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A B S T R A C T

The study investigates, numerically, the potential use of introducing aqueous H2O2 as an ignition promoter in a
statistically homogeneous NH3/H2 fuelled, medium speed (1250 rpm), 4-stroke, 1.3 litre cylinder displacement,
mildly boosted CI engine with a compression ratio of 17.6:1. The H2 is considered to be produced on-board
from ammonia cracking. An extensive campaign is undertaken using the commercial stochastic reactor model,
SRM Engine Suite, which allowed the modelling of temporal, temperature and spatial stratification in the
cylinder. The engine performance, combustion phasing, maximum pressure rise rate and emissions (NOx, N2O
and unreacted NH3) are investigated in view of: (i) the share of molecular hydrogen in the initial NH3/H2
mixture from 10 to 40 percent; (ii) the mass of aqueous H2O2 introduced from 0.1 to 16 mg; (iii) the start of
injection (−10 to +6 CAD aTDC) and duration of injection (1, 4 and 8 CAD); (iv) the amount of exhaust gas
recirculation (up to 30 percent by mass); (v) the share of energy from the H2O2 in the aqueous solution mixture
at less than 0.5 percent of that in the main fuel; (vi) engine load corresponding to a variation in the equivalence
ratio from 0.32 to 1.2 by changing the mass of the NH3/H2 mixture in the combustion chamber. A wide range
of loads (evaluated against the engine’s rated power when operated with diesel and at its rated boost levels)
can be achieved (44%–93%) with the energy share of H2O2 being as little as equivalent to 2.7% vol% that of
the main fuel, ammonia, which is introduced into the cylinder. This implies that the required storage volume
of the H2O2 is low, at a few percent that of the main ammonia tank. NOx emissions peak between 𝜙 = 0.6−0.65
and rapidly decrease as the equivalence ratio increases or decreases reaching values marginally above the Tier
III standard at high loads (>90%) while ammonia slip and N2O emissions are generally extremely low (10−12

mg for NH3 and < 0.01 mg/kWh for N2O).
1. Introduction

The global movement towards a more sustainable future is evident
across all industries, and the maritime industry is no exception. As
of 2018, the maritime industry was responsible for 2.89% of global
greenhouse gas (GHG) emissions, accounting for 1,076 million tonnes
of CO2 [1–3]. This is mainly due to the transportation of the world’s
goods and products via ships, as well as travel and leisure vessels
worldwide. In response, the International Maritime Organisation (IMO)
has established increasingly strict regulations on emissions, with the
ultimate goal of reducing GHG emissions [1,4,5]: (i) by at least 20%,
striving for 30%, by 2030, compared to 2008; (ii) by at least 70%,
striving for 80%, by 2040, compared to 2008; (iii) reach net-zero GHG
emissions ‘...by or around, i.e. close to, 2050...’. In the UK, the govern-
ment has recently published the Clean Maritime Plan (CMP), outlining
the details of a strategy that aspires to make the UK ship register the
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world leader in zero emission maritime operations [6,7]. To accomplish
this goal, the CMP has certain ambitious milestones; for example,
by 2025 all new vessels should be designed to have zero emission
propulsion capabilities, and by 2035 low to zero emission marine fuel
bunker options should be available across the UK. In addition to carbon
emissions, the IMO has set new standards for non-carbon emissions
such as sulphur oxides (SOx) and nitrogen oxides (NOx), which are
also harmful to the environment. The IMO 2020 regulation mandates a
stringent 0.5% sulphur content limit in all fuels and 0.1% in Emission
Control Areas [8]. Furthermore, the International Convention for the
Prevention of Pollution from Ships (MARPOL) introduced Regulation
13, a tiered NOx structure for new and existing ships based on size,
speed, and build date. According to that regulation, ships constructed
after 2016 must produce no more than 3.4 g/kWh of NOx at an engine
speed of <130 rpm, with the limit decreasing as the engine speed
increases (9×n−0.2, where 𝑛 the engine speed in rpm) [9].
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Currently, the main sources of maritime fuel are (very low sulphur)
heavy fuel oil and diesel, which both produce substantial amounts of
carbon dioxide, as well as other emissions, predominantly NOx, SOx
and soot, which are detrimental to the environment. Such fuels are
widely used in compression ignition (CI) engines where the ignition of
the charge is controlled by the introduction of the fuel at an appropriate
instant (measured in terms of crank angle degrees (CAD)). Reducing
carbon emissions from fossil fuel combustion, while at the same time
lowering NOx and SOx emissions, is a challenging task without the
installation of a selective catalytic reduction (SCR) system or adequate
after-treatment [10]. Therefore, there is a need for alternatives which
emit fewer GHGs, with options such as ammonia (NH3) and hydro-
gen (H2) emerging as ‘zero carbon’ fuels, and methanol (CH3OH) and
liquefied natural gas (LNG) being proposed and researched as ‘low
arbon fuels’. [4,11,12]. Among these options, ammonia and LNG are
urrently attractive due to their established infrastructure and distribu-
ion systems. While not without substantial disadvantages, ammonia
hows some promise as a future fuel in combustion engines due to
ts zero-carbon and zero-sulphur composition [6,13,14]. Furthermore
t is attractive because of the possibility of its production by renewable
ources and – relative to hydrogen in either liquid (cryogenic) or
ressurised form – its high energy density [12,15–18].

Existing infrastructure for producing ‘green’ ammonia is not suffi-
iently widespread to meet the potential future demand of the mar-
et. Presently, production relies on the Haber–Bosch process with
ydrogen produced from steam reforming of hydrocarbons, which pro-
uces substantial GNG emissions [4,15,19–21]. However, the tech-
ology for producing so-called ‘green’ ammonia is advancing, and
everal methods are available. One common approach involves us-
ng electrolysis to produce hydrogen from water and air separation
nits for nitrogen, which is then combined using a ‘green’-powered
aber–Bosch process [21,22]. Other methods, such as electrochemi-
al ammonia synthesis, bio-electrochemical and photoelectrochemical
mmonia synthesis, are also being explored, but production levels
re still very low [15,19,21]. In any case, the production of green
mmonia is dependent on the development of plentiful amounts of
eliable energy generation from renewable sources, such as solar, wind,
nd hydropower.

Although ammonia (NH3) is both toxic and corrosive, it is nev-
rtheless a widely available chemical that is currently used in many
ndustries, particularly for fertilisers. It can be transported relatively
conomically since it is a liquid when compressed to 10.3 bar at
oom temperature, or when at −33 ◦C at atmospheric pressure, with
efrigerated tanks being the more common option [19]. Established
afety working practices and health regulations exist for ammonia,
elated to its toxicity and corrosiveness, to ensure safe use. As a fuel,
mmonia has some advantages: (i) much higher volumetric energy
ensity compared to hydrogen; (ii) unlike hydrogen, which can be
hallenging to store and transport due to its low density and has
xceptionally wide flammability limits, ammonia is a stable compound
t room temperature with relatively narrow flammability limits; (iii)
ince it does not contain any carbon atom, its combustion leads to no
O2 emission. Ammonia can also act as a hydrogen energy carrier,
iven that it has the highest gravimetric and volumetric hydrogen
ensity of any H2 compound [16]. In particular, when comparing it to
he volumetric energy density of both liquid hydrogen (9.1MJ/l) and
ompressed ammonia (5.6 MJ/L at 70 MPa), that of liquid ammonia
s higher at 15.6 MJ/l which is an important consideration for the
unkering of a marine fuel. This value is, however, only just over one
hird that of most hydrocarbons.

However, ammonia presents several challenges when used in in-
ernal combustion engines (ICE), originating from its particular ther-
ophysical characteristics. Firstly, ammonia has a very low flame

peed (as a result of its slow chemical kinetics [12]), especially when
ompared against low carbon fuels such as hydrogen, methanol and
335

ethane: 0.07 m/s for NH3, 0.36 m/s for CH3OH, 3.51 m/s for H2 and a
.38 m/s for CH4 at 300 K, 100 kPa [16]. Secondly, ammonia has a par-
icularly high auto-ignition temperature: 924K at 100 kPa (compared to
03 K and 573 K for diesel and gasoline, respectively) [23]. These two
haracteristics, combined with ammonia’s narrow flammability range,
enders pure ammonia challenging as fuel in an ICE [19,24]. Further-
ore, its enthalpy of vaporisation at 1 bar is 1371 kJ/kg, i.e., four times
igher than that of diesel (317 kJ/kg) [25].

Ammonia’s excessively high autoignition temperature poses a major
hallenge for its usage as single fuel in compression ignition (CI)
ngines, where the ignition of the charge relies on the fact that the in-
ylinder thermodynamic conditions upon the injection of the fuel will
e appropriate to initiate ignition. Of course, these conditions depend
n factors like the engine’s compression ratio, the intake pressure and
emperature, but research has shown that pure ammonia is unsuitable
or use in conventional CI engines that traditionally operate over a
ange of compression ratios between 15 and 22 [12,19,26,27]. One
ay to address this major challenge is to use ammonia in a so-called

dual-fuel’ configuration where ignition is achieved by the injection of
more reactive fuel, typically diesel. Reiter and Kong conducted two

tudies using ammonia and diesel with varying the mixture ratio. A
5%/5% ammonia to diesel ratio (on an energy basis) resulted in
uccessful engine operation but was accompanied by high levels of NOx
missions [28]. Mixtures of 60%/40% and 40%/60% showed that when
he ammonia ratio increased, so did NOx emissions [29]. Similarly,
ross and Kong [30] and Ryu et al. [31] experimented with the use of
mmonia with dimethyl ether (DME) as the ignition source. The results
howed that as NH3 was added, NOx emissions increased, and engine
erformance decreased, as ammonia addition had a detrimental effect
n the combustion of the mixture, thereby limiting the operational
ange of the engine.

To tackle ammonia’s aforementioned deficiencies, the mixing of am-
onia with hydrogen has been proposed [32–35]. Although Hydrogen
as but a marginally lower auto-ignition temperature (844 K at 1 atm),
t has a uniquely faster flame speed (3.51 m/s) and some of the widest
lammability limits of any fuel. In addition, hydrogen has the potential
o be produced on-site through ammonia cracking, thereby potentially
liminating the need for extensive hydrogen bunkering tanks and con-
ainment system dedicated to hydrogen storage [18]. The hydrogen
eneration system uses a cracking reactor that houses a ruthenium-
ased catalyst, which has a separate heating unit for cold starts and an
xhaust gas recirculation (EGR) unit to add heat to the reaction process
uring engine operation [36]. The technology has advanced to the use
f hollow fibre converters, combining ruthenium and carbon xerogel
n a packed reactor bed, allowing for a smaller, cheaper, yet more
fficient form of hydrogen cracking [37]. Given that space is generally
vailable on most maritime vessels, hydrogen cracking, with continu-
us technological advancements, appears to be a potentially attractive
pproach to allow for hydrogen addition. By adding hydrogen, an ICE
an operate without large modifications [24,27,38–40]. Thus use of
mmonia/hydrogen blends in CI engines has recently received some
otable traction in the research community.

