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Abstract - In this paper, validated simulations using Ricardo WAVE have been performed to investigate 9 
the effect of the Miller cycle and low-carbon fuels on the performance (power, torque, BTE and BSFC) 10 
and emissions of a diesel engine. The results show that the increased Miller cycle effect (larger deviation 11 
of the advanced or retarded intake valve closing from the standard intake valve closing time) will 12 
decrease NOx, CO and HC emissions, and slightly improve Brake Thermal Efficiency (BTE) and Brake 13 
Specific Fuel Consumption (BSFC) with slight loss in engine performance and increase in soot 14 
emissions. An engine running B0 (diesel with 0% Biodiesel in the blend) with a -18% Miller cycle effect 15 
has a reduction in NOx of 9% and CO of 4.3% with a decrease of 1.6% in power at the rated engine 16 
speed. Using low carbon fuels drastically reduces emissions with reduced BTE and increased BSFC. 17 
When used in conjunction, the Miller cycle and low-carbon fuels have an improved effect on both 18 
performance and emissions. The optimal results demonstrate that using B60 (60% Biodiesel in the blend) 19 
and a -8% Miller effect contributes to a 1.5% improvement in power, 1.2% in BTE, 13.3% in NOx, 20 
38.5% in CO, 8.9% in HC, and 33.0% in soot at a cost of 6.0% increase in BSFC. The results show that 21 
it is an easy way to reduce NOx, CO, HC and soot emissions and increase the BTE of the engine by 22 
combining Miller cycle and low-carbon fuels. 23 

Keywords - Miller Cycle, Diesel Engine, low-carbon fuel, Emission 24 

 25 

 NOMENCLATURE 26 

B0 Pure diesel, 0% biodiesel in the blend  

B10 B represents ‘biodiesel’; the number behind ‘B’, represents the 

percentage of biodiesel in the blend (here is 10%). 

BDC Bottom Dead Centre 

BMEP  

BP 

Brake Mean Effective Pressure 

Break power  

BSFC  

BT  

Brake Specific Fuel Consumption 

brake torque  

BTE Brake Thermal Efficiency 

CA  

CMLF  

Crank Angle 

Combined Miller cycles with different low-carbon fuels 

CO Carbon Monoxide 

EIVC Early Intake Valve Closing 

HC Unburned Hydrocarbons 

LIVC Late Intake Valve Closing 

NOx  Nitrous Oxide 
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rpm  Revolution per minute (engine running speed)  

VGT Variable-geometry turbocharger 

  

1. INTRODUCTION 27 

 28 
DIESEL engines are used extensively worldwide in vehicular and static applications. Nitrogen Oxide 29 
(NOx) and other emissions from diesel engines are significant, and often above safe levels in built-up 30 
areas. In the UK, diesel consumption grew from 11 Million Tonnes of Oil Equivalent (MTOE) in 1990 31 
to 27 MTOE in 2017, and 21% of the UK’s greenhouse gas emissions were from road transport in 2017 32 
[1]. Large vehicles such as lorries account for 76% of excess NOx emissions [2]. The issues arising from 33 
NOx have led to strict legislation, with limits for NOx under EU standards Euro 5 and Euro 6 of 0.18 34 
g/km and 0.08 g/km [3]. This shows a need to find adaptations for diesel engines to counter these 35 
emissions problems [4]. 36 

The Atkinson cycle was first developed in 1882 and was achieved by mechanical methods [5]. This 37 
involved altering the effective compression stroke of the engine by either early intake (EIVC) or late 38 
intake (LIVC) valve closing [6]. In both EIVC and LIVC, the compression stroke is effectively shorter 39 
than the expansion stroke, which improves the Brake Thermal Efficiency (BTE) of the overall cycle [6]. 40 
However, since some fuel and air escape before combustion, the power output and Brake Mean Effective 41 
Pressure (BMEP) is decreased [7]. Ralph Miller adapted this cycle to include a turbocharger or 42 
supercharger at the cylinder inlet [8, 9]. This pushes air into the engine cylinder, leaving it at a higher 43 
pressure [9]. This may reduce Brake Specific Fuel Consumption (BSFC) [10] and mitigate the power 44 
loss often found with the Atkinson cycle [11]. Once the piston is beyond Bottom Dead Centre (BDC), 45 
the boosted charge compensates for the open inlet valve ensuring similar air/fuel charge to a non-Miller 46 
cycle unit. Powell et al. [12] validated the Miller cycle theory using a Ricardo WAVE model and 47 
experimentation, and found the fuel consumption was reduced by 5.6% when using the LIVC. Lin and 48 
Hou [13] analysed an air-standard Miller cycle and found engine efficiency improved over the Otto cycle. 49 
In addition to improving engine efficiency, the Miller cycle can be used to reduce NOx emissions [14 - 50 
16]. Other methods such as after treatment can reduce NOx in exhaust gases but are expensive [17]. The 51 
shorter compression stroke of the Miller cycle means a lower compression ratio, with consequent 52 
reduction in cylinder pressure and temperature. Lower temperature in cylinder will produce less NOx 53 
since NOx forms rapidly at high temperatures especially above 1600 K [18]. This reduction in NOx 54 
emissions has been shown experimentally [14, 19 - 21]. Test results showed a decrease in NOx emissions 55 
of 60% and in soot of 25% [21]. In another experiment, the torque, power, BTE and BSFC were improved 56 
at high engine speeds and worsened at low speeds due to the charge loss and the drop in volumetric 57 
efficiency, but NOx emissions reduced by 14% [20]. The difference between standard cycle and Miller 58 
cycle is illustrated in Fig. 1 for diesel engine. 59 
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 60 

