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Abstract: Currently, conventional spark-ignition engines face challenges in meeting the ever-growing demands 

of customers and increasingly stringent regulations regarding pollutant emissions. A combination of 

innovative strategies and carbon-neutral fuels is deemed necessary in order to further reduce fuel consumption 

and minimize engine emissions. The present work aims to assess the performance of combustion strategies 

using low-carbon content fuel, such as methanol M100, ignited by a plasma-assisted igniter (PAI) under ultra-

lean conditions. The experimental campaign is conducted on a single-cylinder research engine at different 

engine speeds and low loads, moving up to the engine lean stable limits. To determine the benefits brought by 

the proposed strategy, referred to as M100-PAI, the obtained outcomes are compared with the ones obtained 

using market gasoline E5 ignited by the PAI system and conventional spark. The synergy between M100 

(methanol) and Plasma Assisted Ignition (PAI) in internal combustion engines yielded notable benefits. This 

combination significantly improved combustion stability if compared to the other combinations tested, by 

extending the lean stable limit to λ=2.0, reducing cycle-to-cycle variability, and facilitating faster flame front 

acceleration, resulting in enhanced homogeneity. These enhancements, obtained with the combination M100-

PAI, contributed to higher fuel efficiency showing a 10% efficiency gain over the combination E5-gasoline spark 

ignition. 

Keywords: lean combustion; kinetic; methanol fuel; Plasma Assisted Ignition; SI engine 

 

1. Introduction 

The increasingly stringent regulations on emissions of harmful gases: NOx, CO, Uhc, soot, and 

CO2 have forced the entire engine research community to improve the thermal efficiency and 

emission characteristics of spark-ignition (SI) engines [1]. Advanced combustion techniques such as 

cooled external exhaust gas recirculation (EGR) [2], engine boosting in conjunction with downsizing 

[3], water injection [4,5] and lean mixture operations [6] proved to be effective ways to meet these 

demands. Due to the carbon content of commercial fossil fuels, it is difficult for even the most efficient 

systems with low emissions to achieve zero CO2 content [7]. Therefore, the integration of innovative 

and carbon-neutral strategies is deemed necessary to achieve net zero emissions targets [8]. The 

scientific community is currently investigating renewable energy sources (electro-fuels also known 

as e-fuels [8,10]) and fuels deriving from waste biomass (biofuels [11]) for their low cradle-to-grave 

carbon impact [12]. Among the others, pure methanol M100 is the simplest liquid synthetic fuel and 

one of the most promising alternative fuels for replacing petroleum-based fuels [13]. Methanol has 

the potential to burn easily in the air due to its high volatility [14]. Methanol has a higher Research 

Octane Number (RON) and a heat of vaporization greater than gasoline [15]. A high heat of 

vaporization cools down the incoming charge, thus improving volumetric efficiency and power 

output. A higher RON can increase thermal efficiency as it can increase the compression ratio. This 

feature renders M100 suitable for small, turbocharged, high-power-density engines [16]. 

Furthermore, as a liquid fuel, M100 has the advantage over gasoline because its initial boiling point 
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makes it safely stored and distributable with existing infrastructures [17]. In the literature, it has been 

reported that the use of methanol as an alternative fuel in internal combustion engines has achieved 

excellent results in terms of engine performance and emissions. Celik et al. [17] studied the effect of 

increasing the compression ratio of a single-cylinder engine fueled with M100. They found 

enhancement in engine power and BTE (Brake Thermal Efficiency) of about 14% and 36%, 

respectively, moving from 6:1 to 10:1. Moreover, CO, CO2, and NOx emissions were reduced by about 

37%, 30% and 22%, respectively. The methanol combustion process and the presence of a single 

carbon molecule (CH3OH) reduce NOx and PM emissions compared to complex hydrocarbon fuels 

[18]. Dhaliwal et al. [19] found that using pure methanol instead of compressed natural gas (CNG), 

liquified petroleum gas (LPG) and M85, drastically decreases the emissions of NOx and PM of both 

light and heavy-duty vehicles. The higher oxygen content in methanol faster the flame and the lower 

the CO and HC emissions [20]. However, at ultra-lean mixture conditions, towards which the 

research is directed, the lower energy density (LHVM100 = 19,93 MJ/kg) and the higher heat of 

vaporization (HoVM100 = 1160 kJ/kg at 25°C) of methanol compared to gasoline (LHVE5 = 44 MJ/kg and 

HoVE5 ~ 380 kJ/kg at 25°C) reduces the mixture ignition capabilities causing slow-burning 

thermodynamic cycles featured with high variability and partial oxidation products as HC and CO. 

