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& (57) Abstract: The present invention relates to a hybrid vapor compression - absorption cycle comprising a refrigerant pair compris-
& ing at least one refrigerant and at least one ionic liquid. The present invention also provides a hybrid vapor compression - absorption
cycle that utilizes fluorocarbon gases in fluorinated ionic liquids. The present invention also provides a method of cooling using an
hybrid vapor compression - absorption cycle comprising a refrigerant pair comprising at least one refrigerant and at least one ionic
liquid. The present invention also provides a method of heating using an hybrid vapor compression - absorption cycle comprising a
refrigerant pair comprising at least one refrigerant and at least one ionic liquid.
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TITLE
HYBRID VAPOR COMPRESSION-ABSORPTION CYCLE

This application claims the benefit of U.S. Provisional Application No.
60/682,191, filed May 18, 2005, which is incorporated in its entirety as a part
hereof for all purposes.

Technical Field

The present invention relates to a hybrid vapor compression - absorption
cooling or heating system utilizing a refrigerant pair comprising at least one
refrigerant and at least one absorbent, wherein the absorbent in a preferred

embodiment may be at least one ionic liquid.

Background of the Invention

As a new type of solvent with immeasurable vapor pressure, room-
temperature ionic liquids are being used for chemical separation and unique
reaction media. Solvent phase behavior is an important factor in the attractiveness
of using ionic liquids in these applications as well as in new applications such as

absorption cooling or heating.

Vapor compression and absorption refrigeration cycles are well-known
methods of cooling and are described by Haaf, S. and Henrici, H. in
“Refrigeration Technology” (Ullmann’s Encyclopedia of Industrial Chemistry,
Sixth Edition, Wiley-VCH Verlag GmbH, Weinheim, Germany, Volume 31,
pages 269-312). ‘The basic cooling cycle is the same for the absorption and vapor
compression systems. Both systems use a low-temperature liquid refrigerant that
absorbs heat from water, air or any medium to be cooled, and converts to a vapor
phase (in the evaporator section). The refrigerant vapors are then compressed to a
higher pressure (by a compressor or a generator), converted back into a liquid by

rejecting heat to the external surroundings (in the condenser section), and then
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- "éxXpanded t& A" TOw préssure mixture of liquid and vapor (in the expander section)
that goes back to the evaporator section and the cycle is repeated. The basic
difference between the vapor compression system and absorption system is that a
vapor compression system uses an electric motor for operating a compressor used

5  for raising the pressure of refrigerant vapors, and an absorption system uses heat

for compressing refrigerant vapors to a high-pressure.

Absorption chillers have been combined with vapor compression chillers
in “hybrid” central plants to provide cooling at the lowest energy costs; for
10 example the absorption chiller will be operated duriﬁg high electric peak load
when charges are high, whereas the vapor compression chiller will be operated
during low electric peak load when charges are low, resulting in a more
economical system. It would be desirable to have one system that integrates
components of both the vapor compression and absorption cycles.
15
Vapor compression systems generally use ammonia or fluorocarbon
derivatives as refrigerants, whereas absorption cycles generally use
ammonia/water or lithium bromide/water. The two systems are not compatible in
that fluorocarbon derivatives are not very soluble in water. While ammonia could
20  be used for both systems, the toxicity and flammability associated with ammonia

makes this option less desirable.

Although U.S. Patent Application No. 11/346,028, which is incorporated

in its entirety as a part hereof for all purposes, discloses an absorption cycle

25  wherein refrigerant pairs comprising at least one refrigerant and at least 6ne ionic
liquid are utilized, a need remains for systems to run a hybrid vapor compression

— absorption cycle utilizing a refrigerant pair comprising at least one refrigerant

and at least one ionic liquid.

30

Summary
This invention provides for the execution or performance of a hybrid

vapor compression - absorption cycle by operating or running a system or other

2
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o
o
-
@\ equipment or apparatus that are suitable to accomplish heating or cooling in view of
%‘ the heat rejected and absorbed during the repetition of the cycle.
oo One embodiment of this invention provides an apparatus for temperature
e

5 adjustment comprising (a) an absorber that forms a mixture of a mixture of a
~ refrigerant and an absorbent; (b) a generator that receives the mixture from the
; absorber and heats the mixture to separate refrigerant, in vapor form, from the
g absorbent, and increases the pressure of the refrigerant vapor; (c) a condenser that
@\ receives the vapor from the gencrator and condenses the vapor under pressure to a
) 10 liquid; (d) a pressure reduction device through which the liquid refrigerant leaving
g the condenser passes (o reduce the pressure of the liquid to form a mixture of liquid

and vapor refrigerant; (e) an evaporator that receives the mixture of liquid and vapor
refrigerant that passes through the pressure reduction device to evaporate the
remaining ligquid to form first and second portions of refrigcrant vapor; (f) a
15 compressor that receives the first portion of the refrigerant vapor, increases the
pressure thereof, and passes the first portion of the refrigerant vapor to the condenser;
and (g) a conduit that passes the second portion of the refrigerant vapor leaving the
evaporator to the absorber; wherein the absorbent comprises one or more jonic
liquids; and wherein the refrigerant is selected from one or more members of the
20  group consisting of hydrofluorocarbons, Ni, Oy, CO,, Ar, H, and non-fluorinated
hydrocarbon, wherein the non-fluorinated hydrocarbon is selected from the group
consisting of C) to Cy4 straight-chain, branched or cyclic alkanes and C; to Cy straight-

chain, branched or cyclic alkenes.

25 Another embodiment of this invention provides an apparatus for temperature
adjustment comprising (a) an absorber that forms a mixture of a mixture of a
refrigerant and an absorbent; (b) a generator that receives the mixiure from the
absorber and heats the mixture to separate refrigerant, in vapor form, from the
absorbent, and increases the pressure of the refrigerant vapor; (¢) a compressor that

30 receives the vapor from the generator and further increases its pressure; (d) a

condenser that receives the vapor from the compressor and condenses the vapor under

COMS ID No: ARCS-321560 Received by IP Australia: Time (H:m) 12:52 Date (Y-M-d) 2011-05-18
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pressure to a liquid; (€) a pressure reduction device through which the liquid
refrigerant lcaving the condenser passes to reduce the pressure of the liquid to form a
mixture of liquid and vapor refrigerant; (f) an evaporator that receives the mixture of
liquid and vapor refrigerant that passes through the pressure reduction device to
evaporate the remaining liquid to form refrigerant vapor; and (g) a conduit that passes
the refrigerant vapor leaving the cvaporator to the absorber; wherein the absorbent
comprises one or more ionic liquids; and wherein the refrigerant is selected from one
or more members of the group consisting of hydrofluorocarbons, N;, O,, CO,, Ar, H,
and non-fluorinated hydrocarbon, wherein the non-fluorinated hydrocarbon is
selected from the group conmsisting of C; to C4 straight-chain, branched or cyclic

alkanes and C, to C; straight-chain, branched or cyclic alkenes.

3a
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In either of these embodiments, the apparatus may be used for heating by
locating the condenser in proXimity to an object, medium or space to be heated, or
the apparatus may be used for cooling by locating the evaporator in proximity to

an object, medium or space to be cooled.

In a further embodiment, this invention provides a process for adjusting
the temperature of an object, medium or a space by (a) absorbing refrigerant vapor
with an absorbent to form a mixture; (b) heating the mixture to separate
refrigerant, in vapor form, from the absorbent and increase the pressure of the
refrigerant vapor; (c) condensing the refrigerant vapor under pressure to a liquid;
(d) reducing the pressure of the liquid refrigerant, and evaporating the refrigerant
to form first and second portions of refrigerant vapor;  (e-1) mechanically
increasing the pressure of the first portion of refrigerant vapor, and then repeating
step (c) to subject the first portion of refrigerant vapor to condensation to liquid;
and (e-2) repeating step (a) to re-absorb, with the absorbent, the second portion of

refrigerant vapor.

In yet another embodiment, this invention provides a process for adjusting
the temperature of an object, medium or a space comprising (a) absorbing
refrigerant vapor with an absorbent to form a mixture; (b) heating the mixture to
separate refrigerant, in vapor form, from the absorbent and increase the pressure
of the refrigerant vapor; (c) further increasing the pressure of the refrigerant
vapor mechanically; (d) condensing the refrigerant vapor under pressure to a
liquid; (e) reducing the pressure of the liquid refrigerant, and evaporating the
refrigerant to form refrigerant vapor; and (f) repeating step (a) to re-absorb the

~ refrigerant vapor with the absorbent.

In either of these process embodiments, the temperature adjustment
performed by the process may be an increase in temperature, and for that purpose
refrigerant vapor is condensed to a liquid in proximity to an object, medium or
space to be heated; or the temperature adjustment performed by the process may
be a decrease in temperature, and for that purpose liquid refrigerant is evaporated

in proximity to an object, medium or space to be cooled.

