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Carbon dioxide (CO2) is becoming increasingly popular in su-

permarket refrigeration, especially in Scandinavian countries, 

which have had extensive experience with nearly 100 installations 

(mostly indirect systems). Since the revival of CO2 as a refrigerant, it 

has been used in supermarkets in indirect systems as a secondary 

refrigerant. In recent years, other arrangements, such as cascade 

and multistage systems, have been used commercially.

Main reasons for using CO2 in indirect 
system arrangements include the simplic-
ity of the system and the possibility of 
using components for other refrigerants 
to build the CO2 circuit. The widespread 
interest in CO2 has been as an alternative 
for synthetic refrigerants in mobile air con-
ditioning and commercial refrigeration. 

Components specially designed to 

handle CO2 have become increasingly 
available and price competitive. This 
has broadened the possibilities of using 
CO2 in other arrangements than indirect 
system, which has emphasized the favor-
able characteristics of CO2 and how they 
can be effectively applied. This article 
provides a review of CO2-based solutions 
for supermarket refrigeration.

Artifi cial refrigerants were considered 
as safe for many decades, but it proved 
otherwise for the environment. From 
this perspective, CO2 in itself is the ideal 
choice. It is a by-product of the power 
generation industry and using it in the re-
frigeration application can be considered 
as an additional step before releasing it 
to the atmosphere. 

As a naturally existing substance in the 
atmosphere its long-term infl uence on the 
environment is very well investigated and 
we can assume that there are no unfore-
seen threats that CO2 could have for the 
environ-ment. As a result of its surplus 
in the atmosphere and the inescapable 
large scale of its current production CO2
is inexpensive and available. 

CO2 is an old refrigerant that was used 
in the early stages of the refrigeration in-
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dustry and has been gradually phased out as it lost the competi-
tion with the artifi cial refrigerants. One of the main reasons for 
the freewill phase out of CO2 is the high operating pressure and 
the diffi culty in fi nding components that can handle it. Figure 
1 shows saturation temperature-pressure relation for CO2 and 
other refrigerants. Nowadays technologies can provide the tools 
to harness the high working pressure of CO2. 

CO2 Advantages
Two signifi cant thermophysical advantages for the refrigera-

tion cycle result from the high working pressure. 
First, the high working pressure results in high vapor density. 

Consequently, for refrigerants with similar latent heat of vapor-
ization/condensation, the volumetric refrigerating effect will 
be high. It is almost six times higher for CO2 than for R-22 at 
–10°C (14°F). The high value for the volumetric refrigerating 
effect means small refrigerant vapor volume fl ow rate is needed 
for a given cooling capacity. As a result, small components can 
be used that facilitates the design of compact systems. 

Second, at high pressure levels, a given pressure drop cor-
responds to a smaller drop in the saturation temperature. Pres-
sure drops in CO2 systems, therefore, are less detrimental to 
the coeffi cient of performance (COP) of the system than for 
other refrigerants operating at lower pressures. 

Another important reason for CO2 being restricted to specifi c 
applications and eventually being phased out, is its low critical 
temperature of 31°C (88°F). When condensing close to and 
rejecting heat above this temperature, the systems suffered loss 
in cooling capacity and effi ciency. This may still be a problem 
for certain applications. However, if the high-pressure side 
of the cycle is to be used for heating water or air from a low 
temperature to high, then the shape of the CO2 isobar in the 
transcritical region of a T-s chart tends to match the temperature 
of the heated medium, which reduces the cycle losses and may 
even result in effi ciencies higher than for conventional refrig-
erants. This is why hot water heat pumps are one of the most 
successful applications of CO2.

Supermarket Refrigeration
In general, two temperature levels in supermarkets are re-

quired for chilled and frozen products. Product temperature 
of around +2°C and –18°C (36°F and 0°F) are maintained 
commonly. In these applications with large difference between 
evaporating and condensing temperatures the cascade or other 
two-stage systems become favorable and are adaptable for the 
two-temperature level requirement of the supermarket. The 

following describes CO2-based solutions that fulfi ll the refrig-
eration requirements in supermarkets.

Indirect SystemIndirect System
Shortly after the revival of CO2 as a refrigerant in the early 

’90s, the main technology that was commercially applied used 
CO2 as secondary refrigerant in indirect systems for freezing 
temperature applications. As discussed earlier, the two main rea-
sons CO2 was phased out were high operating pressure and low 
critical temperature. In the low temperature indirect concept, 
the operating conditions are far from the critical limits and the 
pressures are reasonable (less than 2.1 MPa/304 psi).

