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HIGHLIGHTS

e Up to 10% H,0, (/fuel vol) in H, is su_cient for HCCI engine operation at _eff = 0.1-0.4.
e Hy/H,0, blends lead to much better engine performance compared to preheated H,.

e Addition of H,0, leads to increase of IMEP, torque, power and thermal e_ciency.

e Incremental addition of H,0, results in decrease of NOx (no after-treatment required).

ARTICLE INFO

Article history:

Received 3 October 2021
Received in revised form

14 December 2021

Accepted 11 January 2022
Available online 3 February 2022

Keywords:

HCCI

Compression ignition engine
Heavy duty applications
Hydrogen engine

ABSTRACT

In the current work, Chemkin Pro's HCCI numerical model is used in order to explore the
feasibility of using hydrogen in a dual fuel concept where hydrogen peroxide acts as
ignition promoter. The analysis focuses on the engine performance characteristics, the
combustion phasing and NOx emissions. It is shown that the use of hydrogen/hydrogen
peroxide at extremely fuel lean conditions (pef = 0.1 — 0.4) results in significantly better
performance characteristics (up to 60% increase of IMEP and 80% decrease of NOx)
compared to the case of a preheated hydrogen/air mixture that aims to simulate the use of
a glow plug. It is also shown that the addition of H,O, up to 10% (per fuel volume) increases
significantly the IMEP, power, torque, thermal efficiency (reaching values more than 60%)
while also decreasing remarkably NOx emissions which will not require any exhaust after-
treatment, for all engine speeds. The results presented herein are novel and promising, yet
further research is required to demonstrate the feasibility of the proposed technology.

Dual fuel © 2022 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

Emissions LLC. This is an open access article under the CC BY-NC-ND license (http://
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" especially for applications that are hard to electrify such as
Introduction

Hydrogen is considered one of the best candidates to replace

marine propulsion and heavy duty vehicles [1,2]. The use of
hydrogen in thermal engines is not novel and dates more than
two centuries back but it wasn't until the seventies that

fossil fuels for power generation and propulsion purposes,
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received increased interest due to the two energy crises that
resulted in unprecedented increases of the oil prices and fuel
shortages in many developed countries around the globe.
Recently, it has attracted more interest again as an effective
way to combat climate change. Although currently most
hydrogen production relies on methane reforming (grey
hydrogen), other techniques have also been developed, more
environmentally friendly, allowing its production solely from
renewable energy sources (green hydrogen) [3,4]. Nations like
the United Kingdom and Japan have already pledged to the
development of hydrogen-based strategies in their effort to
decarbonise their societies [5,6].

Most research of hydrogen use in internal combustion
engines (ICEs) has revolved around spark ignition (SI) engines.
There is a vast literature on SI hydrogen engines which has
been nicely summarised in many review works such as Refs.
[7—12]. The great interest in SI hydrogen engines was not
solely academic. In fact, large automakers such as Ford [13],
DaimlerChrysler [14] and BMW [15] developed hydrogen
fueled models. On the other hand, hydrogen use in compres-
sion ignition (CI) engines has not been particularly attractive
and the reason has mainly to do with hydrogen's high auto-
ignition temperature. In other words, the thermodynamic
conditions reached in a conventional CI engine are not suffi-
cient to trigger hydrogen's ignition. To tackle hydrogen's high
resistance to autoignition, three strategies have been pro-
posed. Firstly, the use of very high compression ratios (> 29:1),
e.g. Ref. [16]. This approach is not attractive because it results
to problems related to the mechanical strength of the engine
structure, therefore, it requires an engine redesign. Secondly,
the use of a glow plug with the purpose of preheating the
intake air (e.g., Ref. [17]) and in few cases heating the
hydrogen/air charge (e.g., Ref. [18]), therefore resembling to an
SI engine operation. This technique is generally simple and
has been tested both in conventional CI and homogeneous
charge compression ignition (HCCI) engines, yet, the available
literature of the last 30 years is scarce. Hydrogen combustion
in CI/HCCI mode with the use of a glow plug has been reported
to lead to very low NOx emissions where in some cases a
three-way catalytic converted was not required [18—23]. In
addition, such an approach has demonstrated higher fuel ef-
ficiency and power to weight ratio compared to the conven-
tional, diesel-fueled mode [21]. Despite these promising
results, the increase of the intake air temperature when used
without any substantial modification of a conventional CI
engine, leads to a decrease of the volumetric efficiency which
results in the decrease of the indicated mean effective pres-
sure (IMEP), the indicated thermal efficiency (ITE) and the
brake thermal efficiency [19,20,22—24]. In HCCI mode, addi-
tional challenges relate to the limited operating range due to
the high in-cylinder pressures reached and the difficulty in
controlling the engine operation, the latter being an inherent
characteristic of HCCI mode [19,20]. The third approach en-
compasses a dual fuel strategy, where the ignition of the in-
cylinder charge is achieved by the direct injection of a more
reactive fuel, e.g., diesel. This approach is particularly attrac-
tive, because it offers a unique flexibility in the engine oper-
ation while also maintaining (at least to some extend) the
benefits from the CI/HCCI mode [25]. In CI/HCCI dual-fuel
operation, hydrogen has been mainly used with carbon-

based fuels, such as (bio-)diesel [26—28], natural gas [29,30]
and others, with the only exceptions the work of Boretti on
hydrogen/ammonia in a new engine design [31] and the work
of Seignour et al. on hydrogen/ozone blends in HCCI mode
[32]. Being carbon-based, the fuel blends produce carbona-
ceous emissions (e.g., CO,) directly or indirectly (depending
how these fuels are originally produced), thus, cancelling or
reducing the efforts for drastic greenhouse gases (GHG)
reduction.

Recently, an alternative approach was proposed, which
relies on the use of hydrogen peroxide (H,0,) for the ignition
promotion of Hy/air mixtures, accompanied by steam (H,0)
dilution for NOx reduction purposes, at Cl-relevant conditions
[33,34]. H,0, has long been used as rocket propellant [35,36],
while in conventional transport-related applications it has
been used with a large variety of fuels for ignition advance-
ment (e.g., Refs. [37,38]). In addition, steam dilution is a well-
documented method of emissions reduction [39]. In the
recent work of [33] it was reported that a mere 10% (per fuel
volume) addition of H,0, in Hy/air mixtures can lead to igni-
tion delay times relevant to CI engines. Steam addition was
also reported to induce a tremendous decrease in NOx emis-
sions with a minimal detrimental impact on the ignition delay
time. Furthermore, it was revealed that sufficient steam
dilution of H,/H,0,/air mixtures at fuel lean conditions can
lead to a two-stage ignition. The latter is particularly impor-
tant because it can facilitate the introduction of low temper-
ature combustion (LTC) in hydrogen-fueled CI engines. Later,
it was reported that H,O, addition in Hy/air mixtures in the
context of premixed laminar flames leads to a significant in-
crease of the laminar flame speed, the heat release and NOx
emissions, while also enhancing the stability of the flame and
inducing a broadening of the reaction zone [34].

