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(54) HEAVY-DUTY VEHICLE COMPRISING A COMBUSTION ENGINE

(57)  Aheavy-duty vehicle (1) comprises an ORC sys-
tem for waste heat recovery out of flue gas exhausted
by the vehicle’s combustion engine. The ORC system
comprises a condensor (3) which is arranged in the slip-
stream of the vehicle’s base structure (7). The overall
width W of the condensor is in the range between 1.0 m
and 3.0 m, the overall height H of the condensor is in the
range between 1.0 m and 4.0 m, while the overall depth
D of the condensor is in the range between 0.05W and
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0.30W and in the range between 0.05H and 0.30H. Air-in-
take and air-outlet openings of the condensor are con-
figured for realizing buoyancy flow of environmental air
through the condensor. Thanks to the condensor’s loca-
tion, dimensions and configuration considerable im-
provements in energy savings are obtained as compared
to previously proposed ORC systems for heavy-duty ve-
hicles.
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Description

[0001] The invention relates to a heavy-duty vehicle
comprising a combustion engine. Such a heavy-duty ve-
hicle may for example be a truck having a cabin, or a bus
having a passenger compartment.

[0002] In practice, attempts have been made and are
still being made to provide a heavy-duty vehicle with an
organic rankine cycle system for waste heat recovery out
of flue gas exhausted by the combustion engine. As used
herein, an organic rankine cycle system is also called
"ORC system".In general, an ORC system typically com-
prises an evaporator, an expansion device (such as a
turbine or other expander), a condensor and a working
fluid pump. In an ORC system, an organic fluid is used.
Inthe expansion device, the energy is recovered as work,
which can be used to perform mechanical work and/or
to generate electricity.

[0003] However, ORC systems which have thus far
been proposed for incorporation in a heavy-duty vehicle
have not yet turned out to be of significant economical
interest. The reason is that the energy savings obtained
are relatively low as compared to the costs of incorpo-
rating such a proposed ORC system in a heavy-duty ve-
hicle. One of the factors therein is that the condensor that
has to be used in the ORC system needs considerable
cooling, which is achieved via wind-intake opening struc-
tures in the heavy-duty vehicle and/or via electrical fans.
Applying wind-intake opening structures comes at the
price of increased aerodynamic resistance of the vehicle,
while the application of electrical fans costs electrical en-
ergy. Evidently, these factors cost fuel.

[0004] It is an object of the invention to improve the
energy savings obtained when an ORC system for waste
heat recovery out of flue gas is incorporated in a heavy-
duty vehicle, such as a truck or a bus.

[0005] For that purpose the invention provides a
heavy-duty vehicle according to the appended independ-
ent claim 1. Preferable embodiments of the invention are
provided by the appended dependent claims 2-11.
[0006] Hence the invention provides a heavy-duty ve-
hicle comprising a combustion engine and an organic
rankine cycle system for waste heat recovery out of flue
gas exhausted by the combustion engine, wherein:

- said organic rankine cycle system is configured for
performing organic rankine cycles with an organic
working fluid which is heated by said flue gas;

- said organic rankine cycle system comprises a con-
densor for condensing said organic working fluid by
heat transfer with environmental air of the heavy-
duty vehicle;

- the heavy-duty vehicle has mutually orthogonal ve-
hicle directions in the form of a vehicle length direc-
tion, a vehicle width direction, and a vehicle height
direction;

- the condensor has mutually orthogonal condensor
directions in the form of a condensor depth direction,
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a condensor width direction, and a condensor height
direction;

- the condensor is arranged in a slipstream of a base
structure of the heavy-duty vehicle, said base struc-
ture comprising a cabin of a truck in case the heavy-
duty vehicle is a truck, or a passenger compartment
in case the heavy-duty vehicle is a bus;

- the condensor depth direction is parallel to the vehi-
cle length direction, the condensor width direction is
parallel to the vehicle width direction, and the con-
densor height direction is parallel to the vehicle
height direction;

- the condensor has an overall depth D in said con-
densor depth direction (Xc), an overall width W in
said condensor width direction, and an overall height
H in said condensor height direction;

- said overall width W has a value in the range 1.0 m
<W<3.0m;

- said overall height H has a value in the range 1.0 m
<H<4.0m;

- said overall depth D has a value in the range 0.05W
<D <0.30wW;

- said overall depth D has a value in the range 0.05H
<D <0.30H;

- said condensor has at least one air-intake opening
for allowing said environmental air to enter the con-
densor and at least one air-outlet opening for allow-
ing said environmental air, when entered into and
heated inside the condensor, to exit the condensor,
wherein said at least one air-intake opening is locat-
ed at alower position along said height direction than
said at least one air-outlet opening.