High ignition energies are consequently deemed necessary under extreme operating conditions to 

address these issues. Traditional spark-based solutions are inefficient in transferring energy to the 

gas under challenging conditions [21,22]. Abidin and Chadwell [23] estimated that only 2.5% of the 

primary energy reaches the medium. Solutions such as multiple spark discharge [24] and high-energy 

discharge [25] improve ignition effectiveness and combustion stability but share limitations with 

traditional spark plugs, including small plasma volume, electrode heat losses, erosion, and fouling 

[26]. Advanced ignition concepts aim to enhance discharge energy, efficiency, and volume. Plasma-

jet ignition systems [27] and pre-chamber ignition systems [28] enable lean/dilute conditions but 

involve design complexities and combustion chamber adaptation. In recent years, extensive research 

has focused on plasma-assisted ignition systems (PAI) [29], also known as low-temperature plasma 

(LTP) ignition systems. PAI ensures stable combustion under critical conditions by generating non-

equilibrium plasma with a significant temperature difference between electrons (hot) and heavy 

species (cold) in the gas [30]. This volumetric discharge mode, combined with kinetic, transport, and 

thermal effects, reduces ignition delay, accelerates kernel formation, and its evolution [31]. Electron 

impact produces excited species and active radicals like hydroxyl radicals OH*, O, O3, reducing fuel 

oxidation reaction time [Error! Reference source not found.,32]. Collisions between discharged 

particles and gas molecules increase turbulence and mixing, while the thermal effect promotes fuel 

oxidation and accelerates combustion initiation according to Arrhenius law [34]. 

1.1. Present Contribution 

The present work evaluates the possibility to exploit the above-mentioned benefits of M100 at 

ultra-lean conditions by using a high-energy PAI, namely a Barrier Discharge Igniter (BDI) [35,36]. 

Several studies [6,37,38] have demonstrated the capability of BDI to promote stable combustion 

processes in conditions of lean mixtures. This is made possible by creating non-equilibrium plasma 

(or LTP), which uses the combined action of the three abovementioned effects to hasten the 

development of early flames [39,40]. Therefore, by harnessing the inherent advantages of M100, BDI 

and lean blends, this work reports the outcomes of a combustion strategy able to address the 

challenge of reducing consumption. The test campaign was performed at fixed load and 1000 rpm in 

a single-cylinder research engine by performing indicating analysis. Comparisons between market 

gasoline E5 ignited by BDI and traditional spark were realized to estimate the advantages brought 

by the proposed strategy in terms of engine management, combustion behavior, and ability to extend 

the engine’s lean stable limit. The results show that, the combination of methanol with PAI in ICE 

offers a compelling array of advantages. This pairing substantially enhances combustion stability by 

extending the lean stable limit to λ=2.0. It fosters faster flame front acceleration during the initial 

combustion phase, leading to reduced cycle-to-cycle variability and greater homogeneity within the 

air-fuel mixture. These improvements result in higher fuel efficiency, with M100-PAI achieving a 
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remarkable 10% efficiency gain compared to conventional spark ignition with E5. Furthermore, the 

improved combustion stability under lean conditions provides the potential for reduced emissions 

of unburned hydrocarbons and carbon monoxide. The smoother rise in CoVIMEP, when λ values 

become leaner, indicates enhanced stability and robustness in challenging operating conditions. This 

combination capitalizes on methanol’s inherent properties, such as its oxygen-rich composition and 

rapid burning rate, which contribute to a broader flammability range and more consistent 

combustion. As a result, M100-PAI demonstrates promise not only in improving engine efficiency 

but also in achieving a higher level of homogeneity within the combustion chamber. 

