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(54) RANKINE CYCLE SYSTEM

(57) A Rankine cycle system (1a - 1 e) includes a
heat pump cycle passage (4), a Rankine cycle passage
(3), a cooling liquid passage (7), a compressor (5), an
engine (2), a pump (17), a heater (6), and an expander
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(16). The compressor (5) compresses a refrigerant. The
engine (2) drives the compressor (5) and is cooled by a
cooling liquid flowing in the cooling liquid passage (7).
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Description
BACKGROUND
1. Technical Field

[0001] The presentdisclosure relates to a Rankine cy-
cle system.

2. Description of the Related Art

[0002] To date, Rankin cycle systems that are
equipped with a Rankine cycle device for generating
electric power have been used. Examples of the Rankine
cycle system include a system that operates a Rankin
cycle device by using exhaust heat from an engine as a
heat source.

[0003] For example, Japanese Unexamined Patent
Application Publication No. 2012-242015 (hereinafter re-
ferred to as Patent Document 1) describes an engine-
driven air conditioner including a Rankine cycle circuit
140 shown in Fig. 9. The engine-driven air conditioner
includes an air-conditioning circuit 111 and a cooling lig-
uid circuit 130. During a cooling operation, the Rankine
cycle circuit 140 heats a working fluid by using exhaust
heat from a gas engine 110 and recovers mechanical
power. The Rankine cycle circuit 140 includes a second
auxiliary heat exchanger 133, a plate heat exchanger
141, an expander 142, a Rankine cycle radiator 143, a
receiver 144, and a pump 145. The expander 142 ex-
pands the working fluid that has passed through the plate
heat exchanger 141 and generates mechanical power.
A generator 146 is mechanically connected to the ex-
pander 142, and the generator 146 converts mechanical
energy (mechanical power) generated by the expander
142 into electrical energy. The working fluid that has
flowed out of the expander 142 is condensed in the Rank-
ine cycle radiator 143 by exchanging heat with outdoor
air.

[0004] The air-conditioning circuit 111 forms a channel
along which a refrigerant discharged from a compressor
112, which is driven by the gas engine 110, flows until
the refrigerant is sucked into the compressor 112. The
air-conditioning circuit 111 includes a four-way valve 113,
an outdoor unit heat exchanger 114, a check valve 115a,
an electronic expansion valve 115b, an expansion valve,
an indoor unit heat exchanger, a first auxiliary heat ex-
changer 116, an electronic expansion valve 117, and an
accumulator 118. The first auxiliary heat exchanger 116
and the second auxiliary heat exchanger 133 are dis-
posed in a first cooling liquid supply passage 136 and a
second cooling liquid supply passage 137, each of which
is capable of supplying a cooling liquid and which are
independent from each other. Afirst electronic expansion
valve 138 and a second electronic expansion valve 139
are disposed in the first cooling liquid supply passage
136 and the second cooling liquid supply passage 137.
[0005] The cooling liquid circuit 130 includes a water
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pump 131, the first auxiliary heat exchanger 116, the sec-
ond aucxiliary heat exchanger 133, a thermostat 135, and
the like. The cooling liquid circuit 130 includes a bypass
channel 134.

[0006] During a cooling operation, if the cooling liquid
temperature T is higher than a lower temperature T1 and
lower than or equal to a higher temperature T2, a cooling
liquid, which has been pumped by the water pump 131
and passed through the gas engine 110, mainly flows
through the second auxiliary heat exchanger 133 and
returns to the water pump 131. In this case, the second
auxiliary heat exchanger 133 uses exhaust heat from the
gas engine 110 to increase the pressure of the working
fluid of the Rankine cycle circuit 140 via the cooling liquid.
As a result, the mechanical-power-recovery efficiency of
the Rankine cycle circuit 140 is improved.

[0007] During a heating operation, if the cooling liquid
temperature T is higher than the lower temperature T1
and lower than or equal to the higher temperature T2,
the cooling liquid, which has been pumped by the water
pump 131 and passed through the gas engine 110, flows
through the firstauxiliary heat exchanger 116 and returns
to the water pump 131. In this case, the first auxiliary
heat exchanger 116 uses exhaust heat from the gas en-
gine 110 to heat and evaporate the refrigerant of the air-
conditioning circuit 111 via the cooling liquid. As a result,
the heating efficiency of the air-conditioning circuit 111
is improved. During a heating operation, if the cooling
liquid temperature T is higher than the higher tempera-
ture T2, the Rankine cycle radiator 143, which is in an
unused state, releases heat from the cooling liquid to the
outside. Thus, exhaust heat from the gas engine 110 is
released to the outside.

SUMMARY

[0008] The technology described in Patent Document
1 has room for improvement in exhaust-heat utilization
efficiency while enabling year-round power generation
using a Rankine cycle.

[0009] One non-limiting and exemplary embodiment
provides a Rankine cycle system that is capable of per-
forming year-round power generation by using a Rankine
cycle and that is advantageous in improving exhaust-
heat utilization efficiency.

[0010] Inonegeneral aspect, the techniques disclosed
here feature a Rankine cycle system including a heat
pump cycle passage in which a refrigerant flows; a Rank-
ine cycle passage in which a working fluid flows; a cooling
liquid passage in which a cooling liquid flows; a compres-
sor that is disposed in the heat pump cycle passage and
that compresses the refrigerant; an engine that is con-
nected to the compressor to drive the compressor and
that is cooled by the cooling liquid flowing in the cooling
liquid passage; a pump that is disposed in the Rankine
cycle passage and that pumps the working fluid; a heater
that is disposed in the Rankine cycle passage and that
heats the working fluid pumped by the pump by using
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exhaust heat from the engine; and an expander that is
disposed in the Rankine cycle passage and that expands
the working fluid heated by the heater.

[0011] The Rankine cycle system is capable of per-
forming year-round power generation by using the Rank-
ine cycle and is advantageous in improving exhaust-heat
utilization efficiency.

[0012] It should be noted that general or specific em-
bodiments may be implemented as a system, a method,
an integrated circuit, a computer program, a storage me-
dium or any selective combination thereof.

[0013] Additional benefits and advantages of the dis-
closed embodiments will become apparent from the
specification and drawings. The benefits and/or advan-
tages may be individually obtained by the various em-
bodiments and features of the specification and draw-
ings, which need not all be provided in order to obtain
one or more of such benefits and/or advantages.

BRIEF DESCRIPTION OF THE DRAWINGS
[0014]

Fig. 1 illustrates an example of a Rankine cycle sys-
tem according to a first embodiment of the present
disclosure;

Fig. 2A illustrates the Rankine cycle system of Fig.
1 during a cooling operation;

Fig. 2B illustrates of the Rankine cycle system of Fig.
1 during a heating operation;

Fig. 3A illustrates the Rankine cycle system of Fig.
1 when heating a heat medium;

Fig. 3B illustrates the Rankine cycle system of Fig.
1 when heating a refrigerant;

Fig. 4 illustrates a Rankine cycle system according
to a modification;

Fig. 5 illustrates a Rankine cycle system according
to another modification;

Fig. 6 illustrates an example of a Rankine cycle sys-
tem according to a second embodiment of the
present disclosure;

Fig. 7A illustrates the Rankine cycle system of Fig.
6 during a cooling operation;

Fig. 7B illustrates the Rankine cycle system of Fig.
6 during a heating operation;

Fig. 8 illustrates a Rankine cycle system according
to a modification; and

Fig. 9 illustrates an engine-driven air conditioner in-
cluding an existing Rankine cycle circuit.

DETAILED DESCRIPTION
First Embodiment

Underlying Knowledge Forming Basis of the Present Dis-
closure

[0015] The inventors examined a Rankine cycle sys-
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temthat drives a compressor of a heat pump cycle, which
is used for air conditioning, by using an engine and that
operates a Rankine cycle by using exhaust heat from the
engine, in order to enable the Rankin cycle system to
perform year-round power generation. In addition, the
inventors examined how to improve the exhaust-heat uti-
lization efficiency of the Rankine cycle system. As a re-
sult, the inventors found providing a heat medium pas-
sage and enabling heat exchange between a cooling lig-
uid for cooling the engine and a refrigerant of the heat
pump cycle. In addition, the inventors found enabling
heat exchange between the cooling liquid for cooling the
engine and a heat medium while enabling a working fluid,
which has been expanded by the expander, to release
heat of a working fluid to the heat medium. Thus, the
inventors found that it is possible to provide a Rankine
cycle system that is capable of performing year-round
power generation and that is advantageous in improving
exhaust-heat utilization efficiency.

[0016] Based on such new findings, the inventors de-
vised a Rankine cycle system according to the present
disclosure. With the technology described in Patent Doc-
ument 1, during a cooling operation, the Rankine cycle
radiator 143 releases exhaust heat from the Rankine cy-
cle circuit 140 to outdoor air. Therefore, exhaust heat
from the Rankine cycle circuit 140 is not efficiently used.
During a heating operation, the Rankine cycle radiator
143 releases exhaust heat from the gas engine 110 that
is not used by the air-conditioning circuit 111 from the
cooling liquid to the outside (outdoor air). Therefore, dur-
ing the heating operation, exhaust heat from the gas en-
gine 110 is not efficiently used and the Rankine cycle
circuit 140 cannot be operated. Thus, the technology de-
scribed in Patent Document 1 has a problem in that the
technology is not capable of efficiently using exhaust heat
from the Rankine cycle circuit 140 and exhaust heat from
the gas engine 110.

[0017] According to afirst aspect of the present disclo-
sure, a Rankine cycle system includes:

a heat pump cycle passage in which a refrigerant
flows;

a Rankine cycle passage in which a working fluid
flows;

a cooling liquid passage in which a cooling liquid
flows;

acompressorthatis disposed in the heat pump cycle
passage and that compresses the refrigerant;

an engine that is connected to the compressor to
drive the compressor and that is cooled by the cool-
ing liquid flowing in the cooling liquid passage;

a pump that is disposed in the Rankine cycle pas-
sage and that pumps the working fluid;

a heater that is disposed in the Rankine cycle pas-
sage and that heats the working fluid pumped by the
pump by using exhaust heat from the engine; and
an expander that is disposed in the Rankine cycle
passage and that expands the working fluid heated
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by the heater.

[0018] According to a second aspect of the present
disclosure, the Rankine cycle system according to first
aspect further includes:

a heat medium passage in which a heat medium
flows;

a first heat exchanger that is disposed in the cooling
liquid passage and the heat pump cycle passage
and that exchanges heat between the cooling liquid
and the refrigerant;

asecond heatexchanger thatis disposed inthe cool-
ing liquid passage and the heat medium passage
and that exchanges heat between the cooling liquid
and the heat medium; and

a first radiator that is disposed in the Rankine cycle
passage and the heat medium passage and that re-
leases heat of the working fluid expanded in the ex-
pander to the heat medium.

[0019] With the second aspect, the first radiator can
recover exhaust heat from the Rankine cycle by using
the heat medium. Thus, exhaust heat from the Rankine
cycle can be recovered by using the heat medium, and
the amount of recovered exhaust heatis large. Moreover,
the first heat exchanger can exchange heat between the
cooling liquid of the engine and the refrigerant of the heat
pump cycle; and the second heat exchanger can ex-
change heat between the cooling liquid of the engine and
the heat medium. Therefore, exhaust heat from the en-
gine can be used to heat the refrigerant flowing in the
heat pump cycle passage and to heat the heat medium.
Therefore, itis possible toincrease the amount of exhaust
heat from the Rankine cycle that is recovered while per-
forming power generation by using the Rankine cycle
and to improve the efficiency of utilizing exhaust heat
fromthe engine. Moreover, heat ofthe heatmedium heat-
ed by exhaust heat from the Rankine cycle can be re-
leased to the cooling liquid of the engine, and exhaust
heat from the Rankine cycle can be used to heat the
refrigerant flowing in the heat pump cycle passage. Fur-
thermore, the Rankine cycle can be operated during a
heating operation, and therefore it is possible to perform
year-round power generation by using the Rankine cycle.
[0020] According to a third aspect of the present dis-
closure, in the Rankine cycle system according to the
second aspect, the first heat exchanger and the second
heat exchanger are parallelly disposed in the cooling lig-
uid passage downstream of a position where the cooling
liquid cools the engine in a flow of the cooling liquid. With
the third aspect, the cooling liquid of the engine can be
used to heat either or both of the refrigerant flowing in
the heat pump cycle passage and the heat medium.
When the first heat exchanger heats the refrigerant flow-
ing in the heat pump cycle passage by using the cooling
liquid of the engine and the second heat exchanger heats
the heat medium by using the cooling liquid of the engine,
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the temperature of the cooling liquid supplied to the first
heat exchanger and the temperature of the cooling liquid
supplied to the second heat exchanger become substan-
tially the same as each other. Therefore, it is possible to
supply a cooling liquid having a stable temperature to the
first heat exchanger and the second heat exchanger and
to enhance the use of exhaust heat. Thus, the efficiency
of utilizing exhaust heat from the engine can be improved
easily.

