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Abstract

Syngas, a renewable fuel primarily composed of hydrogen and carbon monoxide, is emerg-
ing as a viable alternative to conventional fossil fuels in internal combustion engines (ICEs).
Obtained mainly through the gasification of biomass and organic waste, syngas offers
significant environmental benefits but also presents challenges due to its lower heating
value and variable composition. This review establishes recent advances in understanding
syngas combustion, chemical kinetics, and practical applications in spark-ignition (SI)
and compression-ignition (CI) engines. Variability in syngas composition, dependent on
feedstock and gasification conditions, strongly influences ignition behavior, flame stability,
and emissions, demanding detailed kinetic models and adaptive engine control strategies.
In SI engines, syngas can replace up to 100% of conventional fuel, typically at 20-30% re-
duced power output. CI engines generally require a pilot fuel representing 10-20% of total
energy to start combustion, favoring dual-fuel (DF) operation for efficiency and emissions
control. This work underlines the need to integrate advanced modelling approaches with
experimental insights to optimize performance and meet emission targets. By addressing
challenges of fuel variability and engine adaptation, syngas reveals promising potential as
a clean fuel for future sustainable power generation and transport applications.

Keywords: syngas; biomass gasification; combustion kinetics; internal combustion engines;
dual-fuel operation; modelling; emissions

1. Introduction

Global energy demand continues to rise, with fossil fuels still supplying over 80% of
primary energy [1]. In contrast, renewable energy capacity is expanding rapidly, driven
by cost reductions, investments, and technological advances. In 2024, renewables added
585 GW, accounting for 92.5% of all new power capacity, setting their place in global
energy expansion. Among them, biomass thermochemical conversion remains critical for
industrial applications, providing nearly 89% of renewable heat consumption in 2022 and
emphasizing its importance beyond electricity generation [2].

Biomass and organic waste are renewable energy sources with neutral CO, emissions
that play a key role in replacing traditional fossil fuels in the energy transition process. The
origin and chemical composition of biomass are highly relevant factors in the final composi-
tion of the products from its valorisation [3]. In many cases, biomass requires pretreatment
to achieve the necessary characteristics for efficient conversion by thermochemical methods.
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Whether due to high moisture and ash content, the need for particle size reduction, or the
presence of undesirable mineral compounds, among other factors, the characteristics of the
raw residue are fundamental in determining the efficiency and economic viability of its
valorisation through the gasification process [4].

Raw biomass is typically characterized by high moisture contents, particularly in
non-lignocellulosic residues from agriculture, livestock waste, residues from microalgae
cultivation, and sewage sludge [5]. In the case of the latter, the high ash content and its
composition can pose barriers to the gasification process due to the formation of fouling
and slagging, as well as the emission of compounds that harm the environment and human
health [6].

Lignocellulosic biomass wastes are characterized by high lignin content and are mainly
derived from forest residues, agricultural leftovers, and energy crops. For H, production,
this feedstock may result in a higher concentration in the syngas output and increased
economic viability compared to other biomass waste streams [7]. This type of biomass
has great potential for achieving high efficiency in the gasification process, particularly
in samples with a moisture content of less than 20% and in the presence of catalysts.
The degradation of lignin enhances H, production, resulting in increased char and gas
production, rather than tar formation, which is promoted by the cellulose and hemicellulose
content. It makes woody biomass waste from agricultural and forestry activities a potential
feedstock for highly efficient syngas production through catalytic steam gasification [8].

Non-woody biomass waste also represents a potential source of renewable energy in
rural areas, as it is abundant, readily available, and inexpensive and poses a significant
challenge in the waste management context. It is primarily represented by agricultural
byproducts and herbaceous waste resulting from agricultural activities. Although this
biomass fraction is less efficient than lignocellulosic ones for valorisation in the gasification
process, it requires less energy for pretreatment and may appear as a viable energy source
for small-scale producers. Moreover, co-gasification of these wastes with coal or biochar
may enhance the quality of syngas and improve process efficiency [9].

Other non-woody biomass waste streams have also shown potential for valorisation
through gasification. Microalgae biomass is reported to yield a H, —rich syngas through
catalytic gasification with increased efficiency under higher temperatures [10]. Furthermore,
the organic composition of microalgae plays a crucial role in determining the yield and
composition of syngas, where lipids are positively correlated with Hy production, whereas
carbohydrates exhibit the opposite trend and are also linked to CO yield [11]. Sewage sludge
has also been described as a potential feedstock for high-added-value products through
gasification. Due to its challenging composition, usual methods for its valorisation face
several constraints, mainly related to soil contamination and increased costs for disposal
and treatment [12]. In this context, sewage sludge gasification is positioned as a promising
technology to address the drawbacks of conventional disposal and the limitations of
incineration. The high organic matter content makes it suitable for the production of added-
value products, whereas the inorganic ash content may partially replace the chemical
fertilizers in the agricultural processes [13].

Within biomass conversion pathways, thermal gasification plays a central role. This
process partially oxidizes carbon-based feedstocks with limited oxidants such as air, oxygen,
or steam, producing a combustible mixture of hydrogen, carbon monoxide, and methane,
commonly known as syngas, rather than complete combustion products like CO; and
H,O [14]. After suitable cleaning and conditioning, syngas can be used in internal com-
bustion engines (ICEs) for electricity generation [15]. Compared to other biomass-derived
fuels, syngas offers clean combustion, multimodal fuelling flexibility, and relatively easy
ICE integration. In spark-ignition (SI) engines, only minor modifications such as intake
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manifold or throttle adjustments are needed, while in compression-ignition (CI) engines,
its high auto-ignition temperature typically requires dual-fuel (DF) operation with diesel
pilot injection [16]. Empirical and numerical studies have reported significant benefits from
syngas—diesel DF strategies, including reduced NOy and particulate emissions, albeit some-
times accompanied by increased CO, total hydrocarbons, or reduced brake power [17-20].

As global trends increasingly favour electrification, internal combustion engines (ICEs)
still play a vital role in many transportation and industrial sectors. Passenger vehicles, ship-
ping, aviation, agriculture, and construction heavily rely on ICE technology, as achieving
full electrification poses significant technical and economic challenges.

The current scenario stresses the need to enhance ICE performance and emissions
control. Syngas, a renewable and low-carbon fuel that offers flexibility, represents a viable
solution for reducing greenhouse gas emissions while utilising existing ICE infrastructure
and enabling hybrid or dual-fuel strategies [21,22].

Recent advances have expanded both fundamental and applied understanding of
syngas utilization. Modelling frameworks increasingly integrate machine learning with
computational fluid dynamics (CFD) to predict gasifier performance and syngas yields
across diverse configurations. Catalyst development, such as stable Ni/Ca3zAlO systems,
has demonstrated improved hydrogen-rich syngas production and durability under steam
gasification conditions [23,24]. At the system level, downdraft gasifiers remain among the
most efficient and mature technologies for small-scale electricity generation, producing
syngas with tar and particle contents typically below 100 mg/Nm?3 and 50 mg/Nm?,
respectively [25]. Techno-economic analyses show that downdraft gasifier-ICE systems can
achieve overall efficiencies of 13-14%, making them viable for decentralized electrification
in rural and forested regions [26,27]. In parallel, recent works emphasize the integration of
automation, Al-based process control, and sustainability metrics to optimize biomass-to-
syngas pathways [28].

