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Abstract

The selection of an available natural alternative to replace harmful artificial refrigerants
depends on the application, which defines the system boundaries and the operation
range. In the last ten years, CO2 was introduced as a semi ideal refrigerant due to its
environmentally friendly and good performance characteristics. In some applications
the unique thermophysical and performance properties of CO2 match the boundary
conditions of the system and make it very close to be the ideal working fluid for that
specific application.

Since the rediscovery of CO2 as a refrigerant [Lorentzen, 1990], the studies focussed
on finding the possible applications of CO2 according to its properties. Commercial
refrigeration accounts for almost 17% of worldwide refrigerants consumption, 11% is
the percentage in cold storage applications, 28% in total (135576 tons/year)
[DOE/AFEAS, 1991]. CO2 as a phase changing secondary refrigerant was studied and
applied successfully in Sweden in the applications of supermarkets and cold stores. By
the year 2000, 40 plants are running with capacities ranging from 10 to 280 kW; the
refrigerants used in the machine room are NH3, R404, and Care50 (ethane/propane).
Two and single-stage plants are used for chilling and freezing needs within the
supermarkets.

This study present the basics of technologies applied in these specific applications and
the main results obtained compared to the old systems with artificial refrigerants.
Installation and running costs, of the systems and the technical problems appearing
during the installation of the CO2 systems are discussed. Another important issue
discussed in this study is the possibility of converting the old plants to CO2 secondary
systems.

The operation and the analysis of the existing plants proved that CO2 could be
successfully used as an alternative for the artificial refrigerants within the application of
refrigeration in supermarkets. In addition to the obvious environmental advantages by
using such systems, an extra economical achievement was observed during the
installation and running of the plants.

Introduction

According to 1991 statistics [DOE/AFEAS, 1991], worldwide consumption of
refrigerants in the applications of commercial refrigeration and cold storage accounts
for 28%(135576 tons/year), it is the second largest consuming application after the
mobile air conditioning, which accounts for 31%.
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In commercial refrigeration, including systems used in supermarkets, long refrigerant
lines and big charges is used, which make the leakage rate high. The Total
Environmental Warming Impact (TEWI) is calculated using the following equation:
(Bitzer, 1999).

TEWI=(GWP x L x n)+(GWP x m [1-αrecovery]) + (n x Eannual x β)

GWP : Global warming potential [CO2-related]
L : Leakage rate per year [kg]
n : System operation time [Years]
m : Refrigerant charge [kg]
αrecovery : Recycling factor
Eannual : Energy consumption per year [kWh]
β : CO2 emission per kWh (energy-mix)

From this equation it is obvious that old commercial refrigeration systems, running with
synthetic refrigerants, has high values for the parameters, GWP, L, n, and m, which
makes its direct contribution (represented by the first two terms of the equation) to the
TEWI factor very high.

In Sweden, as well as many other countries, the typical refrigerants used in
commercial refrigeration plants were R12 or R22 for cooling (chilling) purposes and
R502 for freezing applications, with direct expansion system that requires big amounts
of refrigerants. The leakage rate in such systems was estimated as 30% per year
(significantly improved during the 90s due to strict regulations). This situation
disagreed with the recent regulations concerning the phase out of the environmentally
harmful synthetic refrigerants.  According to Montreal protocol, CFC’s should be
phased out already. In Sweden, CFC’s were prohibited completely by the year 1997.
HCFC's are a short term solution due to its effect on the environment, this will lead to
phase out of the HCFC's by the year 2020, in Sweden this date is set to be 2001.
HFC's are not promising solution due to their Global Warming Potential (GWP).

The most logical and acceptable replacement solution worldwide is to use natural
working fluids which occur naturally in the environment and do not have an unforeseen
future impact, as the artificial refrigerants may have.

CO2 is unique among the natural refrigerants due to its excellent safety characteristics;
it is nonflammable, non-explosive, inexpensive, and relatively nontoxic, which make it
almost an ideal fluid to be used in the refrigerated space with relatively big quantities.
Owing to the high working pressure, CO2 as a phase change secondary refrigerant
has a high volumetric refrigeration capacity, which equates to approximately 5 times or
more than R22 and NH3. Small equipment and small diameter pipes can be used.
Considering its environmental friendly characteristics, one does not need to recover,
reclaim, or recycle the CO2 refrigerant.

