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Abstract: As fossil fuels continue to be extracted and used, issues such as environmental pollution
and energy scarcity are surfacing. For the transportation industry, the best way to achieve the
goal of “carbon neutrality” is to research efficient power systems and develop new alternative
fuels. As the world’s largest product of chemicals, ammonia is a new renewable fuel with good
combustion energy. It can be used as an alternative fuel to reduce carbon emissions because of
its proven production process, low production and transportation costs, safe storage, the absence
of carbon-containing compounds in its emissions, and its future recyclability. This paper firstly
introduces the characteristics of ammonia fuel engine and its problems; then it summarizes the
effects of various ammonia-blended fuels on the combustion and emission characteristics of the
engine from the combustion problem of ammonia-blended engine; then the fuel storage of ammonia-
blended hydrogen is discussed, the feasibility of hydrogen production instead of hydrogen storage
is introduced.

Keywords: engine; mixed fuel; hybrid fuel; combustion performance; emissions

1. Introduction

The overexploitation of fossil fuels has been a global hot topic in recent years, and the
emissions from their use have caused pollution in the environment. The environmental
problems caused by the use of fossil fuels have also been subject to social controversy [1].

According to IEA (International Energy Agency) statistics, the top five countries in
the world in terms of carbon emissions from 2000-2019 are China, the United States, India,
Russia, Japan. The combustion and use of fossil fuels remains a major part of overall
carbon emissions. As of 2019, the transportation sector sits in second place in terms
of total emissions share, accounting for 24% of total emissions [2-5]. According to the
IPCC (Intergovernmental Panel on Climate Change), human activities have led to a global
temperature increase of 1.0 °C since industrialization by 2018, and it is expected that global
warming could reach 1.5 °C by 2030-2052 at this rate [3].

For human societies, the impacts of climate change caused by carbon emissions are
serious, and many of the impacts that have already occurred may be irreversible (e.g.,
carbon emissions are one of the main causes of global temperature increases). Based
on this understanding, at the international level, the Paris Agreement was released in
2015, requiring countries and sectors around the world to set a long-term goal of keeping
the global average temperature within 2 °C of the industrialization period and within
1.5 °C as much as possible, which sets the tone for reducing carbon emissions at the
international level. In September 2020, China also proposed two goals of “carbon peaking”
and “carbon neutrality” at the 75th session of the United Nations General Assembly, setting
the development strategy for reducing carbon emissions in China. Since then, according to
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the UK Energy and Climate Think Tank, as of January 2021, 14 countries have proposed
achieving carbon neutrality in strategy documents and six countries in legal documents [2].

Reducing carbon emissions and achieving “carbon neutrality” are mainly divided
into four categories: Carbon substitution, carbon emission reduction, carbon sequestration
and carbon recycling. Among them, the transportation industry mainly achieves carbon
neutrality through carbon emission reduction measures. For the transportation industry,
carbon reduction is usually achieved by increasing the proportion of electric vehicles,
developing fuel cell power systems, improving power efficiency, and studying biomass
substitution to reduce the content of “black carbon” in “carbon neutrality” (“black carbon”
refers to the carbon content of emissions that cannot be recycled), thereby reducing carbon
emissions [2].

In the field of electric vehicles, as of 2017, first in the global share of new energy
vehicles is China, but its proportion of electric vehicles only reached 2.7% (see Figure 1); as
an example, we can find that trying to reduce carbon emissions by increasing the share of
electric vehicles globally is still difficult to achieve in the short term. In addition, as of 2017,
the highest share of global electricity sources is still fossil fuel/nuclear, making up 73.5%.
Renewable energy, on the other hand, accounts for only 26.5%, in contrast to 2010, when
the global share of renewable energy was only 19.4%. While the annual growth ratio of
renewables is slowly increasing, the current base of non-clean energy sources is large and
the use of electricity will still be considered environmentally unfriendly in the short term.
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Figure 1. China’s new energy vehicle production and sales from 2011 to 2017.

Therefore, researching more efficient power systems, developing effective alternative
fuels, and realizing the effective use of low-carbon renewable energy can be extremely
effective in reducing the carbon emissions of our transportation industry.

There are many alternative fuels for internal combustion engines that have been
studied, such as ammonia, hydrogen, biodiesel, alcohols, liquefied petroleum gas, etc. [6,7].
Among them, hydrogen has been widely considered to be one of the most desirable ones.
It has high combustion efficiency and the only final product of complete combustion is
water; moreover, hydrogen can be produced by many methods, such as water—oil-gas
biofuel sewage sludge, etc. [8] So hydrogen is an ideal, renewable, clean energy source
with no pollutant emissions [9]. In contrast, there are many challenges in the promotion of
hydrogen, such as the great difficulty in liquefaction and the low energy density in volume.
Thus, the high cost of hydrogen storage and transportation, and the high operating cost
also limit the promotion of hydrogen refueling stations; meanwhile, the wide ignition range
and low ignition energy of hydrogen will lead to backfire and early combustion in the
process of engine combustion [10,11].