This work stands out from previous reviews by integrating a comprehensive compari-
son of biomass gasification fundamentals, syngas conditioning, combustion kinetics, and
internal combustion engine (ICE) performance. This study offers a renewed and holistic
perspective by comparing experimental findings with kinetic models and incorporating
innovative tools, such as integrating computational fluid dynamics (CFD) with machine
learning and hybrid fuelling strategies. This insight aims to guide realistic and scalable
applications of syngas in engines.

2. Gasification-Based Syngas Production
2.1. Gasification Process

Gasification is a thermochemical conversion route that transforms carbon-rich feed-
stocks such as biomass, municipal solid waste (MSW), or coal into syngas primarily com-
posed of hydrogen, carbon monoxide, and smaller fractions of methane, carbon dioxide,
and inert gases. This process occurs under oxygen-limited conditions, enabling partial
oxidation rather than complete combustion and thus retaining much of the chemical energy
within the fuel gas. Understanding these core principles helps contextualize the role of
gasification as a vital technology for sustainable energy production. Recent studies high-
light gasification’s contribution to decarbonizing power and transport sectors, especially
when combined with carbon capture or renewable hydrogen initiatives [29,30]. The typical
composition and lower heating value (LHV) of syngas vary with the gasification agent,
as summarized in Table 1, where steam and oxygen use generally yield higher LHV than
air-based systems [31-35].
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Table 1. Typical syngas composition and LHV depending on the gasification agent.

Gasifying Agent H; (vol%) CO (vol%) CO; (vol%) CHy (vol%) N3 (vol%) LHV (MJ-Nm~3) Ref.

Air 8-18 15-25 5-15 0-3 45-55 4-7 [32,34]
Oxygen 20-30 45-55 5-15 0-5 0-3 10-12 [31,32]
Steam 40-55 15-25 5-12 2-6 0-3 12-14 [32,33]
Oxygen—steam 3045 35-50 5-12 1-5 0-3 10-14 [31,35]

The conversion process occurs through overlapping stages, namely, drying, pyrolysis,
oxidation, and reduction, rather than sharply separated steps. Drying, typically between
100 °C and 200 °C, removes inherent moisture from the feedstock, improving thermal
efficiency. Pyrolysis then decomposes organic matter into volatiles, condensable tars, and
char at 300-700 °C. In the oxidation zone, exothermic reactions generate heat to sustain
endothermic reduction reactions, where char reacts with steam and CO, to form CO and
Hj; via the water-gas and Boudouard reactions. Methane reforming and water—gas shift
(WGS) reactions further adjust the final syngas composition [15,33,36]. The main chemical
pathways are detailed in Table 2.

Table 2. Main reactions of the gasification process.

Reaction Name Mechanism AHZ®X/KJ.mol -1
C+0.50, — CO —111
Reactions of combustion ga—gg'i?zcgzcoz :%gg
Hy +%0, — H,O —242
Boudouard reaction C+CO, — 2CO +172
Water gas reaction C+ H,O + CO+ Hy +131
Water gas shift reaction CO + H,O +» CO, + Hy —41
C+3H; <» CHy -75
Methanation reactions CO +3H; +» CHy + H,O —206
CO, +4H, +» CHy + H,O —165
Reforming of methane with steam CHy4 + H,O=CO + 3H, +206
Partial oxidation of methane CHy + 0.50, = CO + 2H, —36
Reforming of methane with CO, CHy + CO, =2CO + 2H, +247

Figure 1 illustrates the sequence and interplay between these thermal and chemical
stages within the reactor.

WET BIOMASS
(C,H,0,N,S, H>0)
(Moisture: 15-50 %)
DRYING 100-150 °C

Driving off water with heat
DRY BIOMASS
(C,H,0,N,S, H;0)
(Moisture: <10 %)

PYROLYSIS
Heating without to make charcoal H 20 200-500 °C
Steam
TAR +
GASES CHARCOAL
COMBUSTION AND CRACKING
Adding air bum and crack tar gases 800-1200 nc
GASIFYING AGENT
Air (0 Ny) H0+CO2  HOTREACTIVE
CRACKED  CHARCOAL
TAR
REDUCTION

650-900 °C

Converting charcoal to flamable gas
H0+C - 02+ CO
CO2+C— 2CO

SYNGASy,

(Hz, CO, CHa, and

TN, for usin; Y
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Figure 1. Main reactions and steps of the gasification process (adapted from [37]).
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Gasifier configuration has a strong influence on efficiency, syngas quality, and applica-
bility. Fixed-bed systems, particularly downdraft designs, are favored for small-scale power
generation because they produce relatively low tar levels (<100 mg/Nm?) and are me-
chanically simple to operate, though they require uniform, low-moisture feedstock [38,39].
Fluidized-bed reactors, in bubbling or circulating configurations, offer higher throughput,
better temperature control, and fuel flexibility, but they produce more tars and particulates,
requiring additional cleaning stages. Entrained-flow gasifiers achieve nearly complete
carbon conversion and tar-free gas but demand finely milled feedstock and high operating
pressures. Novel approaches such as plasma gasification and chemical looping gasification
(CLG) have emerged, with the latter achieving carbon conversion efficiencies above 90% in
recent pilot trials [40-42].

Operational parameters are critical for performance optimization. For fixed-bed
biomass gasifiers, optimal operating temperatures are in the range of 700-900 °C, with
equivalence ratios between 0.2 and 0.4 to balance conversion efficiency, tar minimization,
and syngas LHV [43-45]. Excess moisture (>30%) lowers reactor temperature, increases tar
formation, and reduces cold-gas efficiency (CGE). Likewise, high ash content feedstocks
(e.g., rice husks) can limit usable energy yield and promote slagging, affecting long-term
operation [46]. The influence of feedstock properties is illustrated in Table 3, which outlines
proximate and ultimate composition for representative biomass types.

Table 3. Ultimate and proximate composition of different biomass types.