In the commercial refrigeration sector in Sweden, the choice was to build plants with
central refrigeration system in the machine room a way from the refrigerated space,
working with ammonia, R404, or Care50. The secondary circuit works with CO2 as the
phase change secondary refrigerant in the refrigerated space. The first system of this
kind was installed in 1995 with ammonia in the machine room, glycol indirect system
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for cooling purposes, and CO2 secondary cycle for freezing needs [Rolfsman, 1996].
Several installations with successful record followed the first attempt; the experience
with this technology will be presented in details through this paper.

The system

The concept of the systems installed in Sweden is almost the same in all plants.
Ammonia, R404, and care50 are the selected working fluids to be in the machine
rooms.

The heat from the plant is either rejected to the environment or supplied to a heat
recovery system and utilized for heating purposes. The expanded primary refrigerant
evaporates through one side of a heat exchanger, where CO2 condenses on the other
side within a secondary cycle, figure 1.

An intermediate working fluid (usually glycol) can be used for cooling purposes at
intermediate stage, and at the same time to be an intermediate medium to transfer the
heat between the two primary refrigerant cycles (two-stage plants). In this case, the
CO2 vapor rejects heat in the low stage cycle evaporator, figure 2.

As shown in figures 1&2, CO2 is circulated via pumping of the liquid CO2 into its
evaporators (freezers); consequently the CO2 vapor is sucked into its condenser.
Evaporation and condensation of CO2 occur almost at the same pressure.
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Figure 1: Schematic of a single stage NH3/CO2 secondary cycle plant.
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Figure 2: Schematic of a two-stage NH3/CO2 secondary cycle plant.

Components

Under the conditions in the CO2 secondary cycle, standard refrigeration devices can
efficiently handle CO2. The main requirements in this cycle can be summarized in the
following:

The pressure within the CO2 secondary cycle was designed to be around 25 bars. This
pressure level and the fact that CO2 is chemically non-reactive made it possible to use
standard refrigeration components to handle CO2. In some cases, heat exchangers
are not especially designed for CO2; this is mainly due to the fact that some plants are
converted from old existing systems to the CO2 secondary cycle. The heat exchangers
are of that type that exists on the market and satisfies the required operating
conditions. It was also possible to keep the valves from the old plants, except for
solenoids that can not work without lubricant

In at least one system the pressure level was around 40 bars. In this case special
components to handle the fluid at this pressure were selected, e.g., heat exchangers
was selected with smaller pipes and thicker walls.

Another important requirement was that within the CO2 secondary cycle no lubricant
exists. The valves and the pumps were selected to satisfy the requirement of handling
an oil free working fluid.
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The current systems in Sweden

The first plant was implemented in 1995 with financial support from the government
through the Swedish State Department of Environment Protection; it was helpful to test
the technology since no consumer could risk his investment. The successful operation
of the first plant encouraged the investors and the owners to build and convert their
plants to the new environmentally harmless technology.  By the year 1998, 25 systems
were installed; the following table is a detailed list of the plants that were installed up
till the year 1998.

CO2 as secondary refrigerant systems in Sweden by the year 1998*

Number Customer Location Refrigerant Capacity
(kW)

Comments

1 ICA-Focus Lund NH3 38
2 ICA-Maxi Helsinborg
3 ICA-Maxi Haninge R404 2*40
4 ICA-Maxi Botkyrka R404 2*28
5 ICA-Maxi Umeå
6 ICA-Maxi Uppsala
7 ICA-Metro Brommaplan R404 2*16
8 ICA-Kniven Knivsta R404 2*10
9 ICA-Supermarket Partille

10 ICA-Sparkop Borås
11 ICA-Maxi Skövde
12 AG-Favor Lund Care50 2*25
13 AG-Favor Simrishamn R404 2*20
14 AG-Favor Staffanstorp R404 2*16
15 AG-Favor Malmö R404 2*20
16 AG-Favor Örkelljunga
17 AG-Favor Vaxsjö
18 AG-Favor Ljungby R404 2*16
19 AG-Favor Vala

Helsinborg
Care50 4*35

20 AG-Favor Landskrona Care50 25
21 Domus Visby Care50 2*20
22 DAGAB Jönköping NH3 26 Cold store

converted from
R502

23 Bergendahl Hassleholm R404 45 Cold store
24 KF fryslager Karlstad NH3 170 Cold store
25 DAGAB Becka NH3 280 Cold store

*By the year 2000, at least 40 CO2 secondary systems were running.
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The cooling capacities ranged from 10 to 280 kW. By the beginning of this year 40
plants are in operation, with almost the same conceptional design as the preceding
systems.

