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The propulsion ecosystem
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Primary Ene.rgy Storage/ IR - g §, <1 o e:
carrier/ Distribution 13- % =
energy Fuel &% =
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How to select a Power Unit (thermal, hybrid, electric)
for a certain application:
+ Cost
* Performance, consumption Defossilizing propulsion:
* On-board and global conversion efficiency * Fossil fuels = energy carriers/vectors
* Rules:
= Pollutants Requirements:
» CO, and other greenhouse gases * Availability of wind, solar and biomass energy
* Range * Installed capacity
* Recharging/refuelling infrastructure » Distribution and storage infrastructure
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The IC engine evolution
1992
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Tumble flap open
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Defossilization of IC engines

Advanced bio-fuels Synthetic fuels (e-fuels)

+  Expected important contribution from « Decarbonization of aviation and maritime

Biomethane, bio-ethanol, bio-methanol, bio- ’It_\)ranzport 2 Effici _
gasoline, biodiesel and HVO. oad transport? Efficiency vs convenience:
» Local production: avoiding curtailment
Availability of advanced biofuels » Complementing pure electrification

» Possibility to import

350 Sso iqui
<. =-=-Liquid fuel demand

2023:10.8 TWhof || » 300 Sn,  ambition
2030 potential _ s 3 SN
electricity cut, = 250 .
enough to generate || 6 200 Sse
~
hydrogen to power g 150 N S
wsopeenial [ Upto20,000city || £ -
buses throughout the || @ 100
0 2 4 6 8 10 12 14 16 year. 50 N
Source: W. Tillmetz (Uni- U ' ' ' ' ' '
EJ Ulm) 2025 2030 2035 2040 2045 2050
Source: Imperial College/Concawe Source: Porsche Consulting GmbH
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E-fuels for IC engines

Space demand (relative to drop-in fuel) Energy demand for storage (% LHV)

900 I 8.0x 900 15%
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-273 —> Temperature [°C] 20 -273 — Temperature [°C] 20

® Compressed hydrogen (700 bar)

® Liquid hydrogen (-253°C)
® Liquid methane (-165°C) Compressed natural gas (300 bar)

Cooled ammonia (-33°C)
® Pressurized ammonia (10 bar)

Methanol (ambient) Source: LEC

Liquid storage Gaseous storage
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E-fuels for IC engines

Availability

Properties

Use

Carbon-based e-fuels Carbon-free e-fuels
drop-in e-fuel e-methanol e-methane e-hydrogen e-ammonia
H Storage Storage Storage Storage Storage
density density density density density
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SI: spark-ignition DF: dual-fuel PCCI: premixed charge
f I f ° TJI: turbulent jet ignition Cl: compression-ignition compression-ignition
E' ue S Or IC eng | nes HPDI: high-pressure direct- HCCI: homogeneous charge
injection compression ignition

H SI-HPDI-DF
2

SI-TJI-HPDI-DF-H

MeOH/EtOH

SI-TJI-HPDI-DF-HCCI

e/bio-CH,

. p SI-TJI
e/bio-Gasoline

Laminar flames

SI-TJI-HPDI-DF
H 3

Ignitability

| ] .
. *\ POLITECNICO
j U /L MILANO 1863




H, fueled IC engines (H2ICE)

Light and heavy duty Power generation and off-
transport road

High-performance cars
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H, fueled IC engines (H2ICE) - today

Spark-ignition

Compression-ignition

00 % Diesel/HVO ; ‘
.. (pilot) if
* Lean combustiojn (4 > 2.5) 220 | .,
* Direct-injection (low or high i

(main)
pressure) Eoo
* Turbocharging 3 + Diffusion combustion: high compression ratio, no
g1 abnormal combustion
= Max efficiency ~45%
= zero-impact (ATS) 1 : = Max efficiency >50%
. | | = CO, emissions lower than 3 g/t km zero-emission limit
Sources: BOSCH, PHINIA 1000 1500 2000 2500 3000 3500 4000

Engine Speed [rpm] Sources: Westport, Volvo
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H, fueled IC engines (H2ICE) - challenges

Spark-ignition Compression-ignition

o o L)
Avoid pre-ignition * Minimizing the pilot fuel
I I
70

oy - = Cycled - - Cyelel2 - - Cyele3d
'g 60 Cycle37 Cyelest Cyelest

™ - - Cycle89 = - Cycle93- - Cyclelss
‘; ~ - Cyclel80=  Cycle200= = Normal Cycle GlOW plug
= 50 °
2 L o} £ P—— d B Diesel injection

Local Hot-Spots o 40 ' PENC event Cyeles [l H.injection
(spark electrodes, a 5
exhaust valves, etc. 30 | :\
Hot (glowing) particles — @ s Y & \
iubreatina il = 2 , ' to ensure save operation
Carbonaceous < d':g;,'engﬂ‘ s 20 | Crmmmaaznzo F /
deposits - | L \ [ N
g 10 — EEEAN [ Heat release
£ ,/( D, - {
L) o A e ! S
0 =i =T Normatcyete | | [0 T e
[ R ST R | S P A o e

-200 -150 -100 -50 O 50 100
Crank angle (°CA BTDC)

Catalyst coating

Non-controlled combustion caused by hot spots and
deposits.

