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Based on Kyoto Protocol and the decisions of European Commission R134a refrig-
erant, currently dominantly used in mobile air conditioning systems, needs to be
phased-out. At present automotive industry looks at carbon dioxide (CO,; R744) as
the refrigerant of the future. Apart from the environmental benefits discussed are
the technical characteristics of carbon dioxide refrigeration cycle and mobile
air-conditioning systems in comparison to R134a refrigerant. Analyzed are chal-
lenges emerged from the use of CO; as refrigerant and improvement opportunities
in regards to increase of the system performance and efficiency. Particular atten-
tion is dedicated to the advantages of CO; utilization in prospective automotive
heat pump systems.
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Introduction

Carbon dioxide was already used as refrigerant in the beginning of the last century. In
1940s it retreated in front of the fluorocarbon chemicals that could produce good cooling cycle
characteristics by much lower pressure levels in the system. In early 1990s, with increased
awareness of environmental harmfulness of fluorocarbons and progress in high strength alumi-
num alloys development, an interest for using natural refrigerants, in particular CO, due to its fa-
vorable thermodynamic and transport properties [1-6], reapeared [7-9].

After the phase-out of CFC (chloro-fluoro-carbon) based refrigerants R11, R12, R13,
R113, R114, R115, and HCFC (hydro-chloro-fluoro-carbon) based R22, due to the Montreal
Protocol, the search towards finding an environmentally friendly refrigerant led to the develop-
ment of HFC (hydro-fluoro-carbon) based refrigerants. The most common and since year 1992
in mobile air conditioning systems almost exclusively used HFC refrigerant is R134a.

The Kyoto Protocol included fluorinated compounds, perfluorocarbons and
hydrofluorocarbons in the list of greenhouse gases and hence these gases were subjected to the
emission reduction requirements. Additionally, in year 2006 European Commission decided
that from year 2011 maximal cumulative global warming potential (GWP) of refrigerant used in
mobile air conditioning must not exceed 150 for all new types of vehicles launched onto the Eu-
ropean Union market. Consequently, since GWP of HFC refrigerants is far above this level, and
GWP of R134a as the refrigerant approved by all automotive air conditioning manufacturers
worldwide is about 1300, its use in modern car air-conditioning systems needs to be phased out.
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Environmental aspects

The increased environmental relevance of the mobile air conditioning is apparent in
regard to the fact that during the last years mobile air conditioning has experienced its renais-
sance — the participation of new passenger cars with air conditioning systems sold in European
Union in year 1990 was under 10% whilst in year 2008 it is expected to be over 90%.

Since successful Montreal Protocol ban of CFC and HCFC refrigerants, the main envi-
ronmental concern in regard to processes and technologies using refrigerants has become the in-
fluence on global warming. Total European fluorinated gas emissions in year 1990 amounted 650
million tones of CO, equivalent, which was about 12% of total annual emissions. In year 2010 flu-
orinated gas emissions are forecast to reach 1020 million tonnes and one of the most contributing
sectors would be mobile air conditioning with 22 million tones of CO, equivalent [10-14].

Total mobile air conditioning emissions consist of direct and indirect emissions. Di-
rect emissions during the system lifetime are due to refrigerant handling, fugitive emissions
from valves and fitings, circuit openings for repair or service reasons, ruptures of safety valves
or components of the system, and end-of-life disposal. Average lifetime leakage of R134a are
estimated in the range from 1.6 to 2.2 tones of CO, equivalent per car. It is important to note that
refrigerant leakage from mobile air conditioning systems is relatively higher than from the sta-
tionary systems, primarily on behalf of significant vibration, utilization of the flexible hoses and
direct compressor drive. Indirect emissions are the consequence of the increased fuel consump-
tion in air conditioned vehicles. Depending on size and type of the vehicle, ambient and driving
conditions, efc, air conditionning system might increase the fuel consumption of the vehicle up
to 20%.

In the last years industry has been trying to find an adequate substitute for R134a re-
frigerant. Numerous possibilities have been examined: from improving R134a system in the di-
rection of better sealing, end-of-life, etc, to inventig novel syntetic refrigerants with favourable
environmental, thermophysical, and thermodynamical properties. The most seriously observed
refrigerant alternatives and their relevant environmental properties — GWP, ozone depletion po-
tential (ODP), acute toxicity exposure level (ATEL), and time weighted average amount of a
substance man can be exposed to over an eight-hour day (TWA) — are shown in tab. 1.

