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Abstract: The possibility to employ alternative fuels is gaining special interest in the marine sector.
There are several suitable candidates for traditional fossil fuels substitution. Among them, ammonia
is a promising solution that allows progress on decarbonization since the ammonia molecule does not
contain carbon. Hence, the present work analyzes the use of ammonia as a potential fuel for a marine
engine. Particularly, a dual fuel mode ammonia/diesel oil operation is proposed. As expected, the
carbon dioxide emissions are reduced as the proportion of ammonia is increased. Nevertheless, other
non-desirable substances are generated such as non-reacted ammonia, NOx and N2O. Due to these
opposing effects, a multi-criteria analysis is proposed to characterize the most appropriate proportion
of ammonia in the fuel. The environmental damage of the different pollutants was considered. Due
to the important environmental adverse effects of NOx and N2O, only a maximum 20% ammonia
percentage on the fuel was obtained as the most appropriate option. A higher ammonia content leads
to excessive concentrations of NOx and N2O being emitted to the environment.

Keywords: decarbonization; dual fuel; ammonia; emissions

1. Introduction

The negative impact of the maritime transport on the environment constitutes an
important issue in these current times. Several harmful substances are emitted by marine
engines such as carbon dioxide (CO2), particulates, nitrogen oxides (NOx), and sulphur
oxides (SOx), etc. Accordingly, several reduction measurements have been successfully
developed in recent years and emission levels from current engines have been substantially
reduced [1–3]. Regarding NOx, efficient measurements have been developed such as EGR
(exhaust gas recirculation), water addition, variation of the distribution diagram, modifi-
cation of the injection pattern, post-treatments of the exhaust gases, etc. [4–6]. Regarding
SOx, the solution to reduce these emissions is to employ low sulphur content fuels or
post treatments of the exhaust gas with scrubbers [7,8]. Particulate emissions are mainly
reduced by filters. Regarding CO2, unfortunately there is no efficient technology to treat
these emissions nowadays. The solution consists thus on employing alternative fuels [9–17].
Several fuels are candidates to substitute traditional fossil fuels such as LNG, methanol,
biodiesel, hydrogen, ammonia, etc. In order to progress on the decarbonization of the mar-
itime sector it is necessary to employ fuels that do not contain carbon on the molecule, such
as ammonia (NH3) and hydrogen (H2) [18–21]. Between these two alternatives, ammonia
presents several advantages: the production and logistic technologies are well known and
storage can be realized at more moderate pressure and temperature than hydrogen [22,23],
which is difficult to store. Due to these reasons, ammonia seems to be the most promising
carbon-free marine fuel for the future [24–28] despite some disadvantages such as price,
storage space on a ship, etc. [29–32]. Accordingly, the present work proposes ammonia as
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an alternative fuel, in particular, a dual fuel operation ammonia/diesel oil. In a previous
work, Rodríguez et al. [33] carried out a numerical model to analyze the ammonia/diesel
operation in the MAN D2840LE V10. Under a constant power of 320 kW, the percentage
of power contribution from ammonia varied from 0 to 90%. The results are shown in
Figure 1, which illustrates the efficiency and emissions of CO2, NOx, NH3, and N2O against
the percentage of power contribution from ammonia. As can be seen in this figure, CO2
emissions are reduced as the proportion of ammonia in the fuel is increased. Nevertheless,
NOx may be increased under some conditions. Other unavoidable substances associated
to ammonia combustion are N2O and NH3 slip (that is, NH3 that has not reacted and is
emitted with the exhaust gases). These opposed effects make the procedure too difficult
to select the most appropriate proportion of ammonia in an ammonia/diesel oil dual fuel
engine. In this regard, multiple-criteria decision-making (MCDM) procedures constitute
useful tools to perform the decision process. These techniques can be applied to select
the most appropriate alternative when there are conflicting criteria and can be used in
many different fields. Among the multiple applications, these techniques are very useful in
decision-making processes related to engines [34,35].
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Ammonia was first used as a fuel in 1822 by Sir Goldsworthy Gurney. At that time,
its use was soon detracted mainly due to the high cost in comparison with fossil fuels
and toxicity. In recent years, the use of ammonia as a fuel has been recovered due to
environmental issues. It is worth mentioning that although the application of ammonia as
fuel was known many years ago, its research is still in its infancy and needs to be developed
before being implemented as marine fuel. An important disadvantage of experimental
setups is the danger due to the toxicity of ammonia [36]. Therefore, the present paper
proposes a computational fluid dynamics (CFD) analysis to determine the level emissions
under several ammonia/diesel oil proportions. Particularly, CO2, NOx, NH3 and N2O were
characterized. In order to determine the most appropriate ammonia proportion in the fuel,
an MCDM approach was developed and the emissions valued in terms of environmental
factors. The main contribution of this work consists of proposing a formal tool to select the
most appropriate proportion of ammonia in the case where conflicting criteria complicates
the decision-making process.