Some of the plants are converted from the old systems running with artificial
refrigerants, mainly R12 or R502. The machine room is completely changed due to the
change of the working fluid. In case of ammonia in the machine room, additional
equipment for the increased safety requirements were required to avoid risk for the
workers and neighboring areas in case of leakage. From the old system, pipes and
heat exchangers in the freezer are cleaned from the lubricant and kept to be used with
the CO2 secondary cycle. In some cases, valves were changed for the new
requirement of lubricant free working fluid.

Many reasons make the number of installations of such systems increase in Sweden,
some of these reasons are:

-Successful operation of the running systems.
-The strict regulations on the leakage from the systems running with environmentally
harmful refrigerants.
-Phase out of CFC’s and HCFC’s those were used in the old installations.
-According to the Swedish laws, 134a can be used in direct systems only if the charge
is ≤10 kg.
-This technology targets the supermarkets and cold stores, which is a large industry in
Sweden and in Europe as well.

Operational experience-problems and solutions

Owing to the simplicity of the installed systems, there was no problem in finding
refrigeration technicians and engineers to run the systems and perform the
maintenance in a proper and safe way.

CO2 is allowed to the environment and there is no big risk with leakage accidents.
When working with CO2 it is important to know that CO2 should not be trapped
between closed valves. In the plants where ammonia is used, if leakage occurs in the
heat exchanger, mixing of ammonia and CO2 forms ammonium carbonate (baking
powder), which is safe and can be washed with water. Any such leakage problem
should be solved and detected immediately, because the accumulation of the
ammonium carbonate powder inside the evaporator could cause blockage of the
evaporator, subsequently it could damage the compressor.

The two major problems that were carefully considered during the design are,
defrosting and downtime.

Electrical defrosting choice was implemented in all installations up till now. CO2 is
boiled dry inside the evaporator and, as mentioned earlier, carbon dioxide should not
be trapped between two closed valves. The pump should be stopped and two
approximately identical defrosting periods start. The first one is with closed evaporator
inlet, without heating while the ventilators are on, and the second period is with
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stopped ventilators and heating is on. Without the first defrosting period a lot of
electricity would be used to boil liquid CO2 owing to its relatively high latent heat.

In the pioneer plants, the downtime problem was solved by using a cooling vessel to
condense the CO2 by passing the CO2 return line inside the cooling vessel. The vessel
is filled with brine at the working temperature of the liquid CO2. The size of the vessel
and the receiver should be large enough to handle all the charge of CO2 in the
secondary cycle. This vessel is kept in the machine room and shown in the schematic
diagram in figure 2.

In the first installation [Rolfsman, 1996], 200 liters of propylene glycol is filled into a
drum, which contains the CO2 return line inside. The glycol is kept at -33, which is the
working temperature of the freezer. In case of a failing refrigeration system and
temperature rise, the capacity of the cooling vessel should condense the CO2, which is
then kept in the receiver. The power needed for such system is only for the charging of
the cooling vessel. Such technique performs effectively in permitting the pressure to
rise inside the system in case of rising temperature, which could result from switching
off the unit, stopped compressor, or power failure.

Due to the high initial cost of the vessel and the heavy insulation required for the
system, other solutions for this problem were looked at.

The most preferable solution that was considered in most of the installations is to
install bleedvalve, which is controlled by a pressostat. The idea is to prevent the
opening of the safety valves and keeping the temperature of CO2 below a critical
value, which corresponds to the critical pressure, that the devices and the system can
handle. The pressostat is set at a pressure just below that of the safety valves. The
blown off CO2 cools down the CO2 within the system, thus keeping the fluid pressure
inside the system below the pressure of the safety valves. All valves must be selected
to handle the relief of the pressure inside the system and to prevent the sublimation of
the CO2, which could plug it. This technique is cheaper than the one described earlier
when taking into account that sometimes small charge of the cheap CO2 should be
added to the system.

Another option could be by using solvent with the CO2 within a secondary fluid
mixture. The secondary fluid mixture should have a saturation pressure less than the
pure CO2. This option was not used in any of the installations due to the large
drawbacks in the energetic behavior noticed by Enkemann (1994); he used acetone as
a solvent.

In all cases safety valves were used to protect the system from an elevated pressure.

