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cheap net-zero

Maritime Decarb Needs Fuels*
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Science 2018, 360, eaas9793.
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https://www.science.org/doi/10.1126/science.aas9793

cheap net—zera
Maritime Decarb Needs Fuels*
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* g.v. Endnote 1


https://shipandbunker.com/prices/av/global/av-glb-global-average-bunker

cheap net—zera
Maritime Decarb Needs Fuels*

Energy Density Cost

wtbhH LHV (MJ/kg) S/tonne  ¢/kWh

Heavy Fuel Oill 150, 390 $625 577¢  @?2.689 USD/ gal
(HFO)
”q”iﬁg‘;yfmg 25.0% 45 $325  2.60¢ @ 6.57 USD /1000 ft?
Ammonia | 17.6% 18.8 $790 15.1¢  anhydrous, from SMR/H-B (not green)
Methanol | 12.5% 20.1 §575 10.3¢  from SMR (not green)
Hydrogen | 100% 120 $8000 24.0¢ | @ 8USD /kg (green)

* g.v. Endnote 1



cheap net-zero

Henry Hub Natural Gas Spot Price

Dollars per Million Btu
15

4. powNLOAD

Heavy Fuel QOil
(H FO) 2 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024
“q“iﬁgis"‘(af;g)' 25.0% 45 $325  2.60¢ @ 6.57 USD /1000 ft®
Ammonia | 17.6% 18.8 $790 15.1¢  anhydrous, from SMR/H-B (not green)
Methanol | 12.5% 20.1 §575 10.3¢  from SMR (not green)
Hydrogen | 100% 120 $8000 24.0¢ | @ 8USD /kg (green)

Atmosphere 2023, 14(3), 584. doi :10.3390/atmos14030584

* g.v. Endnote 1


https://doi.org/10.3390/atmos14030584

Maritime Ammonia: Pros and Cons

+ tractable to store - extant challenges:
/.5baror-33 °C engine design
comparable to LNG ammonia bunkering

+ tap into global NO, emissions

fertilizer industry ~- toxicity
180 MMt/yr regulatory burden
+ use directlyorasa | — requires green NH,
hydrogen carrier Haber-Bosch is hard
|
17.6 wt% H “olnsa t g.v. Endnote 2
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Two Classes of Ammonia-Fueled Ships
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Easier ICE retrofit
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H, H,0
ammonia hydrogen electric
NH3 fuel cell 7
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Hydrogen Fuel Cell:

+ Efficient motors
+ Completely clean
- Less mature tech
- New builds only
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Ammonia Tech Development Areas

e¢ Ammonia engines

[1] https://wartsila.com/media/news/15-11-2023-wartsila-continue
s-to-set-the-pace-for-marine-decarbonisation-with-launch-of-
world-first-4-stroke-engine-based-ammonia-solution-3357985

[2] https://man-es.com/discover/two-stroke-ammonia-engine

Wartsila continues to set the pace for marine

decarbonisation with launch of world-first 4-stroke
engine-based ammonia solution p)

Wartsila Corporation, Press release 15 November 2023 at 11:00 UTC+2
m WARTSILA
MANI MAN Energy Solutions [,

Completed

Successful ammonia combustion in MAN B&W two-stroke engine marks
*historic’ step for company and maritime sector


https://www.wartsila.com/media/news/15-11-2023-wartsila-continues-to-set-the-pace-for-marine-decarbonisation-with-launch-of-world-first-4-stroke-engine-based-ammonia-solution-3357985
https://www.wartsila.com/media/news/15-11-2023-wartsila-continues-to-set-the-pace-for-marine-decarbonisation-with-launch-of-world-first-4-stroke-engine-based-ammonia-solution-3357985
https://www.wartsila.com/media/news/15-11-2023-wartsila-continues-to-set-the-pace-for-marine-decarbonisation-with-launch-of-world-first-4-stroke-engine-based-ammonia-solution-3357985
https://www.man-es.com/discover/two-stroke-ammonia-engine
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Groundbreaking First Ammonia Engine Test K %
Completed ~ LXK i,_..a

Successful ammonia combustion in MAN B&W two-stroke engine marks
*historic’ step for company and maritime sector

[1] https://wartsila.com/media/news/15-11-2023-wartsila-continue
s-to-set-the-pace-for-marine-decarbonisation-with-launch-of-
world-first-4-stroke-engine-based-ammonia-solution-3357985
https://man-es.com/discover/two-stroke-ammonia-engine
https://blazeenergytech.com/
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Carbon-free combustion of
ammonia/hydrogen fuel

Achieving an efficient combustion performance
in existing applications with the on-site and on-
demand generation of ammonia/hydrogen fuel


https://www.wartsila.com/media/news/15-11-2023-wartsila-continues-to-set-the-pace-for-marine-decarbonisation-with-launch-of-world-first-4-stroke-engine-based-ammonia-solution-3357985
https://www.wartsila.com/media/news/15-11-2023-wartsila-continues-to-set-the-pace-for-marine-decarbonisation-with-launch-of-world-first-4-stroke-engine-based-ammonia-solution-3357985
https://www.wartsila.com/media/news/15-11-2023-wartsila-continues-to-set-the-pace-for-marine-decarbonisation-with-launch-of-world-first-4-stroke-engine-based-ammonia-solution-3357985
https://www.man-es.com/discover/two-stroke-ammonia-engine
https://blazeenergytech.com/
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Successful ammonia combustion in MAN B&W two-stroke engine marks
*historic’ step for company and maritime sector