2. Materials and Methods

This section describes the engine analyzed as well as the CFD and MCDM models.

2.1. CFD Model

The engine analyzed in the present work is the MAN D2840LE V10 (Figure 2a). It is a
four-stroke diesel engine, supercharged, with direct injection. It consists of 10 V-shaped
cylinders arranged at 90◦, with a unit displacement volume of 1827 cm3/cylinder. This
study was conducted with the engine running at full load, developing a power of 320 kW
at a speed of 1500 rpm. Figure 2b shows the section of each cylinder in the top dead center
(TDC) position. The diesel oil injector is placed in the centre of the combustion chamber
and injects the fuel in the form of a spray.
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Figure 2. (a) Engine analyzed in the present work. (b) Section of each cylinder at TDC (top dead
center) position.

Computational fluid dynamics procedures consist on discretizing both the domain
and governing equations. The domain discretization, also called grid or mesh, is shown
in Figure 3. Particularly, the 3D mesh at BDC (bottom dead center) position is shown
in Figure 3a, while Figure 3b shows the AA section at BDC position and Figure 3c the
AA section at TDC position. This mesh corresponds to the red part illustrated in the
previous Figure 2b.
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A mesh size sensitivity analysis was carried out in order to ensure that this mesh is
appropriate for these simulations. The following three meshes were compared.

- Mesh 1: number of elements from 26,000 at TDC to 375,000 at BDC.
- Mesh 2: number of elements from 32,000 at TDC to 450,000 at BDC.
- Mesh 3: number of elements from 39,000 at TDC to 540,000 at BDC.

The results obtained with these three meshes are shown in Table 1. This table shows
the error between the experimental and numerical results of SFC, CO2, NOx using three
meshes and three time-step values. As can be seen, Mesh 1 provided acceptable accuracy,
but Meshes 2 and 3 were more accurate. Since the errors obtained with Meshes 2 and 3
were too similar and Mesh 3 was too expensive computationally, Mesh 2 was selected for
the computations. The time step was also analyzed, particularly the three values shown in
Table 1. As can be seen, 0.9 × 10−5 and 1.1 × 10−5 s time steps provided the same errors.
In accordance with this, a 1.1 × 10−5 s time steps was selected.
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Table 1. Mesh size and time-step sensitivity analysis.

Mesh Time Step (s) SFC Error (%) CO2 Error (%) NOx Error (%)

Mesh 1 1.1 × 10−5 3.9 4.3 6.1
Mesh 2 1.5 × 10−5 3.8 4.2 5.9
Mesh 2 1.1 × 10−5 3.8 4.1 5.8
Mesh 2 0.8 × 10−5 3.8 4.1 5.8
Mesh 3 1.1 × 10−5 3.8 4.1 5.7

