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Introduction
There are numerous fuels, excluding batteries and nuclear, being proposed for the route to net-zero of the maritime
sector, all of which are hydrogen derivatives. The UK Department for Transport view the two main fuels as
ammonia and methanol, with over 80% of domestic vessels possibly being fuelled by ammonia in 2050 [1].
The IMO International code of safety for ships using gases or other low-flashpoint fuels (IGF Code) is the main
regulation that must be used for low flashpoint fuels, a flashpoint below 60°C [2]. Classification societies have
made greater progress for ammonia compared to hydrogen. Bureau Veritas do have tentative rules [3], whilst
DNV released a notation for ammonia fuelled ships [4].
With the use of LNG as a transition fuel in the maritime route to net-zero, it may be possible that ammonia is a
more likely fuel for at least some ship conversions in the future. This is since ammonia and LNG both require
refrigeration for storage, although at quite different temperatures, circa 130°C difference.
Despite the fact ammonia exists as a bunkered commodity at a wide range of locations [5] (due to its widespread
use and transportation as a fertiliser), ammonia fuelled ships are still some-way from reality with less than 100
ammonia ready ships being ordered thus far [6]. Since the regulations & standards, as well as the port
infrastructure required to refuel a ship is still in the infancy. However, on the assumption that a ship can be
refuelled there are still challenges that need to be overcome.
Ammonia has some benefits for usage, namely that it is less flammable compared to hydrogen and methanol [7].
However, the toxic nature of ammonia raises some very different concerns [8]. The mitigation for the toxicity is
addressed in the following paragraphs.

Design Considerations
Any location on a ship that is storing or transiting ammonia should be gas tight, this should also be tested during
the building of a vessel. This is to ensure that if a leak were to occur that it is contained within the specific location.
All entrances and exits to compartments that may contain ammonia should have an air lock, to ensure no ammonia
can enter the remaining areas of the ship.
All personnel should also wear gas monitors and carry emergency escape sets, especially in locations where
ammonia is present. This is to ensure that crew can safely evacuate an area. This could pose a challenge to ships
with passengers present, although any location that is containing ammonia should be out of bounds.
The biggest problem to overcome for ammonia ships is how to safely ventilate any leak. Any ventilation must
ensure that ammonia doesn’t interact with the people onboard the ship. This is possible by placing duct openings
in locations to ensure that prevailing winds will not cause this to occur.
However, this solution only mitigates part of the problem. There is still potential for any leak to interact with a
built environment. Especially since many towns and cities have been built around ports. There must be no chance
that the toxic cloud can interact with the population of a town when venting from a ship.
One potential solution is the use of ammonia scrubbers to neutralise the gas. However, these would need to be
sized such that the accumulation of the toxic cloud internally is minimal. Another solution would be to have a
flare stack and burn the ammonia. There is less of a need to ensure complete combustion since the heat produced
would then support the diffusion of any remaining toxic cloud. The burning of ammonia should only be used as a
last resort, since it will produce significant NOx emissions.

Conclusion
In summary whilst the use of ammonia on board ships is maturing at a record rate, there are still significant
areas of development in the ship integration and safety side that need to be considered.
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Introduction
Ammonia has been fully recognized as an energy carrier with the potential to deliver green hydrogen over long
distances and for heavy loads. Life cycle assessments (LCA) have been used extensively for private road transport,
and a few have been developed over the years to use ammonia as a fuelling vector. The results of these studies
denoted a considerable decrease in greenhouse gas emissions with an acute impact on global warming potential.
However, the results also demonstrated that with the reduction of carbon footprint, the increase in nitrogen-based
species (i.e. NOx and N2O) could be considerably high, shadowing the overall balance in greenhouse gas
mitigation.
To the authors' knowledge, no previous LCA study has included an operation emissions profile to evaluate the
environmental impact of vehicles operating on ammonia only. Therefore, this work aims to assess the
environmental profile of ammonia as an alternative fuel for internal combustion engine vehicles from a life cycle
perspective, considering the effect of the different vehicle emissions control strategies.