. Ultimate Analysis (wt.%) Proximate Analysis (wt.%) LHV
Biomass C H o N S FC VM Ash W  (MJ/kg Ref
Wood chips 49.6 6.0 43.8 0.5 0.1 10.7 49.1 14 38.7 9.9 [47]
Rubber wood 50.0 6.5 42.0 0.2 — 19.2 80.1 0.7 — - [48]
Wood 50.4 5.9 43.3 <0.1 <0.01 - - 0.3 - 19.0 [27]
Eucalyptus 49.0 6.3 444 0.2 0.1 15.2 72.7 0.8 11.3 18.4 [49]
MSW Portugal 49.7 7.2 41.6 0.8 0.7 5.1 74.1 14.3 6.5 19.6 [50]
MSW Brazil 48.0 6.3 43.6 1.4 0.7 55 75.2 8.6 10.7 14.4 [51]
Switchgrass 49.6 5.7 40.4 0.3 0.05 17.5 78.6 3.9 7.7 16.5 [52]
Hazelnut shells 45.9 5.7 48.2 0.1 0.01 18.2 68.2 1.1 12.4 17.4 [53]
Sugarcane straw 44.8 5.9 48.9 0.1 0.3 13.3 77.3 9.6 0.9 15.7 [54]
Rice husk 40.8 5.3 53.4 0.4 0.2 16.4 61.8 20.9 0.9 14.9
RDF pellets 71.5 10.7 17.0 0.7 0.1 4.4 74.9 16.5 4.3 25.7 [47]
Microalgae 50.9 7.0 31.0 10.2 0.8 12.6 80.7 6.7 — 20.8 [55]
Sewage sludge 52.3 79 32.6 6.4 0.8 10.6 72.3 17.1 - 18.6 [55]

Recent advances focus on modeling and intelligent control to improve system pre-
dictability and adaptability. CFD simulations resolve flow and reaction patterns in complex
geometries, while data-driven and machine learning approaches can optimize operational
parameters in real time according to feedstock and load variations [56,57]. These integrated
strategies enable more accurate prediction of syngas composition and yield, supporting
adaptive control in downstream applications such as ICEs and gas turbines. Table 4 gathers
representative studies and approaches aligned with these advances, presenting hybrid
modeling frameworks, optimization strategies, and supporting more accurate prediction
and adaptive operation in gasification systems.
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Table 4. Recent modeling and intelligent control approaches for gasification.
Focus Modeling or Control Approach Insights Ref.
Hybrid modeling (Al\flgsn Plus + Machine learning Enhanced prediction accuracy [58]
ML optimization Gradient boostin Impact of temperature and [59]
P & feedstock
CFD modeling ANSYS Fluent Reactor design strategies [60]
ML combined with Explainable Improving syngas yield and
Artificial Intelligence (XAI) XGBoost, SHAP/LIME feedstock quality [61]
Hybrid ML and mechanistic GBR + Aspen Plus Optimization of Hy —enriched [62]

modeling

syngas production

2.2. Gasifier Type

The vessel where gasification occurs is referred to as the gasifier. Several configurations
exist, but most biomass gasification research focuses on four main categories: fixed-bed
(updraft and downdraft), fluidized-bed (bubbling and circulating), entrained-flow, and
plasma gasifiers (Figure 2). Globally, downdraft fixed-bed units account for roughly 75% of
installed systems, followed by bubbling fluidized beds at about 20%, with the remaining
5% attributed to other designs [38,63].

Fixed-bed reactors are among the simplest gasification technologies, suitable for
operation with different gasifying agents. They typically exhibit residence times between
900 and 1800 s, operate under pressures from 1 to 100 bar, and at temperatures ranging
from 500 °C to 1200 °C. In updraft configurations (Figure 2a, left), biomass is introduced at
the top with the gasifying agent entering from the bottom or side, and syngas exits from
the top. This design yields high thermal efficiency but also higher tar levels. Downdraft
gasifiers (Figure 2a, right) introduce both the feedstock and gasifying agent from the top or
side, with syngas exiting at the bottom. Downdraft units achieve low tar concentrations
(1-2 g/Nm?) and high carbon conversion, making them optimal for small-scale combined
heat and power (CHP) applications. However, they require uniform feedstock (<25%
moisture, <15% ash), restricting large-scale deployment [38,63].

Entrained-flow gasifiers (Figure 2b) are widely used in industrial coal gasification but
can be adapted for biomass. These require fine particles (0.1-1 mm), high temperatures
(1300-1500 °C), and high pressures (25-30 bar) with short residence times. Advantages
include nearly complete fuel conversion and tar-free syngas, while disadvantages include
costly feedstock preparation [43].

Fluidized-bed reactors use an inert material (often silica sand), fluidized by a gasifying
agent fed through a bottom distribution grid (Figure 2c). Biomass is added just above
the grid, ensuring high heat transfer and uniform temperature. Bubbling beds operate at
1-3 m/s and 800-1000 °C, separating solids from syngas via cyclones. Circulating beds
use higher velocities (3—10 m/s), allowing continuous recirculation and improved fuel
conversion. These types are promising for large-scale biomass energy due to their flexibility
and efficiency, though syngas quality is often lower (higher tar and particulates) [44,64].
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Figure 2. Schematic illustration of different types of gasifiers: (a) Fixed bed (left: updraft and right:
downdraft); (b) Entrained flow; (c) Fluidized bed (left: bubbling fluidized bed and right: circulating
fluidized), and (d) Plasma gasification.

Plasma gasification (Figure 2d) uses a high-temperature ionized gas (plasma) gener-
ated by electric arcs, reaching up to 10,000 °C. This process breaks down organic material
into syngas and vitrifies inorganics into inert slag. Plasma systems can process diverse,
minimally pre-treated feedstocks, yielding very clean gas, but high energy consumption
increases operational costs [65].

The quality and composition of syngas produced through gasification critically de-
termine its combustion characteristics and behavior in energy systems. Variations in the
concentrations of hydrogen, carbon monoxide, methane, and diluents substantially influ-
ence ignition properties, flame stability, and pollutant formation. Understanding these
combustion kinetics is essential for accurately predicting syngas performance in practical
applications, motivating the detailed analysis presented in the following section.

2.3. Critical Insights on Syngas Production

While gasification provides a flexible pathway for producing syngas from diverse
feedstocks, the literature shows substantial variations and inconsistencies. For instance,
air-blown gasifiers yield nitrogen-diluted syngas with relatively low heating values
(~4-6 MJ/Nm?), whereas oxygen- or steam-blown systems generate hydrogen-rich syngas
with higher calorific values (~=10-15 M]/ Nm?) [33]. This variability directly affects combus-
tion behaviour and complicates comparisons between engine studies, many of which use
idealised or synthetic mixtures that are not representative of practical gasification outputs.

Contradictions also emerge in reported hydrogen yields: some studies highlight signif-
icant increases in H; fraction with steam/oxygen gasification [66], while others report only
marginal gains, which may be attributed to differences in feedstock composition, reactor
type, and operating parameters. For example, MSW gasification introduces additional
uncertainty due to its highly heterogeneous nature, often leading to wide-ranging CO, and
CHy concentrations.

A further methodological limitation is that many engine studies rely on fixed syn-
gas compositions, whereas in practice, syngas composition fluctuates dynamically with
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operating conditions. This gap underscores the need for closer integration between
gasification process modelling and engine combustion simulations to ensure realistic
boundary conditions.

3. The Oxidation and Combustion Kinetics of Syngas

The oxidation and combustion kinetics of syngas are critical factors in determining
its suitability as a fuel for ICEs and other advanced energy systems. Syngas composition
varies widely depending on feedstock type, gasification technology, and operating con-
ditions, with the primary combustible components being H,, CO, and CHy [67,68]. This
variability significantly influences ignition delay, flame stability, pollutant formation, and
thermal efficiency. Therefore, reliable chemical kinetic models are essential for predicting
performance and designing combustion systems across diverse operating conditions.