Although hydrogen has lower autoignition temperature than ammo-
ia, it is not possible to ignite such blends directly in conventional CI
ngines; two strategies have been proposed to address this issue. The
irst one is to preheat the air (or the charge) before entering the engine
ylinder. Pochet et al. [41] have used ammonia/hydrogen blends in
homogeneous charge compression ignition (HCCI) engine (displace-
ent volume of 0.499 l, engine speed of 1,500 rpm, compression

atio 16:1) in order to investigate the production of NOx emissions
s a function of the ammonia share. They managed to achieve sta-
le combustion with up to 70%vol. ammonia share using 1.5 bar
ntake pressure and 473 K intake temperature, but highlighted the
eed to minimise the intake temperature in order to maximise power
nd the use of exhaust gas recirculation (EGR) to tackle the NOx
missions. The same group later used a different HCCI engine with

compression ratio of 22:1 and an intake temperature ranging from
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323 to 513 K (displacement volume of 0.436 l, engine speed of 1,500
rpm) for a wide variety of ammonia/hydrogen fuel blends (NH3: 0%–
5% /vol) [42]. Their work corroborated further the need for EGR to
educe effectively NOx emissions. However, the use of EGR came with
he caveat of increased N2O emissions, which is a strong ’greenhouse
as’, and the authors concluded that the combustion temperature needs
o be maintained substantially above 1,400 K to ensure low levels of
2O production. Wang et al. [43] used a conventional CI engine with
nhanced air preheating (551K) to investigate the optimal (in terms of
ower and emissions) compression ratio (from 13.5:1 to 16.5:1) and
irect injection strategy for different ammonia/hydrogen blends. Their
ork reported that retarding the injection timing leads to power re-
uction, NOx decrease and N2O increase, while the increase of the
ompression ratio can lead to improvement of power, accompanied by
he progressive increase of both NOx and N2O emissions. The same
roup used a numerical approach to investigate the effect of differ-
nt inlet temperatures (476K–551K) and different ammonia/hydrogen
lends on the engine’s power and emissions [44]. The authors reported
hat in all cases the increase of the inlet temperature has a considerable
etrimental effect on the engine power, the fuel consumption and NOx
missions.

The second strategy, as an alternative to the preheating of the
ncoming air, is the use of pilot fuel injection, the fuel being chosen
o be more reactive than either ammonia or hydrogen in the sense of
ossessing a much lower autoignition temperature, that can thereby
nitiate the ignition of the surrounding ammonia and hydrogen mixture
ith air. This is sometimes called a ’dual fuel’ strategy in the industry.
ften, diesel is chosen to be the pilot fuel. Wang et al. [45] investigated
umerically the effect of different ammonia/hydrogen blends on the
ngine power, combustion phasing and emissions in a 13:1 4-stroke
ngine. They concluded that the optimal ammonia/hydrogen blend at
he examined conditions was 7:3 on a mass basis, but they highlighted
hat, at these conditions, NOx emissions increase significantly com-
ared to the 0% H2 case. The same group also investigated different
njection strategies for the ammonia/hydrogen blends and diesel and
dentified that a combination of a suitable injection strategy and ammo-
ia/hydrogen blend can reduce ammonia slip and N2O production [46]
ubstantially. Nevertheless, the authors reported that engine-out NOx
missions remain high, exceeding the emission standards of Tier III.

Although the technology of using diesel as pilot fuel to initiate
n-cylinder ignition of the main, surrounding fuel-oxidant mixture is
romising and convenient, it has the disadvantage of being a fossil fuel
hich emits GHGs and particulate matter (PM). As a result, other fuels
ave been investigated that can act as ignition promoters and possibly
nable the use of ammonia/hydrogen blends while eliminating the
hallenge of high emissions. One such potential solution is hydrogen
eroxide (H2O2). Hydrogen peroxide is already widely manufactured,
istributed, and stored, with diverse applications ranging from medical
se to processing and bleaching certain foods, and as a domestic cleaner
nd disinfectant. Its production can be on a renewable basis [47],
hich aligns with the targets of green combustion and production in

he maritime industry. The use of hydrogen peroxide for propulsion
urposes dates decades back to at least the 1940s when it was used
or military applications [48]. Since then it has been continuously
sed in military and aerospace applications. Notwithstanding that the
iterature on the use of hydrogen peroxide in combustion engines
s limited, recent academic research has corroborated its potential
s an ignition promoter in combination with different fuels, such as
iesel [49–51], hydrogen [52,53], butanol [54,55], and ammonia [56–
8]. Khalil et al. [56] used zero-dimensional batch reactor simulations
o investigate the chemical dynamics of ammonia/air mixtures with
mall doses of hydrogen peroxide and reported that reaction H2O2

(+M) → 2OH (+M) was the most influential in controlling the system’s
characteristic timescale. It was also reported that 2% of H2O2 addition
336

(/vol) can decrease the ignition delay time by a factor of 30 with
a negligible increase of NO emissions. Shafiq and Tingas [57] inves-
tigated, computationally, a combination of ammonia and hydrogen
peroxide blends in a 4-stroke 17:1 HCCI engine at engine speeds of 750
and 1150 rpm. Their work showed that the use of hydrogen peroxide
as an ignition promoter is more advantageous than the preheating
of charge as it can lead to a power increase of 65% and a 9-fold
decrease in NOx emissions, demonstrating the potential of the promoter
with ammonia. Dimitrova et al. [53] used a computational model
of a 4-stroke 17:1 HCCI engine at engine speeds of 1000–3000 rpm
and concluded that H2/H2O2 blends can improve both the engine
performance (IMEP, power, torque) and indicated thermal efficiency
while reducing NOx emissions in an HCCI engine. Rabbani et al. [54]
investigated, using tools of the computational singular perturbation
(CSP) framework, the ignition dynamics of hydrogen peroxide addition
to n-butanol/air mixtures in the context of zero-dimensional homoge-
neous simulations. It was reported that hydrogen peroxide addition
tends to decrease substantially the chemical runaway (in favour of the
thermal runaway) through the early production of OH radicals, thereby
shortening drastically the ignition delay time. Zhou et al. [55], used a
30% vol% aqueous solution of H2O2 in an HCCI engine fuelled with
butanol, demonstrating that commercially available peroxide concen-
trations could be used as a promoter, potentially world-wide and even
at higher concentrations if needed in engine operations. It is noted
though that H2O2 is readily available in the market up to about 30%
(w/vol and w/w, depending on supplier specification), beyond that
value its availability and convenience in use decreases significantly.

In this work, the initial condition is that of a statistically homoge-
neous gaseous ammonia/hydrogen blend (with the ratio between the
two molecules in the blend being a parameter) present in the cylinder
early in the compression stroke. Late in this stroke, an aqueous solution
of hydrogen peroxide is introduced uniformly over a finite range of
crank angle, simulating the process of injection, once again however
as a statistically homogeneous gaseous species (in what follows, we
shall refer to the process of introducing the peroxide as one of ‘in-
jection’ but we remind the reader that there is no spatial variable
involved in the model). This is the pilot fuel to initiate the ignition
of the charge. In addition, EGR is also used in some calculations as
a measure to tackle NOx and N2O emissions. The initial condition of
a low reactivity fuel (ammonia/hydrogen mixture) premixed with air
at lean conditions, accompanied by EGR, followed by the introduction
of a high-reactivity fuel near TDC (here, aqueous hydrogen perox-
ide), are features that characterise a reactivity controlled compression
ignition (RCCI) engines [59]. RCCI mode can lead to high levels of
fuel conversion efficiency, comparable to diesel engines, when using
alternative fuels [60–62]. This is partly because RCCI mode can operate
with higher compression ratios than spark ignition engines, and partly
through using relatively low reaction temperatures consequent on op-
erating lean and with EGR. Low temperature combustion contributes
to low heat loss and thereby to the increase in the thermal efficiency
of the engine [63]. Another benefit of the ’low temperature combustion’
is that it can lead to low levels of NOx emissions which may help to
meet regulation levels for so-called criteria pollutants [64–66]. The
RCCI mode also offers some flexibility in the fuels used within the
combustion process [64].

Previous studies have shown the potential of using both ammo-
nia/hydrogen and hydrogen peroxide in internal combustion engines.
However, to the best of the authors knowledge, the use of hydrogen
peroxide has been mostly limited to its use as an ignition promoter in
the context of HCCI engines and its use as ‘pilot’ fuel has not been
explored. As a result, the lack of research on the use of hydrogen
peroxide ‘pilot’ to ignite a mixture of ammonia and hydrogen is a
gap ripe for further work. The objective of the current work is to
investigate numerically the use of aqueous hydrogen peroxide, as an
ignition promoter of an ammonia/hydrogen mixture acting as the main
energetic fuel in a compression ignition (CI) engine, on the engine

performance, combustion phasing and emissions. The current work has
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Table 1
Engine specifications.

Engine IVECO 8360.46R

Type 4-Stroke Compression Ignition
Number of cylinders 6
Stroke 130 mm
Bore 112 mm
Displacement volume 7.8 L (1.3 L per cylinder)
Compression ratio 17.6:1
Maximum power 166 kW @ 2050 RPM
Maximum torque 965 Nm @ 1250 RPM

some substantial differences compared to the earlier works of Dimitrova
et al. [53] and Shafiq and Tingas [57], namely: (i) the introduction of
hydrogen peroxide in liquid form early in the power stroke, instead of
its use in fumigated form at the start of the compression cycle; (ii) the
temporal stratification of the mixture instead of a fully homogeneous
mixture; (iii) the use of an ammonia/hydrogen blend as main fuel
instead of either pure ammonia or pure hydrogen. To accomplish the
goal for this zero-carbon and zero-sulphur fuel technology, a stochastic
reactor model will be employed. We investigate different strategies
for the introduction of the aqueous peroxide, variable amounts of H2
hare in the ammonia/hydrogen blends, and different EGR rates in a
edium-speed 4-stroke CI engine. The results identify the potential of

his technology, thereby to provide a baseline for future analyses of this
uel combination, which can be investigated in either higher-fidelity
imulations or engine experiments.