The simulations were carried out through the free software OpenFOAM. They are
based on the equations of conservation of mass, momentum and energy. In addition, an
additional equation was added for each species involved. The details of the numerical
model applied to this engine have been described in previous works [37–39] and thus only
a brief summary of the numerical model is described herein. The fuel droplet breakup
was treated through the Kelvin-Helmholtz and Rayleigh-Taylor breakup models, and the
heat-up and evaporation of the droplets through the Dukowicz model. As a diesel oil
combustion model, the kinetic scheme of Ra and Reitz [40] was employed. As an NOx
formation model, the kinetic scheme proposed by Yang et al. [41] was employed. As
an NOx reduction model, the kinetic scheme proposed by Miller and Glarborg [42] was
employed. As an ammonia combustion model, the kinetic scheme proposed by Mathieu and
Peterson [43] was employed. The validation between numerical and experimental results is
illustrated in Figures 4 and 5. A Gasboard-3000 analyzer was used to characterize NOx and
CO2 emissions (3% NOx accuracy, 2% CO2 accuracy) and MALIN 6000 to characterize the
pressure field (1% accuracy). As can be seen, Figures 4 and 5 show a reasonable concordance
between the experimental and numerical results, which supports the suitability of the
numerical model to analyze this engine. Ammonia was not employed in the experimental
setups due to its toxicity. An accident during the experiments could easily cause the
immediate death of the people who handle it.
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Figure 4. Pressure at 100% load experimentally and numerically measured. Operation under diesel
combustion without ammonia.
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Regarding the validation of the kinetic schemes related to ammonia, an experiment
from the literature was reproduced through CFD. In particular, the flow reactor measure-
ments from Hulgaard and Kim Dam-Johansen [44] were employed. These authors used
a cylindrical flow reactor with a 5.1 mm diameter and 14 cm length and characterized
the emissions of NH3, NO, and N2O produced by oxidation of ammonia under several
temperatures. In order to validate the model, these experiments were reproduced through
CFD. The mesh is shown in Figure 6 and the comparison between the numerical simulations
and the experimental results of Hulgaard and Kim Dam-Johansen [44] is shown in Figure 7.
These results correspond to 800 ppm initial ammonia concentration. As can be seen, a
reasonable agreement was obtained, which ratifies the accuracy of the kinetic schemes
employed for ammonia in the present work.
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Once the numerical model was established and validated, the next step was to analyze
the dual mode ammonia/diesel oil. It is well known that the implementation of ammonia
in SI (spark ignition) engines does not present excessive limitations. However, the imple-
mentation in CI (compression ignition) engines presents a very important drawback since
an excessive compression ratio is required for the autoignition of ammonia. This is required
because ammonia presents a very high autoignition temperature [45]. This fact limits the
use of 100% ammonia as fuel in CI engines [46–49]. In the present work, it was interesting
to maintain the operation as a CI or Diesel cycle due to its higher performance over an
SI or Otto cycle. This is the reason for the inclination towards a dual fuel performance
ammonia/diesel oil as fuel. The injection of ammonia was modeled by injecting it into the
air intake manifold, so that the injection of diesel oil is that which ignites the ammonia-air
mixture (i.e., the one that starts combustion once the ammonia-air mixture is compressed).

2.2. MCDM Model

As indicated previously, an MCDM model was employed to determine the most
appropriate percentage of power contribution from ammonia. All simulations were carried
out under a constant power, 320 kW since this is the nominal power of the engine. Several
ammonia/diesel oil proportions were analyzed under this constant power. The power
contribution from ammonia or diesel oil was computed by the product of the mass flow
by the lower heating value. According to this, the percentage of power contribution from
ammonia,

.
Eammonia, was computed by Equation (1).

.
Eammonia =

.
mammoniaLHVammonia

.
mammoniaLHVammonia +

.
mdiesel oil LHVdiesel oil

× 100 (1)

where
.

mammonia and
.

mdiesel oil represent the mass flow of ammonia and diesel oil, respec-
tively. LHVammonia and LHVdiesel oil are the lower heating value of ammonia (18.6 MJ/kg)
and diesel oil (42.4 MJ/kg), respectively.

The mass flow of ammonia and diesel oil required to obtain 320 kW power is shown
in Figure 8. The range from 0% ammonia (i.e., 100% diesel oil) to 90% ammonia (i.e., 10%
diesel oil) was analyzed. Obviously, as the percentage of power contribution from ammonia
is increased, the mass flow of ammonia is higher and the mass flow of diesel oil lower. The
relation is not exactly linear due to thermal efficiency—Figure 1 and Equation (2)—which
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is reduced as the percentage of power contribution from ammonia is increased. The use
of ammonia reduces the thermal efficiency because ammonia presents a slow combustion
and some non-reacting ammonia is emitted through the exhaust gases. Moreover, as more
ammonia percentage is used, the temperatures and pressures are reduced too and thus the
thermal efficiency.

