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Abstract 16 

Low carbon fuels (LCF) are proposed as an alternative to help in the reduction of 17 

CO2 emissions from the energy sector, specially related to transportation. These 18 

fuels, due to their synthesis process, can generate carbon offsets that mitigate 19 

the combustion emissions, while at the same time they can have other properties 20 

that reduce criteria pollutants like soot. The current study evaluates the 21 

combustion characteristics, performance, and emissions of three LCFs with 22 

100%, 66% and 33% renewable content in volume. The fuels are assessed as 23 

drop-in alternatives for diesel, using a baseline calibration present in 24 



commercially available vehicles, and with an optimized calibration that targets 25 

NOx emissions reductions. The optimized calibration is reached by performing a 26 

design of experiments (DOE) that allows to create linear models to observe the 27 

engine response based on injection and air management settings for each of the 28 

LCFs at three operating conditions. Then the cases with similar combustion 29 

phasing are evaluated to determine the settings that can provide the lowest NOx 30 

and soot emissions without worsening fuel consumption and engine efficiency. It 31 

is found that when the LCFs are used as drop-in alternatives soot emissions are 32 

reduced when compared to diesel while brake-specific fuel consumption (BSFC) 33 

is increased by nearly 10 g/kWh. In contrast, the optimized calibration achieves 34 

average NOx reductions of 44% when compared to diesel. Under both 35 

calibrations well-to-wheel CO2 reductions of nearly 96% are achieved when the 36 

fuel with highest renewable proportion is used. 37 

Keywords 38 

Low carbon fuel; OMEx; e-diesel; FT diesel; engine calibration  39 

  40 



1 Introduction 41 

Low carbon fuels (LCF) refer to carbon-neutral or carbon-negative fuels. These 42 

fuels can be produced with renewable energy or feedstocks [1], falling into the 43 

often-used categories of biofuels [2] [3] or e-fuels (also called synthetic fuels) [4]. 44 

Particularly synthetic fuels can represent a long-term energy storage vessel for 45 

intermittent energy sources [5], converting surplus electricity from low demand 46 

periods into easily stored fuels. The main mechanisms to produce e-fuels include 47 

the electrolysis of water to split the molecule into H2 (hydrogen) and O2 (oxygen) 48 

[6], and carbon capture [7] to obtain non-fossil CO2 which is used to supply the 49 

carbon content for the fuel synthesis. Both these processes in the power-to-fuel 50 

pathway are electricity intensive and make the use of renewable energy sources 51 

crucial to provide benefits in the reduction of CO2 emissions. Other advantages 52 

of these fuels are the capability to be the direct substitution of their fossil 53 

counterparts [8] (as is the case with e-diesel or Fischer-Tropsch (FT) diesel [9]), 54 

and the promotion of low pollution combustion systems [10]. 55 

For compression ignition (CI) engines, FT diesel and Oxymethylene 56 

Dimethylethers (OMEx) are promising alternatives to substitute fossil diesel, 57 

while maintaining the high efficiency and low fuel consumption of this type of 58 

engine. Fischer-Tropsch is a polymerization reaction that can lead to a diesel-like 59 

fuel by liquefying and refining hydrocarbons [11]. It has been shown in [12] that 60 

FT diesel can have lower brake specific fuel consumption (BSFC), higher thermal 61 

efficiency, and lower criteria pollutants than conventional diesel in an unmodified 62 

direct injection engine. Results in [13] indicate that blends containing FT diesel 63 

promote significantly lower engine exhaust emissions of unburned hydrocarbons 64 

(HC) and CO when compared to a blend containing fossil diesel. OMEx, on the 65 



other hand, fits into the oxygenated fuel category. Fuel oxygenation is a property 66 

that could help break the tradeoff between NOx and soot in CI engines, as it has 67 

been proven to promote extremely low soot emissions levels [14] [15] [16], which 68 

in turn could potentially lead to a combustion calibration that can be performed 69 

closer to stoichiometric conditions which significantly reduce NOx emissions [17]. 70 

Additionally, previous studies with both OMEx and FT diesel show CO2 footprint 71 

reductions of up to 69% and 38.5%, respectively, under a dual-fuel concept 72 

combustion [18]. 73 

LCFs are proposed, in addition to electric vehicles (EV) and hybrid-electric 74 

vehicles [19], as an alternative for the de-fossilization of the emissions coming 75 

from the transport sector (one of the main producers of greenhouse gas). The 76 

combination of strategies to reduce the carbon footprint is more beneficial than 77 

focusing on one strategy alone. This is especially true due to the magnitude of 78 

the CO2 reduction required by 2050 to achieve net-zero emissions and prevent 79 

global temperature increases [20]. Additionally, the transport sector is 80 

responsible for nearly 25% of all CO2 emissions produced [21]. To reach these 81 

goals, relying on an EV-exclusive strategy, without also improving technologies 82 

associated to internal combustion engines, would be detrimental. In fact, some 83 

predictions indicate that by 2040 EVs will only account 11-28% of the total vehicle 84 

fleet [22], extending the use of liquid fuels as the main energy source for light-85 

duty vehicles to at least 2050. In this regard, another aspect that should be 86 

considered with care are the criteria pollutant limits that need to be achieved for 87 

the continuous use of ICEs. Currently, Europe has Euro 6 as the regulating 88 

normative for these pollutants [23], defining limits of NOx, particle matter (PM), 89 

HC and CO [24], but the normative is bound to be updated soon [25] to more 90 



stringent limits. To mitigate these emissions, advances have been made on 91 

combustion strategies [26] [27] and, relevantly, aftertreatment systems (ATS) to 92 

maintain pollutants below regulated limits [28]. The most common aftertreatment 93 

systems in CI engines are the diesel oxidation catalyst (DOC) for HC and CO 94 

pollutants, the diesel particulate filter (DPF) for PM emissions, and the selective 95 

catalytic reducer (SCR) to target NOx emissions. Besides the proven efficiencies 96 

of these systems [29] [30], they can increase the complexity and expensiveness 97 

of the vehicle [31] [32]. The previous reasons make strategies to reduce 98 

emissions without having to modify significantly the vehicle’s systems highly 99 

attractive, especially when dealing with real driving conditions where transient 100 

operation modifies the expected emissions [33]. 101 

Provided the advantages of LCFs to serve as replacements for fossil fuels without 102 

necessarily needing to realize modifications in the engine systems, and vastly 103 

reduce ICE CO2 emissions, in addition to the need to significantly reduce 104 

regulated  pollutants to preserve human health and environmental conditions, the 105 

current work studies the effect on the performance and emissions of a light-duty 106 

CI engine of three LCF blends (LCD100, LCD66 and LCD33), and proposes an 107 

optimization towards the reduction of NOx emissions. The fuel blends are 108 

composed of varying proportions of FT diesel, OMEx and fossil diesel. Due to the 109 

presence of OMEx, which has intrinsic potential for low soot emissions, the NOx 110 

reduction optimization can be achieved without severely impacting PM values. 111 

The work also addresses the impact in CO2 emissions the fuels have -both in 112 

well-to-tank (WTT), tank-to-wheel (TTW) and well-to-wheel (WTW) terms- due to 113 

their different degrees of renewable content. 114 



2 Materials and methodology 115 

2.1 Engine characteristics and test cell description 116 

A 4-cylinder commercially available 1.6 L CI engine provided with high-pressure 117 