[0021] According to a fourth aspect of the present dis-
closure, in the Rankine cycle system according to the
second aspect, the first heat exchanger and the second
heat exchanger are serially disposed downstream of a
position where the cooling liquid cools the engine in a
flow of the cooling liquid, and a cooling liquid outlet of the
first heat exchanger is located upstream of a cooling lig-
uid inlet of the second heat exchanger in the flow of the
cooling liquid. With the fourth aspect, the cooling liquid
that has passed through the first heat exchanger is sup-
plied to the second heat exchanger. Therefore, the tem-
perature of the cooling liquid supplied to second heat
exchanger is low. Therefore, the second heat exchanger
can easily heat the cooling liquid by using the heat me-
dium. The cooling liquid heated by the second heat ex-
changer cools the engine, and then the cooling liquid is
supplied to the first heat exchanger. Therefore, it is pos-
sible to easily use exhaust heat from the Rankine cycle
to heat the refrigerant flowing in the heat pump cycle
passage via the heat medium and the cooling liquid.
[0022] According to afifth aspect of the present disclo-
sure, the Rankine cycle system according to any one of
the second to fourth aspects further includes a second
radiator that is disposed in the cooling liquid passage
downstream of a position where the cooling liquid cools
the engine in a flow of the cooling liquid and that releases
heat of the cooling liquid. At least one of the first heat
exchanger and the second heat exchanger is disposed
in the cooling liquid passage between the position where
the cooling liquid cools the engine and a cooling liquid
inlet of the second radiator. With the fifth aspect, the cool-
ing liquid of the engine, having a comparatively high-tem-
perature, is supplied to at least one of the first heat ex-
changer and the second heat exchanger. Subsequently,
the second radiator releases the heat of the cooling liquid
of the engine. Therefore, the first heat exchanger heats
the refrigerant of the heat pump cycle by using the cooling
liquid having a comparatively high-temperature, or the
second heat exchanger heats the heat medium by using
the cooling liquid having a comparatively high tempera-
ture. Thus, for example, it is easy to increase the tem-
perature of the refrigerant sucked into the compressor,
or it is possible to respond to demand for high-tempera-
ture heat medium and to enhance the use of exhaust
heat. As a result, the efficiency of utilizing exhaust heat
from the engine can be easily improved while performing
power generation by using the Rankine cycle.

[0023] According to a sixth aspect of the present dis-
closure, the Rankine cycle system according to any one
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of the second to fifth aspects further includes an air-
cooled radiator thatis disposed in the Rankine cycle pas-
sage between an outlet of the expander and an inlet of
the pump and that releases heat of the working fluid to
external air. With the sixth aspect, when the demand for
the heat medium is zero or small, the Rankine cycle can
generate a large amount of electric power, because the
air-cooled radiator releases heat of the working fluid. By
using the air-cooled radiator in this way, it is possible to
increase the amount of electric power generated by the
Rankine cycle while reducing the amount of exhaust heat
from the Rankine cycle recovered by using the heat me-
dium. As a result, it is possible to change the ratio of the
amount of energy of the working fluid of the Rankine cycle
that is used as electrical energy to the amount of heat
energy of the working fluid of the Rankine cycle that is
recovered by the heat medium. Thus, the efficiency of
utilizing exhaust heat from the engine can be increased
more easily.

[0024] Hereinafter, a first embodiment of the present
disclosure will be described with reference to the draw-
ings. Note that the present disclosure is not limited to the
following description.

[0025] Referring to Fig. 1, a Rankine cycle system 1a
includes a heat pump cycle passage 4, a Rankine cycle
passage 3, a cooling liquid passage 7, a heat medium
passage 26, a compressor 5, an engine 2, a first heat
exchanger 15, a second heat exchanger 24, a pump 17,
a heater 6, an expander 16, and a first radiator 22. The
heat pump cycle passage 4 is a passage in which a re-
frigerant flows. The Rankine cycle passage 3 is a pas-
sage in which a working fluid flows. The cooling liquid
passage 7 is a passage in which a cooling liquid flows.
The heat medium passage 26 is a passage in which a
heat medium flows. The compressor 5 is disposed in the
heat pump cycle passage 4 and compresses the refrig-
erant. The engine 2 is connected to the compressor 5 to
drive the compressor 5. The engine 2 is cooled by the
cooling liquid flowing in the cooling liquid passage 7. The
first heat exchanger 15 is disposed in the cooling liquid
passage 7 and the heat pump cycle passage 4 and ex-
changes heat between the cooling liquid and the refrig-
erant. The second heat exchanger 24 is disposed in the
cooling liquid passage 7 and the heat medium passage
26 and exchanges heat between the cooling liquid and
the heat medium. The pump 17 is disposed in the Rank-
ine cycle passage 3 and pumps the working fluid. The
heater 6 is disposed in the Rankine cycle passage 3 and
heats the working fluid, which has been pumped by the
pump 17, by using exhaust heat from the engine 2. The
expander 16 is disposed in the Rankine cycle passage
3 and expands the working fluid heated by the heater 6.
The first radiator 22 is disposed in the Rankine cycle pas-
sage 3 and the heat medium passage 26 and releases
heat of the working fluid, which has been expanded by
the expander 16, to the heat medium.

[0026] The engine 2 is, for example, a gas engine that
converts energy generated by burning 13A-town gas or
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the like into mechanical power. The engine 2 is connected
to the compressor 5 via a transmission mechanism (not
shown), such as a crank shaft or a beltdrive device. Thus,
the mechanical power generated by the engine 2 is trans-
mitted to the compressor 5 to drive the compressor 5.
Exhaust gas is generated when a fuel is burned in the
engine 2. The exhaust gas is discharged to the outside
of the engine 2. For example, the exhaust gas generated
by the engine 2 is led to the heater 6, cooled by exchang-
ing heat with a working fluid flowing through the heater
6 in the Rankine cycle passage 3, and then discharged
to external air. The engine 2 may be another machine
that generates mechanical power by burning a gas fuel
that is not town gas or by burning a liquid fuel, such as
gasoline or heavy oil.

[0027] The cooling liquid passage 7 is a passage in
which the cooling liquid for cooing the engine 2 flows.
Referring to Fig. 1, the Rankine cycle system 1a further
includes, for example, a second radiator 10. The second
radiator 10 is disposed in the cooling liquid passage 7
downstream of a position where the cooling liquid cools
the engine 2 in the flow of the cooling liquid. The second
radiator 10 releases heat of the cooling liquid.

[0028] In the cooling liquid passage 7, for example, a
cooling liquid pump 8, an engine jacket 9, and the second
radiator 10 are disposed. These components are se-
quentially connected in a loop shape through pipes so
as to form a closed circuit. The cooling liquid, which is
pumped by the cooling liquid pump 8, absorbs heat gen-
erated by the engine 2 while passing through the engine
jacket 9. The second radiator 10 releases the heat of the
cooling liquid to external air. Subsequently, the cooling
liquid returns to the cooling liquid pump 8. The temper-
ature of the engine 2 is maintained in a desirable range,
because the cooling liquid cools engine 2 via the engine
jacket 9.

[0029] Referring to Fig. 1, the first heat exchanger 15
and the second heat exchanger 24 are parallelly dis-
posed in the cooling liquid passage 7 downstream of a
position (engine jacket 9) where the cooling liquid cools
the engine 2 in the flow of the cooling liquid. Thus, the
cooling liquid of the engine 2 can be used to heat either
or both of the refrigerant flowing in the heat pump cycle
passage 4 and the heat medium. When the first heat
exchanger 15 heats the refrigerant flowing in the heat
pump cycle passage 4 by using the cooling liquid of the
engine 2 and the second heat exchanger 24 heats the
heat medium by using the cooling liquid of the engine 2,
the temperature of the cooling liquid supplied to the first
heat exchanger 15 and the temperature of the cooling
liquid supplied to the second heat exchanger 24 become
substantially the same as each other.

[0030] For example, a flow divider valve 20 and a flow
divider valve 23 are disposed in the cooling liquid pas-
sage 7. The flow divider valve 20 and the flow divider
valve 23 are disposed, for example, in the cooling liquid
passage 7 between an outlet of the engine jacket 9 and
an inlet of the cooling liquid pump 8. For example, the



9 EP 3 293 372 A1 10

flow divider valve 23 is disposed in the cooling liquid pas-
sage 7 downstream of the flow divider valve 20 in the
flow of the cooling liquid. A pipe that connects the outlet
of the engine jacket 9 to the flow divider valve 20, a pipe
that connects a cooling liquid inlet of the first heat ex-
changer 15 to the flow divider valve20, and a pipe that
connects the flow divider valve 23 to the flow divider valve
20 are connected to the flow divider valve20. The pipe
that connects the flow divider valve 20 to the flow divider
valve 23, a pipe that connects a cooling liquid inlet of the
second heat exchanger 24 to the flow divider valve 23,
and a pipe that connects a cooling liquid inlet of the sec-
ond radiator 10 to the flow divider valve 23 are connected
to the flow divider valve 23. A cooling liquid outlet of the
first heat exchanger 15 is connected to a position in the
cooling liquid passage 7 between a cooling liquid outlet
of the second radiator 10 and the inlet of the cooling liquid
pump 8. A cooling liquid outlet of the second heat ex-
changer 24 is connected to a position in the cooling liquid
passage 7 between the cooling liquid outlet of the second
radiator 10 and the inlet of the cooling liquid pump 8.
[0031] For example, a cooling liquid that has flowed
out of the engine jacket 9 flows through the flow divider
valve 20 toward at least one of the first heat exchanger
15 and the flow divider valve 23. When the cooling liquid
is supplied to the first heat exchanger 15, the cooling
liquid flowing in the cooling liquid passage 7 and the re-
frigerant flowing in the heat pump cycle passage 4 ex-
change heat. Thus, the refrigerantis heated and the cool-
ing liquid is cooled. The cooling liquid that has passed
through the first heat exchanger 15 is led to a position in
the cooling liquid passage 7 between the cooling liquid
outlet of the second radiator 10 and the inlet of the cooling
liquid pump 8.

[0032] The cooling liquid that has passed through the
flow divider valve 20 and flowed toward the flow divider
valve 23 passes through the flow divider valve 23 and
flows toward at least one of the second heat exchanger
24 and the second radiator 10. When the cooling liquid
is supplied to the second heat exchanger 24, the cooling
liquid flowing in the cooling liquid passage 7 and the heat
medium flowing in the heat medium passage 26 ex-
change heat. Thus, ifthe temperature of the cooling liquid
is higher than the temperature of the heat medium, the
heat medium is heated and the cooling liquid is cooled.
If the temperature of the cooling liquid is lower than the
temperature of the heat medium, the cooling liquid is
heated and the heat medium is cooled. The cooling liquid
that has passed through the second heat exchanger 24
is led to a positioninthe cooling liquid passage 7 between
the cooling liquid outlet of the second radiator 10 and the
inlet of the cooling liquid pump 8.