Fig. 1. Miller cycle and standard cycle for diesel engine 61 

 62 
Low-carbon fuels have a lesser impact on the environment than fossil-fuels [22], and can be split into 63 

three categories [23]: first-generation biofuels; advanced or second-generation biofuels; renewable fuels 64 
of nonbiological origin. Using low-carbon fuels may affect the efficiency and emissions of a diesel engine 65 
[24, 25]. Experiments showed increase in BSFC of 2.1%, 1.5%, 3.5% and 9.6% for B10, B20, B50 and 66 
B100 respectively [24], which was attributed to the lower calorific value of biodiesel [26]. Meanwhile, 67 
the BTE is also impacted by using biodiesel. At 10% load the BTE for B100 was 10.2% lower than pure 68 
diesel, but was 5.1% higher at 100% load, with a crossover point at 50% load. This behaviour could be 69 
attributed to several factors: at high load, fuel injection pressure was at its highest, so the effect of the 70 
viscosity of biodiesel was negligible [26]; B100 contains oxygen which may contribute to a more 71 
complete combustion [27] thus increasing BTE; at lower loads, the viscosity of biodiesel was more 72 
influential and may reduce BTE, and the oxygen content of the fuel may make the mixture lean which 73 
decreased BTE. Moreover, it is claimed that as biodiesel concentrations increases, combustion 74 
temperature and NOx emissions increase [28, 29]. Mueller et al. [30] stated that the increase in 75 
combustion temperature cannot quantitatively be related to a single parameter, but instead is due to 76 
several coupled mechanisms which change under different conditions such as fuel or combustion 77 
characteristics. Kegl [31] found that in a B100 mixture the higher injection pressure and oxygen content 78 
reduced soot and CO emissions. Higher NOx emissions also arose from the advanced injection process 79 
with earlier and prolonged high temperatures at combustion commencement. Others found that higher 80 
proportion of biodiesels lower the exhaust temperature [24, 32]. It was found that the exhaust gas 81 
temperature was linked to the compression ratio. At low ratios of 18, the exhaust gas temperature for 82 
biodiesel was higher than that of diesel, but as the ratio increases the exhaust gas temperature of biodiesel 83 
is lower than that of diesel [32]. It is also theorised that the reduction in exhaust temperature is due to the 84 
lower calorific value of biodiesel reducing the total released energy and therefore the peak temperature 85 
[24, 26, 32]. 86 

It is found that existing researches have not accounted for the effect of the combination of the Miller 87 
cycle with low carbon fuels on the performance of diesel engine, particularly in maximising efficiency 88 
and minimising NOx and other emissions. Consequently, this study will investigate the influence of 89 
combining the Miller cycle and low carbon fuels on diesel engine performance and emissions. The 90 
following objectives will be covered: 91 
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• Develop the numerical model of a diesel engine and validate it using verified data. 92 
• Obtain the engine performance and pollutant emissions of standard diesel fuel with various Miller 93 

Cycle effects. 94 
• Obtain the engine performance and pollutant emissions of different low carbon fuel-diesel blends 95 

without Miller Cycle. 96 
• Combine the low carbon fuel blends and Miller Cycle effects, and find the optimal low carbon fuel 97 

fraction and Miller Cycle effect. 98 
 99 

2. METHOD 100 
 101 

In this paper, biodiesel Fatty Acid Methyl Esters (FAME) is selected as the low carbon fuel. It is 102 
blended with diesel fuel with various fractions, namely B0 (standard diesel fuel), B7 (7% volume fraction 103 
for biodiesel), B20, B40, B60, B80, B100. The properties of FAME and its blends with standard diesel 104 
fuel are listed in Table 1. Numerical modelling is used to implement the low carbon fuel and the Miller 105 
cycle configurations. Ricardo WAVE was chosen as the modelling software as a state-of-the-art gas 106 
dynamics simulation tool used ubiquitously within the automotive sector. The numerical model is well 107 
established and validated against data from database [37].  108 

 109 
TABLE 1 COMPARISON OF HEATING VALUE OF FUEL TYPES 110 

Fuel Type Energy Content 

(MJ/kg) 

Density at 

20 ℃ (kg/L) 

Viscosity at 

20 ℃ (mm2/s) 

Cetane 

number 

B0 43.1 0.83 5.0 50 

B7 42.58 0.834 5.175 50.42 

B20 41.8 0.84 5.5 51.2 

B40 40.6 0.85 6 52.4 

B60 39.4 0.86 6.5 53.6 

B80 38.2 0.87 7.0 54.8 

B100 37.1 0.88 7.5 56 

 111 
2.1 Theories 112 
In the model the details of the flow is obtained by solving quasi-one-dimensional compressible flow 113 

equations which govern the conservation of mass, momentum and energy [37, 38]. A staggered mesh 114 
system is used with the boundaries between volumes to solve the equations of momentum, mass and 115 
energy for each volume. In explicit conservative form, the equations can be written as: 116 

𝑚𝑎𝑠𝑠 =  
𝑑𝑚

𝑑𝑡
=  Σ �̇� 

 

(1) 

𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 =  
𝑑𝑚𝑢

𝑑𝑡
=  −𝐴

𝑑𝑝

𝑑𝑥
+ Σ �̇�𝑢 − 𝑠𝑜𝑢𝑟𝑐𝑒𝑠 (2) 

 

𝑒𝑛𝑒𝑟𝑔𝑦 =  
𝑑𝑒𝑇

𝑑𝑡
=  Σ 𝑚ℎ + 𝑠𝑜𝑢𝑟𝑐𝑒𝑠 

(3) 

 117 
The general combustion equation solved in the model is: 118 
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A(uN2 +vO2 +wCO2 +xH2O)+ B(CcHhOoNn)→ 119 

 aCO+bCO2 +cH +dH2 +eH2O+ fN2 +gNO+hO+iO2 + jOH +kN (4) 120 

Where, A is the mass fraction of ‘Burned Air’, B is the mass fraction of ‘Burned Fuel’; and a, b, …, k 121 
are the coefficients of the combustion products. The sum of A and B is the total mass fraction of 122 
combustion products, and the ratio between them gives the relative quantities of the species. Normally 123 
the entire fuel mass is burned with product mass fractions that sum to 1; the values of the coefficients a 124 
to k are uniquely linked to the equilibrium equation [37, 38].  125 

