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(67)  Theinvention concerns a vehicle comprising: an
internal combustion engine (1) comprising a combustion
chamber (2) and an exhaust duct (3); and a system for
recovering waste heat of the internal combustion engine
(1), wherein the waste heat recovery system comprises:
i) a first heat exchanger (4) configured to evaporate a
working fluid by transferring heat from a heated medium
originating from the engine (1); ii) an expander unit (5)
configured to expand the working fluid that has been
evaporated in the first heat exchanger (4) and produce
a power output; iii) a second heat exchanger (6) config-
ured to condense the working fluid; and iv) at least one
pump (7, 8, 9) for feeding the condensed working fluid

VEHICLE WITH SYSTEM FOR RECOVERING WASTE HEAT

to the first heat exchanger (4). The invention is charac-
terized in that the waste heat recovery system is config-
ured to use water as working fluid, wherein a working
fluid/water passage (12) is arranged between the ex-
pander unit (5) and the exhaust duct (3) so as to direct
the expanded working fluid/water into the exhaust duct
(3), wherein the second heat exchanger (6) is arranged
in association with the exhaust duct (3) and being con-
figured to condense water present in the exhaust gas,
and wherein the second heat exchanger (6) is positioned
at or downstream a point or zone (13) of the exhaust duct
(3) at which the expanded working fluid/water is directed
into the exhaust gas.
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Description
TECHNICAL FIELD

[0001] This invention relates to a vehicle comprising
an internal combustion engine and a system for recov-
ering waste heat of the engine according to the preamble
of claim 1.

BACKGROUND OF THE INVENTION

[0002] In order to increase the energy efficiency of in-
ternal combustion engines used for powering of vehicles
it is known to utilize the waste heat of the engine using
a Rankine system where a recirculating working fluid
such as ethanol in an evaporation step takes up heat
from the exhaust gas or the cooling water of the engine
and returns the energy/power to the engine via e.g. an
expander turbine connected to a generator. A system of
this type also includes a condenser and a pump for re-
circulating the fluid. An example of such a system is dis-
closed in US2015/0176482.

[0003] Another example of a Rankine system is dis-
closed in US2013/0333381 where the Rankine system
is combined with a system for injecting water into the
intake manifold or directly into the combustion chambers
of the engine. Such water injection systems are well
known as such. (The purpose is to lower the combustion
temperature, reduce the production of NOx, and reduce
problems related to engine knock.) In US2013/0333381
the two systems are combined via a shared dual-mode
heat exchanger that includes an evaporator for vaporiz-
ing the working fluid of the Rankine cycle loop and a
condenser for converting to water the water vapour of
the exhaust gas for the water injection system. It appears
that the systems of US2013/0333381 are intended to op-
erate one at a time, either in evaporation mode where
the Rankine system is in operation or in a condensation
mode where the water injection system is in operation.
The main purpose of US2013/0333381 is to reduce the
space required compared to the use of two separate sys-
tems.

[0004] A general problem related to Rankine systems
of the type discussed here is the safety issue, i.e. the
risks associated with pressurizing a flammabile fluid like
ethanol or acetone in a closed Rankine system (leakage,
fire, explosions, etc.). Thisleadsinturntoincreased costs
for special components, special materials, etc. that re-
duce the leakage risk (both leakage of working fluid out
from the system and leakage of air (oxygen) into the sys-
tem).

[0005] US2013/0333381 unintentionally addresses
this safety issue by mentioning water as an example of
working fluid for the Rankine loop. For thermodynamic
reasons it is, however, generally preferred to use a fluid
that evaporates at a lower temperature than water in a
Rankine loop in this type of application. Moreover, water
freezes at a higher temperature than e.g. ethanol and it
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is difficult to make a closed loop freeze-safe. Besides
these potential problems of US2013/0333381, and be-
sides that the Rankine cycle and the water injection sys-
tem of US2013/0333381 cannot operate simultaneously,
US2013/0333381 is associated with a further drawback
in that the dual-mode heat exchanger has its defined lo-
cation at the exhaust duct, which means that both evap-
oration of the Rankine loop working fluid/water and con-
densation of water in the exhaust gas is carried out at
the same (exhaust gas) temperature. It would normally
be more efficient to evaporate the Rankine working fluid
closer to the engine where the exhaust gas temperature
is higher and to condensate water in the exhaust gas
further away from the engine where the exhaust gas tem-
perature is lower.

