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SUMMARY

This document presents information on the current literature about
tank-to-wake (TtW) nitrous oxide (N2O) emissions from ammonia
dual-fuel engines. Recent studies indicate significant variability in
N,O emissions across engine types, operating conditions, and
testing methodologies. This document compiles emission data and
findings from the most up-to-date laboratory tests and modeling
efforts. The summarized results are presented in g N.O/g NHs units,
without normalization of scenario parameters across studies.
The co-sponsors propose that the Committee agree to forward
these results to the GESAMP-LCA Working Group to be used as
part of their mandate to improve the robustness of GHG accounting
for ammonia-fueled ships.

3

3.2

Paragraph 20

Related document: MEPC 82/17
Introduction
1 MEPC 82 invited interested Member States to start preparing proposals for default

emission factors, using the templates included in appendixes 4 and 5 of the 2024 Guidelines
on life cycle GHG intensity of marine fuels (2024 LCA Guidelines), in order to allow the
GESAMP Working Group on Life Cycle GHG Intensity of Marine Fuels (GESAMP-LCA WG)
to review these after MEPC 83 (document MEPC 82/17, paragraph 7.13.3).
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2 To assist Member States, this document provides an overview of the recent literature
on nitrous oxide (N.O) emissions from ammonia-fueled engines and presents them in plots to
show emissions according to load, RPM, ammonia energy share, and engine stroke.

Review of recent literature on N2O emissions from ammonia-fueled engines

3 To analyse the recent literature on N.O emissions from ammonia-fueled engines, the
International Council on Clean Transportation (ICCT) and Environmental Defense Fund (EDF)
collaborated to review 22 studies published between 2021 and 2024, generating new data
(14 peer-reviewed articles, five symposium papers, one official presentation, and two reports).
From these 22 studies, 106 scenarios were extracted and organized.

4 Of the 106 scenarios, 63 involved direct measurements, 43 utilized numerical
simulations, and 32 involved a combination of both. Numerical simulations that relied on an
experimental setup for calibration were still classified as simulations. A table that categorizes
the reviewed literature according to scenario parameters can be found in the supplementary
spreadsheet?.

5 Normalization of study parameters was not conducted due to the variability of the
methodologies and testing conditions, the focus on different parameters, and the units in which
results are presented. However, study results were converted into g N>O/g NH3 units with either
values presented in the studies or the assumptions in paragraph 6 if the necessary values for
conversion were not present in the studies.

6 The assumptions for unit conversion are: 0.0186 MJ/g lower heating value (LHV) for
NHs, 0.45 thermal efficiency for engines when the study does not disclose it, 17.03 g/mol
molecular weight for NH3, 44.01 g/mol molecular weight for N.O, and complete combustion
according to basic stoichiometry. The resulting plots can be observed in figures 1 and 2.

1 https://theicct.org/wp-content/uploads/2025/01/Supplemental-Data-TTW-N20-Emissions-from-Ammonia-
Engines.xIsx
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Figure 2: numerical simulation case studies
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7 Collated results show that in direct measurement studies, N>O emissions range from 0.0001
to 0.0038 g N>O/g NHs, and numerical simulation results range from negligible (due to optimized
parameters) to 0.0049 g N>O/g NHs. Three outlying results from numerical simulations (0.0120,
0.0149, and 0.0183 g N>O/g NHs) and two outlying results from measurements (0.0131 and 0.0085 g
N20/g NH3) were excluded.

8 Measurement data regarding emissions from 2-stroke ammonia marine engines are
non-existent, although the numerical simulation case studies include estimates of N>O from 2-stroke
engines. The highest reported N>O emissions from simulated studies were 0.0049 g N.O/g NH; for 2-
stroke engines, and 0.0036 g N.O/g NHjs for 4-stroke engines.

9 In their report,? the Maersk Mc-Kinney Mgller Center for Zero Carbon Shipping (MMMCZCS)
has presented that based on the accounts of their industry partners, the Original Equipment
Manufacturers (OEMSs) are targeting N.O emissions of around 0.06 g/kwWh. With the assumptions
presented in paragraph 6, this converts to 0.0001 g N.O/g NHs.