EGR was used to perform this investigation. More information on the engine can 118 

be found on Table 1, including the type of injectors and compression ratio. The 119 

ECU was originally provided with a baseline diesel B7 calibration, which through 120 

an INCA V5.2 virtual environment was modified in 8 main parameters to achieve 121 

the desired calibration for the air management and injection systems. The 122 

parameters to be controlled during tests were the fuel mass injected, the injection 123 

pressure, the start of injection (SOI), the pilot injections fuel volume and dwell 124 

times, the in-cylinder cycle air mass and boosting pressure. The EGR is not a 125 

directly controlled parameter, however it is a consequence of the variation of the 126 

air mass parameter and the boost pressure. Once the air mass and the boost 127 

pressure are set, the EGR valve opens or closes to be able to maintain the target 128 

value for these parameters; thus, if the air mass is reduced, the EGR will be 129 

increased consequently maintaining the boost pressure.  130 



 131 

Figure 1. Test cell scheme. 132 

Table 1. Engine characteristics. 133 

General characteristics 

Number of cylinders [-] 4 

Cylinder diameter [mm] 79.7 

Stroke [mm] 80.1 

Total displaced volume [cm3] 1598 

Connecting rod length [mm] 140 

Compression ratio [-] 16.0 

Rated power [kW] 100 @ 4000 rpm 

Rated torque [Nm] 320 @ 2000 rpm 



Injection system characteristics 

Type of injector solenoid 

Number of holes [-] 7 

Hole diameter [µm] 141 

Flow number [FN] 340 

Maximum injection pressure [bar] 2000 

 134 

The engine was installed in a completely instrumented test rig, provided with a 135 

Dynas3 LI dynamometer to measure the torque output; a Horiba MEXA 7100 to 136 

collect information on the main engine-out emissions of interest (NOx, CO, HC, 137 

O2 and CO2), as well as calculating the EGR fraction with Equation 1; an AVL 138 

415S smoke meter to measure soot in FSN number; an air flow meter and a fuel 139 

balance to measure fuel mass flow. Additionally, pressure and temperature 140 

probes were present at the positions identified in Figure 1 and their values were 141 

recorded by an in-house LABVIEW controller, called CMT Samaruc, which 142 

averaged the measurements. More information on the measuring equipment can 143 

be found on Table 2, including the accuracy each instrument has. 144 

%𝐸𝐺𝑅 =  
𝐶𝑂2𝑖𝑛𝑡𝑎𝑘𝑒

− 𝐶𝑂2𝑎𝑡𝑚

𝐶𝑂2𝑒𝑥ℎ𝑎𝑢𝑠𝑡
− 𝐶𝑂2𝑎𝑡𝑚

× 100 

 

  

 145 

Table 2. Instrumentation accuracy. 146 



Variable 

measured 

Device Manufacturer/ 

model 

Accuracy 

In-cylinder 

pressure 

Piezoelectric 

transducer 

Kistler / 6125C ± 1.25 bar 

Intake/Exhaust 

pressure 

Piezoresistive 

transducers 

Kistler / 4045A ± 25 mbar 

Temperature Thermocouple TC direct / type K ± 2.5 ºC 

Crank angle, 

engine speed 

Encoder AVL / 364 ± 0.02 CAD 

NOx, CO, HC, O2 

and CO2 

Gas analyzer Horiba MEXA 

7100 

4% 

FSN Smoke meter AVL 415S ±0.025 FSN 

Fuel mass flow Fuel balance AVL 733S ±0.2% 

Air mass flow Air flow meter AVL 422 ±0.1% 

Torque Dynamometer Dynas3 LI ±10 rpm 

±0.2 %Torque 

 147 

Uncertainty for measured variables is addressed by measuring each data point 148 

three times and calculating the variation from the mean of the measurements 149 

(standard deviation). Subsequently, for calculated values, such as break specific 150 

values (BSFC, BSNOx, BSSoot, BSHC, BSCO), error propagation analysis was 151 

performed following Equation 2, assuming the input variables are statistically 152 

independent. In the equation, 𝜎𝑞 is the standard error of a function 𝑞, 𝑥𝑖 represents 153 

the 𝑛 input variables for the function, and 𝜎𝑥𝑖
 is the associated standard error to 154 

each input variable.  155 



𝜎𝑞
2 =  ∑ (

𝜕𝑞

𝜕𝑥𝑖
𝜎𝑥𝑖

)
2𝑛

𝑖

 

 

  

 156 

2.2 Fuel characteristics 157 

Three fuels blends with different degrees of renewable content will be evaluated 158 

in this study. The fuels are LCD100, LCD66 and LCD33, where the number in 159 

their name indicates the proportion of renewable content in volume. Figure 2 160 

shows the fuel blends’ compositions where it can be seen that all three fuels 161 

contain FT diesel, OMEx and fossil diesel EU. It should be highlighted that the 162 

proportion of OMEx in these blends increases with the increase in renewable 163 

content and that properties of OMEx are highly influential in the final properties 164 

of the blends. Some important properties of the studied fuel blends are present 165 

in Table 3. Because the lower heating value (LHV) is different across the fuel 166 

blends [34], Equation 3 is used to obtain the equivalent fuel consumption 167 

excluding the effect of the LHV and using diesel as the reference and assessing 168 

the energy conversion each fuel blend can have; where 𝑚̇ is the mass flow rate 169 

of fuel, and 𝑃𝑏𝑟𝑎𝑘𝑒 is the brake power. 170 

𝐵𝑆𝐹𝐶𝑒𝑞 [
𝑔

𝑘𝑊ℎ
] =

𝑚̇ ∙ (
𝐿𝐻𝑉𝑓𝑢𝑒𝑙 𝑏𝑙𝑒𝑛𝑑

𝐿𝐻𝑉𝐷𝑖𝑒𝑠𝑒𝑙
)

𝑃𝑏𝑟𝑎𝑘𝑒
 

  

 171 



 172 

Figure 2. Fuel blend volumetric composition. 173 

It is extensively reported how in CI engines the spray characteristics affect the 174 

combustion [35]. Generally, a higher density and viscosity can affect the fuel 175 

breakup process (droplet separation) and delay the ignition. However, given the 176 

similarity between physical properties of the fuels (as observed in Table 3), with 177 

values that are within European specifications, and the use of the same injector 178 

for all tests, it is considered that variations in spray characteristics caused by 179 

physical properties will be few (similar spray cone angles and penetrations) and 180 

combustion delay and phasing variations are more likely caused by the variation 181 

of chemical properties. Nonetheless, future dedicated testing is desired to 182 

quantify the small variations the proportion of OMEx cause in the spray 183 

characteristics and thus in the combustion.  184 

Table 3. Fuel properties at standard conditions. 185 
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  el      s    n

%
v/

v

FT diesel Fossil diesel EUOMEx



 
Diesel 

blend 
LCD100 LCD66 LCD33 Method 

Cetane Index 

[-] 
54.6 ± 0.3 87.0 ± 0.4 70.0 ± 0.4 61.8 ± 0.3 

EN ISO 

4264 

Density @ 

15ºC [g/ml] 