In terms of combustion, the Diesel Wiebe combustion model is used to obtain the rate of fuel mass 126 
burned, which includes the premixed combustion, diffusion combustion and slow late combustion (tail 127 
burning) in the engine cylinder [37]. The burned fuel mass fraction W based on the crank angle can be 128 
calculated from the following equation. 129 

 130 
𝑊 = 𝑝𝑓{1 − [1 − (0.75𝜏)2]5000} + 𝑑𝑓{1 − [1 − (𝑐𝑑3𝜏)1.75]5000} + 𝑡𝑓{1 − [1 − (𝑐𝑡3𝜏)2.5]5000}  131 

                                                                                                                                                       (5) 132 
 133 
where 𝑝𝑓, 𝑑𝑓 and 𝑡𝑓 are the mass fractions of the premixed, diffusion and tail combustion respectively, 134 

whilst 𝜏 is the burn duration term determined by Equation (6). 135 
 136 

                                                   𝜏 =
𝜃−𝜃𝑏

125(
𝑅𝑃𝑀

𝐵𝑅𝑃𝑀
)0.3

                                                                           (6) 137 

 138 
𝜃 and 𝜃𝑏 here refer to the crank angle and the crank angle at the start of combustion respectively, whilst 139 

RPM and BRPM are the engine speed and reference speed. The mass fraction of the premixed combustion 140 
can be either user-input or obtained from the ignition delay model. 141 

For emissions, the NOx emissions are predicted using the Zeldovich mechanism (Equation (7) ~ (8)) 142 
and the Prompt mechanism (Equation (10) ~ (12)) [39]. The overall burned zone is treated as an open, 143 
stratified system in which further NOx formation takes place depending on the temperature, pressure, 144 
and equivalence ratio.  145 

 146 
                                                    𝑂 + 𝑁2 ⇌ 𝑁 + 𝑁𝑂                                                                  (7) 147 
                                                    𝑁 + 𝑂2 ⇌ 𝑂 + 𝑁𝑂                                                                  (8) 148 
                                                    𝐶𝐻 + 𝑁2 ⇌ HC𝑁 + 𝑁                                                             (9) 149 
                                                    𝑁 + 𝑂2 ⇌ 𝑁𝑂 + 𝑂                                                                 (10) 150 
                                                    𝐻𝐶𝑁 + OH ⇌ 𝐻2𝑂 + 𝐶𝑁                                                       (11) 151 
                                                    𝐶𝐻 + 𝑂2 ⇌ 𝑁𝑂 + 𝐶𝑂                                                             (12) 152 
 153 
CO is calculated based on the following model dependent on pressure (P), concentrations of substances 154 

including [𝐶𝑂2], [𝑂2], [OH] and [H], and equilibrium constants (𝐾𝑝𝑊 and 𝐾𝑝𝑁) suggested by Newhall 155 
[40]. 156 

 157 

                                                   
[𝐶𝑂]

[𝐶𝑂2]
= 𝑚𝑎𝑥 (

1

√𝐾𝑝𝑊𝑃[𝑂2]
,

[𝐻]

√𝐾𝑝𝑁𝑃[𝑂𝐻]
)                                        (13) 158 

 159 
HC model assumes that the fuel trapped within the injector sac and hole volume is the major source of 160 

unburned HC, and the emitted HC is proportional to the injector sac volume. The typical injector sac 161 
volume is in a range of 0.3 to 1 mm3 and about 0.2 of sac volume fuel is converted to HC [37]. 162 
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Soot model accounts for the soot formation and oxidation rates. The soot formation rate is based on 163 
Khan-Hiroyasu-Belardini formulation, and the soot oxidation rate is based on the Nagle and Strickland-164 

Constable model [37]. The soot formation rate 
𝑑𝑀𝑠𝑓

𝑑𝑡
 is calculated by the equation: 165 

 166 

                                                   
𝑑𝑀𝑠𝑓

𝑑𝑡
= 𝑘𝑓𝑀𝑓𝑣                                                                           (14) 167 

 168 
Where 𝑀𝑓𝑣  is the fuel vapor mass, and 𝑘𝑓  is a coefficient dependent on the fuel properties and 169 

temperature. The soot oxidation rate 
𝑑𝑀𝑠𝑜

𝑑𝑡
 is calculated by 170 

 171 

                                                   
𝑑𝑀𝑠𝑜

𝑑𝑡
=

𝑀𝑐

𝜌𝑠𝐷𝑠
𝑀𝑠𝑅𝑟𝑜𝑣                                                                   (15) 172 

 173 
where 𝑀𝑠  is the net soot mass, 𝑀𝑐  is the carbon molecular weight, and 𝑅𝑟𝑜𝑣  is the reaction rate 174 

dependent on temperature. The soot density 𝜌𝑠 and soot mean diameter 𝐷𝑠 are constants. 175 
 176 
2.2 Model set up and procedure 177 

A Volkswagen 1.9L variable-geometry turbocharger (VGT) TDI PD diesel engine is selected as the 178 
test engine, which is used in a wide range of midsized cars. The engine specification is shown in Table 179 
2. 180 

 181 
TABLE 2. Specification of the test engine 182 

Parameter Test engine 

Displacement (L) 1.9 

Bore (mm) 79.5 

Stroke (mm) 95.5 

No. Cylinders 4 

No. Valves per cylinder 2 

Max Power (kW) 96 at 4000 rpm 

Max Torque (Nm) 310 at 1900 rpm 

Turbocharger Type VGT 

 183 
The numerical model of the selected 4-cylinder engine is set up according to its specifications, as 184 

shown in Fig. 2. The model is validated and then used to investigate the engine performance under the 185 
proposed conditions, i.e. the designed combined Miller cycles and a number of different low-carbon 186 
fuels.  187 

The procedure of setting up the model is in the following steps:  188 
1) Generate engine components and link them together to form a basic engine model in the WAVE; 189 
2) Define geometry and boundary conditions of the engine, such as bore, stroke, intake temperature, 190 

etc., and select fuels; 191 
3) Validate the model using data from the engine manufacturer.   192 
4) The validated model is then used to do intensive simulations of the engine performance under the 193 

normal cycle of diesel engine and the selected Miller Cycles, to find out the optimal results. 194 
 195 
 196 
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 197 