Since many similar technical challenges have not yet been overcome, hydrogen has not
been promoted and developed as a backup fuel for internal combustion engines. However,
in the field of fuel cells, hydrogen fuel cells have good benefits and are widely promoted.

Like hydrogen, ammonia is an excellent renewable energy with great promise. The
complete combustion product of ammonia is extremely clean, only water and nitrogen;
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and as the second largest industrial synthesis, the production process of ammonia is
already quite mature, and there are sufficient sources of ammonia all over the country.
Today, a widely used method of ammonia synthesis is the Haber—-Bosch method, which
synthesizes ammonia from hydrogen and nitrogen. In addition, researchers worldwide
are currently working on a non-polluting method of hydrogen synthesis (i.e., a “green
hydrogen” production method) [12], which also reduces the carbon emissions of ammonia
in its production.

This paper firstly introduces the characteristics of ammonia-fueled engines and their
problems; from the combustion problems of ammonia-blended engines, it introduces the
difficulties of early and recent ammonia-fueled engines and emphasizes the importance of
ammonia-blended engine research; it summarizes the effects of various ammonia-blended
fuels on the combustion and emission characteristics of engines and analyzes the superiority
of ammonia-blended hydrogen-fueled engines; then it discusses The optimal blending ratio
of ammonia-blended hydrogen and fuel storage are discussed, and the advantages and
disadvantages of hydrogen production instead of hydrogen storage are pointed out. There
is further development of ammonia-doped hydrogen engines.

2. Ammonia Fuel Engine’s Characteristics and Problems
2.1. Physical and Chemical Properties of Ammonia

At room temperature, ammonia is a colorless, water-soluble, irritating odor, and
corrosive gas [13]. When used as a fuel, ammonia has a high calorific value, high octane
number and good combustion efficiency, as shown in Table 1 [14,15]; moreover, ammonia
is a zero-carbon fuel and its complete combustion products are only N, and H; (as shown
in the formula), without any emission of carbon-containing compounds at all [16].

NH3 + O, — N + Hy0, 1)

Table 1. Physicochemical properties of different fuels.

Properties Ammonia Hydrogen Gasoline Diesel Natural Gas
Density, g/cm? 0.77 (lig.) 0.071 0.73 0.84 0.187
Ignition point, °C 800 400 530 220 650
Latent heat of 1370 275 2324
vaporization
Low calorific 18,610 120,000 43,500 42,700 38,100
value, k] /kg
Octane number 110 130 90~98 107
Explosion limit 16~28 45~75 1.4~76 0.7~5.0 5~15
(volume ratio)/%
Energy Density, M]/ m3 11.3 3.75 31.54 35.69 7.134
Minimum Ignition 680 0.02 0.20 0.63 0.32

Energy, m]

In addition, ammonia is an important chemical feedstock in the world, its production
process is well developed [17], and the corresponding production cost is very low, and
there are sufficient sources of ammonia in all regions of the world; as a fuel, ammonia
is significantly less difficult to liquefy (—33 °C or 9 bar at room temperature) compared
with hydrogen (atmospheric pressure —253 °C) and natural gas (atmospheric pressure
—163 °C) [18-20], thus the storage costs of ammonia are low, and it is suitable for promotion
in various fields.

2.2. Advantages of Ammonia as a Fuel

As shown in Table 1 [14,15], ammonia has a higher energy density than hydrogen and
natural gas, which are also used for liquid transportation, so when it is used as a fuel, the
same volume of fuel tank can support a higher mileage or a smaller tank size for the same
mileage; secondly, since ammonia has a higher octane number than fossil fuels, it can also



Energies 2022, 15,1023

40f19

increase the compression ratio of the engine to obtain a higher cycle thermal efficiency [21];
Liu et al. found through experiments [22] that using ammonia as fuel can usually increase
the cycle thermal efficiency of an engine to more than 50%, compared with only 30% to 37%
for an ordinary engine; moreover, because of the low difficulty of ammonia liquefaction,
ammonia storage can be achieved with ordinary hydraulic cylinders without using more
costly storage tools and transportation networks.

2.3. Problems with Ammonia-Fueled Engines

Relatively, ammonia is toxic and corrosive, and poses a risk when inhaled [23,24],
although it is easily detectable at low concentrations (0.6-53 ppm) due to its irritating
odor [25-27]. Secondly, during actual combustion, ammonia has a slow combustion rate
and is prone to incomplete combustion, which leads to ammonia escape with the emission
of large amounts of NOx (nitrogen oxides), causing more serious environmental damage
(compared to CO, emissions). Furthermore, ammonia has a high minimum ignition energy
and low calorific value, which makes it difficult to ignite it directly in the engine.