PCT/US2006/018733
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p—
p—
-
@\ Brief Description of the Drawings

%‘ FIG. 1 shows a schematic diagram of a system to run a simple vapor
2 compression cycle.
o0
p—

5 FIG. 2 shows a schematic diagram of a system to run a simple absorption

~ cycle.
p—
< o .
g FIG. 3 shows a schematic diagram of a system to run a simple hybrid vapor
S compression - absorption cycle (parallel configuration).
S 10
g FIG. 4 shows a schematic diagram of a system to run a simple hybrid vapor

compression - absorption cycle (series configuration).

FIG. 5 shows measured isothermal solubility data (in mole fraction) for
15 HFC-32 in [bmim][PFs] as a function of pressure. Filled circles (o) represent
measured isothermal data at 10 °C, filled triangles ( A ) represent measured isothermal
data at 25 °C, filled squares (m) represent measured isothermal data at 50 °C, and
filled diamonds () represent measured isothermal data at 75 °C. Solid lines
represent data trends.
20
FIG. 6 shows measured isothermal solubility data (in mole fraction) for HFC-
125 in [bmim][{PF6] as a function of pressure. Filled circles () represent measured
isothermal data at 10 °C, filled triangles (A) represent measured isothermal data

at 25 °C, filled squares (m) represent measured isothermal data at

COMS ID No: ARCS-321560 Received by IP Australia: Time (H:m) 12:52 Date (Y-M-d) 2011-05-18
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50°C, and filled diamonds (®) represent measured isothermal data at 75 °C.

Solid lines represent data trends.

FIG. 7 shows measured isothermal solubility data (in mole fraction) for
HFC-134a in [bmim][PFs] as a function of pressure. Filled circles (e) represent
measured isothermal data at 10 °C, filled triangles (A) represent measured
isothermal data at 25 °C, filled squares (m) represent measured isothermal data at
50 °C, and filled diamonds (4) represent measured isothermal data at 75 °C.

Solid lines represent data trends.

FIG. 8 shows measured isothermal solubility data (in mole fraction) for
HFC-143a in [bmim][PFg] as a function of pressure. Filled circles (e) represent
measured isothermal data at 10 °C, filled triangles (A) represent measured‘
isothermal data at 25 °C, filled squares (m) represent measured isothermal data at
50 °C, and filled diamonds (#) represent measured isothermal data at 75 °C. Solid

lines represent data trends.

FIG. 9 shows measured isothermal solubility data (in mole fraction) for
HFC-152a in [bmim][PFg] as a function of pressure. Filled circles () represent
measured isothermal data at 10 °C, filled triangles (A) represent measured
isothermal data at 25 °C, filled squares (m) represent measured isothermal data at
50 °C, and filled diamonds () represent measured isothermal data at 75 °C. Solid

lines represent data trends.

FIG. 10 shows measured isothermal solubility data (in mole fraction) for
HFC-32 in [bmim][BF4] as a function of pressure. Filled circles (e) represent
measured isothermal data at 10 °C, filled triangles (A) represent measured
isothermal data at 25 °C, filled squares (m) represent measured isothermal data at
50 °C, and filled diamonds (#) represent measured isothermal data at 75 °C. Solid

lines represent data trends.

FIG. 11 shows measured isothermal solubility data at 25 °C of the systems
HFC-32 + eight different ionic liquids as a function of pressure for comparison.
Open diamonds (0) represent measured isothermal data for HFC-32 + 1-ethyl-3-
methylimidazolium bis(pentafluoroethylsulfonyl)imide at 25 °C, pen circles (O)

6
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repreééht " measured  isothermal data for HFC-32 + 1-propyl-2,3-
dimethylimidazolium tris(trifluoromethylsulfonyl)methide at 25 °C, open squares
(O) represent measured isothermal data for HFC-32 + 1-propyl-2,3-
dimethylimidazolium bis(trifluoromethylsulfonyl)imide at 25 °C, closed diamonds
(¢) represented measured isothermal data for HFC-32 + 3-methyl-1-
propylpyridinium bis(trifluoromethylsulfonyl)imide, open triangles (A) represent
measured isothermal data for HFC-32 + 1-butyl-3-methylimidazolium
hexafluorophosphate at 25 °C, filled circles (e) represent measured isothermal
data for HFC-32 + 1-butyl-3-methylimidazolium tetrafluoroborate at 25 °C, filled
squares (m) represent measured isothermal data for HFC-32 + 1,3-
dioctylimidazolium iodide at 25 °C, and filled triangles (A) represent measured
isothermal data for HFC-32 + 1-octyl-3-methylimidazolium iodide at 25 °C. Solid

lines represent data trends.

FIG. 12 shows measured isothermal solubility data (in mole fraction) at 10
°C of the systems HFC-32, HFC-152a, HFC-134a, HFC-125, and HFC-143a +
[bmim][PF¢] in terms of absolute pressure divided by the gas saturation pressure :
at 10 °C shown by ratio (P/Py). Open cross hatch (x) represents measured
isothermal data for HFC-32 at 10 °C with Py = 11.069 bar, filled diamonds ()
represents measured isothermal data for HFC-152a at 10 °C with Py = 3.7277 bar, -
filled circles (o) represent measured isothermal data for HFC-134a at 10 °C with
Py =4.1461 bar, filled triangles (A) represent measured isothermal data for HFC-
125 at 10 °C with Py = 9.0875 bar, filled squares (m) represent measured
isothermal data for HFC-143a at 10 °C with Po = 8.3628 bar. Solid lines represent

data trend and dashed line represents Raoult’s Law.

FIG. 13 shows a schematic diagram of the gravimetric microbalance used
for measuring gas absorption in the ionic liquids. In the diagram jj, j», and j3 refer
to the counter-weight, hook and chain, respectively; i;, i, and i3 refer to the sample
container, wire and chain, respectively, Wy refers to the force due to gravity; and

B refers to the force due to buoyancy.
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Detailed Description

In this disclosure, definitions are provided for various terms as set forth in
the following list and elsewhere below:
The term “ionic liquid” is defined as an organic salt that is fluid at or

below about 100 °C.

The term “fluorinated ionic liquid” is defined as an ionic liquid having at
least one fluorine on either the cation or the anion. A “fluorinated cation” or
“fluorinated anion” is a cation or anion, respectively, comprising at least one

fluorine.

The terms “refrigerant pair” and “refrigerant/ionic liquid pair” are used
interchangeably and refer to a pair or mixture comprising both a refrigerant and an
ionic liquid. A “refrigerant pair composition” is a composition comprising a
refrigerant pair. A “mixed refrigerant” is a refrigerant composition comprising at

least two refrigerants.

A “refrigerant” is a fluidic substance such as a fluorocarbon (FC),
hydrofluorocarbon (HFC), chlorofluorocarbon (CFC), hydrochlorofluorocarbon
(HCFC), or ammonia, alkanes, alkenes, aromatics, carbon dioxide, or other gas
such as hydrogen, oxygen, nitrogen, and argon that may be used as a thermal
energy transfer vehicle. A refrigerant, when it changes phase from liquid to vapor
(evaporates), removes heat from the surroundings; and when it changes phase
from vapor to liquid (condenses), it adds heat to the surroundings. Although the
term refrigerant may carry the connotation of a substance used only for cooling,
the term is used herein in the generic sense of a thermal energy transfer vehicle or
substance that is applicable for use in a system or apparatus that may be used for

heating or cooling.

The term “fluorinated refrigerant” or “fluorine-containing refrigerant”
refers to a fluorocarbon, hydrofluorocarbon, chlorofluorocarbon, or

hydrochlorofluorocarbon.

PCT/US2006/018733
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" The term “vacuum” refers to pressures less than about 1 bar but greater

than about 10 bar for practical use in absorption cycles.

The term “alkane” refers to a saturated hydrocarbon having the general
formula C,Hjn:, that may be a straight-chain, branched or cyclic. A cyclic

compound requires a minimum of three carbons.

The term “alkene” refers to an unsaturated hydrocarbon that contains one
or more C=C double bonds and that may be a straight-chain, branched or cyclic.
An alkene requires a minimum of two carbons. A cyclic compound requires a

minimum of three carbons.

The term “aromatic” refers to benzene and compounds that resemble

benzene in chemical behavior.

A “heteroatom” is an atom other than carbon in the structure of an alkanyl,

alkenyl, cyclic or aromatic compound.

“Heteroaryl” refers to an alkyl group having a heteroatom.

An “azeotropic” or “constant boiling” mixture of two or more refrigerants
is a mixture wherein the composition of the vapor and liquid phases are
substantially the same at a temperature and pressure encountered in a cooling or
heating cycle. Included in the definition of a constant boiling mixture is a “near-
azeotropic” mixture, which, as described in U.S. Pat. No. 5,709,092, maintains a
substantially constant vapor pressure even after evaporative losses, thereby

exhibiting constant boiling behavior.