. Methods

The engine that is studied is a boosted, four-stroke, CI, IVECO
esign with specifications for boosted, diesel fuel operation summarised
n Table 1. The engine has also been previously used in dual-fuel
ode with natural gas and diesel as the low and high reactivity fuels,

espectively [67].
In the current work, a commercially available stochastic reactor

odel (SRM) (SRM Engine Suite from CMCL Innovations [68]) has been
mployed which has been successfully used in other engine studies,
.g., [69–72]. A detailed description of the mathematical formulation of
he model can be found in Ref. [73]. The numerical model solves a joint
calar Probability Density Function (PDF) transport equation [74] using
stochastic numerical method. The model assumes that the contents

f the reactor are statistically homogeneous which means that the
robability of any property (e.g. temperature or species concentration)
o take a particular value is independent of the spatial position within
he reactor [73]. The model resolves, as a function of time, the joint
DF that describes the state of the reactor, but not as a function of
pace. This results in a computationally efficient method that maintains

detailed treatment of the chemistry, and in particular that of the
utoignition process, which is a transient kinetic phenomenon. The
rade-off is the lack of spatial information for reduced computational
ime [73].

The model calculates the evolution of the 𝑁 chemical species’ mass
ractions (𝑌𝑖, 𝑖 = 1...𝑁), temperature (𝑇 ) and the 𝑁𝑃 stochastic particle
atter state–space properties (𝑃𝑖 = 1...𝑁𝑃 ) as a function of time, which

an all be represented by vector 𝝍 :

= (𝜓1,… , 𝜓𝑁 , 𝜓𝑇 , 𝜓𝑁+2,… , 𝜓𝑁𝑃 ) = (𝑌1,… , 𝑌𝑁 , 𝑇 , 𝑃1,… , 𝑃𝑁𝑃 ) (1)

he distribution of 𝝍 is given by the PDF 𝑓 , while mean quantities can
e calculated by Eq. (2):

𝜓𝑗 (𝑡)⟩ = ∫ 𝜓𝑗𝑓 (𝝍 ; 𝑡) 𝑑𝜓 (2)

n the problem under study, the PDF is transformed into a mass density
unction (MDF) 𝑭 to take into account the variation in the mass:

(𝝍 ; 𝑡) = 𝜌(𝝍)𝑓 (𝝍 ; 𝑡) (3)
337
here 𝜌 is the mass density. The multi-dimensional MDF is then solved
sing a Monte Carlo particle method, where an ensemble of 𝑁𝑃

stochastic particles makes up a statistical representation of the MDF,
approximated by Eq. (4):

𝑓 (𝝍 ; 𝑡) ≈ 1
𝑁𝑃

𝑁𝑃
∑

𝑖=1
𝛿
(

𝜓 − 𝜓 (𝑖)(𝑡)
)

𝑖 = 1,… , 𝑁𝑃 . (4)

here 𝛿 is the Dirac delta function. A number of different statistical
eighting methods can be then used to assign the statistical weights
f the stochastic particles that are used to describe the distribution
f the dependent variables (composition and temperature) in the en-
ine cylinder. The employed statistical method (in the current work a
uadratic weighting method was used) caters also for the distribution of
he stochastic particles within the reactor volume. The time evolution
f 𝑭 is described by Eq. (5):
𝜕
𝜕𝑡
𝑭 (𝝍 ; 𝑡) = 𝑐ℎ𝑒𝑚 + 𝑡𝑢𝑟𝑏 + 𝑝𝑖𝑠𝑡𝑜𝑛 + 𝑐𝑜𝑛𝑣 + 𝑖𝑛𝑗 (5)

here 𝑐ℎ𝑒𝑚, 𝑡𝑢𝑟𝑏, 𝑝𝑖𝑠𝑡𝑜𝑛, 𝑐𝑜𝑛𝑣, 𝑖𝑛𝑗 , denote the processes associated
ith the chemical source term, turbulent mixing, piston movement,

onvective heat transfer and fuel injection, respectively.
The contribution of the chemical source term to Eq. (5) is repre-

ented by Eq. (6):

𝑐ℎ𝑒𝑚(𝝍 ;𝑭 (𝝍 ; 𝑡)) =
𝑁+1
∑

𝑗=1

𝜕
𝜕𝜓𝑗

𝐺𝑗 (𝝍)𝑭 (𝝍 ; 𝑡) (6)

here the 𝐺𝑗 (𝝍) functions represent species and temperature source
erms, in units as defined in the 𝝍 vector (i.e., mass fractions and Kelvin
er second) and have the form:

𝑗 (𝝍) =
⎧

⎪

⎨

⎪

⎩

𝑤𝑗𝑀𝑗
𝜌 , 𝑗 = 1,… , 𝑁

− 1
𝑐𝑣𝜌

∑𝑁
𝑘=1 𝑢𝑘𝑀𝑘𝑤𝑘 −

𝜌
𝑐𝑣𝑚

𝑑𝑉
𝑑𝑡 , 𝑗 = 𝑇

(7)

where 𝑤𝑗 is the production rate of species 𝑗, 𝑀𝑗 is the molecular
mass of species 𝑗, 𝑚 is the total mass of the mixture, 𝑐𝑣 is the specific
heat capacity at constant volume, 𝑢𝑘 the specific internal energy of the
species 𝑗, 𝑉 the cylinder volume. The convective heat transfer term
𝑐𝑜𝑛𝑣 is modelled by Eq. (8):

𝑐𝑜𝑛𝑣 = − 𝜕
𝜕𝜓𝑁+1

𝑈 (𝜓𝑁+1)𝐹 (𝝍 ; 𝑡) (8)

where 𝑈 (𝜓𝑁+1) the function that determines the amount of heat that is
transferred between the cylinder charge and the cylinder walls during
each time step and is modelled by Eq. (9):

𝑈 (𝜓𝑁+1) = −
ℎ𝑔𝐴
𝑐𝑣𝑚

(𝑇 − 𝑇𝑤) (9)

where ℎ𝑔 is the heat transfer coefficient calculated from the Woschni
heat transfer correlation, 𝐴 is the available heat transfer area, and 𝑇𝑤
the wall temperature. It is noted that the convective heat transfer term
in Eq. (8) is modelled by a finite difference scheme:
𝜕

𝜕𝜓𝑁+1
𝑈 (𝜓𝑁+1)𝐹 (𝝍 ; 𝑡)

= 1
ℎ
[𝑈 (𝜓𝑁+1 + ℎ)𝐹 (𝜓1,… , 𝜓𝑁 , 𝜓𝑁+1 + ℎ; 𝑡) − 𝑈 (𝜓𝑁+1)𝐹 (𝝍 ; 𝑡)] (10)

here ℎ determines the amplitude of the temperature fluctuation. In-
tead of a deterministic process, in which every particle transfers heat
ith the walls, a stochastic jump process is used, thereby produc-

ng inhomogeneities in the temperature distribution [73]. The piston
ovement 𝑝𝑖𝑠𝑡𝑜𝑛 in Eq. (5) is modelled by Eq. (11):

𝑝𝑖𝑠𝑡𝑜𝑛 = − 1
𝑉 (𝑡)

𝑑𝑉
𝑑𝑡
𝑭 (𝝍 ; 𝑡)) (11)

here 𝑉 (𝑡) is the volume of the engine cylinder at time 𝑡. The fuel
injection term 𝑖𝑛𝑗 in Eq. (5) is modelled by Eq. (12):

𝑖𝑛𝑗 =
𝐹𝑓 (𝝍 ; 𝑡) (12)

𝜏𝑓



International Journal of Hydrogen Energy 67 (2024) 334–350G. Paterson et al.

E
c
t
a
m
e
d
b
f
t
p
c
p
s
a
D
t
t
c
i
c

𝛥

w
E

𝐹

where 𝐹𝑓 (𝝍 ; 𝑡) is the mass density function of the fuel and 𝜏𝑓 is the
injection time. In the current work a PDF-based injection model is
adopted where evaporation is distributed according to a user-defined
PDF profile that is described next. The turbulent mixing term 𝑡𝑢𝑟𝑏 in
q. (5) is calculated using the Hybrid Mixing Model (HMM), which
ombines the coalescence-dispersion (Curl) mixing model [75] before
he first injection event, and the localness mixing model (LMM) there-
fter. This approach ensures the computational efficiency of the Curl
odel with the benefits of the LMM model where the simulation is

xpected to be sensitive to the turbulent mixing. The coalescence-
ispersion mixing model provides a phenomenological model of tur-
ulent mixing: pairs of particles are randomly selected and then get
ully mixed, such that each particle assumes the mean composition of
he particle pair [73]. The LMM works by identifying neighbouring
articles, based on their proximity in composition space. The model is
onstrained such that mixing can occur between neighbours only. The
articles are designated as being in either a mixing or a non-mixing
tate, and are moved between states depending on a non-dimensional
ge property [73]. The PDF injection model applied the Sauter Mean
iameter (SMD) on a global level and allows evaporation to be dis-

ributed according to a user-specified PDF profile. At each timestep,
he mass of liquid fuel to be injected is computed, followed by the
alculation of the total evaporated mass. The total evaporated mass 𝑚𝑓
s then distributed to the stochastic particles throughout the combustion
hamber based on Eq. (13):

𝑚(𝑖)
𝑓 = 𝐹 (𝑖)𝑚(𝑖), 𝑓𝑜𝑟 𝑖 = 1,… , 𝑁𝑃 (13)

here 𝑚(𝑖) the mass of the 𝑖th particle and the function 𝐹 (𝑖) is given by
q. (14):

(𝑖) = 𝑒
−𝛼

(

𝑚(𝑖)
∑𝑁𝑃
𝑖=1 𝑚(𝑖)

)2

(14)

where 𝛼 is a user-specified parameter which essentially controls the
distribution of the evaporated fuel (in the current study the default
value of 50 was used). The distribution of the evaporated mass took
also into account the arrangement of the injector in the engine cylinder
because particles closer to the injector received more evaporated mass
than others farther away. In this way, although the model does not
solve in space Eq. (5), it does take into account aspects that arise
from the spatial arrangement and layout of the engine cylinder and the
injector. For more details on the models employed by SRM, the reader is
referred to Ref. [73]. The parameters used in the SRM are summarised
in Table 2.

The SRM software accounts for the effects of inhomogeneities in the
combustion chamber, providing results that are more precise than those
obtained from other zero-dimensional models [76]. The stochastic par-
ticles can interact with the cylinder walls and other particles during
turbulent mixing, mimicking the behaviour of fluid particles [77]. To
compute the combustion parameters, the SRM software uses detailed
chemical kinetics. The NH3/H2 chemical mechanism applied consists of
38 species and 263 reactions, which has been validated in combustion
chemistry studies [78] and was used to model the fuel in the present
study.

To determine the power generated per cylinder, Eq. (15) is used:

𝑃𝑖 =
𝑊𝑖𝑛𝑁
𝑛𝑅

(15)

where 𝑃𝑖 represents the indicated power, 𝑊𝑖𝑛 represents the indicated
work, 𝑁 is the number of crank revolutions per second, and 𝑛𝑅 is the
number of crank revolutions for each power stroke per cylinder. The
indicated torque can then be determined by Eq. (16)

𝑇 =
𝑃𝑖

2𝜋𝑁
(16)

while the indicated thermal efficiency 𝜖𝑡ℎ is defined as follows:

𝜖𝑡ℎ = 1 (17)
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𝑠𝑓𝑐 ×𝑄𝐻𝑉
Table 2
Parameters used in the stochastic reactor model.

