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Introduction  
 

To lower environmental impacts of refrigeration and heat pump systems, several 
issues have to be addressed.  In term of TEWI (Total Equivalent Warming Impact), 
direct emissions of refrigerants have to be lowered and the GWP (Global Warming 
Potential) of refrigerants has also to be lowered.  Due to the significant impact of 
energy consumption during the lifetime of any refrigeration equipment, the essential 
option to lower the environmental impact is to improve significantly the energy 
efficiency of the system.  
 

The boundaries of systems have to be carefully addressed.  For example, in 
buildings, it is not sufficient to develop high efficiency refrigeration systems, it is also 
necessary to integrate the refrigeration system in an overall efficient control system 
and also to integrate the refrigeration system in a low thermal load building.  
 

Moreover, because of the necessary strong policies for the decrease in GHG 
(greenhouse gas emissions) emissions, refrigeration systems have a new role to play 
to replace boilers using either oil or gas by high efficiency heat pumps in order to limit 
CO2 emissions.  Recovery of heat of different thermal sources allows a significant 
amplification factor due to heat pumping. 
 

1. How to lower the impact of direct emissions?  
 

Since the beginning of the '90s, the replacement of HFCs and of HCFCs due to the 
enforcement of the Montreal Protocol has led to not only the development of new 
HFC refrigerants, but also to the revival of previously used refrigerants such as CO2, 
and in some cases hydrocarbons, and also to revisit new possible uses of ammonia.  
Moreover, as it is known, alternative refrigeration cycles based on different physical 
principles other than vapor compression have also been thoroughly revisited, such as 
Stirling cycle, the pulse tube, thermo-acoustic refrigeration, magnetic refrigeration … 
Nevertheless, until now, vapor compression systems at equal energy efficiency are 
still presenting the best energy efficiency/cost ratios compared to alternative cycles. 
This paper focuses only on vapor compression systems.  
 

To lower direct emissions we will address successively: reduction of refrigerant 
charge, efficient containment and recovery policies, and the introduction of low GWP 
refrigerants such as CO2 or new low GWP HFCs. 
 

1.1 Reduction of refrigerant charge 
 

The reduction of the refrigerant charge at equal refrigerating capacity and energy 
performances leads to lower refrigerant emissions due to ruptures of the circuit, and 
also to limit the refrigerant emissions at the equipment end of life. 
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� Compact heat exchangers 
 

A generic way to limit refrigerant charges can be used in any technologies when 
compact heat exchangers are used [HAF06].  For example, going from shell-and-
tube heat exchangers to plate heat exchangers leads to lower the cooling capacity to 
refrigerant ratio of at least a factor 3.  It is also true in air-to-air air conditioners that 
the tube diameters of copper tubes are continuously decreasing.  The Japanese air 
conditioning industry is the technological leader for heat exchangers with inside 
diameters in the range of 5 mm.  New progresses are underway specially for 
condensers where usual condensers with copper tubes and aluminum fins are 
replaced by fully brazed aluminum heat exchangers. 
 

Some applications are still based on huge refrigerant quantities stored in shell-and-
tube evaporators (such as chillers), or also in industrial refrigeration where large low 
pressure receivers feed re-circulation pumps of refrigerant.  Part of the future is 
based on efficient sprays on tubes for new design of chiller evaporators, and also of 
possible new design of so-called dry heat exchangers. 
 

� Indirect systems 
 

Water chillers are typical indirect systems that have won significant market shares for 
cooling large buildings.  This concept can also be applied to lower cooling capacities 
due to the interest of low refrigerant charges, specially when using HFCs.  Indirect 
systems can also be used in mobile air conditioning (MAC) systems, specially in 
buses and trains, where the usual circuit is long and the refrigerating capacity / 
refrigerant charge ratio is high. 
 