[0006] There is thus a need for a waste heat recovery
system for vehicles that has a high efficiency and that
has a higher safety and lower cost compared to a Rankine
cycle as disclosed in e.g. US2015/0176482. As to
US2013/0333381 there is also room for improvements
with regard to a combined system for waste heatrecovery
and water injection.

SUMMARY OF THE INVENTION

[0007] Theinvention concerns a vehicle comprising an
internal combustion engine comprising a combustion
chamber and an exhaust duct, and a system for recov-
ering waste heat of the internal combustion engine,
wherein the waste heat recovery system comprises: i) a
first heat exchanger configured to evaporate a working
fluid by transferring heat from a heated medium originat-
ing from the engine; ii) an expander unit configured to
expand the working fluid that has been evaporated in the
first heat exchanger and produce a power output; iii) a
second heat exchanger configured to condense the
working fluid; and iv) at least one pump for feeding the
condensed working fluid to the first heat exchanger.
[0008] The invention is characterized in that the waste
heat recovery system is configured to use water as work-
ing fluid, wherein a working fluid/water passage is ar-
ranged between the expander unit and the exhaust duct
so as to direct the expanded working fluid/water into the
exhaust duct, wherein the second heat exchanger is ar-
ranged in association with the exhaust duct and being
configured to condense water presentin the exhaust gas,
and wherein the second heat exchanger is positioned at
or downstream a point or zone of the exhaust duct at
which the expanded working fluid/water is directed into
the exhaust gas.

[0009] The inventive waste heat recovery system is
thus an open Rankine-type system using water as the
working fluid where the expanded steam leaving the ex-
pander unit is fed out to the exhaust duct. The second
heat expander, i.e. the condenser, is arranged at the ex-
haust duct at or downstream of the feeding point of the
expanded steam to allow condensation of the wa-
ter/steam that has passed the first heat exchanger and
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the expander (as well as condensation of water resulting
from the combustion in the engine). Condensed water
can thus be re-introduced into the first heat exchanger,
expand in the expander unit, and be directed again into
the exhaust duct.

[0010] Thissolutionhas several advantages: Since the
waste heat recovery system makes use of water and is
open to the surroundings downstream the expander unit
(because the exhaust duct is open to the surroundings)
the main safety issues of conventional closed loop Rank-
ine systems are taken care of, i.e. the risks associated
with pressurizing a flammable fluid like ethanol in a closed
system (leakage, fire, explosions, etc.). The system can
also be made up by less expensive components since
water is used and since at least parts of the system op-
erates at a low pressure. Further, the inventive system
has a built-in safety function in that the pressure can be
released to the exhaust duct. Compared to the system
disclosed in US2013/0333381 the invention has the ad-
vantage of allowing the first heat exchanger (the evapo-
rator) to be positioned close to engine where the exhaust
gas temperature is high and the second heat exchanger
(the condenser) to be positioned far away from engine
(close to the tailpipe) where the exhaust gas temperature
is low.

[0011] Besides that the exhaust gas temperature at
the second heat exchanger (the condenser) can be low-
ered due to the larger distance from the engine (com-
pared to e.g. US2013/0333381), the discharge of ex-
panded steam into the exhaust duct cools the exhaust
gas further. In addition, the discharge also increases the
concentration of waterin the exhaust gas (to up to around
15-20%). All together the condensation process can be
made very efficient which allows for a compact (small)
second heat exchanger (condenser).

[0012] In an embodiment of the invention the vehicle
further comprises a system for introducing water directly
or indirectly into the combustion chamber of the internal
combustion engine, wherein the vehicle comprises a wa-
ter distribution system configured to distribute the water
condensed in the second heat exchanger between the
first heat exchanger and the combustion chamber.
[0013] Accordingly, also water that is injected into the
combustion chamber can be condensed in the second
heat expander and be re-introduced into the combustion
chamber (or into the first heat exchanger). The concen-
tration of water in the exhaust of this embodiment will be
high, which allows for the use of a compact condenser.
Condensed water may be stored in a tank. Refilling of
the tank, whichis required in conventional separate water
injection systems, is likely to be unnecessary, or at least
be required only rarely, since water is added to the sys-
tem (i.e. to the exhaust duct) during operation of the en-
gine as aresult of the fuel combustion. The water is con-
tinuously replaced so the risk of e.g. growth of algae in
the tank is eliminated or at least reduced. Such a plentiful
supply of water means that more water can be injected
into the combustion chamber, which in turn leads to a
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more efficient operation of the engine.