[0007] Some surprising key features of the heavy-duty
vehicle according to the invention are summarized as
follows.

i. The condensor is arranged at a surprising location
in the slipstream of the vehicle’s base structure.

ii. The values of the overall width W, overall height
H and overall depth D of the condensor are forming
a surprisingly huge condensor for a heavy-duty ve-
hicle.

iii. Said at least one air-intake opening is surprisingly
located at a lower position than said at least one air-
outlet opening.

[0008] The combination of these surprising key fea-
tures (i), (ii) and (iii) allows for a remarkably effective
buoyancy flow of environmental air through the conden-
sor. In other words, a kind of chimney effect is created
according to which environmental air that is heated inside
the condensor automatically rises up. The combination
of these key features (i), (ii) and (iii) considerably im-
proves the efficiency of the ORC system of the heavy-
duty vehicle, without necessity to use wind-intake open-
ing structures in the heavy-duty vehicle and/or electrical
fans for the air-cooling of the condensor. Hence, this is
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achieved with more or less zero aerodynamic impact and
zero electrical energy for cooling. This way the energy
savings obtained for a heavy-duty vehicle are improved
to such an extent that the present invention makes the
application of an ORC system in a heavy-duty vehicle
economically worthwile.

[0009] In apreferable embodiment of a heavy-duty ve-
hicle according to the invention, said overall width W has
avaluein therange 1.5 m<W <25 m.

[0010] In another preferable embodiment of a heavy-
duty vehicle according to the invention, said overall
height H has a value in therange 1.5 m <H <2.5m.
[0011] In another preferable embodiment of a heavy-
duty vehicle according to the invention, said overall depth
D has a value in the range 0.10W < D < 0.20W.

[0012] In another preferable embodiment of a heavy-
duty vehicle according to the invention, said overall depth
D has a value in the range 0.10H < D < 0.20H.

[0013] In another preferable embodiment of a heavy-
duty vehicle according to the invention, said condensor
comprises a condensor housing containing at least two
flat condensing structures configured for containing said
organic working fluid and for condensing said organic
working fluid contained therein, wherein said at least two
flatcondensing structures are extending mutually parallel
and perpendicularly to said condensor depth direction,
and wherein said at least two flat condensing structures
are mutually spaced in said condensor depth direction.
[0014] Itisremarkedthat,instead ofthe last-mentioned
preferable embodiment in which the condensor compris-
es a condensor housing containing at least two flat con-
densing structures, the condensor of a heavy-duty vehi-
cle according to the invention may, more generally, com-
prise a condensor housing which contains one, and only
one, flat condensing structure which is configured for
containing said organic working fluid and for condensing
said organic working fluid contained therein, wherein said
one, and only one, flat condensing structure is extending
perpendicularly to said condensor depth.

[0015] The last-mentioned preferable embodiment in
which the condensor comprises a condensor housing
containing said at least two flat condensing structures,
instead of only one flat condensing structure, has the
advantage of improved condensor efficiency, at the price
of only restricted additional space requirement for the
condensor in the slipstream of the vehicle’s base struc-
ture.

[0016] In another preferable embodiment of a heavy-
duty vehicle according to the invention, said condensor
comprises a first interspace in-between two mutually
neighbouring ones of said at least two flat condensing
structures, wherein said first interspace is configured for
containing said environmental air for heating of said en-
vironmental air, and wherein said first interspace has a
first overall interspace dimension D1 in said condensor
depth direction having a value in the range 5 cm < D1 <
15 cm. This further improves the condensor efficiency.
[0017] In another preferable embodiment of a heavy-
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duty vehicle according to the invention, said first inter-
space contains at least two first airfins, which are extend-
ing in said condensor height direction, and which are mu-
tually spaced in said condensor width direction, and
wherein each of said at least two first airfins is extending
in said condensor depth direction in such manner that it
is interconnecting said two mutually neighbouring ones
of said at least two flat condensing structures. Said at
least two first airfins provide for improved heat transfer
from the organic working fluid to the environmental air,
as well as for improved structural strength of the conden-
sor structure.

[0018] In another preferable embodiment of a heavy-
duty vehicle according to the invention, said condensor
comprises a second interspace in-between said conden-
sor housing and a neighbouring one of said at least two
flat condensing structures, wherein said second inter-
space is configured for containing said environmental air
for heating of said environmental air, and wherein said
second interspace has a second overall interspace di-
mension D2 in said condensor depth direction having a
value in the range 1 cm < D2 < 10 cm. This further im-
proves the condensor efficiency.