Conclusions
The environmental sustainability of ammonia as an alternative fuel for private passenger transportation was
evaluated from a life cycle perspective. This study shows that ammonia-based passenger transportation seems
more favourable than fossil-based E. Therefore, ammonia-based ICEV could have an important role in the range
of options to contribute to the decarbonization of the transport sector.
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Introduction
The search for a fuel that would be renewable, sustainable, carbon-free, and at the same time would replace
conventional fossil fuels continues. In this context, ammonia could be perceived as a great candidate for this
substitution. It could be considered a hydrogen vector that could be coming from renewable sources whereas it is
easier to store and transport than pure hydrogen. Following these motivations, the partners from ACTIVATE
project decided to develop a technology for using ammonia as a replacement for fossil fuel used in the internal
combustion engine of a mini-tractor. It is expected that by substituting fossil fuel with carbon-free ammonia, the
technology will assure favourable environmental impact indicators. However, to be able to conclude about its true
environmental influence, the technology must be assessed cumulatively: in terms of its whole life cycle
performance and taking into account variable groups of impact indicators (not only focusing on carbon footprint).
Typically in the case of vehicles, it is the operation phase that dominates the environmental impact, as shown in
the literature. However, when utilizing ammonia as a fuel, the production phase requires careful consideration –
so that environmental benefits in terms of the whole life cycle of the vehicle are indeed verified. This abstract
presents the methodology applied for the evaluation of sustainability aspects of the proposed technology together
with the first results for a technology that is currently under development.

Materials and Methods
A methodology applied for the analysis is the widely-recognized and globally standardized Life Cycle
Assessment. LCA is a structured and comprehensive method that quantifies all relevant emissions and resources
consumed and the related environmental and health impacts and resource depletion issues that are associated with
any goods or services [1]. Life Cycle Assessment takes into account a product’s full life cycle: from the extraction
of resources, through production, use, and recycling, up to the disposal of remaining waste. The Life Cycle
Inventory (LCI) and Life Cycle Assessment (LCA) of the ACTIVATEngine technology are performed in
compliance with ISO 14040 and 14044:2006 standards. The models are built in GaBi software environment. The
analysis includes:
•

Goal and Scope definition - together with Functional Unit definition, reference flows, boundaries,
modelling framework,

•

Life Cycle Inventory (LCI) - aggregation of inputs and outputs related to the system boundaries,

•

Life Cycle Impact Assessment (LCIA) – defining the environmental effects,

•

Interpretation of results.

Additionally, for the sake of potential commercialization of the technology, the economic profitability indicators
are evaluated, however out of the scope of this manuscript. The complete research planned for the judgment of
ACTIVATE technology is aimed at quantifying indicators that will allow for its impartial, independent assessment
in terms of environmental sustainability and economic profitability. This abstract, however, focuses on the
environmental impact analyses.
Before the LCA modelling started, a comprehensive literature review was performed to establish the state-of-theart in terms of sustainability assessment of ammonia-based technologies as well as alternative fuel relying engines.
The papers have been categorized in terms of the LCA of fuel production cycles (e.g. [2], [5]), assessment
regarding the vehicles ([3], [4]) and costs along the life cycle of vehicles, e.g. [5], [6], [7]. If alternative fuel-based
engines are analyzed, typically an emphasis is put on the electric vehicles (battery or fuel cell engines) are
investigated and put aside with ICE vehicles. Sustainability assessment of ACTIVATE technology covers the

whole spectrum: LCA takes into account all phases with a special focus on ammonia production paths and in the
end, the indicators will be compared to that of a reference diesel engine.

Results and Discussions
The first step towards the evaluation of sustainability aspects defined by LCA analysis is the definition of Goal
and Scope. The object of analysis is a tractor to be equipped with an ammonia-driven engine, being a small-scale
agricultural vehicle (540 kg) and as such, it is assumed that it will be used for fruit harvesting in the orchard. It
was agreed that the function of a tractor will be mirrored by the area covered by its operation. Therefore the
Functional Unit defined at this stage is the number of hectares covered in one harvesting season and the input and
outputs will be referred to as 1 ha. The core for the analysis is the ammonia fuelled engine component. It is,
however, installed in an agricultural vehicle that performs the practical function. Therefore, the production phase
covers the fuel preparation together with tractor and engine production merged schematically in one production
line. The inventory will focus on engine production and tractor production. The operational phase covers the use
of fuel and the use of the tractor itself. The boundaries are graphically presented in Fig. 1.