The CO2 circuit is connected to the primary refrigerant cycle 
via its evaporator, which evaporates the primary refrigerant on 
one side and condenses CO2 on the other. Basic schematics 
of two possible arrangements for the CO2 indirect circuit are 
shown in Figure 2. The circuit contains a vessel that acts as a 
receiver and accumulates the CO2 returning from the condenser/
evaporator. CO2 is usually circulated via a pump that maintains 
a certain circulation rate of fl uid in the circuit.

Compared to the direct expansion system, the additional 
CO2 circuit on the low temperature level implies that an extra 
temperature difference will exist in the evaporator/condenser. 
This means the compressor should operate at lower evaporating 
temperature and consume more energy. For accurate evaluation 
of the infl uence of the CO2 indirect system, the pressure and 
corresponding temperature drops in the long suction line of a 
typical supermarket direct expansion system must be consid-
ered. This temperature drop may well be 3°C to 4°C (5.5°F to 
7°F at –30°C/–22°F evaporating temperature). 

With the same tube diameter in the return line of the 
indirect circuit, the CO2 pressure drop and corresponding 
saturation temperature drop are small and will absorb some 
of the effect of the temperature difference in the additional 
heat exchanger. The low pressure drop and the low volume 
fl ow rate, due to the high CO2 vapor density, also will con-
tribute to minimizing the energy consumption of the pump 
in the indirect circuit, which gives CO2 a major advantage 
compared to brine-based systems.

In this type of arrangement, the CO2 evaporator is main-
tained wet in all cases by running the pump to provide a 
certain circulation ratio. A value of 2 for the circulation ratio  
corresponds to an evaporator exit vapor quality of 0.5. This 
ensures good heat transfer in the evaporator and the system 
will tolerate fl uctuations in cooling demand while maintaining 
the evaporator wet. 
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CO2 as the working fl uid in the low-temperature stage and at the 
medium temperature level, it will be possible to use only one heat 
exchanger to provide the required cooling for the medium and 
low temperature circuits (Figure 3low temperature circuits (Figure 3low temperature circuits ( ).

Different arrangements for the cascade condenser and the 
evaporator are possible in the cascade system. The evaporator/
condenser could be a plate, shell-and-plate- or shell-and-tube heat 
exchanger. When brine is used instead of CO2 for the medium 
temperature level, the primary refrigerant can be arranged to 
expand in two separate heat exchangers to provide the required 
cooling for the medium and low temperature circuits. When CO2
is the refrigerant for the medium temperature level, a single ves-
sel can act as the receiver to accumulate liquid for the medium 
and low stage circuits while condensation is taking place outside 
the vessel in the evaporator/condenser, labeled Cascade Joint I 
in Figure 3A. This fi gure shows a schematic of a cascade system 
with CO2 serving the low and medium temperature levels. Figures 
3B and 3C are two possible options for the cascade joint. 3C are two possible options for the cascade joint. 3C

In the case of Cascade Joint I, desuperheating of the discharge 
gas of the low stage cycle could be achieved by fl ashing some 
of the liquid from the vessel into the hot gas line before the 

cascade condenser. Alternatively, 
the hot gas could be passed 
through the colder liquid in the 
vessel and only saturated vapor 
be enter the cascade condenser. 
This solution, Cascade Joint II, 
is shown in Figure 3B. 

As a third option, all heat 
exchange can be arranged to 
take place in the vessel where 
the refrigerant in the high tem-
perature stage is evaporating 
inside tubes, and CO2 condenses 
and accumulates in the vessel to 
serve the two CO2 circuits with 
the required refrigerant, Cascade 
Joint III shown in Figure 3C. 

For the low temperature evap-
orator a direct expansion of 
CO2 can be performed that will 

The favorable heat transfer environment in the evaporator 
results in smaller temperature difference across the evaporator 
compared to direct expansion where dry (vapor phase) heat 
transfer takes place in the superheating section. 

It also is advantageous from a defrosting viewpoint as the con-
stant temperature in the evaporator at the refrigerant side results in 
more uniform frost formation and may reduce the defrosting time. 
Also the rate of the frost formation may be lower due to the ex-
pected higher evaporating temperature of CO2 in the evaporator.

