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METHOD AND LARGE TWO-STROKE UNIFLOW SCAVENGED INTERNAL

COMBUSTION ENGINE FOR CARBON DIOXIDE CAPTURE

TECHNICAL FIELD

The disclosure relates to large two-stroke internal
combustion engines, 1in particular, large two-stroke uniflow
scavenged internal combustion engines with crossheads running
on a carbon-based fuel (gaseous or liquid fuel), and a method
of operating such a type of engine, to reduce carbon dioxide

emissions.

BACKGROUND

Large two-stroke turbocharged uniflow scavenged internal
combustion engines with crossheads are for example used for
propulsion of large oceangoing vessels or as the primary mover
in a power plant. Not only due to their sheer size, these
two-stroke diesel engines are constructed differently from
any other internal combustion engine. Their exhaust wvalves
may weigh up to 400 kg, pistons have a diameter up to 100 cm
and the maximum operating pressure in the combustion chamber
is typically several hundred bar. The forces involved at these

high pressure levels and piston sizes are enormous.

Large two-stroke turbocharged internal combustion engines
that are operated with liquid fuel (e.g. fuel o0il, marine
diesel, heavy fuel o0il, ethanol, Dimethyl ether (DME) or with
gaseous fuel (e.g. natural gas (LNG), petroleum gas (LPG),
Methanol or Ethane).

Engines that operate with a gaseous fuel may operate according

to the Otto cycle in which gaseous fuel is admitted by fuel
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valves arranged medially along the length of the cylinder
liner or in the cylinder cover, i.e. these engines admit the
gaseous fuel during the upward stroke (from BDC to TDC) of
the piston starting well before the exhaust valve closes, and
compress a mixture of gaseous fuel and scavenging air in the
combustion chamber and ignites the compressed mixture at or
near TDC by timed ignition means, such as e.g. liquid fuel

injection.

Engines that are operated with liquid fuel, and also engines
that are operated with gaseous fuel with high-pressure
injection, inject the gaseous- or liquid fuel when the piston
is close to or at TDC, i.e. when the compression pressure in
the combustion chamber is at or close to its maximum, and are
thus operated according to the Diesel cycle, 1i.e. with

compression ignition.

The liquid- and gaseous fuels used in known large two-stroke
turbocharged unit flow scavenged internal combustion engines
generally contain carbon, i.e. these are carbon-based fuels,
and their combustion results in the generation of carbon
dioxide that is exhausted into the atmosphere. Carbon dioxide
emissions are (generally considered detrimental to the

environment and to be minimized or avoided.

KR20180072552 discloses a large two-stroke turbocharged
uniflow scavenged internal combustion engine with crossheads

according to the preamble of claim 1.
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SUMMARY
It is an object to provide an engine and a method that

overcomes or at least reduces the problems indicated above.

The foregoing and other objects are achieved by the features
0of the independent claims. Further implementation forms are
apparent from the dependent claims, the description, and the

figures.

According to a first aspect, there is provided a large two-
stroke turbocharged uniflow scavenged internal combustion
engine with crossheads, the engine comprising: a plurality of
combustion chambers, each delimited by a cylinder liner, a
piston configured to reciprocate in the cylinder liner, and
a cylinder cover, scavenge ports arranged in the cylinder
liner for admitting scavenge gas into the combustion chamber,
an exhaust gas outlet arranged in the cylinder cover and
controlled by an exhaust valve, a fuel system configured for
supplying a carbon-based fuel to the combustion chambers, the
combustion chambers being configured for combusting the
carbon-based fuel thereby generating carbon dioxide
containing combustion gas, the combustion chambers being
connected to a scavenge air receiver via the scavenge ports
and to a combustion gas receiver via the exhaust gas outlet,
an exhaust gas recirculation system configured for
recirculating a portion of the combustion gas originating
from the combustion chambers to the scavenge gas receiver,
the exhaust gas recirculation system comprising a blower for
assisting the flow of combustion gas to the scavenge air
receiver, an exhaust gas system configured for exhausting

another portion of the combusting gas originated from the
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combustion chambers as exhaust gas, the exhaust gas system
comprising turbine of a turbocharger system driven by the
exhaust gas, an air inlet system comprises a compressor of
the turbocharger system, the compressor being configured for
supplying pressurized scavenge air to the scavenge (dgas
receiver, the exhaust gas system comprising a carbon dioxide
separation system and a cardon dioxide storage unit connected
to an outlet of the carbon dioxide separation system, and the
carbon dioxide separation system being configured to receive
exhaust gas, to separate at least a portion of the carbon
dioxide in the exhaust gas from the exhaust gas, preferably
by solidifying and/or liquifyingthe carbon dioxide, and to
convey the separated carbon dioxide to the carbon dioxide

storage unit.

By operating the engine with combustion gas recirculation,
the concentration of carbon dioxide in the exhaust gas 1is
increased, thereby rendering the separation of carbon dioxide
from the exhaust gas more effective, and by separating the
carbon dioxide from the exhaust gas, and storing the carbon

dioxide, carbon dioxide emissions by the engine are reduced.

In a possible implementation form of the first aspect, The
engine comprises a controller configured to regulate the
percentage by mass of recirculated combustion gas 1in the

scavenge gas to at least 40%, preferably between 40% and 55%.