η =

.
W

.
mammoniaLHVammonia +

.
mdiesel oil LHVdiesel oil

× 100 (2)

where
.

W is the output power, that is, 320 kW for all simulations.
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The MCDM procedure applied in the present work is based on the four steps indicated
below.

1- Establishment of the decision matrix

The decision matrix, DM, contains the data that will be used in the MCDM procedure.
It consists of an m × n matrix—Equation (3)—where m is the number of alternatives and
n is the number of criteria that will be considered in the decision-making process. In
Equation (3), Xij refers to each value of the decision matrix (row i column j), corresponding
to the value of alternative i under criterion j.

DM =

X11 · · · X1n
...

. . .
...

Xm1 · · · Xmn

 (3)

In the present work, a range of percentage of power contribution from ammonia
was analyzed between 0 and 90%. Specifically, 10 alternatives were analyzed using 0%,
10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 90%. Four criteria were considered: CO2,
NOx, NH3, and N2O. Taking into account these quantities of alternatives and criteria, a
10 × 4 decision matrix results in 10 rows and 4 columns.

2- Establishment of the weights

Another issue in MCDM analyses is the establishing of the criteria weights. These
represent the degree of importance assigned to each criterion.

The methods to establish the criteria weights can be divided into objective and subjec-
tive. Regarding objective methods, several procedures have been proposed in the literature:
CRITIC (CRiteria Importance Through Intercriteria Correlation), entropy, standard devia-
tion, variance, etc. These procedures are based on mathematical expressions, mainly related
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to statistical aspects which provide less importance to uncertain data, that is, data that are
different from the mean. On the other hand, subjective methods are based on estimation
from experts in the field.

Subjective methods are recommended and are more frequently employed in practical
applications [50]. The reason is that the weights are set by experts who know the subject
very well. Objective methods are only appropriate when the objectivity of the analysis is
important or when there is no clear agreement between the experts [51].

In the present work, it is important to consider the pollution damage of the different
exhaust emissions [52–55]. This aspect was taken into account to set the different weights.
Besides, practical aspects were also taken into account. Although NOx are a harmful
gases, it is worth noting that that efficient catalyzers are currently available to reduce them.
Regarding NH3 and N2O, these are pollutants associated to ammonia combustion and it is
expected that in the coming years research will be carried out on techniques to reduce them.
Another important aspect to take into account is that ammonia burns slowly, and thus its
use in slow engines is more appropriate than in fast engines. As indicated above, a fast
engine running at 1500 rpm has been used in the present work. A slow engine would emit a
lower amount of unreacted ammonia because there would be more time for the combustion
of the ammonia to take place. These aspects were taken into account to recommend the
following weighs: CO2 20% (0.2), NOx 25% (0.25), NH3 50% (0.5), and N2O 5% (0.05).

Since the determination of the criteria weights highly affects the result of a decision-
making problem, the present work considers several combinations of weights and the effect
on the results. These will be illustrated in the results and discussion section.

3- Normalization

Another important step in MCDM analyses is normalizing the decision matrix. The
purpose of this process is to set the different alternatives into a same range in order to
compare them. The normalization allows working in dimensionless form and comparing
the different data, that is, the measurable values are converted into comparable ones.
Many normalization techniques can be found in the literature [56,57]. The most employed
normalization techniques include linear max normalization, linear sum normalization,
linear max-min normalization, logarithmic normalization, vector normalization, etc. In the
present work, the linear max normalization technique was employed. According to this
procedure, each normalized value in the decision matrix is given in Equation (4). Since in
the present work all are non-beneficial criteria, that is, it is desirable to reduce as much as
possible all of them (CO2, NOx, NH3, and N2O), this normalization converts the results to a
range between 0 and 1—Xij,min/Xj,max. The normalized value 0 is assigned to the maximum
values of CO2, NOx, NH3, and N2O, which correspond to non-desirable results. On the
other hand, the maximum normalized values are assigned to the minimum values of CO2,
NOx, NH3, and N2O, which correspond to desirable results.

