NON-AZEOTROPIC WORKING FLUID MIXTURES FOR RANKINE CYCI F SYSTEMS [0001]This
invention was made with government support under Contract No. DE- EE0002770 awarded by the United
States Department of Energy. The government may have certain rights in the invention. BACKGROUND
OF THE INVENTION 1. Technical Field [0002]The present invention relates to Rankine cycle systems
and, in particular, to a non-azeotropic working fluid mixture that may circulate through an organic Rankine
cycle system to generate power. 2. Background Information oo%n organic Rankine cycle (ORC)
system mdy%@'l%s%%% ﬁé?aﬁ%@%k@&h&%@é\"%% EXdpe! Hﬂﬁt%hﬁﬁp\@%@? eration
system. A typical organic Rankine cycle system may include an organic working fluid that is circulated
through a pump, an evilporator, a turbine generatqgr and a condenser. A recuperator may be also used if
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which drives the turbine generator as the vapor expands. The condenser transfers thermal (e.g., heat)
energy frofitER BIBEISE NG P0id vapor into a relatively cool thermal sink fluid in order to condense
the working fluid vapor before it is resupplied to the evaporator through the pump. [0004]A typical organic
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aspect of the invention, a power generation system includes a non-azeotropic working fluid mixture and a
Rankine %ﬁ‘g@fﬁéﬁneﬂ e cycle system includes a turbine generator that is driven by vapor of
theworkirzg Baickgrixtune | afodnaationrdenser that exchanges thermal energy between the vapor received
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firt pumB THaL GO B Aol e T D S AR i T C GG PSR e
second Rarkineeayy kensy gie froimcibd esx pagedtah dvprkimy thaiddr s dhe sevahyl cootkingy fhabisimixture
o R B AT A Bl sepeneuerking fuid
mixture, and a condéenserthat exchanges thermal energy between the Vapor received from the turbine
generatotreodgh dbelimgnmpedium. The second working fluid mixture is characterized by a condenser
temperat ide between approximately five degrees and thirty degrees Kelvin, a condensing pressure
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working ftuidmeaztenéopnd raigbnderfsdiffordiilehpoint té opagtise BeterepoiaispassvoatEy ontdh daggke and
nine degrees Kelvin greater than a te rature at which the coolin dium is received by the
condensS TG TG Fadeor o S et S bR Rl RS Bl Sparent n
light of thefficlkvieg dé Hoeiptiigaraa dRivekare opghasystgriwndngihe B RIE FripESERIET I OXeernHE

DRAW'“@%&%@Q?%&%E&%E%’E 'éiiHl%ﬁtaa\%%?k?ﬂ@é’t?&%@%%@“C%BfﬁX%kﬁ{Er@%tAﬂ%l. % 2 Rankine
cycle system; FIG."2'Isa’temperature-entropy phase diagram for an organic, non-azeotropic
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is a schematic i rati f e embodiment power generation system that includes a plurality of
Rankine {c:ﬁ/c Eegglﬂs%ier%éa%%ﬁ%@?éa temperature-entropy phase diagram of working fluid mixtures
during operation of a power generation system. [0012]FIG. 5 is another temperature-entropy phase
diagram of working fluids during operation of a power generation system. DETAILED DESCRIPTION OF
THE INVENTION 1



[0013] FIG. 1 is a schematic illustration of a power generation system 10 that includes aworking fluid
mixture (e.g., an organic, non-azeotropic working fluid mixture) that circulates through a Rankine cycle
system 12 (e.g., an organic Rankine cycle system). The Rankine cycle system 12 may include a turbine
generator 14, a condenser 16 (e.g., a counterflow heat exchanger), a pump 18 and an evaporator 20

(e.g., a caunvevimvhert exghanger).dderendenser 16 may include a first heat exchange passage 22
and a second heat exchange passage 24. The evaporator 20 may include a first heat exchange passage
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which mayHuyebyrgenerate power (e.g., electricity). The vapor is directed from the turbine generator 14
into the fi t exchange passage 22 at pqint 204, Thermal energy is transferred from the working fluid
mixture iIRORE coolindNHEIOINOIV R SR ANBCLBRABHSE 5 HRATRE RN AT 553 BHRYSIRL06, wivch
may causeclbdesakingdiunb bt et ordesager phaisekitacgel & eystancirio dgedombdRemiaienay be,
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vapor te rature” describ dew paint temperature of the working fluid mixture: e.g.. the_te rature
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evaporat condenser te ture gl or examp
degrees Bppan¢eign bghvetthaldolio Bl destaptRbkhthaccontarrgngressuregnay be, for example,
between about one tenth of one percent (0.1%) and eleven percent of the critical pressure (e.g., between
about 1-2.5% and 7.5-8% of the critical pressure) of the working fluid mixture. The condenser bubble
point temperature at the point 210 may be, for example, between about one and nine degrees Kelvin
(e.g., between about 1K and 5K) greater than temperature T5(e.g., T5 is between about 280 K and 308K)
at which the cooling medium is received by the second heat exchange passage 24. The critical pressure
may be, for example, between about 2MPa and 6.5 ¥Pa. [0017]Theworking fluid mixture may also exhibit
other characteristics during the Rankine cycle such as, for example, low global warming potential (GWP),
low flammability, low ozone depletion potential, low toxicity, etc. The term "global warming potential” is a
relative measure of how much heat a greenhouse gas traps in the atmosphere relative to carbon dioxide



1,1,1,2,2,4,5,5,5-nonafluoro-4-(trifluoromethyl)-3-pentanone (e.g., Novece649) (756-13-8), C7FK (C7
fluoroketone) Hydrofluoro ether RE125 (3822-68-2), RE134, RE143a (421-14-7) RE236fa, RE245cb2
(22410- 44-2), RE245fa2 (1885-48-9), HFE-7000 (C3F7OCH3), HFE-7100 (C4F9OCH3), HFE-7200

(C4F90C2H5) Hydrochlorofluoro olefin R1233zd (102687-65-0), 2-chloro-3,3,3-trifluoropropene

BromoflugropleiyFSTRE T I6Necsrotgin BRAMY I(1E$s15-4) Hydrofluoro olefin R1234yf (754-12-1),
R1234ze (1645-83-6), R1243zf (677-21-4), R1225ye (5595-10-8) Cyclic siloxane D2 (7782-39-0), D4

(556-76-2988 (541-02565 - 3635482 BAITELPURYRA 1 FBS PEIAUIN SR 8725 N 47D v
(141-62-BaMiBt (el s§3t8m MD4M (00107-52-8) [0020]The aforesaid chemical components may be
selected, for example, in aorder to tailor the heat exchané)er temperature %Iide, the heat exchange
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resource flow, The worki#?g fluid mixture included in the power eneratiog_ Sﬁﬁerg 10 in FIG. 1, for
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example [f0Hnclude & ¥rstclietiCRIR ARG RIGRY £RaSE LR ORUESS AW of first
and secopiseehtonastl £ popengehesationaljensnare listed below in Table 2.  TABLE 2 Representative

Chemica] Caomponents (A + B) Concentration (% by mass) AB Temp. GlideRapge iMax, n. Crit.
PressuretO%lrSID IS% 5?5 another tempe a?tu e-entropy prmb?ag am o worE%g %MS uring
operation of a power generation system.