0.834 ± 

0.001 

0.821 ± 

0.001 

0.825 ± 

0.001 

0.827 ± 

0.001 

EN ISO 

12185 

KV @ 40ºC 

[cSt] 

2.86 ± 

0.02 

2.08 ± 

0.01 

2.23 ± 

0.01 

2.46 ± 

0.01 

ASTM 

D445 

Lower Heating 

Value [MJ/kg] 

42.81 ± 

0.02 

38.67 ± 

0.03  

39.96 ± 

0.03 

41.48 ± 

0.02 

ASTM 

D3338 

mod 

Carbon [% 

m/m] 
85.8 ± 0.1 76.5 ± 0.1 79.5 ± 0.1 82.9 ± 0.1 

ASTM 

D3343 

mod 

Hydrogen [% 

m/m] 
13.5 ± 0.1 13.8 ± 0.1 13.8 ± 0.1 13.7 ± 0.1 

ASTM 

D3343 

mod 

Oxygen [% 

m/m] 
0.8 ± 0.1 10.1 ± 0.1 6.8 ± 0.1 3.4 ± 0.1 EN 14078 

𝐾𝐶𝑂2
 [gCO2/gfuel] 

3.22 ± 

0.01 

2.79 ± 

0.01 

2.91 ± 

0.01 

3.04 ± 

0.01 

Complete 

combustion 

assumed 

WTT CI 

[gCO2/MJ] 
15.8 ± 0.1 -69 ± 1 

-37.1 ± 

0.7 
-8.2 ± 0.4 [36] 



TTW CI 

[gCO2/MJ] 
75.2 ± 0.3 72.2 ± 0.3 72.8 ± 0.1 73.3 ± 0.3 

Complete 

combustion 

assumed 

 186 

 he f els’ well-to-tank (WTT) carbon intensity was derived from the work 187 

performed in [36], while the tank-to-wheel (TTW) CO2 emissions come from 188 

Equations 2 and 3, under the premise of complete combustion. On Equation 4, 189 

𝑘𝐶𝑂2
 is the coefficient of correlation of a unit of mass of fuel into a unit of mass of 190 

CO2, 𝑦𝐶𝑓𝑢𝑒𝑙 𝑏𝑙𝑒𝑛𝑑
 is the carbon proportion of the fuel in mass, while 𝑀𝐶 and 𝑀𝑂2

 are 191 

the molar masses of carbon and oxygen respectively. Then, on Equation 5, 𝑚̇𝐶𝑂2
 192 

represents the CO2 mass flow rate. These equations provide a relation between 193 

the carbon content in the composition of the fuel and the tailpipe CO2. The 194 

hypothesis is supported, in part, by the high efficiency (above 90% [37] [29]) that 195 

can be obtained in diesel oxidation catalysts (DOC) which would make possible 196 

the complete oxidation of the fuel after the engine; additionally, this consideration 197 

implies the worst-case scenario for CO2 emissions where all the fuel used in the 198 

engine is exhausted from the vehicle as CO2. 199 

𝑘𝐶𝑂2
= 𝑦𝐶𝑓𝑢𝑒𝑙 𝑏𝑙𝑒𝑛𝑑

∙ (
𝑀𝐶 + 𝑀𝑂2

𝑀𝐶
)   

𝑚̇𝐶𝑂2
= 𝑘𝐶𝑂2

∙ 𝑚̇𝑓𝑢𝑒𝑙 𝑏𝑙𝑒𝑛𝑑   

 200 



2.3 Before testing each of the fuel blends, the engine fuel lines and 201 

injectors are purged from the reference diesel by maintaining the 202 

engine at a medium load operating condition, with constant fuel mass 203 

flow and engine speed, and observing the output power. Because the 204 

LCFs have a lower LHV, as the diesel is replaced by the LCF the engine 205 

output power for the same fuel mass flow is reduced. The fuel line is 206 

considered to be completely purged after ten minutes of stationary 207 

conditions at the same power output. A similar procedure is done 208 

when LCF measurements are finished; the LCFs are purged from the 209 

line leaving reference diesel in the engine to guarantee that in future 210 

tests with LCFs the testing start is always made with diesel with clearly 211 

defined properties and the same LHV relations with the target fuel. 212 

Test matrix and statistical modelling 213 

The selected steady-state operating conditions for this study are based on the 214 

work of [38]. These operating conditions are distributed across the engine map in 215 

such a way that they can be representative of the engine operation during the 216 

Harmonized Light Vehicle Test Procedure (WLTP) cycle in a 1600 kg vehicle with 217 

a similar engine. Table 4 describes the speed and BMEP for each one of the 218 

testing points analyzed in the current work. According to the results from [38], the 219 

three selected operating conditions represent 87% of the fuel burned over the 220 

WLTP, making the optimization of these particular conditions ideal to provide an 221 

overview of the potential of oxygenated fuels under a WLTP scenario. 222 

Table 4. Engine operating conditions. 223 



Test Label Speed [rpm] BMEP [bar] Load [%] 

1250 rpm @ 2 bar 1250 2 20 

1500 rpm @ 14 bar 1500 14 75 

2000 rpm @ 8 bar 2000 8 35 

 224 

The current work employs linear regression models obtained by evaluating 225 

design of experiments (DOE) whose parameters were: injection pressure, start 226 

of injection (SOI) timing of the main injection, the volume and dwell of the pilot 227 

injections, the charge boost pressure and fresh air mass quantity. The injected 228 

fuel mass was fixed during DOE tests to avoid the influence of its variation in the 229 

studied responses and other factors like EGR are not considered in the models 230 

as they are collinear to the air mass quantity. The responses of interest for each 231 

of the different models were the brake specific fuel consumption (BSFC), NOx 232 

emissions and soot emissions in brake specific terms, the gross brake efficiency 233 

(GBE) and the crank angle degree at which 50% of the heat from combustion has 234 

been released (CA50). Similar factors and responses have also been studied in 235 

previous DOE work [39], indicating a strong correlation between them and 236 

allowing for the optimization of the engine emissions and fuel efficiency. 237 

The test matrix was constructed using two levels and a central point for each of 238 

the parameters and, depending on the operating condition, a 2-k factorial design 239 

[40] (65 runs), or a modified Plackett-Burman design [41] (32 runs) were 240 

employed. Selecting the Plackett-Burman design attended the need to use a 241 

shorter test matrix in the 1500 rpm @ 14 bar point, due to the higher load of the 242 

condition in order to prevent strain in the testing facility and reduce the possibility 243 



of problems like excessive pressure rise rate (PRR) or maximum pressure inside 244 

the cylinder beyond 180 bar. The Plackett-Burman design is selected because it 245 

allows to observe the response sensitivity to the main factors and have an idea 246 

of the possible random measurement errors. In addition, the mentioned 247 

modification of the conventional Plackett-Burman included 20 additional custom 248 

centrally distributed points to better estimate the variability and improve the 249 

prediction capabilities of each of the models, and also reducing confounding 250 

effects for the interaction between factors. To select the maximum and minimum 251 

testing levels, preliminary studies were performed on each individual parameter 252 

to guarantee that NOx emissions remained under 1 g/kWh for the 1250 rpm @ 2 253 

bar condition, 2 g/kWh for the 2000 rpm @ 8 bar one and 3 g/kWh for the 1500 254 

rpm @ 14 bar condition, while soot emission limits were 2 FSN for the lower load 255 

condition and 3 FSN for the higher load ones. These preliminary studies ensure 256 

that the responses caused by the variation of a single factor are monotonous 257 

(either increasing or decreasing), validating the use of a linear modelling 258 

approach.  259 

The responses of interest are modelled with polynomial regressions that follow 260 