10 However, a more recent report by Sphera2 indicates that N>O emissions of 0.2 g/lkWh in Tier
lll Otto or Diesel cycle operation mode and N>O emissions of 0.5 g/kwWh in Tier Il Diesel cycle
operation mode are targeted by OEMs. With the assumptions in paragraph 6, these convert to N,O
emissions of 0.0004 g N.O/g NHzand 0.0011 g N,O/g NHjs, respectively.

11 Curran et al. (2024)* investigated emissions from a 107 mm bore ammonia-fueled 4-stroke
dual-fuel marine diesel engine at the Oak Ridge National Laboratory and achieved 95% ammonia
replacement at 100% load at 1200 and 2400 RPM. The highest N,O emissions were observed at
83% ammonia share, 75% load, and 1200 RPM as 297 ppm, which converts to 0.0015 g N>O/g NHs.
Their lowest observed emissions were 0.0003 g N2O/g NHs,

12 The studies by Jin et al. (2023)°> and Zhou et al. (2024)% explored methods to optimize
ammonia-fueled engines. Jin et al. tested ammonia-diesel dual-fuel engines with varying ammonia
energetic ratios (AER), finding that higher AERs reduced nitric oxide emissions but increased
unburned ammonia and N>O emissions. Their optimized injection strategy achieved a thermal
efficiency of 49.2% at 50% AER with a 14.2% greenhouse gas reduction. Zhou et al. introduced an
in-cylinder reforming gas recirculation (IRGR) concept in ammonia combustion engines,
demonstrating a 15.8% thermal efficiency improvement and significant reductions in unburned
ammonia (89.3%) and nitrous oxide (91.2%) emissions at 3% diesel energetic ratio, achieving a 94%
greenhouse gas reduction compared to diesel-only engines. Both studies independently reported N.O
emissions that correspond to 0.0025 g N>O/g NHs as the highest observed emissions.

2 Meersk Mc-Kinney Mgller Center for Zero Carbon Shipping (3 March 2023). Managing Emissions from
Ammonia-Fueled  Vessels. https://www.zerocarbonshipping.com/publications/managing-emissions-from-
ammonia-fueled-vessels/

3 Sphera Solutions, Inc. (3 June 2024). 1st Life Cycle GHG Emission Study on the Use of Ammonia as Marine
Fuel. https://sphera.com/resources/report/1st-life-cycle-ghg-emission-study-on-the-use-of-ammonia-as-
marine-fuel/

4 Curran et al. (2024). Ammonia for 4-stroke Marine Dual Fuel and Gas Engines (Retrofits and New). Oak Ridge

National Laboratory. DOE Vehicle Technologies Office Annual Merit Review. Project ID: DORMAO046.
https://www.energy.gov/eere/vehicles/2024-vehicle-technologies-office-amr-presentations-program

5 Jin et al. (2023). Effects of fuel injection strategy and ammonia energy ratio on combustion and emissions of
ammonia-diesel dual-fuel engine. Fuel, Vol. 341, 1 June 2023. https://doi.org/10.1016/j.fuel.2023.127668

Zhou et al. (2024). Ammonia marine engine design for enhanced efficiency and reduced greenhouse gas
emissions. Nature Communications, 15, Article number: 2110. https://doi.org/10.1038/s41467-024-46452-z
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13 The study by Murakami et al. (2024)7 evaluated two ammonia combustion concepts in
high-speed engines: diesel pilot-ignited and spark-ignited premixed ammonia combustion.
Experiments with a single-cylinder test engine showed that the diesel-ignited concept achieved
high ammonia substitution rates but suffered from high unburned ammonia and N,O emissions,
with efficiency improvements possible through optimization of air and fuel mixing.
The spark-ignited concept, using a hydrogen-enriched pre-chamber, reduced unburned ammonia
and N,O significantly but emitted high nitrogen oxides (NOx). Both concepts demonstrated
trade-offs in emissions and efficiency, with computational fluid dynamics (CFD) simulations
validating experimental results. The study’s highest reported N.O emissions are 1.6 g/kWh
or 0.0038 g N»O/g NHs, and represent the highest measured value in the reviewed literature.

