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Goal and functional unit

» Goal: to assess the climate and environmental impact of selected potential zero-
carbon fuels for marine use (including hydrogen, ammonia and methanol) using life
cycle assessment (LCA)

 To increase knowledge of the sustainability of various marine fuels relevant for the
Nordics, to verify under what conditions they represent sustainable zero-carbon fuels,
and potential trade-offs connected to other environmental impact categories

 Functional unit: 1 kwWh of mechanical energy to the propeller shaft and proportional
aux. and thermal load

* Results provided for a limited number of typical ship types operating in the Nordics
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Scope of the study

 Time horizon: ships operated during 2030 with an outlook to 2050

 Technical system boundaries: fuel production (incl. infrastructure) from cradle until delivered
to tank onboard, onboard fuel use for ship transport and construction of propulsion system

» Geographical focus: Nordic fuel production (Norwegian natural gas, Nordic electricity mix
etc.)

» Impact categories in focus: Climate change (GWP20 and GWP100), Acidification,
Particulate matter.

 Additional impact categories considered for screening of potential environmental hot-spots
 Data: Specific data used when possible. Background data mainly from Ecoinvent 3.7.1.

» Extensive LCA literature review and comparison with proposed IMO guidelines
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Pathways considered

Energy carriers
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Climate impact
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Outlook for 2050

Parameter

Electricity used for fuel
production

Fuel pathways
Electrolysers

Production and refining of
materials used

Urea production

ICE emissions of CH, and
N,O for ammonia and
methane engines

Assumption used in 2030

Nordic grid mix forecasted by Nordic
Clean Energy Scenarios (79.6 g
CO,/kWh)

Green and blue
Alkaline
Today's production

From natural gas
4SNHS3ICE: N,O of 0.3g/kWh
2SNH3ICE: N,O of 0.09g/kWh
4SLNGICE: CH, of 3.4g/kWh
4SLMGICE: CH, of 3.4g/kWh
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Assumption used in 2050

Low emission power production (2.4 g
CO,/kWh)

Green
SOEC
Assumed new process with close to
zero GHG emissions
From renewable resources

Two cases: (1) same as 2030 and (2)
1/10 of 2030 emissions

4SNH3ICE: N,O of 0.03g/kWh
2SNH3ICE: N20 of 0.009g9/kWh
4SLNGICE: CH4 of 0.34g/kWh
4SLMGICE: CH4 of 0.34g/kWh
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Global warming potential 100 year (GWP100)

kg CO2-eq/kWh propeller output

Outlook life cycle climate impact in 2050
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What about other
environmental impact?

Results from a screening life cycle assessment



NGccs-NGeesNGecs le- e- - bio- bio- |pio- NGccs- NGees-  |[NGees- [NGees- INGees- INGees- e-CH2

