
CO2 refrigeration and Its applications 

Benoit Rodier, P.Eng. 



1850 1993 1960 1920 ----------1930 

Peak period of CO2  

Reintroduction of CO2 in  

refrigération  

(G. Lorentzen)Norvège First usage of CO2 as 

a refrigerant 

(Alexander Twining 

,British patent) 

Danfoss ,Niels P Vestergaard Niels P Vestergaard Ver 2004-04-SI+US 

First CO2  refrigeration system  

Carle  Linde 

J&E Hall first CO2 two 

stage system  

Transcritical Cycle CO2 

CFC 

introduction 

1928 

History of CO2  

Montreal 

Protocole  

1er jan. 1989 



• CO2 is present in the atmosphere  in an proportion 

approximate proportion of  0,0375 % in volume, 

during this decade (year 2000), around 375 ppmv 

(parts per million in volume). Yearly concentration 

increase rapidly , approx  2 ppmv/year , consequent to 

human activity generating green gas warming effect : 

Fossil fuel combustion, coal, petroleum, gas. 

• CO2 used in refrigeration is a by product of ammonia 

and hydrogen production process.  

 

Thermodynamic Properties 

CO2 (Carbon Dioxide / R744)  



CO2  as a Refrigerant 

Pro 

• Long tradition in Refrigeration 

• Consider as a Green  Refrigerant, low global warming  (GWP =1)  

• Chemically inert, non flammable  

• Non toxic 

• Volumetric capacity higher than other refrigerant  

– Subcritical: 6 to 8 times better than  R22, R404A or NH3 

– Transcritical: 4 to 5 times better than R22, R404A 

• Refrigerant flow lower  



Cons 

• Critical Temperature at 31.1°C (87.9°F) 

– Will require a trans-critical operation  for single and double stage .  

Two stage up to 150 bar [2176psia] )  

– Thermodynamic properties unfavorable for high condensing pressure  / 

gas cooler temperature 

– High discharge pressure  

– Security rules on equipment design 

• Low temperature limits (Triple point -56.6°C [-69.9°F] )  

• Air concentration limit lower than HFC (3.5 to 6 times less)  

– CO2 is odorless − Requires safety measures and leaks detector in every 

close rooms 

CO2  as a Refrigerant 
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What is Sub Critical and Trans Critical ? 

Sub-critical cycle 
 

• Discharge pressure under  

– CO2 critical point  

@  31.06 °C / 87.9°F                  

      73.8 bar / 1070.4 psia 

 

• Condensation as we know it 

• refrigerant  SDT < 31°C 

– Cascade system  

• Condensation (ideal process )  

      isobar and isotherm   

Trans-critical cycle  
 

• Discharge pressure over   

- CO2 critical point  

@ 31.06 °C / 87.9°F                 

      73.8 bar / 1070.4 psia 

 

• No condensation, gas cooling prior 

to the expansion device 

• Gas cooling (ideal process  

isobar , not isotherm 



Log  p,h-Diagram of CO2   
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Various systems type and configurations 

•  Cascade system 

• DX system  

• Brine System 

• Trans-Critical system 



LT CO2 DX 
Cascade 

Heat Exchanger 

HX 

MT R404A (R134a) DX 

Cascade R-404A and CO2 

DX R-404 

medium temp 

DX CO2 

Low temp 



Cascade R-404A and CO2 



Low stage – Compressor(s) High Stage – Compressor(s)           

Cascade 

Cooler 

Low Stage – Expansion 

valve 

Low stage – 

Evaporator 
High Stage – Expansion 

valve 

Low Stage –  

Liquid pump 

CO2 – NH3 cascade system 

CO2 receiver 

Low stage – CO2 High stage - NH3 

Enthalpy 

R717 

+30 oC   (12 bar) 

+86 oF   (171 psi) 

-20 oC  (1,9 bar) 

-4 oF   (28 psi) 

-15 oC  (23 bar) 

-40 oC  (10 bar) 

Enthalpy 

CO2 

-40 oF   (135 psi) 

+5 oF  (333 psi) 



Low stage – 

Compressor(s) 
High Stage – 

Compressor(s) 

Cascade 

Cooler 

Low Stage – Expansion 

valve 

Low stage – 

Evaporator 

High Stage – Expansion 

valve 

Low Stage –  

Liquid pump 

CO2 – NH3 cascade system 

CO2 receiver 

Low stage – CO2 High stage - NH3 

- 40 oC - 10 oC 

Medium stage – 

Evaporator 
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High Stage – Compressor(s)           

Cascade 

Cooler 

Low Stage – Expansion 

valve 

Low stage – 

Evaporator 
High Stage – Expansion 

valve 

Low Stage –  

Liquid pump 

CO2 – NH3 “brine” system 

CO2 receiver 

Low stage – CO2 High stage - NH3 

Enthalpy 

R717 

+35 oC   (12 bar) 

+95 oF   (171 psi) 

-20 oC  (1,9 bar) 

-4 oF   (28 psi) 

-15 oC  (23 bar) 

Enthalpy 

CO2 +5 oF  (333 psi) 



The Heat-Transfer Efficiency Factor expresses the relation between the heat-transfer 
coefficient and the cooler temperature.  
 