Initial in-cylinder fuel mass 105 mg
Initial in-cylinder pressure 1.3 bar
Initial in-cylinder temperature 390 K
Simulation start −180 CAD aTDC
Simulation end 180 CAD aTDC
Step size 0.1 CAD
Solver relative tolerance 1.0E−05
Solver absolute tolerance 1.0E−10
Sauter Mean Diameter 10 μm
Nozzle number 6
Nozzle diameter 0.16 mm
Heat transfer model Stochastic
Heat transfer correlation Woschni
Woschni C1 parameter 2.28
Woschni C2 parameter 0.02
Stochastic heat transfer constant 2000
Piston wall temperature 550 K
Cylinder head surface area ratio 1.2
Turbulence timescale 0.002 s
Turbulence timescale during injection 0.001 s
Turbulence timescale mode Empirical k-𝜖 model
Turbulence mixing mode Hybrid

Fig. 1. Examples of cases considered as misfires in the current study compared to
healthy engine cycles.

where 𝑠𝑓𝑐 the specific fuel consumption and 𝑄𝐻𝑉 the lower heating
value of the fuel.

Misfire is a term more commonly used in spark ignition (SI) engines
to denote poor combustion, or even its absence. This term will be used
in the current work as well to denote a weaker than expected heat
release rate – readily detected in the pressure trace – following the
direct injection of the pilot fuel. A few examples of cases considered
as misfires in the current study compared to healthy engine cycles are
displayed in Fig. 1.

In this study, the engine parameters were set according to Table 1
in combination with the parameters in Table 2. The NH3/H2 blend was
maintained constant at 0.8/0.2 per fuel mole fraction for all simula-
tions, except for the cases that the hydrogen share was the variable
being tested. The compression ratio was maintained at 17.6:1 and the
stroke and bore were set to 130 and 112 mm, respectively. The initial
in-cylinder pressure and temperature were set to 1.3 bar and 390K,
respectively, representing mild boost and efficient intercooling which
also avoided the condensation of water vapour (note that we have not
attempted to match the details of the boosting of the IVECO engine).
These values are deemed suitable based on previous studies that used
ammonia and hydrogen with diesel as pilot fuel at temperatures over
400K and up to 1.5 bar [43–45]. The simulations were conducted from
−180 crank angle degrees after top dead centre (CAD aTDC) to +180
CAD aTDC. Unless otherwise stated, the intake NH3/H2 fuel quantity
was set to 105 mg, resulting in a fuel consumption rate of 7.875 kg/h
at 1250 RPM, with the mass fractions of NH3/H2 0.9713/0.0287 and
their respective mole fractions being 0.8/02. The corresponding global
equivalence ratio (𝜑) varied between 0.54 with no EGR to 1.07 with
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30% EGR, indicating a progression to fuel richer mixtures. It is noted
that the EGR composition (only external EGR is considered) was main-
tained constant for all cases as follows: N2 with 76%, H2O with 16%
nd O2 with 8% on a mass basis. It is also highlighted that H2O2 is

assumed to be in aqueous form with concentrations equal or less than
30% /vol. This an important point because H2O2 is readily available
in the market up to only 30% /vol. Above such concentrations, safety
considerations become increasingly stringent.

Ammonia has a mass energy density of 18.8 MJ/kg and hydrogen
has a mass energy density of 120.7 MJ/kg. When the two are mixed
at NH3/H2 0.8/02 per mole fraction, the resulting energy mass density
is 21.7 MJ/kg, which is substantially higher than the energy density
of aqueous hydrogen peroxide at concentrations of either 30% /vol
(1.40 MJ/kg) or 10% /vol (0.54 MJ/kg). Injection parameters were
adjusted with the understanding that the injected hydrogen peroxide
solution should occupy less than 10% of the volume of the ammonia
in the combustion chamber when in the liquid phase. The motivation
for this approach is that, in a dual fuel system, it is desired to min-
imise the dependence on the second fuel and hence limit as much as
possible the size of the respective fuel tank. The mass of 105mg of
ammonia/hydrogen fuel per cycle contains 102 mg of ammonia. This
ammonia content corresponds to the vapourisation of a volume of
0.14 ml. In most simulations, the amount of the directly injected aque-
ous H2O2 (H2O2 10% /vol) was 4 mg which corresponds to 0.0038 ml
(0.0034 ml in the case of 30% /vol H2O2), representing as little as 2.7%
of the NH3 fuel volume per cycle (2.4% in the case of 30% /vol H2O2). It
is noted that in energy terms, the amount of 4 mg of aqueous H2O2
H2O2 10% /vol) corresponds to an even smaller proportion, 0.09%, of
he energy in the 105mg of the initial fuel NH3/H2 (0.8/0.2 per mole

fraction); 0.0022 kJ for aqueous H2O2 and 2.28 kJ for NH3/H2.
The evaluation of the performance of the SRM against engine exper-

iments is summarised in Table 1 from the previous works by Cordiner
et al. [67] and Maurya and Mishra [79], which described the experi-
mental setup and test conditions using natural gas and a diesel pilot. In
particular, Maurya and Mishra [79] performed engine model validation
against the engine experiments reported in Cordiner et al. [67] at
two different mixtures of natural gas/diesel: 70/30 and 90/10, on an
energy basis. Their validation included the pressure history and the
heat release rate profile, showcasing accuracy similar to or, in certain
cases, better than the respective 3D CFD simulations. Such accuracy
was comparable to others reported in the literature, e.g., Pasternak
et al. [72] who validated a different (from the one used herein) CI
engine model (in view of pressure history and heat release rate) using
diesel as sole fuel, while more recently, Saxena and Maurya [69]
validated their HCCI engine model against engine experiments using
syngas/hydrogen blends (in view of the pressure histories, in wide
range of operational conditions). A test was performed to identify the
minimum for accuracy number of particles to be used in the SRM. For
this test the conditions summarised in Tables 1 and 2 were employed
and the injected fuel was 16 mg of aqueous H2O2 with a concentration
of H2O2 at 10% /vol, the injection timing being 0 CAD aTDC, the
injection duration being 2 CAD and without the use of any EGR. By
increasing the number of particles progressively from 50 up to 200,
the analysis revealed that only minor differences were manifested in the
results when the number of particles increases above 100. The results of
this analysis are displayed in Fig. 2 where it is confirmed that, above
100 particles, the results on IMEP, NOx, maximum pressure and the
maximum pressure rate of change all level off, while the differences in
the pressure history become negligibly small.

3. Results and discussion

A campaign of numerical simulations has been undertaken in or-
der to explore the different aspects of the proposed technology. The
campaign was split into 5 sections based on the variable that was
modified each time. Firstly, the focus was on the effect of the hydrogen
339
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share in the initial NH3/H2 mixture. That analysis was conducted for
three different masses of directly injected H2O2/H2O mixtures. Next,
the effect of the directly injected mass was explored in more detail
while keeping fixed all other parameters. This analysis was performed
for three different cases of start of injection (SOI). Following that, an
extensive campaign was undertaken for a wide range of SOIs for three
different cases of injection durations. To mitigate some of the undesired
effects of ammonia combustion such as NOx emissions, the use of EGR
was then investigated extensively. This investigation was conducted for
three different cases of H2O2 share in the aqueous H2O2, from 10 up to
0% /vol. The three cases of H2O2 share were selected to include only
2O2/H2O mixtures that are readily available in the market. The last
art was focused on the effects of load variation, which was achieved
y adjusting the mass of the injected NH3/H2 mixture.

.1. Hydrogen share analysis

All simulations under this heading have been initialised with a
lend of ammonia and hydrogen, with a total mass of 105 mg and
ith a ratio between the two fuels as a parameter. Table 3 lists

he variation of the H2 and NH3 energy shares as a function of the
H3/H2 composition. This approach, along with the inhomogeneities
onsidered through the stochastic features of the model (see Section 2
or more details), aim to simulate the in-cylinder conditions of an RCCI
ngine where the low reactivity fuel is spatially homogeneous early
n the compression stroke with the high reactivity fuel injected later
nd close to top dead centre of compression, thereby leading to some
ontrol of the timing of the start of combustion – through autoignition –
n the more reactive fuel, accompanied by a degree of fuel stratification
nd, ultimately, to staged heat release. Since ammonia is substantially
ess reactive than hydrogen, any addition of hydrogen should accelerate
to some degree) the combustion process in the engine cylinder. Ini-
ially, the parameters of the directly injected H2O2/H2O fuel mixture,
.e., the total mass, the concentration of H2O2, the injection timing and
njection duration were fixed at 4 mg, 10% /vol, SOI −2 CAD aTDC,
CAD, respectively. The analysis revealed that under these conditions

including the initial temperature and pressure of the main charge at
DC chosen for these simulations) the blend had to contain more than
5% /vol of H2 in the NH3/H2 initial mixture to enable the combustion
f the mixture. As Fig. 3 shows, when H2 is 10% /vol in the NH3/H2
lend, no combustion occurs while when this is increased to 20% the
ixture combusts, as indicated by the increase of the temperature and

he heat release rate. However, the combustion at 20% /vol of H2
ccurs late during the expansion stroke (CAD50 = 15.12 CAD aTDC)
nd it is relatively slow (CAD90-CAD10 = 19.6 CAD). When the hydro-

gen share increases further to 30% /vol in the NH3/H2 blend, strong
combustion occurs which is manifested not only in the rapid pressure
increase but also in the CAD50 and CAD90-CAD10 values which both
decrease drastically (6.8 CAD aTDC and 7.2 CAD, respectively). In fact,
the pressure rise rate reaches a maximum value of 87.7 bar/ms (11.7
bar/CAD) which is well beyond the typical limit for conventional CI
engines (approximately 50 bar/ms or 6.7 bar/CAD). Further increase
of H2 to 40% /vol in the initial fuel mixture makes the aforementioned
outcomes more pronounced, i.e., the pressure rise rate increases further
to 135.4 bar/ms, combustion occurs even earlier (CAD50 = 4.6 CAD
TDC) and more rapidly (CAD90-CAD10 = 5.4 CAD). All these results
re consistent with earlier works which have reported that when the
ydrogen share becomes higher than 30%, the risk for engine knock
ises significantly (e.g.,[44]).

