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Introduction
Chlorofluorocarbons (CFCs), the man-made refrigerants
with ozone depletion potential, were phased out after the
Montreal Protocol. The protocol did not address the global
warming effects of refrigerants on the atmosphere, and the
CFC-substitute refrigerants like R134a, R404A and R410A
currently being used have high global warming values.
The subsequent agreements reached at various forums all
over the world have now committed to phase out these manmade high global warming refrigerants in a time-bound
schedule. The adverse effects of CFC refrigerants were
realised nearly 50 to 60 years after their introduction and we,
therefore, do not know as of now what may be the likely
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adverse eﬀects of newly-developed and used man-made
synthetic refrigerants.
This has led us to revert to natural green refrigerants like
ammonia and carbon dioxide predominantly as the
substitutes, as they have negligible global warming or ozone
depletion issues. Natural refrigerants have been existing since
the beginning of life on the earth, and all their good and bad
properties and their eﬀect on nature as well as human beings
have been known since the beginning.
Many countries are, therefore, concentrating on natural
refrigerants or hydrocarbons and spending huge amounts of
money in developing equipment like compressors, controls
and heat exchangers to overcome the drawbacks of these
refrigerants and make it possible to use them in almost all air
conditioning and refrigeration applications.
In this article, we shall deal with CO2 (R744) refrigerant,
since many articles have already been published on ammonia
refrigerant and it is also being used widely all over the world.
However, CO2 has made very little dent in the Indian market
till now, and hence this article.
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Global Warming: An Important Issue
The air conditioning and refrigeration industry consumes
more than 40% of the world's production of energy, and
40% of building power is consumed by air conditioning –
either heating or cooling. (Source: ASHRAE Journal, September
2004).
Two types of global warming caused by the HVAC&R
industry are:
Direct Global Warming
It is caused due to leakage of refrigerants, which
depends on the type and quantity of refrigerant in the
system.
Indirect Global Warming
It is the CO 2 equivalent emissions due to energy
consumption over the lifetime ( TEWI) of the HVAC&R
system.
It is important to note that 90% of the global warming
contribution comes from energy consumption and only
10% from the leakage of refrigerant. Hence, selecting a
refrigerant having the minimum power consumption per unit
output or having the maximum COP is essential.
Effect of Global Warming on Earth's Temperature
Global warming is leading to the earth's temperature
increasing continuously.

Figure 1: Average global temperature is increasing
If the earth's temperature rises by 2°C because of global
warming, the adverse effects predicted are (Source: Times of
India, October 9, 2018):
Ÿ Severe heat wave affecting 37% of the population
Ÿ Decline in marine catch by 3 million tons
Ÿ 16% loss of trees and plants
Ÿ Sea level rise by 0.6 m because of melting of glaciers
Ÿ Many cities will vanish under sea water
Ÿ Reduction in crop production by 7%
Ÿ Decline in coral life by 99%
Table 1 shows the Global Warming Potential (GWP) of
currently used refrigerants (Reference level: CO2 = 1kg).
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Table 1: Global warming potential of currently used refrigerants
Refrigerant

Global warming potential

R404A

3922

R410A

2100

R32

2088

R407C

1700

R22

1790

R134A

1370

R744 (CO2)

1

R717 (Ammonia)