NH3 ENH3 ENH3 le-NH3 |e-NH3le-NH3 [MeOH |[MeOH [MeOH [MeOH |[MeOHMeOH le-CH4 |e-CH4 |e-CH4[CH2 4S |LH2 4S  |[CH2 LH2 CH2 2S |LH2 2Sle-CH2 le-LH2 |PEM e-LH2 |e-CH2 |e-LH2 [Elec
Impact category A4S ICE SOFC [2S ICEAS ICE SOFC 2S ICE ASICE |SOFC RSICE W4SICE |SOFC RS A4S ICE SOFC 25 CE CE PEMFC |PEMFC |ICE ICE 4S ICE 4S ICE [FC PEM FCR2S ICE [2S ICE |BE
Acidification 08/02/09/07 020808020806 0107 09/02/09/07| 07 |02 02  08,08|06,0601 01 0.8 0.8/|0.2
Ecotoxicity, freshwater 0907 1|18 15| 19 2 /17,19 03 02/03 21,1722, 05, 06 04 05 05 06,12 13|1112 13 13|0.7
Ecotoxicity, freshwater - inorganics 0.2 02 03 0202 02 03 03 03 01 01 01 030203 0101 01 01 02 02 01 01 01 01 01 01 0.1
Ecotoxicity, freshwater - metals 15/12/16/31/25/33 |34 283204 03 04,36/29|3.7/,08| 09|07 |08|08|09|21|22 19| 2 22 12313
Ecotoxicity, freshwater - organics 0 00 0 0 0 01 O 0 01 O 0 01 O 0 0 0 0 0O 01 01 O 0 0 0 01 01 O
Eutrophication, freshwater 4.4 3.6 4.6 35 28| 4 14 | 1 |17 |44 3.6 14 | 15 13 1 14 192124 26|22 2331 33| 4
Eutrophication, marine 11)02(11/11/02)11|11}02 1 0.1 13021111 11 | 0.2 | 0.2 1 1 /0.1 0.2 0.1
Eutrophication, terrestrial 11)02(11}1.1/02| 11|12 03] 1.1 1 /01 1 /14/03|1.1| 1 1 0.2 0.2 1 1 1 /0.2 0.2 1 0.2
Human toxicity, cancer 3.6 129/4.1145 | 3.6 25 3.1 1.8 2.5 . 4.7 1.3 | 1.5 2 2.2 2.1
Human toxicity, cancer - metals 42 134,48 5 4 3 1243128 23|31 4.3 16 | 1.8 14 1 16 |18 21|22 24 2 |22 2528|224
Human toxicity, non-cancer 2 |16/2235/28] 39 3 /24,2908 06/08/32/25/34/,08| 09 |07 08,09 11|21|22)18| 2 23 12425
Human toxicity, non-cancer - inorganics | 0.8 10.6 /08| 1.7 /13|18 | 1.8 /15|17 | 02 10.2/02/23/19/24, 05| 06 | 05 05 05 06|13 |14 ]12|12 | 13 14|38
Human toxicity, non-cancer - metals 2.5 28|44 (35|49 34 28| 34 1 /08/11/35/29|39/09| 1.1 | 0.8 1 1122426 |2224 26 28|22
Human toxicity, non-cancer - organics 46/21/13|31 |16 04/09|17 05 12,16 04| 1|12 1.2 1 27 127,05 05 03 0314 14|09
lonising radiation 0.8|1.1 0.6 0.5 0.6 0.9 1.4 0.8 1.3 09 |14
Land use 1 /08| 1 13 /11|13 0.7 | 11 | 0.6 1 ]07 |11 0.5
Ozone depletion 0.7 06 0.7, 0 0 0 01 O 0 0 0 0 0 0 01 06 06 05 05 06 06 O 0 0 0 0 0 0
Particulate matter 04,01 06/ 06 03,08|0704|/09)|03 01 05|08)0.4 03, 04 01 01 06 06 05 05/02 03 07 08|03
Photochemical ozone formation 11)02(11) 1 |0.1 12 102 1 11 /01/09|13/02 1 | 0.9 1 0.2 0.2 1 /11/08|09 )01 0.1 1 1 /0.1
Resource use, fossils 13/1.1/1.4]0.9 |0.7 1 |09| 1 01,01/ 01| 1 08|11|1.1 | 1.2 1 11112 (12,08, 08070708 |08|1.1
Resource use, minerals and metals 1.8 1 1.2 29 4.4 14 1.2 31| 3.7 3.8 34 | 34 09/09/08|08| 21 1221.2
IPCC 2021 GWP 100 06 04 06 04 02 04 03 02 04 01 01 01 05/ 03 04 04 04 04 04 04 05 02 02 02 02 03 030.2
IPCC 2021 GWP 20 1,07/09/04 /02 04 03 03,04,01 01 012,09/03/05/07, 07 06 06 07 080202 020203 0303
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NGccs-NGeesNGecs le- e- - bio- bio- |pio- NGccs- NGees-  |[NGees- [NGees- INGees- INGees- e-CH2

