several new models of vehicles now
utilize the airflow management technique. For example,
in the Proton Exora model shown in Fig. 28, the AAC
system is equipped with air outlet vanes in various
positions, particularly at the ceiling and rear top right
and left.

Variable refrigerant flow air-conditioning system

The compressor in a conventional on/off AAC system
requires extra energy to overcome inertia torque and
static friction force each time the compressor is switched
on. The compressor input power influences the perfor-
mance of the AAC system (Lee and Yoo 2000; Saiz
Jabardo et al. 2002; Kaynakli and Horuz 2003; Wang

Fig. 26 Schematic of secondary loop refrigeration system (Wang
et al. 2010a)

Fig. 27 Occupied-zone HVAC hardware configuration (Kwon
et al. 2012b)
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et al. 2005; Hosoz and Direk 2006; Cuevas et al. 2012);
thus, extra input energy signifies considerable losses and
reduces the system performance. This problem can be
avoided if the compressor operates at few speeds con-
tinuously, depending on the cooling load at a time. In
general, a higher cooling load leads to high compressor
speed and vice versa. The cooling capacity increases
with an inflation of refrigerant mass flow rate caused by
a surge in the compressor speed of the VCC. This
intelligent operation enables better adjustment of the
system to various cooling loads. The compressor uses
energy efficiently regardless of the time-varying cooling
load.

However, the flow rate that is pumped by the com-
pressor under any circumstance in the refrigerant cycle
must be consistent; it should complement the flow rate
of the expansion valve at its operating condition, fol-
lowing the mass conservation. Thus, simultaneous ap-
plication of both the EEV and VCC allows the AAC
system to respond better at any variation of the cooling
load. In this case, cabin thermal comfort is effectively
maintained and energy is efficiently consumed, regard-
less of time-varying weather conditions.

The system that uses this concept is known asVRF or
variable refrigerant volume or multi-evaporator system.
This system seems promising mainly because of its
flexibility for installation, capability for individual cli-
mate control, and significant potential for energy sav-
ings (Liu and Hong 2010). The VRF system works by
controlling the refrigerant volume or flow through VCC,
EEV, and multi-evaporators with shared condenser and
compressor units. This type of system is developed for
multiple zones with various types of cooling load con-
nected to the same refrigerant system. Figure 29 illus-
trates a VRF system with four indoor units.

This system adjusts its cooling capacity to meet the
cooling loads by modulating the refrigerant mass flow

rate continuously through the VCC and expansion
valves; typically, EEV is used because of its fast re-
sponse to the variable load, as well as its wide regulated
range and high precision (Lui et al. 2007; Wang et al.
2010b). Each indoor unit is responsible for one zone
with the shared outdoor (i.e., compressor and condens-
er) unit and another indoor unit. Therefore, when certain
zones have no demand for cooling effect, the refrigerant
does not flow to the indoor units in those zones, which
are controlled simultaneously by the VCC and EEV.
Through this strategy, the VRF system consumes less
energy than the common building A/C system; it also
provides better indoor thermal comfort as long as it
operates under the individual control mode (Aynur
2010).

Zhao et al. (2007) expected that the energy-saving
potentials of the VRF systems to be 22.3 and 11.7 %
compared with those of the VAV system and fan-coil
plus fresh air system, respectively. A comparative ener-
gy analysis by Koh et al. (2009) indicated that the peak
electrical demand of the VRF system for the cooling
season is approximately 60 % of the chiller-based VAV
system and 70 % of the packaged VAV system, and the
operating energy usage is approximately 53 % of the
chiller-based VAV system and 60 % of the packaged
VAV system. Abdullah et al. (2011) revealed that the
COP of the VRF and centralized chilled water systems
used in the same building are 3.3 and 2.0, respectively,
which lead to energy savings of up to 39.5 %.