2. Materials and Methods 

A 500-cc single-cylinder research engine is used to perform the test campaign (Table 1). The 

engine has four valves, a reverse tumble intake port system and a pent-roof combustion chamber 

with the igniter centrally located. Conventional mineral lubricant at 343.0 ± 0.2 K is used for all the 

other moving parts of the engine to guarantee engine durability and reduced blow-by [41]. Methanol 

M100 and gasoline E5 are injected in the intake port by a Weber IWP092 port fuel injector at 4.8 bar 

absolute (Table 2). The air-fuel ratio (λ) is modified by varying the fuel amount at fixed throttle 

position (i.e., 10%, idle mode). A Kistler Kibox combustion analysis system is used to perform 

indicating analysis, with a temporal resolution of 0.1 CAD. At each operating point tested, 100 

consecutive events are recorded. The innovative igniter employed in this work, i.e., the Barrier 

Discharge Igniter (BDI) [42,43], is controlled by a dedicated power electronic system (ACIS Box) at 

1.04 MHz and its discharge control parameters, i.e., activation time ton and the driving voltage Vd 

are managed by a dedicated software [45,46]. The first control parameter, i.e., ton, defines the 

discharge duration while the second one, i.e., Vd, is proportional to the electrode voltage occurring 

on the igniter firing end and regulates the development of ionization waves, i.e., streamers, around 

the igniter’s dielectric alumina globe [36]. The firing end contains the counter electrode and it 

prevents the streamer-to-arc transition phenomenon which causes the loss of all benefits brought by 

the non-thermal plasma discharge [47–52] (Figure 1). 

Table 1. Engine data [46]. 

Displaced volume 500 cc 

Stroke 88 mm  

Bore 85 mm  

Connecting Rod 139 mm  

Compression ratio 8.8:1 

Number of Valves 4 

Exhaust Valve Open 13 CAD bBDC 

Exhaust Valve Close 25 CAD aTDC  

Inlet Valve Open 20 CAD bTDC  

Intake Valve Close 24 CAD aBDC 

Table 2. Physical properties of the used fuels. 

Properties Gasoline (E5) Methanol (M100) 

C/H ratio [-] 0.54 0.25 

O/C ratio [-] 0.03 1 

Density [kg/m3] 761.42 792 

Lower heating value [MJ/kg] 44 19.93 

Heat of vaporization [kJ/kg] 349 1160 

Stoichiometric air-to-fuel ratio 14.7 6.4 

Research octane number (RON) 95-98 109 

Autoignition temperature [K] 536-853 738 
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Adiabatic Flame Temperature [°C] 2002 1870 

Laminar flame speed at the normal temperature and pressure, 

λ = 1 (cm/s) 
28 42 

Flammability limit in air (λ) 0.26–1.60 0.23–1.81 

 

Figure 1. Representation of the experimental setup with a focus on the PAI system and corresponding 

development of the streamers around its firing end. 

3. Case Study 

In the first part of the work, the test campaign was carried out with the engine operating in idle 

mode at 1000 rpm, from λ=1.2 up to the lean stable limit found for each analyzed case. The 

performance of the proposed strategy, i.e., M100 and BDI, was compared with the ones resulting 

from the usage of BDI-E5, spark-M100 and spark-E5. Tests were carried out by taking as a reference 

baseline the latter configuration. For each λ value, the ignition timing of spark-E5 was set to obtain 

the maximum brake torque (MBT), which can be detected with the in-cylinder peak pressure (APmax) 

in a range of 11-17 CAD (Figure 2a). As shown in Figure 2b, using the same ignition timing (IT) with 

a fixed λ value ensured that all combinations fell within the MBT range. This made it easier to 

compare how flames formed and developed in these combinations, as they all began from the same 

in-cylinder conditions. Moving to ultra-lean points, the IT selection was changed to the BDI-M100 

test case due to combustion stability reasons. 

The control parameters of BDI were set at Vd = 60V, ton = 1500µs [37]. For the spark system, only 

the ignition coil dwell time can be managed, and it was set to 3.1 ms for all tested points. Table 3 

resumes all the operating points evaluated in this work. 

 
(a) (b) 
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Figure 2. Ignition timings (a) for each tested lambda and corresponding angular position of the in-

cylinder peak pressure (b). Moving to ultra-lean points, the IT selection was changed to the BDI-M100 

test case due to combustion stability reasons. For such a reason, for reason, up to 1.9 only the 

combination BDI-M100 shows APmax values. 