- Limitation of efficiency

- Detailed study of the causes

- Use of flexible spark plugs

Reducing H, ignition delay

Modified piston without coating ~ Modified piston with coating-
Platinum-300microns
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H, fueled IC engines (H2ICE) - dual-fuel

N

y

Engine

a

Diesel/gasoline

Ultra lean operation (1 > 2)
-15% fuel consumption reduction

_ Spark plug
_ Hydrogen injector

#~_ Cooled PC insert

_ Cylinder head

_ Gasoline injector

220
@ <« Conventional gasoline engines
210
=)
E 200 Gasoli . Gasoline
=2 ?ﬁo lnt_e engines engines with H,
© 190 er1 ag Ve pre- active pre-
(72} chamber chamber
1800/ ‘\0\4_.
170
0 2 4

Hydrogen substitution ratio [%]

* H,tank of modest size
*  System easy to build

Sources: China FAW Group, Jilin University
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H, fueled IC engines (H2ICE) - future?

Hz\L loz
\ [

Ar

Mechanical
power

Ar + H,0

Electricity

A 4

Condenser

l

Argon power cycle zero pollutants engine

Closed-cycle engine (condensation of exhaust

H,O)
H, ed O, from electrolysis
65% potential efficiency (high Ar ¢, /c, ratio)

Suitable for distributed power generation (grid
balancing)

APC academic and industrial research active in
different countries

— nmm o
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Defossilization of maritime transport

Different IC engines onboard:

*  Propulsion (low-speed - 2-stroke, medium-high speed
- 4 stroke)

*  Gensets (4 stroke)

CO, ., WTW reduction target for maritime transport

OCEAN-GOING VESSELS 1,800
500
1
. 1600 BAU
PASSENGER CAR ) SMALL VESSEL LARGEST DCEAN—GOING VESSELS
P | oo 1,400
ft) tall 3.5m(11 ft) tall
= 2008 BASELINE
1,000
800
600 2018 IMO
GHG Strategy
400
2023 IMO
200 GHG Strategy
0 2023 IMO
2020 2030 2040 2050 GHG Strategy
(striving)
Sources: IMO, ICCT
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Defossilization of maritime transport

MPAT & Dahiatsu Diesel

Bosch

Everllence (dual-fuel 2T orders)
%

mFuel ol ®LNG ®mAmmonia = Methanol ®Hydrogen [%] 190 ' 14
100 )
100% — 40 o
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80% Qo] 60
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60% 50 - 40
0 Established Fuel 63
40% stablished Fuels 30 54 % [l bz
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2022 2030 2040 2050 .
LNG WLPG MEthane M Methanol M Ammonia
: _ « Different technologies
Ammonia ¢ Nwrrna, = 47% . 9
»  Retrofit
» = Dedicated engine
= Maximizing TTW efficiency e
— 420 y
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Methanol emissions reduction
Source: IAV
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Defossilization of maritime transport - 2S / dual-fuel

H (a) 0.55

150 0.54 —-—NH3

N
@

Pressure [bar]
=

w N o

S & 8

Indicated Efficiency [%)]

" 0.51
-60 -40 -20 CED (Arég) 40 60 80
(C) Diesei | | | 55% 09
175
- 0.49
i 0.48
e 20 40 60 80 100
g 75

Load [%]

*  95% GHG reduction

0
-60 -40 -20 0 20 40 60 80
CAD (ATDC)

(e)
e Methanol 25%

*  Ammonia

150 .
v combustion
s efficiency >99.5%
8 75
g 50
Pilot & HP . Compression Pilot injection, 2
Iniecti Expansion & LP Iniecti T o=
njection njection ignition S T B Source: Everllence
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Defossilization of maritime transport - 4S / NH;

— CI combustion concepts N SI combustion concepts
Combustion r NHs-PFI \r NH3;-HPDI = — NH,-PFI Open chamber — r————————— NH;-PFI Pre-chamber
anomalies
—— Unscavenged ——— —— Scavenged —
Climate- >
relevant _ lgnitabilty s
emissions \ / 4 /
‘
Air pollutants conl\:/gtrasl,ion
Air NH, wh Diesel s NHy + Hy ‘Hz (or other purge gas) Source: LEC
» High RON and low flame speed « Diesel pilot injection or prechamber (passive or H,-active)
*  GHG emissions: N,O (GWP = 300) |::> «  Combustion chamber design: turbulence generation
* Pollutants: NO, ed NH;4 *  SCRfor exhaust gas after-treatment
«  Compeatibility with lubricants * Maximum efficiency: ~45%
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Defossilization of maritime transport - 4S / MeOH