To address the difficulties and challenges of ammonia as a fuel, many researchers have
conducted a number of investigations and experiments on ammonia as a fuel, some of the
results of which are more positive:

1.  While ammonia is corrosive, it has been found through tests that it causes minimal
effect on the metal materials (cast iron, steel) currently used in engines [20,22];

2. Ithas also been found in some tests that the combustion of ammonia as a fuel or mixed
with other fuels leads to an increase in NOx emissions in the exhaust gas. However,
the widely used SCR technology in automobiles treats and cleans up to 90% of the
emitted NOx, which can mitigate the possible deterioration of emissions caused by
ammonia fuel [13,28,29];

3. Ammonia as a fuel often results in the presence of ammonia escape from the en-
gine due to incomplete combustion. However, it was found experimentally that
this phenomenon was mitigated to some extent after the installation of ammonia
treatment devices;

4. For the poor combustion performance of ammonia, ammonia-blending engine re-
search has been widely carried out in the world; it can be blended by using other fuels
as combustion aids to effectively improve the ammonia combustion phenomenon [30].

In conclusion, while ammonia still has many shortcomings as an alternative fuel, many
researchers have nevertheless discovered through testing the appropriate countermeasures
that can correct it to an acceptable range. This means that ammonia is feasible as an
alternative fuel.

3. Pure Ammonia Fueled Engines

The use of ammonia as a fuel dates back to 1878, which was the first time ammonia
was proposed as a power source [31]. Since then, due to the poor combustion performance
of ammonia, subsequent research on ammonia fuel has been conducted mainly by the U.S.
military to overcome the limitations of the fuel to fossil fuels [32]. However, due to the
poor combustion properties of ammonia, fewer attempts have been made by researchers
in the field of compression-ignition engines, and the combustion of ammonia fuels could
only be achieved at a compression ratio of 35:1 and an inlet gas temperature above 423k
by Gray et al. [33]. Pearsall et al. tried to perform experiments on compression-ignition
engines at a compression ratio of 30:1, but were unable to achieve ignition of ammonia
fuel [34,35].

Because of the poor combustion performance of ammonia fuels, Pearsall et al. in-
stead attempted to convert a spark-ignition engine into an ammonia-fueled engine. They
modified a spark-ignition engine to investigate the effects of pure ammonia fuel on fuel
consumption rate and peak engine ignition pressure at 1800 rpm at compression ratios of
12:1,16:1, and 18:1. The results showed that at a high compression ratio of 18:1, the peak
ignition pressure of pure ammonia fuel would increase by 100 psi compared to that at 16:1,
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although the fuel consumption rate did not change much, but the fuel consumption rate
of the engine at 12:1 compression ratio increased by 6%; however, the sspark plugs of the
engine were all significantly damaged while running at 18:1 compression ratio [34,35].

Li et al. conducted a combustion study of ammonia under oxygen-enriched conditions
to observe the improvement effect of different oxygen levels on ammonia combustion. Their
experiments on ammonia combustion were conducted at oxygen concentrations ranging
from 21% to 30%, and it was found that the combustion properties of ammonia were
significantly improved in an oxygen-enriched environment, and the maximum combustion
rate of ammonia was 38.6 cm/s when the oxygen content reached 30%, which was about
2.6 times higher than that at an oxygen content of 21%. In the emission field, the combustion
of ammonia under oxygen-enriched conditions would tend to produce more NO; rather
than NO [36].

Due to the poor combustion performance of ammonia and the fact that the cost of
ammonia was not addressed in early research [34], the study of ammonia as a fuel was
only a military alternative to prevent the plight of fossil fuel shortage rather than used as a
reliable fuel, and thus was not widely promoted and studied. In recent years, with global
warming and other environmental issues, ammonia fuels have received renewed attention
from society and the scientific community as a potential carbon-free and recyclable energy
source. Still, the poor combustion performance of pure ammonia fuels remains unresolved,
while the combustion performance of ammonia fuels is significantly improved when they
are blended [37], so people in various fields have gradually started to turn to the study of
ammonia-blended engines.

4. Common Ammonia-Blended Fuel

As described in Section 2.3, owing to ammonia’s high minimum ignition energy, low
calorific value, and narrow combustible limit, it is often necessary to blend other fuels
for use as combustion aids to increase the combustion rate of the ammonia-air flame and
improve the operating performance of ammonia-fueled engines [30].

In spark-ignition engines, ammonia can be blended with hydrogen, gasoline, natu-
ral gas, etc., while in compression-ignition engines it can be blended with diesel, DME
for combustion.