Equation 4, where 𝑏0 is the mean of the analyzed responses, and 𝑏𝑖 and 𝑏𝑖𝑗 261 

represent the effect of the variables 𝑋𝑖 and the interaction between 𝑋𝑖𝑋𝑗, 262 

respectively. Interaction between factors was limited to only first order 263 

interactions (𝑏𝑖𝑗) due to this being able to represent the main effects without 264 

providing excessive degrees of freedom to the model. The model with the best fit 265 

was selected for each of the responses and operating conditions, maintaining the 266 

convention of using significant terms with p < 0.05 and r-squared above 80%, 267 

with and F-statistic that allows to reject the null hypothesis in each case. 268 



𝑌 = 𝑏0 + ∑ 𝑏𝑖𝑋𝑖 + ∑ 𝑏𝑖𝑗𝑋𝑖𝑋𝑗   

Further information on the DOE and model evaluation can be seen in appendix 269 

1. 270 

3 Results 271 

The current section is divided into three subsections. The first one corresponds 272 

to the effects of using the LCFs as drop-in alternatives for diesel, the second one 273 

is an evaluation of the combustion phasing; the emissions and fuel consumption 274 

potential the LCDs have when the same CA50 is maintained; and finally, an 275 

optimization of the operating conditions with equal combustion phasing is 276 

obtained to assess the potential a calibration aimed at reducing NOx has on the 277 

engine performance compared with conventional diesel combustion. As 278 

previously mentioned, experimental uncertainty is addressed by repetition of 279 

each measurement and the inclusion of the standard deviation between 280 

repetitions. Results hereby presented are shown in a way that intents to preserve 281 

the intellectual property of the OEM but allows to quantitatively evaluate the 282 

differences between fuels.  283 

3.1 Baseline calibration combustion 284 

Firstly, the fuels are evaluated using the baseline calibration provided by the 285 

OEM, thus serving to assess the drop-in capabilities of the fuels without modifying 286 

existing calibrations. Drop-in tests are intersting as they represent the most likely 287 

scenario for the future use of renewable fuels. These tests verify if a fuel is 288 

compatible with existing infrastructure without requiring any changes to the 289 

engine or the calibration settings. Ensuring a fuel is apt to be a drop-in alternative 290 

could prevent, in the scenario where the fuel is made commercially widespread, 291 

the need to recall fleets of circulating vehicles to perform changes in the 292 



calibration or hardware (which is a process that could take considerable time and 293 

resources). In that sense, for the current tests under the baseline diesel B7 294 

calibration, the pedal position is varied to increase the fuel mass injected in the 295 

engine and reach the target load. As the fuels have different energy densities, 296 

the pedal position varies to compensate the energy deficiency for the fuels with 297 

lower LHV (around 1.7%). With the fuel demand indicated, the other calibration 298 

parameters are adjusted based on calibration maps with lookup values based on 299 

the engine speed and fuel mass, and finer adjustments are made based on a 300 

feedback loop with the actuators’ sensors (temperatures, pressures, and flow). 301 

3.1.1 Combustion characteristics 302 

Figure 3 shows the heat release rate (HRR) vs the crank angle degree for the 303 

combustion of LCD100, LCD66 and LCD33 at 14 bar BMEP and 1500 rpm (for 304 

brevity only this operating condition is described in the body of the text, however 305 

the other operating conditions can be found in the appendix). These results were 306 

calculated using an in-house software called Calmec [42]. Additionally, the figure 307 

shows the absolute differences in calibration settings between the different fuels. 308 

From the calibration settings, the SOI and injection pressure for LCD100 and 309 

LCD33 are very similar, but in the case of the LCD66 the injection is advanced 310 

with respect to the other fuels by 0.15 CAD while the injection pressure is reduced 311 

by 25 bar (which for reference represents only around 3% of the mean rail 312 

pressure for all fuels). The other noticeable differences among the different fuel 313 

calibrations correspond to the air mass per stroke and the boost pressure, 314 

nonetheless the maximum differences between these values correspond to 1% 315 

and 3% respectively. These small settings variations are due to the similar lower 316 

heating values between the three fuels, which makes the operation maps 317 



coincidental for all three cases. The exception to this, however, is the EGR level 318 

in the case of LCD33 which is constantly lower than for the other two fuels due to 319 

the lower oxygen content in the fuel composition and the necessity to operate 320 

with a leaner mixture to reduce the sooting potential. In the HRR, it is observed 321 

that the fuels with higher cetane indexes exhibit higher low temperature heat 322 

release (LTHR) and the fuels with higher oxygen content also present a lower 323 

ignition delay of the pilot injection. In terms of the HRR peak, the behaviors for 324 

LCD66 and LCD33 are similar, while it can be said for the case of LCD100 that 325 

the slightly lower peak and lower tail are a consequence of the higher oxygen 326 

content and lower LHV in the fuel promoting shorter, less energetic combustion. 327 

 328 

 329 

Figure 3. Effect of different LCF combustion on heat release rate with the baseline 330 

calibration for the operating condition 1500 rpm @ 14 bar. 331 

To assess the combustion phasing each of the fuel blends, the CA50 and the 332 

combustion duration are used as indicators. In the current work, the combustion 333 
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duration is defined as the difference between the CA10 (crank angle degree 334 

where 10% of the HRR accumulated has occurred) and the CA90 (crank angle 335 

degree where 90% of the accumulated HRR has occurred). Figure 4 shows how 336 

at higher loads the combustion is delayed for LCD33 due to its lower cetane 337 

index, in addition to this, the higher oxygen proportion in the LCD66 and LCD100 338 

advances their combustion with respect to LCD33. Similar results were found in 339 

tests with the oxygen content in biodiesel compared to diesel in [43]. At lower 340 

loads, the effect of the different fuels is not as evident due to the proportionally 341 

higher EGR quantities which define the combustion phasing. Regarding the 342 

combustion duration, it can be generalized that the LCD33 has a shorter duration 343 

due in part to its shorter start of combustion (SOC) delay, and generally lower 344 

EGR proportion that facilitates a sooner end of combustion. The outlying longer 345 

combustion duration evident for the LCD66 fuel blend at the operating condition 346 

2000 rpm @ 8 bar is a consequence of a vastly different calibration that uses 347 

three injections instead of two (in the case of LCD100 and LCD33) so the SOC 348 

occurs earlier as the pilot injections ignite faster. 349 

  350 

Figure 4. Combustion phasing [left] CA50 [right] combustion duration with the 351 

baseline calibration. 352 
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3.1.2 Engine performance and emissions 353 