DETAILED DESCRIPTION OF THE INVENTION

[0013] FIG. 1 is a schematic illustration of a poweneration system 10 that includes aworking
fluid mixture (e.g., an organic, non-azeotropic kng fluid mixture) that circulates through a
Rankine cycle system 12 (e.g., an organic Rankmisystem). The Rankine cycle system 12
may include a turbine generator 14, a condensée.f6 a counterflow heat exchanger), a pump
18 and an evaporator 20 (e.g., a counterflow hegtanger). The condenser 16 may include a
first heat exchange passage 22 and a second letetngye passage 24. The evaporator 20 may
include a first heat exchange passage 26 and adé&éeat exchange passage 28.

[0014] During operation, the working fluid mixtuneay circulate sequentially through
the turbine generator 14, the first heat exchamgsgge 22 of the condenser, the pump 18 and
the second heat exchange passage 28 of the evaparihich may be connected together in a
closed loop circuit. In some embodiments, the payemeration system 10 may also include a
liquid receiver/accumulator connected, for exampétyween the first heat exchange passage 22
and the pump 18. A cooling medium (e.g. waterwsger, air), may be directed through the
second heat exchange passage 24 of the condeéx#i®ermal source fluid may be directed
through the first heat exchange passage 26 ofvidygoeator.

[0015] FIG. 2 is a temperature-entropy phase diagof the working fluid mixture

during operation of the Rankine cycle system 1Be phase diagram illustrates a first curve 30

for the organic non-azeotropic working fluid mixgéya second curve 32 for the cooling medium,



(MPa) Bubble Point Temp. (K) C2butene + hexane 5-90 95-10 10-17 25-31.2 3.1-4.1 289-291
Cyclopentane + Octane 55-95 45-5 9-15.4 27.6-36.2 3.6-4.4 289-291 Isohexane + t2butene 15-95 85-5
10.5 23.8-27.2 3.1-3.9 289-291 Cyclohexane + isopentane 10-95 90-5 7.5 21.5 3.4-4.1 289-291

and a third curve 34 for the thermal source fluRkferring to FIGS. 1 and 2, superheated vapor
of the working fluid mixture is directed into therbine generator 14 at point 200. The vapor
expands and mechanically drives the turbine geoetdt between the point 200 and point 204,
which may thereby generate power (e.qg., electjicifyhe vapor is directed from the turbine
generator 14 into the first heat exchange passage Roint 204. Thermal energy is transferred
from the working fluid mixture into the cooling mad through the condenser 16 between the
point 204 and point 206, which may cause the wagrkiumd mixture to undergo a phase change
from vapor to liquid. The vapor may be, for exaempmle-superheated within the first heat
exchange passage 22 between the point 204 and3@@nand condensed into liquid between
the point 208 and point 210. The liquid may alsshb-cooled within the first heat exchange
passage 22 between the points 210 and 206. Tind Igdirected from the first heat exchange
passage 22 into the pump 18 between the point 2@®aint 212. The liquid is pressurized
within the pump 18 between the point 212 and p®id, and is directed into the second heat
transfer passage 28 at point 216. Thermal ensrggamsferred from the thermal source fluid
into the working fluid mixturethrough the evapora2® between the point 216 and point 200,
which may cause the working fluid mixture to undeemother phase change from the liquid to
the vapor. The liquid may be, for example, prebeatithin the second heat exchange passage
28 between the point 216 and point 220, and evagabrato vapor between the points 220 and
218. The vapor may also be, for example, supesddatyond point 218 to point 200 to
minimize risk of condensation of the mixture vapothe turbine generator 14. The vapor is
then directed from the second heat exchange pag8agéo the turbine generator 14 at point
200.

[0016] The working fluid mixture may exhibit cam properties such astemperature
glideduring phase change, pressure,bubble poirmgeature in both the condenser passage 22
and the evaporator passage 28, and a mixtureatiiessure that increases(e.g., maximizes) the
power generation potential and cycle thermal edficy during the afore-described Rankine
cycle. The term “temperature glide” describestdmperature difference between the saturated
vapor temperature and the saturated liquid temperatf a working fluid mixture. The term
“saturated vapor temperature” describes a dew pemperature of the working fluid mixture;
e.g., the temperature at the point 208 during cosal®on, and the temperature at the point 218
during evaporation. The term “saturated liquid penature” describes a bubble point



Pentane + propyne 10-95 90-5 5.9 22.2-31.7 3.5-5.6 289-291 Pentane + R245fa 30-95 70-5 4.8 8.2
3.4-4.1 289-291 Octane + R30 5-25 95-75 13.8 27.6-35.4 4.8-5.8 289-291 Heptane + R30 5-95 95-5
5.6-9.7 13.2-24.6 2.8-5.8 289-291 Isobutane + Pentane 5-90 95-10

temperature of the working fluid mixture; e.g., teeperature at the point 210 during
condensation, and the temperature at the pointl2éiig evaporation. The condenser
temperature glide may be, for example, betweentabeuand thirty degrees Kelvin(e.g.,
between about 6-8°K and 20-25°K). The condensesgure may be, for example, between
about one tenth of one percent (0.1%) and elevesepeof the critical pressure (e.g., between
about 1-2.5% and 7.5-8% of the critical pressuféh® working fluid mixture. The condenser
bubble point temperature at the point 210 may dreetample, between about one and nine
degrees Kelvin (e.g., between about 1°K and 5°éatar than temperatureg(€.g., & is

between about 280 °K and 308°K) at which the cagpfiredium is received by the second heat
exchange passage 24. The critical pressure mdgrexample, between about 2MPa and 6.5
MPa.