NH3 ENH3 ENH3 le-NH3 |e-NH3le-NH3 [MeOH |[MeOH [MeOH [MeOH |[MeOHMeOH le-CH4 |e-CH4 |e-CH4[CH2 4S |LH2 4S  |[CH2 LH2 CH2 2S |LH2 2Sle-CH2 le-LH2 |PEM e-LH2 |e-CH2 |e-LH2 [Elec
Impact category A4S ICE SOFC [2S ICEAS ICE SOFC 2S ICE ASICE |SOFC RSICE W4SICE |SOFC RS A4S ICE SOFC 25 CE CE PEMFC |PEMFC |ICE ICE 4S ICE 4S ICE [FC PEM FCR2S ICE [2S ICE |BE
Acidification 08/02/09/07 020808020806 0107 09/02/09/07| 07 |02 02  08,08|06,0601 01 0.8 0.8/|0.2
Ecotoxicity, freshwater 0907 1|18 15| 19 2 /17,19 03 02/03 21,1722, 05, 06 04 05 05 06,12 13|1112 13 13|0.7
Ecotoxicity, freshwater - inorganics 0.2 02 03 0202 02 03 03 03 01 01 01 030203 0101 01 01 02 02 01 01 01 01 01 01 0.1
Ecotoxicity, freshwater - metals 15/12/16/31/25/33 |34 283204 03 04,36/29|3.7/,08| 09|07 |08|08|09|21|22 19| 2 22 12313
Ecotoxicity, freshwater - organics 0 0. 0 0 0 0 0.1 O 0 01 O 0 01 0 0 0 0 0 0 01 01 0 0 0 0 0.1 01 O
Eutrophication, freshwater 4.4 1 3.6 4.6 35 1 28| 4 14 | 1 |17/4.4]3.6 14 | 1.5 13 1 14 119 /2124 26|22 233133 4
Eutrophication, marine 11/0.2(11/1.1/02 1.1 | 1.1 | 0.2 0.1 13102 11| 1.1 1.1 0.2 0.2 1 1 101 0.2 0.1
Eutrophication, terrestrial 11)02(11}1.1/02| 11|12 03] 1.1 1 /01 1 /14/03|1.1| 1 1 0.2 0.2 1 1 1 /0.2 0.2 1 0.2
Human toxicity, cancer 3.6 129/4.1145 | 3.6 25 3.1 1.8 25 4.7 1.3 | 1.5 2.2 2.1
Human toxicity, cancer - metals 42 134,48 5 4 24131 |28 2331 4.3 16 | 1.8 14 | 16 | 1.8 | 21|22 24 22 |25 12824
Human toxicity, non-cancer 2 |16/2235/28] 39 24129 | 08 /06/083.2|25|34| 08| 0.9 0.7 08|09 1121|2218 2 23 12425
Human toxicity, non-cancer - inorganics | 0.8 10.6 /08| 1.7 |13| 18 | 1.8 | 15| 1.7 | 0.2 10.2/ 0.2 2319 |24 05 | 0.6 05 05 05 06 131412 12| 13 14 38
Human toxicity, non-cancer - metals 2.5 28|44 (35|49 34 28| 34 1 /08/11/35/29|39/09| 1.1 | 0.8 1 1122426 |2224 26 28|22
Human toxicity, non-cancer - organics 46/21/13|31 |16 04/09|17 05 12,16 04| 1|12 1.2 1 27 127,05 05 03 0314 14|09
lonising radiation 0.8|1.1 0.6 0.5 0.6 0.9 1.4 0.8 1.3 09 |14
Land use 1 /08| 1 13 /11|13 0.7 | 11 | 0.6 1 107 11 0.5
Ozone depletion 0.7 06 0.7, 0 0 0 01 O 0 0 0 0 0 0 01 06 06 05 05 06 06 O 0 0 0 0 0 O
Particulate matter 04 01 06 0603 08|07 04,0903 01 05 0804 03, 04 01 01 06 06 05 05/02 03 07 08|03
Photochemical ozone formation 11)02(11) 1 |0.1 12 102 1 11 /01/09|13/02 1 | 0.9 1 0.2 0.2 1 /11/08|09 )01 0.1 1 1 /0.1
Resource use, fossils 13|1.1/14) 0.9 0.7 1 |09| 1 01,01/ 01| 1 08|11|1.1 | 1.2 1 11112 (12,08, 08070708 |08|1.1
Resource use, minerals and metals 1.8 1 1.2 29 4.4 14 1.2 31| 3.7 3.8 34 | 34 09/09/08|08| 21 1221.2
IPCC 2021 GWP 100 06 04 06 04 02 04 03 02 04 01 01 01 05/ 03 04 04 04 04 04 04 05 02 02 02 02 03 030.2
IPCC 2021 GWP 20 1,07/09/04 /02 04 03 03,04,01 01 012,09/03/05/07, 07 06 06 07 080202 020203 0303
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NGccs-NGeesNGecs le- e- - bio- bio- |pio- NGccs- NGees-  |[NGees- [NGees- INGees- INGees- e-CH2