The brake specific fuel consumption (BSFC) in both equivalent and non-354 

equivalent terms for the drop-in assessment of the fuels is reflected on Figure 5. 355 

The three LCF are compared with a diesel reference, and it can be noted that all 356 

fuels have a higher fuel consumption due to their reduced LHV. Additionally, the 357 

BSFC is for the operating conditions 1250 rpm @ 2 bar and 2000 rpm @ 8 bar 358 

the follows the expected trend where the fuel with the higher LHV has a lower 359 

fuel consumption. In the case of the 1500 rpm @ 14 bar, the fuel consumption is 360 

less dependent on the LHV as the operating condition has a higher load and is 361 

highly benefited by the oxygen present in the fuel to promote a better burning 362 

inside the cylinder. Assessing the BSFCeq also shows how the fuels with higher 363 

oxygen proportions (coming from the OMEx) improve the efficacy by which the 364 

fuels’ ene  y  s   n e  ed  n    sef l       In this regard it is also worth noticing 365 

how for most operating conditions the LCF blends perform better than the diesel 366 

reference in terms of BSFCeq. 367 

 368 

Figure 5. Fuel consumption for the LCF as drop-in candidates [left] BSFC [right] 369 

BSFCeq. 370 
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Regulated emissions are also evaluated under the framework of using the LCF 371 

blends as drop-in alternatives. Figure 6 displays the criteria pollutant emissions 372 

 h     n be  b   ned    h  he e  l   ed    s  s n   he en  ne’s b sel ne 373 

calibration. The fuels with higher OMEx show higher NOx emissions due to the 374 

higher temperature and longer combustion durations that propitiate NOx 375 

formation. Nonetheless, when compared to reference diesel emissions most 376 

LCFs show lower emissions for all tested operating conditions emissions. 377 

Differences in soot emissions between the tested LCFs are below 0.05 g/kWh (in 378 

the worst-case scenario) and remain lower than the reference diesel case for all 379 

operating conditions. This is attributed to the fact that oxygen in the fuel eases 380 

the reduction of soot emissions. HC emissions for both LCD100 and LCD66 are 381 

similar, while LCD33 has emissions at least 0.2 g/kWh higher at medium and high 382 

load. Finally, it should be commented that CO remains close to the reference 383 

diesel values with the exception of the LCD33 under the 1500 rpm and 14 bar 384 

condition, where the elevated CO emissions indicate incomplete combustion of 385 

the fuel under the current calibration, which is not the case when the fuels have 386 

higher oxygen proportions. 387 



 388 

Figure 6. Criteria pollutants emissions for the LCF as drop-in candidates [top-left] 389 

BSNOx [top-right] BSSoot [bottom-left] BSHC [bottom-right] BSCO. 390 

As the final step in the LCF evaluation as drop-in candidates the CO2 emissions 391 

were calculated in WTT, TTW -or tailpipe CO2 emissions-, and WTW. With the 392 

results shown in Figure 7, the potential for the LCF to mitigate CO2 emissions is 393 

evident, in all three fuel lifecycle scenarios the amount of renewable content in 394 

the blend is directly proportional to the reduction in CO2 emissions. Particularly, 395 

in WTT emissions a CO2 offset of more than 500 g/kWh can be generated.  396 

Additionally, with the LCF blends it is possible to achieve reductions of up to 100 397 

g/kWh in TTW emissions at low loads and speeds. The effects in WTT and TTW 398 

are compounded in the WTW emissions making it possible for the LCD100 to 399 

have reductions in CO2 that are on average 961 g/kWh lower than the reference 400 

diesel combustion. 401 
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 402 

Figure 7. CO2 emissions for the LCF as drop-in candidates [left] WTT BSCO2 403 

[middle] TTW BSCO2 [right] WTW BSCO2. 404 

3.2 Effect of the LCF on the combustion under equal combustion phasing 405 

The models described in section 2.3 are used to sample the distribution of the 406 

combustion phasing within the constraints imposed for emissions and engine 407 

safety parameters. As has been previously demonstrated the SOI has an 408 

important effect in the combustion phasing in compression ignition engines [44], 409 

for that reason the SOI was fixed to the average value between the three LCFs 410 

for each operating condition in the drop-in tests, which results in a SOI that is 411 

between the maximum and  minimum observed for each engine condition across 412 

all LCFs. Regarding the injected fuel mass, the total amount is maintained equal 413 

to the fuel mass injected in the drop-in tests for each operating condition and 414 

LCF. Additionally, to guarantee a fair comparison between fuels, each parameter 415 

maximum and minimum limits (rail pressure, fresh air mass quantities, boost 416 

pressure and pilot injections) are made equal and emission constraints imposed 417 

for soot and NOx are respected. As observed in Figure 8, for the lower loads the 418 

median combustion phasing is more advanced for the fuels with higher OMEx 419 

quantities as the effect of the cetane index and the oxygen composition reduce 420 

the ignition delay. For the higher load, the trend is inversed. This is mainly due to 421 

EGR quantities needing to be reduced (and the air mass increased) to avoid the 422 
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soot with the less oxygenated fuels; in turn, the fuels with higher oxygen possibly 423 

generate over-lean areas that could potentially delay the combustion. To expand 424 

on this idea, the evaluation of the median CA50 for the subdivision of cases with 425 

the same intake air mass quantity at the 1500 rpm @ 14 bar operating condition 426 

was performed, showing that the variation of the CA50 across the three fuels is 427 

less than 0.4 CAD.  The previous fact could support the argument that at that load 428 

and speed the combustion phasing is more dependent on the air mass quantity 429 

than the cetane index and oxygen content in the fuel, as by removing the variation 430 

of one factor the effect size is significantly reduced. 431 

 432 

Figure 8. CA50 density distribution for the operating conditions [top-left] 1250 rpm 433 

@ 2 bar [top-right] 2000 rpm @ 8 bar [bottom] 1500 rpm @ 14 bar.  434 

The potential responses of interest were evaluated using the same CA50, as can 435 

be seen in Figure 9 to 11. The modelled spaces show the tradeoff between 436 

BSNOx, BSFC and GBE.  In all the tested operating conditions, the fuel 437 

consumption trends are strongly defined by the LHV of the fuel blend, with the 438 

1250 rpm @ 2 bar 2000 rpm @ 8 bar

1500 rpm @ 14 bar



median value of BSFC being higher as the fuel is less energy dense. In the high 439 

and low load cases, the GBE is higher in the case of LCD100 as its higher oxygen 440 

content aids the fuel conversion. NOx emissions show a homogeneous behavior 441 

across LCFs and operating conditions, with a slight increase as the fuel has less 442 

OMEx. It should be reminded in this regard that the modelled space is limited in 443 

the maximum amount of NOx that can be reached, thus the maximum possible 444 

NOx emissions with each fuel cannot be observed. Regarding soot emissions, it 445 

is evident how the higher proportion of oxygen content in the fuel and higher 446 

cetane number contribute to the reduction of this pollutant. The case of operating 447 

condition 2000 rpm @ 8 bar shows a small modification in the efficiency trends 448 

as the LCD66 has the highest efficiency of the fuels tested and fuel consumption 449 

is similar to that of LCD33. 450 

 451 

 452 

Figure 9. 1250 rpm @ 2 bar: fuel consumption, emissions, and efficiency potential with 453 
the same CA50. [top-left] BSFC vs. BSNOx [top-right] GBE vs. BSNOx [bottom] 454 