For refrigeration, since the mid '90s a number of tests have been performed in 
Europe and also in the U.S. to study the interest of indirect systems in the 
commercial sector in order to limit refrigerant charges of centralized systems installed 
in supermarkets.  Different concepts have been tested.  One of them seems to 
present high energy performances at acceptable costs: indirect systems using CO2 at 
the low temperature level.  In those systems the CO2 is partially evaporated in display 
cases or evaporators of cold chambers, and is then condensed in evaporator 
condenser where HFC or Ammonia evaporates for cooling CO2.  For medium 
temperature applications, the use of heat transfer fluids seems still to be the 
preferred option, but new developments are underway for the use of CO2 even at the 
medium level temperature.  Indirect systems in commercial refrigeration may lead to 
reduce the refrigerant charge by 50% to 75% compared to the reference line [PAC06, 
RIE06, VER06].  
 

Indirect systems imply an additional difference of temperatures between evaporating 
temperature and air to be cooled.  Moreover the heat transfer fluid needs to be 
pumped and so the pumping system adds and additional energy consumption. 
Comparisons of direct expansion systems with indirect systems in commercial 
refrigeration show interesting results where the energy efficiencies of both systems 
are exactly in the same range because of the inherent inefficiencies of direct 
expansion where superheat hampers the efficiency of evaporators. Detailed 
measurements on heat exchangers show a better heat exchange efficiency of heat 
transfer fluid compared to refrigerant (see Figures 1 and 2). 
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Figure 1. Temperatures with direct system: products +3.5°C,evaporation -12.5°C. 
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Figure 2. Temperatures with indirect system: products +2°C, evaporation –14°C. 

 

1.2 Containment and recovery policies 
 

Containment and recovery policies have been promoted by association of engineers, 
a number of OEMs and regulatory bodies of different countries.  The European 
regulations 2037/2000 for HCFCs [UE00] and 842/2006 [06a] for HFCs imply regular 
leak tightness control of refrigeration systems (for refrigerant charges higher than 3 
kg), systematic refrigerant recovery at end of life of equipment, and systematic follow 
up of refrigerant quantities sold on the market.  A number of standards have 
addressed improvement of leak tightness of components, among them EN 378 
[EN04], ASHRAE 147 [ASH02], and EN 14624 [NF05]. 
 

A special mention has to be made for the system developed in The Netherlands, 
called STEK, where the leak prone components have to be analyzed and the origin 
of the emission detailed.  It is still a significant part of future developments to make 
new design of leak prone components such as safety valves, service valves, and 
different types of fittings.  
 

The methods used in many companies in order to reach higher level of quality along 
the lifetime of the equipment has to be generalized for leak tightness of components.  
New methods of tests are needed in order to guarantee initial leak tightness. 
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1.3 Efficient applications of CO2 
 

Significant developments have been made in the last 10 years for new CO2 systems 
taking advantage of the low GWP of this fluid and its classification as a safe 
refrigerant (A1 under EN 378 [EN04] and Ashrae 34 [ASH04]).  The drawbacks of 
CO2 are well known and are mainly related to its low critical temperature of 31°C.  
This low critical temperature leads to transcritical cycle when delivering heat at higher 
temperature.  Efficient developments of CO2 are summarized here after. 
 

� Low temperature cascading system 
When condensing CO2 at temperature lower than 31°C, and possibly around –10 to 
0°C, CO2 systems show high energy performances due to efficient thermophysical 
properties (low viscosity and high thermal conductivity) and the development of 
cascading systems.  Those cascading systems use CO2 at evaporating temperatures 
varying between –50 and –35°C associated with a high temperature refrigerating 
system (of the cascade) using either ammonia or HFCs have led to very efficient 
systems in the food industry, and more scarcely in the commercial sector [HOE06, 
YAN06]. 
 

� CO2 water heater heat pumps 
Japan has developed high efficiency 
water heaters using CO2 as working 
fluid. The domestic hot water 
consumption of Japanese families are 
significantly higher than those of 
European standards and so the energy 
bill for hot water is significant. Heat 
pump water heaters are appealing in 
the Japanese context when COPs 
range between 3 and 4.  
 

 

  
Figure 3. ECS heat pump ECO-CUTE. 

Due to the very large temperature glide for water heating, typically from 15°C up to 
60, and more generally in Japan 90°C, the continuous temperature glide of CO2 in 
the supercritical region leads to minimization of entropy losses of the heat exchange. 
The Japanese government has created an incentive of about 1/3 of the price (the 
typical price is about 6,000 US $) in order to develop rapidly the market. The market 
in 2006 has been superior to 250,000 units and more than 15 different companies 
are competing on this market [IEA06].  
 