[0019] In another preferable embodiment of a heavy-
duty vehicle according to the invention, said second inter-
space contains at least two second airfins, which are ex-
tending in said condensor height direction, and which are
mutually spaced in said condensor width direction, and
wherein each of said at least two second airfins is ex-
tending in said condensor depth direction in such manner
thatitis interconnecting said condensor housing and said
neighbouring one of said at least two flat condensing
structures. Said at least two second airfins provide for
improved heat transfer from the organic working fluid to
the environmental air, as well as for improved structural
strength of the condensor structure.

[0020] In another preferable embodiment of a heavy-
duty vehicle according to the invention, said condensor
is a first heat exchanger being assembled within a com-
bined heat exchanging unit that is located in said slip-
stream of said base structure, and wherein said com-
bined heat exchanging unit further comprises atleastone
further heat exchanger for heat transfer with environmen-
tal air of the heavy-duty vehicle, said at least one further
heat exchanger having at least one further air-intake
opening for allowing said environmental air to enter said
at least one further heat exchanger and at least one fur-
ther air-outlet opening for allowing said environmental
air, when entered into and heated inside the condensor,
to exit said at least one further heat exchanger, wherein
said at least one further air-intake opening is located at
a lower position along said height direction than said at
least one further air-outlet opening. Thanks to said com-
bined heat exchanging unit, said at least one further heat
exchanger may benefit at least from advantages similar
to the advantages of the condensor of the ORC system,
i.e. improved efficiency of the at least one further heat
exchanger of the heavy-duty vehicle, without necessity
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to use wind-intake opening structures in the heavy-duty
vehicle and/or electrical fans for the air-cooling of the at
least one further heat exchanger. It is noted that said at
least one further heat exchanger may for example be an
engine oil heat exchanger and/or a transmission oil heat
exchanger and/or an air-conditioning condensor and/or
any other heat exchanger used in a heavy-duty vehicle.
[0021] In the following, the invention is further elucidat-
ed with reference to nonlimiting embodiments and with
reference to the schematic figures in the appended draw-
ing, in which the following is shown.

Fig. 1 shows, in a perspective view, an example of
an embodiment of a heavy-duty vehicle according
to the invention.

Fig. 2 shows, in a more detailed perspective view,
the condensor of the ORC system of the heavy-duty
vehicle of Fig. 1.

Fig. 3 shows the heavy-duty vehicle of Fig. 1 in a
side view.

Fig. 4 shows the condensor of Fig. 1 in a cross-sec-
tion perpendicular to the condensor width direction.
Fig. 5 shows, in a cross-section perpendicular to the
condensor width direction, an example in which the
condensor of Figs. 1-4 is assembled within an ex-
ample of an embodiment of the above-mentioned
combined heat exchanging unit.

[0022] The reference signs used in Figs. 1-5 are refer-
ring to the above-mentioned parts and aspects of the
invention, as well as to related parts and aspects, in the
following manner.

1 heavy-duty vehicle

2 combustion engine

3 condensor of organic rankine cycle system

further heat exchanger

3B further heat exchanger

further heat exchanger

4 parts of organic rankine cycle system, other than
the condensor

5 organic working fluid

6 environmental air

7 base structure

8 at least one air-intake opening

8A at least one further air-intake opening
8B at least one further air-intake opening
8C at least one further air-intake opening

9 at least one air-outlet opening
at least one further air-outlet opening
9B at least one further air-outlet opening

9C at least one further air-outlet opening
10 condensor housing

11 flat condensing structure

12 flat condensing structure

14 combined heat exchanging unit

15 vapour supply pipe

16 T-connection piece
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17 liquid discharge pipe structure
21 first interspace

22A  second interspace

22B  second interspace

31 first airfin

32A  second airfin
32B  second airfin
Xc condensor depth direction
Yc condensor width direction

Zc condensor height direction

Xy vehicle length direction
Yy vehicle width direction
Zy vehicle height direction
[0023] Based on the above introductory description,

including the brief description of the drawing figures, and
based on the above-listed reference signs used in Figs.
1-5, the examples of Figs. 1-5 are readily self-explana-
tory. The following extra explanations are given.