In a possible implementation form of the first aspect, the
controller is configured to control the speed of the blower
to regulate the percentage of recirculated combustion gas in

the scavenge gas.
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In a possible implementation form of the first aspect, the
engine comprises a combustion gas to water cooler, preferably
a combustion gas to seawater cooler, the combustion gas to
water cooler preferably being arranged upstream of a position
where the stream of combustion gas from the engine is split
into the portion that is recirculated and the other portion

that is exhausted.

In a possible implementation form of the first aspect, the
engine comprises a combustion gas to cooling medium heat
exchanger, and a cooling plant, the cooling plant is
configured to «circulate the cooling medium through the
combustion gas to cooling medium heat exchanger, the
combustion gas to medium heat exchanger preferably being
arranged downstream of a position where the stream of
combustion gas from the engine is split into the portion that

is recirculated and the other portion that is exhausted.

In a possible implementation form of the first aspect, the
combustion gas to cooling medium heat exchanger is connected

to a cooling plant.

In a possible implementation form of the first aspect, the
engine comprises a cooler downstream of the turbine for
cooling the exhaust gas for solidifying carbon dioxide in the

exhaust gas.

In a possible implementation form of the first aspect, the

cooler is connected to a cooling plant.
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In a possible implementation form of the first aspect, the
controller is configured to control the operation of the
engine to result in the temperature of the exhaust gas when
it reaches atmospheric pressure downstream of the turbine
being -82 degrees Celcius or below, thereby solidifying carbon

dioxide in the exhaust gas.

In a possible implementation form of the first aspect, the
turbine is mechanically coupled to drive the compressor
preferably assisted by an electric drive motor. For the
turbine to provide sufficient expansion and thereby
sufficient cooling to the exhaust gas, there will be operating
conditions where the turbine does not deliver sufficient
energy for operating the compressor, and in these operating
conditions, additional energy needs to be added to the

turbocharging system by the electric drive motor.

In a possible implementation form of the first aspect, the
compressor 1s driven by an electric drive motor, and wherein
the turbine drives an electric generator or alternator (79).
In this setup of the turbocharging system, additional energy
that may be required by the turbocharging system can be
delivered by the electric drive motor that drives the
compressor, from external sources of electric power, which
may be in the form of an electric generator or an alternator
driven by the engine, or by a generator set associated with

the engine.

In a possible implementation form of the first aspect, the

engine is operated according to the Otto cycle and gaseous
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fuel is admitted to the combustion chambers from fuel wvalves
during the stoke of the piston from Bottom Dead Center (BDC)
to Top Dead Center (TDC).

In a possible implementation form of the first aspect, the
engine 1s operated according to the Diesel cycle, and gaseous
or liguid fuel is injected into the combustion chambers from

fuel valves when the piston is close to Top Dead Center (TDC).

According to a second aspect, there is provided a method of
operating a large two-stroke turbocharged uniflow scavenged
internal combustion engine with a plurality of combustion
chambers, the method comprising: supplying a carbon-based
fuel to the combustion chambers, combusting the carbon-based
fuel in the combustion chambers, thereby generating
combustion gas containing carbon dioxide, recirculating a
portion of the combustion gas, and exhausting another portion
0of the combustion gas as exhaust gas, supplying pressurized
scavenge gas to the combustion chambers, the pressurized
scavenge gas containing at least 40% Dby mass recirculated
combustion gas, preferably 40 to 55%, separating carbon
dioxide from the exhaust gas in a carbon dioxide separation
process, and storing the separated carbon dioxide in a storage

unit.

By operating the engine with a high combustion gas
recirculation ratio, the concentration of carbon dioxide in
the exhaust gas 1is 1increased, thereby facilitating the
separation of carbon dioxide from the exhaust gas, and by

separating the carbon dioxide from the exhaust gas, and
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storing the carbon dioxide, emissions of carbon dioxide by

the engine are avoided or at least reduced.

In a possible implementation form of the second aspect, the
method comprises solidifying (freezing) at least a portion of
the carbon dioxide in the exhaust gas. By freezing the carbon
dioxide, it becomes relatively simple to separate the carbon
dioxide from the other components of the exhaust gas. Further,
storage of the carbon dioxide in solid form requires little
space and can be performed in a container that does not need

to be pressurized.

In a possible implementation form of the second aspect, the
method comprises subjecting the exhaust gas to one or more
cooling and expanding processes thereby or solidifying and/or

liquefying the carbon dioxide downstream of the turbine.

In a possible implementation form of the second aspect, the
method comprises storing the carbon dioxide in liquid or solid

form in the storage unit.

In a possible implementation form of the second aspect, the
method comprises controlling the speed of a blower in an
exhaust gas recirculation system regulating the percentage of

recirculated combustion gas in the pressurized scavenge gas.

In a possible implementation form of the second aspect, at
least a part of the expanding process takes part in the

turbine.
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In a possible implementation form of the second aspect, the
engine comprises a combustion gas to water cooler, preferably
an exhaust gas tTo seawater cooler, preferably arranged
upstream of a position where the stream of combustion gas
from the engine is split into a portion that is recirculated
and the portion that is exhausted, and the method comprises
cooling the combustion gas with the combustion gas to water
cooler, preferably to a temperature below 40 degrees Celsius,

more preferably 31 degrees Celsius or below.