NH3 ENH3 NH3 le-NH3 je-NH3/e-NH3 |MeOH |MeOH MeOH [MeOH |[MeOHMeOH |e-CH4 |e-CH4 |e-CH4/CH2 4S |LH2 4S  |[CH2 LH2 CH2 2S|LH2 2Sje-CH2 |e-LH2 |PEM le-LH2 |e-CH2 |e-LH2 [Elec
Impact category A4S ICE SOFC [2S ICEAS ICE SOFC RS ICE M4SICE SOFC 2SICE 4SICE [SOFC P2S 4S ICE SOFC 25 CE CE PEMFC |PEMFC |ICE ICE A4S ICE 4S ICE [FC PEM FCR2S ICE |2S ICE |BE
Acidification 08/02/09|07 02,08|08|02|08)|0601 07(09/02(09/,07| 07 |02 02 08,08|06060101)|08)0.8]0.2
Ecotoxicity, freshwater 09/07 1 |18/15,19| 2 |17|,19 |03 /02 03,21|17|22, 05| 06 | 04 O05 05 0612 1311|1213 13 0.7
Ecotoxicity, freshwater - inorganics 02,02 03/02 02 02,0303, 03/0101/01/,03/02/03 012,01 0101 02 0201 01/01/0101 01 0.1
Ecotoxicity, freshwater - metals 15/12/16/31/25/33 /34 2832 04 03 04/36/29/37,08| 09 | 07 0808|0921 |22 19, 2 |22 23|13
Ecotoxicity, freshwater - organics 0 00 0 0 0 01 O 0 01 O 0 01 O 0 0 0 0 0O 01 01 O 0 0 0 01 01 O
Eutrophication, freshwater 4.4 3.6 4.6 35|28 4 14 |1 |17 44 3.6 14| 15 | 13 |14 |19 21|24 26|22|23 |31 33| 4
Eutrophication, marine 11)02(11}1.1/0.2| 1.1 | 1.1 | 0.2 0.1 13021111 11 | 0.2 | 0.2 1 1 /0.1 0.2 0.1

Eutrophication, terrestrial

uman toxicity, cancer

0.2

Human toxicity, cancer - metals

1.2

0.1

1.4

1

0.2

0.2

1

0.2

Human toxicity, non-cancer

Human toxicity, non-cancer - inorganics | 0.8 |0.6/0.8|1.7 /13|18 | 1.8 |15| 1.7 | 02 |02/0.2|23]19|24 /05| 06 | 05 |05 05 061314 12 |13 14|38
Human toxicity, non-cancer - metals 2.5 2844 35|49 | 34 28| 34 1 /08/11(35/29(39/09| 11 | 0.8 1112|2426 22|24 )26 28|22
&.man toxicity, non-cancer - organics 46,21/13/31 16 04 0917 05 12/16 04 1 |12 12 1 27127 ,05/05/03 03|14 14/|0.
lonising radiation 0.8]1.1 0.6 1 0.5 0.6 09| 14 | 08 |13 |09 |14