[0014] Compared to the arrangement disclosed in
US2013/0333381 this embodiment has the advantage
that, besides that the evaporator can be placed closer to
the engine and the condenser further away from the en-
gine for better efficiency as mentioned above, both the
waste heat recovery system and the water injection sys-
tem can operate simultaneously.

[0015] In an embodiment of the invention the at least
one pump for feeding the condensed working fluid to the
first heat exchangerincludes a high pressure pump. Pref-
erably, the high pressure pump is capable of providing
the working fluid/water with a pressure of at least 20 bar,
preferably at least 30 bar, more preferably at least 40 or
50 bar. A pressure of 70 bar is likely to be a suitable
pressure in most applications of the type discussed here.
A pressure of above 100 bar is likely to be too high. A
too low pressure will not generate a sufficiently high ef-
ficiency of the waste heat recovery system and/or may
result in difficulties discharging the steam to the exhaust
duct.

[0016] In an embodiment of the invention the vehicle
comprises a water tank arranged for storage of water
condensed in the second heat exchanger.

[0017] Inanembodimentofthe invention the expander
unit comprises a steam expander partand a power output
part that is connected to an electric generator for produc-
tion of electricity or that is mechanically connected to a
drivetrain of the internal combustion engine. Expander
units are well known as such. For instance, the expander
unit may comprise an axial piston expander, a reciprocal
piston expander, a turbine, a scroll expander, etc. Since
the expander unitis opento the exhaust duct at the down-
stream side it should preferably be adapted to keep the
pressure on the upstream side. Piston expanders are
generally suitable for this purpose. A turbine may be pro-
vided with an electrically controlled retarder to keep the
pressure.

[0018] Inanembodimentofthe invention the water dis-
tribution system comprises water conduits leading from
the second heat exchanger to the first heat exchanger
and to the engine. One common conduit, that may include
a water tank, may be used to transfer the condensed
water from the second heat exchanger to a branching
point where one conduit leads further to the first heat
exchanger and another conduit leads further to the en-
gine (i.e. directly or indirectly to the combustion cham-
ber).

[0019] In an embodiment of the invention the water
tank forms a common water tank for both the waste heat
recovery system and the system for introducing water
directly or indirectly into the combustion chamber.
[0020] In an embodiment of the invention the vehicle
comprises a condensate pump configured to pump water
from the second heat exchanger to the water tank.
[0021] Inanembodiment ofthe invention the water dis-
tribution system comprises a low pressure pump ar-
ranged upstream of the water tank, wherein the low pres-
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sure pump is configured to pump water towards both the
first heat exchanger and the engine. A common conduit
can thus be used.

[0022] In an embodiment of the invention the heated
medium originating from the engine is exhaust gas. Ex-
panded working fluid/water may be discharged into the
exhaust duct even if the heated medium used for evap-
oration is e.g. a cooling medium or oil originating from
the engine.

[0023] In an embodiment of the invention the internal
combustion engine is arranged for propulsion of the ve-
hicle.

BRIEF DESCRIPTION OF DRAWINGS

[0024] In the description of the invention given below
reference is made to the following figure, in which:

shows, in a schematic view, an embodiment
of the invention.

Figure 1

DESCRIPTION OF EXAMPLE EMBODIMENTS OF
THE INVENTION

[0025] Figure 1 shows, in a schematic view, an em-
bodiment of the invention. The schematic system shown
in figure 1 is intended to represent a system arranged on
a vehicle where the engine is arranged for propulsion of
the vehicle. The vehicle itself is not shown or indicated
in figure 1.

[0026] The vehicle comprises an internal combustion
engine 1 in this example provided with four combustion
chambers/cylinders 2 and an exhaust duct 3. The engine
is arranged for propulsion of the vehicle. Intake air to the
engine 1 is indicated by arrow 18. Fuel is of course also
introduced into the combustion chambers 2.