[0033] Each ofthe first heat exchanger 15 and the sec-
ond heat exchanger 24 is an existing heat exchanger,
such as a plate heat exchanger or a double-pipe heat
exchanger.

[0034] The flow divider valve 20 and the flow divider
valve 23 are, for example, flow control valves that can
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adjust the flow rate of the cooling liquid supplied to the
first heat exchanger 15 and the second heat exchanger
24. Each of the flow divider valve 20 and the flow divider
valve 23 is an existing flow control valve, such as a needle
valve. Each of the flow divider valve 20 and the flow di-
vider valve 23 may be an on-off valve, such as a ball
valve.

[0035] Referringto Fig. 1, for example, the compressor
5, a four-way valve 11, an indoor heat exchanger 12, an
expansion valve 13, and an outdoor heat exchanger 14
are disposed in the heat pump cycle passage 4. These
components are sequentially connected in a loop shape
through pipes so as to form a closed circuit.

[0036] As described above, the compressor 5 is con-
nected to the engine 2 via a power transmission mech-
anism, and the engine 2 drives the compressor 5. The
compressor 5 is, for example, a positive-displacement
compressor. Examples of the positive-displacement
compressor includes a scroll compressor, a rotary com-
pressor, a screw compressor, and a reciprocating com-
pressor.

[0037] Four pipes are connected to the four-way valve
11. The four pipes include a pair of inflow pipes through
which a refrigerant flows into the four-way valve 11 and
a pair of outflow pipes through which the refrigerant flows
out of the four-way valve 11. The four-way valve 11 allows
the refrigerant that has flowed into the four-way valve 11
through one of the pair of inflow pipes to flow out to one
of the pair of outflow pipes; and the four-way valve 11
allows the refrigerant that has flowed into the four-way
valve 11 through the other of the pair of inflow pipes to
flow out to the other of the pair of outflow pipes. The four-
way valve 11 is capable of changing the direction (chan-
nel) inwhich the refrigerantflows out of the four-way valve
11 by switching the flow path inside the four-way valve
11. For example, the four pipes connected to the four-
way valve 11 include a first pipe, a second pipe, a third
pipe, and a fourth pipe. The first pipe forms at a least a
part of the heat pump cycle passage 4 that connects a
refrigerant discharge hole of the compressor 5 to the four-
way valve 11. The second pipe forms at a least a part of
the heat pump cycle passage 4 that connects the four-
way valve 11 to the indoor heat exchanger 12. The third
pipe forms at a least a part of the heat pump cycle pas-
sage 4 that connects the four-way valve 11 to the outdoor
heat exchanger 14. The fourth pipe forms at a least a
part of the heat pump cycle passage 4 that connects the
four-way valve 11 to arefrigerant suction hole of the com-
pressor 5. The four-way valve 11 is capable of selectively
switching between a state A and a state B by switching
between the channels therein. The state A is a state in
which the four-way valve 11 connects the inside of the
first pipe to the inside of the second pipe and connects
the inside of the third pipe to the inside of the fourth pipe.
The state B is a state in which the four-way valve 11
connects the inside of the first pipe to the inside of the
third pipe and connects the inside of the second pipe to
the inside of the fourth pipe.
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[0038] The indoor heat exchanger 12 is disposed, for
example, inside of a building. The indoor heat exchanger
12 exchanges heat between the refrigerant flowing in the
heat pump cycle passage 4 and indoor air, thereby cool-
ing or heating the refrigerant. An existing heat exchanger,
such as a finned-tube heat exchanger, can be used as
the indoor heat exchanger 12. When the refrigerant flow-
ing in the heat pump cycle passage 4 passes through
the expansion valve 13, the refrigerant is depressurized
and expanded and the pressure and the temperature of
the refrigerant decrease. The outdoor heat exchanger 14
is disposed, for example, outside of a building. The out-
door heat exchanger 14 exchanges heat between the
refrigerant flowing in the heat pump cycle passage 4 and
external air, thereby cooling or heating the refrigerant.
An existing heat exchanger, such as a finned-tube heat
exchanger, can be used as the outdoor heat exchanger
14.

[0039] Thefirstheatexchanger15exchanges heatbe-
tween the cooling liquid flowing in the cooling liquid pas-
sage 7 and the refrigerant flowing in the heat pump cycle
passage 4, thereby heating the refrigerant. The position
of the first heat exchanger 15 in the heat pump cycle
passage 4 is not limited to a particular position. The heat
pump cycle passage 4 is divided into two portions by the
compressor 5 and the expansion valve 13, and the first
heat exchanger 15 is disposed in one of the two portions
that includes a refrigerant channel of the outdoor heat
exchanger 14. In this case, the first heat exchanger 15
is disposed, for example, between the refrigerant suction
hole of the compressor 5 or the four-way valve 11 and
the outdoor heat exchanger 14.

[0040] Referring to Fig. 1, for example, the Rankine
cycle system 1 a further includes an air-cooled radiator
19. The air-cooled radiator 19 is disposed between an
outlet of the expander 16 and an inlet of the pump 17 in
the Rankine cycle passage 3 and releases heat of the
working fluid to external air.

[0041] Referring to Fig. 1, for example, in the Rankine
cycle passage 3, the expander 16, the first radiator 22,
the pump 17, and the heater 6 are sequentially connected
in a loop shape so as to form a closed circuit. For exam-
ple, the air-cooled radiator 19 and the first radiator 22 are
parallelly disposed. For example, a flow divider valve 25
is disposed in the Rankine cycle passage 3 between the
outlet of the expander 16 and a working fluid inlet of the
first radiator 22. A pipe that connects the outlet of the
expander 16 to the flow divider valve 25, a pipe that con-
nects the working fluid inlet of the first radiator 22 to the
flow divider valve 25, and a pipe that connects the work-
ing fluid inlet of the air-cooled radiator 19 to the flow di-
vider valve 25 are connected to the flow divider valve 25.
The working fluid outlet of the air-cooled radiator 19 is
connected to a portion of the Rankine cycle passage 3
between the working fluid outlet of the first radiator 22
and the inlet of the pump 17.

[0042] The expander 16 converts the energy of the
working fluid into rotational power by expanding the work-
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ing fluid. A generator 21 is connected to the rotary shaft
of the expander 16, and the expander 16 drives the gen-
erator 21. The expander 16 is, for example, a positive-
displacement expander or a velocity-type expander. Ex-
amples of a positive-displacement expander that can be
used as the expander 16 include a scroll expander, a
rotary expander, a screw expander, and a reciprocating
expander. Examples of a velocity-type expander that can
be used as the expander 16 include an expansion turbine.
[0043] Preferably, the expander 16 is a positive-dis-
placement expander. Typically, a positive-displacement
expander has high expander efficiency in a rotation
speed range wider than that of a velocity-type expander.
For example, a positive-displacement expander can be
operated at a rotation speed lower than or equal to a half
of the rated rotation speed while maintaining high ex-
pander efficiency. That is, it is possible to reduce power
generation amount to a level lower than or equal to a half
of the rated power generation amount while maintaining
high expander efficiency. By using the positive-displace-
ment expander having such characteristics as the ex-
pander 16, the Rankine cycle system 1a can satisfy a
need for flexibly changing the power generation amount
in response to a change in heat demand. In addition, by
using a positive-displacement expander as the expander
16, itis possible to change the power generation amount
in response to a change in electric power demand while
maintaining high expander efficiency.

[0044] The first radiator 22 exchanges heat between
the working fluid discharged from the expander 16 and
the heat medium flowing in the heat medium passage
26, thereby cooling the working fluid and heating the heat
medium. The first radiator 22 is an existing heat exchang-
er, such as a plate heat exchanger or a double-pipe heat
exchanger.

[0045] The air-cooled radiator 19 releases, to external
air, heat of the working fluid that has been discharged
from the expander 16 and passed through the flow divider
valve 25 toward the air-cooled radiator 19. Thus, the
working fluid is cooled. The air-cooled radiator 19 is an
existing heat exchanger, such as a finned-tube heat ex-
changer.

[0046] The pump 17 sucks the working fluid that has
flowed out of the first radiator 22 or the air-cooled radiator
19 thereinto and pumps the working fluid toward the heat-
er 6. A positive-displacement pump or a velocity-type
pump can be used as the pump 17. Examples of a pos-
itive-displacement pump that can be used as the pump
17 include a piston pump, a gear pump, a vane pump,
and a rotary pump. Examples of a velocity-type pump
that can be used as the pump 17 include a centrifugal
pump, a mixed flow pump, and an axial flow pump.
[0047] The heater 6 is a heat exchanger that absorbs
heat energy of exhaust gas generated in the engine 2.
An existing heat exchanger, such as a plate heat ex-
changer or a finned-tube heat exchanger, can be used
as the heater 6. The heater 6 exchanges heat between
the exhaust gas supplied from the engine 2 and the work-
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ing fluid flowing in the Rankine cycle passage 3. Thus,
the working fluid flowing in the Rankine cycle passage 3
is heated and evaporated.

[0048] Preferably,the workingfluid flowinginthe Rank-
ine cycle passage 3 is an organic working fluid made of
a predetermined organic compound. In many cases, the
boiling point of an organic working fluid is low. Therefore,
by using an organic working fluid as the working fluid that
flows in the Rankine cycle passage 3, the Rankine cycle
system 1a can generate electric power with high efficien-
cy even when the temperature of exhaust gas supplied
fromthe engine 2 is in the range of about 200°C to 400°C.
An organic compound, such as a halogenated hydrocar-
bon orahydrocarbon, can be used as the organic working
fluid that flows in the Rankine cycle passage 3. Examples
of a halogenated hydrocarbon that can be used as the
organic working fluid that flows in the Rankine cycle pas-
sage 3 include R-134a, R-245fa, R-1234ze, and R-
356mfc. Examples of a hydrocarbon that can be used as
the organic working fluid that flows in the Rankine cycle
passage 3 include propane, butane, pentane, and iso-
pentane. One organic compound may be used as the
organic working fluid, or a mixture of two or more organic
compounds may be used as the organic working fluid. In
some cases, an inorganic compound, such as water, car-
bon dioxide, or ammonia, may be used as the working
fluid that flows in the Rankine cycle passage 3.

[0049] The heat medium that flows in the heat medium
passage 26 is, for example, water. For example, hot wa-
ter is generated while water passes through the heat me-
dium passage 26, and the hot water is supplied through
the heat medium passage 26 to be used as it is or to be
used for heating air. In the heat medium passage 26, a
pump (not shown), the first radiator 22, the second heat
exchanger 24, and a hot water tank (not shown) are dis-
posed. These components are sequentially connected
in a loop shape through pipes so as to form a closed
circuit.

[0050] While water that has been discharged from the
pump (not shown) disposed in the heat medium passage
26 passes through the first radiator 22, the water absorbs
heat of the working fluid flowing in the Rankine cycle pas-
sage 3. Moreover, while the water passes through the
second heat exchanger 24, the water exchanges heat
with the cooling liquid flowing in the cooling liquid pas-
sage 7. Subsequently, hot water that has passed through
the second heat exchanger 24 flows into the hot water
tank (not shown) to be stored. The hot water stored in
the hot water tank is supplied to be used as it is or to be
used for heating air so as to respond to heat demand.
When the heat medium passes through the second heat
exchanger 24, the heat medium is heated if the temper-
ature of the cooling liquid supplied to the second heat
exchanger 24 is higher than the temperature of the heat
medium. The heat medium is cooled if the temperature
ofthe cooling liquid supplied to the second heat exchang-
er 24 is lower than the temperature of the heat medium.
[0051] For example, water, oil, or a coolant is used as
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the heat medium that flows in the heat medium passage
26.

