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Maritime zero emissions: Research needs

Fleet management
and vessel
utilization

external conditions,

business models,
human performance
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Vessel sizes and consumption

250 - 300 million tons of oil equivalents per year

LNG and others
% vessels vs. fuel use 2%

Distillates
‘ "4 ‘
Heavy fuel
oil

75 %

m Small (22%) = Large (78%)
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Classification of low and zero emissions

@ﬁ-l) Hydrogen (NG w/o CCS)

Biofuels Biogas (many types) 00 O Lig. biofuels (many types)
H
Hydrogen fuels Hydrogen (e) @ N Ammonia (e) Ammonia (NG w/o CCS)
H | H

LNG
Fossil fuels LPG % O MGO

< ¢
GHG vs MGO (WTW): -100%  -85% Reference
Classification: Climate negative { Zero i Low emissions Higher emissions

Hydrogen, ammonia and biogas can be produced in different ways, with very different footprint WTT.
LNG can be combusted in Diesel and Otto engines with different levels of methane slip.
Different opinions exist, no clear definition or consensus on the classification.
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Synthetic E-fuels

* Synthetic electro-fuels or E-fuels are gaseous
or liquid fuels from hydrogen and captured
carbon using renewable electricity

* They have high energy efficiency and are
compatible with and blends easily: for
example MGO & E-diesel or LNG & E-LNG

Sustaimable
electricity

* No need for new infrastructure or bunkering
facilities in contrast to Hydrogen and
Ammonia

oo B

e Can be used on existing vessels

e No need for additional crew training Figure Source: The Royal Society (2019)
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Meth. H2
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Emissions well to wake (WTW = WTT+TTW)

GHG WTW [g CO2-eq. | kWh]

200 400 600 | 800 1000 1200
: - 1
HFO & Scrubber . . :
VLSFO —
MGO ‘ ‘ ‘
1
_di i 1
G iibaadec ) £ NN R S N A S
LPG (Diesel) :
1
LNG (Diesel) i
LNG (Otto)
LBG (Organic waste) (DF-diesel) mmmmmmmmmm :
LBG (Organic waste) (DF-Otto) |Z73% : SWIT
1
E-LNG (RES+DAC) M ! sTTweoz
............................................................................................................................................................................................ O R ISUSTUSUUUUSUURUOUUUUUPTRRN .
uTTW CH4
LH2 (nat gas) *
\ BTTW N20
LH2 (renew electrolysis) || -100% !
1
NH3 (nat gas 45%
(nat gas) !
NH3 (renew electrolysis) I :
Methanol (nat gas) —
1
BioMethanol -65% 1
.
R 1
e Methanol (€S +DAC) WIS e R R S
Biodiesel (Rapeseed) —
Biodiesel (Palm) — 2,217 g/kWh (239%) _—>
1
i i S | -850 !
Bioethanol (Maize) .
Bioethanol (Barley) :
1
1
1
MGO

Source: Elizabeth Lindstad et al.

While we know that the type of engine (Diesel or Otto) affect the GHG from LNG, we do not know exactly how the type of engine or fuel cell will impact the emissions with H2 and NH3

Blue colour indicate fuels which depend on renewable electricity to deliver the GHG reductions indicated. Green colour indicate biofuels. Grey indicate fossil fuels.
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Biogas: The GHG-saving varies and depends!

Conventional biofuels
Advanced biofuels
Biomethane for transport
El: agricultural residues

El: wood chips

El: wood pellets

El: biogas

Heat: agricultural residues
Heat: wood chips

Heat: Wood pellets

-250%

Wet manure
Maize whole plant

Biowaste

-250%

El

Biogas

LNG

Diesel w. biofuel drop in

Gasoline w. biofuel drop in

AGHG [%]
-200 -150 -100 -50

o

20-180%
European Commission, 2016

A

-200% -150% -100% -50% 0%
T — - 20-200%

A

EU RED 11 (2018)
Biomethane for transport

-200% -150% -100% -50% 0% 50%

83%
Sweden: Drivmedel 2017 (ER2018:17)

l|‘
A

Climate negative (cut > 100%) <— Reduced emissions €<—— | —> Increased emissions

EU RED Il (renewables energy directive), 2018 (s. 97), IEA, Technology roadmap, SINTEF
Deliverying sustainable bioenergy, 2017 (tabell 7, s. 51)
Svensk energimyndighet: Drivmedel 2017, (tabell 11, s. 33)



