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Abstract  7 

Dual-fuel (DF) operation with methanol-diesel allows to reduce CO2 emissions, increase efficiency and 8 

decrease NOx and soot. This paper describes the experimental results with methanol-water (MeOH-W) 9 

blends as a fuel, and has three objectives: (1) whether water acts as a knock suppressant, enabling higher 10 

diesel substitution ratios, (2) if water can be a measure to control engine-out NOx emissions given its cooling 11 

effect, and (3) to test the effect on brake thermal efficiency (BTE) of a blend of 90% methanol and 10% 12 

water by weight, which is interesting from a methanol fuel production cost perspective. Experiments were 13 

conducted on a dual-fuel marine Volvo Penta engine with methanol/water weight by weight shares of 14 

50%/50% (MeOH-50), 64%/36% (MeOH-64), 90% /10% (MeOH-90) and 100%/0% (pure methanol, 15 

MeOH-100). A maximal increase in BTE of 3.3% and 4.9% were observed when going from respectively 16 

MeOH-100 and diesel-only operation to MeOH-50. The maximum methanol energy fraction (MEF) was 17 

obtained with pure methanol, equal to 76%, and decreased with increasing water content. NOx emissions 18 

decreased with pure methanol compared to diesel-only operation, and further decreased with increasing 19 

water content. It is concluded that MeOH-90 does not harm the BTE of the tested dual-fuel engine; and that 20 

MeOH-50 and MeOH-64 were able to reach IMO Tier III NOx legislation, but at the same time score worse 21 

for greenhouse gas reduction potential as less diesel can be substituted by methanol with these blends.  22 
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Abbreviations: MeOH-W, Methanol-water; MeOH-XX, Methanol-water blends with XX 50%, 64%, 24 

90% or 100% denoting the amount of methanol by weight in the blend; ICE, Internal Combustion Engine; 25 

GHG, Greenhouse Gas Emissions; DF, Dual-Fuel; EGR, Exhaust Gas Recirculation; DSR, Diesel 26 

Substitution Ratio; SI, Spark Ignition; RON, Research Octane Number; DO, Diesel-Only; MEF, 27 

Methanol Energy  Fraction; BMEP, Brake Mean Effective Pressure; HoV, Heat of Vaporization; BTE, 28 

Brake Thermal Efficiency; STP, Standard Temperature and Pressure; SPI, Single Point Injection; MPI, 29 

Multiple Point Injection; MMF, Methanol Mass Fraction; RR, Replacement Ratio; LHV, Lower Heating 30 

Value; HRR, Heat Release Rate 31 

1. Introduction 32 

Worldwide almost 100 000 vessels are running on fossil fuels (mainly diesel and heavy fuel oil) with 33 

internal combustion engines (ICEs) [1], responsible for 2.89% of anthropogenic greenhouse gas emissions 34 

[2]. As the maritime sector is expected to grow between 25% and 180% by 2050 [3] and as IMO’s initial 35 

greenhouse gas (GHG) strategy is a 50% reduction in total annual GHG by 2050 [2], the sector is urging 36 

for technological innovation. A promising solution for meeting GHG emission reduction targets is changing 37 

to renewable fuels while keeping the proven and reliable ICE [4]. Methanol is seen as a viable renewable 38 

fuel for ICEs, certainly for applications where high system energy densities are required [5] [6] [7]. This is 39 

thanks to several characteristics of methanol: its liquid state at ambient temperature and pressure (making 40 

it practical to handle and transport), it is convenient to produce (it is a simple molecule which can be made 41 

renewably from biomass feedstocks and renewable electricity) [8] [9], and its excellent engine performance 42 

(high efficiency and ultralow emissions) [4] [10] [11]. 43 

Over the past decade, several research efforts have been done on dual-fuel (DF) engines with methanol-44 

diesel [12] [13]. Dual-fuel engines allow a gradual fuel transition to renewable methanol: when methanol 45 

is not available for bunkering in a port, vessels can still run on diesel [14]. Different demonstration projects 46 

have furthermore proven the technology readiness of dual-fuel engines with methanol-diesel: with low 47 

speed engines MAN has already powered more than nine vessels [15], with medium speed engines Wärtsilä 48 
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has several years of operating experience on four engines in the Stena Germanica [16], and on a high speed 49 

Volvo Penta engine dual-fuel operation was demonstrated during the LeanShips project [17]. In the Horizon 50 

2020 FASTWATER project that is currently ongoing, the engine manufacturer Anglo Belgian Corporation 51 

nv. will power a tugboat of the Port of Antwerp with two medium speed dual-fuel engines on methanol-52 

diesel [18] [19].  53 

Different concepts exist for dual-fuel engines and they mainly depend on the methanol fuel injection. 54 

Methanol can be injected directly in the cylinder into a burning diesel jet [15] [16] or it can be fumigated 55 

in the intake manifold, at a single point in the intake or at multiple points before the intake valves [12] [17] 56 

[20]. In this paper, the fumigation concept is used as it is the most convenient engine retrofit solution: it has 57 

the advantage of a methanol circuit at low pressure and that no engine modifications are required because 58 

methanol can be injected in the more easily accessible intake manifold [21]. 59 

Although the fumigation concept has been demonstrated and researched over the past decade, challenges 60 

remain. Current diesel substitution is mainly limited by knock at high load and misfire at low load [22], but 61 

little research has been done on extending these limits. Yao et al. has tested the knock limiting properties 62 

of Exhaust Gas Recirculation (EGR) and achieved a 2% increase in diesel substitution ratio (DSR) [23]. 63 

Dierickx et al. [21] compared two methanol injection strategies: at high load lower DSRs were reached with 64 

a single point methanol injection than with a multiple point methanol injection. Water is known to be a 65 

knock suppressant from experiments on spark ignition (SI) engines [4] [24] [25]. Most and Longwell 66 

investigated on a single cylinder CFR engine the research octane number (RON) of pure methanol and 67 

blends with 5% and 10% water by volume. They found that water increased the RON from 109.6 (pure 68 

methanol) to 114 (methanol with 10% water by volume). A first objective of this paper is therefore to 69 

investigate the knock limiting properties of adding water to methanol in order to obtain higher DSRs.  70 