Vij = 1 −
Xij

Xj,max
(4)

In Equation (4) above, Vij refers to each normalized value, and Xj,max the maximum
value corresponding to each criterion. The normalized decision matrix (NDM), Equation (5),
is an m × n matrix with each data normalized.

NDM =

V11 · · · V1n
...

. . .
...

Vm1 · · · Vmn

 (5)

4- Calculation of the most appropriate option

The most appropriate alternative was computed through a parameter called adequacy
index. Several procedures are available in the literature to compute the most appropriate op-
tion: WSM (weighted sum method), WPM (weighted product method), TOPSIS (technique
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for order preference by similarity to ideal solution), VIKOR (vlsekriterijumska optimizacija i
kompromisno resenje), ELECTRE (élimination et choix traduisant la realité), PROMETHEE
(preference ranking organization method for enrichment evaluation), ORESTE (organiza-
tion, rangement et synthese de donnes relationnelles), etc. In the present paper, the WSM
procedure was employed, also known as WLC (weighted linear combination), and SAW
(simple additive weighting). According to this method, the adequacy index is given in
Equation (6). Taking into account the normalization method applied in the present work,
the most appropriate alternative corresponds to the maximum value of the adequacy index.

AIi =
n

∑
j=1

wjVij (6)

where AI is the adequacy index, wj the weight of the j-th criterion, and n the number
of criteria.

3. Results and Discussion

As indicated previously, the emissions of CO2, NOx, NH3, and N2O under percentages
of power contribution from ammonia between 0 and 90% were used as data input for the
MCDM model. The 10 × 4 decision matrix is shown in bold in Table 2. For illustrative
purposes, this table also shows the percentage of power contribution from ammonia
corresponding to each of the 10 cases analyzed, as well as the case number. The NDM is
shown in Table 3. As indicated previously, all criteria are non-desirable, that is, the goal is
to reduce CO2, NOx, NH3 and N2O as far as possible. Accordingly, the maximum values of
these emissions are assigned a 0 value in the normalized matrix, while on the other hand,
the minimum values of these emissions are assigned a maximum value of 1—Xij,min/Xj,max
in the normalized matrix.

Table 2. Decision matrix.

Case (i)
.
Eammonia (%)

Criterion (j)

j = 1 CO2 (%) j = 2 NOx (ppm) j = 3 NH3 (ppm) j = 4 N2O (ppm)

1 0 6.99 157.31 7.14 1.72
2 10 6.87 101.71 32.14 4.38
3 20 6.67 77.70 214.26 7.19
4 30 6.37 93.22 648.84 10.33
5 40 5.93 144.92 1262.68 13.95
6 50 5.37 234.44 2217.18 18.18
7 60 4.64 369.08 3677.33 23.30
8 70 3.74 564.71 5883.80 29.34
9 80 2.63 866.79 9426.51 37.28

10 90 1.28 1498.85 16,288.74 46.95

Regarding the criteria weights, nine combinations of criteria weights were analyzed to
determine the sensibility of the results to these values. The weight corresponding to N2O
was set to 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 and the remaining to 1 was established
maintaining the proportions of the other gases. The reason to analyze the effect of N2O is
that it presents a high global warming effect. Although the concentration of N2O in the
exhaust gas was low, it is extremely dangerous since N2O is a greenhouse gas approximately
300 times stronger than CO2 [58,59]. For this reason, its environmental damage cost is too
high. The different weight combinations analyzed are shown in Table 4. Obviously, the
weights in each row sum 1 (100%). This table also shows the most appropriate percentage
of power contribution from ammonia for each weight combination. As can be seen in, a
20% ammonia proportion is the most appropriate option if the N2O weight is 0.05 (5%),
corresponding to the first weight combination shown in Table 4. The most appropriate
ammonia proportion is drastically reduced if this weight is increased. The reason is
explained in Figure 1. As can be seen, Figure 1 shows that the NOx emissions first decrease
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and then increase with the proportion of ammonia in the fuel. Increments of NOx are
promoted due to the nitrogen content of the ammonia molecule. On the other hand,
NOx reductions are promoted, since ammonia leads to lower combustion temperatures
than diesel oil. It is well known that the main source of NOx in diesel engines is the
temperature in the combustion chamber. According to this, high ammonia proportions
in the fuel can lead to low NOx emissions. These two opposing effects are responsible for
the descending/ascending NOx emissions shown in Figure 1. This figure also shows a
minimum NOx emissions of around 20%, which is the optimum result provided by the
MCDM procedure for the first weight combination shown in Table 4. A negative aspect in
the 20% optimum result is that CO2 emissions are too high, as can be seen in Figure 1.