The effect of the increase of the hydrogen share in the NH3/H2
lend was further investigated by varying also the mass of the directly
njected H2O2/H2O pilot fuel. Similar to the preceding investigation,
he concentration of H2O2, the SOI and injection duration were fixed
t 10% /vol, −2 CAD aTDC, 1 CAD, respectively. Fig. 4 summarises

he results of this numerical campaign. Firstly, it can be observed that
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Fig. 2. Variation of the pressure history, the maximum pressure, the maximum pressure rate of change, IMEP and specific NOx for the different cases of number of particles (from
0 up to 200). The engine simulations were performed using 16 mg of injected H2O2/H2O fuel mixture with a concentration of H2O2 at 10% vol%, the initial NH3/H2 mixture

was 105 mg with the H2 share being 20% vol%, the injection timing of 0 CAD aTDC, injection duration of 2 CAD and without the use of any EGR.
Table 3
The variation of the energy shares of H2 and NH3 for various NH3/H2 fuel blends.

% vol H2 % vol NH3 Total Fuel Energy [kJ] % Energy H2 share % Energy NH3 share

0 100 1.97 0 1.97
10 90 2.11 7.8 92.2
20 80 2.28 15.9 84.1
30 70 2.49 24.5 75.5
40 60 2.75 33.5 66.5
50 50 3.1 43.1 56.9
100 0 12.6 100 0
Fig. 3. Variation with crank angle of: pressure (a), temperature (b) and heat release rate (c) for 4 cases of H2 mix with NH3, (10%, 20%, 30% /vol). In all cases, 4 mg of
H2O2/H2O (10:90 /vol) is directly injected at −2 CAD aTDC with an injection duration of 1 CAD.
Fig. 4. The change in torque (a), indicated thermal efficiency (b), CAD50 (c), CAD90-CAD10 (d), maximum temperature (e), specific NOx (f), pressure rise rate (g) and maximum
pressure as a function of the hydrogen mole fraction in the initial fuel H2/NH3 blend, for three different masses of directly injected mass of H2O2/H2O (1, 2 and 4 mg) with SOI
at −2 CAD aTDC and injection duration of 1 CAD.
340
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the amount of H2O2/H2O pilot fuel has little effect on the engine per-
formance (indicated torque, indicated thermal efficiency), combustion
phasing, NOx emissions, and pressure-related variables. This in practice
means that the mass of H2O2/H2O pilot fuel might be as little as 1 mg
while achieving a medium load (∼65% of the maximum rated torque
of 965 Nm when using diesel fuel at 1250 rpm. Note however our
earlier comments about the disparity in the levels of boost between this
simulation and the operation of the engine on diesel fuel) with 20%–
25% /vol H2 share in the NH3/H2 blend. In fact, the increase of H2
hare from 20% to 40% leads to a 10% increase of load, from 62% to
1% of the engine’s rated power when operated with diesel and at its
ated boost levels. It is noted that the increase of the H2 share from
0 to 40% corresponds to an increase of the fuel energy from 2.28
o 2.75 kJ, i.e., 20% increase. At these examined conditions the indi-
ated thermal efficiency experiences a 3% decrease from 53% to 50%,
resumably due to increased wall heat losses and poorer combustion
fficiency. The increase in the load by raising the H2 share comes with
he drawback of rapid combustion; CAD50 drops drastically from 15–
0 to 3 CAD aTDC, CAD90-CAD10 decreases similarly abruptly, from
0–25 to 4 CAD and, most important, the pressure rise rate increases
rom 15 to ∼180 bar/ms. Notably, only the cases of 20% and 25% /vol
f H2 share have pressure rise rate values less than 50 bar/ms regardless
f the mass of the injected H2O2/H2O pilot fuel. The specific NOx
missions generally increase with the share of the H2 and at high H2
hare they slightly decrease. In fact, NOx emissions (in terms of mass)
hange only marginally at high H2 shares but since this is accompanied
y a non-negligible increase of torque developed, the net effect on
pecific NOx emissions (which are defined on the basis of the mass of
Ox per unit energy) is to decrease. The increase of NOx emissions,
specially at low H2 share, correlates well with the increase of the
aximum temperature, thereby suggesting that the thermal NO route
as its expected, notable effect.

In summary, the following points can be made:

• aqueous H2O2 can successfully ignite NH3/H2 charges with H2
shares between 20 and 25% vol% with acceptable pressure rise
rates;

• at the optimal conditions of 20%–25% /vol of H2 share, CAD50
varies between 10 and 20 CAD aTDC and CAD90-CAD10 varies
between 11 and 24 CAD (depending on the directly injected
mass). In fact, the increase of the H2 share has a more pronounced
effect on the ignition promotion of the mixture when it is low.

• aqueous H2O2 can run as pilot with so low as 1 mg;
• the direct injection of 1mg of H2O2/H2O in combination with

20%–25% H2 share suffices to achieve more than 60% load of the
engine’s rated power when operated with diesel and at its rated
boost levels.

• at the optimal conditions of 20%–25% /vol of H2 share, NOx
emissions remain above IMO’s Tier III limit (roughly, one order
of magnitude higher).

3.2. Injection mass and injection angle analysis

The aim of this analysis was to investigate the effect of the amount
of the directly injected mass at different injection angles. As already
explained, the approached proposed in the current work relies on the
direct injection of H2O2/H2O mixture in the engine cylinder to initiate
the ignition of the charge. The concentration of H2O2 is kept fixed at
10% /vol and so is the H2 share in the initial NH3/H2 mixture, at 20%
/vol. The injection duration is constant at 1 CAD and the SOI is −4 CAD
aTDC. As always, the mass of the initial NH3/H2 is constant at 105 mg
in all cases.

The strong effect of the direct injection of H2O2/H2O is displayed on
Fig. 5 where it is shown that 1mg of the direct injection of H2O2/H2O
suffices to enable the ignition of the charge. However, the ignition
in that case occurs quite late and the combustion process is quite
341
low as it occurs during the power stroke when the volume of the
ombustion chamber expands. Hence, the case of 1 mg resembles more
o a misfire. This phenomenon is due to the fact that H2O2 and H2O

act competitively in the combustion process: H2O2 tends to promote
ignition by enhancing radical pool generation while H2O tends to
reduce combustion temperature. When the injected mass is sufficiently
low (compared to the main fuel and the prevailing thermodynamic
conditions), misfire occurs, as the ignition promoting character of H2O2
is weaker than the effect of H2O. With the increase of the directly
injected fuel to 4 mg the ignition process is significantly accelerated yet
the maximum temperature lies well below 2,000 K. Further increase
of the directly injected mass to 8 mg affects neither the combustion
phasing greatly (in terms of duration or timing) nor the maximum
temperature/heat release rate.

The effect of the mass of the directly injected H2O2/H2O was further
investigated in a more systematic manner, in view of the indicated
torque, the combustion duration (in terms of CAD90-CAD10), the maxi-
mum pressure rise rate as well as specific NOx emissions and the results
are presented in Fig. 6. This investigation was performed for three
different cases of start of injection (SOI), 0, −4 and −8 CAD aTDC, with
the injection duration maintained constant at 1 CAD. In terms of the
torque developed, the increase of the injected mass has a significant
effect when the mass is low, i.e., from 0.1 to 1 mg. Beyond the latter
value, the combustion becomes less sensitive to the increase of the
directly injected mass of the H2O2/H2O mixture. This characteristic
is independent of the SOI, although as the SOI is advanced generally
higher torqued is produced, as expected. Finally, there are critical
values in the mass of the directly injected H2O2/H2O mixture beyond
which any further increase has minimal effect on the increase of the
torque, depending on the SOI value. At SOI 0 CAD, this critical mass
is 4 mg (0.0022 kJ), while when SOI is advanced to −4 and −8 CAD
aTDC, this critical mass becomes 3 (0.0016 kJ) and 2 mg (0.0011 kJ),
respectively. It is also worth noting that the load achieved at these
conditions (i.e., 4, 3 and 2 mg of H2O2/H2O mixture with SOI at 0,
−4 and −8, respectively) is 63%–65% that of the engine’s rated power
when operated with diesel and at its rated boost levels.

The trend in the combustion duration, as represented by CAD90-
CAD10, is very similar to the one observed in the torque change: there
is a rapid decrease for even a small mass of the directly injected
H2O2/H2O mixture, followed by a more modest decrease as the mass
increases further and finally there is little further change. Unlike the
indicated torque though, the SOI has a more pronounced impact on the
combustion duration, decreasing with the retarding of the SOI from 0
to −8 CAD aTDC. At the critical values of the masses of the directly
injected H2O2/H2O mixture, i.e., 4, 3 and 2 mg (for 0, −4 and −8 CAD
aTDC SOI, respectively), the combustion duration becomes 20.9, 18.7,
16.4 CAD, respectively.

In terms of the maximum pressure rise rate, advance of the SOI
generally leads to higher maximum pressure rise rate values. This is ex-
pected since the advance occurs at CAD values before the TDC, i.e., dur-
ing the compression stroke, when the volume decrease is accompanied
by a pressure increase thereby favouring the ignition process. However,
in all examined cases the pressure rise rate never exceeds the highest
acceptable limit of 50 bar/ms. In fact, the highest obtained values for
the various SOI strategies were all well below 50 bar/ms: 18.2, 30.5 and
40.3 bar/ms for SOI values of 0, −4 and −8, respectively. Qualitatively,
the trend of the pressure rise rate as a function of the directly injected
mass of the H2O2/H2O mixture is similar for the different SOI cases. For
low values of the H2O2/H2O mixture, the pressure rise rate exhibits a
negligible increase. But, as the mass of the H2O2/H2O mixture rises
further, the pressure rise rate increases almost linearly. Linear regres-
sion analysis reveals that as the SOI advances, the maximum pressure
rise rate becomes more sensitive to the increase of the directly injected
mass of H2O2/H2O: the gradient of the (linear) best curve is 1.517

and 2.745 for the cases of −4 and −8, respectively (the coefficient of
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Fig. 5. The time history of pressure (a), temperature (b) and heat release rate (c) for 3 cases of directly injected mass of H2O2/H2O (1, 4 and 8 mg) with the SOI fixed at −4
CAD aTDC. In all cases, the hydrogen share is kept at 20%, the injection duration is 1 CAD, the mass of the initial NH3/H2 mixture is 105 mg and the share of H2O2 in the
diluted mixture is 10% /vol.
Fig. 6. The change in torque (a), CAD90-CAD10 (b), pressure rise rate (c) and specific NOx (d) as a function of the directly injected mass of H2O2/H2O (from 0.1 up to 10 mg),
for three different cases of SOI (0, −4 and −8 CAD aTDC). In all cases, the hydrogen share is kept at 20%, the injection duration is 1 CAD, the mass of the initial NH3/H2 mixture
is 105 mg and the share of H2O2 in the diluted mixture is 10% /vol.
determination (R squared) is 0.7484 and 0.9632 for the cases of −4 and
−8).