[0017] Theworking fluid mixture may also exhibther characteristics during the
Rankine cycle such as, for example, low global wagpotential (GWP), low flammability,

low ozone depletion potential, low toxicity, et€he term “global warming potential” is a
relative measure of how much heat a greenhoustgayasin the atmosphere relative to carbon
dioxide for the atmospheric lifetime of the specid@se global warming potential of carbon
dioxide is standardized to 1. The global warmiotgeptial of the working fluid mixture may be,
for example, less than about 675 (e.qg., less thantal50-250), and the working fluid mixture
may be, for example, non-flammable.

[0018] Somenon-azeotropic mixtures may exhibdwdr condensation heat transfer
coefficient due to a reduced interfacial tempetatween the liquid and vapor phases. This
reduced interfacial temperature gives rise to hedtmass transfer resistances. In order to avoid
such implications, the working fluid mixture may $&lected such that the condensing heat
transfer coefficient of the mixture is greater thiae(e.g., smallest)condensing heat transfer
coefficient of the components. The least volatdenponent refers to the component with the
lowest boiling point at a given temperature.

[0019] The working fluid mixture may be manufaetd by mixing together a plurality of
different chemical components (e.g., organic chahmomponents). The working fluid mixture

may include, for example, a plurality of the cheahicomponents listed in Table 1 below.



5.3 17.7 3.4-3.8 289-291 Cyclohexane + R245ca 10-95 90-5 8.9-9.3 19.1-28.9 4.1-4.7 289-291 Hexane +
R245fa 30-95 70-5 8.2 17.8-27 3.1-3.85 289-291 Isohexane + R245fa 30-95 70-5 6.5 18.2-21.9 3.1-3.9
289-291 Cyclopentane + R236ea 45-90 55-10 6.5-9 19.2 4.5-4.65

TABLE 1
Chemical Group Representative Chemical Compon&@#sS (Registry Number)
Hydrocarbon Propane (74-98-6), butane (106-97-@)tane (109-66-0), hexane (110-54-3),

heptanes (142-82-5), octane (111-65-9), nonane-8412), decane (124-18-5),
ethylene (74-85-1), propylene (115-07-1), propyi®e-99-7), isobutene (75-28-
5), isobutene (115-11-7), 1butene (106-98-9), c2tei(590-18-1),cyclepentane
(287-92-3), isopentane (78-78-4), neopentane (463)8isohexane (107-83-5)
cyclohexane (110-82-7)

Fluorocarbon R14 (75-73-0), R218 (76-19-7)

Ether RE170 (dimethyl ether 115-10-6)

Hydrochlorofluorocarbon R21 (75-43-4), R22 (75-95830 (75-09-2), R32 (75-10-5), R41 (593-53-3),
R123 (306-83-2), R124 (2837-89-0)

Hydrofluorocarbon R134a (811-97-2), R143a (420-36152a (75-37-6), R161 (353-36-6), R23
(75-46-7), R227ea (431-89-0), R236ea (431-63-0RaR2 (690-39-1), R245ca
(679-86-7), R245fa (460-73-1), R365mfc (406-58R8338mccq (662-35-1)

Fluorinated Ketone 1,1,1,2,2,4,5,5,5-nonafluordrfhjoromethyl)-3-pentanone (e.g., Novec®649)
(756-13-8), C7FK (C7 fluoroketone)
Hydrofluoro ether RE125 (3822-68-2), RE134, RE1¢31-14-7) RE236fa, RE245ch2 (22410-

44-2), RE245fa2 (1885-48-9), HFE-7000 (C3F7OCH3jEFH 100
(C4F90CHS3), HFE-7200 (C4F90C2H5)
Hydrochlorofluoro olefin R1233zd (102687-65-0), l&aro-3,3,3-trifluoropropene

Bromofluoro olefin C5F9Cl

Fluoro olefin R1216 (116-15-4)

Hydrofluoro olefin R1234yf (754-12-1), R1234ze (5683-6), R1243zf (677-21-4), R1225ye
(5595-10-8)

Cyclic siloxane D2 (7782-39-0), D4 (556-76-2), 8 {-02-6), D6 (540-97-6)

Linear siloxane MM (107-46-0), MDM (107-51-7), MD2{41-62-8), MD3M (141-63-9),

MD4M (00107-52-8)

[0020] The aforesaid chemical components may leetsal, for example, in order to
tailor the heat exchanger temperature glide, tla¢ évechange pressure, the bubble point
temperature and/or other characteristics (e.g.GWH#, the flammability, etc.) of the working
fluid mixture to a particular Rankine cycle systdesign and application. The chemical
components may also be selected, for examplejftatsh pinch point in order to reduce a
temperature dat which the thermal source fluid exits the heahange passage 26 of the
evaporator, which may thereby increase Rankinesggfficiency by increasing the amount of
power generated per unit of resource flow. Thekimgy fluid mixture included in the power
generation system 10 in FIG. 1, for example, majucte a first chemical component and a
second chemical component. Examples of first @drsd chemical component combinations

are listed below in Table 2.



289-291 Cyclopentane + R152a 10-30 90-70 14.7 21.2-34.4 4.6-4.8 289-291 Heptane + R365mfc 25-80
75-20 13.7 17.7-23.1 2.7-3.1 289-291 Pentane + Ibutene 15-95 85-5 5.2-7.4 14.8 3.5-4.0 289-291
Hexane + R1233zd 5-90 95-10 5.5-7.8 18.4 3.0-3.6 289-291 R245fa + R1234ze 25-70

TABLE 2

Representative Chemical Concentration Temp. ?hdeRange Crit. Pressure Bubble Point

Components (A + B) (% by mass) , (K) (MPa) Temp.(°K)

A B Min. Max. )