Table 3. Normalized decision matrix.

Case (i)
.
Eammonia (%)

Criterion (j)

j = 1 CO2 j = 2 NOx j = 3 NH3 j = 4 N2O

1 0 0.00 0.90 1.00 0.96
2 10 0.02 0.93 1.00 0.91
3 20 0.05 0.95 0.99 0.85
4 30 0.09 0.94 0.96 0.78
5 40 0.15 0.90 0.92 0.70
6 50 0.23 0.84 0.86 0.61
7 60 0.34 0.75 0.77 0.50
8 70 0.47 0.62 0.64 0.38
9 80 0.62 0.42 0.42 0.21

10 90 0.82 0.00 0.00 0.00

Table 4. Most appropriate percentage of power contribution from ammonia for different combinations
of weights.

Weights Most Appropriate Alternative

CO2 NOx NH3 N2O
.
Eammonia (%)

0.200 0.250 0.500 0.05 20
0.189 0.237 0.474 0.1 10
0.168 0.210 0.421 0.2 0
0.147 0.184 0.368 0.3 0
0.126 0.158 0.316 0.4 0
0.105 0.131 0.263 0.5 0
0.084 0.105 0.210 0.6 0
0.063 0.079 0.158 0.7 0
0.042 0.053 0.105 0.8 0

Figure 9 provides a graphical illustration of the most appropriate ammonia percentage
against the weight assigned to N2O emissions using the data indicated in Table 4. As
indicated above, the N2O emissions constitute a crucial role in the decision process. The
high environmental cost of N2O make these emissions too decisive. When the weight
assigned to N2O is incremented the most appropriate ammonia proportion in the fuel
is reduced since these emissions increase considerably. The emissions of NH3 are also
increment as more ammonia is employed as a fuel. On the other hand, CO2 emissions are
not too relevant in the decision-making procedure due to the lower environmental cost of
CO2 in comparison to N2O, NH3 and NOx.
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4. Conclusions

The goal of the present work was to illustrate the possibilities of ammonia as fuel for
marine engines. The ammonia molecule, NH3, does not contain carbon and thus could
lead to progress in decarbonization in the maritime field.

A dual fuel ammonia/diesel oil operation was proposed. Various ammonia-diesel oil
ratios were analyzed through a CFD model. The emissions of CO2, NOx, NH3, and N2O
were characterized. It was observed that, as the ammonia proportion increases, significant
reductions in CO2 are obtained. Unfortunately, the use of ammonia as a fuel does not
solve NOx emissions. In addition, unreacted NH3 (ammonia slip) and N2O emissions
were also obtained. Due to these conflicting criteria, an MCDM method was proposed to
determine the most adequate ammonia percentage, providing a formal tool to select the
most appropriate ammonia proportion. Four criteria were analyzed: CO2, NOx, NH3, and
N2O; and nine ammonia percentages: 0, 10, 20, 30, 40, 50, 60, 70, 80, and 90%. Several
combinations of the criteria weights were treated in order to show the sensibility of the
results to the values assigned to the criteria weights. Due to the important environmental
adverse effects of N2O, only a maximum 20% ammonia percentage in fuel was obtained as
the most appropriate option. Another issue related to excessive ammonia proportions is
the NH3 and NOx emitted to the environment.

As future works, other analysis will be carried out on other type of engines. Special
attention will be paid to slow engines, which will eventually lead to lower NH3 emissions.
Ammonia presents a low flame temperature and slow combustion. The engine analyzed in
the present work is a fast engine running at 1500 rpm. A slow engine would lead to lower
ammonia slip because it would take more time to burn.
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