Meeting current and future emission legislation like IMO Tier III for NOx is another challenge for the 71 

marine sector [26]. Water injection offers the possibility to reduce peak combustion temperatures thanks to 72 

its high heat capacity and high heat of vaporization, in this way reducing NOx formation during combustion 73 
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[24] [27]. Sun et al. investigated the effect of direct water injection on the combustion and emissions of a 74 

marine diesel engine and achieved up to 55.6% NOx reductions [28]. On methanol-water (MeOH-W) 75 

blends, very little research has been done. Sileghem et al. has tested methanol-water blends up to 10% water 76 

by volume and achieved substantial NOx reductions up to 42% [29]. MAN has tested methanol-water blends 77 

to control NOx on a two-stroke dual-fuel engine: depending on the engine load, 20% to 40% water by 78 

volume was required in the methanol-water blend to obtain IMO Tier III [30]. Cho et al. investigated five 79 

different methanol-water blends on a light-duty 4 cylinder 2.9l diesel engine: water/methanol volume ratios 80 

of 100%/0% (pure methanol), 90%/10%, 60%/40%, 30%/70% and 0%/100% (pure water) [31]. With the 81 

60%-40% blend maximal NOx reductions of 28% and 11% were achieved compared to respectively the 82 

diesel-only (DO) and the pure methanol case. The tested methanol energy fractions (MEFs) were however 83 

limited to 40%. The second objective of this paper is hence to investigate the NOx reduction potential at 84 

high MEFs and this on a heavy duty marine dual-fuel engine.   85 

The third objective of this paper is to test the effect on engine performance of “crude methanol”, as this 86 

would be interesting from a fuel cost production and from an engine efficiency point of view [4]. In the last 87 

step of the production process, methanol is distilled from crude methanol with a purity of 90% to a methanol 88 

purity of 99.85% on a weight basis according to the standards of the International Methanol Consumers and 89 

Producers Association (IMCPA) [32]. Up to 15% of the production cost could be saved by skipping this 90 

distillation step compared to the production cost of IMCPA quality methanol [33]. On the engine side, 91 

methanol-water blends have the potential to increase engine efficiency thanks to the cooling effect of water 92 

[4]. With ethanol in SI engines, several publications have shown that ethanol-water blends (up to 7% weight 93 

water content) perform as an efficient fuel [34] [35]. Sileghem et al. found on a 4 cylinder light duty SI 94 

engine an increases in efficiency between 1% and 2% for pure methanol and methanol-water blends up to 95 

10% water by volume compared to pure gasoline operation, and no significant difference in efficiency 96 

between the different methanol-water blends [29].      97 
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In this paper, the above objectives are tested by means of four different methanol-water blends at three 98 

different load points. The tested blends had a methanol/water weight by weight share of 50%/50% (MeOH-99 

50), 64%/36% (MeOH-64), 90%/10% (MeOH-90) and 100%/0% (MeOH-100 or thus pure methanol), and 100 

they were tested at a speed of 1500 rpm for the brake mean effective pressures (BMEPs) of 3.5 bar, 10.6 101 

bar and 12.3 bar. At each engine load, the amount of methanol-water blend was increased starting from 102 

diesel-only operation until the maximum diesel substitution by MeOH-W was reached. In Section 2, the 103 

fundamentals of adding water on the dual-fuel combustion process are first described, while in Section 3 104 

the experimental setup and the test procedure are presented. In Section 4, the effect of different methanol-105 

water blends on the maximum MEF and DSR, combustion pressure and heat release, brake thermal 106 

efficiency and NOx are discussed for the tested experiments.  107 

2. Fundamentals of adding water on engine performance 108 

In the dual-fuel engine of this research, two fuels burn: the methanol-air mixture is ignited by the pilot 109 

injection and auto-ignition of diesel, after which a complex combustion of these two fuels follows. When 110 

mixing water with methanol in order to obtain a methanol-water blend, a third substance is introduced to 111 

the cylinder which will affect the combustion process. Before describing the test engine and analyzing the 112 

test campaign results, it is therefore important to more fundamentally understand how water changes the 113 

compression and combustion behavior in a cylinder. This will help in the analysis in Section 4 to better 114 

distinguish the effect of each substance present in the cylinder.  115 

As introduced in Section 1, water is known to suppress knock and to reduce NOx emissions. This is thanks 116 

to its high heat of vaporization and its high heat capacity. When water is evaporated in the intake manifold 117 

it evaporates using heat of the intake air and its surroundings (depending on injection position: intake pipe, 118 

intake valves, cylinder head, cylinder walls). The intake charge composition changes: water replaces some 119 

of the air, but this might be counteracted by the lower intake temperatures leading to higher air density and 120 

thus a better filling of the cylinder. Lower intake temperatures mean lower in-cylinder temperatures, 121 
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mitigating knock and thermal NOx formation. The high heat capacity of water further decreases in-cylinder 122 

temperatures as water vapor has a lower temperature increase than air for the same heat absorption.  123 

The heat of vaporization (HoV) of water and methanol are given in Table 1. In dual-fuel operation the 124 

effects of the cooling effect of methanol are known [12] [13] [17]. With regard to the maximum DSR, at 125 

high load lower intake temperatures decrease the possibility for pre-ignition and knock [21], but at low load 126 

the lower intake temperatures are responsible for misfire at high diesel replacement. The lower in-cylinder 127 

temperatures with increasing methanol energy lead to (1) higher brake thermal efficiency (BTE) (especially 128 

at higher loads) due to lower heat losses and a more rapid combustion, and to (2) lower NOx formation. As 129 

the HoV of water is higher than for methanol, it can thus be expected that the cooling effect of MeOH-W 130 

blends are higher than for pure methanol. It is expected that this further decreases NOx, increases BTE, and 131 

extends the diesel substitution limits at high load. In Table 1, the specific heat capacity (cp) of water and 132 

methanol (in their liquid and gaseous phase) and air are shown. The heat capacity of the intake charge is an 133 

important characteristic during the compression stroke. Water vapor has a higher heat capacity than air and 134 

gaseous methanol. With increasing water content in the MeOH-W blend and for equal methanol energy 135 

content, it can thus be expected that the heat capacity of the intake charge will increase and further decrease 136 

in-cylinder temperatures.  137 

Substance Heat of vaporization, HoV 

[kJ/kg] 