Table 3. Operating point tested. 

λ 1.2 1.4 1.6 1.7 1.8 1.9 2.0 2.1 

Combination 

Igniter-Fuel  

BDI-

M100 

BDI-E5 

SPARK-

M100 

SPARK-

E5 

BDI-

M100 

BDI-E5 

SPARK-

M100 

SPARK-

E5 

BDI-

M100 

BDI-E5 

SPARK-

M100 

SPARK-

E5 

BDI-

M100 

BDI-E5 

SPARK-

M100 

 

BDI-

M100 

BDI-E5 

SPARK-

M100 

BDI-

M100 

BDI-

E5 

BDI-

M100 
BDI-

M100 

4. Results and Discussions 

4.1. Combustion Stability 

Coefficient of Variance (CoV) of the Indicated Mean Effective Pressure (IMEP), i.e., the ratio 

between IMEP standard deviation and IMEP mean value, is used to evaluate the combustion stability. 

Each operating point is considered stable if the CoVIMEP<4%. 

Figure 3 displays the CoVIMEP (Equation (1)), values for each combination from λ=1.2 up to the 

corresponding lean stable limit with the engine operating at 1000 rpm.  

 𝐶𝑜𝑉𝐼𝑀𝐸𝑃 = 
𝜎𝐼𝑀𝐸𝑃 
𝜇𝐼𝑀𝐸𝑃 

𝑥 100 = 
𝑠𝑡𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝐼𝑀𝐸𝑃

𝑚𝑒𝑎𝑛 𝐼𝑀𝐸𝑃 
 𝑥 100 (1) 

The combinations are stable, with no remarkable differences, up to λ=1.6. As the mixture 

becomes leaner, the probability of ignition decreases due to the absence of available fuel and the 

decrease in temperature caused by excess air [53]. This leads to an increase in cycle-to-cycle variability 

[37]. In the richest cases, the availability of fuel to be ignited does not highlight differences between 

the tested combinations in terms of stability [38].  

Starting from the spark results, at λ=1.7, E5-spark becomes unstable whereas the combinations 

M100-spark operating with oxygenated fuels maintains stable processes up to such λ. The presence 

of oxygen in the fuel is crucial in keeping the CoVIMEP below the stability threshold of 4%. The findings 

of [54], which showed a comparison between M100 and E5 performance on a 4-cylinder PFI SI engine 

under idle conditions and low speed under diverse air-fuel ratios (λ), can elucidate such a behavior. 

M100’s higher diffusion rate and elevated oxygen content lead to enhanced uniformity in the air-fuel 

mixture, resulting in reduced CoV within the intake port compared to gasoline. The greater Heat of 

Vaporization (HoV) inherent to M100, which might normally hinder the evaporation process, is 

counterbalanced by the engine’s low speed. Despite M100’s lower LHV, its combustion stability 

prevails over gasoline due to faster flame propagation facilitated by the heightened homogeneity and 

oxygen content. Notably, minimizing the initial part of combustion process is an effective method for 

enhancing combustion stability [52]. Furthermore, in contrast to gasoline’s sharp increase in CoVIMEP 

with leaner mixtures (higher λ), methanol exhibits a smoother rise, attributed to its accelerated 

burning rate and broader flammability range, which enhance stability under lean conditions.  

Approaching leaner conditions, at λ=1.8 all the combinations using the spark-plug igniter fail to 

guarantee CoVIMEP below the stability threshold, whereas BDI enables repeatable combustion 

processes. This finding implies the effect of BDI discharge on combustion robustness and 

repeatability [36,38]. BDI extends the lean stable limit of E5-spark of 0.2 λ units, i.e., up to λ = 1.8. BDI 
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is dedicated to the production of high number of chemical species, especially ozone O3, by involving 

considerable volume mixture around its firing-end [55]. O3 results in its decomposition into 

monatomic oxygen which allows a faster oxidation of the fuels thus accelerating the chain-branching 

reactions and consequently increase the burning velocity [56]. It has been observed [45] that when 

operating under conditions close to stoichiometry, BDI’s oxygen impact is most pronounced during 

the initial combustion phase. However, as the mixture becomes leaner, the kinetic effect appears to 

diminish. This behavior indicates that the primary influence is thermal, while the presence of radicals 

plays a secondary role, particularly under lean conditions with advanced ignition timing. These 

findings suggest that BDI primarily extends the stable operating limit through its high amount of 

energy release into the medium compared to spark [42,43], in conjunction with the volumetric 

characteristics of its discharge which can involve a larger portion of the combustion chamber with 

respect to traditional thermal ignition [37]. However, when operating with methanol, BDI is capable 

of extends the engine stable limit to be extended up to λ=2.0, resulting in 0.2 λ units gain over the E5-