C2butene + hexane 5-90 95-1D 10-1y 25-31.2 3.1-4.1 289-291
Cyclopentane + Octane 55-9% 45-5 9-15/4 27.6-36,2 .6-431 289-291
Isohexane + t2butene 15-9% 85-% 10.5 23.8-27|2 331- 289-291
Cyclohexane + isopentange 10-95 90-b 7.5 215 3.4-4. 289-291
Pentane + propyne 10-95 90-5 5.9 22.2-31(7 3.5-5.6 289-291
Pentane + R245fa 30-95 70-5 4.8 8.2 3.4-4.1 289-291
Octane + R30 5-25 95-75 13.8 27.6-35.4 4.8-5.8 2%D-
Heptane + R30 5-95 95-5 5.6-9.7 13.2-24.6 2.8-5.8 89-291
Isobutane + Pentane 5-90 95-10 5.3 17.7 3.4-3.8 -2289
Cyclohexane + R245ca 10-95% 90-5 8.9-9|3 19.1-28|9  .1-44 289-291
Hexane + R245fa 30-95 70-5 8.2 17.8-27 3.1-3.8p -Z3b
Isohexane + R245fa 30-95 70-5 6.5 18.2-21.9 3.1-3.9 289-291
Cyclopentane + R236ea 45-90 55-10 6.5-9 19.2 4£5-4. 289-291
Cyclopentane + R152a 10-3( 90-70 14.7 21.2-34}4 -486 289-291
Heptane + R365mfc 25-80 75-20 13.7 17.7-231 217-3. 289-291
Pentane + 1butene 15-9% 85-% 5.2-74 14.8 3540 89-221
Hexane + R1233zd 5-90 95-10 5.5-7.8 18.4 3.0-3.6 9-Z31l
R245fa + R1234ze 25-70 75-30 5.2 11 3.7-3.9 289-291
Isopentane + R1234ze 5-85 95-15 6.2 16.4-18 3.3-3.p 289-291
Pentane + R1234ze 5-90 95-10 6.6 16.4-23|9 3.3-3p 289-291
Cyclopentane + R245fa 30-9¢ 70-10 5.1 14.1 4.5-4.75 289-291
Cyclohexane + HFE-700( 5-80 95-20 5.7-8/5 16.1 4207 - 289-291
R152a + R245fa 35-75 65-25 6.7 12.8 4.1-4.5 289-291
R30 + R152a 5-95 95-5 5.6-10.p 22.6-33.8 4.6-6.C 9-281
R236ea + R161 25-55 75-4% 5.5-9.9 11.9 4.4-4.9 Z30-
R30 + R1234ze 5-90 95-1( 8.9 22.5-27.2 3.7-5.8p -Z39
Pentane + MM 5-90 95-10 7.2 20.9-31 2.0-3.3 289-291
C7FK + R245fa 30-90 70-10 10.2 19.1-29.8 2.8-3.4 9-281
R30 + MM 5-90 95-10 6.4-9.1 22.3-28 2.1-5.6 289-291
Novec®649 + isobutene 25-95 75-5 8.8 15.4-261 4209- 289-291
Novec®649 + R245fa 45-95 55-5 5.2 12.6 2.0-3.2 289-
Novec®649 + R236ea 45-65 55-3b 10.6 16.1 2.7-3.1 9-Z31
R245ca + MM 65-90 35-10 11.2 23.3-34.4 3.4-3.9 289-
R365mfc + MM 10-75 90-25 13.3 23.1-25.1 2.0-3.0 284
HFE-7000 + R1234ze 10-95 90-5 6.5 16-23.8 2.6-3.6 89-291
R30 + R245fa 30-45 70-55 5.1 5.8 4.4-4.9 289-291
Isobutane + r365mfc 25-85 75-15 5.8-9.6 17-20.7 -3363 289-291
R152a + R365mfc 30-90 70-1( 6.7-9.8 20.0-32.8 30-4 289-291
R245fa + CF3lI 25-65 75-35 5.6-10.3 16.4-17.8 4554 289-291
HFE-7000 + R1243zf 10-40 90-6( 6.2-11{7 20.8 3%2-3. 289-291
R236ea + HFE-7000 15-35 85-65 5 7.4 2.6-2.8% 280-29

[0021]

in Table 2 were generated using the National bmstiof Standards and Technology’'s REFPROP

The thermodynamic and transport propefteshe refrigerant mixtures provided



75-30 5.2 11 3.7-3.9 289-291 Isopentane + R1234ze 5-85 95-15 6.2 16.4-18 3.3-3.6 289-291 Pentane +
R1234ze 5-90 95-10 6.6 16.4-23.9 3.3-3.6 289-291 Cyclopentane + R245fa 30-90 70-10 5.1 14.1
4.5-4.75 289-291 Cyclohexane + HFE-7000 5-80 95-20 5.7-8.5 16.1

8.0 database. The equations of state for theggeednt mixtures are generated using empirical
estimation schemes (e.g. mixing rules) containgtiwihe database. The present invention,
however, is not limited to the aforesaid mixingesul

[0022] The working fluid mixture may also includae or more additional chemical components
and/or compounds selected to, for example, enhsystem performance, enhance heat transfer
between the Rankine cycle fluids, enhance diagegmgtrovide fire suppression, provide
lubrication, provide fluid stabilization, providemrosion resistance, etc. The working fluid
mixture may include, for example, flammability ibhors, oils, lubricants, heat transfer
enhancement agents, tracers, etc.

[0023] Thecooling medium may be water, air or mbmation thereof. The water may
be received from an underground reservoir, a lalstteam or the sea. The cooling medium may
also be a process stream that may condense thégdllkd mixture. The cooling medium may
be received from a heat sink having a sink tempezdietween, for example, about 280°K and
308°K. In other embodiments, the cooling mediuny io@ a working fluid mixture received

from another Rankine cycle system, which will becdissed below in further detail.

[0024] The thermal source fluid may be, for exaeppbbuid and/or gas received from a
geothermal reservoir, a combustion engine (e.gasaurbine engine, an internal combustion
engine, etc.), a solar-thermal system, an incioe@tother waste to energy devices, or an
industrial system or process. The thermal sodue may be received from a heat source
having a source temperature between, for examipteita8860°K and 623°K. In other
embodiments, the thermal source fluid may be a ingrituid mixture received from another
Rankine cycle system, which will be discussed balowrther detail. Alternatively, the thermal
source fluid may be omitted from the power generasiystem 10 where, for example, the
evaporator 20 is configured as a solar-thermalihgat/stem (e.g., a system that heats the
working fluid mixture directly via solar energy).

[0025] In some embodiments, the turbine generbtanay be one of a plurality of
turbine generators that are, for example, conneantsdries or parallel together in the Rankine
cycle system. In other embodiments, the evapolfionay be one of a plurality of evaporators
that are, for example, connected in series or lghtalgether in the Rankine cycle system. In
still other embodiments, the condenser 16 may leeobia plurality of condensers that are, for

example, connected in series or parallel togetihére Rankine cycle system.