With gaining experience in operating CO2 at the freezing tem-
perature levels, the same concept has been applied for the medium 
temperature levels where the temperature usually is around 2°C 
(36°F) and should not go higher than 7°C (45°F) for long peri-
ods of time. Assuming 5°C (9°F) of temperature difference in 
the display cabinet results in CO2 operating between –3 to 2°C 
(27°F to 36°F), which corresponds to around 3.2 and 3.7 MPa 
(464 and 537 psi) respectively. In this case, components that can 
withstand 5 MPa (725 psi) (corresponding to TsatTsatT  = 14°C [57°F]) sat = 14°C [57°F]) sat
can handle CO2 with acceptable safety margins.

Cascade SystemCascade System
Cascade systems with CO2 in 

the low-temperature stage are 
becoming a more competitive 
alternative. The refrigerant in the 
high-temperature stage is usually 
propane, ammonia or R-404A. 
The medium temperature circuit 
uses either CO2 as a secondary 
refrigerant, in similar indirect ar-
rangement to the one discussed 
earlier, or conventional brine. In 
this type of system, the additional 
heat exchanger that is needed to 
couple the low temperature CO2
indirect circuit to the primary 
refrigerant cycle does not exist 
and the effect of its temperature 
difference is eliminated. By using 
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require a certain superheat at the evaporator outlet, Figure 3E. 
Or fl ooded evaporators can be used in a similar concept to the 
indirect CO2 circuit, Evaporator Arrangement I in Figure 3A.
This will result in better heat transfer in the evaporator but will 
have slight additional energy consumption by the circulation 
pump. 

One more arrangement for the low-stage evaporation is shown 
in Figure 3D where the vessel is used to subcool the refriger-
ant before the expansion valve and this is achieved without 
superheating and the refrigerant entering the compressor is 
saturated vapor. In Evaporator Arrangements I and II, Figures 
3A and D, the temperature of the long supply and return lines 
will be low and must be well insulated. The fl ooded evaporator 
arrangements are likely to be applied in large-scale installations 
and in industrial refrigeration applications.

Assuming isentropic compression, the temperature of CO2 at 
the exit of the compressor for an operating condition between 
–30°C and –3°C (–22°F and 27°F) is about 25°C (77°F). There-
fore, a possibility exists of removing some heat by colder heat 
sinks available in the vicinity of the plant (tap water, room or 
ambient air), which reduces some of the cooling capacity on 
the high stage cycle.

Two-Stage and Multistage CO2 Systems
Using CO2 as the only refrigerant in the refrigeration plant 

is increasingly more popular. The main advantage with a two-
stage system with CO2 as the only working fl uid in the plant 
compared to the cascade concept is the absence of the cascade 
evaporator/condenser and its temperature difference.

The drawback is that the condensing pressure of the high-stage 
cycle will be much higher than if any other common refrigerant 
is used. CO2 will have a pressure of about 6.5 MPa (943 psi) at 
a condensing temperature of 25°C (77°F) compared to 1.25 MPa 
(181 psi) for R-404A. When the ambient temperature is high, 
then CO2 will be operating over the critical point and transcriti-
cal operation is enforced. In general, higher condensing/cooling 
temperatures will result in loss of COP. An important operating 
parameter to control in the transcritical operation is the pressure 
in the gas cooler (condenser in the subcritical operation), where 
an optimum value for highest COP exists for each ambient 
temperature. 

This kind of system is most suitable for cold climates or where 
cold heat sinks are available. In this case, the operation of such 
plants will be mostly in the subcritical region. For instance, 
this is applicable for Swedish weather conditions. If hot water 
production is needed, then it is possible to effectively use the 
transcritical side of the cycle for hot water production, which will 
improve the cycle’s overall effi ciency. To reduce the compression 
losses in the high stage CO2 cycle, two-stage compression with 
intercooler could be used. 

Advertisement formerly in this space.
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Figure 4: Schematic of CO2 multistage system.

Condenser/Gas 
Cooler

IHE

In
te

rc
oo

le
r

Cold Food

Frozen Food

Additional subcooling can be achieved via an internal heat 
exchanger. Figure 4 shows a schematic of a CO2 multistage 
system with intercooler and internal heat exchanger.