Combustion processes in syngas are also strongly influenced by dilution effects, aris-
ing from non-combustible species such as N, and CO; introduced during gasification [69].
These diluents reduce flame temperatures, alter radical pool dynamics, and impact pollu-
tant emissions, particularly NOx. Understanding the interplay between fuel composition,
reaction kinetics, and dilution effects is key to optimizing syngas utilization in ICEs, gas
turbines, and industrial burners.

3.1. Experimental Characterization of Syngas Combustion

Variability in syngas composition presents challenges for combustion systems, includ-
ing unstable operation, hot spots, and accelerated wear of hardware [70,71]. Fundamental
combustion parameters such as ignition delay, laminar flame speed (LFS), and turbu-
lent flame speed (TFS) are vital for mechanism validation and for designing combustion
chambers that maintain stability and efficiency [72].

The laminar burning velocity provides insight into the intrinsic chemical reactivity
of a mixture and is directly affected by hydrogen content. Bhaduri et al. [73] found that
moisture in syngas prolongs ignition delay in homogeneous charge compression ignition
(HCCI) engines, whereas tars exert a negligible influence. Experimental studies confirm
that laminar flame speed increases with higher hydrogen content in syngas, particularly
when Hj exceeds ~20 vol.% [33], (see Figure 3). This effect improves ignition stability and
lean-burn operability within the practical range for biomass-derived syngas (1040 vol.%
Hy). Hydrogen fractions above 50-60% are seldom achieved in real gasification processes
and are therefore not directly relevant to typical syngas-fueled engines [74].

551
Beseline Trend

50t M (Zhang etal. 2022) ®
n @ (Guoetal 2022)
E X (Nguyen et al. 2023)
o 45 A (Hamdy et al. 2024)
° A
s 40t
o
%]
g 35¢ X
< ] L 4
+ 30 *
2
‘€ 25} L
S X
—

20 = L 4

15 0 10 20 30 20 50

Hydrogen content in syngas (vol%)

Figure 3. Laminar Flame Speed as a Function of Hydrogen Content in Typical Biomass-Derived
Syngas (<50 vol%). Orange line: baseline trend. Scatter markers: literature data [75-78]. Values
plotted are approximate and based on reported trends.
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TFS, which governs flame propagation under engine-relevant conditions, reflects the
interaction between laminar flame fronts and turbulent eddies. Yin et al. [67] measured TFS
for a 35:65 Hy:CO mixture at ¢ = 0.5-0.7 over pressures from 1 to 10 bar, observing that TFS
~ p* for ¢ = 0.7 and TFS ~ p®!! for ¢ = 0.5. At higher pressures (up to 20 bar), Wang
et al. [79] linked further increases in TFS to combined diffusive-thermal and hydrodynamic
instabilities, consistent with high-hydrogen syngas behavior reported by Zhao et al. [80].

Dilution gases significantly alter syngas combustion. Shang [69] found that hydrogen-
rich flames produce higher NO emissions than hydrogen-lean flames under similar condi-
tions due to elevated flame temperatures. Uka et al. [81] demonstrated that CO, dilution
suppresses LFS more effectively than N, due to its higher heat capacity and radical scav-
enging capability. Hu et al. [82] reported that the Davis mechanism matches experimental
results well for medium-and high—H; fuels at preheat temperatures up to 500 K, but
overestimates LFS at higher preheat levels.

3.2. Modelling and Kinetic Mechanisms of Syngas Combustion

To date, researchers have developed numerous combustion kinetic models to describe
syngas oxidation and its application in engine simulations. These models initially con-
sider the combustion mechanisms of the main fuel components of syngas, namely H,,
CO, and CHy. Burke, Dryer, and Ju [83] conducted modelling of mixtures consisting of
H,/CH4/0;/diluents under a wide range of conditions, including an equivalence ratio
of 0.30 to 1.0, flame temperatures of 1400 to 1800 K, and pressures of 1 to 25 bar. They
discovered that in lean flames, the impact of pressure on the kinetics was primarily driven
by the competition between main branching reactions and both H + O, + M =HO; + M (M
represents any inert molecule in the atmosphere, typically Nj, which serves as a medium
for dissipating excess energy) and HO, + O/OH/HO,. However, in rich mixtures, the
effect of pressure on the kinetics was influenced by the competition of both H+ O, + M =
HO; + M and HO, + H with the main branching reactions. The pressure dependence of the
flames, in the presence of CHy4, was predominantly determined by the reactions of CHs
with H and HO,.

Kéromnes et al. [84] proposed a detailed chemical kinetic model for the oxidation
of a hydrogen and syngas mixture, investigating pressures ranging from 1 to 70 bar,
temperatures from 914 to 2220 K, and inequivalence ratios of 0.1 to 4.0. The authors
observed that the mixture’s reactivity was governed by hydrogen chemistry when the
CO concentrations in the fuel mixture were below 50%. At higher CO concentrations,
an inhibitory effect of CO was observed. Additionally, they developed a comprehen-
sive chemical kinetic mechanism for hydrogen and H, /CO mixtures, adjusting the rate
constants to reflect newly obtained experimental information at high pressures. In their
chemical kinetic model, the reaction Hj + HOQ  H+ H,0; followed by the reaction
HyOp(+M) < OH + OH(+M), was found to play a crucial role in hydrogen ignition
under high-pressure and intermediate-temperature conditions. Conversely, at low pres-
sure (1 atm) and low temperature (below 1000 K), the reactivity was mainly controlled
by the competition between the chain-branching reaction Hy+ O, <+ O+ OH and the
pressure-dependent chain-propagating reaction H + Oy(+M) <> HO,(+M).

Li et al. [85] identified that the existing H,/CO kinetic models failed to accurately
predict the LFS of Hy /O, /CO; mixtures at high pressures. To investigate the discrepancy,
an uncertainty analysis was performed using the data collaboration method, revealing
inconsistencies in the existing data. To address these issues, new experiments were con-
ducted under similar conditions, and the newly obtained values were consistent with other
data in the dataset. Therefore, it is recommended to enhance the performance and design
of the model for improved predictions.
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Olm et al. [86] analysed experimental results of syngas combustion in fast compres-
sion machines over the past decade. Among the findings, a delay in ignition times for
temperatures below 1000 K was observed. The accuracy in reproducing ignition delay
times did not significantly change with pressure, and the measured and simulated LFS
were better at low initial temperatures for mixtures rich in CO and highly diluted. Costa
et al. [87] presented a numerical model for simulating CI engine operating in DF mode
with syngas and biodiesel. The model results indicated that high percentages of syngas
decrease combustion efficiency in the engine while increasing thermal efficiency. Moreover,
the use of syngas reduced the formation of NO but increased the presence of CO and soot
compared to the use of pure biodiesel.