The change in specific NOx follows a pattern similar to the one
described previously for the torque and combustion duration, in that
for low values of the directly injected mass, an increase in the mass
of the injected H2O2/H2O mixture leads to a rapid change (increase)
of the specific NOx: any further increase of the directly injected mass
has a much smaller increase on NOx. In fact, any increase in the
directly injected mass beyond the critical masses identified earlier
for the different cases of SOI (4, 3 and 2 mg for SOI of 0, −4 and
−8 CAD a, respectively) leads to an almost linear response to NOx
emissions. This linear response is represented by gradients of 0.3338,
0.7717 and 0.8504 for SOI of 0, −4 and −8, respectively. Hence, similar
to what was reported earlier about the maximum pressure rise rate,
NOx emissions become more sensitive to the increase of the directly
injected mass as the SOI advances. For directly injected masses of 4,
3 and 2 mg (for SOI of 0, −4 and −8, respectively) the specific NOx
values are 36.9, 40.1 and 43.7 g/kWh. It is noted that these values are
an order of magnitude higher than the NOx limit regulated by IMO’s
Tier III, which for the cases under study (engine speed of 1250 rpm) is
2.16 g/kWh.

In summary, the following conclusions can be drawn:

• 4 mg of directly injected mass of H2O2/H2O suffices to achieve
65% of the rated load developed by the boosted, diesel only
operation of the engine. Any further increase of the directly
injected mass has negligible effect on the developed torque.

• the increase of the directly injected mass of H2O2/H2O has a
notable effect in decreasing the combustion duration although
this effect diminishes as the directly injected mass increases.

• in all examined cases the maximum pressure rise rate was always
well below the threshold of 50 bar/ms for safe engine opera-
tion. In fact, by retarding the SOI to 0 CAD aTDC, the pressure
rise rate never exceeded the value of 20 bar/ms. However, by
advancing the SOI the maximum pressure rise rate becomes more
sensitive to the increase of the directly injected mass.

• specific NOx emissions increase with the directly injected mass
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of H2O2/H2O and with advance of the SOI. For directly injected
masses of 4, 3 and 2 mg (for SOI of 0, −4 and −8, respec-
tively) the specific NOx values were found to be 36.9, 40.1 and
43.7 g/kWh. These values are an order of magnitude higher than
the values regulated by IMO Tier III.

3.3. Injection timing and duration analysis

Next, the analysis focused on exploring the effect of injection tim-
ing and duration on the engine performance. For this purpose, the
hydrogen share in the initial NH3/H2 blend was kept fixed to 20%
/vol, the initial NH3/H2 mass was 105 mg, the share of H2O2 in the
diluted H2O2/H2O mixture was 10% /vol and the mass of the directly
injected mixture was held at 4 mg. The injection timing varied from
−10 to +6 CAD aTDC (with a step of 2 CAD) for three different cases
of injection duration, 1, 4 and 8 CAD. The results of this investigation
are summarised in Fig. 7.

Firstly, it can be observed that the developed torque decreases with
the delay of the SOI, regardless of the injection duration. However, this
decrease is modest when the SOI is retarded from −10 to 0 CAD aTDC
and, as expected, becomes substantially more pronounced when it is
delayed further. In particular, torque drops from 620 Nm at SOI= −10
CAD aTDC to 612, 601 and 599 Nm at SOI=0 CAD aTDC (reductions
of 8, 9 and 11 Nm) for injection durations of 1, 4 and 8 CAD, respec-
tively. At SOI=6 CAD aTDC, torque decreases to 574, 570 and 561 Nm
(further reductions of 38, 31, 38 Nm) for injection durations of 1, 4 and
8 CAD, respectively. These results suggest that, from a load perspective,
the use of H2O2/H2O is to be arranged with an appropriate advance
before TDC. There the load can be maintained between 60 and 65%
of the engine’s rated power when operated with diesel and at its rated
boost levels. It is also noted that the injection duration does not appear
to have a strong impact on the load developed, regardless of the SOI.

Fig. 7 also shows that the combustion duration, as represented by
CAD90-CAD10, increases (more or less linearly) with retarding of the
SOI for all three injection durations; the coefficient of determination
(R squared) is 0.9889, 0.9897 and 0.991 for combustion durations of
1, 4 and 8 CAD, respectively. What is interesting to note here is that
even with an advanced SOI (e.g., −10 CAD aTDC) and a short injection

duration (say 1 CAD), the combustion duration is still to be considered
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Fig. 7. The change in torque (a), CAD90-CAD10 (b), pressure rise rate (c), specific NOx (d), unburnt NH3 (e) and N2O production (f) as a function of the start of injection (SOI)
of the H2O2/H2O mixture (4 mg), for three different cases of injection duration (1, 4 and 8 CAD). In all cases, the hydrogen share is kept at 20%, the mass of the initial NH3/H2
is 105 mg and the share of H2O2 in the aqueous mixture is 10% /vol.
acceptable (14.3 CAD). This finding has also been observed in the ear-
lier part of the study, i.e., Fig. 6. It is worth emphasising two points with
respect to this pilot: (a) it is responsible for only 0.09% of the respective
energy of the NH3/H2 fuel; (b) the standard enthalpy of vaporisation
of the H2O2/H2O mixture is significantly larger than conventional fuels
like diesel (0.332 MJ/kg for diesel versus 2.15 MJ/kg for the H2O2/H2O
mixture). This implies that the evaporation of this pilot has a more
intense cooling effect upon direct injection than would diesel. Similar to
what was reported for the case of torque, the injection duration appears
to have a relatively weak effect on the combustion duration, although
this effect becomes more pronounced as the SOI is retarded.

The maximum pressure rise rate decreases drastically as the SOI
is retarded from −10 to 0 CAD aTDC and levels off for any further
retarding of the SOI. This is an expected outcome since the ignition
is retarded with retarded SOI, thereby phasing the heat release in-
creasingly to CAD when the chamber volume is increasing. In that
sense the results displayed in Fig. 7(c) are reasonable and consistent
with physical reasoning. A closer examination of the pressure histories
revealed that all the cases that exhibit practically the same maximum
pressure rise rate (equal to 14 bar/ms) are misfires. As a result, based
on the pressure rise rate (PRR) examination, the SOI should be set
between −6 and −2 CAD aTDC, as for these SOI values the PRR is kept
low, while also the engine operates without any misfire. In addition,
Fig. 7(c) reveals that the use of a short injection duration (1 CAD) is
a more desirable schedule (although in practice it may be hard to do
so with the precision required) than a longer one (say 4 or 8 CAD), as
the longer injection duration requires a more advanced SOI to avoid
misfire. However, the advance of the SOI is associated with higher
pressure rise rates. It has to be noted though that in all examined cases,
the maximum pressure rise rate was below the threshold of 50 bar/ms.

The production of specific NOx, Fig. 7(d), shows that the retard-
ing of the SOI generally leads to lower NOx emissions. This can be
explained if one considers that retarding the SOI leads not only to the
increase of the combustion duration (as shown in Fig. 7(b)) but also to
the retarding of the ignition process, the latter occurring in the power
stroke. These two processes inevitably lead to lower temperatures,
hence lower NOx emissions.

The analysis of the SOI and injection duration was extended to
include examination of the unburnt NH3 (Fig. 7(e)) as well as the
production of N O (Fig. 7(f)). The first is important because it can lead
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to the notorious ammonia slip, which is major challenge to ammonia-
fired engines, while the latter is an extremely potent GHG. Regardless
of the injection duration, the unburnt ammonia is negligibly low for SOI
values 0 TDC aTDC or more advanced than that. Between −2 and 0 CAD
aTDC (depending the injection duration) the unburnt ammonia emis-
sion increases rapidly as the SOI is retarded, but still remains at very
low levels. It has to be noted, though, that the ammonia emissions for
these cases are associated with engine misfire and incomplete combus-
tion. In any case, if the SOI is advanced to −2 CAD aTDC, ammonia slip
does not appear to be an issue under the current engine operation. The
trend is similar for N2O production, in that when the SOI is advanced
to −2 CAD aTDC (or earlier), N2O emissions remain below 0.006 mg,
regardless of the injection duration. It is important here to highlight
that N2O emissions are not directly regulated by the IMO and there is
little data on N2O emissions from marine engines [80]. However, N2O
emissions are regulated by the U S Environmental Protection Agency
(EPA) standard for medium and heavy-duty vehicles at 133 mg/kWh
for the heavy-duty engine Federal Test Procedure (FTP) cycle [81]. On
this basis, at least, the proposed approach would meet the US EPA’s
standard without the need for any after-treatment for most of the SOI
values investigated here. In contrast, the standard would not be met
for SOIs of 4 and 6 CAD aTDC regardless of the injection duration
while at 2 CAD aTDC only the fastest injection duration would meet the
regulation. It is, finally, worth noting here that the unburnt H2 (i.e., the
second component in the main fuel blend) was practically non-existent
in all examined conditions (<0.00003% of the initial H2 amount on a
molar concentration basis or <8 × 10−7 mg).

Summarising:

• the retarding of the SOI leads, in principle, to lower torque,
longer combustion duration, lower maximum pressure rise rate
and lower NOx emissions. In addition, the retarding of the SOI
has a notably adverse effect on the unburnt ammonia and N2O
emissions only after 0 CAD aTDC.

• the combustion duration does not have a strong impact on the ex-
amined metrics but it generally tends to decrease torque, prolong
the combustion duration, increase the likelihood of misfire and
reduce NOx emissions.

• to avoid misfire, the SOI needs to be advanced to −4 CAD aTDC
with a short injection duration (1 CAD). Longer injection dura-
tions require earlier advance of the SOI which are in principle
associated with higher pressure rise rates.
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Fig. 8. The variation of pressure with CAD for: (a) three cases of different EGR rate (0, 10 and 20%) while maintaining constant H2O2 share at 20% /vol in the directly injected
H2O2/H2O mixture; (b) three cases of different H2O2 shares in the directly injected H2O2/H2O mixture (10, 20 and 30% /vol) while maintaining constant the EGR rate at 15%. In
all cases, the mass of the directly injected H2O2/H2O mixture is 4 mg, the SOI is −4 CAD aTDC, the injection duration is 1 CAD, the hydrogen share is kept at 20% and the mass
of the initial NH3/H2 mixture is 105 mg.
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• with an SOI between −6 and −2 CAD aTDC and an injection
duration of 1 CAD, the engine can reach a load of 63%–64% that
of the engine’s rated power when operated with diesel and at its
rated boost levels. At these conditions, the maximum pressure rise
rate is well below the threshold of 50 bar/ms (16–22 bar/ms)
and the unburnt ammonia emission is negligibly small. However,
NOx emissions are still an order of magnitude higher than IMO’s
Tier III regulation (between 39 and 44 g/kWh, compared to the
threshold of 2.16 g/kWh mandated by the IMO).