Hybrid vapor compression — absorption cycles

The present invention relates to a hybrid vapor compression - absorption
cooling and heating system that utilizes refrigerant pairs comprising at least one
refrigerant and at least one absorbent. In preferred embodiments, the absorbent

may be one or more ionic liquids. The invention also provides a process for



10

15

20

25

30

WO 2006/124776

R AR o O T o [ TR ]

temperature adjustment, either cooling or heating, utilizing refrigerant/absorbent

pairs in a hybrid vapor compression - absorption cooling or heating system.

Vapor compression and absorption cycles, and systems in which they are
run, are described in Application Guide for Absorption Cooling/Refrigeration
Using Recovered Heat [Dorgan et al (American Society of Heating, Refrigeration
and Air Conditioning Engineers, Inc., 1995, Atlanta, GA, Chapter 5)]. A
schematic diagram for a system in which a simple vapor compression cycle is run
is shown in Figure 1. The system is composed of condenser and evaporator units
with an expansion valve, and a vapor compressor that is capable of mechanically
increasing the pressure of a refrigerant vapor. A schematic diagram for a simple
absorption cycle is shown in Figure 2. The system is composed of condenser and
evaporator units with an expansion valve similar to an ordinary vapor
compression cycle shown in Figure 1, but an absorber-generator solution circuit
replaces the compressor. The circuit may be composed of an absorber, a
generator, a heat exchanger, a pressure control device (A) and a pump for
circulating the solution. In some embodiments, the heat released by the absorber
upon the absorption of the refrigerant by the absorbent may be used to heat a
mixture of refrigerant and absorbent in the generator to separate the refrigerant in

vapor form from the absorbent.

A schematic diagram for a system running a simple hybrid vapor
compression-absorption cycle with a parallel configuration is shown in Figure 3.
The system is composed of a condenser unit and an evaporator unit with an
expansion valve similar to an ordinary vapor compression cycle as shown in
Figure 1, a compressor, an absorber-generator solution circuit, which has a vapor
absorber, a gas generator, a heat exchanger, a pressure control (reducing) valve
(A), a solution liquid pump, and isolation valves to direct the refrigerant flow path
(B-E).

The parallel configuration can operate in three modes. Mode 1 operates
like a conventional absorption cycle where isolation valves D and E are closed
and isolation valves B and C are open, which reassembles the same flow path as

shown in Figure 2. Mode 2 operates like a conventional vapor compression cycle

10
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where isolation valves D and E are open and isolation valves B and C are closed,
which reassembles the same flow path as shown in Figure 1. Mode 3 combines
the use of both the vapor compression and the absorption cycles where isolation
valves B, C, D, and E are all open, as shown in Figure 3. The system is referred
to as a “hybrid” system because the same configuration of the equipment and/or

apparatus can be run with or without the involvement of the compressor.

A schematic diagram for a system running a simple hybrid vapor
compression-absorption cycle with a series configuration is shown in Figure 4.
The system is composed of a condenser unit and an evaporator unit with an
expansion valve (similar to an ordinary vapor compression cycle as shown in
Figure 1), a compressor, an absorber-generator solution circuit, which has a vapor
absorber, a gas generator, a heat exchanger, a pressure control (reducing) valve

(A), a solution liquid pump, and isolation valves to direct the refrigerant flow path

(B-E).

The series configuration can also operate in three modes. Mode 1 operates
like a conventional absorption cycle where isolation valves D and E are closed
and isolation valves B and C are open, which reassembles the same flow path as
shown in Figure 2. Mode 2 operates like a conventional vapor compression cycle
where isolation valve E is open and isolation valves B, C, and D are closed, which
reassembles the same flow path as shown in shown in Figure 1. In this case the
results are identical to those described in the previous case for parallel
configuration Mode 2. Mode 3 combines the use of both the vapor compression
and the absorption cycles where isolation valves C and D are open and isolation
valves B and E are closed as shown in Figure 4. The system is referred to as a
“hybrid” system because in one configuration of the equipment and/or apparatus
(Mode 3), the pressure of the refrigerant vapor can be increased by both a

generator and a compressor.

When an ionic liquid is used as the absorbent, the two cycles (absorption
and vapor compression) may be directly linked because the same refrigerant gas
can be used in both cycles, and this eliminates the need of a secondary heat

exchanger and increases the overall cycle efficiency.

11
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The present invention also provides an apparatus for adjusting temperature
that executes a hybrid vapor compression-absorption cycle as described herein to
cool or heat an object (for example a conduit or a container), a medium (for

5 example a fluid such as air or water) or a space. The apparatus may include
components such as an absorber-generator solution circuit (which by the outflow
and inflow of heat increases the pressure of refrigerant vapor as a compressor
does mechanically) where the circuit may be composed of an absorber, a
generator, a heat exchanger, a pressure control device and a pump for circulating

10  the solution. The apparatus also is composed of condenser and evaporator units
with an expansion valve similar to equipment used in an ordinary vapor
compression cycle. As this is a hybrid system, a conventional compressor is used
in parallel or series configuration with the above described elements of an
absorption refrigeration cycle. The apparatus hereof is capable of executing a
‘15 hybrid vapor compression-absorption cycle using any one or more of the
refrigerants described herein and/or any one or more absorbents, including for
example any of the ionic liquids described herein. The apparatus hereof is
capable of executing any one or more of the processes as described herein. Yet
another embodiment of this invention is an apparatus substantially as shown or

20  described in either of Figures 3 and 4.

An apparatus of this invention may be deployed for use in, or fabricated or
operated as, a refrigerator, a freezer, an ice machine, an air conditioner, an
industrial cooling system, a heater or heat pump. Each of these instruments may

25 be situated in a residential, commercial or industrial setting, or may be
incorporated into a mobilized device such as a car, truck, bus, train, airplane, or
other device for transportation, or may be incorporated into a piece of equipment

such as a medical instrument.

30 This invention also provides an apparatus for heating an object, medium
or space that includes (a) an absorber that forms a mixture of a mixture of a
refrigerant and an absorbent; (b) a generator that receives the mixture from the
absorber and heats the mixtﬁre to separate refrigerant, in vapor form, from the

absorbent, and increases the pressure of the refrigerant vapor; (c) a condenser,
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located in proximi’t‘gr’ fo the object, medium or space to be heated, that recerves e
vapor from the generator and condenses the vapor under pressure to a liquid; (d) |
a pressure reduction device through which the liquid refrigerant leaving the
condenser passes to reduce the pressure of the liquid to form a mixture of liquid
5 and vapor refrigerant; (e) an evaporator that receives the mixture of liquid and
vapor refrigerant that passes through the pressure reduction device to evaporate
the remaining liquid to form first and second portions of refrigerant vapor; (f) a
compressor that receives the first portion of the refrigerant vapor, increases the
pressure thereof, and passes the first portion of the refrigerant vapor to the
10 condenser; and (g) a conduit that passes the second portion of the refrigerant

vapor leaving the evaporator to the absorber.

This invention also provides an apparatus for cooling an object, medium

or space that includes (2) an absorber that forms a mixture of a mixture of a

15 refrigerant and an absorbent; (b) a generator that receives the mixture from the
absorber and heats the mixture to separate refrigerant, in vapor form, from the
absorbent, and increases the pressure of the refrigerant vapor; (c) a condenser

that receives the vapor from the generator and condenses the vapor under pressure

to a liquid; (d) a pressure reduction device through which the liquid refrigerant

20 leaving the condenser passes to reduce the pressure of the liquid to form a mixture
of liquid and vapor refrigerant; (e) an evaporator, located in proximity to the
object, medium or space to be cooled, that receives the mixture of liquid and
vapor refrigerant that passes through the pressure reduction device to evaporate

the remaining liquid to form first and second portions of refrigerant vapor; (f) a

25  compressor that receives the first portion of the refrigerant vapor, increases the
pressure thereof, and passes the first portion of the refrigerant vapor to the
condenser; and (g) a conduit that passes the second portion of the refrigerant

vapor leaving the evaporator to the absorber.

30 This invention also provides an apparatus for heating an object, medium or
space that includes (a) an absorber that forms a mixture of a mixture of a
refrigerant and an absorbent; (b) a generator that receives the mixture from the
absorber and heats the mixture to separate refrigerant, in vapor form, from the

absorbent, and increases the pressure of the refrigerant vapor; (c) a compressor

'
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that receives the vapor from the generator and further increases its pressure; (d) a

condenser, located in proximity to the object, medium or space to be heated, that
receives the vapor from the compressor and condenses the vapor under pressure to
a liquid; (e) a pressure reduction device through which the liquid refrigerant
leaving the condenser passes to reduce the pressure of the liquid to form a mixture
of liquid and vapor refrigerant; (f) an evaporator that receives the mixture of
liquid and vapor refrigerant that passes through the pressure reduction device to
evaporate the remaining liquid to form refrigerant vapor; and (g) a conduit that

passes the refrigerant vapor leaving the evaporator to the absorber.