Clearly, the VRF system can be effective because of
the more accurate balancing of the cooling load and
capacity. The VRF system is probably the best tech-
nique to achieve an energy-saving AAC system. This
system adopts almost all of the technologies and strate-
gies described in this paper (i.e., efficient VCC, EEV,
and occupied-zone air-conditioning strategy). In addi-
tion, a VRF system embedded with a micro-channel
heat exchanger and optimized with secondary compo-
nents for a more efficient system is possible.

However, these provided examples of the seasonal
performance of a building A/C system may not be
directly transferred to the AAC system. Furthermore,
an AAC system with multi-evaporators is not necessar-
ily more effective than a single evaporator system and
ducts for air transportation in different compartment
areas. In such a system, all areas of the evaporator are
working even at a lower load, which allows a decreasing
temperature difference in the evaporator and higher
evaporation temperature (with better efficiency). Of

Fig. 28 Air outlet vanes of Proton Exora for second and third
rows located at rear top right and left
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course, certain losses in air distribution may occur, but
without a more detailed analysis, the system that offers
better efficiency is not evident enough, especially con-
sidering that all of the required ducts in an AAC are
short. In addition to the extra cost because of the more
complex system and maintenance work, the VRF sys-
tem with multi-evaporators for AAC seems impractical.
This system with multi-evaporators is more realistic for
household and commercial buildings. Although the
household refrigerating industry is under strong pressure
to offer better efficiency to comply with legislative
regulations, systems with multi-evaporators are rare,
whereas systems with single evaporator and air ducts
are dominant in the market.

However, given energy issues, a VRF system with a
single evaporator and different air ducts between the
front and rear zones may be a realistic solution for future
AAC systems. Using the VRF method can increase the
operational efficiency of the compressor, whereas dif-
ferent air ducts for the front and rear zones with indi-
vidual control methods can efficiently manage the air-
flow in these zones. By managing the velocity of sup-
plied cold air to the respective cooling zone individually,
the system can address the significant difference in the
flow field temperature of front and rear zones, as noted
by Huang et al. (2005). Thus, the zonal thermal comfort
of each zone is possible.

Multi-evaporator VRF A/C systems are more com-
plicated because the compressor drives several

evaporators simultaneously (Shen et al. 2000; Wu
et al. 2005; Lin and Yeh 2009). Therefore, the operating
parameters of one of the evaporators can certainly inter-
fere with those of other evaporators, which makes the
control and modeling of the system more complex and
difficult. Thus, inappropriate control design can even
lead to worse system performance compared with the
conventional system. According to Lin and Yeh (2009),
VCC and EEV have to be properly feedback-controlled;
otherwise, the system may exhibit an even poorer per-
formance than the conventional A/C system using FCC
and mechanical expansion valve. For example, in the
DEAC system, if the system outputs and control inputs
are chosen as the single-evaporator system, it has three
control inputs (i.e., one compressor speed and two valve
openings) and four system outputs (i.e., two super-
heating and two evaporating temperatures) (Lin and
Yeh 2009). The mismatch between inputs and outputs
certainly makes the control design more challenging if
performance similar to that of a single evaporator is
desired.

However, the VRF with a single evaporator for the
AAC system is less complicated in terms of control
strategy because of the equal number of input and output
control parameters, three in particular. The two input
parameters of one valve opening and one compressor
speed are matched with two output parameters of one
super-heating and one evaporation temperature, respec-
tively. The third input parameter of velocity of the

Fig. 29 Schematic of VRF system with four indoor units
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supplied cold air to each cooling zone is controlled by
the third output parameter of the desired air temperature
in said zones.