Fig. 2. Schematic of the numerical model based on the test engine 198 

2.3 Model Validation 199 

The numerical model is set up based on the specifications of the test engine to run the fuel B0 with no 200 
Miller cycle effect, which is named as the baseline model. The baseline model is run at the speeds from 201 
1000 rpm to 4500 rpm at full load. Richard Wave database provides an example model for the same 202 
engine at the same conditions, and its results have been verified by experimental data [39]. Therefore, 203 
the data from the example model is used to validate the baseline model. The results are shown in Figures 204 
2 and 3, where the green dots/line are the performance of the baseline model, whilst the red dots/line are 205 
that of the example model.  It is clear that the models have close results in performance and emissions 206 
with the largest difference of 0.686% at 2500 rpm. It indicates that the model is well validated and thus 207 
can be used for further investigations. 208 
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 209 

Fig. 3. Model Validation - Comparison of (a) Brake Torque, (b) BTE, (c) Brake Power and (d) BSFC, 210 
between WAVE example model and baseline model 211 

 212 

Fig. 4. Model Validation - Comparison of emissions (a) NOx, (b) HC, and (c) CO, and between WAVE 213 
example model and baseline model  214 

 215 
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2.4 Computational simulations planned 216 
 217 

Using the validated model, totally 77 cases of combined 11 Miller cycles with the 7 low-carbon fuel-218 
diesel blends are carried out under different conditions: 1) the original engine; 2) 5 cases of early intake 219 
valve closing (EIVC) Miller cycle; 3) 5 cases of late intake valve closing (LIVC) Miller cycle; and 4) 220 
low-carbon fuel-diesel blends with 7 fractions shown in Table 1. The fuels are the mixture of biodiesel 221 
with diesel, where ‘B’ is ‘biodiesel’, the number of ‘0, 7, 20, 40, 60, 80 and 100 represents the mass 222 
fraction of the biodiesel, e.g. B20 is a fuel with 20% of biodiesel and 80% of diesel in it. The test 223 
conditions of Miller Cycles are listed in Table 3. The percentage of Miller Cycle is calculated by 224 

comparison to the original intake valve opening duration (258°). For example, the intake valve opening 225 

durations of the EIVC cases are smaller/shorter than that of the original ones, and the changes in crank 226 

angle is negative, e.g. – 5% Miller cycle Percentage, the intake valve opening duration is 245.1°, which 227 

is 5% less than that of the original one (258°). Similarly, the intake valve opening durations of the 228 

LIVC cases are longer than that of the original ones, e.g. 5% Miller Cycle Percentage, the intake valve 229 

opening duration is 270.9°, which is 5% longer than 258°. 230 

 231 
TABLE 3. The test conditions of Miller Cycles  232 

Miller Cycle Percentage (%) Change in Crank Angle (◦) New Open Duration (◦) 

-25% -64.5 193.5 

-20% -51.6 206.4 

-15% -38.7 219.3 

-10% -25.8 232.2 

-5% -12.9 245.1 

0 0.0 258.0 

5% 12.9 270.9 

10% 25.8 283.8 

15% 28.7 296.7 

20% 51.6 309.6 

25% 64.5 322.5 

 233 
The range tested was between 1000 - 4500 rpm, which is the normal operating range of the engine, 234 

giving 8 data points for each case. The engine performance parameters such as Brake Power, Brake 235 
Torque, Brake Thermal Efficiency (BTE), Brake Specific Fuel Consumption (BSFC) were obtained. The 236 
major emissions including Nitrogen Oxide (NOx) and Soot were collected in each case, and other low-237 
level emissions such as Carbon Monoxide (CO) and unburned Hydrocarbon (HC) were also accounted. 238 

 239 

3. RESULTS AND DISCUSSION 240 

3.1. Effect of Miller cycle with B0 fuel  241 
 242 

Figure 4 shows the effect of the 5 LIVC Miller cycles (plus the baseline model being the original 243 
diesel engine) using B0 fuel. In all figures, each name in the legend shows the fuel used firstly and then 244 
the condition in Miller cycle. For example, the ‘B60_-10%’ means that B60 fuel is used with a negative 245 
(EIVC) Miller cycle effect of 10%.  246 
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Fig. 5 (a), (b), (c) and (d) show the effects of the different LIVC Miller cycles on the engine 247 
performance, i.e. brake torque (BT), brake thermal engine efficiency (BTE), break power (BP) and brake 248 
specific fuel consumption (BSFC), respectively. At the engine speeds of 3000 rpm and above, there is a 249 
slight decrease in BP, BT and BTE relative to the baseline in each case. The figures also demonstrate that 250 
at lower engine speeds, the increasing LIVC Miller effect has a drastic negative effect on engine 251 
performance. For example, in the case of 25% LIVC Miller Cycle at 1000 and 1500 rpm, the engine 252 
torque is less than half of that in the baseline, because the turbocharger is unable to compensate for the 253 
reduced valve opening durations at low engine speeds.  254 

 255 

Fig. 5.Comparison of (a) Brake Torque, (b) BTE, (c) Brake Power and (d) BSFC, for B0 LIVC 256 
operation 257 

As the Miller effect increases, the engine performance decreases, as shown in Figure 4. For example, 258 
the 5% Miller curve (the green ‘squares’ and the green line in the figure) matches the baseline engine at 259 
nearly every point, only dropping in the lower speed range of 1000-1500 rpm, whereas a noticeable drop 260 
in torque occurs to the 20% Miller curve (the purple ‘dots’ and the purple line) at the higher engine speed 261 
of 2500 rpm. The peak power of the baseline engine occurs at 3500 rpm, but the Miller Cycle has little 262 
effect at the same speed even with the stronger Miller Cycles, which causes the engine performance 263 
decrease at lower speeds. 264 