 

CO2 as a brine – lower energy consumption 

High Heat-Transfer Efficiency Factor  
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CO2 as a brine – lower energy consumption 
  

• Calculated power consumption by pumps in case of ca. 500 kW capacity 

  

 Power

, kW   

  -100C -200C 

CO2 0,97 0,85 

CaCl2 13,34 14,22 

Hycool 16,02 16,15 

Ethylene Glycol 14,03 16,68 

Propylene Glycol 15,87 18,88 



CO2 – Drivers 
Commercial/

Supermarket 

Industrial 

Refrigeration 

Why CO2 ?  

Environment 
Phase out CFC, HCFC:  Change to CO2  

(ODP (Ozone Depletion Potential), GWP (Global Warming Potential) ) 

Safety 
Increased restrictions on toxic/flammable refrigerants (e.g. 
requirements for systems with big R717 charge) 

Cost 
• Reduced running cost due to increased 
  efficiency (compressor efficiency, heat transfer)  
• Reduced cost on refrigerants. 
• Reduced size on components.  

 

 

  



Refrigerant R134a R404a R717 CO2 

Cooling Load 

 

TR 100 100 100 100 

Required 

Compressor 

Displacement 

CFM 1342 865 900 102 

Relative Compressor 

capacity 

13,2 8.5 8,8 1,0 

Evaporating temp.: TE = -40 [Deg.F ] 
Condensing temp.: TC =    5 [Deg.F] 

CO2 

Compressors 

have high 

capacity 

Compressors Capacity  



Compressors   



Compressors  



Cascade cooler   



Recirculator package design  



 Critical point  CO2 +31°C  Not possible to condense with ambient air during the whole season 

 

 Gas cooler required ( with optional adiabatic cooling) 

 

 Gas expansion generate liquids 

 

 Minimum discharge pressure of  85 b (1230 PSI) .  Compressor 130 to 150 b ( 1845 PSI) 

 

 Possible usage:   

              - Reefer transport and containers 

         - Heat pumps 

              - Domestic hot water 

              - vending machine for drinks 

              - Automotive AC  

              - Supermarkets and cold storage , small food plant 20 to  200kW 

              - Condensing unit  

              - Self contain food conter 

              - Ice rinks  

 

              

 
 

 

                                                                                                                                                                                                                                    

 

Trans-critical CO2 System 



Subcritical Refrigeration Process 



Transcritical Refrigeration Process 



Cycle processes with CO2 

 

SUBCRITICAL 

TRANSCRITICAL 

TWO-STAGE 

COMBINED 

Back to content 
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Two Stage Booster System 

High temperature cycle compressor 

rack 

Low temperature cycle compressor rack 

Condenser 

LT Evaporator 

Exp. Valve 

LT Evaporator 

Exp. Valve 

Exp. Valve 

Exp. Valve 

Exp. Valve 

MT Evaporator 

MT Evaporator 

CO2 circuit 



Gas cooling 
Expansion through 140 bar 

motorized valve 

Separation of gas and liquid 

Expansion to -30oC 

evaporators  -10oC evaporation 

-30oC evaporation 

Separator pressure  

Low pressure 

compression 

High pressure 

compression 

1 

2 
3 
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Expansion to -10oC 

evaporators  10 

De-

superheati

ng 

Two Stage Booster System - Transcritical Cycle 



Two Stage Booster System 

Transcriticial CO2 Booster System 

Description 
 

•MT: CO2 Direct expansion  

•LT: CO2 Direct expansion  

 

Application: 
FR, server cooling, heat pump, Ice rinks, selected I.R plants 

 

Benefits 
•Natural Refrigerant 

•Low GWP Natural refrigerant  

•No intermediate media 

•Energy efficiency… 

 

Challenges 
•Requires high pressure components 

•Lack of trained personnel 

•Large Number of compressors for large I.R installations 

High temperature cycle 

compressor rack 

Low temperature cycle 

compressor rack 

Back to content 



What are the incentives in considering 

the use of transcritical CO2 refrigeration 

 
 Negligible environmental impact 

 Legislation: F-gas regulations (Europe), California 

stricter laws. etc 

 Efficiency, Energy consumption 

 

 



Source: www.shecco.com  

http://www.shecco.com/


• Copenhagen -10% 

• Stockholm -12% 

• Berlin -4% 

• Paris 0% 

• Madrid 6% 

• Rom 10% 

• London -4% 

• Vienna -1% 

• Istanbul 8% 

Energy Consumption of Singleo Stage 

Transcritical CO2 compared to Single Stage 

R404A  



Source: www.shecco.com  
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Atlanta 0% 

New York -6% 

Quebec -18% 

Stockholm -16% 

Madrid -4% 

Energy Consumption of TWO Stage transcritical 
BOOSTER CO2 compared to single Stage 
R404A. 