Comparison of tank-to-wake (TtW) N.O emissions to TtW CO; emissions of marine gas oil
(MGO) and liquefied natural gas (LNG)

14 If the IPCC's Sixth Assessment Report (AR6) N.O global warming potential (GWP) of 273 is
considered (which is the same using GWP100 or GWP20), and if enough fuel is assumed to be used
for equal caloric output, N2O emissions of 0.0051 g N>O/g NHs; would make combusting ammonia
equivalent to combusting MGO (TtW 3.206 g CO./g fuel, LHV: 0.0427 MJ/g), and N>O emissions
of 0.0039 g N»O/g NHs; would make combusting ammonia equivalent to combusting LNG
(TtW 2.75g CO./g fuel, LHV: 0.0480)8 when comparing TtW value of N,O emitted by
ammonia-fueled engines with CO, emissions from these fuels, without considering climate feedbacks.

15 A comparison of selected measurement results, target N>O emissions from the
MMMCZCS and Sphera reports, and the lines where TtW CO-eq values of N-O emissions would
match TtW CO; emissions from MGO and LNG is provided in figure 3.
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Figure 3: N2O emissions comparison

7 Murakami et al. (2024). A spark ignited combustion concept for ammonia powered high-speed large engines:
Test bed and 3D CFD simulation results. 8th Rostock Large Engine Symposium 2024: The Future of Large
Engines VIII: Technology Concepts and Fuel Options: The Route to Clean Shipping, p.217-236.
https://doi.org/10.18453/rosdok_id00004643

Comer, B. & Osipova, L. (2021). Accounting for well-to-wake carbon dioxide equivalent emissions in maritime
transportation  climate  policies. International  Council on Clean  Transportation  (ICCT).
https://theicct.org/publication/accounting-for-well-to-wake-carbon-dioxide-equivalent-emissions-in-maritime-
transportation-climate-policies/
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16 With the observed variability in the results of the studies, explained by the influence of
various parameters on N>O emissions, it is reasonable to argue in favor of using Continuous
Emissions Monitoring System (CEMS) on ammonia-fueled engines for GHG reporting and for
setting conservative N.O default emission factors to prevent under-reporting and provide an
incentive for shipowners to take actions to prevent or reduce N>O emissions.

17 According to Regulation (EU) 2023/1805 (FuelEU Maritime), the baseline 2020
well-to-wake (WtW) GHG intensity of fuels used in shipping is calculated as 91.16 g COzeq/MJ.
When the outliers are excluded, the TtW values described in this submission range
from 0.02 g CO2eq/MJ to 72.05 g CO2eg/MJ. Considering that the well-to-tank (WtT) upstream
emissions of producing and transporting ammonia are not included in this range, high TtwW N»O
emissions can further diminish or even negate the potential climate benefits of switching from
fossil fuels to ammonia.

18 The co-sponsors invite interested Member States, international organizations, and the
GESAMP-LCA Working Group to consider the information provided in this document and to
review additional data and details in the supplementary spreadsheet®.

Proposal

19 Based on the information provided in paragraphs 1 to 18 above, the co-sponsors propose
that the Committee agree to forward this document and the supplemental spreadsheet to the
GESAMP-LCA Working Group to assist with their review of potential default emission factors for
N2O emissions from ammonia-fueled engines that may be included in appendix 2 of the 2024 LCA
Guidelines.

Action requested of the Committee

20 The Committee is invited to consider the information contained in this document, in
particular the proposal in paragraph 19, and take action as appropriate.

9 https://theicct.org/wp-content/uploads/2025/01/Supplemental-Data-TTW-N20-Emissions-from-Ammonia-
Engines.xIsx
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