The results reported in Refs. [33,34] were obtained from the
analysis of homogeneous batch reactor and laminar flame
simulations, both idealized setups that are commonly used by
the research community. These studies provided sufficient
numerical evidence to justify the further exploration of the
proposed technology in the context of numerical CI setups.
The need for further numerical investigation stems from two
facts: (i) none of the studies reported in Refs. [33,34] took into
account the effect of H,0,/H,0 addition to the engine perfor-
mance, and (ii) any follow up work with engine experiments
will require a prior feasibility study which will provide some
guidance to the design of the experiments. Therefore, the
objective of the current work is to provide numerical evidence
on the feasibility of the proposed technology of H,/H,0,
blends in view of engine performance characteristics, NOx
emissions and combustion phasing. For the analysis, a
simplified HCCI engine model is used, that of the Chemkin Pro
suite. The employed model is commonly used in the literature
(e.g., Refs. [40—42]), however, the results have to be treated
with care due to the simplifications that have been made and
the assumptions that are considered. As a result, the purpose
of the current work is to emphasize the qualitative features of
the results and identify trends rather than highlighting
quantitive aspects. The structure of the paper is as follows.
Firstly, the HCCI engine model is briefly described along with
the setup's engine details. Then the analysis follows which
includes three parts. Firstly, the proposed technology of H,/
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H,0,/air is compared against preheated H,/air mixtures. Sec-
ondly, the effect of the addition of H,0, to Hy/air mixtures is
investigated. Finally, the effect of H,0, addition to Hj/air
mixtures under constant (low and mild) load conditions is
investigated.

Material and methods

The zero-dimensional single zone HCCI engine model of
Chemkin Pro suite is used for all simulations performed in the
current study. The model solves the species and energy
equations plus an additional equation for volume to account
for the piston movement. The latter is time-dependent (like
the other governing equations) and is a function of engine
parameters, including compression ratio, crank radius, con-
necting rod length, speed of revolution of the crank arm, and
the clearance or displaced volume [43]. For more details about
the mathematical formulation of the single zone HCCI engine
model, the reader is referred to the manual of Chemkin Pro
[44]. The model also considers that the system is fully closed,
therefore, there is no mass exchange. In addition, for the
purpose of the current study which aims at qualitative and not
quantitative features of the results, the system is considered
adiabatic therefore no heat losses are taken into account.
Finally, the model considers that the mixture is fully homo-
geneous during throughout the simulation.

As shown in Table 1, the engine's bore and stroke are 10
and 10.5 cm, respectively. The engine compression ratio (CR)
varies from 14 to 20 but the reference value is 17. Most of the
investigation is performed at three engine speeds, 1,000, 2000
and 3000 rpm. Unless otherwise stated, the intake pressure
(Pin) is 1 atm and the intake temperature (Tj,) is 320 K. All
simulations start at —180 crank angle degrees after top dead
center (CAD aTDC) and end at 180 CAD aTDC. For consistency
purposes with the previous works [33, 34], the chemical re-
action mechanism of Aramco 3 [45] was employed in the cur-
rent study, supplemented with the nitrogen sub-mechanism
of Glarborg et al. [46].

In the current work, hydrogen peroxide is added on the
basis of the hydrogen mole fraction. Therefore, a 10% addition
of H,0, indicates that the H,0, mole fraction (Xy,o,) is 10% of
the hydrogen mole fraction (Xy,), i.e., Xn,0,/Xn, = 10%. Since
hydrogen peroxide can act as an oxidiser, the use of the con-
ventional definition of equivalence ratio ¢ = (Xp/Xuy)/
(Xr/Xair)s is not suitable. Therefore, the definition of the
effective equivalence ratio (pes) is adopted, similar to the one
introduced in Ref. [47] and in consistence with the previous

Table 1 — HCCI engine specifications used in the
simulations.

Engine speed 1000, 2000, 3000 rpm

Engine compression ratio 14-20
Bore 100 mm
Stroke 105 mm
Connecting Rod to Crank Radius Ratio 3.714286
Intake pressure 1atm
Intake temperature 320K
Displaced/Swept volume 0.82461

work on hydrogen/hydrogen peroxide blends [34]. Therefore,
the effective equivalence ratio is defined as:

XHZ/(O.SXHZO2 + Xo,)
(XHz /on )st

where the subscript st denotes stoichiometric conditions. In
principle, the definition assumes that 1 mol of H,0, leads to
the formation of 1 mol of H,0O and half mole of O,. All simu-
lations reported herein are performed at fuel lean conditions,
mainly in the range of 0.1 < ¢ < 0.4, which are typical for
hydrogen fueled HCCI engines [19,20,22,24,48,49].

In the following analysis, the indicated work is represented
by W.; following the same notation as in Chemkin's manual,
and the indicated mean effective pressure IMEP is calculated
from

(peff = (1)

IMEP = Ve 2

disp

where Vg, is the cylinder's displaced/swept volume, i.e., the
volume swept by the piston defined as Vs, = (w/2)D?L4, where
D the bore's diameter and L, = 36.8 mm the crank arm radius.
The indicated power is given from

W iN
P=——

2 ()

where N the engine speed in number of revolutions per sec-
ond. Torque is defined as

P;
27N ()

while the indicated thermal efficiency is given by

_ 1
" sfc-Quv

where sfc the specific fuel consumption defined as sfc = (mN)/
(2P;), ms the fuel mass in the initial gas charge and Qyy is the
heating value of the fuel.