[0024] The heavy-duty vehicle 1 of Figs. 1 and 3 is a
truck, wherein the base structure 7 of the truck is formed
by a cabin and a cabin top deflector mounted on top of
the cabin. The ORC system of the vehicle 1 comprises
the condensor 3, which is located in the slipstream of the
base structure 7. Other parts of the ORC system have
been shown and indicated highly schematically by item
4in Fig. 1. Itis noted that, in case the heavy-duty vehicle
would be a bus, the condensor can be located in the
slipstream on, for example, the backside of the bus.
[0025] In the shown example, the condensor 3 sub-
stantially has the shape of a rectangular parallelepiped
having the overall depth D, the overall width W and the
overall height H as mentioned above. In the perspective
view of Fig. 2 and in the side view of Fig. 3 the condensor
3 is shown partly in ghost view, so as to indicate some
internal parts within the housing 10 of the condensor 3.
The indicated internal parts are the two flat condensing
structures 11, 12, the first interspace 21, and the two
second interspaces 22A, 22B. In Fig. 2 it is seen that the
environmental air 6 enters the condensor 3 via the lower
air-intake openings 8 and exits the condensor 3 via the
upper air-outlet openings 9. In the first interspace 21 and
the two second interspaces 22A, 22B the environmental
air 6 is heated by heat transfer from the organic working
fluid 5 inside the two flat condensing structures 11, 12.
[0026] In Fig. 2 the reference numerals 5 serve to in-
dicate that the organic working fluid 5 may enter the two
flat condensing structures 11, 12 from above in gaseous
form and may exit the two flat condensing structures 11,
12 from below in condensed form. This is also illustrated
by the cross-sectional view of Fig. 4, which illustrates
that, in the shown example, a vapour supply pipe 15 is
used that is extending from under the condensor 3 up-
wardly into and through the first interspace 21 and then
connects via a T-connection piece 16 with top inlets of
the two flat condensing structures 11, 12. Fig. 4 further
illustrates that, in the shown example, a liquid discharge
pipe structure 17 is connected to bottom outlets of the



7 EP 3 839 221 A1 8

two flat condensing structures 11, 12.

[0027] Fig. 2 further indicates upper parts of the first
airfins 31, the second airfins 32A and the second airfins
32B, which are extending in the first interspace 21, the
second interspace 22A and the second interspace 22B,
respectively. In the shown example, although not visibile
in Fig. 2, these first and second airfins 31, 32A, 32B are
extending in the condensor height direction Z along the
full height H of the condensor 3.

[0028] Fig. 4 further indicates, for the first interspace
21, the first overall interspace dimension D 1; for the sec-
ond interspace 22A, the value D2, of the second overall
interspace dimension D2; and for the second interspace
22B, the value D2y of the second overall interspace di-
mension D2. All these dimensions are as measured in
the condensor depth direction X.

[0029] Fig.5showsthe combined heatexchanging unit
14, which comprises the condensor 3 with its at least one
air-intake opening 8 and its atleast one air-outlet opening
9, wherein the condensor 3 is the condensor of the ORC
system of the heavy-vehicle 1. In addition the combined
heat exchanging unit 14 comprises the further heat ex-
changer 3A with its at least one air-intake opening 8A
and its at least one air-outlet opening 9A, the further heat
exchanger 3B with its at least one air-intake opening 8B
and its at least one air-outlet opening 9B, and the further
heatexchanger 3C with its at least one air-intake opening
8C and its at least one air-outlet opening 9C. The further
heat exchanger 3A may for example be an engine oil
heat exchanger. The further heat exchanger 3B may for
example be a transmission oil heat exchanger, and the
further heat exchanger 3C may for example be an air-
conditioning condensor.

Claims

1. A heavy-duty vehicle (1) comprising a combustion
engine (2) and an organic rankine cycle system (3,
4) for waste heat recovery out of flue gas exhausted
by the combustion engine, wherein:

- said organicrankine cycle system is configured
for performing organic rankine cycles with an
organic working fluid (5) which is heated by said
flue gas;

- said organic rankine cycle system comprises
a condensor (3) for condensing said organic
working fluid by heat transfer with environmental
air (6) of the heavy-duty vehicle;

-the heavy-duty vehicle has mutually orthogonal
vehicle directions in the form of a vehicle length
direction (Xy/), a vehicle width direction (Y,,), and
a vehicle height direction (Z,));

- the condensor has mutually orthogonal con-
densor directions in the form of a condensor
depthdirection (X¢), a condensor width direction
(Yc), and a condensor height direction (Z¢);
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- the condensor is arranged in a slipstream of a
base structure (7) of the heavy-duty vehicle, said
base structure comprising a cabin of a truck in
case the heavy-duty vehicle is a truck, or a pas-
senger compartment in case the heavy-duty ve-
hicle is a bus;