It is obvious that CO, refrigerant (R744) has the most favorable environmental param-
eters among all the alternatives. It is non-flammable and non-toxic, and has GWP of only 1, vs.
1300 by R134a. Also important is the fact that it is not necessary to capture CO, refrigerant dur-
ing the air conditioning (AC) system refilling or reparation and at the end-of-life, which simpli-
fies handling and allows certain savings.

Table 1. Environmental properties of some refrigerants

Refrigerant R134a R152a R290 Blend H R744
GWP* [] 1300 140 11 <150 1
ODP* [-] 0 0 0 0 0
ATEL [ppm] 50000 50000 50000 tbd 40000
TWA [ppm] 1000 1000 1000 tbd 5000
Maximal operating pressure [MPa] 2.5 2.5 2.5 2.5 14

*References: GWP = 1 for R744, ODP = 1 for R12; tbd — to be determined
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CO, refrigeration cycle and air conditioning system features

The property that decisively defines behavior of CO, in a refrigeration cycle is its low
critical temperature of 31.1 °C, by critical pressure of 7.38 MPa. On that account CO, vapor
compression cycle in air conditioning and heat pump ambient heating operation works usually
partly above the critical point and at much higher pressures than R134a cycle operated by the
same temperature levels (fig. 1). Consequently, the process of heat rejection is not any more pre-
dominately condensation, but supercritical vapor cooling with significant gaseous refrigerant
temperature decrease inside “gas cooler” heat exchanger. The low pressure side of the cycle re-
mains subcritical evaporation.
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Figure 1. Typical cooling cycles of R134a and CO, in  Figure 2. Layout of CO; air conditioning system
pressure-enthalpy diagram with internal heat exchanger

For high overall air conditioning system efficiency it is vital to enter evaporator with
wet vapor with highest possible potential to extract heat from the cooled air. Nevertheless, R744
air conditioning system shows certain efficiency drop by higher ambient temperatures, dictated
mainly by the shape of isotherms in usual gascooler exit temperature range prohibiting effective
convective heat transfer [15, 16]. Therefore it is necessary to introduce another component — in-
ternal heat exchanger (IHX in fig. 2), whose principal role is to cool high pressure refrigerant af-
ter exiting gas cooler (from point 3 to 4 in fig. 3) on behalf of heating low pressure refrigerant
before entering compressor (from point 6 to 1) [16-18].

The internal heat exchanger is often designed as extruded aluminum counter current
flow (“coaxial tube” heat exchanger, and might be a separate component, than taking over a part
of the refrigerant transport role in the system [19], or embedded in the refrigerant accumulator
for improved package reasons [20].

For given ambient temperature R744 air conditioning system capacity increases with
discharge pressure increase, but the coefficient of performance (COP) is a function of both
gascooler exit temperature and discharge pressure and it shows a clear optimum (fig. 4). Since
overall cooling performance and COP of transcritical R744 cycle are very sensitive to gas cooler
exit temperature, design of that component is of primary importance. The refrigerant tempera-
ture glide in the gascooler, enables achieving of an optimal cycle efficiency at finite air flow
rate, in contrast to the infinite air flow required in the subcritical cycle air conditioning and
should be utilized by countercurrent flow configuration [15].
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Figure 3. Pressure-enthalpy diagram of the system with internal heat exchanger

In order to manage highly efficient heat exchange in gas cooler, multiport tube and fin
technology is used. Refrigerant tubes, produced by aluminum extrusion, have rows of micro
channels with diameter of about 0.5 mm optimized to enhance heat transfer and provide enough
strength to withstand high operating pressures in the system. Such CO, refrigerant tubes have
thinner air side profile than R134a system tubes (fig. 5), offering thereby a possibility for larger
heat transfer surface at the air side where the predominant amount of heat transfer losses of the
heat exchanger is generated in most of the operating regimes. Thin microport tube in combina-
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tion with multilouvered fins of optimized geometry, pitch and height, tends to be the optimal so-
lution for both gascooler and evaporator of the CO, system [21-23]. Additionally, for highly ef-
ficient gascooler it is important to utilize optimized refrigerant distribution and circuitry and to
prohibit internal heat losses by conduction [24].

In general, R744 heat exchangers offer more capacity than the R134a components of
the same size and possess potential for further improvement in terms of enhancement of air side
heat transfer through optimization of fin geometry for critical operating conditions, developing
advanced refrigerant circuitry and becoming more package friendly (gascooler); as well as im-
proving two phase refrigerant distribution to achieve full potential of high boiling heat transfer
rates inside the micro channels, and elaborating air-side condensate retention/drainage manage-
ment (evaporator).