Nth

()

Results and discussion

First the analysis will focus on comparing the engine per-
formance characteristics of two approaches: the proposed
use of hydrogen/hydrogen peroxide blends against the suffi-
cient preheating of hydrogen/air blends. This comparison is
performed at 3 engine speeds (1,000, 2000 and 3000 rpm) and
three equivalence ratios (s = 0.1, 0.2 and 0.3). The results of
this comparison are displayed in Table 2 while Fig. 1 displays
the pressure profiles of two of the examined cases. In
essence, this comparison aims to highlight the theoretical
advantages of the proposed technology (i.e., that of hydrogen/
hydrogen peroxide blends) against the more conventional
approach of the charge preheating with a glow plug. The
cases were set up as follows. Starting at ¢, = 0.1 and
1000 rpm, the charge includes only hydrogen and air (i.e., 0%
H,0,) and the intake temperature is incrementally increased
until the ignition CAD reaches a value of between +1 and + 2,
i.e., 1aTDC < CAD;y, <2 aTDC (the only exception is the case of
@eif = 0.1 and 3000 rpm where CADj,, = 4 CAD aTDCQ). It is
noted that the ignition CAD is defined on the basis of the
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Table 2 — Engine performance results for various cases of engine speed (1000, 2000, 3000 rpm) and mixture effective

equivalence ratio (¢ = 0.1, 0.2, 0.3) with and without H,0, addition. The percentage of H,0, addition refers to the H, mole
fraction. The ignition CAD are determined on the basis of the maximum temperature rate of change. CAD90 represents the
CAD where 90% of the heat release rate have been reached. ny, represents the thermal efficiency. NOx emission values have

units of ppmvd and represent the gas-phase volumetric fraction of NOx expressed in parts per million, after removing the
volumetric contribution of water. For each case of 0% H,0, a case with the addition of H,0, is shown, maintaining the
ignition CAD constant. All cases with the addition of H,0, have T;, = 320 K. In all cases (with and without H,0,) the ignition

CAD is maintained at 1-2 CADs aTDC, with the only exception of ¢ = 0.1 and 3000 rpm where CAD;4, ~ 4 aTDC.

Speed % H202 TMsa CADjgy, CAD90 IMEP Power Torque Ny e NOx I
Rpm K CAD aTDC CAD aTDC  bar J/sec N-m K Ppmvd  bar
Pefr=0.1 1000 0.00% 386.1 1.89 2.02 2.12 1458.1 13.9 0.609  1462.7 0.33 67.5
1000 12.00% 320.0 1.89 4.32 2.75 1891.5 18.1 0.618  1301.3 0.11 70.5
2000 0.00% 401.4 1.97 2.13 2.03 2791.6 13.3 0.607  1496.0 0.39 66.3
2000 28.00% 320.0 1.97 4.54 2.96 4071.2 19.4 0.618  1316.6 0.11 71.4
3000 0.00% 407.3 3.95 4.16 1.99 4109.2 13.1 0.604  1498.3 0.40 64.0
3000 40.00% 320.0 3.97 6.65 3.09 6374.9 20.3 0.612  1309.4 0.09 69.5
Pefr=0.2 1000 0.00% 374.9 1.84 1.84 4.11 2824.0 27.0 0.596 1779.7 1.21 83.3
1000 4.25% 320.0 1.84 1.85 5.01 3441.4 32.9 0.606  1672.2 0.81 91.8
2000 0.00% 390.3 1.69 1.69 3.93 5402.4 25.8 0.594  1812.7 1.43 81.5
2000 10.00% 320.0 1.70 1.71 5.17 7102.7 33.9 0.607  1688.2 0.92 92.9
3000 0.00% 399.2 1.85 1.85 3.83 7901.1 25.2 0.592  1831.0 1.57 80.4
3000 17.00% 320.0 1.86 1.87 5.36 11055.7 35.2 0.607  1707.1 1.00 94.1
Pef7=0.3 1000 0.00% 369.3 1.49 1.49 5.89 4051.0 38.7 0.583  2068.3 78.68 96.7
1000 2.50% 320.0 1.49 1.49 7.00 4811.8 45.9 0.592  1975.6 18.51 106.7
2000 0.00% 383.5 1.75 1.75 5.65 7768.7 37.1 0.581  2096.8 56.15 94.3
2000 5.50% 320.0 1.75 1.75 7.12 9791.7 46.8 0.591  1986.8 9.97 107.3
3000 0.00% 393.0 1.51 1.51 5.50 11341.0 36.1 0.579  2116.5 50.11 92.9
3000 9.50% 320.0 1.52 1.52 7.29 15031.9 47.8 0.591  2002.8 8.73 108.5
100 , , : : In detail, at g = 0.1, the required increases of the intake
| e | temperatures to achieve the desired ignition CAD are 66, 81
I\ and 87 K at engine speeds of 1000, 2000 and 3000 rpm,
80 - b respectively. On the other hand, through the addition of H,0,,
r ] the desired outcome is achieved with 12, 28 and 40% of H,0, at
— 60 _ 1,000, 2000 and 3000 rpm, respectively. Table 2 shows that the
8 | | addition of H,0, leads to the: (i) significant increase of the
o IMEP, ranging between 29% to 55%, (ii) significant increase of
A~ 40+ 7 the indicated power similar in magnitude to the IMEP, (iii)
b 1 significant increase of the torque similar in magnitude to the
200 o% H,0, T, =390 K i IMEP, (iv) small (~1.5%) incre.ase of the thermal efﬁcieoncy, (Ov)
| 10%HO.T =320K notable decrease of the maximum temperature by 11%—13%,
L 272 Tin (vi) tremendous decrease of NOx emissions by 67%—78% and
R T S T S R . . o
960 40 20 0 20 40 60 (vii) insignificant increase of the maximum pressure by 4%

CAD aTDC

Fig. 1 — The in-cylinder pressure profile of a simulated
HCCI engine for the cases of 0% H,0,, Ti, = 390 K and 10%
H;0,, Tin, = 320 K. In both cases P;, = 1 atm and g5 = 0.2.
The difference of the ignition CAD (on the basis of the
maximum temperature rate of change) between the two
cases is less than 1%.

maximum temperature rate of change. Then, the intake
temperature is set to 320 K and the initial hydrogen peroxide
content in the initial fuel/air mixture is incrementally
increased, while maintaining the effective equivalence ratio
constant at 0.1. The case of % H,0, addition that achieves the
same CAD;y, is then compared against the one with no H,0..
This process is repeated for the three aforementioned effec-
tive equivalence ratios and engine speeds.