2.7-4.0 289-291 R152a + R245fa 35-75 65-25 6.7 12.8 4.1-4.5 289-291 R30 + R152a 5-95 95-5 5.6-10.9
22.6-33.8 4.6-6.0 289-291 R236ea + R161 25-55 75-45 5.5-9.9 11.9 4.4-4.9 289-291 R30 + R1234ze
5-90 95-10 8.9 22.5-27.2 3.7-5.85 289-291 Pentane + MM

[0026] According to another aspect of the invemti@ power generation system may
include an intermediate heat exchanger, a toppmbee.g., a first Rankine cycle system that
operates at a relatively high temperature), andtining cycle (e.g., a second Rankine cycle
system that operates at a relatively low tempeeatufhe intermediate heat exchanger may
include a condenser passage that receives atgahiz working fluid mixture from the topping
cycle, and an evaporator passage that receiveadevorking fluid from the bottoming cycle.
The intermediate heat exchanger transfers thermeabg from the first working fluid to the
second working fluid. In this cascaded ORC arramg#, the topping cycle (e.g., the high
temperature ORC system) may extract heat, eithesilde such as from a hot gas or hot liquid,
or latent such as from a condensing fluid suchieens in a refrigerant boiler/evaporator, and
create a high temperature and a high pressure vapa bottoming cycle (e.g., the low cost/

low temperature ORC system) may be used efficiarity cost effectively to convert the lower
temperature thermal energy to power.

[0027] FIG. 3 is a schematic illustration of a mywgeneration system 36. The power
generation system 36 includes an intermediatededitanger 38 (e.g., a counterflow heat
exchanger), a first working fluid (e.g., an orgamon-azeotropic working fluid mixture) that
circulates through a topping cycle 40 (e.g., aranig Rankine cycle system), and a second
working fluid (e.g., an organic, non-azeotropic Wog fluid mixture) that circulates through a
bottoming cycle 42 (e.g., an organic Rankine cgglstem). The intermediate heat exchanger 38
includes a first heat exchange passage 44 andadéeat exchange passage 46. The first heat
exchange passage 44 forms a condenser passaged8tin first working fluid is condensed.
The second heat exchange passage 46 forms an alapgmassage 50 where the second working
fluid is evaporated. The topping cycle 40 mayune a first turbine generator 52, the condenser
passage 48, a first pump 56, an evaporator 58 geapunterflow evaporator), and a liquid
receiver/accumulator 54. The evaporator 58 malydwca first heat exchange passage 60 and a
second heat exchange passage 62. The bottomileg48/may include a second turbine
generator 64 a condenser 68 (e.g., a counterflodatser), a second liquid
receiver/accumulator 66, a second pump 70 andviygoeator passage 50. The condenser 68
may include a first heat exchange passage 72 aadamd heat exchange passage 74.

[0028] During operation, the first working fluiday circulate sequentially through the
first turbine generator 52, the first heat exchapggesage 44 (i.e., the condenser passage 84of



5-90 95-10 7.2 20.9-31 2.0-3.3 289-291 C7FK + R245fa 30-90 70-10 10.2 19.1-29.8 2.8-3.4 289-291 R30
+ MM 5-90 95-10 6.4-9.1 22.3-28 2.1-5.6 289-291 Novece649 + isobutene 25-95 75-5 8.8 15.4-26.1
2.9-4.0 289-291 Novece649 + R245fa 45-95 55-5 5.2

heat exchanger 38), the first liquid receiver/acalator 54, the first pump 56 and the second
heat exchange passage 62, which may be connegettiéo in a closed loop circuit. The second
working fluid may circulate sequentially througletbecond turbine generator 64, the first heat
exchange passage 72 (i.e. the condenser 68),abrdsbquid receiver/accumulator 66, the
second pump 70 and the second heat exchange pd$&sége, the evaporator passage 500f heat
exchanger 38), which may be connected togetheciased loop circuit. A heat source fluid
may be received from a heat source 76, and dirébtedgh the first heat exchange passage 60
(i.e., the evaporator 58). A cooling medium maydxeived from a heat sink 78, and directed
through the second heat exchange passage 74hge&ondenser 68).

[0029] In some embodiments, the working fluidg(ethe non-azeotropic working fluid
mixtures) for the topping and bottoming cycles rayselected such that the condensation
temperature of the first, higher temperature, cikleseable for evaporation of the second, lower
temperature, cycle. In this way, the thermal edficies of the organic Rankine cycle may be
increased through increased utilization of the laiée thermal energy.

[0030] In some embodiments, a relatively high temapure non-azeotropic mixture may
be directed through the topping cycle and a rethtilow temperature non-azeotropic mixture
may be directed through the bottoming cycle. Tée af the non-azeotropic mixture in the
topping cycle may enable increased utilizationhef thermal source fluid through glide
matching. The use of a non-azeotropic mixture enldbttoming cycle may reduce (e.qg.,
minimize) irreversibilities realized in the interthate heat exchanger where the fluid’s
evaporating glide is equal to the condensing giidihe topping cycle’s working fluid mixture.
FIG. 4 illustrates a temperature-entropy (T-s) phdiagram of the aforesaid working fluid
mixtures during operation of such a power genenagigstem. The phase diagram illustrates a
first curve 400 for the non-azeotropic mixture diesl through the topping cycle, and a second
curve 402 for the non-azeotropic mixture directadagh the bottoming cycle.

[0031] Thedifference of working temperature betwd®e components of the working
fluid mixture may become greater as the temperajlide increases. This difference may
increase the thermal cycle efficiency of the systétowever, high temperature glide working
fluid mixtures may require condensers that incladelativelylarge surface area to provide the
desired heat transfer necessary to condense tlog vap liquid. In some embodiments,

therefore, one or more of the heat exchangers (egcondenser and the evaporator) may be

10



12.6 2.0-3.2 289-291 Novece649 + R236ea 45-65 55-35 10.6 16.1 2.7-3.1 289-291 R245ca + MIM 65-90
35-10 11.2 23.3-34.4 3.4-3.9 289-291 R365mfc + MIM 10-75 90-25 13.3 23.1-25.1 2.0-3.0 289-291
HFE-7000 + R1234ze 10-95 90-5 6.5 16-23.8 2.6-3.6 289-291

configured asa plate-frame counter-flow heat exghgra one pass direct expansion shell and
tube counter-flow heat exchanger, or a plate-sbetiter-flow heat exchanger.