This invention also provides an apparatus for cooling an object, medium or
space that includes (a) an absorber that forms a mixture of a mixture of a
refrigerant and an absorbent; (b) a generator that receives the mixture from the
absorber and heats the mixture to separate refrigerant, in vapor form, from the
absorbent, and increases the pressure of the refrigerant vapor; (c) a compressor
that receives the vapor from the generator and further increases its pressure; (d) a
condenser that receives the vapor from the compressor and condenses the vapor
under pressure to a liquid; (e) a pressure reduction device through which the
liquid refrigerant leaving the condenser passes to reduce the pressure of the liquid
to form a mixture of liquid and vapor refrigerant; (f) an evaporator, located in
proximity to the object, medium or space to be cooled, that receives the mixture of
liquid and vapor refrigerant that passes through the pressure reduction device to
evaporate the remaining liquid to form refrigerant vapor; and (g) a conduit that

passes the refrigerant vapor leaving the evaporator to the absorber.

This invention also provides a process for heating an object, medium or a
space comprising (a) absorbing refrigerant vapor with an absorbent to form a
mixture; (b) heating the mixture to separate refrigerant, in vapor form, from the
absorbent and increase the pressure of the refrigerant vapor; (c) condensing the
refrigerant vapor under pressure to a liquid in proximity to the object, medium or
space to be heated; (d) reducing the pressure of the liquid refrigerant, and
evaporating the refrigerant to form first and second portions of refrigerant vapor;
(e-1) mechanically increasing the pressure of the first portion of refrigerant vapor,

and then repeating step (c) to subject the first portion of refrigerant vapor to

.14



WO 2006/124776 PCT/US2006/018733

10

15

20

25

30

condensation to liquid; and (e-2) repeating step (a) to re-absorb, with the

absorbent, the second portion of refrigerant vapor.

This invention also provides a process for cooling an object, medium or a
space comprising (a) absorbing refrigerant vapor with an absorbent to form a
mixture; (b) heating the mixture to separate refrigerant, in vapor form, from the
absorbent and increase the pressure of the refrigerant vapor; (c) condensing the
refrigerant vapor under pressure to a liquid; (d) reducing the pressure of the °
liquid refrigerant, and evaporating the refrigerant, in proximity to the object,
medium or space to be cooled, to form first and second portions of refrigerant
vapor; (e-1) mechanically increasing the pressure of the first portion of
refrigerant vapor, and then repeating step (c) to subject the first portion of
refrigerant vapor to condensation to liquid; and (e-2) repeating step (a) to re-

absorb, with the absorbent, the second portion of refrigerant vapor.

This invention also provides a process for heating an object, medium or a
space comprising (a) absorbing refrigerant vapor with an absorbent to form a
mixture; (b) heating the mixture to separate refrigerant, in vapor form, from the
absorbent and increase the pressure of the refrigerant vapor; (c) further increasing
the pressure of the refrigerant vapor mechanically; (d) condensing the refrigerant
vapor under pressure to a liquid in proximity to the object, medium or space to be
heated; (e) reducing the pressure of the liquid refrigerant, and evaporating the
refrigerant to form refrigerant vapor; and (f) repeating step (a) to re-absorb the

refrigerant vapor with the absorbent.

This invention also provides a process for cooling an object, medium or a
space comprising (a) absorbing refrigerant vapor with an absorbent to form a
mixture; (b) heating the mixture to separate refrigerant, in vapor form, from the
absorbent and increase the pressure of the refrigerant vapor; (c) further increasing
the pressure of the refrigerant vapor mechaﬁically; (d) condensing the refrigerant
vapor under pressure to a liquid; (e) reducing the pressure of the liquid
refrigerant, and evaporating the refrigerant to form refrigerant vapor in proximity
to the object, medium or space to be cooled; and (f) repeating step (a) to re-

absorb the refrigerant vapor with the absorbent.
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This invention also provides a process for heating an object, medium or a
space in an apparatus that executes a hybrid vapor compression-absorption cycle
by (2) forming in an absorber a mixture of a refrigerant and an absorbent; (b)
passing the mixture to a generator where the mixture is heated to separate
refrigerant, in vapor form, from the absorbent, and the pressure of the refrigerant
vapor is increased; (c) passing the refrigerant vapor to a condenser where the
vapor is condensed under pressure to a liquid in proximity to the object, medium
or space to be heated; (d) passing the liquid refrigerant to an expansion device
where the pressure of the liquid refrigerant is reduced to form a mixture of liquid
and vapor refrigerant; (e) passing the mixture of liquid and vapor refrigerant to
an evaporator where the remaining liquid is evaporated to form first and second
portions of refrigerant vapor; (f-1) passing the first portion of the refrigerant
vapor to a compressor to increase the pressure thereof, and then passing the first
portion of the refrigerant vapor to the condenser where the vapor is condensed
under pressure to a liquid by repeating step (c); and (f-2) passing the second
portion of the refrigerant vapor to the absorber to repeat step (a) and form a
mixture of the second portion of the refrigerant vapor and the absorbent.

(

This invention also provides a process for cooling an object, medium or a
space in an apparatus that executes a hybrid vapor compression-absorption cycle
by (a) forming in an absorber a mixture of a refrigerant and an absorbent;  (b)
passing the mixture to a generator where the mixture is heated to separate
refrigerant, in vapor form, from the absorbent, and the pressure of the refrigerant
vapor is increased; (c) passing the refrigerant vapor to a condenser where the
vapor is condensed under pressure to a liquid; (d) passing the liquid refrigerant
to an expansion device where the pressure of the liquid refrigerant is reduced to
form a mixture of liquid and vapor refrigerant; (e) passing the mixture of liquid
and vapor refrigerant to an evaporator in proximity to the object, medium or space
to be cooled where the remaining liquid is evaporated to form first and second
portions of refrigerant vapor; (f-1) passing the first portion ;)f the refrigerant
vapor to a compressor to increase the pressure thereof, and then passing the first
portion of the refrigerant vapor to the condenser where the vapor is condensed

under pressure to a liquid by repeating step (c); and (f-2) passing the second
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portion of the refrigerant vapor to the absorber to repeat step (a) ana 1onn a

mixture of the second portion of the refrigerant vapor and the absorbent.

This invention also provides a process for heating an object, medium or a
space in an apparatus that executes a hybrid vapor compression-absorption cycle
by (a) forming in an absorber a mixture of a refrigerant and an absorbent; (b)
passing the mixture to a generator where the mixture is heated to separate
refrigerant, in vapor form, from the absorbent, and the pressure of the refrigerant
vapor is increased; (c) passing the refrigerant vapor to a compressor to further
increase its pressure; (d) passing the refrigerant vapor to a condenser in proximity
to the object, medium or space to be heated where the vapor is condensed under
pressure to a liquid; (e) passing the liquid refrigerant to an expansion device
where the pressure of the liquid refrigerant is reduced to form a mixture of liquid
and vapor refrigerant; (f) passing the mixture of liquid and vapor refrigerant to an
evaporator where the remaining liquid is evaporated to form refrigerant vapor;
and (g) passing the refrigerant vapor leaving the evaporator to the absorber to

repeat step (a) and re-form a mixture of the refrigerant vapor and the absorbent.

This invention also provides a process for cooling an object, medium or a
space in an apparatus that executes a hybrid vapor compression-absorption cycle
by (a) forming in an absorber a mixture of a refrigerant and an absorbent; (b)
passing the mixture to a generator where the mixture is heated to separate
refrigerant, in vapor form, from the absorbent, and the pressure of the refrigerant
vapor is increased; (c) passing the refrigerant vapor to a compressor to further
increase its pressure; (d) passing the refrigerant vapor to a condenser where the
vapor is condensed under pressure to a liquid; (e) passing the liquid refrigerant to
an expansion device where the pressure of the liquid ~refﬁgerant is reduced to form
a mixture of liquid and vapor refrigerant; (f) passing the mixture of liquid and
vapor refrigerant to an evaporator in proximity to the object, medium or space to
be cooled where the remaining liquid is evaporated to form refrigerant vapor;
and (g) passing the refrigerant vapor leaving the evaporator to the absorber to

repeat step (a) and re-form a mixture of the refrigerant vapor and the absorbent.
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" In any bfaégss as described above, the absorbent separated from

refrigerant in step (b) may be recirculated for use in a later step.