The reason for the performance decrease in the LIVC Miller Cycles is that part of the intake air and 265 
some injected fuel (between the starting of fuel injection to the point of intake valve closed) is pushed 266 
out of the cylinder when the intake valve closes later, which is wasted and thus reduce power, torque, 267 
BTE and increase BSFC. 268 

Fig. 6 shows the effects of the different LIVC Miller cycles on emissions. The Miller cycle shows a 269 
significant reduction in NOx and CO emissions, especially at lower engine speeds, and a smaller but still 270 
noticeable improvement at engine speeds above 3000 rpm. The correlation between the extent of Miller 271 
effect and the improvement in emissions is demonstrated that the stronger the Miller Cycle effect, the 272 
lower the NOx and CO emissions. The peak decrease in NOx emissions is with 25% Miller Cycle at 1500 273 
rpm where there is a decrease in NOx of 26%.  274 
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The HC emissions also decrease as the Miller Cycle effect is enhanced, but the extent of the decrease 275 
is than that in NOx or CO, which indicate a weaker link between Miller Cycle effect and HC emissions. 276 
The HC emissions decreased at all engine speeds, with a maximum decrease of 1.7% at 2000 rpm. 277 

Soot emissions are sensitive to the Miller Cycle effect and increased by stronger Miller Cycle. Soot 278 
emissions reach the highest value at lower engine speeds when running at LIVC, with a peak increase of 279 
152.7% at 1500 rpm and 4.1% at 3500 rpm for 25% Miller effect. The reason for the soot increase in the 280 
LIVC Miller Cycles is that, as mentioned above, part of the intake air and some injected fuel is pushed 281 
out of the cylinder when the intake valve closed later. Consequently, it is not burnt under the low 282 
temperature in the exhaust pipe, but decompose to carbon particles or other hydrocarbon particulates and 283 
emit in the form of soot. 284 

 285 

 286 

Fig. 6.Comparison of emissions (a) NOx, (b) HC, (c) CO, and (d) Soot, for B0 LIVC operation 287 

 288 

Fig. 7 shows the effect on different degrees of Early Intake Valve Closing (EIVC) Miller cycle using 289 
B0. Apart from the extreme value at -25% Miller, much less severe impact on performance is observed 290 
compared with that of LIVC Miller cycle in Figure 4. Up to a -20% Miller effect, no comparable negative 291 
effect is found on engine performance, apart from a small decrease in power and torque at 4000 rpm. At 292 
the rated speed, there is almost no loss in torque or power, as shown in Table 3. In terms of BTE, there 293 
is a slight loss at lower engine speeds with a crossover at 3000 rpm, above which the Miller cycle causes 294 
an improvement in BTE, with a peak increase of over 2% at 4000 rpm for a -20% Miller effect. This in 295 
turn causes a minor improvement in BSFC at higher engine speeds. 296 
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 297 

Fig. 7. Comparison of (a) Brake Torque, (b) BTE, (c) Brake Power and (d) BSFC, for B0 EIVC 298 
operation 299 

 300 
TABLE 4. THE EFFECT OF THE MILLER CYCLE INCLUDING BOTH EIVC AND LIVC ON 301 

THE PERFORMANCE AND EMISSIONS OF A PURE DIESEL ENGINE AT THE 302 
RATED SPEED, 3500 rpm (differences in % to the baseline without Miller Cycle) 303 

Miller Cycle 

(%) 

Torque 

(%) 

Power 

(%) 

BTE 

(%) 

BSFC 

(%) 

NOx 

(%) 

CO 

(%) 

HC 

(%) 

Soot (%) 

-25 -5.32 -5.32 -0.87 0.88 -12.80 -19.97 -1.76 20.53 

-20 -0.65 -0.65 0.60 -0.59 -8.71 -15.32 -1.39 14.15 

-15 -4.45 -4.45 -3.16 3.26 -5.21 -9.46 -0.89 7.09 

-10 -0.13 -0.13 0.39 -0.39 -3.28 -5.25 -0.35 5.66 

-5 0.01 0.01 0.21 -0.21 -1.33 -2.14 -0.15 2.44 

0 0 0 0 0 0 0 0 0 

5 -0.35 -0.35 -0.28 0.28 0.56 -0.37 -0.03 -1.95 

10 -0.90 -0.90 -0.53 0.53 0.35 -0.08 -0.04 -0.29 

15 -1.59 -1.59 -1.00 1.01 -0.42 -1.08 -0.07 -1.35 

20 -5.27 -5.27 -4.84 5.08 -1.15 -3.66 -0.51 -2.70 

25 -4.84 -4.84 -2.43 2.49 -4.09 -8.68 -1.01 4.14 

 304 
Fig. 7 and Table 4 show that as the Miller cycle effect increases, losses also increase with a maximum 305 

power loss of 5.3% at rated speed for -25% Miller. 306 
 307 
The effect of varying degrees of EIVC Miller Cycle with B0 fuel on emissions is shown in Fig. 8. 308 

Compared with LIVC, the largest improvements with EIVC occur at higher engine speeds for NOx and 309 
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CO. The changes in NOx emissions range from -5.8% at 1000 rpm to -19.8% at 4500 rpm for -25% 310 
Miller. Moreover, as the Miller cycle effect increases, the improvement in emissions becomes larger. 311 
Between 0 and -5% there is an improvement under 2% in the maximum decrease of emissions, but it 312 
grows to 4% between -20% and -25%  313 
 314 

 315 
Fig. 8.Comparison of emissions (a) NOx, (b) HC, (c) CO, and (d) Soot, for B0 EIVC operation 316 

 317 
CO emissions experience significant changes of -13.8% at 1500 rpm and -20.0% at 3500 rpm 318 

respectively for -25% Miller cycle. For -5% Miller Cycle effect, the CO emissions on average drop by 319 
4%. 320 

With EIVC, there is also an improvement in HC emissions, with a maximum decrease of 1.7% at 3500 321 
rpm, the rated speed. There is roughly 0.25% improvement in emissions on average for each 5% Miller 322 
increment with EIVC. 323 