Wiemann et al. [88] conducted experimental analysis and simulated the combustion
of syngas in a single-cylinder engine, investigating its effects on both SI and HCCI engines.
The experimental results and simulations exhibited good agreement overall. The data
revealed comparable work and heat transfer from the engine for lean and moderately rich
combustion. Hence, both combustion methods were deemed suitable for adjusting power
generation in a stationary engine. Rinaldini et al. [18] performed a numerical analysis
of combustion in an indirect CI injection engine fuelled by diesel and syngas. The CFD
model incorporated a scheme of chemical kinetics adapted to the combustion of DF. The
model results indicated that modifying the beginning of the injection angle is necessary to
preserve the mechanical integrity of the engine and maximize its braking efficiency. The
numerical analysis provides guidelines for establishing the injection strategy based on the
distribution of syngas.

Recent studies have advanced our understanding of engine performance by utilising
full engine-cycle simulations with realistic syngas compositions derived from biomass
gasification, which typically contain up to 50% hydrogen. For example, Costa et al. [89]
applied 3D computational fluid dynamics (CFD) to a biomass-fuelled micro-combined
heat and power (CHP) spark-ignition (SI) engine. Their findings showed that using inert
gases for dilution, such as CO; and Nj, decreases the lower heating value (LHV) and
in-cylinder temperature. However, a moderate concentration of hydrogen (20-30 vol.%)
helps maintain efficiency.

In another study, Gordillo and Gonzélez [90] utilised the KIVA—4 model, coupled
with detailed chemical kinetics, to optimise the performance of syngas in SI engines. They
demonstrated that increasing the amount of hydrogen reduces the ignition delay, while
CO; dilution lowers the flame temperature and nitrogen oxides (NOx) emissions.

Gao et al. [33] systematically synthesised data regarding typical syngas compositions
from gasifiers, underscoring their significance as realistic inputs for CFD and kinetic models.
In the context of compression ignition (CI) engines, Perrone and Costa [91] modelled the
direct injection of biomass-derived syngas in a micro-CHP CI engine, reporting high
efficiency and reduced NOx emissions during direct injection operation.

Table 5 summarizes key studies, detailing simulation methods, engine types, fuel
compositions, objectives, and principal findings on syngas combustion.

Insights gained from experimental and modelling studies of syngas combustion kinet-
ics directly inform the development and optimization of ICE fueled by syngas. Knowledge
of ignition delays, flame speeds, and emissions behavior shapes engine design choices and
combustion control strategies. The following section explores how these kinetic principles
translate into practical applications within SI and CI engines, highlighting challenges and
current advancements.
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Table 5. Summary of the key research papers published about syngas combustion modelling in
different types of ICE (e.g., SI, CI, and HCCI variations).

Engine Type Sﬁ;lﬁ(t)lgn Engine/ EI);l};(e)rlmental Fuel %,zr:;glo )S ition Objective(s) Finding(s) Ref.
Under WOT and MBT:
ITE: SG 39% > Biogas
4-stroke, 4—cyl SI SG: H2 17, CO 15; Effects of IT, H2, 37.5%; NOx: SG 3.3
sI KIVA4- engine, CR =12.9:1, CH4 4;CO2 15,0 and CH4 contents g/kWh < Biogas 7.2 [92]
CHEMKIN rpm = 1500, ¢ = 0.8, IT  0.14; N2 53Biogas: on Sl engine fueled  g/kWh. At advanced
variable CH4 65; CO2 35 with SG and biogas  ITs: + H2 (11-20%)
less sensitive to NOx
than 1CH4 (55-88%)
A Inert dilution
. ssess syngas (CO2/N2) | LHV &
o EC’»DC gFiigﬁggle Biomass-fueled H2 20-30; CO 25-40; composition effects  cylinder temps; [66]
k}'] G micro-CHP SI engine CO2/N2 balance on engine thermal moderate H2
inetics) balance supports efficient
operation
o - H2 — faster
. H2 15-35; CO 20-40; Optimize SI engine T o o
3D CFD (KIVA—4 Sl engine, full-cycle iy : ignition; CO2 dilution
SI + GRI—Mech 3.0) CFDg Y C_OZ 10-20; CH4 pgrformance with 3 | flame temp & [90]
2-5 biomass syngas NOx
Provid listi Steam/oxy-steam
Data synthesis + Typical gasifier syngas H2 20-30: CO 25-45; s rov;seir{eits dlacta gasification 1 H2
sI CFD ranges; validation for  C0)5 1% CHA 0.5 for gimetic/CED fraction & LHV; [33]
benchmarking CF]% ! rgg dézrfs,e 1c air-blown yields low
H2, high N2
Multidimensional Sl engine conditions,  H215-30; CO20-40; Quantify impactof | FZ~ shorter 4
SI CFD + kinetic syngas blends with CH4 0-5; balance CO/H2 ratio and r%activit . CO ensures [93]
analysis variable CO/H2 inerts diluents flame s tZl; it
SG: H2 12.8-37.2; TH2 12.8—519.4% — 1
4-stroke, 2—cyl SI CO 11.5-16.4; CH4 Model impact of H2  brake thermal
SI CHEMKIN research engine, 2.3-3.6; CO2 fraction on energy efficiency; 1 H2 up to [94]
CR =11:1, 1500 rpm 10.8-24.7; N2 balance & efficiency ~ 37.2% — | brake
18.1-62.6 thermal efficiency
2-D . . . ) Simulate SG Predicts primary
CI (retrofitted thermodynamic 4 st.roke, 6_fyl CI SG: H2 6, CO 2.5’ combustion in CI parameters of SG
engine, CR = 16.3 (CI CH4 5; CO2 11; N2 ; ; o [95]
to SI) code + e}, 1100 53 engines used in SI combustion in
PHOENICS mode), 1100 rpm mode adapted CI engines
: Imbalance in
CI (retrofitted Zero- 4-stroke, 6yl CI SG: H219; CO 19; ?I?seer?si?g impact turbocharger — |
to S(li)e rolite dimensional engine, CR =16.5 (CI), CH42;CO212; erfo;gmance with eng.in(? power; [96]
model 10.5 (SI), rpm = 1500 H20 2; N2 46 p boch optimization can
turbocharger mitigate losses
1-D multicylinder ~ 4-stroke, 1—cyl CI SG: H2 70: CO 15: Evaluate SI engine 35 ({Liltlie(}rf?,rslsl;\]nép]?gg
CI engine model engine, CR =15:1, cO215 ’ feasibility with | thermal efficienc ’ [97]
(GT-SUITE) rpm = 1800 H,-rich 5G . ¥
under high load
3D CFD (engine H222-30; CO28-3¢;  Lvaluate direct High efficiency &
CI simulation, DI Micro-CHP Clengine ~ CO2 8-12; CH4 2—4; ;n]ec al;)rilno(j 10Mass  reduced NOx under [89]
syngas) N2 balance e¥1rg1ignes DI syngas
4-stroke, 1yl Main fuel: Diesel; .
DF 3D CONVERGE  Ricardo Hydra CI SGH23,CO 1L, ey e i Co o)
(Diesel/Syngas)  CFD engine, CR = 15.5:1, CO2 3.4; CH4 1.4; d}esel retorme: &C((Z)OZO ability,
rpm = 1200 C2H42.9; N2 78.2 lese
Main fuel: Diesel; Effect of PG PG/diesel: delayed
DF Heat Release Rate ~ 4—stroke, 1-cyl PG: H2 15; CO 20; substitution of combustion star}t,, 1
(Diesel/Producer model Yanmar CI engine, CH4 4. CO2 12: 02 diesel on HRR & BTE [99]
Gas) (CONVERGE) CR =20.9:1 ks ; iesel on max BTE, | max
; combustion pressure, | NOx
P Ignition accelerated
Sensional Improve HCCI before TDC — |
HCCI single-zone HCCI engine SG:H250;CO50  combustion with intake temperature; [100]
thermochemical ozone or excited 1% singlet delta
model oxygen oxygen T power
7-14%
J }-12 lal:{straction rate,
. 4-stroke, 1—cyl Main fuel: PRFs; 1 fuel decomposition
Multi-zone model . - (1200 Effect of syngas . .
HCCI + semi-detailed  (vaukesha CFR engine, - 5C: 0°80% addition on HCCI by’ 7 SOmPUSHon g
kinetics ’ i3 erformance P
rpm = 800 H2/CO=1/1 I3 pressure/temp, |