Refrigerant/Absorbent Pairs:
Refrigerants:

The present invention provides refrigerant pair compositions for use in
hybrid vapor compression - absorption cycles. Hybrid vapor compression -
absorption cycles can be used for cooling, or for generating heat, depending on
the application. One member of the refrigerant pair comprises at least one
refrigerant selected from the group consisting of hydrofluorocarbon,
hydrochlorofluorocarbon, chlorofluorocarbon, fluorocarbon, nitrogen (N),
oxygen (O,), carbon dioxide (CO,), ammonia (NH3), argon (Ar), hydrogen (Hy),
water (H;0), and non-fluorinated hydrocarbon, wherein the non-fluorinated
hydrocarbon is selected from the group consisting of C; to C, straight-chain,
branched or cyclic alkanes and C; to C;4 straight-chain, branched or cyclic alkenes.

The second member of the refrigerant pair comprises at least one ionic liquid.

Hydrofluorocarbon refrigerants may include compounds having any
combination of hydrogen and fluorine with carbon and include compounds with
carbon-carbon double bonds with normal boiling points below 0 °C. Examples of
hydrofluorocarbon refrigerants useful for the invention include difluoromethane
(HFC-32), pentafluoroethane (HFC-125), 1,1,2,2-tetrafluoroethane (HFC-134),
1,1,1,2-tetrafluoroethane (HFC-134a), 1,1,1-trifluoroethane (HFC-143a), 1,1-
difluoroethane (HFC-152a) and fluoroethane (HFC-161). In one embodiment of
the invention, the hydrofluorocarbon refrigerants are selected from the group
consisting of difluoromethane (HFC-32), pentafluoroethane (HFC-125), 1,1,1,2-
tetrafluoroethane (HFC-134a), 1,1,1-trifluoroethane (HFC-143a) and 1,1-
difluoroethane (HFC-152a).

Chlorofluorocarbon refrigerants may include compounds having any
combination of chlorine and fluorine with carbon and include compounds with

carbon-carbon double bonds with normal boiling points below 0 °C. An example
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of a chlorofluorocarbon refrigerant useful for the invention is

dichlorodifluoromethane (CFC-12).

Hydrochlorofluorocarbon refrigerants may include compounds with any
combination of hydrogen, chlorine and fluorine with carbon and include
compounds with carbon-carbon double bonds with normal boiling points below 0
°C. An example of a hydrochlorofluorocarbon refrigerant useful for the invention

includes chlorodifluoromethane (HCFC-22).

Fluorocarbon refrigerants may include compounds with any combination
of fluorine and carbon and include compounds with carbon-carbon double bonds
with normal boiling points below 0 °C. Examples of fluorocarbon refrigerants
useful for the invention include perfluoromethane (FC-14) and perfluoroethane
(FC-116).

Non-fluorinated hydrocarbon refrigerants useful for the invention may
include methane, ethane, ethylene, propane, cyclopropane, propylene, butane,

butene and isobutane.

A refrigerant as used herein may also be selected from the group
consisting of HFC-32, HFC-125, HFC-134, HFC-134a, HFC-143a, HFC-152a,
HFC-161, HCFC-22, FC-14, FC-116, CFC-12, NH3, CO,, N,, O,, H, Ar, H;0,
methane, ethane, propane, cyclopropane, propylene, butane, butene, and

isobutane.

Mixtures of refrigerants are also useful for achieving proper boiling
temperature or pressure appropriate for absorption equipment. In particular
mixtures which form azeotropes or constant boiling mixtures are preferred
because minimal to no fractionation of the mixture will occur if the refrigerant
leaks from the absorption cooling system. U.S. Patent No. 5,709,092, for
example, discloses azeotropic or constant boiling compositions of
difluoromethane (HFC-32), pentafluoroethane (HFC-125), and 1,1,1,2-
tetrafluoroethane (HFC-134a), for use as refrigerants.
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Absorbents:
In a preferred embodiment, the absorbent used in this invention is an ionic
liquid. The ionic liquid useful for the invention in principle can be any ionic
5  liquid that absorbs the refrigerant gas. Ionic liquids that have minimal absorption
of the refrigerant gas will be less effective as absorption cycle working fluids.
Ideally, high absorption and diffusivity are required to achieve a high-energy
efficiency absorption cycle. Ionic liquids, which are described in WO 05/113,702
(and references therein cited), may be synthesized by salt metathesis, by an acid-
10  base neutralization reaction or by quaternizing a selected nitrogen-containing
compound; or they may be obtained commercially from several companies such
as Merck (Darmstadt, Germany) or BASF (Mount Olive, NJ). A cation or anion
of an ionic liquid of the invention can in principle be any cation or anion such that
" the cation and anion together form an organic salt that is liquid at or below about

15 100 °C.

In one embodiment of the invention, ionic liquids may have cations

selected from the following Formulae:

R R4
RS R? R3 R
(©) BN O)
RS rr R3 R2Z™ N7
R4 R?
20
Pyridinium Pyridazinium
R3 R3
|
R2 _R* RZ_ _N R*
L @I
R N RS R' RS
25 Pyrimidinium Pyrazinium
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R4 R5 R4 R5
I
R? R?
Imidazolium Pyrazolium
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R4 R
/

R ®B\RZ

S

Thiazolium

Triazolium

R7
|

®
P N
|
R9
Phosphonium

R R®
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R4 R4
/
N
R® )\RZ
Oxazolium
R7
|
and R10— N®— R®
RQ
Ammonium

wherein R}, R%, R3, R*, R® and R® are each independently selected from the group

10  consisting of:

@ H

(i) halogen;

(iii)  -CHj, -C,Hs, or C; to Cys straight-chain, branched or cyclic

alkane or alkene, optionally substituted with at least one

15 member selected from the group consisting of Cl, Br, F, 1,
OH, NH; and SH; '
(iv)  -CHj, -C,Hs, or Cs to Cys straight-chain, branched or cyclic

alkane or alkene comprising one to three heteroatoms

selected from the group consisting of O, N, Si and S, and
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wherein R7, Rg, R9,

consisting of:

)

(vi)

(vii)

(viii)

(ix)

Y]
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““optionally substituted with at least one member selected

from the group consisting of Cl, Br, F, I, OH, NH, and SH;

Cs to Cyo unsubstituted aryl, or C; to C,s unsubstituted

heteroaryl having one to three heteroatoms independently

selected from the group consisting of O, N, Si and S; and

C¢ to Cys substituted aryl, or C; to Cys substituted heteroaryl

having one to three heteroatoms independently selected

from the group consisting of O, N, Si and S;

wherein said substituted aryl or substituted heteroaryl has

one to three substituents independently selected from the
group consisting of:

(1) -CH3, -CyHs, or C; to Cys straight-chain, branched or
cyclic alkane or alkene, optionally substituted with at
least one member selected from the group consisting of
Cl, Br, FI, OH, NH; and SH,

(2) OH,

(3) NH;, and

(4) SH; and

and R'" are each independently selected from the group

-CHj, -C,Hs, or Cs to Cys straight-chain, branched or cyclic
alkane or alkene, optionally substituted with at least one
member selected from the group consisting of Cl, Br, F, I,
OH, NH; and SH;

-CHs, -C,Hs, or C; to Cys straight-chain, branched or cyclic
alkane or alkene comprising one to three heteroatoms
selected from the group consisting of O, N, Si and S, and
optionally substituted with at least one member selected
from the group consisting of Cl, Br, F, I, OH, NH; and SH;
Cs to Cys unsubstituted aryl, or C; to C,s unsubstituted
heteroaryl having one to three heteroatoms independently
selected from the group consisting of O, N, Si and S; and
Cs to Cys substituted aryl, or Cs to Cys substituted heteroaryl

having one to three heteroatoms independently selected
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from the group consisting of O, N, Si and §S;
wherein said substituted aryl or substituted heteroaryl has
one to three substituents independently selected from the
group consisting of:

(1) -CHj;, -C,Hs, or C; to Cys straight-chain, branched or
cyclic alkane or alkene, optionally substituted with at
least one member selected from the group consisting of
ClL, Br, F, I, OH, NH; and SH,

(2) OH,

(3) NHy,and

(4) SH; and

wherein optionally at least two of RI, R?, R3, R4, R, R® R, R8, R9, and R' can

together form a cyclic or bicyclic alkanyl or alkenyl group.

In another embodiment, an ionic liquid useful for the invention may
comprise a fluorinated cation wherein any one of, or any group of more than one
of, R', R?, R}, R R, RS, R7, R, R”and R"® comprises F".

In a further embodiment, an ionic liquid may have an anion selected from
the group consisting of [CH3CO,]", [HSO4]’, [CH30S0s], [C:Hs0S03], [AICL],
[COs]*, [HCO:], [NO.T, [NOs], [SO4)*, [PO4])*, [HPOL, [HoPO,], [HSO4],
[CuCL], CI, Br, I', SCN’; and any fluorinated anion. Fluorinated anions useful
herein may include [BF4], [PFs], [SbFs], [CF3SO;], [HCF,CF.SOs],
[CFsHFCCF,S0s5], [HCCIFCF,SO;], [(CF3SO2),N], [(CF3CF,SO,)NT,
[(CF3802)3CT, [CF3CO.], [CFsOCFHCF,S0s], [CF3CF,OCFHCF,SOs],
[CF3CFHOCF,CF,S03], [CFHCF,OCF,CF,S03], [CFICF,0CF,CF2S03],
[CF3CF,0CF,CF,S0s], [(CF,HCF2S0,),N], [(CF3CFHCF2SO,),N]; and F".