- the condensor depth direction (Xz) is parallel
to the vehicle length direction (Xy/), the conden-
sor width direction (YC,) is parallel to the vehicle
width direction (Yy,), and the condensor height
direction (Z.) is parallel to the vehicle height di-
rection (Zy);

- the condensor has an overall depth D in said
condensor depth direction (X¢), an overall width
W in said condensor width direction (Y¢), and
an overall height H in said condensor height di-
rection (Z¢);

- said overall width W has a value in the range
1.0ms<W<3.0m;

- said overall height H has a value in the range
1.0m<H<40m;

- said overall depth D has a value in the range
0.05W < D <0.30W;

- said overall depth D has a value in the range
0.05H <D < 0.30H;

- said condensor has at least one air-intake
opening (8) for allowing said environmental air
to enter the condensorand atleast one air-outlet
opening (9) for allowing said environmental air,
when entered into and heated inside the con-
densor, to exit the condensor, wherein said at
least one air-intake opening is located at a lower
position along said height direction than said at
least one air-outlet opening.

A heavy-duty vehicle according to claim 1, wherein
said overall width W has a value in the range 1.5 m
<SW<25m.

A heavy-duty vehicle according to any one of the
preceding claims, wherein said overall height H has
avalue intherange 1.5m<H<2.5m.

A heavy-duty vehicle according to any one of the
preceding claims, wherein said overall depth D has
a value in the range 0.10W < D < 0.20W.

A heavy-duty vehicle according to any one of the
preceding claims, wherein said overall depth D has
a value in the range 0.10H < D < 0.20H;

A heavy-duty vehicle according to any one of the
preceding claims, wherein said condensor compris-
es a condensor housing (10) containing at least two
flat condensing structures (11, 12) configured for
containing said organic working fluid and for con-
densing said organic working fluid contained therein,
wherein said at least two flat condensing structures
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are extending mutually parallel and perpendicularly
to said condensor depth direction (X¢), and wherein
said at least two flat condensing structures are mu-
tually spaced in said condensor depth direction (X¢).

A heavy-duty vehicle according to claim 6, wherein
said condensor comprises a first interspace (21) in-
between two mutually neighbouring ones of said at
least two flat condensing structures, wherein said
first interspace is configured for containing said en-
vironmental air for heating of said environmental air,
and wherein said first interspace has a first overall
interspace dimension D1 in said condensor depth
direction (X¢) having a value in the range 5 cm < D1
<15cm.

A heavy-duty vehicle according to claim 7, wherein
said first interspace contains at least two first airfins
(31), which are extending in said condensor height
direction (Z¢), and which are mutually spaced in said
condensor width direction (Y ), and wherein each of
said at least two first airfins is extending in said con-
densor depth direction (X¢) in such manner that it is
interconnecting said two mutually neighbouring ones
of said at least two flat condensing structures.

A heavy-duty vehicle according to any one of claims
6-8, wherein said condensor comprises a second
interspace (22A, 22B) in-between the condensor
housing and a neighbouring one of said at least two
flat condensing structures, wherein said second
interspace is configured for containing said environ-
mental air for heating of said environmental air, and
wherein said secondinterspace has a second overall
interspace dimension D2 in said condensor depth
direction (X¢) having a value in the range 1 cm < D2
<10cm.

A heavy-duty vehicle according to claim 9, wherein,
wherein said second interspace contains at leasttwo
second airfins (32A, 32B), which are extending in
said condensor height direction (Z¢), and which are
mutually spaced in said condensor width direction
(Yc), and wherein each of said at least two second
airfins is extending in said condensor depth direction
(Xc) in such manner that it is interconnecting said
condensor housing and said neighbouring one of
said at least two flat condensing structures.

A heavy-duty vehicle according to any one of the
preceding claims, wherein said condensor is a first
heat exchanger being assembled within a combined
heat exchanging unit (14) that is located in said slip-
stream of said base structure, and wherein said com-
bined heat exchanging unit further comprises atleast
one further heat exchanger (3A, 3B, 3C) for heat
transfer with environmental air of the heavy-duty ve-
hicle, said at least one further heat exchanger having
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at least one further air-intake opening (8A, 8B, 8C)
for allowing said environmental air to enter said at
least one further heat exchanger and at least one
further air-outlet opening (9A, 9B, 9C) for allowing
said environmental air, when entered into and heat-
ed inside the condensor, to exit said at least one
further heat exchanger, wherein said at least one
further air-intake opening is located at a lower posi-
tion along said height direction than said at leastone
further air-outlet opening.
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