NOx, T+ HC & CO

Denotations: 1: increase; |: decrease; IMEP: Indicated Mean Effective Pressure; CR: Compression Ratio; ITE:
Indicated Thermal Efficiency; BTE: Brake Thermal Efficiency; CoV IMEP: Coefficient of Variation of IMEP; PRF:
Primary Reference Fuel; SOC: Start of Combustion; ¢: The fuel/air equivalence ratio; WOT: Wide Open Throttle,
and MBT: Maximum Brake Torque; HC: Hydrocarbons; THC: Total Hydrocarbons.
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3.3. Critical Insights on Kinetic Modelling

Significant progress has been made in developing detailed kinetic mechanisms for
syngas combustion; however, contradictions exist between model predictions and exper-
imental data. For instance, Kéromnes et al. [84] demonstrated that hydrogen chemistry
dominates reactivity when carbon monoxide (CO) content is below 50%. In contrast, Li
et al. [85] found that existing Hy /CO mechanisms tend to underestimate laminar flame
speeds in CO,—diluted mixtures at elevated pressures. Similarly, Olm et al. [86] noted a con-
sistent underprediction of ignition delay at low temperatures (below 1000 K), particularly
for CO-rich mixtures. These discrepancies indicate that current mechanisms are unreliable
across the full range of engine-relevant conditions.

Another challenge is that many validation datasets are limited to simplified mixtures,
such as Hy /CO/CHy in O,/ Air or Nj diluents, whereas practical syngas often contains
significant amounts of CO; and trace hydrocarbons [102]. Consequently, extrapolating
these models to real biomass-derived syngas may introduce errors. Furthermore, most
kinetic models have been developed under controlled laboratory conditions (constant
pressure and homogeneous mixtures) that do not accurately reflect internal combustion
engines’ turbulence, stratification, and transient pressures [103].

Despite their complexity, current kinetic mechanisms need refinement and validation
under high-pressure, low-temperature, and diluted conditions. Considering real engine
environments, they should also be integrated into computational fluid dynamics (CFD)
frameworks.

4. Application of Syngas in Internal Combustion Engines
4.1. Application of Syngas in SI Internal Combustion Engines

Complete substitution of conventional fuels with syngas in SI engines is technically
feasible, but direct operation of a naturally aspirated SI engine on syngas typically results
in a 20-30% power loss due to its LHV compared to natural gas (~37 MJ/kg). To mitigate
this limitation, blending syngas with high-LHYV fuels (e.g., gasoline, natural gas, hydrogen)
has been extensively investigated [104,105].

Fan et al. [106] investigated the enrichment of gasoline with syngas fractions up to
20% (with a hydrogen-to-carbon monoxide mass ratio of FH, /FCO = 0.3/0.7). Their results
showed that this enrichment increased both cylinder pressure and thermal efficiency. As
expected, pure gasoline produced the highest nitrogen oxide (NOx) emissions. Increasing
the proportion of syngas in the fuel blend generally reduced NOx emissions. Over the
entire range of 0-20% syngas addition, the peak carbon monoxide (CO) mass increased
steadily, while the carbon dioxide (CO;) mass decreased.

Similarly, Chen et al. [93] reported that when the hydrogen-to-carbon monoxide mass
ratio in syngas was FH, /FCO = 0.5/0.5, increasing the syngas proportion in the blend
reduced hydrocarbon (HC) emissions but gradually raised CO emissions.

CFD-based investigations have provided further insight into ignition timing and
hydrogen fraction effects. Kan et al. [92] showed that syngas with higher H, content
increases indicated thermal efficiency and reduces NOx compared to biogas, particularly
under wide-open-throttle conditions. More recently, Park et al. [105] confirmed that syngas
exhibits stable lean combustion with the lowest ignition failure limit among tested fuels
(natural gas, ethanol, syngas), highlighting its suitability for ultra-lean operation.

Despite these benefits, complete reliance on syngas in SI engines may compromise
power density, necessitating hybrid fuelling strategies [107-109]. Table 6 summarizes major
recent studies on syngas utilization in SI engines, highlighting the trade-offs between
efficiency, emissions, and engine modifications.
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Table 6. Summary of research works on syngas utilization in SI engines.

Objective Fuel (Co/(())n‘:glo )S ition Experimental Setup Key Findings Ref.
100% syngas in SI EIZ—I 131_—169’58 g 196—_1244IN . 4—stroke, 1—cyl, J Power (~20%); T COy; | [110]
engine vs. gasoline balgﬁ ce z 7¥2° 55 kW Sl engine NOx & CO vs. gasoline

i . . CO- ) 2—cyl Lombardini SI i .
Syngas/CH,4/gasoline Hj: 23-40; CO: 23-39; enoine H; —rich syngas improves [105]
blends CHy: 11-26; CO,: 10-28 20§0 4500 rpm efficiency; T NOx; | CO

.. e . Hy, 1 CO, | CO, improve
Ignition timing & H,/CO ~ 40/39; CH, SI engine under TH, ) :
supercharging traces boost & IT variation efoéC;ency, supercharging [87]
CFD with hydrogen  Hj: 17; CO: 15; CHy: 4; 4—cyl SI engine, 1 H; improves ITE; | NOx vs. [92]
enrichment COs: 15; N,: 53 1500 rpm biogas
DI-SI syngas vs. Hj: 50; CO: 50 (+CHy 17CX1’ [_)ISI’ T Heat release & efficiency; |
CNG 20%) CR=14:1, torque vs. CNG [104]

° 1500-2400 rpm que vs.