9%. All the aforementioned findings, except for the last one,
demonstrate the advantageous character of the use of
hydrogen peroxide for ignition promotion instead of the pre-
heating the charge. The increases similar in magnitude of the
IMEP, indicated power and torque are all related to the in-
crease of the indicated work. The thermal efficiency is a
function of two quantities: the specific fuel consumption and
the heating value of the fuel. With the addition of H,0,, the
first increases significantly because of the much higher mo-
lecular weight of H,0, (34 g/mol for H,O, vs 2 g/mol for Hy)
which leads to a much higher fuel mass, while the latter de-
creases greatly because of the much lower heating value of
H,0, (3 kJ/g for H,0, vs 120 kJ/g for H,). Hence, this cancella-
tion of the specific fuel consumption with the fuel heating
value leads to a minimal increase of the indicated thermal
efficiency. NOx emissions are generally too low with 0% H,0,
but with the addition of H,0, and the associated decrease of
the intake temperature, the maximum temperature drops and
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this results in decreased production of NOx emissions. Finally,
the notable increase of the maximum pressure due to the
addition of H,0, should be highlighted as one of the issues
that would potentially need to be addressed by alternative
approaches such as steam addition.

At e = 0.2, the required amount of H,0, to achieve the
same ignition CAD as the preheated case of no H,0,, drop
significantly compared to the cases reported for ¢, = 0.1. In
particular, 4.25, 10 and 17% of H,0, are required at 1,000, 2000
and 3000 rpm, respectively, compensating the effect of
respective increases of the intake temperature of 55, 70 and
79 K. The addition of H,0, has the same effect on the engine
performance characteristics as previously discussed for ¢
= 0.1: important increase of IMEP, power and torque, small
increase of the thermal efficiency, great decrease of the
maximum temperature and NOx emissions and insignificant
increase of the maximum pressure. However, the increase of
IMEP, power and torque now ranges between 22% and 40%
(compared to 29%—55% increase at ¢ = 0.1), the increase of
the thermal efficiency becomes slightly more pronounced
ranging between 1.7% and 2.5% (compared to ~1.5% increase
at g5 = 0.1), the decrease of the maximum temperature be-
comes less pronounced (6%—7% compared to 11%—13%
decrease at g5 = 0.1), the decrease of NOx emissions becomes
less prominent ranging between 33% and 36% (compared to
67%—78% decrease at ¢qr = 0.1) and the increase of the
maximum pressure becomes more striking ranging between
10% and 17% (compared to 4%—9% increase at g.q = 0.1).

By increasing further the effective equivalence ratio, at
@er = 0.3, the system becomes more sensitive to the addition
of H,0,; the required amount of H,0, to achieve the same
ignition CAD as with preheated charge now ranges between
2.5 and 9.5%. In essence, the required amount of H,0, at
constant speed drops an order of magnitude when moving
from ¢ = 0.1 to ¢ = 0.3. For instance, at 1000 rpm and
@efr = 0.1 the required amount of H,0, is 12% while at g5 = 0.3,
the respective amount is merely 2.5%. At g5 = 0.3, the addi-
tion of H,0, induces the same changes on the engine perfor-
mance characteristics as those previously reported for
@ef = 0.1 and 0.2. In fact, the IMEP, power and torque still in-
crease with the addition of H,0,, however, their increase be-
comes less pronounced following the trend identified at
@ef = 0.2, i.e., it now ranges between 19% and 33%. The ther-
mal efficiency is still marginally increased with the addition of
H,0,, with an increase of 1.5%—2%, as previously reported for
@eif = 0.1 and 0.2. The maximum temperature drops by ~5%
(following the trend of becoming less pronounced as the
mixture gets richer), however, NOx emissions both drop
significantly by 77%—83%. The reason that NOx emissions
decrease does not follow a clear trend as the mixture becomes
richer (from g5 = 0.1 to 0.2 the decrease becomes less striking
while from ¢ = 0.2 to 0.3 it increases) is attributed to the fact
that at sufficiently lean conditions (g = 0.1 to 0.2) the
maximum temperature is quite low therefore the NOx pro-
duction pathway remains largely inactive. However, as the
mixture becomes richer the system reaches temperatures
which start to activate the NOx production pathway and even
small changes to the temperature will have significant effect
on NOx production. Finally, the maximum pressure 10%—17%
increases at levels similar to those described for ¢e5 = 0.2.

In summary, the comparison of the two strategies of
hydrogen peroxide addition versus the preheating of the
charge indicates that the first approach is more advantageous
compared to the latter because it leads to significantly
enhanced engine performance (higher IMEP, power and tor-
que) and reduced NOx. However, as the mixture becomes
richer, the increase on the engine performance characteristics
becomes less pronounced while the decrease of NOx emis-
sions is maintained high. In addition, the hydrogen peroxide
addition leads to a small increase of the thermal efficiency,
which is maintained low regardless the mixture's effective
equivalence ratio. Finally, an issue of potential concern is the
maximum pressure increase induced by the addition of H,0,,
which could be addressed by steam addition or other counter-
pressure-rise strategies.

Next, the analysis will consider the effect of the addition of
H,0, on the engine performance characteristics, combustion
phasing and NOx emissions, at constant engine speed (1000,
2000 and 3000 rpm) and effective equivalence ratio conditions
(¢eff = 0.1, 0.2, 0.3, 0.4). Starting with the combustion phasing,
Fig. 2 shows the variation of the ignition CAD (based on the
maximum rate of change of temperature) and the rapid burn
angle (defined as the CAD between 10% and 90% of the heat
release rate) as a function of H,0, addition. Firstly, Fig. 2a—c
shows that the addition of H,0, results initially in drastic
reduction of the ignition CAD and further addition has negli-
gible effect on the ignition promotion, therefore, the CADyg,
levels off. This profile becomes attenuated at very lean con-
ditions, i.e., g, = 0.1, and in fact as the engine speed increases
the dependence of CAD;g, on the H,0, becomes roughly linear.
In essence, Fig. 2 shows that as the mixture becomes richer
(i-e., as the effective equivalence ratio increases) and regard-
less the engine speed, the effect of H,0, addition on the
ignition promotion becomes more pronounced. For instance,
at 1000 rpm and ¢.5 = 0.4 a mere 2% addition of H,0, induces
0 CAD;4, aTDC while the required amount to achieve the same
CADjgn aTDC at g, = 0.1 increases to ~15%. In fact, mixtures of
@efr = 0.1 require significantly higher H,O, content compared
to the other effective equivalence ratios to achieve compara-
ble results of CAD;y,. Even so, at 1000 rpm a mixture of
¢eff = 0.1 and 10% H,0, would have ~4 CAD;,, aTDC, which is
ideal for an HCCI engine. At 2000 rpm and ¢ = 0.2, 10% H,0,
addition induces ~2 CAD;g4,, aTDC and at 3000 rpm and ¢ez = 0.3
the same percentage of H,0, leads to ~1 CAD,4, aTDC. These
results indicate that from a combustion phasing point of view,
the addition of ~10% H,0, could enable the engine operation
at very lean conditions (0.1 < ¢, < 0.3) in a wide range of
engine speeds. At slightly higher effective equivalence ratios,
i.e., @gr = 0.4, the required percentage of H,O, to achieve
CAD;4n in the range of 0—4 CAD aTDC drops significantly, and a
mere 5% could enable the engine operation at all engine
speeds under investigation.