Land use 1 /08| 1 13 11|13 0.7 | 1.1 | 0.6 1 107 11 0.5
Ozone depletion 07,06 07 0 O 0 01 O 0 0 0 0 0 0 |01/ 06| 06 | 05 0506 06 O 0 0 0 0 0| 0
Particulate matter 04 01 06 06 03/0807 /04 09,0301 05/08 04 03, 04 01 0106 06 05 05 02 03 07 08|03
Photochemical ozone formation 11/02(11| 1 |0.1 12 102 1 11 101/09/13/02 | 1| 0.9 1 02 /02 1 /11/08/09/0101 1 1 0.1
Resource use, fossils 13/1.1/1.4|0.9 |0.7 1 /09| 1 /0101 01| 1 08|11|11| 1.2 1 11,12 |12 ,08|08 0.7 0.7 08 |08]|11
Resource use, minerals and metals 1.8 1 1.2 29 4.4 14 1.2 31| 3.7 3.8 34 | 34 09/09/08|08| 21 1221.2
IPCC 2021 GWP 100 06 04 0604 02 04,0302/ 04010101, 05/03/04 04, 04 04 04 04 05/02 02020203 03 0.2
IPCC 2021 GWP 20 1/07/09 040204 03 03,04 01,01, 02,09/03/05,07, 07 06 06,07,0802)02 02 02 03,0303
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NGccs-NGeesNGecs le- e- - bio- bio- |pio- NGccs- NGees-  |[NGees- [NGees- INGees- INGees- e-CH2

NH3 ENH3 ENH3 le-NH3 |e-NH3le-NH3 [MeOH |[MeOH [MeOH [MeOH |[MeOHMeOH le-CH4 |e-CH4 |e-CH4[CH2 4S |LH2 4S  |[CH2 LH2 CH2 2S |LH2 2Sle-CH2 le-LH2 |PEM e-LH2 |e-CH2 |e-LH2 [Elec
Impact category A4S ICE SOFC [2S ICEAS ICE SOFC 2S ICE ASICE |SOFC RSICE W4SICE |SOFC RS A4S ICE SOFC 25 CE CE PEMFC |PEMFC |ICE ICE 4S ICE 4S ICE [FC PEM FCR2S ICE [2S ICE |BE
Acidification 08/02/09/07 020808020806 0107 09/02/09/07| 07 |02 02  08,08|06,0601 01 0.8 0.8/|0.2
Ecotoxicity, freshwater 0907 1|18 15| 19 2 /17,19 03 02/03 21,1722, 05, 06 04 05 05 06,12 13|1112 13 13|0.7
Ecotoxicity, freshwater - inorganics 0.2 02 03 0202 02 03 03 03 01 01 01 030203 0101 01 01 02 02 01 01 01 01 01 01 0.1
Ecotoxicity, freshwater - metals 15/12/16/31/25/33 |34 283204 03 04,36/29|3.7/,08| 09|07 |08|08|09|21|22 19| 2 2.2 23|13
Ecotoxicity, freshwater - organics 0 00 0 0 0 01 O 0 01 O 0 01 O 0 0 0 0 0O 01 01 O 0 0 0 01 01 O
Eutrophication, freshwater 4.4 3.6 4.6 35 28| 4 14 | 1 |17 |44 3.6 14 | 15 13 1 14 192124 26|22 2331 33| 4
Eutrophication, marine 11/0.2(11/1.1/02 1.1 | 1.1 | 0.2 0.1 13102 11| 1.1 1.1 0.2 0.2 1 1 101 0.2 0.1
Eutrophication, terrestrial 11)02(11}1.1/02| 11|12 03] 1.1 1 /01 1 /14/03|1.1| 1 1 0.2 0.2 1 1 1 /0.2 0.2 1 0.2
Human toxicity, cancer 3.6 129/4.1145 | 3.6 25 3.1 1.8 25 4.7 1.3 | 1.5 2.2 2.1
Human toxicity, cancer - metals 42 134,48 5 4 24131 |28 2331 4.3 16 | 1.8 14 | 16 | 1.8 | 21|22 24 22 |25 12824
Human toxicity, non-cancer 2 |16/2235/28] 39 24129 | 08 /06/083.2|25|34| 08| 0.9 0.7 08|09 1121|2218 2 23 12425
Human toxicity, non-cancer - inorganics | 0.8 10.6 /08| 1.7 |13| 18 | 1.8 | 15| 1.7 | 0.2 10.2/ 0.2 2319 |24 05 | 0.6 05 05 05 06 131412 12| 13 14 38
Human toxicity, non-cancer - metals 2.5 28|44 (35|49 34 28| 34 1 /08/11/35/29|39/09| 1.1 | 0.8 1 (12,2426 222426 /28|22
Human toxicity, non-cancer - organics 4621133116 04,0917 05 12,16 04| 1 |12 1.2 1 27 127,05 05 03 03141409
onising radiation 0.8|1.1 0.6 0.5 0.6 0.9 1.4 08 | 1.3 |09 |14
and use 1 /08| 1 13 /11|13 0.7 | 11 | 0.6 1 107 11 0.5
Ozone depletion 0.7 06 0.7, 0 0 0 01 O 0 0 0 0 0 0 01 06 06 05 05 06 06 O 0 0 0 0 0 O
Particulate matter 04 01 06 0603 08|07 04,0903 01 05 0804 03, 04 01 01 06 06 05 05/02 03 07 08|03
Photochemical ozone formation 11)02(11) 1 |0.1 12 102 1 11 /01/09|13/02 1 | 0.9 1 0.2 0.2 1 /11/08|09 )01 0.1 1 1 /0.1
Resource use, fossils 13|1.1/14) 0.9 0.7 1 |09| 1 01,01/ 01| 1 08|11|1.1 | 1.2 1 11112 (12,08, 08070708 |08|1.1
Resource use, minerals and metals 1.8 1 1.2 29 4.4 14 1.2 31| 3.7 3.8 34 | 34 09/09/08|08| 21 1221.2
IPCC 2021 GWP 100 06 04 06 04 02 04 03 02 04 01 01 01 05/ 03 04 04 04 04 04 04 05 02 02 02 02 03 030.2
IPCC 2021 GWP 20 1,07/09/04 /02 04 03 03,04,01 01 012,09/03/05/07, 07 06 06 07 080202 020203 0303
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NGccs-NGeesNGecs le- e- - bio- bio- |pio- NGccs- NGees-  |[NGees- [NGees- INGees- INGees- e-CH2