> MARCH 6, 2023

Moving the Maritime Industry Closer
to Clean Energy, Amogy is Building |
the World's First Ammonia-Powered,
Zero-Emission Ship
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¥ q.v. Endnote 3
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https://www.wartsila.com/media/news/15-11-2023-wartsila-continues-to-set-the-pace-for-marine-decarbonisation-with-launch-of-world-first-4-stroke-engine-based-ammonia-solution-3357985
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https://blazeenergytech.com/
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https://www.ammoniaenergy.org/articles/amogys-ammonia-powered-tug-to-hit-the-water-in-late-2023/

A Subjective NH, Technology Ranking

already solved incipient solutions

hydrogen ammonia
fuel cells storage &
bunkering

ammonia

combustion
engines

direct
ammonia
fuel cells

ammonia

cracking
reactors

possibly unsolvable

plasma
nitrogen
activation®

electro-
chemical

nitrogen
reduction®

¥ q.v. Endnote 3
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ammonia-powered container
ship

NOVEMBER 30, 2023



https://www.yara.com/corporate-releases/the-worlds-first-clean-ammonia-powered-container-ship/

*Endnote 1: Batteries Can’t Beat Fuels

iPhone 12 40 Energy-density
@ Diesel A
— 35+ @ Jet Fuel
(phone battery (phone battery (phone battery energy E 30 E-10
charge) voltage) capacity) =
g g pacity > 251 3
i Ethanol : ropane
on Battery APN _é 20 - e Methane (iq)
0512 Ra o 15 @ Methanol
3 yees 10 © Ammonia (lig)
,\-,,«w» (j nChe g 104 [ ® H (lig)
> - - § = Methane (250 bar) H, (700 bar)
. [ J
Car Battery: Li-ion battery H 0(3 —
2
63 A*th X 12V =756 W*h=2722 0 &——
: kJ 0 20 40 60 80 100 120 140
o]t 7(11;‘6*7;4) Gravimetric density (MJ/kg)
P ome- s
mL
36.41J + (3a.2MJ/L) = 1.07 mL

(phone battery (volumetric (volume of gas tank it
energy energy density would take to replace
capacity) of gasoline) your phone battery)

Footlong Sub Sandwich: Nutr. Rev. 2010, 68, 439.

— Appl. Energy 2013, 103, 256.
750 kcal X 4.184 kJ/kcal = 3138 kJ N EX 1331768, 2013,




"Endnote 2: The Haber-Bosch Process

N2 + 3 H2 —>id NH3
T =300 °C
P = 300 bar
K:Fe O, catalyst



"Endnote 2: The Haber-Bosch Process

N,+3H,—2NH, «— Haber-Bosch Process (H-B)
CH,+H,O—-CO+3H, — Steam Methane Reforming (SMR)
2CH,+0,+CO,—»3H,+3CO+H,0 « Autothermal Reforming (ATR)
CO+H,0—-CO,+H, «— Water-Gas Shift (WGS)
co, Ammonia
6 ].\T2 + 5 CH4 + ()2 + 8 HZO — 5 (3()2 + 12 ].\TH3 Natural H,0 Air reactor
gas
T 0°C
actual integrated H-B + SMR + ATR + sovc o
WGS net reaction 30 Lo
200° e 300°C NH,

green hydrogen is not a
drop-in decarbonization
solution for Haber-Bosch! % W

Green Chem. 2020, 22, 6258. doi :10.1039/DBGCA2058C Sulfur Primary Secondary  Shift
Melville, J. F. PhD Thesis, MIT, Cambridge, Massachusetts, 2021. hd1:1721.1/139141 removal  reforming reforming reactions

Methanization
1000°C

Purge


https://pubs.rsc.org/en/content/articlelanding/2020/gc/d0gc02058c
https://dspace.mit.edu/handle/1721.1/139141

*Endnote 3: Making Green Ammonia

e Green H + H-B (not drop-in!)
2

e Electrochemical NRR (eNRR)
N, + H, (electrochemical H-B)
N, + H O (built-in water splitting)
NO, + H O (reverse Ostwald)
e Plasma-catalysed

MHCDs / MIMs
Birkeland-Eyde Process (BEP)

esis, MIT, Cambridge, Massachusetts, 2021. hd1:1721.1/139141
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SEndnote 4: Maritime Geoengineering

New regulations from the International Maritime
Organization (IMO) limiting sulfur emissions from
the shipping industry are expected to have large
benefits in terms of public health but may come
with an undesired side effect: acceleration of global
warming as the climate-cooling effects of ship
pollution on marine clouds are diminished.
Previous work has found a substantial decrease in
the detection of ship tracks in clouds after the IMO
2020 regulations went into effect [...] we confidently
&) detect a reduction in the magnitude of cloud
Lovie ed droplet effective radius decreases within the
- shipping corridor and find evidence for a reduction

Sunlight Water

Droplet

& 5 in the magnitude of cloud brightening as well.

Atmos. Chem. Phys. 2023, 23, 8259.
doi:10.5194/acp-23-8259-2023



https://doi.org/10.5194/acp-23-8259-2023
https://doi.org/10.5194/acp-23-8259-2023