In a further embodiment, an ionic liquid may comprise a cation selected
from the group consisting of pyridinium, pyridazinium, pyrimidinium,
pyrazinium, imidazolium, pyrazolium, thiazolium, oxazolium, triazolium,
phosphonium, and ammonium cations; and an anion selected from the group
consisting of [CH3CO,]’, [HSO,], [CH30S05], [C2Hs0S05], [AICL], [COs])*,
[HCOs], [NO,], [NOsT, [SO41%, [PO,J>, [HPO4)”, [HoPO4], [HSOs], [CuCL],
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ionic liquid may comprise a cation selected from the group consisting of
pyridinium, pyridazinium, pyrimidinium, pyrazinium, imidazolium, pyrazolium,
thiazolium, oxazolium, triazolium, phosphonium, and ammonium cations; and an
anion selected from the group consisting of [BFs], [PF¢],, [SbFs], [CF3SOs],
[HCF,CF,S0s],  [CF;HFCCF,SO;],  [HCCIFCF,SO;],  [(CF3SO.).NJ,
[(CF3CF,SOy),NT, [(CF380,)3CT, [CF3COs], [CF;0CFHCF2SO;],
[CF;CF,OCFHCF,S03), [CF;CFHOCF,CF,S0s3], [CF.HCF,OCF,CF;S0s],
[CF,ICF,OCF>CF,S0s], [CF3CF,0OCF,CF.SOs], [(CFHCF,SO,),N],,
[(CF;CFHCF,SO,),N], and F.

In a further embodiment, an ionic liquid may comprise a cation selected
from the group consisting of pyridinium, pyridazinium, pyrimidinium,
pyrazinium, imidazolium, pyrazolium, thiazolium, oxazolium, triazolium,
phosphonium, and ammonium cations as defined above, wherein any one of, or
any group of more than one of, R', R% R3 RY R’ R® R, R®, R®, and R
comprises F; and an anion selected from the group consisting of [CH3CO,],
[HSO4]", [CH30S0s], [C;Hs50S0s], [AICL], [COs]*, [HCO:], [NO,I, [NOT,
[SO.T7, [POT™, [HPOLJ, [H,PO4], [HSO:], [CuCL], CI, Br, I, SCN’; and any
fluorinated anion. In still another embodiment, an ionic liquid may comprise a
cation selected from the group consisting of pyridinium, pyridazinium,
pyrimidinium, pyrazinium, imidazolium, pyrazolium, thiazolium, oxazolium,
triazolium, phosphonium, and ammonium cations as defined above, wherein any
one of, or any group of rhore than one of, R!, R?, R?, R* R°,R®*R’, R® R’ and R
comprises F7; and an anion selected from the group consisting of [BF4], [PFs]’,
[SbFs], [CF3SO;], [HCF,CF,SO;], [CF3:HFCCF,S05], [HCCIFCF,SOs],
[(CF350,),NT, [(CF3CF2S0,),N], [(CF3S0;)5CT, [CF5COsT,
[CF30CFHCF,S0s], [CF3CF,OCFHCF>S0s], [CF;CFHOCF,CF,SOs],
[CF,HCF,0OCF,CF2S0;], [CFICF,OCF;CF,S0s3], [CF3;CF,0OCF,CF,S0s],
[(CF;HCF2S0,)oNT, [(CF3CFHCF2SO,),N], and F.

In a further embodiment, an ionic liquid may comprise a cation selected

from 1,2-dimethyl-3-propylimidazolium, 3-methyl-1-propylpyridinium, 1-ethyl-3-
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1-propyl-2,3-dimethylimidazolium, 1-propyl-3-

methylpyridinium, 1-butyl-3-methylimidazolium, 1-butyl-3-methylpyridinium,
1-heptyl-3-methylimidazolium, 1-octyl-3-methylimidazolium,
1,3-dioctylimidazolium, 1-dodecyl-3-methylimidazolium,

5  tetradecyl(trihexyl)phosphonium, and tributyl(tetradecyl)phosphonium cations;
and an anion selected from the group consisting of [CH3CO,], [HSO.],
[CH;0S05], [C:HsOSOs], [AICL], [COs]*, [HCOs], [NO.J, [NOsT, [SO4I%,
[PO4)*, [HPOL*, [HoPO4], [HSOs], [CuCL], CI, Br, I, SCN, [BF.4], [PFs],
[SbFe], [CF3SOs], [HCF,CF,SOs], [CFsHFCCF.SO;], [HCCIFCF,SOs],

10 [(CF3SO2)NT, [(CF3CF>S0,):NT], [(CF3S0,)sCT, [CF:COa],
[CF;OCFHCF,S0s], [CF3;CF,OCFHCF,S0s7, [CF3CFHOCF.CF,S0s],
[CFHCF,0CF,CF,S0s], [CF.ICF,0CF,CF,S0s3],, [CF3CF,OCF,CF,S0s],
[(CF:HCF,S0O,),NT’, and [(CF3CFHCF2SO,),N]".
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In #fiftther'erfibodiment, an ionic liquid suitable tor use nerein may oe
selected from the group consisting of

1-butyl-3-methylimidazolium hexafluorophosphate [bmim][PFs],

1-butyl-3-methylimidazolium tetrafluoroborate [bmim][BF4],

1,2-dimethyl-3-propylimidazolium
tris(trifluoromethylsulfonyl)methide [dmpim][TMeM],

1-octyl-3-methylimidazolium iodide [omim]([I],

1,3-dioctylimidazolium iodide [doim]([I],

1-ethyl-3-methylimidazolium bis(pentafluoroethylsulfonyl)imide
[emim][BEI],

1,2-dimethyl-3-propylimidazolium
bis(trifluoromethylsulfonyl)imide [dmpim][BMel],

3-methyl-1-propylpyridinium bis(trifluoromethylsulfonyl)imide
[pmpy][BMel],

1-ethyl-3-methylimidazolium hexafluorophosphate [emim] [PF6],

1-ethyl-3-methylimidazolium bis(trifluoroethylsulfonyl)imide
[emim][BMeI],

1-butyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide
[bmpy][BMel],

1-ethyl-3-methylimidazolium 1,1,2,2-tetrafluoroethanesulfonate
[emim][TFES],

1-butyl-3-methylimidazolium 1,1,2,2-tetrafluoroethanesulfonate
[bmim][TFES],

1-dodecyl-3-methylimidazolium 1,1,2,2-tetrafluoroethanesulfonate
[dmim][TFES],

1-heptyl-3-methylimidazolium 1,1,2,2-tetrafluoroethanesulfonate
[hmim][TFES],

1-butyl-3-methylimidazolium acetate [bmim][Ac],

1-butyl-3-methylimidazolium 2-(1,2,2,2-tetrafluoroethoxy)-
1,1,2,2-tetrafluoroethanesulfonate [bmim][FS],

1-butyl-3-methylimidazolium 1, 1, 2, 3, 3, 3-
hexafluoropropanesulfonate [bmim][HFPS],

1-butyl-3-methylimidazolium methyl sulfonate [bmim][MeSO4],

1-butyl-3-methylimidazolium thiocyanate [bmim][SCN],
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- TTSbityl-3-methylimidazolium 1, 1, 2-trifluoro-2-
(perfluoroethoxy)ethanesulfonate [bmim][TPES],
1-butyl-3-methylimidazolium 1, 1, 2-trifluoro-2-
(trifluoromethoxy)ethanesulfonate [bmim][TTES],
1-butyl-3-methylimidazolium 1,1,2-trifluoro-2-
(trifluoromethoxy)ethanesulfonate [bmim][TTES],
1-butyl-3-methylimidazolium 1,1,2-trifluoro-2-
(perfluoroethoxy)ethanesulfonate [bmim][TPES],
1-ethyl-3-methylimidazolium bis(pentafluoroethylsulfonyl)imide
[emim][BEI],
1-butyl-3-methylimidazolium 1,1,2,3,3-
hexafluoropropanesulfonate [bmim][HFPS],
tetradecyl(trihexyl) phosphonium 1,1,2-trifluoro-2-
(perfluoroethoxy) ethanesulfonate [6,6,6,14-P][TPES], and
tributyl(tetraidecyl)phosphonium 1,1,2,3,3,3-
hexafluoropropanesulfonate [4,4,4,14-P][HFPS].