[0052] An exemplary operation of the Rankine cycle
system 1 a will be described. When the pump 17 of the
Rankine cycle passage 3 pumps the working fluid, the
working fluid is pressurized and flows into the heater 6.
When the engine 2 is operating, the heater 6 exchanges
heat between the working fluid flowing in the Rankine
cycle passage 3 and exhaust gas generated in the engine
2, thereby heating and evaporating the working fluid.
Thus, the working fluid becomes a high-temperature and
high-pressure vapor. The high-temperature and high-
pressure working fluid that has flowed out of the heater
6 flows into the expander 16. The expander 16 converts
the pressure energy of the working fluid into mechanical
energy to drive the generator 21. Thus, the generator 21
generates electric power. The working fluid discharged
from the expander 16 passes through the flow divider
valve 25 and flows into the first radiator 22. The first ra-
diator 22 releases the heat of the working fluid, which
has been expanded by the expander, to the heat medium
(for example, water) flowing in the heat medium passage
26. Thus, the working fluid is cooled and condensed.
[0053] Ifthefirstradiator 22 is notcapable of sufficiently
cooling the working fluid by using the heat medium flow-
ing in the heat medium passage 26, the flow divider valve
25 may be controlled so that a part of the working fluid
is led to the air-cooled radiator 19, and the air-cooled
radiator 19 may release heat of the part of the working
fluid. By doing so, as necessary, it is possible to make
up for the deficiency in the ability of the first radiator 22
to cool the working fluid. The working fluid that has flowed
out of the first radiator 22 and the air-cooled radiator 19
becomes a low-temperature and low-pressure liquid and
is led to the pump 17. Electric power generated by the
generator 21 is consumed in, for example, the heat pump
cycle passage 4, the engine 2, and the Rankine cycle
passage 3. In some cases, flow of electric power gener-
ated by the generator 21 may be reversed by using a
power converter in order to sell the electric power to an
electric power company.

[0054] Next, an exemplary operation of the Rankine
cycle system 1a when a cooling operation is performed
in the heat pump cycle passage 4 will be described. Re-
ferring to Fig. 2A, during the cooling operation, the engine
2 rotates the compressor 5 and the compressor 5 sucks
arefrigerantthereinto, and thereby the refrigerant is com-
pressed to become a high-temperature and high-pres-
sure vapor and led to the four-way valve 11. During the
cooling operation, the four-way valve 11 is in the state
B. The refrigerant, which has been discharged from the
compressor 5, passes through the four-way valve 11 and
the first heat exchanger 15, and flows into the outdoor
heat exchanger 14. The outdoor heat exchanger 14 ex-
changes heat between the refrigerant and external air,
and thereby the refrigerant becomes a low-temperature
and high-pressure refrigerant and is led to the expansion
valve 13. The expansion valve 13 decompresses and
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expands the refrigerant, and thereby the refrigerant be-
comes a low-temperature and low-pressure refrigerant.
Subsequently, the refrigerant is supplied to the indoor
heat exchanger 12. The indoor heat exchanger 12 ex-
changes heat between the refrigerant and indoor air,
thereby heating the refrigerant. Thus, the indoor air is
cooled and the indoor space is cooled. The refrigerant,
which has passed through the indoor heat exchanger 12,
passes through the four-way valve 11 and flows into the
compressor 5 from the suction hole of the compressor
5.In Figs. 2A, 2B, 3A, and 3B, the chain-line arrows rep-
resent flow of the refrigerant in the heat pump cycle pas-
sage 4, the solid-line arrows represent flow of the working
fluid in the Rankine cycle passage 3, the two-dot-chain-
line arrows represent flow of the cooling liquid in the cool-
ing liquid passage 7, and the broken-line arrows repre-
sent flow of the heat medium in the heat medium passage
26.

[0055] Referring to Fig. 2A, in the first radiator 22, the
heat medium flowing in the heat medium passage 26
absorbs heat of the working fluid flowing in the Rankine
cycle passage 3. Moreover, in the second heat exchang-
er 24, the heat medium absorbs heat of the cooling liquid
of the engine 2 flowing in the cooling liquid passage 7.
Thus, for example, hot water is generated.

[0056] Referring to Fig. 2A, the cooling liquid flowing
in the cooling liquid passage 7 is heated by the engine 2
via the engine jacket 9. The cooling liquid passes through
the flow divider valve 20 and is led to the flow divider
valve 23. During the cooling operation, the heat pump
cycle passage 4 need not receive the heat of the cooling
liquid of the engine 2. Therefore, usually, the flow divider
valve 20 is controlled so that the entire amount of the
cooling liquid is led to the flow divider valve 23. In some
cases, during a cooling operation, the flow divider valve
20 may be controlled so that a part of the cooling liquid
is led to the first heat exchanger 15. In such a case, the
heat of the cooling liquid of the engine 2 is transferred to
the refrigerant flowing in the heat pump cycle passage
4. Then, the outdoor heat exchanger 14 releases the
heat.

[0057] The flow divider valve 23 divides the flow of the
cooling liquid that has passed through the flow divider
valve 20 into, for example, a flow toward the second ra-
diator 10 and a flow toward the second heat exchanger
24. If there is a demand for heating the heat medium by
using the second heat exchanger 24, at least a part of
the cooling liquid that has passed through the flow divider
valve 20 is supplied to the second heat exchanger 24 as
illustrated in Fig. 3A. The second heat exchanger 24 ex-
changes heat between the cooling liquid supplied thereto
and the heat medium (for example, water) flowing in the
heat medium passage 26, thereby cooling the cooling
liquid. The second heat exchanger 24 heats the heat me-
dium. If the heat medium is water, the temperature of hot
water is increased.

[0058] If heat demand is high, that is, if the heat medi-
um is water and high-temperature hot water or a large
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amount of hot water is necessary, the flow divider valve
23 is controlled so that a large amount of cooling liquid
flows toward the second heat exchanger 24. In some
cases, the flow divider valve 23 may be controlled so that
the entire amount of the cooling liquid that has passed
through the flow divider valve 20 is led to the second heat
exchanger 24. If demand for hot water is low, the flow
divider valve 23 is controlled so that a large amount of
cooling liquid flows toward the second radiator 10. If it is
not necessary to heat the heat medium by using the sec-
ond heat exchanger 24, the flow divider valve 23 may be
controlled so that the entire amount of the cooling liquid
that has passed through the flow divider valve 20 is led
to the second radiator 10.

[0059] Referring to Fig. 2A, during the cooling opera-
tion, the working fluid absorbs heat of exhaust gas from
the engine 2 in the heater 6 and flows in the Rankine
cycle passage 3 while changing its phase as described
above. Thus, power generation is performed.

[0060] Next, an exemplary operation of the Rankine
cycle system 1a when a heating operation is performed
in the heat pump cycle passage 4 will be described. Re-
ferringto Fig. 2B, during the heating operation, the engine
2 rotates the compressor 5 and the compressor 5 sucks
arefrigerantthereinto, and thereby the refrigerant is com-
pressed to become a high-temperature and high-pres-
sure vapor and led to the four-way valve 11. During the
heating operation, the four-way valve 11 is in the state
A. The refrigerant, which has been discharged from the
compressor 5, passes through the four-way valve 11 and
is supplied to the indoor heat exchanger 12. The indoor
heat exchanger 12 exchanges heat between the refrig-
erant and indoor air, and thereby the refrigerant is cooled
and becomes a low-temperature and high-pressure re-
frigerant. Subsequently, the refrigerant flows toward the
expansion valve 13. Thus, the indoor air is heated and
the indoor space is heated. The expansion valve 13 de-
pressurizes and expands the refrigerant, and thereby the
refrigerant becomes a low-temperature and low-pres-
surerefrigerant. Subsequently, the refrigerant is supplied
to the outdoor heat exchanger 14. The outdoor heat ex-
changer 14 exchanges heat between the refrigerant and
external air, thereby heating the refrigerant. Subsequent-
ly, the refrigerant is supplied to the first heat exchanger
15. In the first heat exchanger 15, the refrigerant receives
heat of the cooling liquid flowing in the cooling liquid pas-
sage 7. Subsequently, the refrigerant passes through the
four-way valve 11 and is sucked into the compressor 5.
[0061] Referring to Fig. 2B, during the heating opera-
tion, in the same way as in a cooling operation, the pump
17 pumps and pressurizes the working fluid, and the
working fluid flows into the heater 6. As described above,
the working fluid flows in the Rankine cycle passage 3
while changing its phase. Thus, power generation is per-
formed.

[0062] Referring to Fig. 2B, in the first radiator 22, the
heat medium flowing in the heat medium passage 26
absorbs heat of the working fluid flowing in the Rankine
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cycle passage 3. Moreover, in the second heat exchang-
er 24, the heat medium absorbs heat of the cooling liquid
of the engine 2 flowing in the cooling liquid passage 7.
Thus, for example, hot water is generated.

[0063] Referring to Fig. 2B, the cooling liquid flowing
in the cooling liquid passage 7 is heated by the engine 2
via the engine jacket 9. Then, the cooling liquid is led by
the flow divider valve 20 to the first heat exchanger 15
and the flow divider valve 23. The first heat exchanger
15 exchanges heat between the cooling liquid, which has
passed through the flow divider valve 20 and has been
supplied to the firstheatexchanger 15, and the refrigerant
flowingin the heat pump cycle passage 4, thereby cooling
the cooling liquid. At this time, the refrigerant is heated.
The flow divider valve 23, for example, divides the flow
of the cooling liquid that has passed through the flow
divider valve 20 into a flow toward the second radiator
10 and a flow toward the second heat exchanger 24. The
second radiator 10 exchanges heat between the cooling
liquid supplied to the second radiator 10 and external air,
thereby cooling the cooling liquid. The second heat ex-
changer 24 exchanges heat between the cooling liquid
supplied thereto and the heat medium (for example, wa-
ter) flowing in the heat medium passage 26, thereby cool-
ing the cooling liquid. At the same time, the second heat
exchanger 24 heats the heat medium. If the heat medium
is water, the temperature of hot water is increased.
[0064] During the heating operation, the flow divider
valve 20 and the flow divider valve 23 are controlled on
the basis of the ratio of heat demand for heating the re-
frigerant flowing in the heat pump cycle passage 4 by
using the first heat exchanger 15 to heat demand for hot
water to be generated in the heat medium passage 26.
Thus, it is possible to adjust the flow rates of the cooling
liquid to be supplied the first heat exchanger 15 and the
second heat exchanger 24.

[0065] There is a case where the demand for heating
the refrigerant flowing in the heat pump cycle passage 4
by using the first heat exchanger 15 is low or a case
where the ratio of the demand for heating the refrigerant
to the demand for heating the heat medium is high. In
such a case, the flow divider valve 20 is controlled so
that the flow rate of the cooling liquid supplied to the first
heat exchanger 15 is low and the flow rate of the cooling
liquid that flows toward the flow divider valve 23 is high.
In addition, the flow divider valve 23 is controlled so that
the flow rate of the cooling liquid supplied to the second
heat exchanger 24 is high. Thus, the amount of heat en-
ergy supplied, for example, as hot water can be in-
creased.

[0066] Ifthe demand for heating the refrigerant flowing
in the heat pump cycle passage 4 by using the first heat
exchanger 15 is high, the flow divider valve 20 is control-
led so that the flow rate of the cooling liquid supplied to
the first heat exchanger 15 is high. In particular, when
the temperature of outdoor air is low, the demand for
heating the refrigerant flowing in the heat pump cycle
passage 4 by using the first heat exchanger 15 is high.
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In this case, for example, the flow divider valve 20 may
be controlled so that the entire amount of the cooling
liquid that has passed through the flow divider valve 20
is led to the first heat exchanger 15. For example, the
Rankine cycle system 1a includes a temperature sensor
(not shown) for detecting the temperature of the refrig-
erant that is sucked into the compressor 5. If the temper-
ature detected by the temperature sensor is lower than
or equal to a predetermined threshold, the flow divider
valve 20 is controlled so that the entire amount of the
cooling liquid that has passed through the flow divider
valve 20 is led to the first heat exchanger 15.

[0067] In some cases, the Rankine cycle system 1a
can be operated so that heat released from the working
fluid flowing in the Rankine cycle passage 3 is used to
heat the refrigerant flowing in the heat pump cycle pas-
sage 4. An exemplary operation of the Rankine cycle
system 1a in such a case will be described.