In a possible implementation form of the second aspect, the
engine comprises an exhaust gas to cooling medium heat
exchanger, and a cooling plant, the cooling plant is
configured to «circulate the cooling medium through the
combustion gas to cooling medium heat exchanger preferably to
a temperature below -10 degrees Celsius, more preferably -15

degrees Celsius or below.

In a possible implementation form of the second aspect, the
solidified water content (ice) in the exhaust gas is separated
from the exhaust gas, e.g. through a gravitational or

centrifugal separation process, and stored or disposed of.

In a possible implementation form of the second aspect, the
engine comprises a cooler downstream of the turbine for
further cooling the exhaust gas for solidifying the carbon
dioxide in the exhaust gas, preferably to a temperature below
-80 degrees Celsius or below, preferably at atmospheric

pressure.
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In a possible implementation form of the second aspect, the
method comprises compressing air with a compressor and mixing
the combustion gas with the compressed air to obtain scavenge

gas.

In a possible implementation form of the second aspect, the
method comprises pressurizing the recirculated combustion gas
with a blower compressor before mixing the combustion gas

with the compressed air.

These and other aspects will be apparent from the embodiments

described below.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following detailed portion of the present disclosure,
the aspects, embodiments, and implementations will Dbe
explained in more detail with reference to the example
embodiments shown in the drawings, in which:

Fig. 1 is a front view of a large two-stroke diesel engine
according to an example embodiment,

Fig. 2 is a side view of the large two-stroke engine of Fig.
1,

Fig. 3 is a diagrammatic representation of the large two-
stroke engine according to Fig. 1 in an embodiment,

Fig. 4 is a diagrammatic representation of the large two-
stroke engine according to Fig. 1, in another embodiment, and
Fig. 5 is a diagrammatic representation of the large two-

stroke engine according to Fig. 1, in yet another embodiment.

DETATILED DESCRIPTION

In the following detailed description, an internal combustion

engine will be described with reference to a large two-stroke
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low-speed turbocharged internal combustion crosshead engine
in the example embodiments. Figs. 1, 2, and 3 show an
embodiment of a large low-speed turbocharged two-stroke
diesel engine with a crankshaft 8 and crossheads 9. Figs. 1
and 2 are front and side views, respectively. Fig. 3 is a
diagrammatic representation of an embodiment of the large
low-speed turbocharged two-stroke diesel engine of Figs. 1
and 2 with its intake and exhaust systems. In this embodiment,
the engine has four cylinders in line. However, the large
low-speed turbocharged two-stroke internal combustion engine
may have between four and fourteen cylinders in line, with
the cylinder liners carried by an engine frame 11. The engine
may e€.g. be used as the main engine in a marine vessel or as
a stationary engine for operating a generator in a power
station. The total output of the engine may, for example,

range from 1,000 to 110,000 kW.

The engine 1is in this example embodiment an engine of the
two-stroke uniflow scavenged type with scavenging ports 18 in
the lower region of the cylinder liners 1 and a central
exhaust wvalve 4 in a cylinder cover 22 at the top of the
cylinder 1liners 1. The scavenge gas 1s passed from the
scavenge gas receiver 2 through the scavenge ports 18 of the
individual cylinder liners 1 when the piston 10 is below the
scavenge ports 18. Gaseous fuel (e.g. Methanol, petroleum gas
or LPG, natural gas LNG, or Ethane) is admitted from gaseous
fuel valves 30 under control of an electronic controller 60
when the piston is in its upward movement (from BDC to TDC)
and before the piston passes the fuel valves 30 (gas admission
valves) and/or liquid fuel (e.g. fuel o0il) 1is injected at

high pressure (preferably 300 bar or more) through liquid
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fuel valves 50 when the piston 10 is at or near TDC. The fuel
gas is admitted at a relatively low pressure that is below 30
bar, preferably below 25 bar, more preferably below 20 bar.
The fuel valves 30 are, preferably evenly, distributed around
the circumference of the cylinder liner and placed in the
central region of the length of the c¢ylinder liner 1.The
admission of the gaseous fuel takes place when the compression
pressure 1is relatively low, 1.e. much lower than the
compression pressure when the piston reaches TDC, hence

allowing admission at relatively low pressure.

A piston 10 in the cylinder liner 1 compresses the charge of
gaseous fuel and scavenge gas, (or compresses the scavenge
gas 1in case the operation is with liquid fuel injection at
TDC only) and at or near TDC ignition is triggered by
injection of liguid fuel at high pressure from liquid fuel
valves 50 that are preferably arranged in the cylinder cover
22 or through the compression in case of liquid fuel injection
at or near TDC only. Combustion follows and combustion gas

containing carbon dioxide is generated.