• early SOI and short injection durations favour the decrease of N2O
emissions. The USA EPA’s standard could easily be met (without
any after-treatment) with SOIs at 0 CAD aTDC or more advanced
regardless of the injection duration, while a short injection du-
ration (1 CAD) could extend that operational limit to 2 CAD
aTDC.

3.4. Exhaust gas recirculation (EGR) analysis

The next part of the analysis explores the effect of external EGR
on engine performance, in combination with the variation of the H2O2
share in the directly injected H2O2/H2O fuel. In particular, the EGR
content was varied from 0 to 30% (on a mass basis of the initial air)
leading to a change of the global equivalence ratio from 0.54 to 1.07
while the H2O2 share varies between 10 to 30% (on a volume ba-
sis). One of the known effects of EGR is the reduction of the maximum
in-cylinder pressure as a result of the reduction in the available oxygen
and the concurrent addition of water vapour, a triatomic molecule
with consequently higher specific heat than the diatomic oxygen and
nitrogen molecules. This is indeed confirmed in Fig. 8(a) where it is
shown that as the EGR rate gradually increases from 0% to 20% (in
the case where the H2O2 share is 20% /vol) the maximum pressure
decreases by more than 10 bar. On the other hand, Fig. 8(b) also
shows the strong effect that the increase of the H2O2 share has on the
pressure history in the presence of external EGR (15%). It is noted that
in the latter set of cases, the mass of the directly injected H2O2/H2O is
maintained constant at 4 mg and so is the mass of the initial NH3/H2
fuel (105 mg). It can be observed that doubling the H2O2 share from
10% to 20% on a volume basis leads to an increase of more than 11 bar
while further increase to a 30% share raises the maximum pressure by
another 6 bar. The ignition promotion and higher maximum pressures
achieved by the increase of the H2O2 share are a manifestation of the
radical pool enhancement achieved by H2O2. Radical species, namely
OH and H, are directly enhanced by the increase of H2O2, thereby
leading to an accelerated combustion process. It is noted that the
increase of the H2O2 share from 10% to 20% and 30% vol% translates
to 0.0022, 0.0040, 0.0034 kJ, respectively, which when compared
against the energy content of the NH3/H2 fuel blend (2.28 kJ) are
equivalent to 0.09%, 0.18% and 0.24%. All these results corroborate
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the ability of H2O2 to promote ignition despite its paltry energy content.
Extending the analysis to the range of 0%–30% of external EGR for
all three cases of H2O2 share in the H2O2/H2O mixture (10%, 20% and
30% /vol), Fig. 9 summarises the respective results in terms of torque,
combustion phasing, pressure rise rate, indicated thermal efficiency and
emissions. The first observation that can be made is that, for the case
of 10% H2O2 share, misfire occurs for EGR rates higher than 15%,
while the respective threshold for 20% and 30% H2O2 shares is above
30% EGR rate. In other words, by increasing the H2O2 share in the
H2O2/H2O mixture, the system becomes less prone to misfire. This can
be attributed to three reasons: (i) an increase of the H2O2 share results
in an increase of the fuel’s heating value (0.54/1.00/1.40 MJ/kg for
the cases of 10/20/30% /vol H2O2, respectively); (ii) by increasing the
H2O2 share, the radical pool essential for the ignition of the mixture is
enhanced; (iii) H2O2 in fact can act as both fuel and oxidiser and the
latter becomes particularly important when EGR is used.

The indicated torque and the indicated thermal efficiency are the
two metrics least affected by the increase of EGR. The indicated torque
exhibits a very small decreasing trend with EGR but this trend becomes
less visible as the H2O2 share increases. In fact, when the H2O2 becomes
0% the indicated torque remains practically unaffected and hence
onstant with the increase of EGR. The indicated thermal efficiency
xhibits a very similar response to the indicated torque, in that it
emains largely insensitive to the change of the external EGR share. For
fixed EGR rate, it can also be observed that the torque increases and

he indicated thermal efficiency decreases with the increase of the H2O2
share. The former occurs because of the higher work produced by the
piston as a result of the higher pressure reached with the increase of
the H2O2 share, as reported in Fig. 8. The latter is due to the higher
heating value of the directly injected H2O2/H2O mixture as a result of
the increase of the H2O2 share.

The combustion phasing on the other hand exhibits a more pro-
nounced response to the increase in EGR. In particular, CAD50 exhibits
an almost perfectly linear increase with the increase of the EGR rate,
for all three cases of H2O2 share. However, the dependence of CAD50
on EGR becomes less sensitive with the increase of the H2O2 share,
as indicated by the reduction in the respective slopes. In addition,
the combustion duration (as represented by CAD90-CAD10) generally
increases, as expected, with the increase of EGR. The retarding of the
combustion process with the increase of the external EGR is an expected
outcome since EGR acts as a diluent and therefore, the more EGR in the
cylinder, the slower the combustion process.

The benefits of external EGR are to be found in the pressure rise
rate and NOx emissions. Fig. 9(d) shows that the maximum pressure
rise rate decreases with the increase of external EGR. Hence, at 15%
of EGR, the maximum pressure rise rates of 10%, 20% and 30% H2O2
shares are 15, 17.9 and 24.6 bar/ms, respectively. These are reductions
of 32%, 29% and 10% compared to the respective cases of zero EGR
share. Notice, though, that the effectiveness in the reduction in the

maximum pressure rise rate becomes less pronounced as the H2O2
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Fig. 9. The change in torque (a), CAD50 (b), CAD90-CAD10 (c), pressure rise rate (d), indicated thermal efficiency (e), specific NOx (f), unburnt NH3 (g) and produced N2O (h)
s a function of the initial mass fraction of the external EGR, for three cases of different share of H2O2 in the directly injected H2O2/H2O mixture (10%, 20% and 30% /vol). In
ll cases, the mass of the directly injected H2O2/H2O mixture is 4 mg, the SOI is −4 CAD aTDC, the injection duration is 1 CAD, the hydrogen share is kept at 20% and the mass
f the initial NH3/H2 mixture is 105 mg.
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hare increases. In any case, in terms of absolute values, the obtained
aximum pressure rise rates are all well below the threshold of 50

ar/ms.
Similar to the maximum pressure rise rate, specific NOx emissions

ecrease with the increase of EGR share. This is an expected result
s EGR is known to be a very effective tool for reducing NOx emis-
ions. This is demonstrated in Fig. 9(f) where it is shown that 15% EGR
an achieve 33, 24 and 22% reduction in NOx emissions compared to
he zero EGR case for 10%, 20% and 30% H2O2 shares, respectively. It
s noted, though, that even by increasing the EGR rate to 30%, specific
Ox emissions still remain substantially above the acceptable limit set
y the IMO (2.16 g/kWh), despite the tremendous reduction that they
xperience (∼45%).

The analysis reveals that EGR also tends to increase the remaining
H3 slip. However, even the largest NH3 emissions reached at the
ighest EGR rates are negligibly small: 6.1 ⋅10−4, 1.9 ⋅10−4 and 2.4
10−6 g/kWh, for 10%, 20% and 30% H2O2 shares. These values are less
han 0.001% of the initial mass of NH3 (101.98 mg), hence the degree
f combustion inefficiency owing to ammonia slip is not considered
problem, at least on the basis of the calculation approach used in

his work. It is also worth noting that as the H2O2 share increases, the
mount of unburned ammonia becomes less sensitive to the increase
f EGR. This definitively indicates that as the H2O2 share increases the
ystem undergoes a more complete combustion, leaving progressively
ess unburned ammonia.

In fact, the last comment also applies for the N2O emissions dis-
played in Fig. 9(h), which shows that as the H2O2 share increases, the
engine tends to emit less N2O across the different EGR ratios. More
precisely, with 10% H2O2 share, N2O emissions start increasing rapidly
as soon as some EGR is used and with a 5% EGR N2O emissions are
marginally below the USA EPA’s standard, while by increasing EGR
further to 10% these emissions almost double, thereby exceeding, by
far, the EPA’s standard. On the other hand, when the H2O2 share
ncreases to 20%, N2O emissions remain extremely low and only start
o increase notably as soon as EGR increases beyond 15%. Increasing
he H2O2 share further to 30% enables the system to operate with
2O emissions below EPA’s standard for all EGR ratios examined from
up to 30%. Notably, both at 20 and 30% H2O2 shares, the N2O

missions start increasing significantly when EGR increases beyond
5%. To understand this behaviour, we need to consider that the
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ncrease in EGR leads to the retarding of CAD50 and the extension of
he combustion duration (CAD90-CAD10), as was shown in Figs. 9(b)
nd 9(c), respectively. In other words, not only is combustion retarded
ut also its duration is longer which inevitably leads to some of the
ain fuel blend (NH3/H2) remaining unburnt for longer in the power

troke as illustrated by the right-hand ordinate of Fig. 10(a). While
his happens, the thermodynamic conditions are still suitable for the
ctivation of exothermic reactions which maintain a sufficiently high
eat release rate (left hand ordinate of Fig. 10(a)) and hence high
emperature (left hand ordinate of Fig. 10(b)). The sufficiently high
emperature and the excess remaining main fuel blend (NH3/H2) lead
o the generation of more radicals, particularly O radicals (right hand
rdinate of Fig. 10(b)) which are the key chemical species for the
roduction of N2O through reaction N2 + O (+M) → N2O (+M) [82].

In summary, the investigation of the EGR ratio for different H2O2
hares revealed that:

• the developed torque and indicated thermal efficiency remains
practically unaffected by the use of EGR, regardless of the H2O2
share. However, for a given EGR rate, torque increased and
indicated thermal efficiency dropped with the increase of H2O2
share.

• CAD50 increased linearly with the EGR for all H2O2 shares. As
expected, CAD50 was also found to decrease with the increase of
the H2O2 share.

• the combustion duration was found to increase with the increase
of the EGR rate and decrease with the H2O2 share.

• the use of EGR was found to be an effective measure to decrease
the maximum pressure rise rate. At 15% of EGR rate, the max-
imum pressure rise rates of 10%, 20% and 30% H2O2 shares
were 15, 17.9 and 24.6 bar/ms, respectively, all well below the
acceptable limit of 50 bar/ms.

• specific NOx emissions also decreased substantially with EGR,
yet they remained above the acceptable IMO limit (2.16 g/kWh),
thereby suggesting potentially the need for some aftertreatment.

• ammonia slip was not an issue with the proposed approach be-
cause the unburned ammonia was negligibly small at all condi-
tions.