Fig. 1. Life cycle boundaries for ACTIVATE mini tractor
The technology is now being developed and lab works are in progress. At this stage, LCA focused on theoretical
assumptions with special attention paid to the fuel production phase. It was assumed that if ammonia is considered,
variable scenarios approach realising the consequential modelling will be performed assuming a different kind of
ammonia (and the same: hydrogen in ammonia) origin, that is: conventional (steam methane reforming process),
green production (electrolysis based on electricity from renewable sources), blue production (conventional steam
methane reforming process with carbon capture storage technology). The first results of LCA of the production
phase showed that the green ammonia pathway achieves the best performance in terms of climate change and
fossil depletion, however, due to its requirement for water, freshwater consumption achieves a value twice as high
as grey ammonia [9]. One should, however, remember that the operational phase is expected to be critical in terms
of environmental impact.

Conclusions
The methodology for the sustainability assessment of ammonia fuelled mini-tractor for orchard operations is
already defined. However, at this stage of this novel technology development, the LCA relies on a secondary databased Life Cycle Inventory and focuses especially on the fuel production paths phase. It is expected that the
operational phase together with emission data will be decisive in terms of ecological competitiveness, but all life
phases must be analyzed to judge it reliably. The first results covering the ammonia production scenarios showed
that renewable-based ammonia can achieve higher GHG emissions than the production of diesel per MJ (LHV)
of fuel. It is clear that for ammonia fuelled vehicle, the emissions avoided during the use phase of the tractor need
to compensate for the emissions caused by the production phase.
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Introduction
Renewable fuels such as green ammonia create value by enabling the conversion of inherently variable and
unpredictable renewable energy into a dispatchable energy source which can be stored for long durations at low
costs. Operational flexibility is not difficult for green hydrogen production, which relies on electrolysers which
have high ramping rates; however, the Haber-Bosch process which synthesizes ammonia from hydrogen and
nitrogen has not historically been operated at variable rates. Since this process is only partially flexible, continuous
operation requires back-up storage of both electricity (to power the compressors in the synloop) and hydrogen (as
a feedstock), increasing the costs of ammonia production.
There are several constraints on plant flexibility. The Haber-Bosch process occurs at elevated temperatures, which
are sustained by excess heat from the exothermic reaction; if production slows excessively, heat loss will exceed
heat generation and the reaction will be quenched. Thermal expansion on start-up and shut-down can have
damaging impact on plant and catalysts, and therefore frequent cycling between an operating and quenched state
is not possible. In order to prevent temperature hot spots inside the adiabatic catalyst bed reactors, rapid ramping
of the production rate is also not generally considered practical [1].
To some extent, these limitations on flexibility can be reduced in the long term through sophisticated design of
catalysts, reactor beds, and the process as a whole, although these modifications may come at increased costs.
However, in the near term, it may not be possible to operate with high degrees of flexibility. In this report, we
analyse the extent to which various interventions into plant flexibility enable cost reductions, in order to provide
benchmarks for synloop designers to target.

Materials and Methods
The optimisation model used in this study has been extensively described in other articles from these authors
[2,3]; it is a Mixed Integer Linear Program which selects the size of each piece of equipment in the green ammonia
production process in order to minimize the levelised cost of ammonia (LCOA). It uses hourly wind and solar
data over a period of one or more years to confirm the ammonia plant continues to operate above the specified
minimum rate, and does not require rapid ramping. In order to assess the extent to which plant flexibility improved
costs, an array of HB minimum operating rates and HB ramping rates were tested, which are reported in Table 1.
Table 1. Variation in ramp up and ramp down rates in various sensitivity cases. Between cases, the ramping rates
change by a factor (shown in the first row). The actual value of the variables is shown in the bottom two rows; the
units are the maximum ramp rate per hour as a fraction of the Haber-Bosch capacity.
Sensitivity Case