When the exhaust valve 4 is opened, the combustion gas flows
through a combustion gas duct associated with the cylinder 1
into the combustion gas receiver 3 and onwards through a
combustion gas conduit 19 that includes a combustion gas to
water cooler 65. The combustion gas to water cooler 65 1is
operated with seawater if the engine is installed in a marine
vessel. The activity of the combustion gas to water cooler 65
is controlled by a controller 40 and operated to cool the
combustion gas from a temperature of 425 to 475 degrees

Celsius at the inlet of the combustion gas to water cooler 65
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to a temperature below 40, preferably below 35 most preferable
below 31 degrees Celcius, at the outlet of the combustion gas
to water cooler 65. At a position, preferably downstream of
the combustion gas to water cooler 65, the flow of combustion
gas 1s divided into a portion that flows to a combustion gas
recirculation system 60 and another portion that flows into
an exhaust system. The combustion gas recirculating system 60
connects to the scavenging system as described further below.
The combustion gas recirculation system 60 includes a conduit
connecting to the scavenging system and may 1include
(preferably water operated) scrubber 70 for cleaning the
combustion gas. The combustion gas recirculation system 60
also comprises a blower 75 (preferably driven by an electric
drive motor 76) for forcing combustion gas through the
combustion gas system 60 to the scavenging system. The
operation of the blower 75 1s controlled by the controller
40. In an embodiment, the controller 40 regulates the
combustion gas ratio (by mass) in the scavenging gas by
adjusting the operation of the blower 75. The controller 40
is in an embodiment configured to regulate the combustion gas
ratio (by mass) 1in the scavenging gas to be above 40%,
preferably above 45%, most preferably between 40 and 55%. The
combustion gas ratio is defined as the percentage of the mass
of combustion gas of the total gas mass induced into the

engine.

The exhaust system comprises an exhaust conduit 63 that
includes exhaust gas to cooling medium heat exchanger 66 and
leads to a turbine 6 of a turbocharger 5. The exhaust gas to
cooling medium heat exchanger 66, is operably connected to a

cooling plant 68. The cooling plant 60 is configured to
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circulate the cooling medium through the combustion gas to
cooling medium heat exchanger 68 to cool the exhaust gas at
the outlet of the cooling medium heat exchanger 66 to a
temperature below -10 degrees Celsius, more preferably -15
degrees Celsius or below. The water in the exhaust gas is
thereby solidified (to form ice or snow) and separated in a
gravitational or centrifugal process and removed through
drain 64. The cooling medium (refrigerant) may have a
temperature in the range of -20 to -30 degrees Celcius at a
cooling medium inlet of the cooling medium heat exchanger 66.
Suitable cooling media (refrigerants) are e.g. ammonia,
propane, 1sobutane, carbon dioxide and other known cooling
media for industrial cooling plants. The operation of the
cooling medium heat exchanger 66 1is controlled by the
controller 40 to obtain a temperature of the exhaust gas at
the outlet of the cooling medium heat exchanger 66 at the

desired temperature.

From the outlet of the exhaust gas to cooling the exchanger
66, the exhaust gas flows to the inlet of the turbine 6. At
the outlet of the turbine 6, the exhaust gas has through
expansion in the turbine 6 reached a temperature of below
minus 80 degrees Celsius, preferably below minus 82 degrees
Celcius and at ambient (atmospheric pressure. In these
conditions, the carbon dioxide in the exhaust gas solidifies
(freezes) and is separated, e.g. through a gravitational or
centrifugal separation process. The separated solid carbon
dioxide is stored in a storage unit 80. The remaining exhaust
gas contains no carbon dioxide or only a little amount of
carbon dioxide and is allowed to flow away through an outlet

21 and into the atmosphere.
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In this embodiment, the engine comprises a cooler 69
downstream of the turbine 6 for further cooling the exhaust
gas for solidifying the carbon dioxide in the exhaust gas,
preferably to a temperature below -80 degrees Celsius or
below, at atmospheric pressure. In this embodiment the solid
carbon dioxide i1s separated, e.g. through a gravitational or
centrifugal process, 1in the cooler 69, at the outlet of the
cooler 69, or just downstream of the cooler 69. The separated
solid carbon dioxide is stored in the carbon dioxide unit 80.
The carbon dioxide stored in the carbon dioxide storage unit
80 may subsequently be stored in a more permanent solution

for storing captured carbon dioxide.

Through a shaft, the turbine 6 drives a compressor 7 supplied
with fresh air wvia an air inlet 12. The turbocharger 5 is
assisted by an electric drive motor 77 that assists the
turbocharger 5 when the turbine 6 does not provide sufficient

power to drive the compressor 7.

The compressor 7 delivers pressurized scavenge air to a
scavenge air conduit 13 leading to the scavenge air receiver
2. The scavenge air in conduit 13 passes an intercooler 14

for cooling the scavenge air.

Either upstream (shown) or downstream (not shown) of the
intercooler 14 the combustion gas recirculation system 60
connects to the scavenge air conduit 13. At this position,
the recirculated combustion gas is mixed with the scavenge

air to form scavenge gas. The controller 40 is configured to
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ensure that the scavenge gas contains 40 to 55 % by mass

combustion gas.

The cooled scavenge alr or gas passes via an auxiliary blower
16 driven by an electric motor 17 that pressurizes the
scavenge alr flow when the compressor 7 of the turbocharger
5 does not deliver sufficient pressure for the scavenge air
receiver 2, 1.e. in low- or partial load conditions of the
engine. At higher engine loads the turbocharger compressor 7
delivers sufficient compressed scavenge air and then the

auxiliary blower 16 is bypassed via a non-return valve 15.