Heat capacity, cp (at STP) 

[kJ/kgK] 

Water, liquid 2454 4,184 

Water, vapor n.a. 1,996 

Methanol, liquid 1165 2,54 

Methanol, 

gaseous 

n.a. 1,632 

Air n.a. 1,006 

Table 1: Heat of vaporization and heat capacity of methanol, air and water.   138 
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3. Dual-fuel test setup 139 

During the Horizon 2020 project LeanShips, a high speed marine diesel engine, a Volvo Penta D7C-B TA, 140 

was converted to dual-fuel operation to demonstrate the potential of methanol as a marine fuel. The results 141 

of the first measurement campaign have been published in [17]. In [21], two different methanol injection 142 

strategies were compared: a single point injection (SPI) of methanol in the intake duct and a multiple point 143 

injection (MPI) just before each valve of the six cylinders. In this paper, the MPI strategy has been used for 144 

injecting MeOH-W blends. A schematic overview of the setup can be seen in Figure 1.  145 

 146 

Figure 1: Schematic view of the Volvo Penta D7C-B TA converted to dual-fuel operation. 147 

Table 2 summarizes the technical specifications of the Volvo Penta engine converted to dual-fuel operation 148 

and Table 3 the details of the methanol supply system and the measurement equipment. For a detailed 149 
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elaboration of the engine conversion and its design, the reader is referred to [21]. For the MeOH-W blend 150 

tests that were conducted in this paper, an additional tank was added to the setup as can be seen on Figure 151 

1. When dual-fuel operation was changed from pure methanol to MeOH-W blends, the fuel intake line was 152 

decoupled and coupled to the MeOH-W tank.  153 

Volvo Penta 

Model  D7C-B TA 

Aspiration Turbocharged with air intercooler  

Cylinders 6, in-line 

Compression ratio  19.0 

Bore x stroke 108 mm x 130 mm 

Displacement volume 7,15 l 

Diesel injection system Cam-driven Single Injection Pumps 

Diesel injection pressure 1200 bar 

Maximum torque / speed / bmep 904 Nm / 1500 rpm / 15.9 bar 

Rated power / speed / bmep 195 kW / 2300 rpm / 14.2 bar 

 154 

Table 2: Technical specifications of the Volvo Penta, D7C-B TA, converted to dual-fuel operation. 155 

 156 

Methanol supply system 

Injectors Bosch EV14 CKxT 

Pump & filters Fuelab pump (41401c) & filters (60 & 75 µ) 

ECU Motec M800 

Measurement equipment 
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Mass flow Bronkhorst M15 (diesel & meoh) & F (air) 

Pressure Keller M5HB (low p) & Kistler 6045B (high p) 

Temperature K-type (high T) & J-type (low T) 

Load Logicontrol H3 

Data acquisition NI DAQ 9205, 9213, 9215, 9401, Labview 

Emissions MAIHAK Unor 610 

 157 

Table 3: Methanol supply system and measurement equipment details. 158 

The MeOH-W blends were made on a weight by weight basis using a METTLER Toledo ICS429 weighing 159 

platform (with an accuracy of 0.001 kg). To make the blend, the following steps were performed: (1) 160 

verifying the purity of methanol with a pycnometer, (2) calibration of the weighing platform, (3) weighing 161 

the barrel and the rack, (4) addition of methanol to the barrel, (5) addition of water to the barrel. Steps (4) 162 

and (5) were continued until the desired methanol-water ratio was reached (see Section 4).  163 

4. Methodology 164 

4.1 Definitions 165 

In dual-fuel operation, it is important to accurately describe the amount of each fuel that is used at any 166 

moment. Different definitions are used – the main four being the methanol energy fraction (MEF), the diesel 167 

substitution ratio (DSR), the methanol mass fraction (MMF) and the replacement ratio (RR) [21]. In this 168 

paper, MEF is mainly used as it indicates the amount of energy coming from methanol in comparison to 169 

the total amount of energy in the cylinder. DSR is applied when the amount of diesel replaced by methanol 170 

is important, as this is a measure for the CO2 reduction potential when renewable methanol is used. Both 171 

definitions are shown below, with DO and DF standing for respectively diesel-only and dual-fuel, and 𝑚̇ 172 

and 𝐿𝐻𝑉 being respectively the mass flow and the lower heating value of the respective subscripts.  173 
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𝑀𝐸𝐹 =  
𝑚̇𝑀𝑒𝑂𝐻 ∙  𝐿𝐻𝑉𝑀𝑒𝑂𝐻

𝑚̇𝑀𝑒𝑂𝐻 ∙  𝐿𝐻𝑉𝑀𝑒𝑂𝐻 + 𝑚̇𝐷𝑖𝑒𝑠𝑒𝑙 ∙  𝐿𝐻𝑉𝐷𝑖𝑒𝑠𝑒𝑙
 174 

𝐷𝑆𝑅 =  
𝑚̇𝑑𝑖𝑒𝑠𝑒𝑙 𝑖𝑛 𝐷𝑂 − 𝑚̇𝑑𝑖𝑒𝑠𝑒𝑙 𝑖𝑛 𝐷𝐹

𝑚̇𝑑𝑖𝑒𝑠𝑒𝑙 𝑖𝑛 𝐷𝑂
 175 

The amount of diesel that can be substituted by methanol is typically limited by one of the following four 176 

boundaries [22] [21]: at low load by misfire or partial burn; and at high load by roar combustion, knock, 177 

exceedingly high exhaust temperatures or methanol pre-ignition. In Section 5.2 the maximum MEF and 178 