Another important aspect of combustion phasing is that
of the rapid burn angle, i.e., the degrees required for the heat
release rate to increase from 10% to 90%. Fig. 2d—f shows that
at all equivalence ratios except for ¢ = 0.1, the addition of
H,0, results initially in a fast decrease of the rapid burn angle
which eventually levels off and reaches an asymptotic limit
close to ~0 CAD. At ¢er = 0.1, the system's response, in view of
the rapid burn angle, to H,0, addition is significantly less
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fraction.

sensitive, in agreement with the findings previously reported
for the CAD;gp.

Following the same practice as in Ref. [19], the minimum
quantity of H,0, required to sustain the rapid burn angle at 4
CAD or less is determined and the results are displayed in
Fig. 3 for the three engine speeds. In essence, Fig. 3 echoes the
message of Fig. 2 in that the effect of H,0, addition on the

50 - | ‘ ‘ |
II\
401\, .
Y o——e 1000 rpm ]
% =----a 2000 rpm
30F P

(beff

Fig. 3 — The variation of the required H,0, addition to
sustain 4 CAD for the rapid burn angle as a function of the
effective equivalence ratio (¢.g), at 1000, 2000 and 3000 rpm
engine speed. The percentage of H,0, addition refers to the
H, mole fraction.

combustion phasing becomes significantly less pronounced as
the system becomes leaner and particularly at ge5 = 0.1. At all
engine speeds and for g, = 0.2, 0.3, 0.4, a ~10% (or less)
addition of H,0, guarantees that the rapid burn angle will be
less or equal to 4 CAD. On the other hand, at g5 = 0.1 the
required amount of H,0, to sustain 4 CAD of the rapid burn
angle increases to 26% and 47% for 1000 and 2000 rpm,
respectively, while at 3000 rpm the required amount of H,0,
exceeded 60%.

Next, the analysis focuses on the engine performance
characteristics and in particular, the IMEP, power, torque and
thermal efficiency and the results are displayed in Figs. 4—6.
Starting with Fig. 4 it is evident that the addition of H,0, in-
creases the IMEP, power, torque for all engine speeds and
effective equivalence ratios. In fact, the change that H,0, in-
duces to these quantities seems to be generally linear. Indic-
atively: (i) at 1000 rpm, ¢ = 0.1 and 10% H,0,, the IMEP is
2.7 bar, P;=1855W and T = 17.7 N-m; (ii) at 1000 rpm, ¢.q = 0.2
and 10% H,0,, the IMEP is 5.2 bar, P; = 3557 W and
T = 33.9 N-m; (iii) at 2000 rpm, ¢ = 0.3 and 10% H,0,, the
IMEP is 7.3 bar, P; = 10,040 W and T = 47.9 N-m; (iv) at
3000 rpm, ¢ = 0.4 and 10% H,0,, the IMEP is 9.2 bar,
P; = 18,977 W and T = 60.4 N-m. Exploiting the strongly linear
character that the results of IMEP, torque and power present
for the most range of H,0, addition, a linear regression anal-
ysis was performed with the purpose of determining the
gradients of the respective lines. Considering that the larger
the gradient of a line the larger the change on the y-axis, this
analysis aims at assessing the overall sensitivity of the engine
performance characteristics under discussion due to the
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addition of H,0,. For IMEP, the linear regression at 1000 rpm
produced gradients of 1.375, 2.4709, 3.5691 and 4.3009 for
@eff = 0.1, 0.2, 0.3 and 0.4, respectively. These results indicate
an 80% increase of the IMEP gradient from g5 = 0.1t0 0.2, a
44% increase from g¢. = 0.2 to 0.3 and a 21% increase from
@eff = 0.3 to 0.4. Therefore, as the mixture becomes richer the
gradient increases at a gradually smaller rate. Similarly, at
2000 rpm the linear regression produced gradients of 1.7109,
2.7716, 3.9609 and 4.8417 for ¢g = 0.1, 0.2, 0.3 and 0.4,
respectively, thereby indicating a 62% increase from ¢g5 = 0.1
to 0.2, a 43% increase from g5 = 0.2 to 0.3 and a 22% increase
from ¢ = 0.3 to 0.4. Finally, at 3000 rpm the produced gra-
dients were 2.017 4, 3.082, 4.263 2 and 5.329 2 for ¢ = 0.1, 0.2,
0.3 and 0.4, respectively, suggesting a 53% increase from
@eff = 0.1 t0 0.2, a 38% increase from e = 0.2 to 0.3 and a 25%
increase from g, = 0.3 to 0.4. The key message in this analysis
is that as the mixture becomes richer the effect of H,0,
addition on IMEP, power and torque becomes stronger at a
gradually smaller rate. Also, the difference between g = 0.1

to 0.2 in the effect of H,0, addition on IMEP, power and torque
is significantly larger when compared to the respective
changes between ¢, = 0.2 and 0.3 or ¢ = 0.3 to 0.4.