BDI and in 0.3 λ units gain over the M100-spark. Therefore, the difference between the λ gain between 

BDI-M100 and M100-spark is 0.1 λ higher than the gain between E5-BDI and E5-spark. This outcome 

could suggest that the oxygen presence aids in the production of active and radical species as a result 

of the non-equilibrium plasma discharge interaction with M100, thereby improving kernel formation 

mechanisms and robustness. Masurier and colleagues [56] demonstrated that the addition of O3 (a 

byproduct of a BDI discharge), to methanol fuel accelerates flame front evolution. As previously 

reported, this acceleration allows to extend the lean stable limit of the engine and could provide an 

explanation for the higher λ extension when BDI-M100 is employed.  

 

Figure 3. CoVIMEP plotted against λ at 1000 rpm. For the sake of clarity, operating points showing 

CoVIMEP > 4 % are indicated through dotted markers. 

4.2. Combustion Duration 

To emphasize these findings, Figure 4a provides insights into the duration of the first part of the 

combustion process, i.e., CA0-10 which represents the time required by the combustion process to 

burn 10% of the entire mass. For comparison purposes, the operating points up to the limit found 

with spark-E5 (λ=1.6) have been considered. As increasingly leaner mixtures are used, the CA0-10 

increases due to the lower fuel content, resulting in a lower average in-cylinder temperature [38]. 

From the graph, it is possible to highlight the findings as previously stated. Considering the same 

fuel, BDI is capable of accelerating the flame front. This outcome proves again the capability of PAI 

discharge to enhance the rate of burning through thermal effect and by exploiting the early 
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production of active chemical species combined with a larger volume of mixture involved by the 

discharge [37]. When using the same ignition system, methanol accelerates the flame front. When an 

oxygenated fuel is used, the larger disposal of oxygen within the mixture together with the higher 

homogeneity compared to E5, promotes chemical oxidation thus reducing the duration of the chain 

reaction mechanism [39]. The combination of BDI-M100, leveraging the benefits of the PAI discharge 

and those observed with methanol, produces the fastest acceleration of the flame front. Faster initial 

combustion corresponds to processes characterized by lower cycle-to-cycle variability. At each 

compared λ, the lower the CA0-10 the lower the CoVIMEP (over-imposed in grey on the bars of Figure 

4a). With M100, it is possible to observe a slower drop in cycle-to-cycle variation, which is even less 

pronounced when this fuel is ignited by a PAI discharge (refer to the trend line of the curves in Figure 

4b). 

 
(a) (b) 

Figure 4. (a) Crank angle combustion duration from ignition timing to 10% MFB (Mass Fraction 

Burned) for all tested combination of igniter/fuel up to 1.6. Overimposed, in grey, the CoVIMEP value 

of each operating point. (b) Focus on the first three point tested with the corresponding linear trend 

and equation to emphasize the rise of CoVIMEP of each combination. 

Figure 5 provides insights into the entire combustion process CA10-90. To explain the 

combustion behavior in such a stage, in Figure 5 beside the CA10-90 is reported the trend of the 

maximum in-cylinder pressure (Pmax) and again the CA0-10. In general terms, the CA10-90 exhibits 

an opposite trend compared to the CA0-10. This trend is consistent for both analyzed fuels and may 

be somewhat challenging to explain. However, it could be related to the timing of combustion and 

the somewhat unconventional behavior of blow-by in the optical research engine due to the use of 

non-standard piston rings [38]. The hypothesis is that if the initial phase of combustion happens more 

rapidly, it can result in a higher rate of pressure increase and absolute pressure in the entire 

combustion chamber, including the unburned gas area. This, in turn, could lead to more unburned 

air-fuel mixture escaping through gaps, avoiding the advancing flame, and consequently slowing 

down the second phase of combustion. Apart from singularities, BDI-M100 and BDI-E5 show fastest 