• N2O emissions tend to generally increase with EGR but as the
H2O2 share increases, the system tends to emit fewer N2O emis-
sions across the different EGR ratios and hence it becomes easier
to meet US EPA’s standard.
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Fig. 10. The variation of heat release rate and molar concentration of NH3 in (a), and temperature and molar concentration of O radical in (b) for four cases of different EGR
rates (10, 15, 20 and 25%) while maintaining constant the H2O2 share at 20% /vol in the directly injected H2O2/H2O mixture. In all cases, the mass of the directly injected
H2O2/H2O mixture is 4 mg, the SOI is −4 CAD aTDC, the injection duration is 1 CAD, the hydrogen share is kept at 20% and the mass of the initial NH3/H2 mixture is 105 mg.
Fig. 11. The change in load (a), CAD90-CAD10 (b), pressure rise rate (c), specific NOx (d), unburnt NH3 (e) and N2O production (f) as a function of the initial equivalence ratio
for three different cases of directly injected masses (4, 8 and 16 mg). In all cases, the hydrogen share is kept at 20%, the share of H2O2 in the diluted mixture is 10% /vol, the
SOI is −6 CAD aTDC and the injection duration is 4 CAD.
3.5. Varying load analysis

The scope of the last section of the analysis is to explore the
changes in the engine performance as a function of the load. The
variation of load is achieved by adjusting the initial mass of the NH3/H2
mixture. Any change in that mass directly affects the in-cylinder global
equivalence ratio. As a result, the equivalence ratio changes from 0.32
to 1.2 by adjusting the mass of the NH3/H2 mixture from 65 to 202
mg, respectively. Apart from the mass of the NH3/H2 mixture, all
other parameters are maintained constant with the exception of the
mass of the directly injected H2O2/H2O mixture where three cases are
considered: 4, 8 and 16 mg. Moreover, the SOI is −6 CAD aTDC, the
injection duration is 4 CAD, the hydrogen share is kept at 20% and
the share of H2O2 in the diluted mixture is 10% /vol. At this point
it has to be stressed that the engine performance outcomes discussed
next are achieved without applying any systematic optimisation pro-
cess, because the only variables that are altered are the mass of the
initial NH3/H2 blend and the mass of the directly injected aqueous
H2O2. It is likely that better performance outcomes would be achieved
by optimising all the pertinent engine parameters, e.g., the SOI, the
injection profile, the injection duration etc.

As Fig. 11(a) shows, the load progressively increases, as expected
almost linearly, from an equivalence ratio at 0.3 and peaks for stoichio-
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metric mixtures (𝜙 = 1). An equivalence ratio of 0.3 allows a load of
44% of conventional diesel boosted operation, while at an equivalence
ratio of 1.05, the load reached is 93% of the same metric. Notice
that the amount of the directly injected mass has negligible effect
on the engine load; for example, at 𝜙 = 0.8 (148 mg initial fuel)
the load is practically the same (81%) for all three different cases of
directly injected mass (4, 8 and 16 mg). This is consistent with Fig. 6
where it was shown that, as soon as the directly injected mass exceeds
a critical value, any further increase does not affect the developed
torque. When the directly injected mass is 8 and 16 mg, the equivalence
ratio (and hence load) has a relatively weak – but different – effect on
the combustion duration CAD90-CAD10. However, when the directly
injected mass decreases to 4 mg, the duration becomes sensitive to the
change in the equivalence ratio at fuel lean conditions between 0.3 and
0.4.

The maximum pressure rise rate is found to stay below the threshold
of 50 bar/ms for all investigated cases. However, it generally tends to
increase with the equivalence ratio (and hence the load) from fuel lean
to stoichiometric and decreases with increasing equivalence ratio in
the fuel rich regime. In addition, the maximum pressure rise rate also
increases with the increase of the directly injected mass, consistent with
Fig. 6. It has to be noted, though, at high load conditions (equivalence
ratio between 0.8 and 1.2) that the maximum pressure rise rate is
relatively close to the threshold of 50 bar/ms. As a result, it would be
reasonable at these conditions to make use of EGR or to optimise the

injection strategy to alleviate the high pressure rise rate.
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The results are equally interesting in view of emissions, i.e., NOx,
unreacted NH3 and N2O. With regard to NOx, Fig. 11 shows that
specific NOx emissions are clearly a function of the equivalence ra-
tio: emissions peak in the neighbourhood of 𝜙=0.6−0.65 and rapidly
decrease for fuel leaner or richer mixtures. This is consistent with
ammonia/hydrogen combustion experiments reported in the literature
which attributed the peak of NOx at such lean conditions as a result of
the weak deNOx effect of ammonia [83–86]. At these equivalence ra-
tios, the developed load is ∼70% of the reference diesel operation. The
specific NOx maximum value that is attained for 𝜙 = 0.61 is equal
to 48.9 g/kWh, i.e., 22 times higher than the Tier III regulation of
2.16 g/kWh. At highly fuel lean conditions (and low loads), i.e., 𝜙 =
0.3−0.35, specific NOx drop significantly to 7–16 g/kWh, while at
stoichiometric conditions where the maximum load is obtained, NOx
emissions drop even further to 2.49 g/kWh, marginally above the Tier
III regulation.

Any unreacted ammonia giving rise to emission has in general negli-
gibly small values, with the peaks at the leanest and richest equivalence
ratios. For example, at 𝜙=0.41 (54% load), the unreacted ammonia is
0.0092 mg which is 0.012% of the initial NH3 mass, while at 𝜙 = 1.04
(93%) the unreacted ammonia becomes 0.0021, which is 0.0012% of
the initial mass of ammonia. The results indicate that ammonia slip
would not be a problem for any of the conditions under investigation
with the exception of highly fuel lean conditions, 𝜙 = 0.3, where
the unreacted ammonia can reach 7% of the initial NH3 mass. N2O
emissions are generally maintained at very low values, well below the
standard regulated by USA EPA at 133 mg/kWh. In fact, the highest
value that is reached is 7 mg/kWh for 𝜙=0.35, which is nearly 20 times
below the standard. Yet, it needs to be stated that N2O emissions tend
to increase as the equivalence ratio progressively decreases, thereby
peaking at the fuel lean boundary of 𝜙 = 0.3–0.4.

In summary:

• load variation between 44% and 93% (of the engine’s rated power
when operated with diesel and at its rated boost levels) can be
achieved by adjusting the equivalence ratio of the initial mixture
from 0.3 to 1.05, respectively. Load enhancement is almost per-
fectly linear with the increase in the equivalence ratio, peaking
at 𝜙 = 0.5.

• combustion duration is affected more by the directly injected
mass than the equivalence ratio of the initial mixture. The latter
has a weak impact on the combustion duration.

• the maximum pressure rise rate is a function of both the directly
injected mass and the equivalence ratio of the initial NH3/H2
mixture, increasing with the increase of any of these two. In all
cases, the maximum pressure rise rate is maintained below the
threshold of 50 bar/ms.

• NOx emissions peak between 𝜙 = 0.6−0.65 and rapidly de-
crease as the equivalence ratio increases or decreases. At high
load conditions (93%) NOx emissions are marginally above the
Tier III standard, at 2.49 g/kWh (compared to the standard
of 2.16 g/kWh). These results, if confirmed, are unusual for
ICEs which generally emit the most NOx as stoichiometric ratio
is approached. While more work is needed, the results found
here may allow greater operational flexibility, particularly for
turbocharging.

• ammonia slip is negligible for any of the investigated conditions,
with the only possibly exception at low loads (44%) and highly
lean conditions (𝜙 = 0.32) where the unreacted ammonia reaches
7.4% of the initial NH3 mass.

• N2O emissions are negligibly small for all investigated conditions
of different loads and directly injected masses.
347
4. Conclusions

In this study, a sophisticated and well validated stochastic reactor
model has been utilised to explore the potential of using the pilot injec-
tion of hydrogen peroxide as an ignition promoter for compression ig-
nition engines fuelled with blends of ammonia and hydrogen. Engines,
fuelled with ammonia or hydrogen, are currently being investigated by
the maritime industry and other heavy-duty engine sectors as promising
alternatives to conventional heavy fuel oil engines, notorious for their
significant pollution emissions. Despite their environmental promise,
these engines still require diesel pilot injection to achieve ignition,
thereby precluding them from achieving full decarbonisation.

An extensive numerical campaign was undertaken, investigating the
effect of: (i) the hydrogen share in the NH3/H2 mixture; (ii) the amount
and concentration of the directly injected mass of H2O2/H2O; (iii) the
SOI and the injection duration; (iv) the amount of the EGR; (v) the
equivalence ratio for wide range of different engine loads. These inves-
tigations were focused on the consequences for engine load, combustion
phasing and duration, maximum pressure rise rate, and emissions (NOx,
NH3, N2O).

The analysis reported herein presents some novel findings that
provide evidence for the potential feasibility of the proposed use of
pilot injection of hydrogen peroxide as an ignition promoter in ammo-
nia/hydrogen fuelled compression ignition engines. Firstly, it is shown
that the required amount of aqueous hydrogen peroxide could be as
low as 0.09% on an energy basis of the ammonia/hydrogen mixture at
medium and high loads. If we suppose that ammonia will be stored in
liquid form (and hydrogen will be produced by cracking some of that
ammonia), the H2O2/H2O to NH3 share becomes only 2.6% on a vol-
ume basis (considering the densities of ammonia and H2O2/H2O as 730
and 1,076 kg/m3, respectively). Secondly, the analysis highlighted that
the concentration of the hydrogen peroxide in the aqueous mixture can
be as low as 10%. This is important for two reasons. Firstly, because the
relatively large proportion of water associate with the peroxide solution
can assist in mitigating the undesired effect of ammonia combustion,
namely NOx emissions. The second reason has to do with the logistics
of the H2O2/H2O mixture and the fact that less concentrated solutions
are more widely available in the market. The analysis also revealed
that generally no excessive pressure rise rates arise that would prohibit
the use of the proposed technology. The only potential exception is
when the hydrogen share is more than 20% but this has been reported
for other ammonia/hydrogen-based technologies, unrelated to the use
of peroxide. The proposed technology nevertheless results in NOx
emissions which, in many of the explored conditions, exceeded the Tier
III standard, thereby necessitating the need for after-treatment. These
emissions are similar to those reported in the literature [87,88], but
future work on the optimisation of the injection strategy, combined
with EGR, might reduce NOx emissions further. Ammonia slip was
found to be negligibly small with the only exception being at extremely
fuel lean conditions (𝜙 = 0.3), where the unreacted ammonia was 7%
of the initial ammonia mass. Finally, N2O emissions were generally
found to be low, meeting the USA EPA’s standard, although under
certain conditions these increased to unacceptable levels. Further work
is required with respect to this emission.

This study presents promising preliminary results. It provides gro-
unds for further investigation into the full scope and limitations of
this technology, which necessitates conducting extensive engine ex-
periments and advanced high fidelity computational simulations. The
work also highlights the necessity for more extensive analysis of the
optimal configuration to achieve balance between engine performance
and specific NOx levels, and outlines potential options. There is a need
for more detailed examination of efficient design parameters for engine
operation utilising the technology.
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