Refrigerant/Ionic Liquid Pairs:

Hybrid vapor compression-absorption cycles of the invention comprise
refrigerant pairs consisting of at least one refrigerant selected from the group
consisting of hydroﬂuorocarboh, hydrochlorofluorocarbon, chlorofluorocarbon,
fluorocarbon, NH3, CO,, N, O,, H,, Ar, H,O, and non-fluorinated hydrocarbon
selected from the group consisting of C; to C4 straight-chain, branched or cyclic
alkanes and C; to C4 straight-chain, branched or cyclic alkenes; and at least one
ionic liquid. In another embodiment, refrigerant pairs consist of at least one
refrigerant selected from the group consisting of HFC-32, HFC-125, HFC-134,
HFC-134a, HFC-143a, HFC-152a, HFC-161, HCFC-22, FC-14, FC-116, CFC-12,
NH;, CO;, N, O, H,, Ar, H;O, methane, ethane, propane, cyclopropane,

propylene, butane, butene, and isobutane; and at least one ionic liquid.

In a further embodiment, refrigerant pairs may include at least one
refrigerant selected from the group consisting of HFC-32, HFC-125, HFC-134,
HFC-134a, HFC-143a, HFC-152a, HFC-161, HCFC-22, FC-14, FC-116, CFC-12,
NH3, CO;, Nj, O, Hz, Ar, H;O, methane, ethane, propane, cyclopropane,
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propylene, butane; biitene, and i1sobutane; and at least one ionic liquid having a
cation selected from the group consisting of pyridinium, pyridazinium,
pyrimidinium, pyrazinium, imidazolium, pyrazolium, thiazolium, oxazolium and.
triazolium cations. In a further embodiment, refrigerant pairs may include at least
one refrigerant selected from the group consisting of HFC-32, HFC-125, HFC-
134, HFC-134a, HFC-143a, HFC-152a, HFC-161, HCFC-22, FC-14, FC-116,
CFC-12, NH;, CO;, Nz, O, H,, Ar, H;O, methane, ethane, propane,
cyclopropane, propylene, butane, butene, and isobutane; and at least one ionic
liquid having an anion selected from selected from the group consisting of
[CH:CO2J, [HSOu], [CH:0SOsT, [C:HsOSOs], [AICL], [COs)*, [HCOs],
[NO,]', [NOs], [SO4I”, [PO4)”, [HPO,)*, [H,PO,], [HSOsT, [CuCL], CT, Br, T,
SCN’;  [BF4], [PFe], [SbFe], [CF3SOs], [HCF,CF,S0s], [CFsHFCCF2SOs],
[HCCIFCF2S0s], [(CF3S0,).N], [(CFaCF2S02),NT, [(CF350,):C], [CF3COaJ,
[CF;OCFHCF,S0s], [CF3CF20CFHCF2803]', [CF3CFHOCF,CF,SOs],
[CF,HCF,0OCF,CF,S0;],,  [CFICF,OCF,CF,S0;], [CF3CF,OCF,CF,S0s],
[(CF,HCF;S0,),N], [(CF;CFHCF,S0,);N], and F".

Refrigerant pairs useful herein may include at least one refrigerant selected
from the group consisting of HFC-32, HFC-125, HFC-134, HFC-134a, HFC-
143a, HFC-152a, HFC-161, HCFC-22, FC-14, FC-116, CFC-12, NH;, CO,, Ny,
O,, H,, Ar, H,O, methane, ethane, propane, cyclopropane, propylene, butane,
butene, and isobutane; and at least one ionic liquid selected from the group
consisting of: |

a) an ionic liquid having a cation selected from the group
consisting of pyridinium, pyridazinium, pyrimidinium, pyrazinium,
imidazolium, pyrazolium, thiazolium, oxazolium and triazolium cations;

b) an ionic liquid having a cation selected from the group
consisting of pyridinium, pyridazinium, pyrimidinium, pyrazinium,
imidazolium, pyrazolium, thiazolium, oxazolium and triazolium cations as
described above wherein at least one of R' through R® comprises fluorine;

c) an ionic liquid having a cation selected from the group
consisting of pyridinium, pyridazinium, pyrimidinium, pyrazinium,
imidazolium, pyrazolium, thiazolium, oxazolium and triazolium cations,

and having an anion selected from the group consisting of [CH3CO,]’,
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""""""" sh A TEHE0S 05T, [CHS0S0sT, [AICL), [CUsS LHSS;/?Sﬁgffﬁfsm
[NO.J, [SO4)%, [POLI, [HPO4, [HoPO4], [HSOs], [CuCLT, CI, Br, T,
and any fluorinated anion;

d) an ionic liquid having a cation selected from the group
consisting of pyridinium, pyridazinium, pyrimidinium, pyrazinium,
imidazolium, pyrazolium, thiazolium, oxazolium and triazolium cations,
and having an anion selected from the group consisting of [BF4]’, [PFe],
[SbF¢]’, [CF3S0s], [HCF,CF;S0s], [CF;HFCCF,S803], [HCCIFCF,SOs],
[(CF380,),NT, [(CF3CF2802):N] ,[(CF3S0,):CT, [CF3CO;], and F;

e) an ionic liquid having a cation selected from the group
consisting of pyridinium, pyridazinium, pyrimidinium, pyrazinium,
imidazolium, pyrazolium, thiazolium, oxazolium and triazolium cations as
described above wherein at least one of R' through R® comprises fluorine,
and having an anion selected from the group consisting of [CH3CO,],
[HSO.J, [CH30S05], [CHs0SO0s], [AICLT, [COs, [HCOs, [NO,T,
[NO,T, [SO4J*, [PO4J>, [HPO4J*, [H2PO4], [HSOs], [CuCl, CI, Br, T,
and any fluorinated anion; and

) an ionic liquid having a cation selected from the group
consisting of pyridinium, pyridazinium, pyrimidinium, pyrazinium,
imidazolium, pyrazolium, thiazolium, oxazolium and triazolium cations as
described above wherein at least one of R' through R® comprises fluorine,
and having an anion selected from the group consisting of [BF4]", [PFe],
[SbF¢],, [CF3S0s], [HCF,CF,S0s], [CF:HFCCF;S0s], [HCCIFCF,S0s],
[(CF3S0,),NT’, [(CF3CF280,),N] ,[(CF380,):CJ, [CF3CO,], and F".

Additional examples of useful refrigerant pairs include those having at
least one refrigerant selected from the group comnsisting of HFC-32, HFC-125,
HFC-134, HFC-134a, HFC-143a, HFC-152a, HFC-161, HCFC-22, FC-14, FC-
116, CFC-12, NH;, CO,, N, O;, H,, Ar, H,O, methane, ethane, propane,
cyclopropane, propylene, butane, butene, and isobutane; and at least one ionic
liquid selected from the group consisting of:

g) an ionic liquid having an imidazolium cation or a
fluorinated imidazolium cation and an anion selected from the group

consisting of [BF4], [PFs], [SbFe], [CF3SOs], [HCF,CF,S0s],
30
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L b HECERE 05T, [HCCIFCE,SO0s], [(CFSU2N|, [(CE3dUz)L |, ana
[CF3CO,];
h) an ionic liquid having 1-ethyl-3-methylimidazolium as the

cation and [(CF3CF2S0,),N] as the anion;

1) an ionic liquid having a 1-butyl-3-methylimidazolium
cation or a fluorinated 1-butyl-3-methylimidazolium cation and an anion
selected from the group consisting of [BF4]", [PFe]", [SbFs]", [CF3S0s],
[HCF,CF,SO;],, [CFsHFCCF,SOs5], [HCCIFCF,SOs3], [(CF3SO,),NJ,
[(CF3CF.S0,):NT, [(CF3S0,)3CT’, and [CF3CO,];

1) an ionic liquid having a 1-propyl-2,3-dimethylimidazolium
cation or a fluorinated 1-propyl-2,3-dimethylimidazolium cation and an
anion selected from the group consisting of [BF4], [PFs], [SbFs],
[CF3SO;1, [HCF,CF,SO3], [CF3HFCCF,S0;], [HCCIFCF,SOs],
[(CF3S02):NT, [(CF3CF2S0,)NT, [(CF3S0,):C], and [CF3CO»]; and
preferably from the group consisting of [(CF3SO,),N] and [(CF3S0,);C]".

k) an ionic liquid having a 1-propyl-3-methylimidazolium
cation or a fluorinated 1-propyl-3-methylimidazolium cation and an anion
selected from the group consisting of [BF4]", [PFs]’, [SbFs], [CF3SOs],
[HCF,CF,S0s], [CFsHFCCF,S0;], [HCCIFCF,SO:], [(CFiSO2).NJ,
[(CF3CF280,),N], [(CF380.):C], and [CF3CO]5; and preferably
[(CF3SO,),N] as the anion; and

)} an ionic liquid having a cation selected from the group
consisting of 1,3-dioctylimidazolium, 1-octyl-3-methylimidazolium,
fluorinated 1,3-dioctylimidazolium, or  fluorinated 1-octyl-3-

methylimidazolium, and [I] as the anion.