THE FUEL MENU - ENERGY DENSITY

Energy density, fuels

12,0
® HFO
3 Paraffin

10,0 ® MDO/E-diesel
-I? @ Biodiesel
(7p]
C
()] 8,0
© ® Butane
>
20 ® LG
3 = @ Propane
C = 6,0 @® Ethanol
Q = ® LNG/LBG
O
o
-IG-JJ @® Methanol

4,0
E U’nmonia
>
O
> ® LH2

2,0

@H2(700 bar)
@® Lithium battery @H2(300 bar)
0,0
0,0 5,0 10,0 15,0 20,0 25,0 30,0 35,0

kWh/kg

Gravimetric energy density SINTEF



Emissions and energy use well to wake

, ® | E-diesel (with RES + DAC) |

@ | E- Methanol (RES + DAC) |

6 @ | E-LNG (RES+DAC)

5 .| LH2 (renew electrolysis) | .| Biodiesel (Rapeseed) |

Energy ratio
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1
1
1
1
1
1
1
1
1
1
1
|
1
| |
1
1
1
1
1
1

(required
Vs ® | LH2 (nat gas)
S
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3
energy LNG (Otto)
| LBG (Organic waste) (Diesel) I-.- S-=- 0{ LBG (Organic waste) (Otto) | --------------- S e L 1[I0 B bttt ittt it ittt
LPG (Diesel) | ®
2
HFO & Scrubber
LNG (Diesel)
1
1 1
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AGHG (CO2-eq/kWh) vs MGO [%]

<4— Low GHG emissions

Source: Elizabeth Lindstad et al SINTEF

Blue colour indicate fuels which depend on renewable electricity to deliver the GHG reductions indicated. Green colour indicate biofuels. Grey indicate fossil fuels.



4SHP 2SLP

Fuel

Various existing engines and fuel cells

thermal engine efficiency [-]

35% 40% 45% 50% 55% 60% 65%
MAN ME-C (MGO) = | 0,50
_ MAN ME-GI (LNG) 0,50
[a]
:RE— MAN ME-GIE (Ethane) 0,48 © vco
z MAN ME-LGIM (Methanol) 0,50 .
2 LNG / Biogas
MAN ME-LGIP (LPG) EE 0,50 @ Ethane

MAN ME-NH3 (NoJ8D O PG
. WinGD X-DF (LNG) 0,50 © Methanol
e MAN ME-GA (LNG) 0,50 Ammonia NH3
_ © Hydrogen H2
=) © Electric

Wartsila 14/20/26/31/32/46F (D) (MGO) I e 0,50
Wirtsild 20/34/46/50DF (LNG) 0,51
_ Wirtsila 31DF (LNG) 0,50
=} Wirtsila NH3 (DF) (NH3)
g MaK 34/46DF (LNG) 0,50
MTU (MGO) I 0,43
ABC DZD (LNG)
BeHydro DZD DF (H2) BN 0,39
Bergen C25:33/B33:45 (MGO) s 0,49

- Bergen C26:33/B36:45 (LNG) 0,49
; Bergen B36:45 (H2) #4049
3 BeHydro DZD (H2)
¢ Wiirtsild 31SG (LNG) = 0,50

Wirtsila H2 (DF) (H2) ¥4 0,50
o 0
— PEM (H2) e (), 55
8 SOFC (H2) TITITTTITTIITIIITIIITIITIIIIITITITITTIIITTIITITIT I II I T T T NN
Based on news, articles and direct dialogue with MAN, Wartsild and Bergen Engines (May 2021). SINTEF

Efficiency for new engines assumed based on parent engine in lack of makers' guidance, i.e. all reservations must be taken on the above for engines under development!