NH3 ENH3 ENH3 le-NH3 |e-NH3le-NH3 [MeOH |[MeOH [MeOH [MeOH |[MeOHMeOH le-CH4 |e-CH4 |e-CH4[CH2 4S |LH2 4S  |[CH2 LH2 CH2 2S |LH2 2Sle-CH2 le-LH2 |PEM e-LH2 |e-CH2 |e-LH2 [Elec
Impact category A4S ICE SOFC [2S ICEAS ICE SOFC 2S ICE ASICE |SOFC RSICE W4SICE |SOFC RS A4S ICE SOFC 25 CE CE PEMFC |PEMFC |ICE ICE 4S ICE 4S ICE [FC PEM FCR2S ICE [2S ICE |BE
Acidification 08/02/09/07 020808020806 0107 09/02/09/07| 07 |02 02  08,08|06,0601 01 0.8 0.8/|0.2
Ecotoxicity, freshwater 0907 1|18 15| 19 2 /17,19 03 02/03 21,1722, 05, 06 04 05 05 06,12 13|1112 13 13|0.7
Ecotoxicity, freshwater - inorganics 0.2 02 03 0202 02 03 03 03 01 01 01 030203 0101 01 01 02 02 01 01 01 01 01 01 0.1
Ecotoxicity, freshwater - metals 15/12/16/31/25/33 |34 283204 03 04,36/29|3.7/,08| 09|07 |08|08|09|21|22 19| 2 22 12313
Ecotoxicity, freshwater - organics 0 00 0 0 0 01 O 0 01 O 0 01 O 0 0 0 0 0O 01 01 O 0 0 0 01 01 O
Eutrophication, freshwater 4.4 3.6 4.6 35 28| 4 14 | 1 |17 |44 3.6 14 | 15 13 1 14 192124 26|22 2331 33| 4
Eutrophication, marine 11/0.2(11/1.1/02 1.1 | 1.1 | 0.2 1 0.1 13102 11| 1.1 1.1 0.2 0.2 1 1 101 0.2 0.1
Eutrophication, terrestrial 11)02(11}1.1/02| 11|12 03] 1.1 1 /01 1 /14/03|1.1| 1 1 0.2 0.2 1 1 1 /0.2 0.2 1 0.2
Human toxicity, cancer 3.6 129/4.1145 | 3.6 25 3.1 1.8 2.5 4.7 1.3 | 1.5 2.2 2.1
Human toxicity, cancer - metals 42 134,48 5 4 24131 |28 2331 4.3 16 | 1.8 14 | 16 | 1.8 | 21|22 24 22 |25 12824
Human toxicity, non-cancer 2 |16/2235/28] 39 24129 | 08 /06/083.2|25|34| 08| 0.9 0.7 08|09 1121|2218 2 23 12425
Human toxicity, non-cancer - inorganics | 0.8 10.6 /08| 1.7 |13| 18 | 1.8 | 15| 1.7 | 0.2 10.2/ 0.2 2319 |24 05 | 0.6 05 05 05 06 131412 12| 13 14 38
Human toxicity, non-cancer - metals 2.5 28|44 (35|49 34 28| 34 1 /08/11/35/29|39/09| 1.1 | 0.8 1 1122426 |2224 26 28|22
Human toxicity, non-cancer - organics 46/21/13|31 |16 04/09|17 05 12,16 04| 1|12 1.2 1 27 127,05 05 03 0314 14|09
lonising radiation 0.8|1.1 0.6 0.5 0.6 0.9 1.4 0.8 1.3 09 |14
Land use 1 /08| 1 13 /11|13 0.7 | 11 | 0.6 1 107 11 0.5
Ozone depletion 0.7 06 0.7, 0 0 0 01 O 0 0 0 0 0 0 01 06 06 05 05 06 06 O 0 0 0 0 0 O
Particulate matter 04 01 06 0603 08|07 04,0903 01 05 0804 03, 04 01 01 06 06 05 05/02 03 07 08|03
Photochemical ozone formation 11102(11) 1 |01 1 12 102 1 11 /01/09|13/02 1 | 0.9 1 0.2 0.2 1 /11/08|09 )01 0.1 1 1 /0.1