DSR will be discussed as a function of the amount of MeOH-W. 179 

In this paper the different MeOH-W blends are abbreviated by MeOH and a number. For example MeOH-180 

50 points to a blend with 50% methanol and 50% water by weight. As the MeOH-W blends in this research 181 

are always on a weight by weight basis, this will not be explicitly mentioned each time. 182 

In Section 5, different parameters are discussed such as in-cylinder pressure and temperature, heat release 183 

rate (HRR), and combustion phasing (CA10, CA50 and combustion duration). For the in-cylinder pressure 184 

the best fitted pressure trace from 100 measured cycles was used for the analysis in Section 5. To select the 185 

best fitted pressure trace first the average pressure cycle was calculated. The pressure trace that was closed 186 

to this average cycle was then selected. The HRR was calculated following the first law of thermodynamics:  187 

𝑑𝑄

𝑑𝜃
=  

𝛾

𝛾 − 1
∙ 𝑃 ∙

𝑑𝑉

𝑑𝜃
+  

1

𝛾 − 1
∙ 𝑉 ∙

𝑑𝑃

𝑑𝜃
 188 

In this equation Q is the heat release, P the in-cylinder pressure, V the instantaneous volume and θ the crank 189 

angle. Gamma was calculated on a crank angle basis, based on the mixture’s gas properties during the cycle: 190 

the heat capacity and the specific gas constant were calculated for the burned and unburned mixture, and 191 

during combustion a linear regression was applied between both. Based on the HRR, the combustion 192 

phasing parameters CA10, CA50 and combustion duration (= CA90-CA10) were calculated. The in-193 

cylinder temperatures were calculated based on the ideal gas law and the in-cylinder pressure trace. The 194 

diesel injection timing of the Volvo Penta engine was not known, but as the diesel injection system is a 195 
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pump-line-nozzle system it can be assumed that the injection timing is equal at equal speed. The specific 196 

NOx emissions were calculated according to the IMO Marpol/CONF.3/34 [36].  197 

Taylor’s error equation [37] was applied for calculating the measurement uncertainty on the brake thermal 198 

efficiency and the NOx emissions that are presented in respectively Section 5.4 and 5.5:  199 

𝛿𝑞(𝑥1, 𝑥2, … , 𝑥𝑛) =  √(
𝜕𝑞

𝜕𝑥1
∙ 𝛿𝑥1)

2

+  (
𝜕𝑞

𝜕𝑥2
∙ 𝛿𝑥2)

2

+ ⋯ +  (
𝜕𝑞

𝜕𝑥𝑛
∙ 𝛿𝑥𝑛)

2

 200 

𝐵𝑇𝐸 =
𝑃𝑒

𝑚̇𝑚 ∙ 𝐿𝐻𝑉𝑚 + 𝑚̇𝑑 ∙ 𝐿𝐻𝑉𝑑
 201 

𝛿𝐵𝑇𝐸2 =  (
1

𝑚̇𝑚 ∙ 𝐿𝐻𝑉𝑚 + 𝑚̇𝑑 ∙ 𝐿𝐻𝑉𝑑
)

2

∙ (𝛿𝑃𝑒
2 + (

𝑃𝑒 ∙ 𝐿𝐻𝑉𝑚

𝑚̇𝑚 ∙ 𝐿𝐻𝑉𝑚 + 𝑚̇𝑑 ∙ 𝐿𝐻𝑉𝑑
)

2

∙ (𝛿𝑚̇𝑎
2 + 𝛿𝑚̇𝑑

2)) 202 

𝑁𝑂(2)(𝑥) =
𝑁𝑂(2)(𝑥)

′

𝑃𝑒
 203 

𝛿𝑁𝑂(2)(𝑥)
2 = (

1

𝑃𝑒
∙ 𝛿𝑁𝑂(2)(𝑥)

′ )2 + (
1

𝑃𝑒
∙ 𝛿𝑃𝑒)2 204 

In these equations the subscripts 𝑎, 𝑚, and 𝑑 denote air, methanol and diesel respectively; 𝑃𝑒 is the brake 205 

thermal power and equal to 2 ∙ 𝜋 ∙ 𝐵𝑟𝑎𝑘𝑒 𝑇𝑜𝑟𝑞𝑢𝑒 ∙ 𝐸𝑛𝑔𝑖𝑛𝑒 𝑠𝑝𝑒𝑒𝑑; and 𝑁𝑂(2)(𝑥) and 𝑁𝑂′(2)(𝑥) the 206 

emissions in respectively g/kWh and g/h. The uncertainties on the individual measurements were equal to:  207 

𝛿𝑚̇𝑚 =  𝛿𝑚̇𝑑 = 0.2% ∙ 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 𝑘𝑔/ℎ 208 

𝛿𝑚̇𝑎 = 0.5% ∙ 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 + 1.225 𝑘𝑔/ℎ 209 

𝛿(𝐵𝑟𝑎𝑘𝑒 𝑇𝑜𝑟𝑞𝑢𝑒) = 0.2% ∙ 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 +  9.4 𝑁𝑚  210 

𝛿(𝐸𝑛𝑔𝑖𝑛𝑒 𝑆𝑝𝑒𝑒𝑑) = 5 𝑟𝑝𝑚 211 

𝛿𝑁𝑂(2)(𝑥) = 1% ∙ 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 + 15 𝑝𝑝𝑚  212 
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4.2 Measurement matrix and test procedure 213 

In this paper, pure methanol (as a reference) and three different methanol-water blends were tested in dual-214 

fuel operation. The methanol-water blends weight by weight and there abbreviation are 50%/50% or 215 

MeOH-50, 64%/36% or MeOH-64, 90%/10% or MeOH-90, and pure methanol or MeOH-100. MeOH-50 216 

was chosen as at high MEF the specific water content (gwater/kWh) is similar to specific water contents used 217 

in research with water injection in CI engines. This blend corresponds furthermore close to the reported 218 

crude methanol (being 49%/49% water/methanol volume by volume) as an intermediate product from the 219 

renewable production process based on water electrolysis and CO2 hydrogenation [38]. MeOH-64 was 220 

selected because it is the composition of crude methanol made renewably from hydrogen and captured CO2 221 