As seen in Figure 4, in multistage systems and without the 
cascade condenser the three circuits (high, medium and low 
stage circuits) can be connected by means of a vessel that is 
maintained at the intermediate pressure/temperature and acts as 
the cascade condenser. The variations of the evaporator arrange-
ments described in Figure 3 are also applicable alternatives in 
the multistage system. 

Another possibility for the cycle is to have separate CO2
circuits in parallel operating between the ambient temperature 
on the high side and the intermediate 
temperature level, and the freezing 
temperature on the other sides.

Safety Considerations 
A common issue for supermarket 

CO2 systems is the high pressure at 
standstill. It is always an important 
factor to account for when consider-
ing CO2 as the working fl uid. If the 
plant was shut down for maintenance, 
component failure, power cut or any 
other reason, then the refrigerant 
inside the plant will start to gain heat 
from the ambient and the pressure 
inside the plant will consequently 
increase. If the room temperature is 
assumed to be 25°C (77°F), then the 
pressure in the plant will reach 6.5 
MPa (943 psi), which is very high and some components may 
not withstand it. 

The most common and easiest protective technique is to re-
lease some of the CO2 charge from the plant when the pressure 
reaches a certain preset value, consequently, the pressure and 
temperature of CO2 in the plant will be reduced. If the plant 
remains at standstill, then the process will be repeated and 
subsequently the plant must be charged again to compensate for 
the released CO2 charge. The position of the relief valve must 
be carefully selected so liquid CO2 would not pass through it, 
otherwise solid CO2 (dry ice) will form, which might block 
the valve. The fact that CO2 is inexpensive favors this solution 
over more expensive ones.

Supermarket refrigeration is a relatively large-scale 
application that requires long distribution lines. Therefore, 
the volume of the system is large and the refrigerant charge 
is considerable. In case of a sudden leakage, the concentra-
tion levels of the refrigerant might be high and the number 
of people in the shopping area who could be exposed to it is 
large. Therefore, safety is a major factor in the choice of the 
system type and refrigerant to be used.

CO2 is a relatively safe refrigerant compared to natural and 

artifi cial working fl uids. It is classifi ed in group A1, according 
to the 1997 ASHRAE Handbook—Fundamentals, Chapter 18. 
This is the group that contains the refrigerants that are least 
hazardous and without an identifi ed toxicity at concentrations 
below 400 ppm. Naturally, CO2 exists in the atmosphere at 
concentrations around 350 ppm. It has been observed that 
CO2 concentration between 300 and 600 ppm are adequate 
and people do not notice the difference normally. 

CO2 has a main drawback of not being self-alarming be-
cause it lacks a distinctive odor or color. This implies that 
facilities where CO2 leaks could appear must be equipped with 
sensors that will be triggered when the concentration level 

exceeds 5,000 ppm, above which CO2
concentration may have an effect on 
health. CO2 is heavier than air and 
tends to pool when released. Thus, 
the sensors and the ventilators in the 
space where CO2 might leak should 
be located at low levels.

When leakage of liquid CO2 occurs 
from the plant pressure to atmospher-
ic conditions, it passes through the 
triple point, where the three phases 
exist simultaneously. The liquid CO2
will be transformed into solid and 
sublimate slowly. This will reduce the 
rate of increase of CO2 concentration 
in the room and the formation of dry 
ice at the leakage point might block 
or shrink it. 

Being cheap and relatively safe al-
lows the usage of large charges of the refrigerant and provides 
fl exibility in the design of the system. Hence, fl ooded evapora-
tors that require large refrigerant charges can be used for the 
intermediate and low temperature levels. Nevertheless, the 
CO2 charge is expected not to be very high compared to other 
refrigerants since the compact size of the CO2 components and 
delivery lines will contribute to minimizing the charge.

Conclusions
CO2 has good characteristics as a refrigerant from environ-

ment and safety viewpoints. For certain applications the perfor-
mance characteristics are comparable to other common refriger-
ants. Hence, it has become a strong candidate as an alternative 
for synthetic refrigerants in supermarket refrigeration. 

It has been successfully applied as secondary refrigerant in a 
large number of indirect systems. These installations have given 
experience and confi dence in handling CO2 and have facilitated 
its application in cascade and trans-critical systems. Completely 
different CO2-based systems exist, mostly in Europe, successfully 
fulfi lling the supermarket refrigeration requirements. The grow-
ing interest in such systems promises to make the CO2 compo-
nents and systems more available and price competitive.




