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Shipping emissions since 1990: Still climbing (at half the pace)

1.4
Seaborne trade [t]
13 ,

2008
(IMO ref)

Shipping CO,
Carbonintensity [EEOI]

1.2

11

e Trade [Mt] 0.9

—C02

e C02/trade [t/t] 0.8

0.7

0.6

0.5

0.4
1990 1995 2000 2005 2010 2015 2020

year

Sources ZS|NTEF

IMO GHG-studies (3rd and 4th), UNCTAD review of Maritime transport



Maritime fuels: Shift towards MGO but no change in carbon intensity
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Global warming: Urgent vs deep emission cuts?
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More than global warming on the table
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Annual Update

CLEAN AIR:

97.3% live in areas where air
pollution exceed the WHO
threshold (PM2.5 >5 pug/m?3) and
PM shortens the average life
expectancy by 2.2 years
worldwide,

L IRENA

onal Fenewetle Ensegy Agency

GLOBAL
RENEWABLES
OUTLOOK

EDITIGN: 2020

ENERGY:

Improvements in energy
efficiency must triple.

So far, growth in renewables is
cancelled by growth in energy
demand.
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Global energy demand and primary energy mix 1971-2019
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Alt. fuels: GHG (WTW) vs MGO
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. Hydrogen, ammonia and biogas can beproduced in different ways, with very different footprint WTT. SINTEF
LNG can be combusted in Diesel and Otto engines with different levels of methane slip. -

Biofuels can be produced from very different raw materials and havevery different footprints.

Other sustainability criteriaapply.



Alt. fuels: GHG and energy efficiency (WTW) vs MGO

AGHG WTW [g CO2-eq. / kWh]
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Biogas: The GHG-saving varies and depends!
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EU RED II, 2018 (s. 97), IEA, Technology roadmap Delivering sustainable bioenergy, 2017 (tabell 7, s. 51), Svensk energimyndighet: Drivmedel 2017, (tabell 11, s. 33)



Two distinct pathways: Gaseous fuels (top) and liquid fuels (bottom)
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GHG-effect of blending in H2 or biogas

LNG Hydrogen Biogas

Wairtsild engines ok with up to 25% hydrogen blend. WTW emission factors from Lindstad et al.
Can be reduced further (-10%) once methane slip is eliminated.
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Supply side: The map for LNG supply looks a bit like the oil bunkering map
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https://maritimefairtrade.org/top-ten-bunkering-ports/

Shipping's need for ammonia vs plans
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Alternative fuels overview

@ Fossil fuels % Natural gas @ Biofuels @@&D Hydrogenfuels Syntheticfuels

Examples HFO LNG Liquid biofuels (many variants) Hydrogen (LH2, PH2, LOHC) E-diesel

Residual fuelblends LPG Biogas (many variants) Ammonia E-LNG

MGO Ethane Bio-methanol E-Methanol

Methanol Dimethylether (DME)
GHG High 6-17% below MGO 20-200% below MGO 45-65% above MGO to zero Dependingon the production
Prerequisitesfor  Carbon capture onboard No methaneslip Sustainable biomass Climate neutral electricity Climate neutral electricity
climate neutrality Carbon capture onboard No methaneslip CCS (Carbon capture & storage) Directair capture (DAC)
Pitfalls High capture rate? High capture rate? Sustainability? N,O from ammonia? Climate neutral electricity

Indirectland use change? Directair capture (DAC)

Alternative use as crops?
Disruption of food chain?