[39]. The chemical reaction 𝐶𝑂2 + 3𝐻2 →  𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 denotes that for every mole of methanol, one 222 

mole of water is produced which is approximately equal to 64%/36% methanol/water weight by weight. 223 

Another reason for selecting MeOH-64 was MAN’s research, as mentioned in Section 1, stating that with 224 

20% to 40% water by volume (which is equal to 24% to 45% water by weight) IMO Tier III limits were 225 

reached without aftertreatment. The last blend, MeOH-90, was selected to represent the crude methanol 226 

composition from the methanol production process out of natural gas or biomass. The composition of crude 227 

methanol varies according to the production process, but typically with a water by volume content in the 228 

range of 5% to 20% (= 7% to 24% water by weight) [40]. As methanol with a water content up to 10% by 229 

weight is reported as not deteriorating engine performance [32], such a blend was thus chosen for this 230 

research. 231 

The different MeOH-W blends, MeOH-100-90-64-50, were tested at 1500 rpm and at three BMEPs, namely 232 

3.5 bar (22% full load (FL)), 10.6 bar (66% FL) and 12.3 bar (78% FL). At each load, it was started from 233 

diesel-only operation and consequently the amount of MeOH-W blend was increased in small steps 234 

(typically ~5%). With increasing MeOH-W injection the diesel mass was decreased to remain at the same 235 

load and speed. The amount of diesel was substituted by MeOH-W until one of the limits as described in 236 

Section 4.1 was reached.   237 
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5. Research results 238 

This paper has (as mentioned in Section 1) three objectives: (1) to look into the knock limiting properties 239 

of MeOH-W blends in order to obtain higher DSRs, (2) to investigate the NOx reduction potential at high 240 

MEFs, and (3) to test the effect on engine performance of crude methanol. In the following, we first analyze 241 

the in-cylinder temperatures and the maximum obtained MEFs, then the combustion characteristics, and 242 

then the efficiency and NOx emissions.  243 

5.1 In-cylinder temperature 244 

Following the flow from inlet to outlet, the first change when going from diesel-only operation to dual-fuel 245 

operation is that methanol is added just before the intake valves: methanol is fumigated in the inlet just 246 

before the intake valves. When going from methanol operation to MEOH-W operation, the fumigated 247 

characteristics change: with increasing water content and for an equal methanol energy quantity, a higher 248 

volume is injected and thus the injection time increases for fixed injection pressure.  249 

The first encountered impact on the engine’s operation is that the intake/cylinder temperature and pressure, 250 

and air mass flow change due to the displacement effect of the injected MeOH-W and its evaporation. 251 

MeOH-W displaces part of the volume that is in DO operation taken by air. Evaporation of MeOH-W cools 252 

down the air charge on the other hand and increases the air density enabling a higher air mass flow.  253 

In Table 1, the heat of vaporization (HoV) is given for water and methanol. For MeOH-W blends, the 254 

following equation has to be used to calculate its HoV:  255 

𝐻𝑜𝑉𝑀𝑒𝑂𝐻−𝑊 =  𝐻𝑜𝑉𝐻2𝑂 ∙  𝑚̇𝐻2𝑂 +  𝐻𝑜𝑉𝑀𝑒𝑂𝐻 ∙  𝑚̇𝑀𝑒𝑂𝐻    [
𝑀𝐽

ℎ
] 256 

When applying the measurement data at 10.6 bar BMEP with the above equation, Figure 2 is obtained. It 257 

can be seen that for example for MEF = 20%, the HoVHMeOH triples from about 10 MJ/h to 30 MJ/h when 258 

going from pure methanol to MeOH-50. It can thus be seen that with increasing water content, the cooling 259 

effect increases significantly.  260 
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Another effect that cools down the cylinder is the heat capacity of the mixture of air and MeOH-W (cp,mix). 261 

The specific heat capacities of gaseous water and gaseous methanol are respectively 1,996 kJ/kgK and 262 

1,6320 kJ/kgK at ambient temperature and pressure. The heat capacity of water is thus almost double that 263 

of air (1,006 kJ/kgK), and that of methanol is about 60% higher than air. During compression, pressure and 264 

temperature increase in the cylinder and therefore cp,mix changes as a function of piston position. At TDC 265 

and at 10.6 bar BMEP the heat capacity is given in Figure 2. It can be seen that cp,mix increases with 266 

increasing MEF from about 1,15 kJ/kgK in DO to about 1,45 kJ/kgK in DF. It can also be seen that for 267 

equal MEF, cp,mix increases with increasing water content.  268 

On Figure 2 gamma (γ) at TDC is plotted as well at 10.6 bar BMEP. With higher water content, gamma 269 

slightly decreases until a MEF of about 40% beyond which gamma is no longer affected by the water 270 

content. From the ideal gas law it can be derived that for an ideal gas the temperature at the end of 271 

compression (TTDC) has the following relation to the temperature at the start of compression (T1):  272 

𝑇𝑇𝐷𝐶 = 𝑇1 ∙ 𝐶𝑅𝛾−1 273 

With CR being the compression ratio. From this equation it can be deducted that the higher gamma, the 274 

higher the temperature at TDC for an equal T1. With dual-fuel operation a methanol-air mixture is 275 

compressed so this equation cannot be applied. However, it can be assumed that gamma is an indicator for 276 

the temperature at the end of compression: a higher gamma leads for equal temperature at start of 277 

compression to a higher temperature at TDC, and vice versa.  278 
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 279 