EIVC has a slight negative impact on the soot emissions, with the strongest impact at higher engine 324 
speeds (3500 – 4500 rpm), where the peak increase in emissions is 54% at 4000 rpm with a -25% 325 
Miller effect. At lower engine speeds soot emissions are smaller. For example at -25% Miller effect, 326 
the soot emissions are 3.7% below the baseline. 327 

When finer adjustments are made to the Miller cycle effect, an optimal value is found for a pure diesel 328 
engine with the maximised the emissions decrease while the minimised power and torque losses. -18% 329 
Miller is found to be the optimal value, a strongly EIVC value, which gives a slight power loss at speeds 330 
greater than 4000 rpm but has no noticeable impact at low engine speeds. At rated speed, there is a 1.6% 331 
improvement in power and torque. 332 

This optimal value gives a maximum improvement in BTE and BSFC of 2.2% at 4500 rpm, with a 333 
slight decrease of no more than 1.7% at low engine speeds. At the rated speed there is a 1.5% 334 
improvement in BTE and BSFC. 335 

At this optimal value, the NOx emissions reduced by from 0.5% to 10.5% in the speed range of 1000 336 
rpm to 4500 rpm, and CO emissions drop by 4.3% at 1000 rpm and by 14.3% at 3500 rpm. 337 

 338 
3.2.2.  Effect of varying proportion Low-Carbon fuels with no Miller cycle 339 
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 340 
Table 5 shows the results at the rated engine speed (3500 rpm), with no Miller effect present. The 341 

results in Table 4 show a general decrease in torque, power, BTE, NOx, CO, HC and soot, and an increase 342 
in BSFC as the proportion of biodiesel increases. 343 

 344 
TABLE 5 THE EFFECT OF CHANGING THE PROPORTION OF BIODIESEL ON THE 345 

PERFORMANCE AND EMISSIONS AT THE RATED SPEED COMPARED TO THAT OF 346 
PURE DIESEL (in %) 347 

Fuel Torque 

(%) 

Power 

(%) 

BTE 

(%) 

BSFC 

(%) 

NOx 

(%) 

CO 

(%) 

HC 

(%) 

Soot (%) 

B0 0 0 0 0 0 0 0 0 

B7 -0.12 -0.12 0.11 0.69 -0.10 -3.09 -0.99 -6.70 

B20 -0.50 -0.50 -0.12 2.41 -2.16 -10.00 -2.85 -17.31 

B40 -1.09 -1.09 -0.68 5.41 -6.11 -20.89 -5.70 -30.29 

B60 -5.52 -5.52 -4.43 12.19 -10.04 -33.62 -8.33 -40.79 

B80 -1.66 -1.66 -3.47 13.81 -13.83 -43.10 -11.73 -46.75 

B100 -5.01 -5.01 -5.40 19.07 -19.57 -51.66 -14.63 -49.27 

 348 
 349 

 350 

Fig. 9. Comparison of (a) Brake Torque, (b) BTE, (c) Brake Power and (d) BSFC, with different 351 
diesel-biodiesel blends 352 

Fig. 9 shows engine performance using different low-carbon fuels (diesel-biodiesel blends). The torque 353 
and power curves are relatively stable at mid-range engine speeds (2000-3000) rpm regardless of different 354 
fuel blends. However, the percentage of biodiesel starts to influence engine performance at either low or 355 
high engine speeds, since the torque and power losses increase with increasing biodiesel fraction. The 356 
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maximum loss of 14.7% in power and torque is found at 1500 rpm for B100 compared to B0. Moreover, 357 
the difference between B0 and B20 is small, with a maximum decrease in power of 0.5% at 3500 rpm, 358 
but between B80 and B100 the difference in power increases to 3.3%. 359 

The decrease of both power or torque is the most visible in B100 with the reductions of 11.0% and 360 
14.5% at 1000 and 1500 rpm respectively, and 13.1% and 9.5% at 4000 and 4500 rpm. This is mainly 361 
due to the lower energy content of biodiesel relative to mineral diesel, which means the less heat is 362 
released during the combustion of biodiesel. As a result, the engine produces less power. 363 

There is a loss in BTE across almost all fuel blends and engine speeds, and this loss increases with 364 
increasing biodiesel percentage and increasing engine speeds. The BTE decreases by 0.5 – 1.0% for every 365 
20% increase in biodiesel fraction, and reach average 2.5% for B100 across the whole range of engine 366 
speed. 367 

The BSFC is also drastically affected by the fuel blends. Increasing the biodiesel fraction greatly 368 
increases BSFC, by 3% to 7% per 20% biodiesel increase. Unlike the power and torque curves, the 369 
increase in BSFC is generally stable across all engine speeds, which is attributed to the lower energy 370 
content (lower heating value) of biodiesel. There is an average 3% fuel consumption increase for each 371 
20% increase in biodiesel, with a slight increase at the highest engine speeds. For B100, the BSFC is 372 
average 15.5% higher than that of pure diesel, with a peak of 19.6% at 3500 rpm. 373 

The major advantage of biodiesel is the impact on emissions, as shown in Figure 9, there is decreases 374 
in all emission types as the proportion of biodiesel is increased. NOx emissions are most significantly 375 
reduced in the lower engine speed range, whereas the reduced CO emissions occur to higher engine 376 
speeds. HC and soot emissions are evenly decreased across all engine speed speeds. 377 

NOx decreases as the proportion of biodiesel is increased, and the decrease is evenly distributed across 378 
all engine speeds. For example, B20 has on average 3% less NOx emissions than B0, and B60 and B80 379 
have nearly 5% decrease. The largest decrease is for B100, which emits an average of 22% less NOx 380 
than B0. Table 4 shows this trend at the rated engine speeds. The lower NOx emission from the low-381 
carbon fuels is due to the lower heating value of the fuel. 382 