Low

Base

High

Factor

0.1

1

10

Ramp down (actual value)

0.02

0.2

2

Ramp up (actual value)

0.002

0.02

0.2

The LCOA depends strongly on the specific weather profile at the nominated location, and for that reason it is not
likely that the impact of flexibility will be the same in different places. For that reason, in order to meaningfully
assess the impact of flexibility on plant design, a range of sites with different weather profiles need to be
considered. This analysis considered 422 locations at varying latitudes and with a range of weather profiles.
Similarly, as the cost of equipment falls in the coming decades, the importance of flexibility will also change;
these locations were therefore analysed both using current data from IRENA, and forecasts for 2050 obtained
from the Oxford Institute of New Economic Thinking (INET),

Results and Discussions

Figure 1 – Levelised cost of ammonia on average (red) and for the top 10 sites (blue).
The most important observation in Figure 1 is that there are diminishing marginal returns on increasing plant
flexibility. In both 2022 and 2050, reducing the minimum operating rate from 60% to 20% achieves only one
quarter of the cost reduction of reducing the minimum operating rate from 100% to 60% (for the average cases).
For the cheapest sites in 2050, the results are even more stark, with almost no benefit gained whatsoever from
reducing the minimum operating rate below 60% of rated capacity.
This is predominantly because the ammonia plant represents a significant capital expense, but its power draw is
comparatively small. That means that the plant, for most of the year, receives relatively little benefit from turning
down the ammonia plant to very low operating rates, since it can sustain operation using the battery and hydrogen
storage units (and it is preferable to exploit the capital expense of that equipment to the greatest load factor
possible). This causes the stored energy in batteries and hydrogen storage to cycle more (compared to a case in
which the HB operating rate was turned down further), but does not significantly increase their size. Therefore
the increase in costs is fairly small, as there is no cost imposed by the model for cycling of the batteries or hydrogen
storage. The effect is even more pronounced in 2050, because solar electricity and battery storage are expected to
fall in price so significantly, whereas the CAPEX of the ammonia plant is likely to remain fairly steady.
While the overall process can operate the HB plant at high rates for most of the year by cycling the battery and
hydrogen storage, this only becomes significantly challenging during the longest period of low wind or low solar
irradiation. The model can resolve this problem either by (i) turning down the ammonia plant, (ii) increasing the
size of energy storage equipment, or (iii) increasing the extent to which the renewable power generation is
oversized. The results indicate that the benefits which accrue from using the lever of ammonia plant capacity tail
off below 60% of the rated capacity, and that the model can adopt other strategies without significantly increasing
cost. These conclusions are reasonably independent of the ramping rate of the ammonia plant (see Figure 1).

Conclusions
The results in this paper report the theoretical minimum cost of green ammonia production, considering over 400
locations with different plant flexibilities. To some extent, improving flexibility reduces ammonia cost, but the
opportunity available reduces in magnitude below 60% of ammonia plant rated capacity. However, two key
limitations underpin the study: firstly, there are no costs associated with cycling batteries and hydrogen storage,
and secondly, the model has perfect forecasting, which may be masking the importance of plant ramp rate.
Alongside advances in plant flexibility, research should also focus on enabling rapid cycling of energy storage
technologies and incorporating weather forecasting into plant control to mitigate the need for ramping.

References
1.
2.
3.

Zimmerman, R.T.; Bremer, J.; Sundmacher, K. Optimal catalyst particle design for flexible fixed-bed
CO2 methanation reactors. Chemical Engineering Journal, 2020, 387, 123704.
Salmon, N; Bañares-Alcántara, R. Impact of grid connectivity on cost and location of green ammonia
production: Australia as a case study. Energy and Environmental Science, 2021, 14, 6655-6671.
Salmon, N; Bañares-Alcántara, R. A global, spatially granular techno-economic analysis of offshore
green ammonia production. Journal of Cleaner Production, 2022, 367, 133045.