A controller 40 (electronic control unit), which as such may
be comprised of several interconnected electronic units that
comprise a processor and other hardware for performing the
function of a controller), 1is generally in control of the
operation of the engine and exceeds control over e.g. gaseous
fuel admission (quantity and timing), liquid fuel injection
(quantity and timing), and opening and closing of the exhaust
valve 4 (timing and extent of 1ift), recirculated combustion
gas ratio and operation of wvarious coolers. Hereto, the
controller 40 is in receipt of various signals from sensors
that inform the controller of the operating conditions of the
engine (engine load, engine speed, blower speed, scavenging
gas temperature, combustion gas temperature at wvarious
locations, exhaust gas temperature at wvarious locations,
pressures 1in the scavenging system, 1in the combustion
chambers, in the exhaust gas system, and in the combustion
gas recirculation system. Preferably, the engine comprises a
variable timing exhaust wvalve actuation system allowing

individual control of the exhaust wvalve timing for each
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combustion chamber. The controller 40 is connected via signal
lines or wireless connections to the fuel wvalves 30, the
liquid fuel wvalves 50, the exhaust valve actuator, an angular
position sensor that detects the angle of the crankshaft and
generates a signal representative of the position of the
crankshaft, and a pressure sensor, preferably in the cylinder
cover 22 or alternatively in the cylinder liner 1 generating
a signal representative of the pressure in the combustion

chamber.

Depending on the engine size, the cylinder liner 1 may be
manufactured in different sizes with cylinder bores typically
ranging from 250 mm to 1000 mm, and corresponding typical

lengths ranging from 1000 mm to 4500 mm.

The cylinder liners 1 are mounted in a cylinder frame 23 with
a cylinder cover 22 placed on the top of each cylinder liner
1 with a gas-tight interface therebetween. The piston 10 is
arranged to reciprocate between Bottom Dead Center (BDC) and
Top Dead Center (TDC). These two positions are separated by
a 180 degrees revolution of the crankshaft 8. The cylinder
liner 1 is provided with a plurality of circumferentially
distributed cylinder lubrication holes that are connected to
a cylinder lubrication line that provides a supply of cylinder
lubrication o0il when the piston 10 passes the cylinder
lubrication holes 25, thereafter piston rings in the piston
10 (not shown) distribute the cylinder lubrication oil over

the running surface (inner surface) of the cylinder liner 1.

The liquid fuel wvalves 50 (typically more than one per

cylinder, preferably three or four), are mounted in the
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cylinder cover 22 and connected to a source of liquid fuel
(not shown). The liquid fuel valves 50 are preferably arranged
around the exhaust valve 4, in particular around the central
outlet (opening) in the cylinder cover 22 that is controlled
by the exhaust valve 4. The timing and quantity of the liquid
fuel injection are controlled by the controller 40. The liquid
fuel wvalves 50 are only used to inject a small amount of
ignition liguid (pilot) if the engine is operating in the
gaseous fuel mode. If the engine is operating in a liguid
fuel mode, the amount of liquid fuel required for operating
the engine with the actual engine load is injected through
the 1liquid fuel wvalves 50. The cylinder 22 cover may be
provided with pre-chambers (not shown) and a tip of the liquid
fuel wvalves 50, typically a tip provided with a nozzle with
one or more nozzle holes is arranged such that the pilot oil
(ignition liquid) 1is 1injected and atomized into the pre-
chambers to trigger dignition. The pre-chambers assist in
ensuring reliable ignition. In an embodiment, the pre-
chambers are double pre-chambers, 1i.e. two pre-chambers

connected in series.

The fuel vales 30 are installed in the cylinder liner 1 (or
in the cylinder cover 22), with their nozzle substantially
flush with the inner surface of the cylinder liner 1 and with
the rear end of the fuel wvalve 30 protruding from the outer
wall of the cylinder liner 1. Typically, one or two, but
possibly as much as three or four fuel valves 30 are provided
in each c¢ylinder liner 1, circumferentially distributed
(preferably circumferentially evenly distributed) around the
cylinder liner 1. The fuel wvalves 30 are in an embodiment

arranged substantially medial along the length of the cylinder
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liner 1. The fuel valves 30 are connected to a pressurized
source of gaseous fuel 40 (e.g. Methanol, LPG, LNG, Ethane or
Ammonia), i.e. the fuel is in the gaseous phase when it is
delivered to the fuel wvalves 30. Since the gaseous fuel is
admitted during the stroke of the piston 10 from BDC to TDC,
the pressure of the source of gaseous fuel merely needs to be
higher than the pressure residing in the cylinder liner 1,
and typically a pressure of less than 20 bar is sufficient
for the gaseous fuel delivered to the fuel valve 30. The fuel
valves 30 are connected to the controller 40, which determines
the timing of the opening and closing of the fuel wvalve, and

the duration of the opening of the fuel wvalves 30.

The liquid fuel for ignition is in an embodiment a fuel oil,
marine diesel, heavy fuel o0il, ethanol, or Dimethyl ether

(DME) .