4.1. Spark-Ignition Engines
4.1.1. Hydrogen

Hydrogen has high combustion speed, good diffusivity, low ignition energy, etc.
Moreover, hydrogen is a highly efficient and non-polluting energy source, with only water
as a complete combustion product, and many research directions have been carried out
on “green hydrogen” to keep the whole life cycle of hydrogen from production to use
with low or even zero carbon emissions. The use of hydrogen as a fuel for ammonia not
only improves the combustion properties of ammonia, but also maintains the excellent
properties of zero carbon emissions.

C.S.Merch et al. from Technical University of Denmark modified an engine with a bore
of 82.6 mm, a stroke of 114.3 mm and a displacement of 612.5 cm? to study the combustion
efficiency and power of an ammonia-doped hydrogen engine with different blending
ratios and its emission content. As shown in Figure 2, C. S. Merch et al. demonstrated
experimentally that the mixed combustion gas has the best combustion efficiency when
the volume fraction of hydrogen reaches 10% and the highest engine power at this time; in
addition, since ammonia and hydrogen have higher octane values than fossil fuels, they
can also increase the compression ratio of the engine to improve the cycle thermal efficiency
and output power of the engine [38].
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Figure 2. Engine operating characteristics at different compression ratios and hydrogen doping ratios.
(a) on indicated efficiency; (b) on indicated mean effective pressure.

In addition, in terms of emission, the complete emission product of ammonia-doped
hydrogen does not contain carbon compounds, which effectively solves the problem of
engine carbon emission and is very much in line with the expectations and demands of the
times for future alternative fuels. However, during the actual combustion process, due to
the high combustion temperature and the need to mix with air for combustion, some NOx
products will still exist in the combustion emissions.

Fredrik R. Westlye et al. conducted tests on a 0.612-L displacement CFR engine
with a maintained fuel composition of 80 vol% ammonia and 20 vol% hydrogen in a
series of experiments at 7, 11, and 15 compression ratios to investigate the NOx emission
characteristics of the ammonia/hydrogen fueled engine. Experiments show that the size
of the compression ratio has a significant effect on the ammonia escape phenomenon;
the higher the compression ratio, the more obvious the ammonia escape phenomenon;
the production of N,O from ammonia combustion is affected by the ignition time; a
later ignition time will lead to a temperature rise, thus promoting the formation of N,O;
concerning the MBT (maximum brake torque) ignition time, the N,O emission will be very
low; N>O emissions are very low at MBT ignition time [39]. Despite the different principles
of NOx generation, the NOx production from ammonia-blended hydrogen combustion is
close to that of conventional fossil fuels. Hence, the NOx emissions from ammonia-blended
hydrogen engines can be effectively cleaned up by using SCR (selective catalytic reduction)
or ternary catalysts, which have been widely adopted so far [13,28,29].

In this area, many other researchers have conducted a series of studies on the combus-
tion mechanism of ammonia-doped hydrogen fuel engines.

Lee et al. investigated the unstretched laminar combustion rate of ammonia mixed
with hydrogen and the flame response to stretching and showed that the laminar combus-
tion rate of ammonia was effectively increased as the hydrogen share increased; further-
more, hydrogen substitution worsens the combustion emissions of ammonia fuel, making
it more inclined to produce NOx (an air pollutant) and N,O (which is a greenhouse gas), in-
creasing the level of environmental pollution, although when ammonia/hydrogen mixtures
are burned under fuel-rich conditions (fuel-rich refers to combustion situations where the
ratio of fuel to oxidant in the combustion mixture is greater than the theoretical equivalent
ratio), NOx and N;O emissions are significantly lower than those from combustion under
fuel-poor conditions [40].

Kumar et al. conducted a comprehensive experimental and modeling study of the
laminar combustion rate of ammonia/hydrogen mixture combustion at 0-80% ammonia
percentage for rich (1.1) and lean fuels (0.5). It was found that for NH3 /Hj /air mixtures
with high ammonia content (>50% energy), free radical OH leads to apparent deviations
from the predicted results of Tian and Konnov’s detailed combustion mechanism [41].



Energies 2022, 15,1023 7 of 19

4.1.2. Natural Gas

Oh S. et al. of the Korea Institute of Machinery and Materials Research conducted a
study on the combustion and emissions of ammonia-blended natural gas at an engine speed
of 840 rpm (40% of maximum speed) and a torque of 250 N-m (25.3% of maximum torque).

It was proved through experiments that, as shown in Figure 3, with the increase of
ammonia volume fraction, the maximum pressure in the cylinder will gradually decrease,
and the combustion duration will be extended accordingly; as shown in Figure 3, when
the excess air coefficient is raised to 1.5, a significant deterioration of combustion efficiency
and emission will occur.