<1

From Table 1, it is clear that the natural refrigerant ammonia
has almost zero GWP, and next to that is CO2 with GWP of one.
The world is, therefore, looking at thse two refrigerants with
renewed interest and exploring ways and means to make use
of them for different AC&R applications. The other alternatives
are hydrocarbons like propane and ethane. However, it should
be noted that all hydrocarbons are flammable.
In order to study various applications using CO 2 as a
refrigerant, we need to study the important properties of this
refrigerant in details.
Properties of CO2 as a Refrigerant
Around the end of the 19th century, carbon dioxide was
already employed as a refrigerant in several applications,
especially where safety was essential. However, when
synthetic refrigerants came into use around 1931, CO2 was
sidelined as the new fluids provided better energy efficiency
and cheaper as well as more reliable equipment.
High critical pressure (73.84 bar) and rather low critical
temperature (31.06 ° C) were considered as the main
disadvantages for CO2. Today, CO2 is gaining more and more
favour due to its low environmental impact, good heat
transfer charactristics, non toxicity and non-flammability.
Carbon dioxide is a colourless, odourless, natural gas with
melting point of -56.6°C at 101.325 kPa (atmospheric pressure).
It is slightly acidic and soluble in water, ethanol and acetone.
CO2 has very good thermophysical and transport properties as
compared to the other refrigerants. It is an enviroment-friendly
refrigerant since its ODP is zero and GWP is one. It Is nonflammable, chemically inactive and compatible with polyster
oil. It appears as a solid white substance like snow with surface
temperature of minus 78.5°C, and can be converted into bricks
to make solid dry ice. Solid CO2 is known as dry ice.
Liquid CO2 is stored in large pressurised vessels, often
fitted with an independent
refrigeration system to
control the storage vessel
pressure. One would be able
to see these tanks in soft drink
manufacturing plants like
Figure 2: CO2 appears as a solid soda water, Coca-Cola and
Pepsi bottling plants.
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Figure 3: CO2 liquid storage tank with refrigeration unit to maintain tank pressure
within limits

Table 2: Comparison of major properties of various currently used
refrigerants
R134a
ODP/GWP
Flammability/toxicity
Molecular
mass, kg/kmol
Density, kg/m³
Boiling point, °C
Critical pressure (MPa)
Critical temperature, °C
Refrigeration
capacity, kJ/m3
Specific heat of
vapour at boiling

R717
(ammonia)
0/1300 0/1600 0/1900 0/0
N/N
N/N
N/N
Y/Y

Hc290
(propane)
0/3
Y/N

R744
(CO2)
0/1
N/N

102.03 86.204 72.585 17.03

44.096

44.01

511.9
-26.074
3.761
101.06

484.23
-43.627
4.629
86.034

459.53
-51.446
4.9026
71.358

225.0
-33.327
11.333
132.25

220.4
-42.11
4.251
96.74

467.6
-78.4
7.377
30.978

2868

4029

6763

4382

3907

22545

0.9271 0.8582 1.194

2.775

1.849

2.162

141.7

40.66

7.155

temperature Ratio of
vapour density to liquid
density at boiling point 68.84
of 7.2°C in kJ/kg-K

R407C

50.23

R410A

29.79

(Source: ASHRAE Fundamentals 2017; General Aspect of CO2 as a
Refrigerant, Journal of Energy in South Africa, Volume 25 No. 2, May 2014)

Enthalpy (kJ/Kg)

Figure 5: Simplified P-H diagram

Due to its phase change property, it can be sold as solid as
well as liquid in gas cylinders. Solid CO2 sublimates at -78.5°C
into gas at atmospheric pressure. The pressure-enthalpy (P-H)
diagram shows that at -56.6°C and -0.52 MPa pressure, it is
50% a solid at its triple point.

Table 3: CO2 refrigerant – some important pressuretemperature points (Courtesy: ASHRAE)
Temperature, °C
-56.6 (Triple point)
-44 (Evaporating temperature for
freezers)
-40 (Coil temperature in freezers)
-20 (Frozen product cold room
temperature)
0 (Evaporating temperature for
positive temperature cold rooms)
+4 (Fruit and vegetable cold rooms)
+10
+20
+30
30.98 (Critical point)

Pressure, MPa x 1000 = KPa
0.5156
0.80015
1.00450
1.96960
2.96320
3.86880
4.50220
5.72910
7.21370
7.37730

Phase Changes in carbon dioxide

Pressure, atm

CO2is present in air at a concentration of 350 PPM. Green leafy
plants produce carbohydrates through photosynthesis by using
carbon dioxide present in the air. Carbon dioxide is a greenhouse
gas (GHG) and has stabilised the temperature of planet above
0°C. Greenhouse gases are to a certain extent essential for life on
the earth. If there were no GHGs in the atmosphere, infrared (IR)
radiations reflected by the earth would be lost to the
atmosphere. The average temperature of the earth would then
be minus 18°C instead of the current average +15°C. The primary
greenhouse gas in the atmosphere is water vapour. With GHGs in
the atmosphere, a part of IR radiations reflected by the earth is
absorbed by GHGs, leading to the greenhouse effect. There is,
however, a limit of global warming and if CO2 concentrations
increase beyond allowable limits, it would cause adverse effects
that are already noticeable now.