CA0-10 (Figure 5a) which gain the maximum in-cylinder pressure at higher level if compared to the 

other two spark combinations (Figure 5b). This leads, in general, to slowest CA10-90 in all the three 

λ cases analyzed. To make an example, at λ=1.4 BDI shows CA0-10 = 22.4 CAD and CA0-10 = 24.3 

CAD with M100 and E5, respectively, whereas spark presents CA0-10 equals to 25.89 and 26.07 CAD 

when ignites methanol and gasoline. Therefore, BDI gains on average the spark Pmax of about 7%. As 

a consequence of this, spark shows the fastest CA10-90 with both fuels. It is worth highlighting that, 

despite the similar level of Pmax between spark-M100 and spark-E5, the faster CA10-90 showed by 

gasoline could be related to the higher presence of hydrocarbon which speeds up the flame in the 

part final combustion. 
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(a) (b) (c) 

Figure 5. (a) Crank angle combustion duration from ignition timing to 10% MFB for all tested 

combination of igniter/fuel up to 1.6. (b) Trend of the maximum in-cylinder pressure for the same 

lambda values, (c) and Crank angle combustion duration from 10% of MFB to 90%. 

4.3. Indicated Work and Efficiency 

The indicated fuel conversion efficiency is computed by considering the indicated work per 

cycle ℒ𝑖𝑛𝑑, the fuel’s lower heating value LHV, and the injected fuel mass per cycle 𝑚𝑓 (Equation 

(2)). 

𝜂𝑖𝑛𝑑 =
ℒ𝑖𝑛𝑑

𝑚𝑓 ∙ 𝐿𝐻𝑉
(2) 

The latter quantities 𝑚𝑓 is determined by considering the injector’s mass flow rate curves and 

injection timing. At the same λ value, all the combinations present similar ℒ𝑖𝑛𝑑 (Figure 6a) since 

positioned within the MBT range (see Figure 2b). The indicated work decreases as λ increases due to 

lower amount of mixture to be ignited [51]. The higher the capability of the tested combinations to 

extend the lean stable limit the less pronounced the reduction on the delivered work. Figure 6b 

reports the trend of 𝜂𝑖𝑛𝑑 at each stable lambda analyzed for the different igniter-fuel combinations.  

Methanol provides the highest indicated thermal efficiency regardless of the igniter used. For 

example, at λ= 1.2, M100 guarantees improvements of about 12% over E5. As a result, these findings 

contribute to the reduction of CO2 emissions when methanol is employed instead of gasoline [38]. 

The higher efficiency of M100 can be associated to the additional oxygen content which fosters 

combustion initiations and allows for more complete events. Methanol helps enhance emissions 

performance for hydrocarbons (HC) and carbon monoxide (CO) during idle lean burn conditions by 

promoting better uniformity in the air-fuel mixture [54]. When considering the same fuel (e.g.,: E5-

BDI, E5-spark), BDI exhibits higher efficiencies. Going towards leaner mixtures BDI achieves higher 

𝜂𝑖𝑛𝑑  presenting, at the same time, marked instability with regards to spark and stable processes, 

instead, when the PAI discharge is employed. When BDI-M100 is employed, the combined effect of 

PAI discharge together with the higher oxygen content allows to improve on average: 𝜂𝑖𝑛𝑑 of about 

10%, 9% and 2.5%, over spark-E5, BDI-E5, and spark-M100, respectively.  

 
(a) (b) 

Figure 6. (a) Indicated work and (b) corresponding fuel conversion efficiency against λ for each tested 

combination. 
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4.4. Nitrogen Oxides Emissions 

Figure 7 displays a graph where nitrogen oxides emissions are plotted against λ for different 

igniter/fuel combinations. To make the data easier to visualize, the emissions values have been scaled 

relative to the highest recorded value (1 on the graph corresponds to approximately 4500 ppm). The 

emission of NOx from both gasoline and methanol combinations significantly decreased as the excess 

air coefficient increased, primarily because this led to a reduction in the combustion temperature [37].  