Economy

Installation cost:

In the cases where ammonia was used as the refrigerant in the machine room, it was
more expensive when compared with other systems with relatively safe refrigerants;
this is due to the risk accompanying the usage of ammonia. The ammonia
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compartment should be effectively vented to the atmosphere. The small ammonia
leakage gives an objectionable smell and may cause anxiety. This requires special
safety equipment and varies from case to another, depends on the place and the
surrounding where the plant is installed. It is also important to mention that it was
difficult to find ammonia components for low capacity installations.

Comparison between the CO2 phase change secondary system and other single
phase secondary systems; ends with smaller piping for CO2 system, smaller pumps
are required, and due to the better heat transfer coefficient the heat exchanger size is
smaller. This is mainly because of the fact that the energy content in the working fluids
without phase change is based only on the sensible heat.

While performing the comparison between CO2 secondary system and other systems
working with HFC’s with direct expansion techniques, different parameters should be
the base of the comparison. The HFC’s charge should be compared to the CO2

charge, pump, bleedvalve, and pressostat costs, plus the cost of an additional CO2

condenser within the CO2 cycle. The CO2 is cheap and the whole system can be
cheaper than the HFC for large fillings, where the cost of the HFC filling exceeds the
prices of the CO2 charge, additional CO2 condenser, pumping unit, bleedvalve, and
pressostat.

If the plant is converted to the CO2 system, the pipes could be used; the insulation is
usually in bad condition and should be replaced. The CO2 liquid line should be
insulated because it is cold. The supply and return lines of the CO2 evaporator are
almost at the same temperature owing to the phase change heat transfer process
inside the evaporator; this means that the two lines can be insulated together as one
pipe.

Running cost:

It was shown that the secondary systems without phase change have higher
installation cost than CO2 secondary system, or a phase change system in general. In
such systems, without phase change, the amount of circulated fluid is larger; therefore,
the pump capacity should be higher. At very low temperatures, the working fluids in
these systems have much higher viscosity than the CO2 has, when combined with the
high flow rate required for a certain capacity, the pumping power should be much
higher than the power needed to operate the CO2 systems.

It was noticed that the pressure drop in the CO2 return line is almost the same when
compared to the pressure drop in the suction line in a direct expansion system using
R404. But the corresponding temperature drop on the saturation curve is very small in
case of CO2; this small temperature drop absorbs the temperature difference that
exists in the additional heat exchanger (primary refrigerant/CO2 heat exchanger) in the
secondary system. Which means that the temperature drop in the CO2 return line plus
the temperature difference in the additional heat exchanger used in the secondary
cycle almost equals the temperature drop in the direct expansion system suction line.

Conventional direct expansion systems in the supermarket applications usually have
the problem of the poor performance of the thermal expansion valves control and dry
evaporator as a result, which is not a problem with CO2 secondary system.
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Even when CO2 is compared with some of the other phase change secondary
systems, e.g. mixture of ice, water, and ethanol, it has a superior performance.
Kauffeld 1995, showed in his study that CO2 has higher enthalpy change than different
mixtures of water, ethanol, and ice. It was also shown that it requires less pumping
power, less piping, and has lower viscosity especially at low temperatures.

Technologies of the future

Technique suggested by Lorentzen (1994), is to use the advantages of CO2

transcritical cycle for heating purposes of the tap water, and at the same time, to use
the low temperature side of the cycle for the chilling and freezing purposes inside the
supermarket. This cycle follows the same concept of the typical direct expansion
cycles used in old commercial refrigeration systems, with the exception that the high-
pressure side in the CO2 cycle is higher than the critical pressure. This implements the
advantage of the excellent heat transfer characteristics in the vicinity of the critical
point. Some studies, Eggen, G., et al, 1998 and Nekså, P., et al, 1998, concluded that
such system has superior performance over the conventional commercial systems.

By using CO2 as the working fluid in the low stage of a cascade system there is no
need to operate CO2 at high-pressure levels above the critical value of 74 bars. In this
case the operation conditions are always sub-critical where already existing
components can be matched.  The low pressure-ration in the CO2 stage improves the
CO2 compressor efficiency. Other refrigerants with thermophysical properties that
match the high stage boundaries in the cascade system can be used, e.g., ammonia.

These two technologies could have a breakthrough when newly developed
components that can efficiently handle CO2 are commercially available in the market

Conclusion

The operation and the analysis of the existing plants proved that CO2 could be
successfully used as an alternative for the artificial refrigerants within the application of
refrigeration in supermarkets. In addition to the obvious environmental advantages by
using such systems, an extra economical gain was observed during the installation
and running of the plants.

In the future all three CO2 systems (secondary, cascade, and transcritical systems) will
exist, each finding its niche.
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