� CO2 transcritical cycle for MAC systems 
A phenomenal development has occurred during the past five years in Europe for the 
development of CO2 for MAC systems.  At the beginning, the main German car 
manufacturers have strongly supported this technical development and all Tier 1 
suppliers need to have a technical proposal for new CO2 MAC systems.  Moreover, 
the Directive 40/2006 [UE06b] that forbids the use of HFC-134a as of 2011 has been 
seen as an extraordinary support for the uptake of the CO2 technology.  New efficient 
compressors have been developed by several companies.  A special mention has to 
be made for the research company Obrist, but also the Denso company has rapidly 
proposed a complete MAC technology for CO2.  
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In parallel with this effort, a number of academic laboratories have developed new 
possible solutions using ejectors in order to improve the energy efficiency.  
Developments of expansion turbines have also been proposed for the same purpose: 
limitation of expansion losses.  As shown in different publications, high efficiency 
expansion has to be studied in parallel with heat recovery by a liquid/vapor heat 
exchanger [HRN06].  The two options are in competition for improvement of energy 
efficiency.  This huge technical development on CO2 along with the European 
regulation has led some chemical companies to develop new low GWP refrigerants. 
 

1.4 New low GWP HFCs 
 

In 2001, the Dow company has developed an HFC solvent based on a fluorinated 
ketone with an atmospheric lifetime shorter than 1 week and so with a GWP in the 
range of 1, showing that fluorinated molecules can have low GWP.  The basis of 
possible low GWP HFCs is related to short atmospheric lifetime.  Honeywell first, and 
then DuPont have developed those short-lived molecules.  The two molecules 
developed by Honeywell are known CF3i (tri-fluoro-iodo-methane) and CF3CFCH2 
(tetra-fluoro-propylene).  The atmospheric lifetime of the first one is about 1 week and 
the second about 2 weeks, and so the GWP is in the range of 10. 
 

The DuPont molecules are not known yet, but definitively one will also be a short-
lived molecule. 
 

The two blends, fluid H for Honeywell, and DP1 for DuPont, have been designed in 
order to replace HFC-134a nearly as drop-in fluids.  The development underway is 
for MAC systems, but it will be a possible replacement fluid of HFC-134a in other 
systems.  Certainly future developments of fluorinated refrigerants will be based on 
low GWP. 
 

2. How to improve energy efficiency? 
 

Energy efficiency is a key for sustainable development.  Energy efficiency is an 
endless objective in order to obtain more and to spend less.  For refrigeration and 
heat pump systems, it requires not only to develop efficient components and 
equipment, but also to integrate efficiently those equipment in larger systems: for 
buildings it is essential to think of efficient buildings as a whole and not only using 
efficient equipment. 
 
2.1  New designs with lower heating or cooling loads 

The development of passive houses or near 
zero energy houses leads to the development of 
smaller heat pumps and also reverse heat 
pumps (heating and cooling) as well as 
integrated heat pumps.  The larger thermal 
need becomes to be the generation of domestic 
hot water in low energy houses.  In Switzerland, 
new design of heat pumps with heat recovery of 
the exhaust air producing hot water and heating 
air instead of a hydronic circuit correspond to 
those new stakes. 
 

 
Figure 4. Layout of a multi-function 

equipment [MON05]. 
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Many studies and research have been carried out since 15 years on thermal comfort. 
One of the most important results is to show that the human body can adapt widely to 
thermal conditions.  The comfort temperature in summer can be set around 26°C in 
rooms, and leads to better comfort than a lower temperature.  Taking that into 
account Japanese companies have promoted a new dressing code for employees in 
summer: no jacket and no tie. 
 

2.2 System design and overall control 
 

The integration of refrigeration systems and heat pumps requires to integrate the 
variation of source and sink temperatures in order to adapt the thermodynamic 
system and to reach highest possible COPs.  A typical example is to lower the hot 
water temperature for air-to-water heat pumps according to the outdoor temperature.  
Another interesting example is to disconnect dehumidification and cooling when the 
relative humidity is at acceptable level to control the evaporating temperature above 
the dew point and so high COPs for cooling can be reached, specially for air-to-air 
systems. 
 