Berlin -11% 

Beijing -4% 



Residential CO2 heatpump 

application for hot water 

production 



CO2 Automotive 

aircondition application 



Food Retail  

Subcritical                       Transcritical  

Industrial Ref 

Subcritical 

pumped  

Transport Refrigeration   

Transcritical 

Server & 

Electronics Cooling 

Transcritical & Subcritical 

Heat Pumps  

Transcritical  

CO2 Applications in Focus 

Transcritical 

Booster System 



Hermetic Transcritical CO2 compressor 

 

Application:  

Light commercial applications like vending 
machines, small air-conditioners, and heat pumps. 



Semi-Hermetic Transcritical CO2 compressor 

 



CO2water heater 

• 5 millions installations in Japan 2010  
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Supermarket transcritical package  

Cascade Transcritical Transcritical 





CO2 as brine system  



Ammonia/CO2 mechanical room  



Transcritical CO2 Ice 

Rink Systems 







Trancritical rink package with pumped CO2 

for the floor 



Trancritical rink package with glycol floor 





Elimination of inefficient pumps for circulating brine or 
glycol. Savings of more than 14 000 kWh / Month. 

Elimination of evaporative condensers 

The system  provides ALL the needs of the ICE RINK 
FACILITIES more then 25% energy saving over HFC. 

Incomparable Ice Surface quality. Quick freeze after 
resurfacing and no Ice temperature fluctuation on the ICE 

RINK latent heat. 

System Advantage 



 

 

 

 

 

 

 

 



 
 

 



Heat reclaim for the building 



1
5
0
°F

 

1
0
0
°F

 Cooling COP = 2.58 

{100 TR  183 HP} 

Winter Operation 



Cooling COP = 4.03 

{100 TR  117 HP} 

Winter Operation 



Cooling COP = 1.26 

{100 TR  375 HP} 

Summer Operation 



Energy Efficiency  



Rink energy efficiency 

Indirect cooling 



• Pressure during operation 

• Pressure during ”stand still” 

• Defrosting methods  

• Pressure tolerances for safety valves (10 – 15 %) 

• Codes and regulations B-52, B-31 

• Contamination with water 
 

 

 

 

Other aspect of CO2 systems 



• Typical working pressure between 15 and 35 bar, Low temp 

cascade 

• MWP 40-50 bar, depending on defrost ( Cascade and Brine) 

• Stand still pressure could rise up to 85 bar (or even higher) if 

not taken care of – mitigation is required  

• Stand still unit is a simple and cost effective method to 

address the issue 

• Please be careful when using copper piping. MWP of copper 

pipes could vary a lot depending on the wall thickness 

Pressure rating of CO2 systems 



Design Pressure in CO2 Systems 

 2030psi / 140 bar: 

“Practical” pressure limit  

52 bar:  Minimum pressure 

(temperature) for hot gas defrosting 

1305 lbs / 90 bar: Maximum  pressure for 

Subcritical CO2 systems: (no control of 

stand still pressure needed) 

Subcritical CO2 systems 

Transcritical  CO2 systems 
   120 bar: 

Minimum  

46 bar 

42 bar 

40 bar: Minimum “practical” limit  



B-52 code 



B-52 code 



R717 

CO2 

Pressure handling at Stand Still 

Condensng unit 

CO2 pressure 

regulator, purge to 

the atmosphere 



Pipe sizing for CO2 systems 

Saturated temperature [
o
C] -50 -40 -30 -20 -10 0 10

Pressure drop [bar] / [
o
C] 0,283 0,375 0,485 0,614 0,761 0,930 1,124

Saturated temperature [
o
C] -50 -40 -30 -20 -10 0 10

Pressure drop [bar] / [0,5 
o
C] 0,142 0,188 0,243 0,307 0,381 0,465 0,562

Pressure drop in bar corresponding to 1 
o
C

Pressure drop in bar corresponding to 0,5 
o
C

Pressure drop corresponting to 1 oC 
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• Most typical defrosts for CO2 brine 

systems: 

– Electrical (similar to standard brines) 