[0027] The vehicleis provided with a system for recov-
ering waste heat of the internal combustion engine 1.
The waste heat recovery system is configured to use
water as working fluid and comprises: a first heat ex-
changer 4 configured to evaporate the working fluid/wa-
ter by transferring heat from exhaust gas originating from
the engine 1; an expander unit 5 configured to expand
the working fluid/water in a steam expander part 5a that
has been evaporated in the first heat exchanger 4 and
produce a power output in a power output part 5b. The
power output 5b may be connected to an electric gener-
ator (not shown) for production of electricity that for in-
stance may be used for charging a battery in a hybrid
vehicle. A passage 11 is provided for transfer of working
fluid/water from the first heat exchanger 4 to the expander
unit 5.

[0028] The waste heat recovery system further com-
prises a second heat exchanger 6 configured to con-
dense the working fluid/water and a plurality of pumps 7,
8, 9 for feeding the condensed working fluid/water to the
first heat exchanger 4.

[0029] A working fluid/water passage 12 is arranged
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between the expander unit 5 and the exhaust duct 3 so
as to direct the expanded working fluid/water into the
exhaust duct 3 at a point or zone 13.

[0030] The second heat exchanger 6 is arranged in
association with the exhaust duct 3, in this case as close
as possible to the tailpipe of the exhaust duct 3, and it is
configuredto condense water presentin the exhaust gas.
[0031] The first heat exchanger 4 is placed as close
as possible to the engine 1 to utilize the heat of the ex-
haust gas before itis cooled. The second heat exchanger
6 (the condenser) is placed as far away from the engine
1 to utilize that the exhaust gas has had at least some
time to cool. The temperature of the exhaust gas may be
around 800°C when entering the first heat exchanger 4
and around 100°C when entering the second heat ex-
changer 6.

[0032] The second heat exchanger 6 is positioned
downstream the point 13 of the exhaust duct 3 at which
the expanded working fluid/water is directed into the ex-
haust gas. Thereby the working fluid/water discharged
into the exhaust duct 3 can be condensed in the second
heat exchanger.

[0033] The flows through the first and second heat ex-
changers 4, 6 are indicated by dashed lines.

[0034] The embodiment in figure 1 further comprises
a system for introducing water directly or indirectly into
the combustion chamber 2 of the internal combustion
engine 1, i.e. the water may e.g. be introduced into the
intake air 18 before the air enters the combustion cham-
bers 2.

[0035] The vehicle comprises a water distribution sys-
tem configured to distribute the water condensed in the
second heat exchanger 6 between the firstheat exchang-
er 4 and the combustion chamber 2. This exemplified
water distribution system includes: a condensate pump
7 for feeding water from the condenser 6 to a water tank
10 via afirst conduit 14; a low pressure pump (e.g. around
10 bar) 8 for feeding water from the tank 10 towards
branch 17 and further towards second and third conduits
15, 16 leading towards the first heat exchanger 4 and the
engine 1, respectively; and a high pressure pump (e.g.
around 70 bar) 9 for feeding water to the first heat ex-
changer 4 and further to the expander unit 5 in the waste
heat recovery system.

[0036] A water filter (not shown) may be arranged for
cleaning of the water, e.g. between the condensate pump
7 and the tank 10.

[0037] The temperature of the water may be around
50°C (10 bar) after the low pressure pump 8 and around
500°C (70 bar) after having been heated by the exhaust
gas inthe first heatexchanger 4. The water/steam exiting
the expander unit 5, or rather exiting the steam expander
part 5a, may have a temperature of around 150°C and a
pressure of around 2 bar.

[0038] The water tank 10 forms a common water tank
for both the waste heat recovery system and the system
for introducing water directly or indirectly into the com-
bustion chamber 2.
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[0039] An advantage of the system described above
compared to conventional systems for introducing water
directly or indirectly into the combustion chamber 2,
which include a separate tank, is that the tank of the sys-
tem described here is automatically refilled.