[0032] In some embodiments, a non-azeotropic Watking fluid mixture may be
directed through the topping cycle and a secondkwgifluid that exhibits relatively no
temperature glide may be directed through the bottg cycle. The working fluid in the
bottoming cycle may include a pure substance @zaotropic mixture of one or more known
substances (i.e., chemical components). The neatapic mixture in the topping cycle may
enable increased utilization of the thermal sotitgd through glide matching. Although the use
of an azeotropic fluid or pure substance in thédmoing cycle may increase the irreversibilities
in the intermediate heat exchanger, the negatipaaiassociated with glide in the bottoming
cycle’s condenser are reduced (e.g., minimized).blBustrates a temperature-entropy (T-s)
phase diagram of the aforesaid working fluids dyoperation of such a power generation
system. The phase diagram illustrates a firste®00 for the non-azeotropic first working fluid
mixture directed through the topping cycle, anéeosd curve 502 for the second working fluid
directed through the bottoming cycle. Alternatiweh other embodiments, a first working fluid
that exhibits relatively no temperature glide maydirected through the topping cycle, and a
non-azeotropic second working fluid mixture maydirected through the bottoming cycle.
[0033] While various embodiments of the presemémtion have been disclosed, it will
be apparent to those of ordinary skill in the lattmany more embodiments and
implementations are possible within the scope efitlvention. The chemical components
included in the organic, non-azeotropic workingdlmixture, for example, are not intended to
be limited to the chemical groups and componestsdiin Tables 1 and 2. Accordingly, the
present invention is not to be restricted excefiigint of the attached claims and their

equivalents.
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R30 + R245fa 30-45 70-55 5.1 5.8 4.4-4.9 289-291 Isobutane + r365mfc 25-85 75-15 5.8-9.5 17-20.7
3.3-3.6 289-291 R152a + R365mfc 30-90 70-10 6.7-9.8 20.0-32.8 3.9-4.5 289-291 R245fa + CF3l 25-65
75-35 5.6-10.3 16.4- 17.8 4.3-4.55 289-291 HFE-7000 + R1243zf 10-40 90-60

Whatis claimed is:

1. Apower generation system, comprising:

a non-azeotropic working fluid mixture; and

a Rankine cycle system comprising a turbine geaethat is driven by vapor of
theworking fluid mixture, and a condenser that exajes thermal energy between the vapor
received from the turbine generator and a cooliegiom;

wherein the working fluid mixture exhibits a conder temperature glide during phase
change between approximately five degrees and tihgrees Kelvin, a condensing pressure
between approximately one tenth of one percenesekn percent of a critical pressure of the
working fluid mixture, and a condenser bubble po@mperature between approximately one
degree and nine degrees Kelvin greater than a tatope at which the cooling medium is

received by the condenser.

2. The system of claim 1, wherein the workingdlmixture comprises a first chemical
component and a second chemical component, arfadghehemical component and the second
chemical component each comprise at least ondnpdlieocarbon, a fluorocarbon, an ether, a
hydrochlorofluorocarbon, a hydrofluorocarbon, afinated ketone, a hydrofluoro ether, a
hydrochlorofluoro olefin, a bromofluoro olefin, ldro olefin, a hydrofluoro olefin, a cyclic

siloxane and a linear siloxane.

3. The system of claim 2, wherein the first chexhcwmponent comprises at least one of
R134a, R245fa, R236ea,1,1,1,2,2,4,5,5,5-nonafldeftoifluoromethyl)-3-pentanone, HFE-
7000, R1234ze, R1234yf, R1233zd and R1243zf.

4, The system of claim 3, wherein the second cbancbmponent comprises at least one of
pentane, hexane, isohexane, cyclopentane, cyclobeR®245fa, R1234ze, isopentane, R161,
R30, R134a, R1233zd, C7FK, isobutene,1,1,1,2, 5 4Mmonafluoro-4-(trifluoromethyl)-3-
pentanone, R236ea, HFE-7000, CF3l and R1243zf.

12



6.2-11.7 20.8 3.2-3.5 289-291 R236ea + HFE-7000 15-35 85-65 5 7.4 2.6-2.85 289-291 [0021]The
thermodynamic and transport properties for the refrigerant mixtures provided in Table 2 were generated
using the National Institute of Standards and Technology's REFPROP 8.0 database. The equations of
state for these refrigerant mixtures are generated using empirical estimation schemes (e.g. mixing rules)
contained withinthe eaialaser dARMPIC SRS AEIVEIMO o hOu/RRTela et lindedsia dhpaiaresaid mixing
rules. [0022] The working fluid mixture may also include one or more additional chemical components
and/or cGRPERIAMARIL St J B9 s SeXarhie oA ey eR¥ i herformance, enhance heat transfer
between the Rankine cycle fluids, enhance diagnostics, provide fire suppression, provide lubrication,
provide fluid stabilization, provide corrosion resistance, etc. The working fluid mixture may include, for
example,6ﬂammgﬁfﬁ@’iﬁtﬁm@@,l@i’@,ﬁu%ﬁ@,tnsﬁqmg?@%\ﬂ%ﬂm lSeFReR I cers, etc.

[0023] Thepprbixignanedjwiymalegrewa@idaiens erariasiienthereof. The water may be received from an
underground reservoir, a lake, a stream or the sea. The cooling medium may also be a process stream
that may condense the working fluid mixture. The cooling medium may be received from a heat sink
having a gink temperajurenheiiaim orenaramanatsyrididfegqs rd08ibaietieapprogmimanisotie
cooling medium may be a working fl ic%mixture received from another Rankine cycle system, which will
e liscuBELE B A B GELHOS08 AP LSl L AT TG B axample. Huid and/or

gas received from a geothermal reservoir, a combustion engine (e.g., a gas turbine engine, an internal