& “ M 11111 1 Z 1 1.1 ” 07 07 m
L2 12 31 37 38 34 Jﬁ-ﬂﬁ-&&-ﬂ-“ﬁ
IPCC 2021 GWP 100 06 04 06 04 02 04 03 02 04 01 01 01 05/ 03 04 04 04 04 04 04 05 02 02 02 02 03 030.2
IPCC 2021 GWP 20 1 /07/09/04 02 04 03 04,01 01 01 09/03,05/07), 07 |06 |06 07 08 | 02,0202 02 03 03,03
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Findings climate impact

 Possible to substantially reduce climate impact by introducing the
assessed fuel-propulsion options by 2030 (2050 even more).

* Blue pathways have higher climate impacts than green pathways.

* Green methanol, hydrogen and electricity pathways show lower
climate impact compared to ammonia and methane pathways

* Fuel cells lower climate impact compared to internal combustion
engine pathways.
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Regarding ship emissions

- Several fuel and powertrain options under development (NH;,H,)
-> their actual climate and environmental performance in 2030-2050
uncertain - lack of knowledge on emissions

* Possible to reduce fuel related emissions of CH, and N,O (methane
and NH; pathways) but with a cost. Regulation needed for these
emissions too!

* More emission measurements from ships in operation for different
operational profiles needed to verify and improve environmental
performance

2022-11-17
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Other types of environmental impacts

* Other environmental impacts also need to be assessed
« Some impact categories need more investigation

In general

* LCA need to be updated as new data become available
* Detailed ship specific LCAs also needed

CHALMERS

2022-11-17
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- { Electricity
Hydrogen
Renewable Compressed hydrogen ‘
power

atural gas
with carbon
capture and
storage

Total climate impact fossil fuel production pathways 2030 |

I elimate impact biue fuel production pathways 2030

1
-| Liquefied hydrogen |
1

Liquefied methane |
‘

BT

(9]
H

= Total impact from well-to-

- * Total impact from well-to-wake wake (lower ICE emissions)
Nitrogen Hydrotreated vegetable oil B Production_green fuelait Operation_4 stroke engine
R B Production_blue fuel Operation_2 stroke engine

B Production_fossil fuel % Operation_fuel cells

Thank you for listening!
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