BSSoot vs. BSNOx. 455 
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 457 

Figure 10. 2000 rpm @ 8 bar: fuel consumption, emissions, and efficiency potential 458 
with the same CA50. [top-left] BSFC vs. BSNOx [top-right] GBE vs. BSNOx [bottom] 459 

BSSoot vs. BSNOx. 460 

 461 

 462 

Figure 11. 1500 rpm @ 14 bar: fuel consumption, emissions, and efficiency potential 463 
with the same CA50. [top-left] BSFC vs. BSNOx [top-right] GBE vs. BSNOx [bottom] 464 

BSSoot vs. BSNOx. 465 

Across the modelled spaces, the trends for the median value of the different 466 

responses of interest are shown in Figure 12 in a more synthetized form. The fuel 467 
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consumption has an average increase of 1.93 g/kWh for every 1% v/v the fuel 468 

has in OMEx. In relation to the GBE, it cannot be said the OMEx proportion has 469 

significative effect within the specified parameters. Something similar can be said 470 

about NOx emissions as the rate of decrease for every 1% v/v of OMEx more in 471 

the blend does not exceed 0.012 g/kWh. Soot emissions, on the other hand, can 472 

be reduced up to 48.6% when going from a fuel with 5% OMEx concentration in 473 

volume to 15%. 474 

 475 

Figure 12. Median modelled space values for the different responses of interest 476 

vs. the proportion of OMEx present in the fuel [top-left] BSFC [top-right] GBE 477 

[bottom-left] BSNOx [bottom-right] BSSoot. 478 

3.3 Optimization of LCF with equal CA50 479 

Considering the defined modelled spaces, an optimization of the operating 480 

condition towards low NOx emissions (under 1 g/kWh for the 1250 rpm @ 2 bar 481 
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condition, 2 g/kWh for the 2000 rpm @ 8 bar one and 3 g/kWh for the 1500 rpm 482 

@ 14 bar condition), and the lowest possible soot and fuel consumption values 483 

is attempted and experimentally measured. The optimization methodology is 484 

defined by equations 5 to 8, where ϵ is the admissible threshold for the desired 485 

responses. Only one calibration is selected for each operating condition and fuel. 486 

The new calibration parameters are shown in Table 5, compared to the baseline 487 

ECU calibration for each fuel and operating condition. In that regard, the 488 

parameters with the biggest differences between calibrations are the injection 489 

pressure, the intake air mas and the pilot injection volume and dwell times. 490 

Nonetheless as the effect of the different parameters is intrinsically correlated, 491 

the only defined trend is the reduction of the fresh air intake mass to reduce the 492 

EGR proportion in the mix and thus reduce the NOx emissions.  493 

BSNOx < BSNOx𝑚𝑖𝑛(1 + ϵ)  Eq. 5  

BSSoot < BSSoot𝑚𝑖𝑛(1 + 1.2ϵ) Eq. 6  

BSFC < BSFC𝑚𝑖𝑛(1 + 2ϵ) Eq. 7  

GBE > GBE𝑚𝑎𝑥(1 − 2ϵ) Eq. 8 

 494 

Table 5. Optimized calibration parameters compared to the baseline calibration. 495 

Positive values indicate an increase of the parameter and negative values 496 

indicate a reduction. 497 
  

New Calibration - Baseline Calibration 
  

SOI 
[deg 

bTDC] 

Rail 
press. 
[bar] 

Air 
mass 

[mg/st] 

Boost 
press. 
[kPa] 

Pilot 
vol. 1 
[mm3] 

Pilot 
dwell 
1 [µs] 

Pilot 
vol. 2 
[mm3] 

Pilot 
dwell 
2 [µs] 

1250 
rpm @ 2 
bar 
 

LCD 
100 

0.78 -15.9 -112.8 -1.9 0.4 0.0 
-0.40 0.44 

LCD 
66 

0.64 56.3 -71.5 -4.6 -0.5 0.0 
0.00 50.30 



LCD 
33 

2.29 40.3 -87.4 -2.5 0.2 0.0 
0.00 -9.72 

2000 
rpm @ 8 
bar 

LCD 
100 

-0.14 -0.7 -71.8 5.9 -0.2 605.5 
- - 

LCD 
66 

-0.49 -157.7 -71.5 -8.0 0.0 58.6 
1.84 -200 

LCD 
33 

-1.47 257.8 -60.3 -4.4 0.9 212.0 
- - 

1500 
rpm @ 
14 bar 

LCD 
100 

-0.11 111.2 -58.4 -0.2 3.2 -465.2 
- - 

LCD 
66 

-0.18 -119.4 -60.9 -10.9 0.7 -35.4 
- - 

LCD 
33 

-0.10 -88.5 -44.1 -7.9 1.2 -562.7 
- - 

 498 

The optimum calibration is tested in the engine by fixing the same fuel mass as 499 

the baseline calibration and defining in the ECU each of the model-determined 500 

parameters. The experimentally measured optimum points were compared to the 501 

modelled conditions, resulting in a maximum difference of 9.7% between 502 

experimental and modelled results(value obtained for the soot emissions), the 503 

rests of the differences between modelled and experimental values do not exceed 504 

5%.  505 

 506 

Figure 13. Effect of different LCF combustion on heat release rate with the optimized 507 
calibration 508 

Although the CA50 is the same between LCFs, when optimizing the calibration, 509 

differences were observed in combustion start, combustion duration and peak 510 

heat release rate. In the case of the 1250rpm @ 2 bar operating condition, the 511 

advanced injections and increased injection pressures promote a bigger and 512 



more advanced LTHR and the combustion duration is extended with respect to 513 

the drop-in calibration. The 2000rpm @ 8 bar condition HRR shows very minor 514 

differences in comparison to the baseline calibration, although the start of the 515 

combustion is delayed 0.3 CAD as well as the end of the combustion for the 516 

LCFs. In addition, the peak of the HRR is slightly increased for the LCD100 and 517 

LCD66, and slightly decreased for the LCD33. Finally, the biggest differences are 518 

observed for the 1500rpm @ 14 bar operating condition due to the delayed 519 

injection, in conjunction with decreased injection pressures and increased EGR 520 

delay the start of the combustion by 3 CAD and the combustion duration is 521 

extended. It can also be observed for the LCD100 fuel a lower peak of the HRR, 522 

which by observing the variation in the parameters is likely caused by the 523 

increased of the injection pressure that causes the creation of zones with over 524 

rich air-fuel mixture (particularly near crevices) and will promote higher 525 

proportions of incomplete combustion, which will be noticed in the high CO 526 

emissions.  527 

In Figure 14 it is observed how for the higher load operating conditions the BSFC 528 

is approximately 55 g/kWh higher with LCD100 than the diesel reference, while 529 

the other fuels also slightly increased their fuel consumption, as can be verified 530 

by the fact that BSFCeq is also higher than the diesel reference. This higher fuel 531 

mass required for the operation is due to the NOx reduction strategy that has a 532 

significantly higher EGR concentration that reduces fuel conversion efficiency. 533 