New specifications for residential heat pumps require that the heating capacity is fully 
generated by the heat pump at the lowest outdoor temperature (no complementary 
heat can be produced by a complementary electric resistance on the hydronic 
circuit).  The span of outdoor air temperatures for the heating season varies typically 
from –15°C to 14°C and the water for the hydronic circuit has to be produced at 
temperatures varying from 65 to 35°C, the largest difference of temperatures  
(-15/+65°C) corresponding to the highest thermal needs.  
 

Such constraints require reverse systems capable to switch from 2-stage to 1-stage 
operation according to the outdoor temperature and to the water temperature. 
 

 
Figure 5. Design of a reverse 2-stage / 1-stage system. 

 
2.3 Motor and compressor improvements 
 

Exergy analyses indicate always the paramount impact of motor-compressor for 
refrigeration and heat pump systems.  For electric motors, the breakthrough has 
been made several years ago with permanent magnet motors, which have been 
introduced in large scale by Japanese OEMs.  The electrical efficiency even for 
electric motors in the range of 1 to 2 kW is superior to 92%.  A complementary 
breakthrough has occurred progressively, also coming from Japanese OEMs, with 
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electronic variable speed control.  All efficient reverse heat pumps sold in Japan for 
cooling capacities ranging from 2.4 to 5 kW are equipped with variable speed motors.  
The variable speed control allows fine tuning of the refrigerant mass flow rate for the 
large span of heating/cooling capacities.  Typically those revere air-to-air heat pumps 
are capable to provide 3 times more heat than the maximum cooling capacity.   
COPs superior to 6 referring to ISO 5151 [ISO94] summer conditions T1 have been 
measured on such systems. 
 

Even if reciprocating compressors are still widely used for small refrigerating 
capacities (domestic) and also in many medium capacity systems (up to 30 kW input 
power), for capacities ranging from 1 to 25 kW input power, scroll compressors and in 
a lesser extent rotary compressors are replacing reciprocating ones.  The precision of 
manufacturing machines allows such a change because the number of rotating 
pieces is smaller, friction losses can also be significantly lower, the discharge valve 
can be avoided, and more generally, the pressure losses for valves can be 
significantly lowered with scroll and rotary compressors.  By design those 
compressors can reach higher efficiency compared to reciprocating ones. 
 

One of the significant on-going improvements is the development of oiless 
compressors and high efficient integrated oil separator [BAU02].  When going to very 
efficient heat exchangers, specially when reducing dramatically the diameter or the 
equivalent diameter of heat exchanger tubes, the presence of oil hampers 
significantly the heat exchange.  Moreover, the oil return creates an accumulation at 
the end of the evaporator, and oil slugging is always possible.  The drastic limitation 
of oil circulation has been also significantly improved for CO2 in MAC systems.  What 
has been gained for CO2 can also be gained for any refrigerants. 
In parallel, the development of magnetic 
bearings allows no lubrification for 
centrifugal machines and new relatively 
small centrifugal compressors have been 
appearing on the market since five years.  
This trend is also associated with 
significant increase in RPMs of those 
centrifugal compressors.  Velocities 
higher than 25,000 rpm are foreseen.  
The development of new software 
enables rapid design of wheels and 
possible new developments of high speed 
non-lubricated centrifugal compressors 
seem a new opportunity. 

 
Photo 1. Finished titanium centrifugal 

compressor[TUR07]. 
 

2.4 Heat exchanger improvements 
 

The development of heat exchangers is driven by high efficiency heat exchange and 
the decrease of materials quantities (for mass production components, the mass of 
the material is a key parameter for the price).  The trends are obvious: the thickness 
of copper tubes has been reduced to 0.3 mm, the thickness of aluminum fins is in the 
range of 0.1 mm, the diameters have been constantly reduced, and high efficiency 
fins, groove tubes, have led to improve of a factor 2 to 3 the heat exchange 
coefficient of air-to-refrigerant heat exchangers in the last 20 years.  In parallel with 
those developments of copper tubes / aluminum fins, fully brazed all aluminum heat 
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exchangers have won the competition for radiators, condensers, and evaporators in 
the automotive industry. 
 