combustign engipe, etc.), a salar-thermal system, an incjnerator or other waste to energy deyices, or an
industrialsysten B¢ ST Ok FIRH fmANERR LR O PSP ISRV IS HARPLHRRRNANG
source teanpesattealbgiureent taicesenplerebone IMpanting 3tibalohes surd oflimenisidreytheidnal
source fluid may be a working fluid mixture received from another Rankine cycle system, which will be
discussed'BHE in further detail. Alternatively, the thermal source fluid may be omitted from the power
generation system 10 where, for example, the evaporator 20 is configured as a solar-thermal heating
system (e.g., a system that heats the working.flyjd mixture djrectly via solar ener ).F[ 025]In some
ebodin s, O RUTE DECHABE 24 NS OB Lresh M BTTan g BP LB SAL i< FRYERE, for
example appnogictedely sereedeyrparatidl fiogeibgrdnsheeRanigin thayclresysteperinuothat whbbhdheents, the
evaporator 20 may be one of aéolur(?lggi{ evaﬁﬁrators that are, for example, connected in series or
parallel t888!We9r e[ﬂ'é"f-‘iéﬁl(%% w-:‘c e 3y EmO N Sl Gther embodiments, the condenser 16 may be one of
a plurality of condensers that are, for example, connected in series or parallel together in the Rankine
cycle system. [QQ26]According to.another aspect of the invention, a power.generation system may
e s ntermiba AV Rl R o H a5 A operates
at a relatpelgritighléss freratappycxia atddgterhing cycle (e.g., a second Rankine cycle system that
operates at a relatively low temperature). The intermediate heat exchanger may include a condenser
passage that receives a first organic working fluid mixture from the topping cycle, and an evaporator
passage 11at recCeheesysteecafdlaionkley Whier&ionthin glbbtitmmamppoytelatialhe liessrthadiamphedtreatehanger
transfersfgsrmal energy from the first working fluid to the second working fluid. In this cascaded ORC
arrangement, the topping cycle (e.g., the high temperature ORC system) may extract heat, either sensible
such as from a hot gas or hot liquid, or latent such as from a condensing fluid such as steam in a
refrigerantoiler/evaporator, and create a high temperature and.a high. pressure vapor. The bottoming
e (e Zthe IS A R T A S R R RS e S Ey o
convert tilevoheatterghenagere shenm pbssalyydbepmans b FiGe 8 isatecilemdtaaillastiatiogerf armbwer
generatioap s1¥§ ?%eﬁSCoT%?é?QYgW ﬁeg{arat(i: gms%;élt,em 36 includes an intermediate heat exchanger 38
(e.g.,a coUnterfiow hear exchanger?, a first working fluid (e.g., an organic, non-azeotropic working fluid
mixture) that circulates through a topping cycle 40 (e.g., an organic Rankine cycle system), and a second
working fluid (e.g., an arganic, NEN-a [ 5? luid mixture) that circulates through a bottoming
cycle 42 g’.g., a%g%va\{%m%@ﬁeg r&ﬁée)(%ﬁgtg% . lngtla% termediate heat exchanger 38 includes a first
heat exchange passagiavetiatel lesd e hiege ecchmginges sasmldtisThgditbaheataixehantitsspassage
44 forms e ' rki Jid | e 0 t exchange
passage T e e e e o S S Lopping
cycle 40 may include a first turbine generator 52, the condenser passage 48, a first pump 56, an
evaporator 58 (e.g., a counterflow evaporator), and a liquid receiver/accumulator 54. The evaporator 58
may include a first heat exchange passage 60 and a second heat exchange passage 62. The bottoming
cycle 42 may include a second turbine generator 64-a&’condenser 68 (e.g., a counterflow condenser), a
second liquid receiver/accumulator 66, a second pump 70 and the evaporator passage 50. The
condenser 68 may include a first heat exchange passage 72 and a second heat exchange passage 74.
[0028]During operation, the first working fluid may circulate sequentially through the first turbine generator



heat exchanger 38), the first liquid receiver/accumulator 54, the first pump 56 and the second heat
exchange passage 62, which may be connected together in a closed loop circuit. The second working
fluid may circulate sequentially through the second turbine generator 64, the first heat exchange passage
72 (i.e. the condenser 68), the second liquid receiver/accumulator 66, the second pump 70 and the

second hgatieNghangemreradaKéréie tHoh expeREAT RaRsRes theehgahexghananarR8)irahich may be

connected together in a closed loop circuijt. A heat source fluid may be received from a heat source 76,

and direcHURING iR hes BREQPE WAL PUCTLEd' WS i.e., the evaporator 58). A cooling medium may

be received frorg fireeRisiRInEG Byendisesteddniprgmihe SeagReHaaiexth angEirasslthdgs (i.e., the
condenser 6%@%0029#%30me embodiments, the working fluids (e.g., the non-azeotropic working fluid

mixtures) PR HELHY SHRPBEHORANY L)EICONASD TR HAEBARY such that the condensation temperature
of the first, higher destrrI ®Erfkit¥ddR USRI (onSYRSIRRHELEOIRE BREQMGIBNAE testp@Rture, cycle.

In this way, the thermal efficiencies of the organic Rankine cycle may be jncreased through increased
st G B R ALBIB WS Ay BB LS OHONALCh RS S (0 oG B DEkPIRE A e e
non-azemmm?mméydgmgﬁem@tirr]mwgﬂﬂhh@épanm@yﬁ@fmdtzesaiaam%lyﬁqmem@mtgg
non-azeaqQtropic mixture ma e direct throu the bottoming cycle. e use of the on-azeotroplc
mixture (RERESERINE, Va0 FRSeAg HTaT LRSRee O BT TG 3, A G SR P REIH T ough alide
matching. The usherbihnnB-e@eoti®poMmibdNaith iRt ingeaizele byey codded erdempbaimined

irreversibilities realized in the intermedjate heat exchanqe where the fluid's evaporating glide is equal to
the condHER AR RBTBHBIALF AeeedFe S Horh RRLFES K eM A R, CORARS R ERSH IR -entropy
(T-s) phaisetdiegnaapmiokimateleemid working duipoisenesstbringeapaiaton ofifoahpmaxues getrration
system. The phase iar%rjgrreléllustrates a first curve 400 for non-azeotroPic mixture directed trér{%lﬁh
the toppifig a A8 & 489 fF e REreA Bl HREHR e PRI 5 SR R BBt ing
cycle. [0@3] Teedtetantainé wetkisgsiémivamajrsatbe tvampdratcennansiots thktde sintking divis igixture
may become greater as the temperature glide increases. This difference may increase the thermal cycle
efficiencﬁ%ﬁﬁ@f@éﬁﬁ \A&&/’g'?rhigh temperature glide working fluid mixtures may require condensers
that include a relativelylarge surface area to provide the desired heat transfer necessary to condense the
vapor intq liquid_In some emhodiments, therefore, one or mare qf the heat exchangers (e.g., the
condensdiand RN LD o SRS 5e AT L BRI R HE S aber, a one
pass direchexpesistomploeleandridlzeseuonie chewiteat engingith e fiesp e raivell comryridow dredt
exchanger. [OOBZA]I sRcme. %%jbodiments a ngn-azeotro i%ﬂ‘d'rst Wf”?&%/ﬂmd %nxtur% ma{% be directed
through tHE t3ppN é](%/ SENIGRY GOLARBRGNLSATRG RO g EXRBRL AeURRAH LIRS Aldy be
directed #ttoaargh thel hmdtdorftuoyotarbbr, wdtkoho flludddosiia flaticmanedcyeterreay imgdindfium muether,
substance ﬁ)r??n %eotrtﬂpic mif<t re ofbone op more |i<r}ov¥|n subs}a 1ces H'%f cﬁwemic compone ts). The
non-azedtropic Mixtre |no{I9eot8p'Bin% cr)?c PR RRpIE IR ZE Uit/ OR 01 A et &¥Gifke fluid
through glibxanatcndg iiderugjloamese of an azeotropic fluid or pure substance in the bottoming cycle
may increase the irreversibilities in the intermediate heat exchanger, the negative impact associated with
glide in the bottoming cycle's condenser are reduced (e.g., minimized).FIG. 5 illustrates a