Vapour

Temperature, oC
Figure 6: Phase change in CO2
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The point of equilibrium where all three states coexist is
known as the triple point. The second most important point
to be noticed is the critical point where liquid and vapour
change state. This temperature is 31°C.
It can be observed from Figure 6 that the temperature and
pressure for triple point are -56.6°C and 0.52 MPa respectively,
and the saturation pressure at 0°C is 3.05 MPa. It is noticed that
if CO2 is used as a refrigerant in single-stage operation where
ambient temperatures are normally above 30 ° C, it is not
possible to condense the refrigerant as the critical point of
CO2 is 31.0°C.
We shall now discuss the advantages and disadvantages
of CO2 if used as a refrigerant.
Advantages of CO2 Refrigerant
The refrigerant has a GWP of only one.
It has zero ODP.
It is a natural and green refrigerant.
It is non-toxic.
It is non-flammable.
It has high density; hence, systems and components are
smaller than for other refrigerants (please see Table 4).

Ÿ
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Table 4: Vapour density of various refrigerants
Refrigerant Vapour density, kg/m3
(Evaporating temperature = -30°C)
R22
7.38
R407C
7.21
R134a
4.43
R410A
10.57
R404A
10.69
R744
37.1

Vapour density, kg/m3
(Evaporating temperature = 0°C)
21.23
21.88
14.43
30.63
30.72
97.65

Ÿ

(Source: South African Journal of Science, September-October 2015)

Ÿ

The volumetric heat capcity of carbon dioxide is three to
four times higher than other refrigerants; hence it reduces
the refrigerant charge quantity and the sizes of
c o m p r e s s o r, h e a t e x c h a n g e r s a n d p i p e l i n e s
considerabley as compared to other refrigerants (please
see Table 5)

Table 5: Comparison of required pipe sizes at 30°C saturated suction
temp and 10°C saturated condensing temperature
Dry Suction Line

Liquid Line

R404A
Refrigerant
150 kW
Capacity
1.4 K
Circuit Penalty
11.3 m/s
Velocity

R717
150kW
1.5 K
25.6 m/s

R744 CO2
150 kW
0.8 K
7.7 m/s

Diametre
Area

101.6mm
8107.0mm2

72.6mm
4139.0mm2

50.8mm
2026.0 mm2

Velocity

0.6m/s

0.3m/s

1.1m/s

Diametre
Area

38.1mm
1140.0mm2

25.4mm
506.0mm2

25.4mm
506.0mm2
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The compressor size is nearly six to eight times smaller
Car air-conditioning compressor is six to seven times
smaller than R134a compressor
The pipe lines, being smaller, requre less insulation
The heat transfer coefficient is very high, 60 to 70% more
than other refrigerants except ammonia; hence, smaller
condensers and evaporators are required in the system
(source: Hindawi Publishing Corporation, Advances in
Mechanical Engineering, Volume 2013, Article ID 132397, 8
pages, http://dx.doi.org/10.1155/2013/132397)
C hoi et al. (2013) stated that R1234yf showed a heat
transfer behaviour similar to R134a and R22; when
comparing the heat transfer coefficients measured for
natural fluids (R744 and R290) with those collected for
R1234yf at a saturation temperature of 10°C, the authors
(Choi et al. 2014) found that R744 outperformed the other
fluids, showing heat transfer coefficients almost two times
higher than those of R1234yf
The high vapour density (37.1) also increases the heat
absor bing capacit y per unit volume flow of the
refrigerant
The lower surface tension improves the wetting of tube
surface and improves heat transfer; in addition, lower
surface tension reduces the amount of heat required to
convert liquid to vapour bubble, and further improves
heat transfer coefficient
The surface tension of CO2 is low as compared to the other
refrigerants; sur face tension in refrigerant fluids
influences nucleated boiling and two-phase flow
charac teristics; low sur face tension reduces the
overheating required for nucleation and growth of
bubbles of steam, which improves heat transfer
The pipeline pressure losses are low as compared to other
refrigerants
The system using CO2 has high efficiency in sub-critical
cascade applications
CO2 has positive pressures at low temperatures and hence
chances of air leaking inside the system are nil
Lower cost than any other refrigerant