Figure 2: Heat of vaporization, heat capacity and gamma at 10.5 bar BMEP and for different MeOH-W 280 

blends and MEFs. 281 

The in-cylinder temperature is calculated based on the measured in-cylinder pressure, assuming thus that 282 

the mixture of air and MeOH-W behave as an ideal gas: 283 

𝑇𝑚𝑖𝑥 =
𝑝𝑚𝑖𝑥  ∙  𝑉

𝑚𝑚𝑖𝑥  ∙  𝑅𝑚𝑖𝑥
 284 

The mass of the mixture equals the sum of the masses of air and MeOH-W. The diesel mass is neglected 285 

here as the main purpose is to visualize the temperature into which diesel is injected. Intake charge losses 286 

due to scavenging are neglected as well. The specific gas constant of the mixture, Rmix, is calculated as a 287 
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function of the mixture composition. The resulting in-cylinder temperature at TDC is shown in Figure 3. It 288 

can be seen that there is a significant decrease in temperature as a function of MEF, and the higher the water 289 

content, the lower the temperature at TDC. At 3.5 bar BMEP, all temperatures at TDC vary between 631 290 

and 732 °C and at 12.3 bar BMEP between 633 and 811 °C. The absolute temperature decrease is thus 291 

higher with increasing load. With reduced temperatures at TDC (or thus with increasing MEF), it can be 292 

expected that the ignition delay will increase, and even more with higher water contents.   293 

 294 

Figure 3: In-cylinder temperature at TDC at 3.5 bar and 12.3 bar BMEP. 295 

5.2 Maximum methanol energy fraction 296 

From earlier research on this engine [17] [21], it is known that at low loads the diesel substitution limit is 297 

typically limited by misfire. Misfire is characterized by an excessively long ignition delay due to the 298 

increased cooling at high MEF, not making it possible anymore for the diesel to auto-ignite. At high loads 299 

the typical diesel substitution limit is diesel or methanol knock. Diesel knock can be characterized by very 300 

high pressure rise rates (typically higher than 15 bar/°CA) due to a large amount of diesel that burns 301 

premixed. Such a large amount of premixed diesel can originate from long ignition delays. Methanol knock 302 
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on the other hand is the auto ignition of the unburnt methanol end gases before the methanol flame front 303 

(ignited by the diesel pilot) could reach these end gases. For this event to happen, high temperatures and 304 

pressures are necessary. One of the causes for such circumstances is a higher share of fuel that burns in the 305 

premixed combustion phase, which is possible with longer ignition delays due to the cooling effect of 306 

MeOH-W blends. During the measurements knock was detected by ear and during post processing of the 307 

data the in-cylinder pressure traces were analyzed. It was seen (see Figure 5) that no pressure oscillations 308 

were observed in cylinder 1 (which holds the pressure sensor), nor pressure rise rates higher than 15 309 

bar/°CA (maximum 10.8 bar/°CA), meaning that the knocking event occurred in one of the other six 310 

cylinders. As these cylinders did not have a pressure measurement, it was not possible to pinpoint the 311 

cylinder with knock and to distinguish diesel from methanol knock. Thus, when knock is mentioned below 312 

it can be either type of knock.   313 

On Figure 4 the maximum MEF is shown as a function of load and water content. The error on the MEF is 314 

of the order of 0.1% and therefore not shown. It can be seen that the highest MEF is reached at 10.6 bar 315 

BMEP with pure methanol, while the lowest MEF is reached at 12.3 bar BMEP for MeOH-50. The diesel 316 

substitution limits at 3.5 bar BMEP are all misfire (indicated by “MF” on top of the bars), while at the other 317 

two loads misfire and knock (indicated by “K”) occur. However, knock is the dominant substitution limit 318 

for high loads and for the MeOH-W blends of 90% and 100%. The 64%  MeOH-W case has misfire as a 319 

limit at 10.6 bar BMEP and knock at 12.3 bar BMEP, while for MeOH-50 misfire is the limit at all loads.  320 
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 321 

Figure 4: Maximum methanol energy fractions for different load points.  322 

"MF" denotes misfire, and "K" knock. 323 

It can thus be seen that with increasing water content a knock boundary can change into a misfire boundary. 324 

This is due to the additional cooling effect of the water, causing the ignition delay to increase and finally to 325 

result in a misfire. This phenomenon can be clearly seen on Figure 5 that shows the pressure diagrams at 326 

12.3 bar BMEP for different MeOH-W blends. For MeOH-50 the substitution limit is misfire: a constantly 327 

increasing ignition delay can be seen, until diesel stops autoigniting. With higher methanol shares (64%, 328 

90% and 100%) the substitution boundary is knock. From Figure 5 it cannot be distinguished whether it is 329 

diesel or methanol knock, but one thing is sure: when the amount of MeOH-W increases, the ignition delay 330 

increases. This means that the amount of diesel increases that premixes before autoignition, and thus the 331 

total fuel that burns premixed, leading to higher pressures, pressure rise rates and temperatures and thus 332 

increasing the possibility for both diesel and methanol knock.   333 
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 334 

Figure 5: In-cylinder pressures at 12.3 bar BMEP for different MeOH-W blends and MEF.  335 

The lower maximum MEF with increasing water content can be explained by Figure 6, plotting the CA10, 336 

a measure for the ignition delay. It can be seen that the CA10 at 12.3 bar BMEP is delaying with higher 337 

water content. A delayed CA10 enables at equal MEF that the amount of diesel that premixes during the 338 

ignition delay increases. As such, more fuel is burned premixed, resulting in high pressure rise rates and in 339 

this way advancing the moment that knock occurs.  340 
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 341 

Figure 6: CA10 at 3.5 bar and 12.3 bar BMEP and for different MeOH-W blends and MEF. 342 

One of the objectives of this research was to investigate whether water acts as a knock suppressant. It must 343 

thus be observed that the engine tests do not confirm this hypothesis: water does not act as a (diesel or 344 

methanol) knock suppressant and as such does not increase the maximum MEF at high loads. Water 345 

addition decreases the in-cylinder temperature before combustion as would be expected, but this results in 346 

a significant increase in ignition delay during which more diesel mixes with air and MeOH-W. As such, 347 

the amount of fuel that burns premixed increases. This leads to high pressure rise rates and high in-cylinder 348 

pressures and temperatures. As a consequence the increased ignition delay leads to knock at lower MEF 349 

than with pure methanol. However, if the ignition delay gets too high misfire takes place.  350 