Fuel consumption optimization can be likely achieved with a dedicated calibration 534 

with the current LCFs, nonetheless there will likely be a tradeoff with NOx 535 

emissions as the emissions would be similar or higher to those of the drop-in 536 

tests. Another strategy could be to optimize the spray and flow conditions. Fuels 537 



with higher OMEx ratios require longer injections to provide the same energy as 538 

the baseline diesel fuel; in addition, the fuel tends to also burn faster [45]. Thus, 539 

there might be some potential for further optimization of fuel efficiency by 540 

changing the injectors for ones with a higher flowrate (where shorter injections 541 

are possible with reduced injection pressures) and performing an optimization 542 

with similar emission reduction targets. Conversely, OMEx has a higher vapor 543 

pressure and thus a lower liquid penetration length [46], and it has been 544 

previously shown that injectors with bigger diameter can increase the spray 545 

penetration of OMEx and cause a longer ignition delay [47], these characteristics 546 

could contribute in achieving lean-burn conditions for OMEx that improve fuel 547 

consumption, similarly to the lambda variations performed in [17]. Nonetheless, 548 

further research is needed to verify this hypothesis.  549 

 550 

Figure 14. Fuel consumption for the optimized calibration of LCF [left] BSFC 551 

[right] BSFCeq. 552 

The calibration optimization in most operating conditions and fuels is able to 553 

reduce BSNOx emissions by 1 g/kWh (Figure 15), compared to the diesel 554 

reference. This reduction in BSNOx emissions comes to the detriment of soot 555 

emissions which are equal or higher than those of diesel for the higher load 556 
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cases. Nonetheless, it is important to be reminded that the soot emissions 557 

correspond to engine-out emissions before the aftertreatment system, and that 558 

the vehicles which employ this engine integrate a diesel particulate filter to their 559 

system, which could potentially remove most soot particles with reliable 560 

efficiency. Conversely, although HC and CO emissions can be higher than 561 

d esel’s    h  he calibration optimized for NOx reduction these emissions could 562 

be oxidized by the diesel oxidation catalyst (DOC), as shown in previous work 563 

[37]. Nonetheless, further testing is needed in this regard to evaluate whether an 564 

increase of CO of more than 10 g/kWh in the worst-case scenario can be 565 

addressed by the aftertreatment system. Additionally, different calibration targets 566 

can be explored to reduce emissions of both CO and HC emissions.  567 

 568 



 569 

Figure 15 Criteria pollutants emissions for the optimized calibration of LCF [top-left] 570 
BSNOx [top-right] BSSoot [bottom-left] BSHC [bottom-right] BSCO 571 

Finally, the CO2 lifecycle emissions are calculated for each of the operating 572 

conditions and LCF blend (Figure 16). Although the TTW CO2 emissions are 573 

higher due to higher fuel consumption, they remain below those of diesel. 574 

Similarly to the drop-in results, the CO2 offset generated by the fuel synthesis 575 

translates into WTW CO2 emissions that are at least 200 g/kWh lower than the 576 

diesel reference for LCD33 and up to 1200 g/kWh lower for the completely 577 

renewable LCD100. In the specific case of LCD100, it can be noted that the 578 

differences in WTW BSO2 between both calibrations is smaller than the effect 579 

caused by the different operating conditions.  580 
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 581 

Figure 16. CO2 emissions for the optimized calibration of LCF [left] WTT BSCO2 582 

[middle] TTW BSCO2 [right] WTW BSCO2. 583 

4 Summary and conclusions 584 

Three LCFs were studied and compared in terms of combustion performance and 585 

emissions under a baseline calibration. Subsequently, by means of a design of 586 

experiments, linear models were obtained that allowed the evaluation of the effect 587 

of the different LCF on the combustion phasing and the fuel consumption and 588 

emissions potential. Additionally, taking advantage of the resulting models a 589 

calibration optimization was performed and later verified experimentally with the 590 

objective of reducing NOx emissions, while maintaining the lowest possible soot 591 

emissions and fuel consumption and the highest efficiency. The current section 592 

summarizes the most relevant findings of the work. 593 

 When comparing to diesel, using LCFs with varying proportions of OMEx 594 

under the baseline ECU calibration decreases soot emissions by at least 595 

5 mg/kWh, while increasing fuel consumption due to the lower LHV. .   596 

There is not a direct correlation with NOx emissions, which can either be 597 

lower or higher than the diesel reference depending on the engine load. 598 

 For the lower load operating conditions, the combustion phasing of the 599 

LCFs varies depending mostly on the cetane index of the fuel and the 600 

oxygen content of the blend. In this regard, a generally more advanced 601 
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combustion occurs in the case of LCD100. When the load is increased the 602 

trend is not observed due to the air mass quantity being a more 603 

determining factor in the combustion phasing.  604 

 When the CA50 is equal across all LCFs, fuel consumption is generally 605 

higher and soot emissions are lower for the fuel with higher OMEx 606 

proportion (LCD100) due to its higher oxygen content that aids in the 607 

complete oxidation of the fuels but reduces its energetic density. 608 

 When optimizing the    s’   l b     n for low NOx emissions, this 609 

pollutant can be reduced by at minimum 0.5 g/kWh compared to the 610 

reference diesel, however other pollutants such as PM, HC and CO can 611 

increase with respect to diesel. Future work could address the evaluation 612 

of the efficiency of the ATS at reducing the pollutant emissions of the 613 

optimized calibration.  614 

 The use of LCF under both the baseline ECU calibration and the optimized 615 

calibration reduces the WTW BSCO2 by 200 g/kWh for LCD33 (33% v/v 616 

renewable content) and by 1200 g/kWh for LCD100 (100% v/v renewable 617 

content). This reductions in CO2 emissions show that a variation of 67% 618 

v/v in renewable content can generate an 83% difference in WTW CO2 619 

emissions. 620 
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 626 

 Abbreviations 627 

BMEP Brake mean effective pressure 



CI Compression ignition 

DOC Diesel oxidation catalyst 

DOE Design of experiments 

DPF Diesel particulate filter 

EV Electric vehicle 

FAME Fatty acid methyl esters 

GBE Gross brake efficiency 

HC hydrocarbons 

HVO Hydrogenated vegetable oil 

ICE Internal combustion engine 

LCF Low carbon fuel 

LHV Lower heating value 

OEM Original equipment manufacturer 

PM Particulate matter 

PRR Pressure rise rate 

SI Spark ignition 

SOI Start of injection 

TTW Tank-to-wheel 

WLTC World harmonized Light vehicle Test Cycle 

WLTP World harmonized Light vehicle Test Procedure 

WTT Well-to-tank 

WTW Well-to-wheel 



Appendix 628 

1 Model and design of experiments evaluation 629 

The model factors to evaluate (SOI, injection pressure, pilot injection 630 

characteristics and air intake mass and pressure) were selected based on 631 

previous knowledge regarding engine responses to parametric changes in these 632 

values. The range size for each of the factors and operating conditions can be 633 

observed in Table 6. The ranges tested for each fuel and operating condition 634 

depend on parametric tests in which the maximum limit is found when the 635 

imposed emission limits or safety constraints (PRR and peak pressure) are close 636 

to borderline when increasing or decreasing the value. These preliminary tests 637 

also help in ensuring the effect of the variation of one factor is monotonous 638 