The gaseous operation mode can be one of several operation
modes of the engine. Other modes may include a liquid fuel
operation mode, in which all of the fuel required for the
operation of the engine 1s provided in liguid form through
the liquid fuel wvalves 50. In the gaseous fuel operation mode,
the engine 1s operated with gaseous fuel that is admitted
during the stroke of the piston from BDC to TDC at relatively
low pressure as the main fuel, 1i.e. providing for a major
portion of the energy supplied to the engine, whereas the
liquid fuel is, by comparison, constitutes a relatively small
amount of fuel that makes only a relatively small contribution
to the amount of energy supplied to the engine, the purpose
of the liquid fuel being timed ignition, i.e. the liquid fuel

serves as an ignition liquid
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Thus, the engine of the present embodiment can be a dual-fuel
engine, i.e. the engine has a mode in which it operates
exclusively on liquid fuel and a mode in which is nearly

exclusively operates on gaseous fuel

The engine is operated by supplying a carbon-based fuel to
the combustion chambers (liguid and/or gaseous fuel),
combusting the carbon-based fuel in the combustion chambers,
thereby generating combustion gas containing carbon dioxide,
recirculating a portion of the combustion gas, and exhausting
another portion of the combustion gas as exhaust gas,
supplying pressurized scavenge gas tTo the combustion
chambers, the pressurized scavenge gas containing at least
40% by mass recirculated combustion gas, preferably 40 to
55%, separating carbon dioxide from the exhaust gas in a
carbon dioxide separation process, and storing the separated

carbon dioxide in a storage unit 80.

In this process, the exhaust gas is subjected to cooling and
expanding processes that solidifies (freezes) the carbon
dioxide in the exhaust gas at the outlet of the turbine 6 or
downstream the turbine 6 in the cooler 69. The frozen carbon
dioxide is, separated, e.g. in a gravitational or centrifugal
separation process, and thereafter stored in solid form in
the storage unit 80. The storage unit 80 is in an embodiment

a thermally insulated non-pressurized container or tank.

The controller 40, controls the speed of the blower 75 in the
exhaust gas recirculation system 60 for regulating the

percentage of recirculated combustion gas in the pressurized
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scavenge gas, preferably to a percentage by mass of at least
40% to increase the concentration of carbon dioxide in the
combustion gas. In an embodiment, the controller 40 1is
configured to adjust the recirculated combustion gas ratio to
result in a carbon dioxide concentration in the combustion
gas that is at least double that when compared to operating

without combustion gas recirculation.

At least a part of the expansion process of the exhaust gas
takes part in the turbine 6, thereby creating a large drop in
temperature and pressure of the exhaust gas, preferably to
atmospheric pressure and a temperature of -82 degrees or lower

thereby solidifying carbon dioxide in the exhaust gas.

Fig. 4 shows another embodiment of the engine. In this
embodiment, structures and features that are the same or
similar to corresponding structures and features previously
described or shown herein are denoted by the same reference
numeral as previously used for simplicity. In this embodiment,
the engine and the operation thereof is largely identical to
the previous embodiment, and hence only the differences with

the previous embodiment will be described in detail.

In this embodiment, the compressor 6 is driven by an electric
drive motor 78, and the turbine 7 drives an electric generator
or alternator 79. In this setup of the turbocharging system,
additional energy that may be required by the turbocharging
system is delivered by the electric drive motor 78 that drives
the compressor 7. Hereto, the electric drive motor 78 is

powered by a source of electric power, which may be in the
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form of an electric generator or an alternator driven by the

engine, or by a generator set associated with the engine.

In this embodiment, the engine 1s shown as a compression
ignition engine (operating according to the Diesel
principle), with the carbon-based fuel (gaseous or liquid)
being injected at high pressure when the piston 10 is at or
near TDC. The shown engine neither requires pre-chambers nor
fuel admission wvalves 30 in the cylinder liner 10. However,
the engine according to this embodiment could also be operated
according to the Otto principle with gaseous fuel admission

during the stroke of the piston 10 from BDC to TDC.

In this embodiment, the controller 40 is configured to operate
the engine such that the conditions (i.e. pressure and
temperature) at the outlet of the turbine 6 are such that the
carbon dioxide 1n the exhaust gas 1s solidified and the
solidified carbon dioxide is separated at the outlet of the
turbine 6 through a gravitational or centrifugal separation

process and stored in the carbon dioxide storage unit 80.

Fig. 5 shows another embodiment of the engine. In this
embodiment, structures and features that are the same or
similar to corresponding structures and features previously
described or shown herein are denoted by the same reference
numeral as previously used for simplicity. In this embodiment,
the engine and the operation thereof is largely identical to
the previous embodiment, and hence only the differences with

the previous embodiment will be described in detail.
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In this embodiment the engine shown is a gas admission engine
operating according to the Otto principle, but it should be
understood that this embodiment may work just as well with a
high-pressure fuel injection engine operating according to

the Diesel principle.

In this embodiment, no measures are taken to achieve a lower
than normal (conventional) the temperature of the exhaust gas
at the outlet of the turbine 6. Hence, there is neither need
for combustion gas and water cooler nor for an exhaust gas to
cooling medium cooler connected to a cooling plant.
Accordingly, the temperature of the exhaust gas will be in a
conventional range of temperatures of 180 to 250 degrees

Celsius.