In this case, if the load increases, then the super-
heating, evaporation temperature, and desired zonal air
temperature also increase. If super-heating is controlled
at a certain value, that is 4 K, a signal is sent to the EEV
to increase the degree of valve opening so that the
degree of super-heating can be reduced to its setting
value of 4 K. Simultaneously, the speed of the compres-
sor increases to match the additional load and later
decreases the evaporation temperature to its initial de-
sign value. Furthermore, an increase in zonal air tem-
perature can be reported to the controller, which regu-
lates the air valves or speed of the fan according to the
desired zonal temperature. In this proposed control strat-
egy, all surfaces of the evaporator are used continuously,
offering the highest evaporation temperature and high
efficiency. However, considerable losses occur during
air distribution.

Conclusion

An extensive literature review and critical evaluation of
the potential energy-efficient technologies and strategies
for the AAC system have been conducted. Key features
of a few of the most promising technologies and strate-
gies are presented to identify their merits in improving
the efficiency of the AAC system. The review of possi-
ble energy-efficient technologies and strategies is divid-
ed into two categories: component optimization and
operation management and control. Certain innovations
for the AAC system described in this paper are either
under ongoing research or in the conceptualization
stage. A growing demand in reducing the energy con-
sumption associated with operating the future AAC
system has triggered growing research interest. Thus,
these technologies are expected to become substitutes
for the conventional systems in the near future.

The compressor produces the highest energy con-
sumption in the vapor compression refrigerant AAC
system. Thus, even a slight improvement in its efficien-
cy can lead to significant energy savings. The latest
research trend for the energy-efficient compressor is
related to the optimization of existing and new compres-
sors. The micro-channel heat exchanger, which does not
require electricity for its operation, also offers one of the
best options for the energy-efficient AAC system.

Although reducing the weight of the micro-channel heat
exchanger is a relatively minor adjustment, the effect is
significant because the reduced total weight of the vehi-
cle increases the performance of the A/C system and the
entire vehicle. The expansion valve can also be opti-
mized through an ejector or EEV. An AAC system-
based ejector and EEV are still at the research stage
and require further investigation with regard to their
feasibility in the automotive industry. Additional com-
ponents that are either directly installed (i.e., IHX) or
indirectly installed (i.e., advanced glazing and insula-
tion) in the A/C system are also reported as a technique
to achieve an energy-efficient AAC system. However,
the IHX with specific types of refrigerants can also
decrease the performance of the A/C system.

The sub-cooling control method is allowed by design
for a typical AAC system, but an accurate degree of sub-
cooling is necessary to gain maximum performance
improvement. The airflow management technique with
various locations of air outlet vanes known as VAV is
already practiced in the typical AAC system. However,
this technique continues to be studied with the intention
of optimization for further system performance im-
provement. Meanwhile, compact and multi-circuits
A/C systems are promising concepts for the AAC sys-
tem. Limited research output has opened opportunities
for further research and development.

Certain alternative refrigerants with a suitable AAC
design, such as HFC-1234yf with micro-channel paral-
lel flow evaporator, HC-290 with 2LP, and HFC-152a
with 2LP, also indicate significant performance im-
provement compared with the typical DX, HFC-134a
AAC system. Given that HFC-134a will be phased out
shortly, one of the possible alternative refrigerants pro-
posed in this paper may be the new refrigerant used for
the future AAC system. The refrigerant must comply
with zero ODP, low GWP, and minimum safety require-
ments, and should exhibit superior performance com-
pared with other alternative refrigerants.

The VRF technique for the VCRAAC system is a
highly promising concept because of its energy-saving
characteristic. A VRF system with a single evaporator
and different air ducts between its front and rear zones is
probably the best way to achieve an energy-efficient
AAC system. This proposed system potentially adapts
all technologies and strategies described in this paper.
However, discussion of this concept for vehicle opera-
tion is limited. To date, the research on the AAC system
focuses on the VAV system rather than the VRF system.
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Although few studies have been conducted on the VRF
in the AAC system, more extensive research is required
especially in the aspect of suitability, reliability, perfor-
mance, compressor capacity, and refrigeration flow dis-
tribution controls. Therefore, this paper opens up new
opportunities for further research and development to be
accomplished in the near future.
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