(increasing or decreasing), to be able to use a linear model.  639 

Table 6. Factor ranges evaluation. Difference between maximum and minimum values 640 
evaluated during the DOE 641 

Fuel Operating 
condition 

SOI 
[CAD] 

Injection 
pressure 
[bar] 

Pilot 
volume 
[mm3] 

Pilot 
dwell 
[µs] 

Air mass 
[mg] 

Boost 
pressure 
[kPa] 

LCD100 1250 rpm 
@ 2 bar 

5 100 3.5 275 70 5 

2000 rpm 
@ 8 bar 

8 600 1.5 210 40 25 

1500 rpm 
@ 14 bar 

5 450 4 800 50 10 

LCD66 1250 rpm 
@ 2 bar 

14 140 1.5 150 70 5 

2000 rpm 
@ 8 bar 

20 700 4 600 60 20 

1500 rpm 
@ 14 bar 

14 370 1.5 1000 30 10 

LCD33 1250 rpm 
@ 2 bar 

11 150 1.8 150 90 5 

2000 rpm 
@ 8 bar 

5 500 2 400 50 10 

1500 rpm 
@ 14 bar 

12 300 3 950 30 10 

 642 



The effects size of each of the parameters under each operating condition and 643 

LCF was evaluated with the standardized effect. For brevity, Figure 17 only shows 644 

the effect for BSNOx, however a similar procedure was performed for all 645 

responses of interest. This results aid in providing an idea during the DOE and 646 

modelling phases of which factors are the most influential in the size of the 647 

responses.  648 

Figure 17. Standardized effect for the BSNOx emissions 649 

 650 

The model evaluation for the five main responses of interest can be seen in Table 651 

7. The mean value is not expressed       n   n  he    ’s       e   y 652 

information, however the fit of the model and the errors associated are described. 653 

Table 7. Model evaluation parameters. Residual Standard Error (RSE), Degrees of 654 
Freedom (DF), R-squared (R2), F-Statistic, p-value. 655 

Fuel LCD 100 LCD66 LCD33 

Operating 
condition 

1250 
rpm @ 2 
bar 

2000 
rpm @ 8 
bar 

1500 
rpm @ 
14 bar 

1250 
rpm @ 2 
bar 

2000 
rpm @ 8 
bar 

1500 
rpm @ 
14 bar 

1250 
rpm @ 2 
bar 

2000 
rpm @ 8 
bar 

1500 
rpm @ 
14 bar 

GBE  

RSE 
[%] 

0.41 0.46 0.28 0.49 0.57 0.90 0.88 0.68 0.47 

DF 55 59 29 55 59 32 54 60 32 

R2 0.876 0.875 0.947 0.920 0.898 0.888 0.961 0.847 0.813 

F-
statist
ic 

55.38 58.83 73.49 63.47 64.69 40.02 121.3 47.5 26.7 

LCD100

1250 rpm @ 2 bar 2000 rpm @ 8 bar 1500 rpm @ 14 bar

LCD66

LCD33



p-
value 

2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 7.1e-14 

BSFC  

RSE 
[g/kW
h] 

4.38 3.21 2.24 5.20 4.59 2.73 7.36 4.99 3.42 

DF 55 56 30 53 60 32 53 61 31 

R2 0.874 0.889 0.934 0.920 0.873 0.885 0.820 0.844 0.804 

F-
statist
ic 

54.57 56.11 70.42 50.86 58.87 40.13 24.86 47.09 26.33 

p-
value 

2.2e-16 2.2e-16 2.5e-16 2.2e-16 2.2e-16 2.2e-16 2.4e-15 2.2e-16 1.7e-13 

BSNOx  

RSE 
[g/kW
h] 

0.096 0.138 0.326 0.154 0.425 0.290 0.124 0.244 0.279 

DF 52 55 27 53 50 31 55 60 32 

R2 0.992 0.977 0.926 0.976 0.869 0.915 0.954 0.967 0.914 

F-
statist
ic 

632.7 257.3 37.38 177.3 92.11 69.73 114.4 252.5 73.15 

p-
value 

2.2e-16 2.2e-16 5.9e-13 2.2e-16 2.6e-15 2.2e-16 2.2e-16 2.2e-16 2.2e-16 

BSSoot  

RSE 
[g/kW
h] 

0.028 0.026 0.082 0.033 0.082 0.069 0.058 0.071 0.082 

DF 49 52 29 53 59 29 56 60 29 

R2 0.854 0.912 0.809 0.829 0.846 0.804 0.827 0.863 0.802 

F-
statist
ic 

41.98 44.78 37.53 31.47 40.38 23.23 26.56 54.11 25.55 

p-
value 

4.6e-16 2.2e-16 7.4e-9 3.3e-16 2.2e-16 3.3e-16 7.4e-14 2.2e-16 2.8e-13 

CA50  

RSE 
[CAD] 

0.296 0.093 0.304 0.436 0.471 0.431 1.79 1.14 0.526 

DF 47 55 32 56 62 32 58 65 32 

R2 0.995 0.9998 0.988 0.996 0.998 0.992 0.944 0.980 0.987 

F-
statist
ic 

644 2.77e+4 633.1 1630 5566 3545 139.3 1626 2470 

p-
value 

2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 2.2e-16 

 656 

Finally, the model validation for the current manuscript is reflected in the 657 

experimentally measured optimum condition, whose values for the responses of 658 

interest are compared with the modelled results. Table 8 shows the error 659 

associated to the predictions from the models.  660 

Table 8. Error between modelled and experimental responses 661 

Fuel LCD 100 LCD66 LCD33 

Operating 
condition 

1250 
rpm @ 
2 bar 

2000 
rpm @ 
8 bar 

1500 
rpm @ 
14 bar 

1250 
rpm @ 
2 bar 

2000 
rpm @ 
8 bar 

1500 
rpm @ 
14 bar 

1250 
rpm @ 
2 bar 

2000 
rpm @ 
8 bar 

1500 
rpm @ 
14 bar 

GBE [%] 0 1.3 0.9 0 0.2 0.2 0.5 1.2 1.7 

BSFC 
[g/kWh] 

0.1 7.1 4.1 0.4 1.3 0.5 5.9 4.7 6.8 



BSNOx 
[g/kWh] 

0.01 0.06 0.12 0.02 0.04 0.21 0.06 0.10 0.27 

BSSoot 
[g/kWh] 

0.003 0.006 0.005 0.003 0.013 0.012 0.008 0.012 0.005 

CA50 
[CAD] 

0.60 0.56 0.73 0.60 0.54 0.68 0.60 0.55 0.65 

 662 

2 Combustion characteristics for low load operating conditions under the 663 

baseline calibration 664 

 665 

Figure 18 Effect of different LCF combustion on heat release rate with the baseline calibration for 666 
the operating condition 1250 rpm @ 2 bar 667 
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 668 

Figure 19 Effect of different LCF combustion on heat release rate with the baseline calibration for 669 
the operating condition 1250 rpm @ 2 bar 670 
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