The effect of H,O, addition on the thermal efficiency is
displayed in Fig. 5. Firstly, it is shown that the thermal effi-
ciency generally drops with the increase of the ¢ It is
reminded that the thermal efficiency is a function of the
specific fuel consumption (sfc) and the heating value of the
fuel blend (Quv). When ¢4 increases, for the same % of H,0,,
both the Qv and sfc increase, which result in the decrease of
ny,. Secondly, with the H,0, addition, ny, initially rapidly in-
creases and reaches the highest value and then gradually
decreases. This is reasonable considering the ignition
advancement induced by the addition of H,0,, as shown in
Fig. 5d—e; the initial addition of H,0, has a strong effect on the
ignition advancement which is gradually reduced and quickly
reaches 0 CAD aTDC. At that point the system reaches the
maximum ng, Further addition of H,0, promotes ignition to
values lower than 0 CAD aTDC which has an adverse effect on
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Fig. 6 — The variation of the IMEP against the thermal
efficiency while maintaining constant the effective
equivalence ratio (g5 = 0.1, 0.2, 0.3 and 0.4). The change in
load is controlled by the percentage addition of H,0,.
Results are presented for engine speed of 1000 (solid lines),
2000 (dashed lines) and 3000 (dotted lines) rpm. The
percentage of H,0, addition refers to the H, mole fraction.

ny,. At 1000 rpm, the maximum thermal efficiencies reached
are 0.6232 (31.00% H,0,), 0.6064 (5.25% H,0,), 0.5918 (3.00%
H,0,), 0.5776 (1.90% H,0,) for ¢ = 0.1, 0.2, 0.3 and 0.4,
respectively. At 2000 rpm the maximum values slightly in-
crease and become 0.627 0 (50.00% H,05,), 0.606 9 (12.75% H,0,),
0.5918 (6.80% H,05), 0.5778 (4.20% H,0,) for pes = 0.1, 0.2, 0.3

and 0.4, respectively. At 3000 rpm, only ¢ = 0.2 exhibits some
small further increase of the maximum thermal efficiency
with a value of 0.607 4 (24.00% H,0,). The rest ¢, cases remain
practically the same as in 2000 rpm. In any case, the important
conclusions drawn here are that the addition of H,0, tends to
increase the system's thermal efficiency, regardless the en-
gine speed and the effective equivalence ratio, and the ther-
mal efficiency can exceed values of 60% at sufficiently lean
conditions.

Fig. 6 further compares the variation of the thermal effi-
ciency against IMEP for various engine speeds, while main-
taining constant the effective equivalence ratio at g.s = 0.1,
0.2,0.3 and 0.4. The variation in the load is achieved by varying
the percentage addition of H,0,. Firstly, it is can observed that
the engine speed has practically no effect on the load range for
all four g5 values. Secondly, the maximum thermal efficiency
for each case of ¢ and engine speed does not coincide with
the maximum load value. This is due to the enhanced ignition
advancement that is achieved by the addition of H,0,, which
promotes the ignition occurrence to CAD before the TDC.
Thirdly, at constant ¢, and low loads, the engine speed ap-
pears to move the line to the right, i. e, the same efficiency is
achieved by the same IMEP difference between two speeds.
This justifies why at constant ¢.g the same thermal efficiency
is achieved at all engine speeds with monotonically increasing
with engine speed values of IMEP. However, while the engine
load is increased further (beyond the threshold corresponding
to the maximum thermal efficiency) and the thermal effi-
ciency starts dropping at constant ¢, there is great variation
in the response of the thermal efficiency due to the engine
speed. For example, at g, = 0.4 and IMEP = 9.5, ny, = 0.556,
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0.569 and 0.574 for engine speeds of 1,000, 2000 and 3000 rpm,
respectively. The load and the thermal efficiency values re-
ported herein are significantly higher than those reported in
the earlier work of [19] that achieved experimentally hydrogen
use in HCCI mode with appropriate preheating of the charge.

An important aspect in hydrogen-fueled engines that re-
quires special attention is that of NOx emissions which can
become quite high especially when compared with conven-
tional fossil fuels. Fig. 7 displays the variation of exhaust NOx
emissions against H,0, addition in units of dry ppm basis, at
¢ = 0.1, 0.2, 0.3 and 0.4 and engine speeds of 1,000, 2000 and
3000 rpm. At sufficiently low effective equivalence ratios, e.g.,
@eif = 0.1 or 0.2, NOx emissions are so low that would not
require any after-treatment. In fact for ¢ < 0.2 NOx emis-
sions are less than 1.5 ppmvd at all engine speeds. However,
above ¢, = 0.2 NOx emissions increase rapidly and reach
values which may necessitate after-treatment or the use of
additional strategies to combat the increased emissions, such
as the use water/steam. For instance, at 1000 rpm and 10%
H,0,, NOx emissions are 0.09, 0.99, 90.6 and 4279 ppmvd for
@er=0.1,0.2,0.3 and 0.4, respectively. The main reason for the
decreased NOx emissions at sufficiently low ¢.g values is the
low maximum temperatures reached by the system, as illus-
trated in Fig. 7a—c. At ¢ = 0.1, all maximum temperatures
reached for the various cases of addition of H,0, do not exceed
the 1384 K. Similarly, at ¢, = 0.2 the 1750 K. However, at
@eff = 0.3 and 0.4, the maximum temperatures reach values of
2096 and 2395 K, respectively. Therefore, the system would
benefit from steam addition with respect to the reduction of
NOx emissions only for values of ¢.¢ > 0.2. Notice also that at
@efr = 0.3 and 0.4, NOx emissions increase with the addition of

H,0, as opposed to ¢, = 0.1 and 0.2 where the system seems
to reach quickly an asymptotic value.

All the previous analysis considered engine operation with
compression ratio of 17. Next, the effect of H,0, addition on the
combustion phasing, the engine performance and NOx emis-
sions is explored in a range of compression ratios (15—20). Fig. 8
displays the variation of the minimum percentage of H,0,
addition to achieve thermal efficiency at the 98% of the
maximum efficiency reached by varying H,O, while main-
taining constant the ¢, compression ratio and engine speed.
These results are provided as a function of the compression
ratio, for ¢g5 = 0.1, 0.2, 0.3 and 0.4 and engine speeds of 1,000,
2000 and 3000 rpm. For all cases of engine speed a maximum
quantity of 50% and 30% H,0, was used at ¢ = 0.1 and 0.2, 0.3,
0.4, respectively. In certain cases, the required quantity of H,0,
to achieve the desired thermal efficiency exceeded the afore-
mentioned H,0, thresholds. Such cases, were at g5 = 0.1,
compression ratio of 15 at 2000 rpm and compression ratio of 15
and 16 at 3000 rpm and at g5 = 0.2, compression ratio of 15 at
3000 rpm. At extremely lean conditions, i.e., g5 = 0.1, the use of
H,0, for ignition promotion purpose appears to be practical,
i.e., <10% H,0,, at compression ratios of 17 or above, depending
the engine speed (17 at 1000 rpm, 19 at 2000 rpm and 20 at
3000 rpm). At lower compression ratio values the required
amount of H,O, to achieve the desired thermal efficiency be-
comes significantly high. As the effective equivalence ratio in-
creases to .5 = 0.2, the critical compression ratio decreases to
15 at 1000 rpm, 16.2 at 2000 rpm and 17 at 3000 rpm (i.e., above
these values a 10% of H,0, addition promotes sufficiently the
system's ignition and results in the desired thermal efficiency).
Increasing further the effective equivalence ratio to g5 = 0.3
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Fig. 7 — The variation of the maximum in-cylinder temperature (a—c) and NOx emissions (d—f) as a function of the H,0,
addition, for engine speed of (a, d) 1000, (b, €) 2000 and (c, f) 3000 rpm and equivalence ratios of ¢ = 0.1, 0.2, 0.3 and 0.4. The