[0068] Referring to Fig. 3B, the first radiator 22 heats
a heat medium flowing in the heat medium passage 26
by using the working fluid. The heat medium heated by
the first radiator 22 flows toward the second heat ex-
changer 24. The cooling liquid flowing in the cooling liquid
passage 7 cools the engine 2 via the engine jacket 9 and
is led to the flow divider valve 20. The flow divider valve
20 divides the flow of the cooling liquid into a flow toward
the first heat exchanger 15 and a flow toward the flow
divider valve 23. The flow divider valve 23 guides a part
of the cooling liquid to the second heat exchanger 24.
The temperature of the cooling liquid supplied to the sec-
ond heat exchanger 24 is lower than the temperature of
the heat medium. Therefore, the second heat exchanger
24 heats the cooling liquid by using the heat medium. A
part of the cooling liquid heated in the second heat ex-
changer 24 passes through the cooling liquid pump 8,
the engine jacket 9, and the flow divider valve 20 and is
led to the first heat exchanger 15. The first heat exchang-
er 15 heats the refrigerant flowing in the heat pump cycle
passage 4 by using the cooling liquid. In this way, heat
thatis released from the working fluid flowing in the Rank-
ine cycle passage 3 (exhaust heat from the Rankine cy-
cle) is used to heat the refrigerant flowing in the heat
pump cycle passage 4.

[0069] The Rankine cycle system 1a can heat the heat
medium by using exhaust heat from the Rankine cycle
and can generate, for example, hot water. Thus, it is pos-
sible to recover exhaust heat from the Rankine cycle by
using the heat medium (for example, water), so that a
large amount of exhaust heat is recovered. In addition,
itis possible to use exhaust heat from the engine 2, which
has been recovered by using the cooling liquid, to heat
either or both of the refrigerant flowing in the heat pump
cycle passage 4 and the heat medium recovered from
exhaust heat from the Rankine cycle. For example, it is
possible to use exhaust heat from the engine 2, which
has been recovered by using the cooling liquid, in ac-
cordance with the ratio of heat demand for heating the
refrigerant flowing in the heat pump cycle passage 4 to
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heat demand for heating the heat medium passing
through the heat medium passage 26 and supplied.
Thus, it is possible to increase the amount of exhaust
heat recovered while performing power generation by
using the Rankine cycle and to increase the efficiency of
utilizing exhaust heat from the engine 2.

[0070] The Rankine cycle system 1a can adjust the
flow rate of the working fluid supplied to the first radiator
22 and the air-cooled radiator 19 by using the flow divider
valve 25 disposed in the Rankine cycle passage 3. Thus,
it is possible to supply a large amount of working fluid to
the first radiator 22 by adjusting the flow divider valve 25
when the heat demand is high, and therefore the Rankine
cycle system 1 a can respond to high heat demand. In
addition, if the heat demand is low, it is possible to in-
crease the amount of electric power generated by the
Rankine cycle by increasing the flow rate of the working
fluid supplied to the air-cooled radiator 19. Therefore, it
is possible to perform power generation by using the
Rankine cycle, regardless of the operating condition,
such as a cooling operation or a heating operation, in the
heat pump cycle passage 4. In addition, it is possible to
use exhaust heat from the engine 2, which has been re-
covered by the cooling liquid, to heat the refrigerant flow-
ing in the heat pump cycle passage 4 or the heat medium
flowing in the heat medium passage 26, and therefore
the Rankine cycle system 1 a can flexibly respond to
various heat demands. As a result, the efficiency of uti-
lizing exhaust heat from the engine 2 can be improved.
[0071] In the cooling liquid passage 7 of the Rankine
cycle system 1a, the flow divider valve 20 is disposed
between the first heat exchanger 15 and the outlet of the
engine jacket 9, and the flow divider valve 20 and the
flow divider valve 23 are disposed between the second
heat exchanger 24 and the outlet of the engine jacket 9.
Thus, the refrigerant flowing in the heat pump cycle pas-
sage 4 and the heat medium flowing in the heat medium
passage 26 can receive heat from the cooling liquid of
the engine 2, which has a comparatively high tempera-
ture. In this way, the refrigerant or the heat medium can
receive a large amount of heat from the cooling liquid of
the engine 2, and therefore, for example, the Rankine
cycle system 1 a can respond to demand for high-tem-
perature hot water. Therefore, it is possible to enhance
the use of exhaust heat and to further improve the effi-
ciency of utilizing exhaust heat from the engine while
generating electric power by using the Rankine cycle
passage 3.

Modifications

[0072] The Rankine cycle system 1 a can be modified
in various ways. Figs. 4 and 5 respectively illustrate a
Rankine cycle system 1b and a Rankine cycle system
1¢, which are modifications of the Rankine cycle system
1a. Unless otherwise noted, the Rankine cycle systems
1b and 1 c are structured in the same way as the Rankine
cycle system 1 a. Elements of the Rankine cycle systems
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1b and 1 c that are the same as or correspond to those
of the Rankine cycle system 1a will be denoted by the
same numerals and detailed descriptions of such ele-
ments will be omitted. Unless technically contradictory,
descriptions of the Rankine cycle system 1a apply to the
Rankine cycle systems 1b and 1 c.

[0073] Referringto Fig. 4, in the Rankine cycle system
1 b, at least one of the first heat exchanger 15 and the
second heat exchanger 24 is disposed in the cooling lig-
uid passage 7 between a position (engine jacket 9) where
the cooling liquid cools the engine 2 and the cooling liquid
inlet of the second radiator 10. For example, the cooling
liquid outlet of the first heat exchanger 15 and the cooling
liquid outlet of the second heat exchanger 24 are con-
nected to positions in the cooling liquid passage 7 be-
tween the flow divider valve 23 and the cooling liquid inlet
of the second radiator 10.

[0074] Inthe Rankine cycle system 1b, the cooling lig-
uid of the engine 2, which has a comparatively high tem-
perature, is supplied to at least one of the first heat ex-
changer 15 and the second heat exchanger 24. Subse-
quently, the second radiator 10 releases heat from the
cooling liquid of the engine 2. Therefore, the first heat
exchanger 15 heats the refrigerant flowing in the heat
pump cycle passage 4 by using the cooling liquid having
a comparatively high temperature, or the second heat
exchanger 24 heats the heat medium by using the cooling
liquid having a comparatively high temperature. Thus,
for example, it is possible to respond to demand for a
high-temperature heat medium and to enhance the use
of exhaust heat. As a result, it is possible to more easily
improve the efficiency of utilizing exhaust heat from the
engine 2 while performing power generation by using the
Rankine cycle.

[0075] In the Rankine cycle system 1c, the first heat
exchanger 15 and the second heat exchanger 24 are
serially disposed in the cooling liquid passage 7 down-
stream of a position (engine jacket 9) where the cooling
liquid cools the engine 2 in the flow of the cooling liquid.
In addition, the cooling liquid outlet of the first heat ex-
changer 15 is located upstream of the cooling liquid inlet
of the second heat exchanger 24 in the flow of the cooling
liquid.

[0076] The Rankine cycle system 1 ¢ can supply alow-
temperature cooling liquid, which has released heat in
thefirstheat exchanger 15, to the second heat exchanger
24. Thus, for example, during a heating operation, when
heating the refrigerant in the heat pump cycle passage
4 by using the cooling liquid of the engine 2, the temper-
ature of the cooling liquid supplied to the second heat
exchanger 24 tends to become low. Therefore, the sec-
ond heat exchanger 24 can easily heat the cooling liquid
by using the heat medium. The cooling liquid heated by
the second heat exchanger 24 cools the engine 2, and
then the cooling liquid is supplied to the first heat ex-
changer 15. Thus, exhaust heat from the Rankine cycle
can be used to heat the refrigerant flowing in the heat
pump cycle passage 4 via the heat medium and the cool-
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ing liquid.

[0077] Inthe Rankine cycle system 1c, there is a case
where heat demand for heating the refrigerant flowing in
the heat pump cycle passage 4 is low or a case where
the ratio of heat demand for heating the heat medium to
heat demand for heating the refrigerant needs to be high.
In this case, for example, the flow divider valve 20 is
controlled so that the flow rate of the cooling liquid sup-
plied to the first heat exchanger 15 is low and the flow
rate of the cooling liquid led to the flow divider valve 23
is high. In addition, the flow divider valve 23 is controlled
so that the flow rate of the cooling liquid that flows to the
second heatexchanger 24 is high. Thus, the second heat
exchanger 24 can heat the heat medium flowing in the
heat medium passage 26 by using the cooling liquid, and
can generate, for example, hot water.

[0078] Aswiththe Rankine cycle system 1 a, the Rank-
ine cycle system 1c can perform power generation by
using the Rankine cycle regardless of the operating con-
dition, such as a cooling operation and a heating opera-
tion, in the heat pump cycle passage 4. In addition, the
Rankine cycle system 1c can use the heat of the cooling
liquid of the engine 2 to heat the refrigerant flowing in the
heat pump cycle passage 4 and to heat the heat medium
and can more flexibly respond to various heat demands.
As a result, the efficiency of utilizing exhaust heat from
the engine 2 can be improved.

Second Embodiment

[0079] The technology described in Patent Document
1 has room for increasing annual power output by using
a Rankine cycle and room for improving power genera-
tion efficiency. In addition, the technology has room for
reducing the size of the Rankine cycle. A second embod-
iment provides a Rankine cycle system that increases
annual power output, that improves power generation
efficiency, and that is advantageous in reduction in size.
[0080] The Rankine cycle system according to the sec-
ond embodiment can increase annual power output, can
improve power generation efficiency, and is advanta-
geous in reduction in size.

Underlying Knowledge Forming Basis of the Present Dis-
closure

[0081] The inventors examined a Rankine cycle sys-
tem that drives a compressor of a heat pump cycle, which
is used for air conditioning, by using an engine and that
operates a Rankine cycle by using exhaust heat from the
engine, in order to enable the Rankin cycle system to
perform year-round power generation. As a result, the
inventors found that it is possible to perform year-round
power generation and to increase annual power output
by releasing heat of the working fluid discharged from
the expander of the Rankine cycle to the cooling liquid
for cooling the engine. In addition, the inventors found
that it is possible to easily cool the working fluid and to
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easily improve the power generation efficiency by releas-
ing heat of the working fluid of the Rankine cycle to the
cooling liquid of the engine. Moreover, the inventors
found that it is possible to easily reduce the size of a
radiator, which is to be disposed in the Rankine cycle,
by releasing heat of the working fluid discharged from
the expander of the Rankine cycle to the cooling liquid
for cooling the engine.

[0082] Based on such new findings, the inventors de-
vised a Rankine cycle system according to the present
disclosure. With the technology described in Patent Doc-
ument 1, during a heating operation, the Rankine cycle
radiator 143 releases exhaust heat from the gas engine
110 that is not used by the air-conditioning circuit 111
from the cooling liquid to the outside (outdoor air). In this
way, during the heating operation, the Rankine cycle cir-
cuit 140 is not operated, and the Rankine cycle radiator
143 is used to release exhaust heat from the gas engine
110 to outdoor air. In addition, the Rankine cycle radiator
143 releases exhaust heat from the Rankine cycle circuit
140 to outdoor air. Moreover, it is difficult to reduce the
size of the Rankine cycle radiator 143, which is an air-
cooled heat exchanger.

[0083] According to a seventh aspect of the present
disclosure, the Rankine cycle system according to the
first aspect further includes:

a third radiator that is disposed in the Rankine cycle
passage and the cooling liquid passage and that re-
leases heat of the working fluid discharged from the
expander to the cooling liquid.