temperatliBe-entidpy ys& miusdainm drénmvbbteanafurdsatcivaiidom floteEnd congpdpesadible astsoich af power
generati te p diagram Jlystrates.a first curye 500 for the -azeotropic first working
Tt X e A B TR o e o e B e O P ERBRR . iR i
directed {F000gR 1123 HpetoR112G4yicIR 1R RErthtivel\Rr 12 482&r embodiments, a first working fluid that exhibits
relatively no temperature glide may be directed through the topping cycle, and a non-azeotropic second
working fluid mixture may be directed through the bottoming cycle. [0033]While various embodiments of
the preselfi.invemtiershiatebetaldisclidsedhineitl Heeaggumeniotodticosgpohertican mhdemahkeast thae many

more emRpdi imple iQns ar ible within the 0 invention. The chemical
Componcl MG e TR e SN A oo R e B LR,
to be limiRBDdRh84:h drii28Bgrh UpsFahdsmmpores iitd sk, HHabidkidrantt @rihooomniedlyl)tBe present
inventionégrﬁgh%gelz@%tggge eRidh IBp5PE e Ritaghed claims and their equivalents. Whatis
claimed iS:" 1. Apower generation system, comprising: a non-azeotropic working fluid mixture; and a
Rankine cycle system comprising a turbine generator that is driven by vapor of theworking fluid mixture,
and a condenser that exchanges thermal energy between the vapor received from the turbine generator
and a cooling medium,; wherein the working fluid mixture exhibits a condenser temperature glide
during phase change between approximately five d ffees and thirty degrees Kelvin, a condensing
pressure between approximately one tenth of one percent and eleven percent of a critical pressure of the
working fluid mixture, and a condenser bubble point temperature between approximately one degree and
nine degrees Kelvin greater than a temperature at which the cooling medium is received by the



13. A power generation system, comprising: an intermediate heat exchanger comprising a condenser
passage that receives a first working fluid, and an evaporator passage that receives an organic,
non-azeotropic second working fluid mixture, wherein the heat exchanger transfers thermal energy from
the first working fluid to the second working fluid mixture; a first Rankine cycle system comprising a
first pump that dirpetsybe it Sreririnadiudibreroihar expomiaRraadibmeansienssr inas s irand a
second Rankine ?/cle system comprising a second pump that directs the second working fluid mixture

through &S JHIELF AL adhe MM ARG FUlHIAL e RLHDr AR5 9L AFRMNS VAL B WA sBcond working

fluid mixtgeenignstiarcengaitseastbaleeleanae SYeaIMahaeratr Retweanibasaaprsyeratyeshiiafethe
second turbine generator and a_coolin% medium; wherein the second working fluid mixture is

charactef284N) MEYHAL ACEIRERGSALIGAS HAAE BERVIUMAR G %imately five degrees and thirty degrees

Kelvin, a condensing pressure between approximately one tenth of one percent and eleven percent of a
critical pressure of the second working fluid mixture, and a condenser bu?ﬁ)l? oint t(%mperature between
r

approximstely o YUSYRLEA N HRHE ety eSS 1N AR aUARAAP LR B SRRTFS WA SY T ooling

medium is received by the condenser. 14. The system of claim 13, wherein the second working fluid
mixture comprises a first chemical component and a second chemical component, and the first chemical
componehtand IE A AL CoUSHER Do SO S GOHIERES & L3y Eh6EARn, o
fluorocarbempunetherna hydeshiospuoitzt aboapoadydaidonenarhval @ dvpioniectkeione second
hydrofluorp ether, a hydrochloroflyoro olefin, a bromofluaro olefin, a fluoro olefin, a hydroflupro olefin, a
cyclic siGUEHB GHIE R TROLFH SARECO[PHH: 2 sierh QP DR LatARe o O B RN A Ebrfbonent
comprisesyalr trdsd @ik ofddddsen Redpdrofluorocarbon, afinated ketone, a hydrofluoro ether, a
R236ea,1,1,1,2.2 4 5.5 5-nopgfluorg-4-(trifluoromethyl)-3-pentanone, 7000, R1234ze, R1234yf, R1233zd
and RSOOSR AIRTER AT TS HAIGHER the BAEo U HRer A SR SR b ASHELE ot loast
one of patilexendaxane Jilsehesitmeareyclopentane, cyclohexane, R245fa, R1234ze, isopentane, R161,
R30, R134a, R1233 zd, C7FK, is obutene,1,1,1,2,2,4,5,5,5-nonafluoro-4- (trifluoromethyl)-3- pentanone,
R236ea, HI-E-7000, CF3l and R1243zf. 17. The system of claim 13, wherein the evaporator transfers
thermal e2@rgy imteetbpstiest wbdking flgdvilesneinthermal source fluid received from one of a geothermal
reservoir, a compustion engine, a solar-thermal system, an incin an industrial system, and the
cooling mediu:anSﬁt\b%%Q@qA}'?éf&O&P%OSFQﬁiaﬂﬁﬂ%&?&%agtg&ai@ﬁg‘é s?%%g%ff"claim 13, wherein
theevapdR8é ca/bris 5 24 61a 5 el sysietn(trifld ofdredy3ipentindas H BEATG00 | rRib2Jise working
fluid comprises, a fi ical ent and a second chemical component, and the first chemical
compone%iz?ﬁé%ﬁgigggég &ng%g&ﬂfﬁggnt each comprise at least one of a hydrocarbon, a
fluorocarbon, antedtsacendycheottabioomocadnn compydess|abfeassiopantafiepivatett ketonexane,
hydrofluoro ether, a hydrochlorofluor in romofluoro olefi fl fin, a luor fin, a
cycitc SRR Gl QGHATG. 07 THe 1Ll b1 HRRIS Chdran T e e apeithear
componeasbbatepasks At 2gt, 61 ShBrisdiag e 244 Bl uvoethyl)-3-pentanone, R236ea, HFE-7000,
R236ea,JC|1_.§1,2 2 j@,?ﬁgpnaﬂuoro-4-(trifluoromethyl)-3-pentanone, HI-F-7000, R1234ze, R1234yf,
R1233zdand ﬁﬁ‘ﬁ Zt, and the second chemical component comprises at least one of pentane,
hexane, isohexane, cyclopentane, cyclohexane, R245fa, R1234ze, isopentane, R161, R30, R134a,

R1233zd, C7FK, isobutene,1,1,1,2,2,4,5,5,5-nonafluoro-4-(trifluoromethyl)-3-pentanone, R236ea,
H1-E-7000, CF3Il and R1243zf.
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