When spark is employed, the use of methanol resulted in a lower combustion temperature due 

to its lower adiabatic flame temperature [54]. This mitigates the effect on the formation of NOx 

compared to using gasoline.  

BDI enhances the NOx production in the lowest λ range, especially when M100. The BDI-E5 

combination presents a higher level of emissions compared to spark-E5 due to the local deposition of 

monoatomic oxygen which can react to NOx. In the BDI-M100 case, when oxygen is sourced not just 

from the air but also from the fuel itself, its presence both at and behind the flame front undergoes 

alterations [38]. This led to augmented production of NOx emissions. From another point of view, 

such results highlight that operating with the combination M100 - PAI, the greater presence of 

oxygen, extends the lean stable limit (Figure 3) and the NOx emission trend (Figure 7).  

 

Figure 7. Normalized NOx trend from λ=1.2 up to the lean stable limit found for each tested 

combination. 

5. Conclusions 

By harnessing the inherent advantages of pure methanol (M100), innovative ignition systems 

such as BDI, and lean blends, the present work evaluated the results of a combustion strategy capable 

of addressing the challenge of reducing fuel consumption and emission of internal combustion 

engines. The test campaign was conducted in a single-cylinder research engine at fixed load moving 

from a slightly lean case to the lean stable limit and at different speed conditions. Comparisons 

between market gasoline E5 ignited by BDI and traditional spark were performed to estimate the 

advantages brought by the proposed strategy. At fixed engine speed (1000 rpm) the comparison 

between M100 and E5 ignited by a traditional spark and BDI showed that: 

Combustion Stability:  

CoVIMEP was used to evaluate combustion stability, with a stability threshold set at 4%. Up to a 

lean mixture (λ) of 1.6, all combinations showed a stable combustion. Oxygenated fuels, like M100, 

exhibited better stability due to their higher oxygen content, leading to enhanced uniformity in the 

air-fuel mixture. The use of a Plasma Assisted Ignition as BDI system extended the lean stable limit 

significantly, especially when paired with methanol (up to λ = 2.0), demonstrating the effectiveness 

of BDI in improving combustion stability. 

Combustion Duration: 
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The duration of the initial combustion phase (CA0-10) increased with leaner mixtures, reflecting 

the lower fuel content and reduced in-cylinder temperature. BDI and methanol accelerated the flame 

front, resulting in faster initial combustion and lower cycle-to-cycle variability.  

Indicated Work and Efficiency: 

Indicated fuel conversion efficiency was computed with all combinations showing similar 

indicated work within the MBT range. Methanol consistently provided the highest thermal efficiency, 

contributing to reduced CO2 emissions compared to gasoline. 

BDI improved efficiency by extending the lean stable limit and promoting stable processes. 

Finally, the combination BDI-M100 showed the highest efficiency gains, attributed to the combined 

effects of PAI discharge and oxygen content. 

Nitrogen Oxides Emissions (NOx): 

NOx emissions decreased as excess air (λ) increased, primarily due to reduced combustion 

temperatures. Methanol resulted in lower NOx emissions compared to gasoline when spark ignition 

was used. BDI enhanced NOx production at lower λ values, especially with M100, due to increased 

oxygen availability from the fuel and altered oxygen dynamics. However, the ability to PAI-M100 to 

extend the lean stable limit can lead close to zero emissions of NOx (see Figure 7 for λ=2). 

Future research should aim to optimize this combination for both efficiency and emissions 

control, enabling its potential for reducing greenhouse gas emissions in practical applications. 
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Nomenclature 

ACIS Advanced Corona Ignition System 

APmax crank angle degree at the maximum in-cylinder pressure  

aTDC after the top dead center 

BDI barrier discharge igniter 

CAD crank angle degree 

CoV coefficient of variation 

E5 European market gasoline 

ECU engine control unit 

EGR Exhaust Gas Recirculation 

ICE internal combustion engine 

IMEP indicated mean effective pressure 

LTP Low-Temperature Plasma 

M100 methanol 

MBT maximum brake torque 

MON motor octane number 

PFI port fuel injection 
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RF radio-frequency 

SI spark ignition 

ton corona activation time 

Vd driving voltage 

λ relative air-fuel ratio 
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