Spark ignition

Dual fuel combustion

Diffusive combustion

(diesel-like)
Combustion |
anomalies [ | [ |
MeOQOH-PFI + MeOQOH-LPDI + MeOH-PFI + MeOH-LPDI + MeOH-HPDI + MeQH-Diesel- MeOH-Ignition- MeOQOH-HPDI +
Spark plug Spark plug Pilot fuel Pilot fuel Pilot fuel Emulsion-HPDI Improver-HPDI Glow plug
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levant Ignitabilt lgnition
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MeOH for cars/trucks/buses

Advantages' Dedicated PFl and GDI injectors
. Spark ignition - S e 5
« High heat of 1
evapo ration MeOH-PFI+ | | MeOH-LPDI +
. Spark plu Spark plu
« High octane number i
« High flame speed YN | !
* I_a rge ﬂammab|||ty = - (e )y (mwoen ) o) ([maoozesoorr ] Heater OFF Heater ON
range o | | O Vehicle applications
Drawbacks: 79 (_gf‘
« Cold start
« Material compatibility
* Injector cavitation
26000 public Electrified powertrain (CR = Heavy duty truckwith
transport vehicles 15, max efficiency: 45%) dedicated engine
(Taxi, bus)
Fonti: Geely, Phinia
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Road transport defossilization - drop-in e-fuels

« A combined use of different propulsion systems can accelerate the decarbonisation of road transport
compared to the use of a single technology, with a significant contribution from electrified vehicles
powered by e-fuels.

100%
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70%
60%
50%
40%
30%
20%
10%

0%

Share of final energy demand (TtW)
for carbon-neutral vehicles

2020

exogenous
P 45,000
s 40,000
-
) ) e - 35,000
Mixed scenario g« 30:000
(GHG-optimal) ot o
' g 25,000
4 -
Jras S 20,000
P =
L E 15,000
10,000
5,000 /
0
2020 2025
BEV - Int
FCEV - Int
2025 2030 2035 2040 2045 2050 H2 Comb. - Int
——PHEV-FT - Int.
~——BEV - Dom
— Mixed scenario (GHG-optimal) === Reference ramp-up (FS V) PHEV-MIG - Int.

2030

optimised (2023 onwards)

Single
_______ + technology

/ scenarios
—— ]

Mixed scenario

2035 2040 2045 2050
~—Methane - Int.
FT Fuel - Int
MG - Int
~——PHEV-FT - Dom
PHEV-MtG - Dom.

- Mixed scenario (GHG-optimal)

Sources: FVV, Frontiers Economics
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Road transport defossilization - REEV

207~ —
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BMEP in bar

BEV platform hybridized
Series-hybrid propulsion
Reduced battery capacity that still guarantees
most (short) journeys in electric mode

Source: IAV, FEV

C-Segment SUV - REEV - 200 km EV-Range
Real world Electricity / Fuel consumption (daily charging)

m Yearly distance / km
m Electricity consumption / kWh

Fuel consumption / |
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Biofuels and power generation

u

Linear electromagnetic Linear electromagnetic

Air spring machine (LEM) Reaction chamber machine (LEM) Air spring
Biomethane or Biomethane & Hydrogen Biogas

| I
! 1 [ ] 1 | I 1
synthetic methane CO, usage CHP/CCHP (Flex-Biogas) l l
o o EEC:;’“ ol :;Ir:u;?r - E’:::er}c

Carbon-neutral fuels
&
green hydrogen

Cold-side Hot-side

Intake Combustion
& &

Compression Exhaust
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The ICE Group

* In-house 1D (Gasdyn) and CFD (Lib-ICE) software development for performance and emissions
prediction in high efficiency and low emission internal combustion engines.

« Research and industrial collaborations

H2-ICE Ammonia-ICE
‘ P
Marine engines Ignition systems

N
¢
1° 3

d f

-9

3 |

|
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Temperature [N
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Conclusions

« Biofuels and e-fuels can contribute to the defossilization of transport, power
generation and off-road sectors;

« The IC engine can efficiently operate today with sustainable fuels with an effective
contribution to the reduction of GHG emissions;

* Integrated research:
» Fuel production from renewable sources
= Conversion in engine
» End-use
to support the development of new technology and sustable value chains.
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Tommaso Lucchini
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Via Lambruschini, 4a, 20156 Milano, Italy
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