If a system could be used with variable start of diesel injection timing (SOId), then these effects could be 351 

altered. To prevent misfire the following could occur: or (1) the SOId could be advanced to make sure the 352 
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injected diesel ignites and as such misfire is prevented, or (2) the in-cylinder temperatures at TDC and after 353 

TDC are too low to enable an autoignition and as such advancing SOId has no effect. In case (1) it is also 354 

possible that instead of misfire, a knocking event becomes the new diesel substitution limit.  355 

The maximum MEF’s in Figure 4 do not indicate the amount of diesel that is substituted, which is an 356 

important measure because if green methanol is used, the DSR describes the possible CO2 savings. On 357 

Figure 7 the DSR is plotted against the MEF, as well as a line where DSR = MEF. Assuming that the total 358 

injected energy (denominator of the MEF equation, see Section 4.1) remains equal when going from DO to 359 

DF operation, a DSR > MEF indicates an increase in efficiency, and a DSR < MEF indicates a decrease. 360 

The upper graph is at 3.5 bar BMEP and the lower graph at 12.3 bar BMEP. It can be seen that at both 361 

loads, but more pronounced at 3.5 bar BMEP, a higher DSR is reached with more water content. This effect 362 

however decreases with increasing MEF.  363 
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 364 

Figure 7: DSR as a function of MEF and for different MeOH-W blends, at 3.5 bar and 12.3 bar BMEP. 365 

5.3 Combustion analysis 366 

In the previous Section, it was pointed out that a higher amount of fuel burns premixed with increasing 367 

MeOH and water content. Figure 8 shows the heat release rates (HRR) at 12.3 bar BMEP for different 368 

MeOH-W blends and increasing MEF. From the diagrams the increased ignition delay with increasing MEF 369 

and water content is clearly visible. For all MeOH-W blends it can be seen that the shape of the heat release 370 

rate changes from a bimodal shape to a more unimodal shape. In diesel-only, part of the diesel burns 371 

premixed and the majority during the diffusive combustion phase, with a clear distinction between both 372 

phases and hence a bimodal shape. In dual-fuel, the combustion is more complex and combines 373 

characteristics from both CI and SI operation. In DF mode, diesel autoignition initiates the combustion and 374 

the diesel that was mixed with air and methanol during the ignition delay burns premixed. The diesel 375 



23 
 

ignition at multiple locations (as diesel has multiple jets from multiple nozzles) initiates the ignition of the 376 

methanol-air mixture and starts the flame propagation throughout this mixture. This means that three 377 

combustion types occur: (1) combustion of the premixed diesel-air with entrained methanol, (2) combustion 378 

by flame propagation of the methanol-air mixture, (3) diffusive combustion of the injected diesel after (1) 379 

took place. From Figure 8 it can be deduced that the more unimodal the HRR shape is, the more fuel is 380 

burned simultaneously with a lower distinction between the different phases as in diesel-only operation.    381 

 382 

Figure 8: Heat release rate at 12.3 bar BMEP for different MeOH-W blends and MEF. 383 

The observation that more fuel burns simultaneously with as a consequence a more rapid combustion is 384 

strengthened by Figure 9 that shows the combustion duration at 3.5 bar and 10.6 bar BMEP. It can be seen 385 
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that both at low and high load the combustion duration decreases strongly with increasing MEF. At 3.5 bar 386 

BMEP and for MeOH-50/64/90, the combustion duration is slightly shorter at low MEFs with more water 387 

content and about equal for high MEF. It is assumed that a trade-off takes place. The more water, the longer 388 

the ignition delay and the more diesel that burns in the above defined combustion type (1). For higher MEF, 389 

this effect is lower as less diesel is injected, and combustion type (2) becomes more dominant. As water is 390 

seen as an inert medium not taking part in the combustion, it slows down the methanol flame propagation 391 

at high MEF [4].    392 

 393 

Figure 9: Combustion duration at 3.5 bar and 10.6 bar BMEP for different MeOH-W blends and MEF. 394 

 395 

5.4 Brake thermal efficiency 396 
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The brake thermal efficiency (BTE) is defined as the useful power compared to the total fuel energy in the 397 

cylinder, see Section 4.1. Figure 10 shows the BTE for different MeOH-W blends  and with increasing 398 

MEF at 3.5, 10.6, and 12.3 bar BMEP. The error bars are not shown on the graph to not overload them: 399 

they amount to ~0.4%, ~0.2%, and ~0.18% at respectively 3.5, 10.6, and 12.3 bar BMEP. The results are 400 

in line with earlier DF research: with increasing MEF the BTE decreases at low load, and increases at high 401 

load. With higher water content, however, there is a clear increase in BTE compared to pure methanol. The 402 

maximum BTE amounts to up to 45.9% at 12.3 bar BMEP with MeOH-50. This is 3.3% higher than the 403 

maximum BTE with pure methanol and 4.9% higher than in DO. On average, the BTE with MeOH-50 at 404 

12.3 bar BMEP is 2% higher than with MeOH-100. At 10.6 bar BMEP this is 3%, and at 3.5 bar BMEP 405 

4%.  406 

 407 

Figure 10: Brake thermal efficiency at 3.5, 10.6 and 12.3 bar BMEP for different MeOH-W blends and 408 

MEF. 409 
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An explanation for this behavior with increasing water content can be found by plotting the CA50, see 410 

Figure 11. It can be seen that the CA50 for different MEF at 10.6 bar BMEP (at 12.3 bar BMEP this is 411 

similar) advances to earlier °CA after top dead center (ATDC). This advance happens until a certain MEF, 412 

beyond which - depending on the water content - the CA50 starts to retard again due to the increased ignition 413 

delay. This fact, together with a later CA10 (see Figure 6) and with a shorter combustion duration (see 414 