Refrigerant pairs useful for the invention may constitute a composition
comprising at least one refrigerant and at least one ionic liquid containing about
0.05 to about 99.95 mole percent of a refrigerant over a temperature range from
the evaporator temperature to the generator temperature at a pressure from
vacuum to the critical pressure. Systems running absorption cycles operate at
varying evaporator temperatures and heating temperatures depending on the

application. A system running a typical absorption cycle for chilling water may
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opérate with #h evporator temperature of 5 to 10 °C, or for chilling brine or
ethylene glycol to even lower temperatures (i.e. 0 to —40 °C) and the generator can
operate over a temperature range from 75 to 240 °C depending on the heat source
and the number of stages used. A system running a hybrid vapor compression —

5  absorption cycle could run under the same range of operating temperatures.

In another embodiment, however, a composition comprising a refrigerant
and an ionic liquid may contain from about 0.1 to about 99.9 mole percent of a
refrigerant over a temperature range from the evaporator temperature (e.g. 5 to

10  10°C as used for chilling water) to the generator temperature [e.g. 75 to 90°C for

half effect, 75 to 90°C for single effect, 150 to 180°C for double effect, and 200 to
240°C for triple effect (where half effect, single effect, and double effect are
described in Application Guide for Absorption Cooling/Refrigeration Using
Recovered Heat, Dorgan et al, American Society of Heating, Refrigeration and
15 Air Conditioning Engineers, Inc., 1995, Atlanta, GA)] at a pressure from vacuum
to the critical pressure. For example,

compositions comprising HFC-32 and ionic liquids comprise from
about 0.1 to about 99.9 mole percent of HFC-32 over a temperature range

from —40 to 240°C at a pressure from vacuum to 57.8 bar;

20 | compositions comprising HFC-125 and ionic liquids comprise
from about 0.1 to about 99.9 mole percent of HFC-125 over a temperature
range from —40 to 240°C at a pressure from vacuum to 36/.2 bar;

compositions comprising HFC-134a and ionic liquids comprise
from about 0.1 to about 99.9 mole percent of HFC-134a over a
25 temperature range from —40 to 240°C at a pressure from vacuum to 40.6
bar;
compositions comprising HFC-143a and ionic liquids comprise
from about 0.1 to about 99.9 mole percent of HFC-143a over a
temperature range from —40 to 240°C at a pressure from vacuum to 37.6
30 bar; and
compositions comprising HFC-152a and ionic liquids comprise

from about 0.1 to about 99.9 mole percent of HFC-152a over a
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terfipetdture rénge from —40 to 240°C at a pressure from vacuum to 45.2

bar.

Examples of other compositions suitable as a refrigerant pair for use

in a system running a hybrid vapor compression — absorption cooling or

heating system include those in which

the ionic liquid is [bmim][PFs], and the refrigerant pair contains
from about 0.3 to about 81.2 mole percent of HFC-32 over a temperature
range from about 10 to about 75 °C at a pressure from about 0.1 to about
10 bar.

the ionic liquid is [bmim][PFe], and the refrigerant pair contains
from about 0.1 to about 65.1 mole percent of HFC-125 over a temperature
range from about 10 to about 75 °C at a pressure from about 0.1 to about
10 bar.

the one ionic liquid is [bmim][PF¢], and the refrigerant pair
contains from about 0.1 to about 72.1 mole percent of HFC-134a over a
temperature range from about 10 to about 75 °C at a pressure from about
0.1 to about 3.5 bar.

the ionic liquid is [bmim][PF¢], and the refrigerant pair contains
from about 0.1 to about 23.5 mole percent of HFC-143a over a
temperature range from about 10 to about 75 °C at a pressure from about
0.1 to about 10bar.

the ionic liquid is [bmim][PF¢], and the refrigerant pair contains
from about 0.5 to about 79.7 mole percent of HFC-152a over a
temperature range from about 10 to about 75 °C at a pressure from about
0.1 to about 4.5 bar.

the ionic liquid is [bmim][BF4], and the refrigerant pair contains
from about 0.1 to about 76.5 mole percent of HFC-32 over a temperature
range from about 10 to about 75 °C at a pressure from about 0.1 to about
10 bar.

the ionic liquid is [dmpim][tTFMSmethide], and the refrigerant

pair contains from about 0.4 to about 80.2 mole percent of HFC-32 over a
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b [m't"lerffijgﬂ%ifﬁf:@‘ tAnge from about 10 to about 75 °C at a pressu:eczgjnslzggf)/g:sns
0.1 to about 10 bar.
the ionic liquid is [omim][I], and the refrigerant pair contains from
about 0.4 to about 41.6 mole percent of HFC-32 at a temperature of about
5 25 °C and a pressure from about 0.1 to about 10 bar.
the ionic liquid is [doim][I], and the refrigerant pair contains from
about 0.7 to about 46.8 mole percent of HFC-32 at a temperature of about
25 °C and a pressure from about 0.1 to about 10 bar.
the ionic liquid is [emim][bPFESimide], and the refrigerant pair
10 " contains from about 1.0 to about 66.6 mole percent of HFC-32 at a
temperature of about 25 °C and a pressure from about 0.1 to about 10 bar.
the ionic liquid is [dmpim][bTFMSimide}, and the refrigerant pair
contains from about 0.8 to about 64.5 mole percent of HFC-32 at a
temperature of about 25 °C and a pressure from about 0.1 to about 10 bar.
15 the ionic liquid is [pmpy][bTFMSimide], and the refrigerant pair
contains from about 1.0 to about 63.9 mole percent of HFC-32 at a
temperature of about 25 °C and a pressure from about 0.1 to about 10 bar.
the ionic liQuid is [bmim][PFs], and the refrigerant pair contains
from about 0.1 to 63 mole percent of HFC-32 at about 10 °C and P/P, from
20 about 0.1 to about 0.63.
the ionic liquid is [bmim][PFg], and the refrigerant pair contains
from about 0.1 to about 65 mole percent of HFC-125 at about 10 °C and
P/P, from about 0.1 to about 0.88.
the ionic liquid is [bmim][PF¢], and the refrigerant pair contains
25 from about 0.1 to about 72 mole percent of HFC-134a at about 10 °C and
P/P, from about 0.1 to about 0.84.
the ionic liquid is [bmim][PFg], and the refrigerant pair contains
from about 0.1 to about 25 mole percent of HFC-143a at about 10 °C and
P/P; from about 0.1 to about 0.90.
30 the ionic liquid is [bmim][PFe], and the refrigerant pair contains
from about 0.1 to about 80 mole percent of HFC-152a at about 10 °C and
P/P, from about 0.1 to about 0.36.
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*Additiohaltgimples of refrigerants useful in a COMpPOSINON Witn an 10me
liquid, wherein the refrigerant comprises from about 0.1 to 99 mole percent of the
composition, are shown in the following Table 1, along with the normal boiling
point temperature, critical point temperature and critical point pressure of each

5  refrigerant. The data in Table 1 were obtained from Reid et al, supra; and from
REFPROP Version 7, Lemmon et al, [NIST reference: Fluid Thermodynamic and
Transport Properties — REFPROP, Version 7.0 User’s Guide (U.S. Department of
Commerce, Technology Administration, National Institute of Standards and
Technology, Standard Reference Data Program, Gaithersburg, Maryland, 2002)].
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Boiling Point | Critical Point | Critical Point

Refrigerant Temperature | Temperature Pressure

QY] 0 (bar)
Perfluoromethane (FC-14) -128.1 -45.6 37.5
Perfluoroethane (FC-116) -78.2 19.9 30.5
Perfluoropropane (FC-218) -36.8 72,0 26.7
Dichlorodifluoromethane CFC-12) -29.8 112.0 41.4
Hydrochlorodifluoromethane (HCFC-22) -40.8 96.1 49.9
Fluoromethane (HFC-41) -78.1 44.1 59.0
1,1,1,3,3,3-hexafluoropropane (HFC-236fa) -1.4 124.9 32.0
1,1,1,2,3,3,3-heptafluoropropane (HFC-227ea) -16.5 101.7 29.3
Carbon Dioxide -78.4 30.9 ‘ 73.7
Ammonia ' -333 132.3 1133
Nitrogen -195.8 -147.0 339
Oxygen ' -183 -118.6 50.4
Hydrogen -252.8 -240.0 13.2
Argon -185.9 -122.5 46.0
Methane -161.5 -82.6 46.0
Ethane -886 | 322 48.7
Ethylene -103.9 9.3 50.4
Propane -42.1 96.7 424
Propylene ’ -47.7 92.4 46.6
Cyclopropane -32.9 124.7 54.9
Butane -0.6 152.0 37.9
Isobutane -1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>