A 1.5, 840RPM 250Nm Combustion Efficiency

30 100
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Figure 3. Effect of ammonia volume fraction. (a) on the maximum pressure in the cylinder; (b) on
comustion efficiency in different excess air coefficients.

As shown in Figure 4, with the increase of ammonia-blending ratio, the CO, emis-
sion of mixed combustion gas will be gradually reduced, usually by 18-28%, and the
best reduction of CO; emission (28%) is achieved when the ammonia-blending ratio is
50%, which indicates that ammonia blending can greatly improve the combustion emis-
sion of conventional natural gas fuel; however, as shown in Figure 4, NOx emissions
increase significantly with increasing ammonia-blending ratio and reach saturation at 40%
of ammonia-blending ratio; in addition, ammonia escapes during combustion because
some ammonia has incomplete combustion [42].
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Figure 4. Effect of volume fraction of ammonia and air coefficient. (a) on CO, emissions; (b) on
NOx emissions.

4.1.3. Gasoline

Ryu K et al. found experimentally, as in Figure 5, that the ammonia injection time
can greatly affect the power of the ammonia-blended gasoline engine, with the output of
the ammonia-blended gasoline fueled engine reaching 1.5-2.7 kW when the engine is at a
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baseline power of 0.6 kW, but the maximum combustion pressure in the cylinder is reduced
due to the combustion properties of ammonia. In Figure 6, the ammonia-blended gasoline
engine has almost no effect on Brake Specific Energy Consumption (BSEC) compared to
the pure gasoline engine.

3 4

Wecrreenn,, ™
2.5 A
e SUATITIILE .
= 21
E" 'l-‘ r - -° == Base (gasoline)
= 1.5 i i
g -~ -+ 4l-- 370 BTDC
& Pid 320 8TDC
11 e
—@— 270BTDC
0.5 4 + + * + *
0 T T T ]
8 13 18 23 28

Injection Duration (ms)

Figure 5. Effect of ammonia injection delay on engine power.

70 A

60 —@— Gasoline
= 4= Gasoline + NH3

50 4

40

BSEC (MJ/kWh)

30 A

20

1 15 2 25 3
Power (kW)

Figure 6. Comparison of BSEC for single gasoline engine and hybrid engine.

In terms of emissions, as shown in Figure 7, NOx and ammonia emissions in the mixed
fuel engine increase sharply with increasing power. It is also noted in the study that as the
power increases, the inadequate combustion of ammonia increases and the NOx emissions
increase, while ammonia escape becomes more pronounced; As shown in Figure 8, the
lower combustion temperature of ammonia also leads to incomplete combustion of blended
gasoline, which in turn increases the HC content of the emitted material; additionally, as
shown in Figure 8§, ammonia-blended hydrogen fuel reduces exhaust gas CO emissions
(compared to pure gasoline fueled engines) because ammonia replaces part of the gasoline
combustion and accelerates the conversion of CO to CO, [43].

6000 4 r 550

5000 | 5
4000 A _
3 L 450 E
S 2
& 30004 =
x | Im

o 400
2 2000 =

1000 [ 350

0 - 300

1 1.5 2 25 3
Power (kW)

Figure 7. NOx and ammonia emissions at different power levels.
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Figure 8. Comparison of emissions at different power levels: (a) HC emissions; (b) CO emissions.

4.2. Compression-Ignition Engine
4.2.1. Diesel

Reiter A. J. et al. modified a direct injection engine with a displacement of 4.5 L and
a speed range of 1000~1800 rpm to perform tests on the combustion characteristics as
well as emission characteristics of ammonia-blended diesel fuel. It was demonstrated
experimentally (Figure 9) that when controlling the diesel flow rate constant, the adjustable
engine torque can be achieved by modifying the ammonia flow rate in the specified
engine load range (5~80%), and the peak engine torque output can be achieved. Moreover,
experiments have demonstrated that ammonia can replace up to 95% of the total energy and
that the engine has the best SFC (Specific Fuel Consumption) when the energy provided by
ammonia is in the range of 40% to 80% of the total energy.

250
200
—_— ',-.
2
£ 150 | Diesel+NH3 =
[
=
=4
© 100
50 o
Diesel
-____'_____——_'—_"___“——-
o L n
0 20 40 60 80 100
Load (%)

Figure 9. Torque conditions at different loads and fixed diesel injection volumes.