[0084] With the seventh aspect, the third radiator re-
leases the heat of the working fluid discharged from the
expander of the Rankine cycle to the cooling liquid for
cooling the engine. That is, the cooling liquid for cooling
the engine can be used as the low-temperature heat
source of the Rankine cycle. With the seventh aspect,
regardless of whether a cooling operation or a heating
operation is performed in the heat pump cycle passage,
the cooling liquid for cooling the engine can be used as
the low-temperature heat source of the Rankine cycle.
Therefore, with the seventh aspect, year-round power
generation can be performed by using the Rankine cycle.
As a result, with the seventh aspect, the annual power
output of the Rankine cycle can be increased. Moreover,
it is possible to easily cool the working fluid and to easily
increase the power generation efficiency of the Rankine
cycle, because the third radiator cools the working fluid
by using the cooling liquid flowing in the cooling liquid
passage. In addition, forexample, a plate heat exchanger
can be used as the third radiator, and, compared with a
case where the working fluid is cooled by air by using a
finned-tube heat exchanger, it is possible to easily im-
prove the heat exchange efficiency of the first heat ex-
changer. Therefore, the size of the first heat exchanger
can be reduced easily.

[0085] According to an eighth aspect of the present
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disclosure, the Rankine cycle system according to the
seventh aspect further includes a second radiator that is
disposed in the cooling liquid passage downstream of a
position where the cooling liquid cools the engine in a
flow of the cooling liquid and that releases heat of the
cooling liquid. The third radiator is disposed in the cooling
liquid passage downstream of the second radiator in the
flow of the cooling liquid. With the eighth aspect, the cool-
ing liquid that has released heat in the second radiator
is led to the third radiator. Therefore, the temperature of
the cooling liquid supplied to the third radiator can be
reduced easily. As a result, it is the possible to easily
reduce temperature of the low-temperature heat source
of the Rankine cycle and to easily improve the power
generation efficiency of the Rankine cycle.

[0086] According to a ninth aspect of the present dis-
closure, the Rankine cycle system according to the sev-
enth or eighth aspect further includes a first heat ex-
changer that is disposed in the cooling liquid passage
and the heat pump cycle passage and that exchanges
heat between the cooling liquid and the refrigerant. With
the ninth aspect, for example, a part of heat of the cooling
liquid can be transferred to the refrigerant when a heating
operation is performed in the heat pump cycle passage.
Therefore, the cooling liquid is cooled by the refrigerant,
and it is easy to reduce the temperature of the cooling
liquid supplied to the third radiator. As a result, it is pos-
sible to easily reduce the temperature of the low-temper-
ature heat source of the Rankine cycle and to easily in-
crease the power generation efficiency of the Rankine
cycle.

[0087] According to a tenth aspect of the present dis-
closure, the Rankine cycle system according to any one
of the seventh to ninth aspects further includes an air-
cooled radiator thatis disposed in the Rankine cycle pas-
sage between an outlet of the expander and an inlet of
the pump and that releases heat of the working fluid to
external air. With the tenth aspect, both of the third radi-
ator and the air-cooled radiator can release the heat of
the working fluid discharged from the expander of the
Rankine cycle. Therefore, even if the third radiator is not
capable of releasing a sufficient amount of heat from the
working fluid, the power generation efficiency of the
Rankine cycle can be increased because the air-cooled
radiator releases the heat of the working fluid.

[0088] According to an eleventh aspect of the present
disclosure, in the Rankine cycle system according to the
tenth aspect, the air-cooled radiator is disposed in the
Rankine cycle passage downstream of the third radiator
in a flow of the working fluid. For example, for a short
time after the engine is started, it is necessary to adjust
the temperature of the cooling liquid flowing in the cooling
liquid passage so that the temperature may not decrease
excessively. In this case, it may occur that the tempera-
ture of the cooling liquid supplied to the third radiator is
comparatively high and the third radiator cannot release
a sufficient amount of heat from the working fluid. With
the eleventh aspect, even if the temperature of the work-

10

15

20

25

30

35

40

45

50

55

13

ing fluid supplied to the third radiator is high, the third
radiator can release the heat from the working fluid to a
certain extent. In addition, because the working fluid that
has passed through the third radiator releases heat in
the air-cooled radiator, a sufficient amount of heat is re-
leased from the working fluid. As a result, the power gen-
eration efficiency of the Rankine cycle can be increased.
[0089] Hereinafter, a second embodiment of the
present disclosure will be described with reference to the
drawings. Note that the present disclosure is not limited
to the following description.

[0090] Referring to Fig. 6, a Rankine cycle system 1d
includes a heat pump cycle passage 4, a Rankine cycle
passage 3, a cooling liquid passage 7, a compressor 5,
an engine 2, a pump 17, a heater 6, an expander 16, and
a third radiator 31 (Rankine-cycle-passage-cooling-lig-
uid-passage radiator 31). The heat pump cycle passage
4 is a passage in which a refrigerant flows. The Rankine
cycle passage 3 is a passage in which a working fluid
flows. The cooling liquid passage 7 is a passage in which
a cooling liquid flows. The compressor 5 is disposed in
the heat pump cycle passage 4 and compresses the re-
frigerant. The engine 2 is connected to the compressor
5 to drive the compressor 5. The engine 2 is cooled by
the cooling liquid flowing in the cooling liquid passage 7.
The pump 17 is disposed in the Rankine cycle passage
3 and pumps the working fluid. The heater 6 is disposed
in the Rankine cycle passage 3 and heats the working
fluid, which has been pumped by the pump 17, by using
exhaust heat from the engine 2. The expander 16 is dis-
posed in the Rankine cycle passage 3 and expands the
working fluid heated by the heater 6. The third radiator
31 is disposed in the Rankine cycle passage 3 and the
cooling liquid passage 7 and releases heat of the working
fluid, which has been expanded by the expander 16, to
the cooling liquid.

[0091] The engine 2 s, for example, a gas engine that
converts energy generated by burning 13A-town gas or
the like into mechanical power. The engine 2 is connected
to the compressor 5 via a transmission mechanism (not
shown), such as a crank shaftor a beltdrive device. Thus,
the mechanical power generated by the engine 2 is trans-
mitted to the compressor 5 to drive the compressor 5.
Exhaust gas is generated when a fuel is burned in the
engine 2. The exhaust gas is discharged to the outside
of the engine 2. For example, the exhaust gas generated
by the engine 2 is led to the heater 6, cooled by exchang-
ing heat with a working fluid flowing through the heater
6 in the Rankine cycle passage 3, and then discharged
to external air. The engine 2 may be another machine
that generates mechanical power by burning a gas fuel
that is not town gas or by burning a liquid fuel, such as
gasoline or heavy oil.

[0092] The cooling liquid passage 7 is a passage in
which the cooling liquid for cooing the engine 2 flows.
Referring to Fig. 6, the Rankine cycle system 1d further
includes, for example, a second radiator 10. The second
radiator 10 is disposed in the cooling liquid passage 7
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downstream of a position where the cooling liquid cools
the engine 2 in the flow of the cooling liquid. The second
radiator 10 releases heat of the cooling liquid. The third
radiator 31 is disposed in the cooling liquid passage 7
downstream of the second radiator 10 in the flow of the
cooling liquid. For example, the second radiator 10 re-
leases heat of the cooling liquid to external air. That is,
the second radiator 10 is, for example, an air-cooled heat
exchanger. The second radiator 10 is an existing heat
exchanger, such as a finned-tube heat exchanger.
[0093] In the cooling liquid passage 7, for example, a
cooling liquid pump 8, an engine jacket 9, the second
radiator 10, and the third radiator 31 are disposed. These
components are sequentially connected in a loop shape
through pipes so as to form a closed circuit. The cooling
liquid, which is pumped by the cooling liquid pump 8,
absorbs heat generated by the engine 2 while passing
through the engine jacket 9. For example, the second
radiator 10 releases the heat of the cooling liquid to ex-
ternal air. Then, the cooling liquid, which has passed
through the second radiator 10, is suppled to the third
radiator 31. The third radiator 31 exchanges heat be-
tween the cooling liquid and the working fluid flowing in
the Rankine cycle passage 3, thereby releasing the heat
of the working fluid to the cooling liquid. Subsequently,
the cooling liquid flows out of the third radiator 31 and
returns to the cooling liquid pump 8. The temperature of
the engine 2 is maintained in a desirable range, because
the cooling liquid cools the engine 2 via the engine jacket
9.

[0094] Referring to Fig. 6, the Rankine cycle system 1
d further includes, for example, a first heat exchanger
15. The first heat exchanger 15 is disposed in the cooling
liquid passage 7 and the heat pump cycle passage 4 and
exchanges heat between the cooling liquid and the re-
frigerant. The first heat exchanger 15 is an existing heat
exchanger, such as a plate heat exchanger or a double-
pipe heat exchanger.

[0095] For example, a three-way valve 30 is disposed
in the cooling liquid passage 7. The three-way valve 30
is disposed in the cooling liquid passage 7 between an
outlet of the engine jacket 9 and a cooling liquid inlet of
the third radiator 31. Referring to Fig. 6, the three-way
valve 30 may be disposed in the cooling liquid passage
7 between the outlet of the engine jacket 9 and the cooling
liquid inlet of the second radiator 10. For example, a first
pipe, a second pipe, and a third pipe are connected to
the three-way valve 30. The first pipe forms at least a
part of the cooling liquid passage 7 between the outlet
of the engine jacket 9 and the three-way valve 30. The
second pipe extends from the three-way valve 30 toward
the third radiator 31, or toward the second radiator 10.
The second pipe forms at least a part of the cooling liquid
passage 7 between the three-way valve 30 and the cool-
ing liquid inlet of the third radiator 31. This part of the
cooling liquid passage 7 does not include a channel of
the cooling liquid in the first heat exchanger 15. The third
pipe extends from the three-way valve 30 to the first heat
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exchanger 15. The third pipe forms at least a part of the
cooling liquid passage 7 between the three-way valve 30
and the cooling liquid inlet of the first heat exchanger 15.
The cooling liquid outlet of the first heat exchanger 15 is
connected to a part of the cooling liquid passage 7 be-
tween the three-way valve 30 and the cooling liquid inlet
of the third radiator 31, including the part formed by the
second pipe. For example, the cooling liquid outlet of the
first heat exchanger 15 is connected to a part of the cool-
ing liquid passage 7 between the cooling liquid outlet of
the second radiator 10 and the cooling liquid inlet of the
third radiator 31.

[0096] The three-way valve 30 is capable of adjusting
the flow rate of the cooling liquid supplied to the second
radiator 10 and the first heat exchanger 15. For example,
when a cooling operation is performed in the heat pump
cycle passage 4, the three-way valve 30 is controlled so
that the cooling liquid that has passed through the three-
way valve 30 flows toward the second radiator 10. When
a heating operation is performed in the heat pump cycle
passage 4, the three-way valve 30 is controlled so that
the cooling liquid that has passed through the three-way
valve 30 flows toward the first heat exchanger 15. The
first heat exchanger 15 exchanges heat between the
cooling liquid and the refrigerant, thereby cooling the
cooling liquid. The cooling liquid that has passed through
the second radiator 10 or the first heat exchanger 15 is
led to the third radiator 31.

[0097] Referringto Fig. 6, for example, the compressor
5, a four-way valve 11, an indoor heat exchanger 12, an
expansion valve 13, and an outdoor heat exchanger 14
are disposed in the heat pump cycle passage 4. These
components are sequentially connected in a loop shape
through pipes so as to form a closed circuit.

[0098] As described above, the compressor 5 is con-
nected to the engine 2 via a power transmission mech-
anism, and the engine 2 drives the compressor 5. The
compressor 5 is, for example, a positive-displacement
compressor. Examples of the positive-displacement
compressor includes a scroll compressor, a rotary com-
pressor, a screw compressor, and a reciprocating com-
pressor.