percentage of H,0, addition refers to the H, mole fraction.
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and 0.4, decreases further the critical compression ratio; at
1000 rpm the critical compression ratio value that requires 10%
(orless) H,0, addition to produce the desired thermal efficiency
outcome is 15, at 2000 rpm that value becomes 16 and 15 for
¢gf = 0.3 and 0.4, respectively, and at 3000 rpm the critical
compression ratio value is 16.5 (pf = 0.3) and 15.5 (pef = 0.4). All
these results showcase the feasibility of the proposed use of
H,0, for ignition promotion purpose at extremely lean condi-
tions (pes = 0.1—0.2) and relatively high compression ratios, i.e.,
>17, since at lower compression ratios the required quantity of
H,0, to achieve ignition and high thermal efficiency increases
greatly ( >10%). On the other hand, with richer mixtures (¢
= 0.3—0.4), the proposed technology produces high thermal
efficiency outcomes with lower compression ratios (15.5—16.5)
at all engine speeds. Unlike thermal efficiency, combustion
phasing in view of CAD50 does not follow a monotonic trend
with respect to the compression ratio change. Another striking
difference compared to the thermal efficiency trend is that
CADS50 generally varies little with the compression ratio, with
potentially the only exception being the case of g5 = 0.2 at 1000
and 2000 rpm where there is a variation of roughly 9 CAD.
Finally, it is worth noting that CADS50 in all cases vary between
0 and 14 CAD aTDC.

In the last part of the analysis, the effect of H,0, addition
on the engine performance, combustion phasing and NOx is
explored, while maintaining constant the engine load. In
particular, two scenarios are investigated: one representative
of low load and a second one representing medium load. The
torque at the low load conditions is maintained at 33.8 N-m
while at medium load it is kept constant at 68.7 N-m. It is
noted that the torque is maintained constant for all engine
speeds. In order to meet the requirement for constant torque,
two approaches are investigated and results are presented for
both in Fig. 9 (low load) and 10 (medium load). In the first
approach, while the initial H,O, content in the Hy/air system is
incrementally increased, the effective equivalence ratio is
kept fixed (at 0.2 and 0.5 for low and medium loads, respec-
tively) while the pressure intake is properly adjusted to
maintain constant the torque. In the second approach, the
pressure intake is kept fixed and the effective equivalence
ratio is altered in order to conserve the torque constant. Of
both approaches, the latter is easier to implement, although
there is some room (yet limited) for implementation of the
first one as well.

Fig. 9 showcases the strong effect of H,0, addition, espe-
cially at 2000 and 3000 rpm. The change of the required intake
pressure at 2000 rpm while decreasing the H,0, addition from
10% to 8%—6% to 4%—2% is 1.3%, 2.2%, 47%, 235%, respectively
while at 3000 rpm these changes become more pronounced:
5.8%, 58%, 110%, 169%, respectively. Notice the tremendous
change in the intake pressure to maintain constant torque
while decreasing the H,0, percentage from 4% to 2%. The
values of the required intake pressure at 2% H,0, for both 2000
(5.5 bar) and 3000 (10.2 bar) are not shown in Fig. 9 because
they have no practical value. The impact on the thermal effi-
ciency is similarly strong. Decreasing the H,0, addition from
10% to 8%—6% to 4%—2% at 2000 and 3000 rpm yields the
following changes (decreases) in the thermal efficiencies:
0.3%, 1.1%, 31.2%, 69.8% and 4.5%, 36.1%, 51.8%, 62.5%. In
essence, the H,0, addition has a practical value for percent-
ages equal or larger than 4% (P;, = 1.11 bar) at 1000 rpm, 6%
(Pin = 1.12 bar) at 2000 rpm and 8% (P, = 1.14 bar) at 3000 rpm,
since below these values the thermal efficiency drops to very
low figures.

On the other hand, in case of adjusting ¢.g instead of P;, to
maintain constant torque while incrementally decreasing the
initial percentage of H,0, in the initial H,/air mixture from
10% to 2% with a step of 2%, the required ¢ increases 1.5%,
2.3%, 14.9%, 66.9% at 2000 rpm and 4.5%, 18.7%, 34.5%, 69.1% at
3000 rpm. These results indicate that ¢ is more effective
than the intake pressure in controlling torque, since the
changes of ¢, are smaller in magnitude. However, in view of
the thermal efficiency although the induced changes are
smaller in magnitude than the respective changes due to the
adjustment of the intake pressure, the H,0, addition has
practical value for percentages equal or larger than 4% (g
= 0.206 8) at 1000 rpm, 6% (g5 = 0.206 8) at 2000 rpm and 8%
(pefr = 0.211) at 3000 rpm. This a conclusion that both ap-
proaches converge.

The great of impact of H,0, addition is also manifested at
the combustion phasing. At 1000 rpm increasing the H,0,
from 2% to 4% induces 23.9 CAD decrease of the CAD5O0,
through the adjustment of the intake pressure. As the per-
centage of H,0, increases a little further the CAD50 reaches
values before the TDC. At 2000 rpm and for H,0, content
higher than 6% (the suitable quantity based on the thermal
efficiency) CADS0 ranges between 1 and 8 CAD aTDC which
are suitable for the HCCI engine operation. On the other hand,
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Fig. 9 — The effect of H,0, addition on the thermal efficiency (a, d), the CAD for 50% of the heat release rate (b, e), the rapid
burn angle, i.e., the CAD for 10%—90% heat release rate, (b, €), the NOx emissions (c, f) and the maximum temperature (c, f), at
engine speeds of 1000, 2000 and 3000 rpm, while maintaining constant torque (33.8 N-m) through the adjustment of either
the intake pressure (a—c) or the effective equivalence ratio (d—f). For the cases where torque is maintained constant through
the adjustment of the intake pressure (a—c), the effective equivalence ratio is ¢ = 0.2. The required intake pressure values
as a function of the H,0, addition are shown in (a). For the cases where torque is maintained constant through the

adjustment of the effective equivalence ratio (d—f), the intake pressure is kept at 1 atm for all engine speeds. The required
equivalence ratio values as a function of the H,0, addition are shown in (d). The percentage of H,0, addition refers to the H,

mole fraction.