Machinery and fuel combinations

Very versatile, but
cannot take hydrogen!

Note: H2 missing! |
2S HP (D)
Stroke Pressure Principle Maker (examples, major)
°
‘AO :
2S HP (D) 2 High Diesel MAN, WinGD, Kobe Diesel
Fuel Cell 2SLP (0) e e e a2 e e s e s e s e s e e e s e s s e s s e
[ J . o :
(] ® = MGO 2S LP (O) P2 Low Otto WinGD, MAN
@, | e T eeereeeeesieeerae e e et e et eeeate et e e et eeaate e bt eeteeaatee bt eaaeeeateeateenteeesae et teaateeastee st eenaeeesaeeeateeseeesaeeasteebeeesteensaeeseeenseensteeseennaeennne
® HFO :
® : ! ® NG 4SHP(D) | 4 High Diesel -
. H
: e
@ Biogas 4S (LP (O) 4 Low Otto Wartsila, MaK +++
7 YOO Y S PPN
¢ L ® Methanol :
Gas turbine - ® oom 4SHP(D)  ®LPG (prop) 4s LBSI (0) 4 Low Lean burn, spark ignited ~ Bergen ++
/ﬁ o mmm— ..................................................................................................................................................................
oH2 Gas turbine
® P O
Fuel cell PEM or SOFC Ballard, PowerCell
[ )
. T N
45 LBSI (O) 4SLP (O)
Very versatile, can take hydrogen
(up to 25% blend today!).
Based on news, articles and direct dialogue with MAN, Wiirtsild and Bergen Engines (May 2021). SINTEF
Power range for new engines assumed based on parent engine in lack of makers' guidance.



4SHP 2SLP

Fuel

Existing DF and machinery for new fuels under development

Power range [kW] at MCR

0 10 000 20 000 30 000 40 000 50 000 60 000 70 000 80 000 90 000
MAN ME-C (MGO) 82 440
_ MAN ME-GI (LNG) 82 440
g MAN ME-GIE (Ethane) 29120
= MAN ME-LGIM (Methanol) S 16 020
o MAN ME-LGIP (LPG) . 0O 120
MAN ME-NH3 (NH3) 20000
_ WinGD X-DF (LNG) 63 840
e MAN ME-GA (LNG) 16 980
a
Wartsila 14/20/26/31/32/46F (D) (MGO) I (19 200
Wartsila 20/34/46/50DF (LNG) 18320
Wartsila 31DF (LNG) 10 980
g Wartsild NH3 (DF) (NH3) 10980
Z MaK 34/46DF (LNG) 15 440
¥ MTU (MGO) mmmmmm 3 200
ABC DZD (LNG) 2670 © veo
BeHydro DZD DF (H2) = EEE 2670 LNG / Biogas
Bergen C25:33/B33:45 (MGO) S 9 600 g E:,Zane
= Bergen C26:33/B36:45 (LNG) 9 600 © Methanol
= Bergen B36:45 (H2) = FArss s FrFrsrs 9600 Ammonia NH3
?) BeHydro DZD (H2) mEE 2670 © Hydrogen H2
s Wirtsila 315G (LNG) 9800 © Electric
Wirtsils H2 (DF) (H2) FEFFFFF) 9800
G ()
_ PEM (H2) EEEEE 3000
8 SOFC (H2) W 3000
Based on news, articles and direct dialogue with MAN, Wiirtsild and Bergen Engines (May 2021). SINTEF

Power range for new engines assumed based on parent engine in lack of makers' guidance, i.e. all reservations must be taken on the above for engines under development!



Research

Pilot/demo
The dilemma
PEM p o
SOFC — P
Multifuel ICE > >
ﬁ

2020 2030 2050
Hydrogen > >
Ammonia p >
Methanol > > ——
Biogas > >
Biodiesel 2 > ——
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Pilot/demo

Commercial

The dilemma

PEM
Hydrogen

SOFC

Ammonia

Multifuel ICE

Ammonia

Methanol
Biogas

Biodiesel

2020 2030 2050
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Teknologi for et bedre samfunn