As for the emission, as shown in Figure 10, with the increase of ammonia-blending
ratio, the incomplete combustion of diesel fuel increases, the combustion temperature of
mixed combustibles decreases, and the HC emission increases first, and then decreases
gradually due to the further increase of the ammonia-blending ratio; the total amount
of carbon containing substances decreases, as shown in Figure 10; the CO, emission
decreases monotonically with the increase of ammonia-blending ratio. As shown in
Figure 10, at peak torque and 1000 rpm of the hybrid engine, when the ammonia doping
is relatively low, the NOx emission is obviously lower than the ammonia emission of
the conventional diesel engine, but when the ammonia doping ratio is greater than 60%,
the NOx emission will rise sharply, but as long as it does not exceed 70%, the NOx
emission of the hybrid engine is still lower than the NOx emission level of the diesel
engine [44,45].
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4.2.2. DME

Gross C. W. et al. modified a 320 cm® displacement engine with a 20:1 compression
ratio to ensure stable combustion and performing emission tests of ammonia-blended DME.
As shown in Figure 11, the combustion experiments of blended fuels were conducted after
sufficient preheating with moderate load and moderate speed to ensure the experiments

were reasonable.

—#—Diesel (baseline)
— - 100% DME

6
— - 20%NH3-80%DME
=% < 40%NH3-60%DME
5

Power [HP]

— N —

| =
=" ~ _____.-—h\
1

\

2200 2400 2600 2800 3200

Engine Speed [RPM]

3000 3400

Figure 11. Range of different test conditions.

0 AN

3600

It was found that the lower flame speed and higher auto-ignition temperature of
ammonia leads to a longer ignition delay and also limits the load conditions of the engine;
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30

however, when the injection pressure was increased from the normal injection pressure of
DME (150 bar) to 180 bar, the combustion of the fuel mixture was improved.

As shown in Figure 12, in terms of emissions, ammonia-blended DME results in
significantly higher NOx emissions compared to pure DME, especially when the engine
is running at 15 g/kWh (Mode 7 and Mode 21 in Figure 12); the NOx emissions from the
blended fuel are nearly twice as high as the NOx emissions from pure DME combustion;
while NOx emissions improve when the ammonia-blending ratio reaches 40%, the injection
pressure needs to be increased to achieve proper combustion of the blended fuel at this
blending ratio. In addition, ammonia-blended DME engines will have a significant increase
in ammonia escape as the engine load increases [46].

30

# Mode 5
W Mode 7
A Mode 9
* Mode 11
20 1 % Mode 20
Mode 21

25

15

NOx (g/kWh)

10

+ Mode 5
100% DME W Mode 7

25 4

20%NH3 - 80%DME

4 Mode 9
* Mode 11
20 1 x Mode 20 |
Mode 21

NOX (g/kWh)
| |

20 30

Mode 3
# Mode 5
W Mode 7
A Mode 9
201 % Mode 11
¥ Mode 20

Mode 21

NOx (g/kWh)

BSEC (MJ/kWh)

50 60 70 80 20 30 40 50 60 70 80
BSEC (MJ/kWh)

(a) (b)

A0%NH3 - 60%DME

30 40 50 60 70 B0

BSEC (MJ/kWh)

(c)

Figure 12. NOx emissions at different ammonia doping ratios; (a) 100% DME; (b) 20% NH;3-80%
DME; (c) 40% NH3-60% DME.

4.3. Comparison Analysis

In summary, a comparison of the effects of combustion effectiveness and emission
characteristics of various fuel blends before and after the addition of different proportions
of ammonia is represented in Table 2 and Figure 13.

Table 2. Comparison of the combustion characteristics of different fuels after mixing with ammonia.
(Compared with the engines using pure fuel in the “Type” column.)

Type Combustion Effects Emission Effects

Increased cycle thermal efficiency ~ No carbon emissions, NOx emissions are the
and engine power same as fossil fuels
Peak pressure decrease NOx, NHj increase, CO; decrease

engine power increase, Peak .
gmep 4 NOx, NHj increase, CO decrease
pressure decrease

Hydrogen
Natural gas
Gasoline

HC, CO; decrease, NOx decrease (ammonia
doping ratio below 70%)
HC, CO, NOx increase

Diesel Torque increases significantly

DME Maximum engine load limited
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Figure 13. Summary of the effects of different blended fuels.

From the above and Table 2, it can be seen that, as of the current study, ammonia
can be improved to some extent in combustion performance after using other fuels for
combustion boosters for blending. As the proportion of ammonia increases, the emissions
of carbonaceous substances (HC, CO, and CO,) decrease to some extent (except for DME,
where the emissions of HC, CO, and NOx increase with the increase of ammonia com-
pared to the emissions of pure DME fuel engines), but the corresponding NOx emissions
also increase.