Figure 9), means that there is a more isochoric combustion closer to TDC, thus leading to higher BTE. The 415 

reason thus that the BTE is higher with MeOH-50 is the more optimally phased combustion than with pure 416 

methanol.  417 

It can be seen as well that the CA50 in DO is about 17°CA ATDC. Typically, in DO an optimal efficiency 418 

is reached with a CA50 around 8 to 10°CA ATDC, so it can be deduced that the current timing was delayed 419 

to limit NOx emissions. Indeed, as will be seen in Section 4.5, NOx are below the Tier II limit of 8.2 g/kWh 420 

(calculated at 1500 rpm) in DO operation.  421 
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 422 

Figure 11: CA50 at 3.5 bar and 10.6 bar BMEP for different MeOH-W blends and MEF. 423 

It can be further seen from Figure 10 that the BTE for MeOH-90 is slightly higher than with pure methanol. 424 

On average 1.6%, 0.8% and 0.7% higher for respectively 3.5, 10.6, and 12.3 bar BMEP. Taking into account 425 

the error on the BTE of respectively 0.4%, 0.2% and 0.18%, this is only a slightly higher BTE, but still 426 

significant. 427 

5.5 NOx emissions 428 

The NOx emissions are shown on Figure 12 at 3.5, 10.6, and 12.3 bar BMEP. As can be seen the specific 429 

NOx emissions are highest at 3.5 bar BMEP, but decrease significantly with increasing MEF to well below 430 

2 g/kWh as of an MEF between 10% and 25% depending on the water content. It can be further seen that 431 

there is a significant decrease in NOx emissions with increasing water content. On average the NOx 432 
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emissions are more than 30% lower for MeOH-50 and MeOH-64 than for pure methanol, and about 11% 433 

lower for MeOH-90. At low load, water is thus a highly effective measure to decrease NOx emissions.  434 

At 12.3 bar BMEP, the NOx emissions decrease with increasing water content. At 10.6 bar BMEP it is 435 

remarkable that the NOx emissions with MeOH-90 are higher than for pure methanol. At 12.3 bar BMEP 436 

there is a switching point where the NOx emissions become higher with MeOH-90 than with pure methanol 437 

around a MEF of 40%. For 10.6 and 12.3 bar BMEP the NOx emissions for MeOH-50 and MeOH-64 are 438 

well below the Tier III limit. So it can be stated that water contents of 36% and 50% by weight are at high 439 

load an effective measure to meet Tier III emission legislation. At 12.3 bar BMEP, the NOx emissions are 440 

on average 39% and 32% lower for respectively MeOH-50 and MeOH-64 compared to pure methanol, and 441 

on average about equal for MeOH-90 compared to pure methanol.  442 

 443 

Figure 12: Specific NOx emissions at 3.5, 10.6 and 12.3 bar BMEP for different MeOH-W blends and 444 

MEF. 445 
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It can be noticed as well that the NOx emissions have a parabolic shape at high load as a function of MEF 446 

for each MeOH-W blend. In earlier research on this engine [17] [21], this was explained as follows. A first 447 

effect (1) that occurs with increasing MEF is the cooling effect of methanol resulting in lower temperatures 448 

at the start of combustion and reducing NOx. A second effect (2) is the more lean combustion as more fuel 449 

burns in the premixed combustion phase decreasing NOx. As of a certain MEF however, a third effect (3) 450 

comes into play, namely high peak temperatures as a result of the very rapid combustion due to the increased 451 

ignition delay effect (see previous Sections). This third effect becomes dominant as of a certain moment 452 

over effects (1) and (2), in this way increasing again the NOx emissions. This can be seen on Figure 13 that 453 

shows the peak in-cylinder temperatures. As can be seen this temperature rises at 10.6 and 12.3 bar BMEP 454 

significantly with increasing MEF. For MeOH-W blends with higher water content, the peak temperatures 455 

are slightly lower than for low water content MeOH-W blends, but still an increase as a function of MEF 456 

is noticed. The high peak temperatures are responsible for effect (3) to become dominant over effect (1) 457 

and (2) as of a certain MEF.  458 

 459 

Figure 13:Peak in-cylinder temperature at 3.5, 10.6 and 12.3 bar BMEP for different MeOH-W blends 460 

and MEF. 461 
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6. Conclusions  462 

It was found that water did not act as a knock suppressant. With increasing water content the maximum 463 

MEF went down significantly, e.g. from 75% (with MeOH-100) to 46% (with MeOH-50) at 12.3 bar 464 

BMEP. This was due to the fact that with increasing water content the ignition delay increased significantly, 465 

resulting in a very rapid combustion of premixed diesel and MeOH-W with high peak pressure rise rates 466 

(PPRR) and in-cylinder temperatures. With higher PPRR diesel and methanol knock took place earlier, 467 

resulting in lower maximum diesel substitution limits.  468 

NOx emissions were additionally reduced with increasing water content. At 3.5 bar BMEP, IMO Tier III 469 

was reached for MEFs higher than 10-25% (depending on the MeOH-W blend). At 10.6 and 12.3 bar BMEP 470 

Tier III was met for MeOH-50 and MeOH-64 as of MEFs of 20%, while for MeOH-90 only between MEFs 471 

of 20% and 60%. At high load, adding sufficient water to methanol is thus important to meet IMO Tier III. 472 

The brake thermal efficiency (BTE) with MeOH-90 was slightly but significantly higher than with pure 473 

methanol. This is thanks to the additional cooling of water making the combustion more isochoric (more 474 

rapid combustion); and also down to the constant start of diesel injection (which was not optimized for the 475 

base engine towards efficiency but rather to reach NOx Tier II limitations) enabling improvements in the 476 

combustion phasing. It was even seen that the BTE further increased for blends with higher water content. 477 

The maximum BTE was reached with MeOH-50 (while meeting IMO Tier III) at 12.3 bar BMEP at a MEF 478 

of 38% amounting to 45.9%, which is 3.3% higher than the maximum BTE with pure methanol, and 4.9% 479 

higher than in diesel only operation.  480 

Wrapping up, it can be concluded that methanol-water blends have interesting benefits, on the one hand to 481 

reach high BTE while simultaneously reducing fuel production costs, and on the other hand to obtain low 482 

NOx emissions to meet emission legislation.  483 
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