CO emissions are more significantly influenced by biodiesel fraction than NOx emissions. B20 shows 383 
reduced CO emissions by average 13% and by 10% at rated speed compared with B0. As the biodiesel 384 
fraction increases, CO emissions continue to drop, but the extent of reduction becomes smaller. For 385 
instance, the decrease from B80 to B100 is 8%, whilst that from B60 to B40 is 13%. 386 

B100 experiences an average decrease in CO emissions of 51.9% across all engine speeds, and the 387 
decrease at rated speed of 51.7%.  388 

HC emissions are more sensitive to varying biodiesel fraction than changing Miller Cycle, and 389 
emissions decrease with increasing biodiesel fraction. HC emissions are reduced evenly across all engine 390 
speeds and experience a 3% decrease for each 20% increase in biodiesel fraction. The largest reduction 391 
occurs to B100, which has an average decrease in HC emissions of 14.1%, and a reduction at rated power 392 
of 14.6%. 393 

Increasing biodiesel proportion has a noteworthy impact on soot emissions. By increasing the 394 
biodiesel proportion, soot emissions can be reduced significantly. The largest reduction is at lower 395 
engine speeds, with a peak value of 89.6% for B100 at 1000 rpm. The decrease in soot is not evenly 396 
distributed across all engine speeds. The decrease for B100 is 89.6% at 1000 rpm and 35.9% at 4500 397 
rpm. The rate of reduction decreases as the proportion of biodiesel increases. Soot decreases by 20.8% 398 
between B0 and B20 and by 4.5% between B80 and B100. The average decrease over all engine speeds 399 
for B100 is 55.5% with 49.3% at rated speed. 400 

The reason for the emissions of CO, HC and soot is mainly because the biodiesel contains oxygen 401 
atoms in it, which helps the combustion or oxidation process of the fuel, enabling more fuel to be burnt. 402 
 403 
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 404 
Fig. 10. Comparison of emissions (a) NOx, (b) HC, (c) CO, and (d) Soot, with different diesel-405 

biodiesel blends 406 
 407 

 408 
3.2. Combining Miller cycle and Low-Carbon fuels 409 

 410 
From the trends of the engine performance found in Sections 3.2.1 and 3.2.2, further investigation on 411 

the combined Miller cycle with biodiesel blends is carried out. A variety of different combinations is 412 
tested, i.e. combining a proper EIVC Miller Cycle and one of the fuels selected, as shown in Table 5. The 413 
results of the simulations are shown in Table 5 and Fig. 11 and 12.  414 

Table 6 shows the optimal results for each fuel tested, combined with the Miller cycle used, at the rated 415 
engine speed (3500 rpm). 416 

 417 
TABLE 6 OPTIMAL RESULTS FOUND FOR EACH FUEL TESTED, COMBINED WITH THE 418 

USE OF THE MILLER CYCLE (GIVEN IN % DIFFERENCE TO BASELINE ENGINE 419 
AT THE RATED SPEED) 420 

Fuel Miller 

Cycle (%) 

Torque 

(%) 

Power 

(%) 

BTE 

(%) 

BSFC 

(%) 

NOx 

(%) 

CO 

(%) 

HC 

(%) 

Soot (%) 

B0 -18 -1.61 -1.61 1.49 -1.47 -8.99 -4.29 -1.10 21.27 

B7 -17 2.69 2.69 2.81 -1.96 -7.48 -17.75 -2.03 9.59 

B20 -13 2.08 2.08 2.27 0.03 -7.45 -21.24 -3.53 -6.01 

B40 -12 0.22 0.22 1.70 2.95 -11.32 -31.56 -6.00 -20.14 

B60 -8 1.50 1.50 1.19 5.96 -13.29 -38.54 -8.92 -33.02 

B80 -7 -2.28 -2.28 -2.50 12.67 -16.45 -46.66 -11.87 -42.19 

B100 -7 -5.81 -5.81 -4.94 18.49 -21.56 -54.31 -14.76 -46.91 

 421 
 422 
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 423 

Fig. 11.Comparison of (a) Brake Torque, (b) BTE, (c) Brake Power and (d) BSFC, for different optimal 424 
setups 425 

 426 

 427 

Fig. 12.Comparison of emissions (a) NOx, (b) HC, (c) CO, and (d) Soot, for different optimal setups 428 

 429 
Table 5 illustrates that for the original (baseline) engine fuelled with pure diesel (B0), the optimal result 430 

is to use 18% EIVC Miller cycle. Under this condition, the brake thermal engine efficiency (BTE) could 431 
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be improved by 1.49%, and the BSFC is reduced by 1.47%. Meanwhile, the emissions of NOx, CO and 432 
HC are reduced by 8.99%, 4.29% and 1.10%, but soot is increased by 21.27%, with a minimum reduction 433 
of torque and power by 1.61%, respectively. 434 

For the engine fuelled with B7, the optimal result is to use 17% EIVC Miller cycle. The torque, power 435 
and BTE could be improved by 2.69%, 2.69 and 2.81% respectively. The BSFC is reduced by 1.96%, 436 
and the emissions of NOx, CO and HC are reduced by 7.48%, 17.75% and 2.03%, but soot is increased 437 
by 9.59%, respectively. 438 

For the engine fuelled with B20, the optimal result is using 13% EIVC Miller cycle. The torque, power 439 
and BTE could be improved by 2.08%, 2.08 and 2.27% respectively, whilst the change in BSFC is 440 
negligible. The emissions of NOx, CO, HC and soot are reduced by 7.45%, 21.24%, 3.53%, and 6.01%, 441 
respectively. 442 

For the other combination cases, the optimal combinations are B40 with 12% of EIVC Miller cycle, 443 
B60 with 8% of EIVC Miller cycle, B80 with 7% of EIVC Miller Cycle, and B100 with 7% of EIVC 444 
Miller cycle. In these cases, all of the emissions including NOx, CO, HC and soot are reduced; although 445 
the BSFC increases by different extent in different case.   446 

From Figure 10 and 11, the trends of engine performance and emissions of the combined Miller cycle 447 
and different fuels can be identified:  448 