In comparison to R134a air conditioning system COP of R744 system decreases faster
with increase of ambient temperature and might even drop under COP of R134a by very high
ambient temperatures. This is especially the case if the engine, and consequently compressor,
work in low rpm regime [17, 25, 26]. Nevertheless, when tested back to back with R134a sys-
tem, for the same working and boundary conditions, in the same vehicle and for the same com-
ponents sizes, CO, air conditioning system shows clear supremacy in performance.

Figure 6 shows the results of performance tests of R134a and R744 air conditioning
systems presented by company Visteon [27], performed for small, 1000 cm?® engine vehicle, at
ambient temperature of 43 °C and humidity of 40%, for two different driving speeds and for
idling operation. It is obvious that, even by such harsh ambient conditions, achieved air temper-
ature levels at evaporator discharge and in the passenger compartment, are better when CO, air
conditioning system is used. For example, after 10 minutes of pull-down, average temperature at
evaporator exit acheived with CO, AC system was 6 °C lower than the temperature provided by
R134a system.

Seeing that working pressure levels in R744 system are much higher than in R134a
system, usually in the range 3-11 MPa, all the components need to be designed in the novel way
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Figure 6. Back-to-back performance test results of R134a and CO, AC systems
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to withstand and benefit from the higher pressure. Material strength as well as the wall thickness
at CO,-air boundaries must be increased compared to R134a components. Nevertheless, volume
of the components and piping is smaller and therefore the stored explosion energy is not much
higher than in R134a system. Utilization of extruded micro port tubes in heat exchangers is also
beneficial for the components structural strength.

At present level of R744 air conditioning system development, the fuel consumption
for the given system performance is already lower than with R134a system [27]. R744 compres-
sor has lower operating pressure ratios and consequently better efficiency then R134a compres-
sor. The size and the weight of the component are smaller. For automotive air conditioning ap-
plications single stage swash or scroll compressor technology are predominantly used. Further
developments in automotive R744 AC system performance and efficiency are closely connected
with system architecture and sustainable cost structure and would be probably, in parallel to the
further optimizing of compressor design and operation, transcritical cycle control strategies, lu-
bricants and refrigerant charge, examined in the area of add work recovery by use of expanders
and ejectors [26, 28, 29].

Heat pump heating possibility

Commonly, passenger compartment air is heated by waste engine heat in a cool-
ant-to-air heat exchanger. With recent developments in high efficiency engines with very low
heat rejection rates, the waste heat available is not sufficient for achievement of fast heat-up and
comfortable passenger compartment temperature. In current production vehicles the required
comfort level is accomplished by using supplementary heating devices, such as “PTC Heater”
(electrical air heater), “Glow Plug Heater” (electrical coolant heater) or “Fuel Fired Coolant
Heater”, adding the system cost and overall fuel consumption.

Due to its thermophysical characteristics CO, is much more convenient for utilization
in a heat pump heating system than R134a. The high compressor discharge temperatures and rel-
atively high density even by very low temperatures provide ample refrigerant mass flow through
the system and the efficient operation. The heating capacity is several times higher than by the
electrical supplementary heating devices and highest at the start of operation when needed most.
The high passenger compartment inlet air temperatures are achieved almost instantly. During
the operation heat pump capacity and efficiency decrease slowly due to reduced compressor
isentropic efficiency at higher temperature lift, as the passenger compartment warms up and
heat becomes available from the engine coolant.

The automotive heat pump system uses principally the components of the existing air
conditioning system together with some additional valves and lines. In the simplest lay-out, the
evaporator of AC system is used as the gas cooler and auxiliary heater of the heat pump. The issue
with such system architecture appears when the evaporator of AC system, that remains wet from
earlier AC operation, is switched to the heating mode. The hot and humid air stream is then send
onto cold windshield surface — fogging it instantly (“flash fogging’), which might have safety im-
plications. Therefore modern automotive heat pump concepts usually include secondary — addi-
tional heating only — gascooler (fig. 7). That heat exchanger is much smaler in dimensions than
standard AC evaporator and might be designed as a separate component or combined, for cost and
package reasons, with the glycol heater core in a “three fluid heat exchanger” [30, 31].