for H,O, content higher than 8% (identified earlier as the
minimum ideal quantity at 3000 rpm) CAD50 ranges between
7 (10% H,0,) and 17 (8% H,0,), the latter being considered
unsuitable for HCCI engine operation. The rapid burn angle
(RBA) results demonstrate that at 1000 rpm for H,0, content
higher than 2%, the RBA decreases to values in the order of
1—2 CAD. At 2000 rpm the RBA reaches values as low as 2 CAD
for H,0, content higher or equal to 8% while for H,0, content
lower or equal to 4% the RBA ranges between 18 and 30 CAD.
Finally, at 3000 rpm the RBA is 4.2 and 11.8 CAD at 10% and 8%
H,0,, which are both suitable for HCCI engine operation.

The variation of CAD50 with the adjustment of the effec-
tive equivalence ratio (Fig. 9e) is very similar to the approach
of adjusting the intake pressure, previously described. In fact,
the only striking differences are observed at very low H,0,
content (2%—4%) at all engine speeds. The same applies for the
RBA, i.e., the results from the two approaches are very similar
with the most pronounced differences being at low H,0,
content (2%—4%).

Both approaches also indicate that NOx emissions are
extremely low (<1 ppmvd) at all cases of H,0, addition and
engine speeds which is attributed to the generally low
maximum temperatures (1500—1700 K) reached by the system
in the engine cycle. These results highlight the potential of the

proposed technology requiring no after-treatment for the NOx
emissions at low loads.

At medium loads, the effect of H,0, addition is less spec-
tacular, which is due to the higher effective equivalence ratio
that is used (0.5 compared to 0.2 at low loads). In fact, the
variations between the minimum and maximum intake
pressures (due to the different H,O, contents) are 2.7%, 4.0%
and 48% at 1,000, 2000 and 3000 rpm, respectively (compara-
tively, at low loads the respective values were 21%, 409% and
846%). The small variation of the intake pressures is reflected
to the thermal efficiency which is consistently maintained at
high values, between 54.1% and 56.4%, at all engine speeds.
The only exception is at 3000 rpm and 2% H,0,, where thermal
efficiency drops to 40%.

The respective results through the adjustment of the
effective equivalence ratio while keeping the intake pressure
fixed are very similar. The effective equivalence ratio exhibits
4.2%, 6.0% and 19.5% changes between their minimum and
maximum values at the different engine speeds of 1,000, 2000
and 3000 rpm, respectively (comparatively, at low loads the
respective values were 10.8%, 99.2% and 182%). In addition,
the thermal efficiency is maintained at the same range of
values (54% and 56%), with the only exception being the case
of 3000 rpm and 2% H,0, where thermal efficiency drops
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Fig. 10 — The effect of H,0, addition on the thermal efficiency (a, d), the CAD for 50% of the heat release rate (b, e), the rapid
burn angle, i.e., the CAD for 10%—90% heat release rate, (b, €), the NOx emissions (c, f) and the maximum temperature (c, f), at
engine speeds of 1000, 2000 and 3000 rpm, while maintaining constant torque (68.7 N-m) through the adjustment of either
the intake pressure (a—c) or the effective equivalence ratio (d—f). For the cases where torque is maintained constant through
the adjustment of the intake pressure (a—c), the effective equivalence ratio is .4 = 0.5. The required intake pressure values
as a function of the H,0, addition are shown in (a). For the cases where torque is maintained constant through the

adjustment of the effective equivalence ratio (d—f), the intake pressure is kept at 1 atm for all engine speeds. The required
equivalence ratio values as a function of the H,0, addition are shown in (d). The percentage of H,0, addition refers to the H,

mole fraction.

significantly (51%) as it was described earlier with the
adjustment of the intake pressure.

The results on high load conditions so far indicate that a
mere 2%—4% H,0, addition would be sufficient to maintain
constant load at all investigated engine speeds. However, the
examination of CAD50 in Fig. 10b and e illustrates the sub-
stantial ignition advancement achieved by the addition of
H,0, leading it rapidly to values relevant to bTDC. Also, both
approaches (adjusting P, or ¢.g) exhibit extremely fast rapid
burn angles (<1 CAD) at all engine speeds, with the only
exception that of 3000 rpm and 2% H,0, addition in the case of
adjusting ¢.5 (Fig. 10e). Based on these results, it can be
concluded that the ideal quantities of H,0, to maintain con-
stant medium load are 2%, 4% and 6% at engine speeds of
1,000, 2000 and 3000 rpm, respectively.

The same consistency of the results between the two ap-
proaches (adjusting Py, or ¢.p) is roughly maintained for the
NOx emissions as well as the maximum temperatures. How-
ever, different to the low load case where it was showcased
the negligible NOx emissions production, at medium load
conditions NOx emissions reach extremely high values,
ranging between 11,000—16,000, 3,500k-12,000 and 3000—7000
for engine speeds of 1,000, 2000 and 3000 rpm, respectively.
These high NOx emission values are inherently due to the
high temperature values reached by the system due to the

significantly more fuel rich conditions compared to the low
load cases. Indicatively, the maximum temperatures reached
at the high load conditions are 2,483K-2,531 K, 2444—2,502 K,
2,021K-2,532 K, for engine speeds of 1,000, 2000 and 3000 rpm,
respectively (comparatively, at low loads the average
maximum temperature considering all engine speeds was
1,537 K). These results indicate that the use of H,0, for ignition
promotion purposes while at low load conditions leads to
extremely low NOx emissions, at medium loads some after
treatment or low combustion strategy (e.g., steam addition)
would be required to tackle with the high NOx emissions.

Conclusions

In this work, the addition of H,0, in hydrogen fueled HCCI was
showcased numerically, using a simplified commercial model
(Chemkin-Pro). The proposed technology aims to enable the
use of hydrogen in CI-type engines with direct application on
heavy duty vehicles and ships, which are currently difficult to
decarbonise. With the understanding that the employed
simplified engine model has inherent limitations, the objec-
tive of the current work was to examine its feasibility in view
of engine performance characteristics, combustion phasing
and NOx emissions and to identify trends and qualitative
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features of the H,0, addition. The results described herein are
promising and numerical evidence of the benefits of the pro-
posed technology are provided.
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