1) At higher content of biodiesel where there is a power loss due to lower heating value of the fuel 449 
(as shown in Table 6), but use of the Miller cycle partially compensates for the loss of engine 450 
performance. For lower biodiesel content and for pure diesel the Miller cycle costs a small amount of 451 
engine performance, but at high biodiesel content the Miller cycle improves engine performance to a 452 
certain extent and reduces emissions. For example, without the Miller cycle, every fuel blend shows a 453 
decrease in power and torque. As shown in Table 5, for B7, B20, B40, and B60, using the Miller cycle 454 
improves both power and torque above the baseline. By using the Miller cycle, power and torque are also 455 
improved at lower engine speeds which are more adversely affected by the use of low-carbon fuels. With 456 
B100 and no Miller cycle, there is a drop of 11.0% and 14.7% of power at 1000 rpm and 1500 rpm 457 
respectively. When the Miller cycle is used at -7%, these losses are only reduced to 4.0% and 9.8%. 458 

2) BTE is improved by an average of 3% compared with that of biodiesel without using Miller effect. 459 
For all fuel blends with biodiesel fraction up to B60, there is an overall increase in BTE compared to the 460 
baseline. There is still an improvement in B80 and B100 compared to biodiesel with no Miller effect, but 461 
the values are below the baseline engine. 462 

3) When using Miller cycle, there are noticeable reduction in BSFC compared with biodiesel with no 463 
Miller cycle. The reduction varies from 1.1% for B100, to 6.2% for B60, and an average reduction across 464 
other fuel blends of 2-3%. 465 

4) It is also found that, as biodiesel percentage increases, the Miller effect is further restricted due to 466 
the power loss. For example, by B100, the ideal Miller cycle percentage is found to be -7% (EIVC Miller 467 
Cycle), compared to -18% when B0 is used. 468 

5) From Table 5 and Figure 10 and Figure 11, emissions are reduced with the combination of the Miller 469 
cycle and low-carbon fuels, compared to that in Table 4, Figure 8 and Figure 9. With optimal Miller 470 
Cycle values, there is a minimum 2% reduction in NOx emissions relative to biodiesel with no Miller 471 
effect, and more than 5% reduction with certain fuel blends such as B40. 472 

Overall, the combination of Miller cycle and low-carbon fuel leads to an enormous improvement 473 
compared to the baseline. For B100 with no Miller effect, there is a 19.57% reduction in NOx and 51.66% 474 
in CO relative to the baseline. With the optimal Miller cycle setup this is improved to 21.56% and 475 
54.31%.  476 

Similar results can be seen for the other low-carbon fuels, such as B20, where there are over 100% 477 
decreases in NOx and CO emissions compared to B20 without the Miller Cycle at the rated speed. Even 478 
for the higher biodiesel fraction where the effect is less noticeable, e.g. B80, there is a roughly 19% 479 
decrease in NOx, and 8% decrease in CO emissions from the addition of the Miller Cycle, respectively. 480 
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HC emissions are reduced with the addition of the Miller cycle, but to a less extent than NOx or CO. 481 
There is an average decrease of 0.5-1.0% in HC emissions across all fuel blends when the Miller cycle 482 
is added. 483 

All fuel blends with biodiesel fraction above 20% emit decreased soot emissions compared to the 484 
baseline. However, for B0 and B7, there is a negative effect by the addition of the Miller cycle. For 485 
example, with the optimal Miller cycle on B0, there is an average increase in soot emissions of 7.8%. 486 

From Table 5, the overall optimal result has been identified; B60 with a -8% Miller effect. This gives 487 
an increase in power and torque of 1.5%, an increase in BTE of 1.2% at a cost of 6.0% of BSFC. 488 
Compared with emissions from the test engine burning standard diesel fuel without Miller cycle effect, 489 
the reduction is 13.3% for NOx, 38.5% for CO, 8.9% for HC and 33.02% for soot emissions. This is an 490 
enormous reduction in all emissions while slightly improvement on the engine performance. Since the 491 
test engine used to develop the model is a Euro V diesel engine, the reduction in emissions means the 492 
optimal settings of biodiesel fraction and Miller cycle effect enable the engine to meet the Euro VI 493 
standards in terms of CO, HC and soot emissions, and the NOx emission level will also be close to the 494 
Euro VI. Therefore, it is also rational to expect a significant reduction in emissions to Euro VI engines. 495 

 496 
4. CONCLUSIONS 497 

The effect of combined Miller cycle and low-carbon fuels on diesel engine performance and emissions 498 
is investigated using numerical models developed by Ricardo WAVE software. Simulations are carried 499 
out on Miller Cycle up to ±25% (EIVC and LIVC) with seven diesel-biodiesel blends. The main 500 
conclusions are: 501 

 502 
1) Miller cycle can reduce NOx and CO emissions significantly (by 9.0% and 4.3% respectively) and 503 

slightly improve BTE with the engine power loss no more than 1.6%. The BSFC and HC emissions are 504 
both reduced by 1.5%, whilst the soot emissions are significantly increased at rated engine speed.  505 

 506 
2) Low-carbon fuels reduce all emissions with the cost of engine power loss, and reductions in 507 

emissions and power become more significant with increasing biodiesel fraction. The maximum engine 508 
power loss is 5.1%, whilst the NOx, CO, HC and soot emissions are reduced by up to 19.57%, 51.66%, 509 
14.63%, and 49.27% respectively. Moreover, BTE and BSFC are negatively affected with a decrease of 510 
5.4% and an increase of 19.1% respectively. 511 

 512 
3) Miller cycle can compensate for the performance loss caused by using low-carbon fuels whilst 513 

improve emissions. Therefore, the optimal crank timing (-8% EIVC) and biodiesel fraction (B60) are 514 
found for the combination of Miller cycle and low-carbon fuels to reduce all emissions and improve 515 
power, torque and BTE simultaneously compared to the baseline. This optimal configuration is 516 
recommended to implement on commercial diesel engines to obtain significant reduction in emissions at 517 
negligible costs in engine performance.  518 
 519 
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