As a secondary heat source for an automotive heat pump it is possible to use exhaust
gas, engine coolant or ambient air. The amount of heat available in the exhaust gas depends on
the engine load. In city traffic conditions, when substantial supplementary heating is required,
exhaust heat is at its low and limits the heating performance of the heat pump.
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Utilizing the heat of the engine coolant as a —@

secondary heat source has the advantage that
coolant temperature increases rapidly during
the vehicle warm up, providing highly efficient
heat pump operation. The problem is that the
engine coolant can not be easily used in the
heater core for simultaneous heating of the pas-
senger compartment.

Using of ambient air as the heat source has
the best thermodynamic justification since the L
heat is extracted from the external source — sur- E]
rounding air. There is no necessity for additional
heat source heat exchanger, since gascooler,
working then in evaporation mode, is used as
air-to-refrigerant heat exchanger. Additionally, @

. . gascooler
the conventional heater core can be used in the
usual way for passenger compartment heating  Figure 7. Automotive heat pump with air as heat
once the comfort level is reached. source and secondary gascooler

Potential disadvantage of ambient air used
as the heat source is frost formation in the air-to-refrigerant heat exchanger under certain ambi-
ent and working conditions. However, in normal operation heat pump should only provide sup-
plemental heating for a short period after start-up while the engine and coolant are warming up.
In the experiments with air-to-air heat pumps built in test vehicles, no serious issues were found
in regards to the system functionality or unacceptable performance degradation [32-34]. The in-
vestigation work on optimal defrosting strategies and the other technical details of the system
with air as heat source, like influence of ice formation on the mechanical characteristics and du-
rability of air-to-refrigerant heat exchanger, is moving ahead and shortly after the start of serial
production of first mobile CO, air conditioning systems the heat pump functionality should be
expected in the passenger vehicles.

Evaporator

System cost

Introduction of R744 air conditioning system into mass produced vehicles requires sub-
stantial and extensive development of a completely new air conditioning system with new compo-
nents, new circuiting, and new controls. Higher operating pressures of R744 than R134a system
impose increased components wall thickness. Nevertheless, the volume of the components de-
creases. The fact that CO, system is less sensitive to refrigerant pressure drop than R134a system,
allows further weight and package improvements, especially in piping and heat exchanger mani-
folds, as well as optimization of strength/weight ratio of microport tubes used in heat exchangers.
Additionally, developments in manufacturing technologies have already reduced diameter of
microports contributing thus to decrease of the heat exchangers weight and cost.

In the moment CO, system is likely to have higher production cost than R134a system
but, as every new technology, it tends to decrease the costs over the time (fig. 8). If the weight of
the aluminum components of R774 system drop further due to the progress in design and manu-
facturing, and the expenses for sensors, actuators, and controls together with the costs of mass
production keep their decreasing trend, it is to believe that in 2-3 years the production cost of
R744 system will reach the cost of R134a system.
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Figure 9. Total automotive air conditioning
system cost during the lifetime

In case of the total lifetime costs assessment
for R134a air conditioning system, the expenses
involved in improvements to reduce leakage
during manufacturing and system operation, as
well as the expenses for the disposal of the sys-
tem need to be taken into account (fig. 9). Pres-
ently the sealing of R134a system is not ideal
and the refrigerant leakage through rubber
hoses, fittings, efc. need to be compensated,
adding to the total service costs. CO, system has
better sealing, the refrigerant leakage is less
harmful and the fluid itself has a low cost and no
tax burden worldwide. With CO, as the working
fluid the refrigerant recycling is not needed, so
there is also no end-of-life costs associated.

In case of R744 system with heat pump func-
tionality, further trade offs and potential cost
savings in the vehicle supplemental heating sys-
tem are expected.

Conclusions

Use of carbon dioxide as refrigerant in mo-
bile and stationary air conditioning offers a sus-
tainable solution compatible with future envi-
ronmental limits on refrigerants. Since CO, is a
natural substance nearly innoxious for environ-
ment there are no environmental concerns about
its leakage during air conditioning systems pro-
duction, operation, and service. There is also no
necessity to capture and recycle the refrigerant
at the end-of-life.

On the subject of thermodynamics and tech-
nical aspects, CO, automotive air conditioning
system has reduced pull-down time, better effi-

ciency and offers potential for lower fuel consumption compared to the existing R134a system.
The components of the state-of-the-art CO, system have already smaller dimensions than R134a
components and are expected to be further improved in size, efficiency, and cost. Thermody-
namic and transport properties of CO, and the characteristics of its transcritical cycle are partic-
ularly suitable for heat pump heating operation. Integrating the heat pump function into the au-
tomotive climate control system is relatively simple, yet radically improves comfort and
eliminates need for supplemental heating devices even in coldest climates.
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