Downstream of the turbine 6, a carbon dioxide separation unit
88 separates carbon dioxide from the exhaust gas and stores
the separated carbon dioxide in a carbon dioxide container

80.

In an embodiment, the carbon dioxide separation unit 88 dries
the exhaust gas, compresses the exhaust gas, and thereafter
submits the exhaust gas to one or more refrigeration loops
followed by an expanding process to liquefy or solidify the
carbon dioxide in the exhaust gas, to thereafter separate the
liquid or solid exhaust carbon dioxide and stored in a liguid

or solid carbon dioxide storage unit 80.

In another embodiment (not shown in the drawings), the carbon
dioxide separation unit 88 uses a carbon dioxide absorber

(e.g. using an absorber solvent) that is operably connected
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to a regenerator, e.g. an amine regenerator to separate carbon
dioxide from the exhaust gas. The regenerator may use steam

to strip the C0O2 from the absorber solvent.

The various aspects and implementations have been described
in conjunction with various embodiments herein. The
embodiments can be combined in various ways. Further, other
variations to the disclosed embodiments can be understood and
effected by those skilled in the art in practicing the claimed
subject-matter, from a study of the drawings, the disclosure,
and the appended claims. In the claims, the word “comprising”

does not exclude other elements or steps, and the indefinite

W {4 A\ ”

article “a” or “an” does not exclude a plurality. A single
processor, controller, or other unit may fulfill the functions
0f several items recited in the claims. The mere fact that
certain measures are recited in mutually different dependent
claims does not indicate that a combination of these measured
cannot be used to advantage. The reference signs used in the

claims shall not be construed as limiting the scope.
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PATENTKRAV
1. Stor, turboladet totaktsforbrandingsmotor med l&ngde-

skylning og med krydshoveder, hvilken motor omfatter:

en flerhed af forbrendingskamre, der hvert er afgranset
af en cylinderforing (1), et stempel (10), der er konfigureret
til at bevege sig frem og tilbage i1 cylinderforingen (1), og

et cylinderdaksel (22),

skylleporte (18), der er anbragt i cylinderforingen (1),

til at lade skyllegas komme ind i forbrendingskammeret,

et udstegdningsgasudgang, der er anbragt 1 c¢ylinder-

daekslet (22) og styres af en udstedningsventil (4),

et brendstofsystem, der er konfigureret til tilfgore et

carbonbaseret brendstof til forbrendingskamrene,

hvor forbrandingskamrene er konfigureret til at for-
brende det carbonbaserede brandstof, hvorved der genereres

carbondioxid indeholdende forbrendingsgas,

hvor forbrendingskamrene er forbundet med en skylleluft-
modtager (2) via skylleportene (18) og med en forbrendingsgas-

modtager (3) via udstedningsgasudgangen,

et udstedningsgasrecirkulationssystem (60), der er kon-
figureret til at recirkulere en del af forbrendingsgassen,
der kommer fra forbrandingskamrene, til skyllegasmodtageren

(2), hvilket udstgdningsgasrecirkulationssystem (60) omfatter
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en bla&ser (75) til at assistere strommen af forbrandingsgas

til skylleluftmodtageren (2),

et udstedningsgassystem, der er konfigureret til at
udsteode en anden del af forbrandingsgassen, der kommer fra

forbrendingskamrene, som udstedningsgas,

hvilket udstedningsgassystem omfatter en turbine (6)

fra et turboladersystem (5), der drives af udstedningsgassen,

et luftindgangssystem omfatter en kompressor (7) fra
turboladersystemet (5), hvilken kompressor (7) er konfigure-
ret til at tilfere skylleluft under tryk til skyllegasmod-

tageren (2),

kendetegnet ved, at udstedningsgassystemet omfatter et
carbondioxidseparationssystem og en carbondioxidoplagrings-
enhed (80), der er forbundet med en udgang fra carbondioxid-

separationssystemet, og

hvor carbondioxidseparationssystemet er konfigureret til
at modtage udstedningsgas, til at separere mindst en del af
carbondioxidet 1 udstedningsgassen fra udstedningsgassen,
fortrinsvis ved flydendegeorelse og/eller steorkning af
carbondioxidet, og til at transportere det separerede

carbondioxid til carbondioxidoplagringsenheden (80).

2. Motor ifelge krav 1, der omfatter en styreenhed (40), der
er konfigureret til at regulere vagtprocenten af recirkuleret
forbrendingsgas 1 skyllegassen til mindst 40 %, fortrinsvis

mellem 40 % og 55 %.
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3. Motor ifelge krav 2, hvor styreenheden (40) er konfigureret
til at styre Dblaserens (75) hastighed for at regulere

procentsatsen af recirkuleret forbrandingsgas i skylleluften.

4. Motor ifelge et hvilket som helst af de foregédende krav,
der omfatter en forbrandingsgas til vandkoler (65),
fortrinsvis en forbrendingsgas til havvandkeler, hvilken
forbrendingsgas til wvandkgler (65) fortrinsvis er anbragt
opstroms for en position, hvor strommen af forbrandingsgas
fra motoren er opdelt i1 delen, der recirkuleres, og den anden

del, der udstodes.