[0040] Theinvention is not limited by the embodiments
described above but can be modified in various ways
within the scope of the claims. For instance, the water
distribution system may be arranged in a different way,
i.e. the conduits, pumps etc. Further, the water/steam
passage 12 may alternatively end somewhere along the
first heat exchanger 4, i.e. the discharge point or zone
13 need not necessarily be located downstream of the
first heat exchanger 4 but may be located somewhere
along the first heat exchanger 4. It may be an advantage
to locate the discharge point 13 for the low-pressure
steam into the exhaust duct 3 somewhere in the middle
of the first heat exchanger 4 to utilize remaining enthalpy
in the steam, i.e. recuperation, to further increase the
efficiency. In a variant a first portion of the steam may be
discharged somewhere along the first heat exchanger 4
and a second portion of the steam may be discharged
downstream of the first heat exchanger 4.

Claims
1. Vehicle comprising

- an internal combustion engine (1) comprising
a combustion chamber (2) and an exhaust duct
3),

- a system for recovering waste heat of the in-
ternal combustion engine (1), wherein the waste
heat recovery system comprises:

i) a first heat exchanger (4) configured to
evaporate a working fluid by transferring
heat from a heated medium originating from
the engine (1);

i) an expander unit (5) configured to expand
the working fluid that has been evaporated
in the first heat exchanger (4) and produce
a power output;

iii) a second heat exchanger (6) configured
to condense the working fluid; and

iv) at least one pump (7, 8, 9) for feeding
the condensed working fluid to the first heat
exchanger (4);

characterized in

that the waste heat recovery system is configured
to use water as working fluid,

wherein a working fluid/water passage (12) is ar-
ranged between the expander unit (5) and the ex-
haust duct (3) so as to direct the expanded working
fluid/water into the exhaust duct (3),

wherein the second heat exchanger (6) is arranged

10

15

20

25

30

35

40

45

50

55

in association with the exhaust duct (3) and being
configured to condense water present in the exhaust
gas, and

wherein the second heat exchanger (6) is positioned
at or downstream a point or zone (13) of the exhaust
duct (3) at which the expanded working fluid/water
is directed into the exhaust gas.

Vehicle according to claim 1, wherein the vehicle fur-
ther comprises:

- a system for introducing water directly or indi-
rectly into the combustion chamber (2) of the
internal combustion engine (1), wherein the ve-
hicle comprises a water distribution system (7,
8,9, 10, 14, 15, 16, 17) configured to distribute
the water condensed in the second heat ex-
changer (6) between the first heat exchanger (4)
and the combustion chamber (2).

Vehicle according to claim 1 or 2, wherein the at least
one pump for feeding the condensed working fluid
to the first heat exchanger includes a high pressure

pump (9).

Vehicle according to claim 3, wherein the high pres-
sure pump (9) is capable of providing the working
fluid/water with a pressure of at least 20 bar, prefer-
ably at least 30 bar, more preferably at least 40 or
50 bar, most preferably around 70 bar.

Vehicle according to anyone of the above claims,
wherein the vehicle comprises a water tank (10) ar-
ranged for storage of water condensed in the second
heat exchanger (6).

Vehicle according to anyone of the above claims,
wherein the expander unit (5) comprises a steam
expander (5a) and a power output (5b) that is con-
nected to an electric generatorfor production of elec-
tricity or that is mechanically connected to a drive-
train of the internal combustion engine (1).

Vehicle according to claim 2, wherein the water dis-
tribution system (7, 8,9, 10, 14, 15,16, 17) comprises
water conduits (14, 15, 16) leading from the second
heat exchanger (6) to the first heat exchanger (4)
and to the engine (1).

Vehicle according to claims 2 and 5, wherein the
water tank (10) forms a common water tank for both
the waste heat recovery system and the system for
introducing water directly or indirectly into the com-
bustion chamber (2).

Vehicle according to claim 8, wherein the vehicle
comprises a condensate pump (7) configured to
pump water from the second heat exchanger (6) to
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the water tank (10).

Vehicle according to claim 9, wherein the water dis-
tribution system (7,8, 9, 10, 14,15, 16, 17) comprises
a low pressure pump (8) arranged upstream of the
water tank (10), wherein the low pressure pump (8)
is configured to pump water towards both the first
heat exchanger (4) and the engine (1).

Vehicle according to anyone of the above claims,
wherein the heated medium originating from the en-
gine (1) is exhaust gas.

Vehicle according to anyone of the above claims,
wherein the internal combustion engine (1) is ar-
ranged for propulsion of the vehicle.
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