Condensers have been designed with extruded micro-channel aluminum tubes.  
Those tubes are brazed with accordion louvered fins, leading to a significantly higher 
surface ratio of fins compared to stationary application.  For equivalent air velocity, 
the heat exchange coefficients are higher of nearly a factor 2 compared to stationary 
condensers.  For evaporators, design of plate fin heat exchangers has been the 
leading technology for the last twenty years, and due to the constraints of pressure 
associated with CO2, new designs for evaporators has been realized with the same 
technology as for condensers using micro-channel tubes organized in different 
circuitry. 
 

 
 

Photos 2. Micro-channel heat exchangers [ALU07]. 
 
The high compacity the lower cost of aluminum compared to copper has led to the 
beginning of the transfer from the automotive industry to the stationary industry. 
 
 
3. How to recover heat and replace boilers? 
 

A complementary driver for the development of heat pumps is the commitment of the 
European Union to lower significantly the CO2 emissions from all activity sectors 
including buildings.  The first consequence is for European countries where the 
energy mix is dominated by nuclear, hydro, and /or renewable energies.  The CO2 
content of electricity is low, and so the use of heat pumps for residential heating 
leads to significant savings of CO2 emissions providing that the seasonal COP is 
above 3.  Even in countries where the CO2 content of the electric kWh is in the range 
of 600 g, heat pumps for heating contribute significantly to lower CO2 emissions for 
building heating. 
 

3.1 Heat pumps for building heating and domestic hot water 
 

Air is the always available heat source for heat pumps but, when the heating needs 
are low for highly insulated buildings, recovery of heat on exhaust air represents a 
significant improvement in temperature for the heat source of the heat pump.  The 
higher the heat source temperature, the higher the possible COP of the heat pump 
system. 
 

Ground source heat pumps take advantage of the nearly constant temperature of the 
ground. One of the interesting future of ground source heat pumps is related to inter-
seasonal storage of energy specially when ground source heat pumps are used for 
collective buildings.  Other heat sources have to be taken into account for new heat 
pumps, specially lukewarm water.  This heat recovery can be realized for different 
sizes from individual houses to collective houses, hotels, districts, towns.  A current 
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development is underway at the CEP of a heat pump using lukewarm water as a heat 
source. 
 

 

 
Figure 6. Layout of the water heater heat pump running on waste water developed by 

ARMINES CEP. 
 

3.2 Heat pumps in industry 
 

In many industrial processes (food industry, automotive industry, chemical 
industry…) significant amounts of heat are released either to the atmosphere or to 
waste water.  Moreover, the separation between process and utilities leads to 
disconnect the possible energy efficiency improvement by thermal integration.  The 
usual way is to study utilities to improve them and not to analyze the process based 
on energy efficiency improvements.  This is no longer possible in the new context of 
lowering CO2 emissions and increasing energy intensity.  The thermal integration 
using the Pinch method is essential to first define the heat exchange between hot 
and cols streams.  When those analyses are completed, it is possible to study the 
integration of heat pumps systems.  
 

Heat recovery on waste streams is generally available in nearly all industries.  Most 
of the energy needs for cleaning, rinsing, pasteurizing, are in the range of 60 to 90°C.  
Thus the temperature of waste streams should range from 20 to 50°C and allows 
high COPs of the heat pump operating on those recovered waste waters.  For those 
industrial applications, the use of refrigerant blends with adapted temperature glides 
present significant interests because the streams are essentially water or water with 
additives or water with pollutants, and all those streams exhibit possible temperature 
glide for heat recovery or for heat generation in the range of 10 to 30 K. 
 

Conclusions 
 

Refrigeration and heat pump systems have improved in terms of direct impact on 
climate change with a change from CFCs to HFCs, especially by the replacement of 
CFC-12 by HFC134a.  Moreover, now, even the GWP of HFC-134a is considered as 
too high.  New HFC refrigerants or "old" refrigerant such as CO2 are demonstrating 
high efficiency, and low direct impact in some applications.  The development of heat 
pumps will lead to significant gains in terms of CO2 emissions both in building heating 
and in industrial applications.  Integration of heat pumps will lead to a number of high 
efficient systems based on efficient heat recovery from different sources. 
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