5. Motor ifelge et hvilket som helst af de foregédende krav,
der omfatter en forbraendingsgas til kglemiddelvarmeveksler
(66), og et koleanleg (68), hvilket koleanleg (68) er
konfigureret til at cirkulere kolemidlet gennem
forbrendingsgas til kolemiddelvarmeveksleren (66), hvilken
forbrendingsgas til kglemiddelvarmeveksler (66) fortrinsvis
er anbragt nedstreoms for en position, hvor strogmmen af
forbrendingsgas fra motoren opdeles i delen, der

recirkuleres, og den anden del, der udstodes.

6. Motor ifwlge et hvilket som helst af de foregdende krav,
der omfatter en kgler (69) nedstregms for turbinen (6) til at
kole udstedningsgassen for flydendegorelse og/eller storkning

af carbondioxid i udstgdningsgassen.

7. Motor ifelge et hvilket som helst af de foregédende krav,

hvor styreenheden (40) er konfigureret til at styre motorens
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funktion til at resultere i udstedningsgassens temperatur,
nar den nar atmosferisk tryk nedstroms for turbinen (6) pa

-82 grader Celsius eller lavere.

8. Motor ifelge et hvilket som helst af de foregédende krav,
hvor turbinen (6) er mekanisk koblet for at drive kompressoren

(7), fortrinsvis assisteret af en elektrisk drivmotor (77).

9. Motor ifelge et hvilket som helst af kravene 1 til 7, hvor
kompressoren (7) drives af en elektrisk drivmotor (78), og
hvor turbinen (7) driver en elektrisk generator eller

vekselstromsgenerator (79).

10. Fremgangsmade til drift af en stor, turboladet
totaktsforbrendingsmotor med langdeskylning med en flerhed af

forbrendingskamre, hvilken fremgangsmade omfatter:

tilfeorsel af et carbonbaseret brandstof til forbrendings-

kamrene,

forbrending af det carbonbaserede brandstof i1 forbrandings-
kamrene, hvorved der genereres forbrandingsgas indeholdende

carbondioxid,

recirkulation af en del af forbrendingsgassen, og udstedning

af en anden del af forbrandingsgassen som udstedningsgas,

tilfersel af skyllegas under tryk til forbrendingskamrene,
hvilken skyllegas under tryk indeholder mindst 40 vegt-%

recirkuleret forbrendingsgas, fortrinsvis 40 til 55 %,
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separation af carbondioxid fra udstedningsgassen 1 en

carbondioxidseparationsproces, og

oplagring af det separerede carbondioxid i en oplagringsenhed

(80) .

11. Fremgangsmade ifelge krav 10, der omfatter udsattelse af
udstegdningsgassen for én eller flere af afkolings- og
ekspansionsprocesser for at flydendegore og/eller storkne

carbondioxidet nedstrems for turbinen (6).

12. Fremgangsmade ifelge krav 11, der omfatter oplagring atf
carbondioxidet 1 flydende eller fast form i oplagringsenheden

(80) .

13. Fremgangsmade ifglge et hvilket som helst af kravene 10
til 12, der omfatter styring af en blasers (75) hastighed i
et udstedningsgasrecirkulationssystem, hvor procentsatsen af
recirkuleret forbraendingsgas reguleres 1 skyllegassen under

trvk.

14. Fremgangsmade ifglge et hvilket som helst af kravene 10
£til 13, hvor mindst en del af ekspansionsprocessen sker 1

turbinen (6).

15. Fremgangsmade ifglge et hvilket som helst af kravene 10
til 14, hvor motoren omfatter en forbrendingsgas til vandkoler
(65), fortrinsvis en udstedningsgas til Thavvandskgler,
fortrinsvis anbragt opstroms for en position, hvor stremmen
af forbrandingsgas fra motoren fra motoren er opdelt 1 en

del, der recirkuleres, og delen, der udstgedes, hvor
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fremgangsmaden omfatter kgling af forbrandingsgassen med
forbrendingsgassen til wvandkgler (65), fortrinsvis til en
temperatur under 40 grader Celsius, mere fortrinsvis 31 grader

Celsius eller lavere.

16. Fremgangsmade ifglge et hvilket som helst af kravene 10
til 15, hvor motoren omfatter en udstedningsgas til
kozlemiddelvarmeveksler (66), fortrinsvis anbragt nedstroms
for en position, hvor stregmmen af forbrendingsgas fra motoren
er opdelt i en del, der recirkuleres, og delen, der udstgdes,
og et koleanleg (68), hvilket koleanleg (68) er konfigureret
til at cirkulere kglemidlet gennem forbrendingsgas til
kozlemiddelvarmeveksleren (68) fortrinsvis til en temperatur
under -10 grader Celsius, mere fortrinsvis -15 grader Celsius

eller lavere.

17. Fremgangsmade ifglge et hvilket som helst af kravene 10
til 16, hvor motoren omfatter en kgler (69) nedstrems for
turbinen (6) til yderligere afkegling af udstedningsgassen for
flydendeggrelse og/eller storkning af carbondioxid i
udstgdningsgassen, fortrinsvis til en temperatur under -80
grader Celsius eller lavere, fortrinsvis ved atmosfarisk

trvk.
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