– Brine defrost (additional system) 

– Water defrost (drain required) 

– Hot gas defrost (requires additional vessel and 

HE heated by HP stage) 

Defrosting 



Principle diagram: CO2-NH3 cascade system 
Hot gas defrosting – CO2 high pressure compressor 

CO2   Evaporator 

CO2 receiver 

CO2 Compressor 

Dry suction 

CO2 high pressure compressor 
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Principle diagram: CO2-NH3 cascade system 
“Other” defrosting methods 

CO2   Evaporator 

CO2 receiver 

CO2 Compressor 

Dry suction 
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Electrical or Glycol heating 



Low stage – 

Evaporator 

CO2 receiver 

Oil Rectifier 

Cascade 

Cooler 

Oil management system for systems 

with soluble (miscible) oils 

T 



If water is 

present in CO2 

systems, water 

reacts with CO2 

and creates 

Carbonic acid. 

The 

concentration is 

depending on 

the water content  

 

Strong acid 

Water in CO2 systems 



Toxicity and safety precautions in 

CO2 systems  Industrial 

Refrigeration 



Natural substance 

 Refrigerant classified as non-toxic and non- flammable fluid 

Classification 



Safety aspects 

NH3 CO2 

TLV 
(Threshold Limit Value) 

25 ppm 5.000 ppm 

STEL  
(Short Term Exposure Limit) 

35 ppm 30.000 ppm 

Revised IDLH 
(Immediately Dangerous to 
Life and Health) 

500 ppm 40.000 ppm 

LFL 
(Lower Flammable Limit) 

15% Non Flammable 

Group  
(ASHREA, 1992) 

B2 - Toxic A1 – Non Toxic 

Ref: NIOSH 



Safety Aspects of CO2  
  

 Carbon dioxide replaces air, and causes lack of oxygen. At presence of sufficient oxygen, CO2 has a narcotic effect 

at stronger concentration. With smaller amounts, CO2 has a stimulating effect on the respiratory center. Due to the 

acidic characteristics of CO2, a certain local irritating can appear, particularly on the mucous membrane of nose, 

throat and eyes as well as induce coughing. The symptoms associated with the inhalation of air containing carbon 

dioxide are, with increasing carbon dioxide concentrations. 

The data, valued for adults with good health, are as follows: 

   

  0,04%   Concentration in the atmospheric air  

  2%  50% increase in breathing rate 

  3%  10 Minutes short term exposure limit; 100% increase in breathing rate 

  5%  300% increase in breathing rate, headache and sweating may begin after about an hour  

  (Com.:  this will tolerated by most persons, but it is physical burdening) 

  8%  Short time exposure limit 

  8-10%  Headache after 10 or 15 minutes. Dizziness, buzzing in the ears,blood pressure increase, 

 high pulse rate, excitation, and nausea. 

  10-18%  After a few minutes, cramps similar to epileptic fits, loss of con-sciousness, and shock 

 (i.e.; a sharp drop in blood pressure) The victims recover very quickly in fresh air. 

  18-20%  Symptoms similar those of a stroke. 

  

   



 CO2 is a natural non-toxic/non-flammable substance 

 

  CO2 is a relative unreactive refrigerant 

 

 The acceptable water content in CO2 systems is much lower than in 

other refrigeration systems. 

 

 “All” reaction involving CO2 need water to take place. 

 

 Controlling the water content in CO2 systems are very important and 

efficient way to avoid reaction with CO2 

 

 Water, oxygen, oxides, oil, contaminants and system metals are the 

most important chemical reactants. Also in systems with CO2. 

SUMMARY 



Conclusion on CO2 Technologies 

• Sub-critical cascade systems / secondary fluid in large commercial and 

industrial refrigeration 

– Technology already implemented with great results 

• Trans-critical applications e.g. in supermarkets and rinks 

– Numerous installation in supermarket , very promising results on 6 

rinks actually in services 

– Issues: Demanding compressor & component technologies,  

COP (EER) at high ambient conditions, pressure levels, discharge 

temperatures, more complex system technology & control 

Potential applications with CO2 technology in  

medium to larger commercial and industrial systems  



Conclusion on CO2 Technologies 

• Hot water heat pumps & systems for drying processes 

– Domestic hot water heat pumps and district heating projects  

• Already series production in Asia 

– Medium to larger systems already in use in Canada and US and developing 

– In general  favourable conditions with CO2 

• High gas cooler inlet & low outlet temperatures 

• High COP due to large enthalpy difference 

Potential applications with CO2 technology in  

medium to larger commercial and industrial systems  

Finally, CO2 appears to be an excellent and efficient 

solution to HFC replacement and adress the security and 

safety concerns of ammonia instalations 