; . . CR improves lean burn;
Equivalence ratio &  Hy: 60; CO: 40; 1—cyl Sl engine, ) : !
CR effects LAV = 204 M] /kg CRZ9-11, 1200 pm ~ 5YNgas achieves lowest (1]

misfire limit
Producer gas in H,: 8.5; C0O:30.5; CHy: 0.3; i_gi}lll7CI engine, CR 1 CR improves BTE [17]
retrofitted CI — SI CO;: 4.8; Np: 49.6 1000-2000 rpm (11—24%); | smoke; T CO
Stoichiometric vs 1—cyl Cl engine, 1 CRincreases ITE & HRR; |
) H,: 30; CO: 25; CO,: 45 CR=13-17, combustion duration; | gross [19]

lean SG 1800 rpm power

Denotations: 1: increase, |: decrease, ~: nearly constant or insignificant,/ /: similar to above. BMEP: Brake Mean
Effective Pressure, BTDC: Before Top Dead Center, BSFC: Brake Specific Fuel Consumption, IMEP: Indicated Mean
Effective Pressure, CR: Compression Ratio, ITE: Indicated Thermal Efficiency, BTE: Brake Thermal Efficiency, CoV
IMEP: Coefficient of Variation of IMEP, TC: Turbocharge, NA: Naturally Aspirated, IT: Ignition Timing, SOI: Start
of Ignition, ¢: the fuel/air equivalence ratio, WOT: Wide Open Throttle, and MBT: Maximum Brake Torque.

Opverall, the studies summarized in Table 6 show that the main limitation of syngas in
SI engines is its low energy density, which directly translates into reduced power output
when used as the sole fuel. Hydrogen-rich syngas compositions help counter this drawback
by improving lean-burn stability, ignition reliability, and thermal efficiency, but they cannot
fully offset the loss in brake power. In practice, blending syngas with high-LHV fuels such
as gasoline, natural gas, or hydrogen emerges as the most effective strategy to balance
efficiency gains with manageable emissions. Importantly, compression ratio adjustments,
ignition timing, and supercharging can further tailor performance, but their effects are
highly engine-specific. Looking ahead, hybrid fueling strategies and advanced combustion
control, supported by predictive CFD and Al models, offer promising pathways to unlock
syngas potential in SI applications while minimizing its intrinsic power penalties.

4.2. Application of Syngas in CI Engines

CI engines are well-suited for syngas utilization due to their high efficiency and
robustness. However, because of the high autoignition temperature of syngas, operation
is typically carried out in DF mode, with diesel serving as the ignition pilot (10-20 vol.%
of the fuel supply) [87,112]. Numerous studies confirm that DF syngas/diesel operation
reduces soot emissions while maintaining power density. For instance, Aslam et al. [19]
showed that syngas with higher H, fractions improves combustion efficiency and reduces
CO and HC, though at the expense of increased NOx. Conversely, CO—rich syngas (>34%)
lowers efficiency and increases emissions. Krishnamoorthi et al. [113] also found that H,
enrichment boosts thermal efficiency but worsens NOx formation, whereas higher CO
reduces NOx but increases incomplete combustion.
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At low loads, syngas substitution can delay ignition and reduce efficiency due to
its low reactivity [17]. Talibi et al. [114] demonstrated that CO, dilution within syngas
significantly decreases combustion temperature, leading to lower NOx but higher CO and
HC emissions. Recent simulation and experimental works confirm that optimized pilot
injection strategies are crucial to balance efficiency and emission trade-offs.

Table 7 summarizes recent works on CI engines operating in DF mode with syngas,
emphasizing the role of H, /CO ratio, pilot fuel strategy, and load dependence.

Table 7. Summary of research works on syngas/diesel dual-fuel CI engines.

Fuel Composition

Objective (% vol.) Experimental Setup Key Findings Ref.
Efficiency & 1T Hy — 1 efficiency & NOx;
emissions vs. H,: 100-0; CO:0-100 gaén_ngirl ]2“.1100\/ CL, 1 CO — | performance & [19]
H,/CO ratio e NOx

Kirloskar CI, Max diesel replacement
E{ficégfrﬁ?g & H,/CO =100/0—0/100 1500 rpm, ~70%; Hy—rich — 1 [113]
2 CR=1751 efficiency, T NOx
CFD & exergy - . . Syngas/diesel | soot & CO;
analysis of DF mode H,/CO = 50/50 DF Cl simulations 1 NOx at high load [114]
PG/diesel dual PG—Hj;: 15-19; CO: 18-22;  Kirloskar CI,
mode N,: 45-55 CR = 17:1 PG | NOx & soot, but | BTE [17]
. DF feasible without mods;
PG/ diesel vs. PG—H,:12,CO: 10; CHy: Ly YLKiToskar AV BT order: BD > D > D/PG 2]
PG/biodiesel DF 1.5; CO,: 15; Nj: 59 . iy ’ > BD/PG; BD/PG | smoke
1450-1600 rpm by 16%
Pilot injection R AL NT AVL 5402 CI, Split injection 7 efficiency; |
optimization PG—Hp: 20; CO: 20; Na: 60 1500 rpm emissions [115]
PG + biodiesel PG—H,: 15-19; CO: 18-22;  Apex Clensine, DF 1 BTEby ~6%; | HC& 10
(DiSOME) DF Npy: 45-55 1500 rpr.n. ! CO; 1 NOx vs. HCCI
Modified DF diesel PG—Hj;: 15-19; CO: 18-22;  Kirloskar TAF—1 CI, PG | BTE, 1 fuel [117]
with PG Nj: 45-55 CR=17:1,1500 rpm  consumption, | NOx & HC
H,: 100 H, — 1 BTE, | fuel use, 1
H; vs. PG DF PG—H,;: 15-19; CO: 18-22; DF CI HRR; PG — | BTE, 1 CO & [118]

Np: 45-55

HC

Denotations: 1: increase, |: decrease, ~: approximately constant, IMEP: Indicated Mean Effective Pressure, CR:
Compression Ratio, HC: Hydrocarbon, HSDI: High-Speed Direct Injection, ITE: Indicated Thermal Efficiency, BTE:
Brake Thermal Efficiency, BTDC: Before Top Dead Center, ¢: air-fuel equivalence ratio, COVIMEP: Coefficient of
IMEP, and UHC: Unburned Hydrocarbon.

In contrast to SI engines, where power density is the dominant concern, CI engines face
challenges primarily related to ignition control and emissions management. The findings
in Table 6 consistently indicate that H, —rich syngas improves combustion efficiency and
brake thermal efficiency but at the cost of higher NOx, while CO—rich or N —diluted
syngas mitigates NOx but compromises efficiency through incomplete combustion. A
recurring theme is the decisive role of pilot injection strategies, which strongly influence
the trade-off between efficiency and emissions. Load dependence also emerges as a critical
factor: syngas performs well at medium-to-high loads, but ignition delays and efficiency
penalties persist at low loads. These insights suggest that the practicality of CI engines lies
not in maximizing syngas substitution, but in flexible DF operation tuned to both syngas
composition and engine load. Future progress will likely depend on adaptive pilot injection
and predictive control methods, potentially Al-enhanced, that can stabilize combustion
and minimize emissions variability in real-world conditions.
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4.3. Critical Insights on Engine Applications

The application of syngas in ICEs demonstrates both potential and limitations. Across
SI studies, there is broad agreement that moderate hydrogen fractions (15-35 vol%) improve
ignition stability and flame propagation, while CO, and N, dilution reduce NOx by
lowering flame temperature [90]. However, contradictions persist regarding the net effect
of hydrogen enrichment on emissions. Some CFD studies report increased NOx at higher
H, contents due to higher peak temperatures, while others observe reduced NOx under
lean conditions, where faster burning shortens residence time at elevated temperatures.
These discrepancies emphasise the strong dependence on equivalence ratio, operating load,
and dilution levels.