Disadvantages of CO2 Refrigerant
Ÿ Very high discharge pressures, hence high side equipment
needs to be very strudy
Ÿ Very low critical temperature of +31.1°C
Ÿ Heavier than air, causing suffocation in high concentrations
Ÿ The percentage of CO2 in air is 0.036%, if the concentration
goes up by 3% on volume basis, it can cause
hyperventilation; 5% will cause narcosis and 10% will
cause coma
Ÿ CO2 gas is odourless, hence, leak detectors are required
Ÿ The gas is in solid phase above atmospeheric pressure;

Figure 9: Transcritical vapour system
Figure 9 shows a transcritical vapour compression system,
in which the ambient temperature is higher than the critical
temperature.
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Applications of CO2 Refrigerant
In a normal sub-critical vapour compression cycle, heat
absorption and rejection take place during condensation and
evaporation, which are phase change processes. These
processes are used for all current refrigerants including
ammonia and HFC refrigerants.

ressi

Ÿ

Evaporation

Comp

Ÿ

safety valves and drains are open to atmosphere
Liquid to gas expansion ratio is very high
Liquid and gas traps must be avoided
Liquid line leakage is dangerous; the temperature can
go down to minus 78.5°C
Moisture content should be less than 5 PPM as moisture
is not soluble in CO2
Only gas can be charged in the system; liquid charging
can lead to thermal shock

Expansion
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Figure 7: P-H diagram of CO2 showing sub-critical operation
Since the critical point of CO 2 is (+)31 ° C, the above
standard system cannot be used with CO 2 refrigerant in
regular plants since the ambient temperatures in India are
most of the time above this value. The transcritical cycle,
h owe ve r, c a n b e u s e d i n I n d i a i n a p p l i c at i o n s l i k e
supermarkets where single-stage CO2 compressor operating
limits are within the allowable range. Let us discuss this
application.
Single-stage Transcritical CO2 Systems

Figure 8: Single-stage transcritical CO2 system and P-H diagram
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Figure 10: P-H diagram of a transcritical CO2 system
With carbon dioxide, when the ambient temperature is
above 31°C, the heat rejection process is not a phase change
process since CO2 has a critical temperature of 30.9°C. The
ambient temperature in the Indian subcontinent is around
or above this temperature most times of the year. Heat
rejection, therefore, occurs by cooling the supercritical
vapour at a constant temperature known as gas cooling, and
there is no saturation phase. Normally, the temperature of the
super-critical gas at gas cooler exit is above the ambient
temperature by 2 to 3°C, called the approach temperature.
The approach temperature depends on the effectiveness of a
gas cooler. Carbon dioxide at the inlet of the expansion valve
is a near-vapour supercritical fluid, which converts into
subcritical liquid-vapour mixture while crossing the saturated
liquid line in the transcritical vapour compression cycle. The
specific refrigeration capacity of the evaporator increases as
the gas cooler pressure increases up to a certain maximum
pressure for the constant gas cooler outlet temperature;
however, beyond a certain pressure, the increased power
consumption would reduce the COP. Hence, in the carbon
Cold Chain
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dioxide supercritical cycle, the design and pressure control of
the gas cooler plays an important part. The gas cooler
pressure is controlled by the solenoid valve, which controls
the outflow of refrigerant to the expansion valve. The heat
absorption is, however, a subcritical process and takes place
at low temperature and pressure.
Transcritical System for Supermarkets
The transcritical CO2 system is attractive for
supermarkets, because it is simpler than cascade systems. It
can be used in Indian supermarkets where designers do not
want man-made refrigerants to be used; a very safe, nontoxic, non-flammable and natural green refrigerant is
required in human-occupied areas; and, most importantly,
the application is within the allowable limits of single-stage
compressor.

Figure 12: Piping for the first transcritical CO2 installation in
Denmark
Figure 12 shows the refrigeration system for a
supermarket using transcritical CO2 as a refrigerant –
the first transcritical CO2 installation in Denmark.