Among the different fuel blends of ammonia, hydrogen has some positive benefits,
which are as follows:

1.  The blending of ammonia with hydrogen can improve the combustion properties of
ammonia with less negative impact compared to other blended fuels;

2. Both ammonia and hydrogen have a higher octane number and can try to burn at

a higher compression ratio, thus improving the engine cycle thermal efficiency and

output power;

Theoretically no additional carbon-containing substances are emitted from the emission;

4. The main pollutant in the emissions of blended fuels is NOx, which is emitted at
levels similar to those emitted by fossil fuel combustion and can be effectively cleaned
by SCR technology or the ternary catalysts now widely used.

w

5. Problems and Solutions of Ammonia-Blended Hydrogen Engine
5.1. Problems

As shown in Figure 14, the fuel supply system in ammonia-blended hydrogen engines
is complex and the hydrogen for blending requires a separate space and a separate container
for storage.
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Fuel Tank 1 Fuel Tank 2

O
Figure 14. Schematic diagram of fuel supply system for ammonia-blended hydrogen hybrid
fuel engine.

As shown in Figure 15, the ammonia-blended fuel has better combustion thermal
efficiency compared to pure gasoline fuel, and different blending ratios influence the
combustion thermal efficiency, and usually the ammonia-blended hydrogen fuel engine
has the best efficiency and output power at 10% volume fraction of hydrogen-blending
ratio [47].

40

S i PU ¢ “.:0

30 + OO O 0O
I O

O
25 | A NHy/H; (6vol% Hy, CR9.72:1)

B NH3/Hz (10 vol% Hg, CR 11.64:1) O
# NHs/H; (5vol% Hg, CR 13.58:1)

Indicated Thermal Efficiency (%)

20 ' g NHy/Hz (10v0I% Hj, CR 13.58:1)
" O Gasoline (CR7.12:1)
15 L L i 1 A L I - 1 L I} i
0.7 0.8 0.9 1 1% 1.2 1.3

Equivalence Ratio

Figure 15. Thermal efficiency at different compression ratios and hydrogen-doping ratios.

Therefore, for ammonia-blended hydrogen engines, the amount of hydrogen used
for combustion is relatively small. As shown in Figure 16, although the use of ammonia
decomposition to produce hydrogen raises some of the costs, the use of ammonia as a
hydrogen energy carrier to store and transport hydrogen has a significant economic cost
advantage when considering the production, transportation, and storage [48].
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Figure 16. Comparison of production, transportation, and storage costs of hydrogen and ammonia.

5.2. Hydrogen Production Methods

In the field of research, many researchers have been strengthening the research of the
“green hydrogen” manufacturing process in order to respond to the carbon reduction and
“carbon neutral” policies, to reduce the proportion of fossil fuels in the hydrogen production
industry, and to eliminate the pollution of society and the environment caused by the use of
fossil fuels. At present, the mainstream “green hydrogen” manufacturing methods include
electrolysis of water [9,49-58], biomass hydrogen [59-62], solar hydrogen [63-72], and
ammonia decomposition hydrogen [73,74].

Among those, for ammonia-blended hydrogen engines, the use of ammonia decompo-
sition to produce hydrogen is beneficial. As one of the fuels in a blended engine, ammonia
can be used directly for the production of hydrogen, and it can be achieved without major
changes to the overall structure of the engine.

5.3. Ammonia Decomposition

Ammonia is a fuel with high hydrogen density (17.6% hydrogen mass fraction, com-
pared to 12.5% hydrogen mass fraction in methanol) [75-77], and its catalytic decomposition
products are free from pollutants, making it an ideal source of hydrogen. Currently, the
main ammonia decomposition pathways are multiphase catalysis, photocatalysis, ammo-
nia electrolysis, high-temperature pyrolysis, and plasma methods. While the purpose of
the research on multiphase catalysis is mainly hydrogen production, other studies are
aimed at understanding the mechanism of ammonia synthesis or ammonia decomposition.
Therefore, in the following, we focus on the hydrogen production methods related to
multiphase catalysis.

Ammonia is a thermodynamically unstable substance at high temperatures and will
start to decompose at 200 °C. The equilibrium conversion of ammonia can reach 99.75% at
500 °C [78].

In the field of plasma decomposition of ammonia to produce hydrogen, the method of
sliding arc discharge plasma decomposition of ammonia to produce hydrogen is currently
studied by Li Xiaodong’s group. It is found that this method can achieve hydrogen
production by decomposing ammonia through high-energy electrons and various reactive
groups generated in the discharge point process without catalyst and at room temperature



Energies 2022, 15,1023

15 0f 19

and pressure, but its ammonia conversion rate is influenced by the discharge power of the
plasma, and the efficiency is usually lower than that of the multiphase catalytic method [79].

It was found that the coupling of dielectric barrier discharge plasma (DBD) and
non-precious metal catalysts for ammonia decomposition in hydrogen production has sig-
nificant synergistic effects. Among them, the plasma can promote both reactant adsorption
activation and product desorption on the catalyst surface, and can greatly increase the
conversion rate of ammonia decomposition [80].