In CI'and DF configurations, syngas is often praised for lowering NOx when displacing
part of the diesel pilot, but several studies highlight efficiency penalties and higher CO
or unburned hydrocarbons, especially at high substitution levels [88,89]. This indicates
that dual-fuel operation offers environmental benefits but requires optimisation of injection
timing and substitution ratios to mitigate drawbacks.

HCCI studies remain relatively scarce, and most rely on simplified single-zone or multi-
zone models. These show that syngas addition delays ignition and reduces peak cylinder
pressures, thereby lowering NOX, but at the expense of higher CO and HC emissions. A
key gap here is the lack of full-cycle CFD modelling under HCCI conditions, which would
provide a more realistic assessment of combustion phasing and control challenges [106].

A broader methodological issue across engine studies is the frequent use of synthetic
syngas mixtures with hydrogen levels far above those typically obtained from biomass
gasification (>50 vol%) [119]. Such compositions yield optimistic performance predictions
but have limited practical relevance. This disconnect underscores the need for future work
to employ realistic gasification-derived syngas compositions and to systematically compare
results across SI, CI, DF, and HCCI engines [71].

5. Discussion

The reviewed literature highlights both the promise and the challenges of syngas as
a renewable fuel for internal combustion engines. Several cross-cutting themes emerge,
but contradictions, methodological issues, and knowledge gaps also persist. These are
summarised below:

>  Syngas composition variability as a central challenge: The variability of syngas compo-
sition, dictated by feedstock and gasification process conditions, is consistently identi-
fied as a major factor influencing ignition delay, flame speed, and emissions. Moderate
hydrogen contents (15-35 vol%) generally improve combustion stability, while CO,
and N act as diluents, lowering flame temperature and NOx emissions [66,90]. How-
ever, syngas produced from air-blown gasifiers is often nitrogen-rich, leading to
significantly lower LHVs compared to oxygen/steam gasification pathways [33]. This
compositional diversity complicates direct comparison between studies and limits the
generalisation of results.

»  Contradictions in the effect of hydrogen enrichment: Hydrogen is widely acknowl-
edged as the most influential component of syngas due to its high diffusivity and
reactivity. Most studies report that increasing H; reduces ignition delay and enhances
flame speed [90,120]. Yet the effect on NOx emissions remains inconsistent: some
works show higher H; fractions increase NOx due to higher flame temperatures [66],
while others find the opposite under lean conditions, where faster burning reduces
residence times at peak temperatures [86]. These contradictory findings highlight
the strong dependence on boundary conditions, especially equivalence ratio and
dilution levels.
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»  The dual role of carbon monoxide: Carbon monoxide contributes to syngas calorific
value and participates in chain-branching reactions. Certain studies indicate that CO
stabilises combustion and supports flame propagation [66,121], while others report
inhibitory effects at high concentrations, reducing reactivity and prolonging ignition
delay [78,93]. These contradictions can be attributed to the balance between CO’s role
as a reactive species and its competition with Hj for oxidants. More systematic work
under engine-relevant conditions is needed to clarify its role.

> Limitations of current kinetic and CFD models: Despite significant progress, kinetic
mechanisms often fail to consistently predict laminar flame speeds and ignition delays
across the full range of syngas compositions. Han et al. [121] showed that H, /CO
mechanisms underpredict LFS in CO,-diluted mixtures at high pressure, necessitating
refined rate constants. CFD simulations; meanwhile, frequently employ synthetic
syngas mixtures with unrealistically high hydrogen contents (>50 vol%), which do
not represent biomass gasification products [91]. Furthermore, turbulence—chemistry
interaction models are often oversimplified, potentially compromising accuracy in
transient or stratified combustion modes.

»  Underexplored engine concepts and integration gaps: Most syngas research focuses
on SI engines, with fewer studies addressing CI and dual-fuel strategies. Recent CFD
studies suggest that direct-injection syngas operation in CI engines can achieve high
efficiency with lower NOx emissions [91], yet this area remains underexplored com-
pared to SI applications. Dual-fuel approaches (diesel/syngas or diesel/producer gas)
also show promise for efficiency gains and NOx reduction [88], but the trade-offs in
brake thermal efficiency and CO/HC emissions are not well quantified. HCCI appli-
cations of syngas are even less studied, with most models limited to zero-dimensional
thermochemical approaches. Finally, there is a lack of integration between gasifica-
tion studies (which define syngas variability) and engine simulations, leaving a gap
on these observations, future work should focus on validating kinetic mechanisms
under engine-relevant pressures, temperatures, and diluted conditions. Realistic
syngas compositions reflecting biomass gasification should be employed, avoiding
hydrogen-rich synthetic mixtures. Greater attention is required for CFD studies on CI,
DF, and HCCI engines, which remain underrepresented compared with SI research.
Systematic comparisons and meta-analyses across studies are needed to reconcile
contradictory findings, particularly regarding the effects of Hy and CO on NOx. Fi-
nally, integrating gasification modelling with combustion simulations would provide
end-to-end insights from feedstock to engine performance [66,119,122].

6. Conclusions

This review analyses and critically compares existing literature to show that under-
standing syngas from biomass gasification, including the gasification process, combustion
kinetics, experimental characterisation, modelling, and engine applications, is essential for
unlocking its potential as a renewable fuel for internal combustion engines.

Despite advances in CFD, data-driven, and machine learning approaches for optimis-
ing syngas production, variations in composition due to feedstock, gasifier design, and
operating conditions remain, affecting heating value, hydrogen content, combustion stabil-
ity, and emissions. While extensive experimental and modelling studies have advanced our
understanding of oxidation kinetics, flame propagation, and dilution effects, current kinetic
mechanisms often show inconsistency under engine-relevant pressures, temperatures, and
realistic syngas mixtures.

Key findings indicate that H,—rich syngas enhances ignition stability, lean-burn
operability, and thermal efficiency, yet low energy density, emissions trade-offs, and reliance
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on idealised mixtures limit practical adoption. Mitigation strategies include hydrogen-rich
blends, elevated compression ratios, advanced direct injection, adaptive pilot injection,
dual-fuel cycles, and onboard catalytic reforming. Research should prioritise realistic
gasification-derived compositions, refined kinetic models, Al-driven engine management,
and hybridised systems to fully exploit syngas’s potential in sustainable power generation
and transport.
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