Cascade Systems
In low-temperature applications including rapid
35 C
100
freezing and storage of frozen food, the required
evaporating temperature of the refrigeration system ranges
20 C
50
from -40°C to -55°C, so a single-stage vapour-compression
0C
refrigeration system is insufficient. Hence, two-stage or
-10 C
20
cascade refrigeration systems are required for such lowtemperature applications.
-35 C
0.4
0.6
0.8
0.2
10
In two-stage refrigeration systems, the high- and low-400
-300
-200
100
0
-100
h[kJ/kg]
pressure sides are charged with the same refrigerant
whereas in a cascade system, the high- and lowtemperature circuits are filled separately with appropriate
refrigerants.
Therefore, using natural refrigerants in both two-stage
Figure 11: Transcritical system for supermarkets (Source: Better Buildings
and cascade refrigeration systems helps to meet the
Alliance, US Department of Energy; prepared by Navigant Consultant Inc., USA) requirements of environmental regulations. Cascade
refrigeration systems are appropriate for industrial
The system consists of a high-pressure compressor, which
applications, especially in the supermarket refrigeration industry,
compresses CO2 gas to 120 bars. The compressed gas enters
blast freezers, plate or spiral freezers and IQFs,where the
t h e g a s co o l e r a n d i s co o l e d c l o s e to t h e a m b i e nt
evaporating temperature of frozen food ranges from -30°C to temperature. The cooled high-pressure gas passes through a
50°C.
In these units, two single-stage systems are interlinked
high-pressure valve that allows the gas to expand and
through a cascade condenser. The high-temperature stage of a
reduces its pressure to a level below the critical point where
cascade refrigeration system generally uses ammonia (R717),
saturated liquid can exist. This liquid is then circulated
propane (R290), propylene (R1270), ethanol or R404A whereas the
towards the various high and low temperature cabinets in the
low-temperature circuit of the refrigeration system can be charged
supermarket. This liquid is then allowed to expand by passing
with carbon dioxide.
through an expansion valve to 25 bars (-12 ° C) in high
temperature cabinets and 15 bars (approximately 28°C) in low
Total Equivalent Warming Impact (TEWI) of Various Cascade
temperature cabinets. The liquid evaporates in the cabinets
Systems
and the resulting gas is sucked by the low-pressure
Figure 13 indicates that the best performing cascade system
compressor, the discharge of which mixes with the
would be using ammonia in the high stage and carbon dioxide in
evaporated gas of high-pressure cabinets. The mixture then
the low stage at all temperature levels. Ammonia as a natural
refrigerant is widely used in industrial and commercial
goes to the suction of the high-pressure compressor and the
refrigeration. In the last few years, its advantageous
closed cycle starts again.
Carbon Dioxide
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o

o

o

o
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thermophysical properties and good environmental compatibility
have increased interest in the use of ammonia, but its flammability
and toxicity limitations also have to be taken into account.
1800
1600

TEWI (CO2,eq tones)

1400

CO2/CO2

1659

1344
1327 1335

1200

R1270/CO2

991
786
776
770

800

NH2/CO2

1295
1039
1027 1026

1000

R152a/CO2

731
560 570 552

600
400
200
0
-35

-25
-15
Evaporator temperature - Te(oC)

-5

Figure 13: TEWI comparison of various refrigerant combinations
in cascade systems
Carbon dioxide has been used as a refrigerant in a number
of vapour compression systems for over 130 years, but it has
been fully exploited only during the last decade. The main
advantages of carbon dioxide are that it is non-toxic and
incombustible. Moreover, when it is compared with ammonia
two-stage refrigeration system, the R744-R717 cascade
refrigeration system has a significantly lower charge amount
of ammonia and the COP of the cascade system is comparable
to a two-stage system at low temperatures. Therefore, many
investigations of the R744-R717 cascade refrigeration system
are gaining traction.
Thermodynamic Analysis of R744-R717 Cascade System
It is necessary to use a cascade system when the
difference between the temperature at which heat is rejected
and the temperature at which refrigeration is required is so
large that a single refrigerant with suitable properties cannot
be found. A schematic diagram of a two-stage cascade
refrigeration system is shown in Figure 14.