[0099] Four pipes are connected to the four-way valve
11. The four pipes include a pair of inflow pipes through
which a refrigerant flows into the four-way valve 11 and
a pair of outflow pipes through which the refrigerant flows
out of the four-way valve 11. The four-way valve 11 allows
the refrigerant that has flowed into the four-way valve 11
through one of the pair of inflow pipes to flow out to one
of the pair of outflow pipes; and the four-way valve 11
allows the refrigerant that has flowed into the four-way
valve 11 through the other of the pair of inflow pipes to
flow out to the other of the pair of outflow pipes. The four-
way valve 11 is capable of changing the direction (chan-
nel) inwhich the refrigerantflows out of the four-way valve
11 by switching the flow path inside the four-way valve
11. For example, the four pipes connected to the four-
way valve 11 include a first pipe, a second pipe, a third
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pipe, and a fourth pipe. The first pipe forms at a least a
part of the heat pump cycle passage 4 that connects a
refrigerant discharge hole of the compressor 5 to the four-
way valve 11. The second pipe forms at a least a part of
the heat pump cycle passage 4 that connects the four-
way valve 11 to the indoor heat exchanger 12. The third
pipe forms at a least a part of the heat pump cycle pas-
sage 4 that connects the four-way valve 11 to the outdoor
heat exchanger 14. The fourth pipe forms at a least a
part of the heat pump cycle passage 4 that connects the
four-way valve 11 to arefrigerant suction hole of the com-
pressor 5. The four-way valve 11 is capable of selectively
switching between a state A and a state B by switching
between the channels therein. The state A is a state in
which the four-way valve 11 connects the inside of the
first pipe to the inside of the second pipe and connects
the inside of the third pipe to the inside of the fourth pipe.
The state B is a state in which the four-way valve 11
connects the inside of the first pipe to the inside of the
third pipe and connects the inside of the second pipe to
the inside of the fourth pipe.

[0100] The indoor heat exchanger 12 is disposed, for
example, inside of a building. The indoor heat exchanger
12 exchanges heat between the refrigerant flowing in the
heat pump cycle passage 4 and indoor air, thereby cool-
ing or heating the refrigerant. An existing heat exchanger,
such as a finned-tube heat exchanger, can be used as
the indoor heat exchanger 12. When the refrigerant flow-
ing in the heat pump cycle passage 4 passes through
the expansion valve 13, the refrigerant is depressurized
and expanded and the temperature and the pressure of
the refrigerant decrease. The outdoor heat exchanger 14
is disposed, for example, outside of a building. The out-
door heat exchanger 14 exchanges heat between the
refrigerant flowing in the heat pump cycle passage 4 and
external air, thereby cooling or heating the refrigerant.
An existing heat exchanger, such as a finned-tube heat
exchanger, can be used as the outdoor heat exchanger
14.

[0101] Thefirstheatexchanger 15 exchanges heatbe-
tween the cooling liquid flowing in the cooling liquid pas-
sage 7 and the refrigerant flowing in the heat pump cycle
passage 4, thereby heating the refrigerant. The position
of the first heat exchanger 15 in the heat pump cycle
passage 4 is not limited to a particular position. The heat
pump cycle passage 4 is divided into two portions by the
expansion valve 13 and the compressor, and the first
heat exchanger 15 is disposed in one of the two portions
thatincludes the outdoor heat exchanger 14. In this case,
the first heat exchanger 15 is disposed, for example, be-
tween the refrigerant suction hole of the compressor 5
or the four-way valve 11 and the outdoor heat exchanger
14.

[0102] Referring to Fig. 6, for example, in the Rankine
cycle passage 3, the expander 16, the third radiator 31,
the pump 17, and the heater 6 are sequentially connected
in a loop shape so as to form a closed circuit.

[0103] The expander 16 converts the energy of the
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working fluid into rotational power by expanding the work-
ing fluid. A generator 21 is connected to the rotary shaft
of the expander 16, and the expander 16 drives the gen-
erator 21. The expander 16 is, for example, a positive-
displacement expander or a velocity-type expander. Ex-
amples of a positive-displacement expander that can be
used as the expander 16 include a scroll expander, a
rotary expander, a screw expander, and a reciprocating
expander. Examples of a velocity-type expander that can
be used as the expander 16 include an expansion turbine.
[0104] Preferably, the expander 16 is a positive-dis-
placement expander. Typically, a positive-displacement
expander has high expander efficiency in a rotation
speed range wider than that of a velocity-type expander.
For example, a positive-displacement expander can be
operated at a rotation speed lower than or equal to a half
of the rated rotation speed while maintaining high ex-
pander efficiency. That is, it is possible to reduce power
generation amount to a level lower than or equal to a half
of the rated power generation amount while maintaining
high expander efficiency. By using the positive-displace-
ment expander having such characteristics as the ex-
pander 16, the Rankine cycle system 1d can satisfy a
need for flexibly changing the power generation amount
in response to a change in heat demand. In addition, by
using a positive-displacement expander as the expander
16, itis possible to change the power generation amount
in response to a change in electric power demand while
maintaining high expander efficiency.

[0105] The third radiator 31 exchanges heat between
the working fluid discharged from the expander 16 and
the cooling liquid flowing in the cooling liquid passage 7,
thereby cooling the working fluid and heating the cooling
liquid. The third radiator 31 is an existing heat exchanger,
such as a plate heat exchanger or a double-pipe heat
exchanger.

[0106] The pump 17 sucks the working fluid that has
flowed out of the third radiator 31 thereinto and pumps
the working fluid toward the heater 6. A positive-displace-
ment pump or a velocity-type pump can be used as the
pump 17. Examples of a positive-displacement pump that
can be used as the pump 17 include a piston pump, a
gear pump, a vane pump, and a rotary pump. Examples
of a velocity-type pump that can be used as the pump 17
include a centrifugal pump, a mixed flow pump, and an
axial flow pump.

[0107] The heater 6 is a heat exchanger that absorbs
heat energy of exhaust gas generated in the engine 2.
An existing heat exchanger, such as a plate heat ex-
changer or a finned-tube heat exchanger, can be used
as the heater 6. The heater 6 exchanges heat between
the exhaust gas supplied from the engine 2 and the work-
ing fluid flowing in the Rankine cycle passage 3. Thus,
the working fluid flowing in the Rankine cycle passage 3
is heated and evaporated.

[0108] Preferably, the workingfluid flowinginthe Rank-
ine cycle passage 3 is an organic working fluid made of
a predetermined organic compound. In many cases, the
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boiling point of an organic working fluid is low. Therefore,
by using an organic working fluid as the working fluid that
flows in the Rankine cycle passage 3, the Rankine cycle
of the Rankine cycle system 1 d can generate electric
power with high efficiency even when the temperature of
exhaust gas supplied from the engine 2 is in the range
of about 200°C to 400°C. An organic compound, such
as a halogenated hydrocarbon or a hydrocarbon, can be
used as the organic working fluid that flows in the Rankine
cycle passage 3. Examples of a halogenated hydrocar-
bon that can be used as the organic working fluid that
flows in the Rankine cycle passage 3 include R-134a, R-
245fa, R-1234ze, and R-356mfc. Examples of a hydro-
carbon that can be used as the organic working fluid that
flows in the Rankine cycle passage 3 include propane,
butane, pentane, and isopentane. One organic com-
pound may be used as the organic working fluid, or a
mixture of two or more organic compounds may be used
as the organic working fluid. In some cases, an inorganic
compound, such as water, carbon dioxide, or ammonia,
may be used as the working fluid that flows in the Rankine
cycle passage 3.

[0109] An exemplary operation of the Rankine cycle
system 1 d will be described. First, an exemplary oper-
ation of the Rankine cycle system 1d when a cooling
operation is performed in the heat pump cycle passage
4 will be described. Referring to Fig. 7A, during the cool-
ing operation, the engine 2 rotates the compressor 5 and
the compressor 5 sucks a refrigerant thereinto, and there-
by the refrigerant is compressed to become a high-tem-
perature and high-pressure vapor and led to the four-way
valve 11. During the cooling operation, the four-way valve
11 is in the state B. The refrigerant, which has been dis-
charged from the compressor 5 and passed through the
four-way valve 11, is supplied to the first heat exchanger
15. Referring to Fig. 7A, during the cooling operation, the
three-way valve 30 is controlled so that the entire amount
of the cooling liquid in the cooling liquid passage 7 is
supplied to the second radiator 10. That is, during the
cooling operation, the cooling liquid is not supplied to the
firstheatexchanger 15. Therefore, the refrigerant passes
through the first heat exchanger 15 without receiving heat
from the cooling liquid flowing in the cooling liquid pas-
sage 7. Subsequently, the refrigerant flows into the out-
door heat exchanger 14. The outdoor heat exchanger 14
exchanges heat between the refrigerant and external air,
and thereby the refrigerant becomes a low-temperature
and high-pressure refrigerant and is led to the expansion
valve 13. The expansion valve 13 decompresses and
expands the refrigerant, and thereby the refrigerant be-
comes a low-temperature and low-pressure refrigerant.
Subsequently, the refrigerant is supplied to the indoor
heat exchanger 12. The indoor heat exchanger 12 ex-
changes heat between the refrigerant and indoor air,
thereby heating the refrigerant. Thus, the indoor air is
cooled and the indoor space is cooled. The refrigerant,
which has passed through the indoor heat exchanger 12,
passes through the four-way valve 11 and flows into the
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compressor 5 from the suction hole of the compressor
5. In Figs. 7A and 7B, the chain-line arrows represent
flow of the refrigerant in the heat pump cycle passage 4,
the solid-line arrows represent flow of the working fluid
in the Rankine cycle passage 3, and the two-dot-chain-
line arrows represent flow of the cooling liquid in the cool-
ing liquid passage 7.

[0110] Referring to Fig. 7A, during the cooling opera-
tion, the pump 17 pumps and pressurizes the working
fluid, and the working fluid flows into the heater 6. The
heater 6 exchanges heat between the working fluid and
the exhaust gas from the engine 2, which has been gen-
erated by burning a fuel in the engine 2, thereby heating
and evaporating the working fluid. Thus, the working fluid
becomes a high-temperature and high-pressure vapor.
The high-temperature and high-pressure working fluid
flows out of the heater 6 and flows into the expander 16.
The expander 16 converts the pressure energy of the
working fluid into mechanical energy to drive the gener-
ator 21. Thus, the generator 21 generates electric power.
The working fluid discharged from the expander 16 flows
into the third radiator 31. The third radiator 31 cools the
working fluid by using the cooling liquid flowing in the
cooling liquid passage 7 and condenses all or a part of
the working fluid. Thus, the third radiator 31 heats the
cooling liquid flowing in the cooling liquid passage 7 by
using the working fluid. The working fluid flows out of the
third radiator 31, becomes a low-temperature and low-
pressure liquid, and flows toward the pump 17.

[0111] During the cooling operation, the three-way
valve 30 is controlled so that the cooling liquid that has
passed through the engine jacket 9 in the cooling liquid
passage 7 is led to the second radiator 10. The second
radiator 10 releases heat of the cooling liquid to external
air, so that the temperature of the cooling liquid decreas-
es while the cooling liquid passes through the second
radiator 10. Since the second radiator 10 releases heat
from the cooling liquid, low-temperature cooling liquid
can be easily led to the third radiator 31. Therefore, the
Rankine cycle can easily generate electric power with
high efficiency.