Major advantage  No/little disruption No/little disruption Climate negative at best Ammonia: Energy dense No/little change onboard
Synergies with other CCS-projects Synergies with other CCS-projects Wastes as raw material Hydrogen: Emission free
Small scale local production

Use/supply HFO: 64% / MGO 32% LNG 4% / LPG: Minor Piloting Grey variantsonly N/A

Source: 145 INTEF

Smart Maritime sea map to green shipping (SINTEF/NTNU, Gamlem 2022)



Methane slip; the Achilles heel of natural gas
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Abstract

Strict NO, emission regulations set for marine vessels by Tier 11 standard make ship owners/operators finding new cficient
‘methods fulflling these requirements. Utilization of LNG as main fuel at the moment is one of the most promising solutions
with lean burn spark ignited (LBSI) engines and low pressure dual fuel (LPDF) ones being of primary choice. Technology
provides not only low NO, levels, but also allows to reduce operational costs due (0 LNG currently being a cheaper fuel
The main drawback of low-pressure gas engines is rather high levels of methane slip, especially at low loads, as 4 result of
poor fuel utilization due o low operational fuel-air ratios. Nevertheless, there are no standards that directly regulate meth-
ane slip for marine gas engines, but the topic starts to receive more and more attention due (o the concerns associated with

environme:

effect of methane as well as due to ship operators analyzing ship data more thoroughly revealing substantial

increase in gas fuel consumption at low loads. Preseated study summarizes all gas engine lechnologies that are available for
the maritime sector considering their current status and maturity and present a comprehensive measurement data summary
for the main groups, namely LBSI and LPDF engines. The measurement data pool consists of both on-boand and test-bed
‘emission data revealing an interesting moments such as possible “overtuning” of engines for low NO, resulting in excessive

levels of methane slip. i

10 their nature, utli pe 4

such as fixed emission weight factors for loads. and in Tier 111 regulations. The article also quantitatively indicates the pro-
gress in gas technology development and provides updated specific emission factors for the considered gas engine types.

Keywords Methane slip - Gas engine - LBSI - LPDF - Ship emissions - Tier Ill - Measurements

1 Introduction

The importance of sa trade cannot be underestimated as
more than 80% of the world trade by volume and more than
70% of its value is carried on board of seagoing vessels and
handled by seaports workdwide [1]. In fact only around 2.
of greenhouse gas (GHG) et are pro-
duced by the sea transport, making shipping one of the most
energy- and emission-effective ways of commercial trans-
port. At the same time. it might be challenging to achicve the
goals of the Paris Agreement [2] in lowering global emitted
GHG levels as the number of marine vessels is expected to

Sergey Ushakow
sergey.ushakov@ ntnu o

Department of Marine Technology, Norwegian University
of Science and Techrology., Trondheim, Norway
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increase in future 1o provide the necessary supplies to con-
stantly growing world population, Moreaver, the local emis-
sions of NO, . particulate matter (PM) and SO, from ships
[3-5] that has a strong negative impact both on local climate
and on human health {6, 7] should be also considered.
Current emission regulation for international maritime
transport is set by International Maritime Organization
(IMO) [8] and consists of direct NO, emission regulations
[9] and limits for maximum sulfur content in fuel used that
has proportional cffect on produced SO, emissions (and
corresponding sulfate fraction of PM) [10]. To meet future
stricter NO, regulations a number of technological meth-
ods can be used as for example selective catalytic reduc-
tion (SCR). exhaust gas recirculation (EGR) together with
various water-induction methods and/or Miller cycle [11] or
alternative fucls. such as liquefied natural gas (LNG). can
be applied. Desired SO, levels can be achieved by complete
switch from HFO to distillate fuels such as marine gas oil
(MGO) or other alternative fuels such as biofuels, methanol

4 Springer
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Key conclusions

LNG offers small GHG-reductions now (6-16% WTW, up to 25% TTW)

LNG can be combined with biogas tomorrow (and reduce GHG up 100% and beyond)

0@ LNG can be combined with hydrogen soon (to give 30-40% and above)

LNG and biogas are more energy efficient WTW (than hydrogen, ammonia, bio-methanol and synthetic fuels)

LNG (and biogas and hydrogen) gives clean air; no SO,, no particles and (with the right machinery) no NO,

@EOOG®E

SINTEF



SINTEF

Teknologi for et bedre samfunn