Figure 14: Two-stage cascade refrigeration system

This refrigeration system comprises two separate
refrigeration circuits, i.e., the high-temperature circuit (HTC)
and the low-temperature circuit (LTC). Each refrigeration
system consists of a compressor, a condenser, an expansion
valve and an evaporator. In Figure 14, ammonia is the
refrigerant in the HTC, whereas carbon dioxide – because of
its thermophysical properties – Is the refrigerant in the LTC.
The circuits are thermally connected to each other
t h ro u g h a c a s c a d e c o n d e n s e r (CO 2 - a m m o n i a h e a t
exchanger), which acts as an evaporator for the HTC and a
condenser for the LTC. The condenser in this high stage of a
cascade refrigeration system rejects heat from the high-stage
condenser at condensing temperature to its condensing
medium or environment. The evaporator of this cascade
system absorbs the cooling load from the cooling space to the
evaporating temperature. The heat absorbed by the
evaporator of the HTC is equal to the heat absorbed by the
evaporator of the LTC plus the work input to the LTC
compressor. CO2 evaporator is the ultimate heat absorbing
device from the product to be cooled or frozen.
While reviewing ammonia and ammonia-CO2 cascade
systems, the advantages and disadvantages of both the
systems are indicated below. Food processors and
distributors are under constant pressure to produce more
while spending less on operations. For plant owners looking
for greener and more efficient secondary refrigerants, a CO2NH3 cascade system is a viable option. In addition to providing
zero ODP and one GWP, CO2-NH3 cascade systems offer several
benefits for food processing and low-temperature
distribution facilities.
Advantages
Ÿ Lower operating costs
Refrigeration systems are the most efficient at 100% load.
But refrigeration systems in most processing and cold storage
facilities do not run at full load most of the time. During these
times of partial loading, energy efficiency is more difficult to
achieve. A CO2-NH3 cascade system uses less energy per ton of
refrigeration compared to other refrigeration systems at full
load; and the difference is even better at part load, especially
when operating at evaporating temperatures of -35° Cto -50°C.
Ÿ Safety
In an NH3-CO2 cascade system, ammonia will typically be
contained in the machine room rather than throughout the
entire facility, ensuring that the ammonia exposure potential
is significantly lower for a large facility.
Ÿ Lower capital costs
Using CO2 instead of ammonia for lower temperatures takes
advantage of the former's unique physical properties, resulting
in smaller pipes, smaller pumps, less insulation and less
installation labour compared to two-stage ammonia systems.
Ÿ Ammonia charge reduction
A CO2-NH3 cascade system allows designers to limit the
ammonia charge to the machine room. Only CO2 is present in the
Cold Chain
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processing and storage areas. For large low-temperature freezing
systems, the reduction in ammonia charge can be significant.
Ÿ Flexibility of use
Many owners consider propylene glycol, a secondary
refrigerant chilled by ammonia, or another refrigerant as a
strategy to reduce ammonia charge for higher temperature
(above freezing) storage and process loads. For these
applications, CO 2 brine – often already part of the lowtemperature cascade system – can be circulated to higher
temperature storage loads, serving as an efficient and lessexpensive alternative to glycol.
Ÿ Constant positive pressure
Because CO2-NH3 cascade systems always operate at a
positive pressure, there is minimal concern about build-up of
non-condensables, and air and moisture cannot invade the
refrigeration piping through vacuum leaks.
Ÿ Quality and throughput improvements
Frozen foods processors often seek lower process freezing
temperatures to enable faster freezing, which optimises food
quality and enables increased throughput. With CO2-NH3
cascade systems, lower temperatures (and higher production
yields) are achievable with less investment and less operating
costs than conventional refrigeration systems.
Disadvantages
Ÿ Cost of operation
One drawback of a cascade system is the potential
m a i n t e n a n c e c o s t o f o p e r a t i n g b o t h CO 2 a n d N H 3
compressors, which requires additional controls and
components that can be costly if not properly maintained.
Ÿ Complex defrost
Another downside of NH3-CO2 cascade systems is the
complexity in deciding on the defrost methodology. Cascade
systems have a wide variety of defrost options, each with its
own merits and shortcomings.
Conclusion
Carbon dioxide is a naturally available, safe and
environment-friendly refrigerant with the best thermophysical
and transport properties next to ammonia. The design and use
of carbon dioxide in India depend on process and temperature
requirements, and it is best suited for systems requiring
cascade refrigeration. It is better to use NH3-CO2 cascade system
than two-stage ammonia systems for efficiency and fast cooldown point as well as from the safety angle.
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