[0112] Next, an exemplary operation of the Rankine
cycle system 1d when a heating operation is performed
in the heat pump cycle passage 4 will be described. Re-
ferringto Fig. 7B, during the heating operation, the engine
2 rotates the compressor 5 and the compressor 5 sucks
arefrigerantthereinto, and thereby the refrigerant is com-
pressed to become a high-temperature and high-pres-
sure vapor and led to the four-way valve 11. During the
heating operation, the four-way valve 11 is in the state
A. The refrigerant, which has been discharged from the
compressor 5, passes through the four-way valve 11 and
is supplied to the indoor heat exchanger 12. The indoor
heat exchanger 12 exchanges heat between the refrig-
erant and indoor air, and thereby the refrigerant is cooled
and becomes a low-temperature and high-pressure re-
frigerant. Subsequently, the refrigerant flows toward the
expansion valve 13. Thus, the indoor air is heated and
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the indoor space is heated. The expansion valve 13 de-
pressurizes and expands the refrigerant, and thereby the
refrigerant becomes a low-temperature and low-pres-
sure refrigerant. Subsequently, the refrigerantis supplied
to the outdoor heat exchanger 14. The outdoor heat ex-
changer 14 exchanges heat between the refrigerant and
external air, thereby heating the refrigerant. Subsequent-
ly, the refrigerant is supplied to the first heat exchanger
15. Inthe first heat exchanger 15, the refrigerant receives
heat of the cooling liquid flowing in the cooling liquid pas-
sage 7. Subsequently, the refrigerant passes through the
four-way valve 11 and is sucked into the compressor 5.
[0113] Referring to Fig. 7B, during the heating opera-
tion, in the same way as a cooling operation, the pump
17 pumps and pressurizes the working fluid, and the
working fluid flows into the heater 6. The heater 6 ex-
changes heat between the working fluid and the exhaust
gas from the engine 2, thereby heating and evaporating
the working fluid. Thus, the working fluid becomes a high-
temperature and high-pressure vapor. The high-temper-
ature and high-pressure working fluid flows out of the
heater 6 and flows into the expander 16. The expander
16 converts the pressure energy of the working fluid into
mechanical energy to drive the generator 21. Thus, the
generator 21 generates electric power. The working fluid
discharged from the expander 16 is supplied to the third
radiator 31. The third radiator 31 cools the working fluid
by using the cooling liquid flowing in the cooling liquid
passage 7 and condenses all or a part of the working
fluid. Thus, the third radiator 31 heats the cooling liquid
flowing in the cooling liquid passage 7 by using the work-
ing fluid. The working fluid flows out of the third radiator
31, becomes a low-temperature and low-pressure liquid,
and flows toward the pump 17.

[0114] During the heating operation, the three-way
valve 30 is controlled so that the cooling liquid that has
passed through the engine jacket 9 in the cooling liquid
passage 7 is led to the first heat exchanger 15. The first
heat exchanger 15 cools the cooling liquid by using the
refrigerant flowing in the heat pump cycle passage 4.
Therefore, the temperature of the cooling liquid decreas-
es while passing through the first heat exchanger 15.
Since the first heat exchanger 15 cools the cooling liquid,
low-temperature cooling liquid can be easily led to the
third radiator 31. Therefore, the Rankine cycle can easily
generate electric power with high efficiency.

[0115] The Rankine cycle system 1d can use the ex-
haust gas from the engine 2 as the high-temperature heat
source of the Rankine cycle and to use cooling liquid
flowing in the cooling liquid passage 7 as the low-tem-
perature heat source of the Rankine cycle. Thus, regard-
less of whether a cooling operation is performed or a
heating operation is performed in the heat pump cycle
passage 4, the Rankine cycle system 1d can release
heat of the working fluid discharged from the expander
16 of the Rankine cycle passage 3 to the cooling liquid
flowing in the cooling liquid passage 7. As a result, the
Rankine cycle system 1 d can perform year-round power

10

15

20

25

30

35

40

45

50

55

17

generation. Moreover, the working fluid can be easily
cooled, because the third radiator 31 cools the working
fluid discharged from the expander 16 by using the cool-
ing liquid. Therefore, the Rankine cycle system 1d can
easily generate electric power with high efficiency by us-
ing the Rankine cycle. In addition, because the third ra-
diator 31 exchanges heat between the working fluid and
the cooling liquid, for example, a plate heat exchanger
can be used as the third radiator 31. Therefore, the third
radiator 31 has higher heat exchange efficiency than a
finned-tube heat exchanger that exchanges heat be-
tween the working fluid and air, and the size of the third
radiator 31 can easily reduced.

[0116] In the Rankine cycle system 1d, the first heat
exchanger 15 is disposed in the heat pump cycle passage
4 between the outdoor heat exchanger 14 and the refrig-
erant suction hole of the compressor 5. Thus, in partic-
ular, when a heating operation is performed in the heat
pump cycle passage 4, heat of the cooling liquid in cooling
liquid passage 7 can be released to the refrigerant that
flows in the heat pump cycle passage 4 toward the suc-
tion hole of the compressor 5. When a heating operation
is performed in the heat pump cycle passage 4, the tem-
perature of the refrigerant at the suction hole of the com-
pressor 5 is low and is lower than the temperature of
outdoor air in winter. Therefore, the temperature of the
cooling liquid in the cooling liquid passage 7, which is the
low-temperature heat source of the Rankine cycle, can
be made lower. Thus, with the Rankine cycle system 1d,
the power generation efficiency of the Rankine cycle can
be easily increased, and the output power of the Rankine
cycle can be increased. In addition, because the heat of
the cooling liquid in the cooling liquid passage 7 can be
used to heat the refrigerant flowing toward the suction
hole of the compressor 5 in the heat pump cycle passage
4, heating efficiency can be increased when a heating
operation is performed in the heat pump cycle passage 4.

Modifications

[0117] The Rankine cycle system 1d can be modified
in various ways. Fig. 8 illustrates a Rankine cycle system
1e, which is a modification of the Rankine cycle system
1d. Unless otherwise noted, the Rankine cycle system
1e is structured in the same way as the Rankine cycle
system 1d. Elements of the Rankine cycle system 1e that
are the same as or correspond to those of the Rankine
cycle system 1d will be denoted by the same numerals
and detailed descriptions of such elements will be omit-
ted. Unless technically contradictory, descriptions of the
Rankine cycle system 1d apply to the Rankine cycle sys-
tem 1 e.

[0118] Referring to Fig. 8, the Rankine cycle system
1e further includes an air-cooled radiator 18. The air-
cooled radiator 18 is disposed in the Rankine cycle pas-
sage 3 between the outlet of the expander 16 and the
inlet of the pump 17 and releases heat of the working
fluid to external air. The air-cooled radiator 18 is an ex-
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isting heat exchanger, such as a finned-tube heat ex-
changer. With the Rankine cycle system 1e, both of the
third radiator 31 and the air-cooled radiator 18 can re-
lease heat of the working fluid discharged from the ex-
pander 16. Therefore, even if the third radiator 31 is not
capable of releasing sufficient amount of heat from the
working fluid, the air-cooled radiator can release the heat
of the working fluid, and thereby the power generation
efficiency of the Rankine cycle can be increased.

[0119] Referring to Fig. 8, the air-cooled radiator 18 is
disposed, for example, in the Rankine cycle passage 3
downstream of the third radiator 31 in the flow of the
working fluid. Thus, the working fluid passed through the
third radiator 31 is led to the air-cooled radiator 18. For
example, for a short time after the engine 2 is started, it
is necessary to adjust the temperature of the cooling lig-
uid flowing in the cooling liquid passage 7 so that the
temperature may not decrease excessively. In this case,
it may occur that the temperature of the cooling liquid
supplied to the third radiator 31 is comparatively high and
the third radiator 31 cannot release a sufficient amount
of heat from the working fluid. With the Rankine cycle
system 1 e, even if the temperature of the working fluid
supplied to the third radiator 31 is high, the third radiator
31 can release heat from the working fluid to the cooling
liquid to a certain extent. In addition, the air-cooled radi-
ator 18 can reduce the temperature of the working fluid
that has passed through the third radiator 31 by releasing
heat from the working fluid, and the power generation
efficiency of the Rankine cycle can be increased.

[0120] The technology described in the specification
of the present application can be advantageously used
for a Rankine cycle system that generates electric power
by effectively using exhaust heat from an engine used in
an apparatus, such as an engine-driven air conditioner.

Claims
1. A Rankine cycle system (1a - 1e) comprising:

a heat pump cycle passage (4) in which a refrig-
erant flows;

a Rankine cycle passage (3) in which a working
fluid flows;

a cooling liquid passage (7) in which a cooling
liquid flows;

a compressor (5) that is disposed in the heat
pump cycle passage (4) and that compresses
the refrigerant;

an engine (2) that is connected to the compres-
sor (5) to drive the compressor (5) and that is
cooled by the cooling liquid flowing in the cooling
liquid passage (7);

apump (17) thatis disposed in the Rankine cycle
passage (3) and that pumps the working fluid;
a heater (6) that is disposed in the Rankine cycle
passage (3) and that heats the working fluid
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pumped by the pump (17) by using exhaust heat
from the engine (2); and

an expander (16) thatis disposed in the Rankine
cycle passage (3) and that expands the working
fluid heated by the heater (6).

2. The Rankine cycle system (1a - 1 e) according to
Claim 1, further comprising:

a heat medium passage (26) in which a heat
medium flows;

a first heat exchanger (15) that is disposed in
the cooling liquid passage (7) and the heat pump
cycle passage (4) and that exchanges heat be-
tween the cooling liquid and the refrigerant;

a second heat exchanger (24) that is disposed
in the cooling liquid passage (7) and the heat
medium passage (26) and that exchanges heat
between the cooling liquid and the heat medium;
and

a first radiator (22) that is disposed in the Rank-
ine cycle passage (3) and the heat medium pas-
sage (26) and that releases heat of the working
fluid expanded in the expander (16) to the heat
medium.

3. The Rankine cycle system (1a,1b, 1d, 1e) accord-
ing to Claim 2,
wherein the first heat exchanger (15) and the second
heat exchanger (24) are parallelly disposed in the
cooling liquid passage (7) downstream of a position
where the cooling liquid cools the engine (2) in a flow
of the cooling liquid.

4. TheRankine cycle system (1c) according to Claim 2,
wherein the first heat exchanger (15) and the second
heatexchanger (24) are serially disposed in the cool-
ing liquid passage (7) downstream of a position
where the cooling liquid cools the engine (2) in a flow
of the cooling liquid, and a cooling liquid outlet of the
first heat exchanger (15) is located upstream of a
cooling liquid inlet of the second heat exchanger (24)
in the flow of the cooling liquid.

5. The Rankine cycle system (1a - 1e) according to any
one of Claims 2 to 4, further comprising:

a second radiator (10) that is disposed in the
cooling liquid passage (7) downstream of a po-
sition where the cooling liquid cools the engine
(2)inaflow of the cooling liquid and that releases
heat of the cooling liquid,

wherein at least one of the first heat exchanger
(15) and the second heat exchanger (24) is dis-
posed in the cooling liquid passage (7) between
the position where the cooling liquid cools the
engine (2) and a cooling liquid inlet of the second
radiator (10).
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The Rankine cycle system (1a - 1¢) according to any
one of Claims 2 to 5, further comprising:

an air-cooled radiator (19) that is disposed in the
Rankine cycle passage (3) between an outlet of
the expander (16) and an inlet of the pump (17)
and that releases heat of the working fluid to
external air.

The Rankine cycle system (1d, 1e) according to
Claim 1, further comprising:

a third radiator (31) that is disposed in the Rank-
ine cycle passage (3) and the cooling liquid pas-
sage (7) and that releases heat of the working
fluid discharged from the expander (16) to the
cooling liquid.

The Rankine cycle system (1d, 1e) according to
Claim 7, further comprising:

a second radiator (10) that is disposed in the
cooling liquid passage (7) downstream of a po-
sition where the cooling liquid cools the engine
(2) in aflow of the cooling liquid and thatreleases
heat of the cooling liquid,

wherein the third radiator (31) is disposed in the
cooling liquid passage (7) downstream of the
second radiator (10) in the flow of the cooling
liquid.

The Rankine cycle system (1d, 1e) according to
Claim 7 or 8, further comprising:

a first heat exchanger (15) that is disposed in
the cooling liquid passage (7) and the heat pump
cycle passage (4) and that exchanges heat be-
tween the cooling liquid and the refrigerant.

The Rankine cycle system (1e) according to any one
of Claims 7 to 9, further comprising:

an air-cooled radiator (18) that is disposed in the
Rankine cycle passage (3) between an outlet of
the expander (16) and an inlet of the pump (17)
and that releases heat of the working fluid to
external air.

The Rankine cycle system (1e) according to Claim
10,

wherein the air-cooled radiator (18) is disposed in
the Rankine cycle passage (3) downstream of the
third radiator (31) in a flow of the working fluid.
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