Sun Shuaigqi et al. experimentally concluded that under the conditions of ammonia
flow rate of 120 mL/min, reaction air velocity of 14,400 h~! and reaction temperature
of 550 °C, the ammonia decomposition conversions corresponding to thermal catalysis,
plasma, and plasma catalysis were 28%, 22%, and 98%, respectively, i.e., the conversion
effect of plasma catalysis was significant (see Figure 17) [81].

100
@ catalyst
80 (7] Plasma
@ catalyst+Plasma
60
40
20
, 1

450 500 550

Reaction temperature,’C

Figure 17. Comparison of the efficiency of three methods of hydrogen production by ammonia
decomposition at different temperatures.

Stefano Frigo et al. installed an ammonia catalytic reformer on an engine to use the
heat of the engine exhaust gas to produce hydrogen by ammonia decomposition and then
mixed combustion with it, which proved for the first time the feasibility of an engine for
hydrogen by ammonia decomposition and mixed combustion with ammonia. However,
the aim of this study was to use it only as a booster generator for an electric vehicle,
not as a main internal combustion engine [82,83]. Kyunghyun Ryu et al. conducted a
similar ammonia-catalyzed reforming hydrogen production test on a CFR (cooperative
fuels research) engine, which proposed that an additional heat tape could be provided to
provide sufficient heat for ammonia decomposition [84].

5.4. Summary

For ammonia-doped hydrogen engines, a doping ratio of 10% is usually taken for the
best combustion and operating efficiency [38]. For this reason, a large volume of hydrogen
storage alone would lead to a large waste of energy and space resources and increase
many safety hazards. Thus, the use of hydrogen production to supply the hydrogen
source can minimize the waste of resources, reduce the safety hazards, and ensure the
effective operation of ammonia-blended hydrogen engines. Today, hydrogen production by
ammonia decomposition is more intensively researched and requires less equipment, and
hydrogen production can be effectively carried out in larger cars or ships, and ammonia
is also a fuel for blending engines without additional storage. Ammonia is also a fuel for
doped engines and does not require additional storage.

In the above-mentioned studies, ammonia decomposition hydrogen production was
shown to be a viable means of hydrogen production for direct hydrogen production instead
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of hydrogen storage, which could reduce some overall costs and some equipment used for
hydrogen storage. However, there are still many problems with this method. For example,
as the ammonia flow rate and consumption increases, the short residence time of ammonia
in the catalyst leads to a decrease in hydrogen production, making the volume ratio of
ammonia to hydrogen not optimal.

In summary, the method still needs more experimental investigations on the engine,
such as strengthening the catalytic efficiency and adding temperature control modules to
achieve continuous, stable, and sufficient hydrogen production.

6. Discussion

1. This paper firstly introduces the physicochemical properties of ammonia fuel, its high
calorific value, high octane number, good combustion efficiency, pure combustion
products, low cost, easy transportation, etc., which can support ammonia as an
excellent fuel; ammonia fuel also has many disadvantages, such as toxicity and
corrosiveness, low calorific value, high ignition point, low minimum ignition energy,
etc., which limit the development of ammonia as a fuel;

2. The paper then reviews the feasible and adopted solutions proposed by some re-
searchers for the drawbacks of ammonia fuel; based on the special physicochemical
properties of ammonia, the paper then introduces the early and recent research on
pure ammonia-fueled engines, explaining that there are still many research limitations
in the development of pure ammonia-fueled engines, and emphasizing the need for
research on ammonia-blended engines;

3. Then, this paper compares and analyzes different ammonia-blended engines in terms
of their combustion performance and combustion emission products. Among them,
ammonia blended with hydrogen is considered as a more ideal blending scheme,
although further research and experimental verification are still needed;

4. Finally, for hydrogen storage, the feasibility of hydrogen production is explored in
this paper. Some of the research on ammonia decomposition for hydrogen production
is highlighted. This method can reduce the comprehensive cost and avoid the space
problem and safety problem caused by hydrogen storage. However, the current
research in this area is mainly at the stage of experimental analysis, which will
be affected by factors such as ammonia flow rate and catalytic temperature in the
process of practical application, and further structural and performance optimization
is needed to obtain a more stable and sufficient supply of hydrogen source.

While the ammonia-doped hydrogen fuel engine is still in the research and develop-
ment stage, with further research and development of ammonia-blended hydrogen engine
and ammonia decomposition hydrogen production technology, ammonia fuel will gradu-
ally be widely developed and applied as a new, clean, renewable, and reliable alternative
fuel in the future, improving the current carbon emission problem and promoting the
development of the energy industry.
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