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ABSTRACT 

Automotive manufacturers are facing increased 
pressure to meet more stringent emissions legislation 
and new legislative driving cycles. One technology that 
has the potential to meet future legislation is Low 
Temperature Combustion (LTC), which has the 
potential to significantly reduce NOx over conventional 
diesel combustion. Most studies reported in the 
literature evaluating this technology only change ’one-
factor-at-a-time’ at steady state conditions. This paper 
addresses these issues and presents a methodology 
utilising DoE analysis to optimise a validated multi-
fidelity engine simulation for LTC over a transient cycle 
(WLTP) which makes the results more applicable to 
real world driving conditions.  

A validated simulation for a 2.4-litre compression 
ignition engine was developed in Ricardo WAVE. To 
increase the fidelity of the model, empirical data such 
as 3D scans of the inlet geometry were included. The 
simulation was validated against experimental engine 
emissions and performance data. A characterization 
study using a full factorial DoE was performed on the 
whole engine simulation to minimise vehicle emissions 
using LTC. The vehicle simulation was tested against 
the WLTP and the response of the emissions for 
different levels of exhaust gas recirculation (EGR), 
pilot start of injection (SOI) and main SOI timings and 
pilot injection duration were recorded.  

The results of the optimization showed that over the 
WLTP the NOx emissions decreased by approximately 
85 % with an EGR of 47.5 %, retarding the pilot SOI 
and main SOI maps with 1 CAD compared to the 
default maps and increasing the pilot injection duration 
by 200 microseconds. NOx emissions were reduced by 
approximately 18 % with the use of 12 % EGR without 
exceeding the Euro 4 CO emissions limit. Further 
increase in EGR percentage significantly increased the 
CO emissions. 

 

 

INTRODUCTION 

The European Union (EU) has implemented 
successive emission standards to reduce the 
environmental impact of road transport and to help the 
transition towards a low carbon economy. These 
measures include a limit on CO2 emissions as well as 
a separate Euro 6 legislation, which enforces 
limitations on harmful gasses in vehicle exhaust [1].  

Viable after-treatment systems are available to meet 
the new emission limits, but higher costs, durability 
issues, fuel economy penalties and ever-increasing 
space requirements limit the widespread adoption of 
the devices. As a result, improvements to in-cylinder 
strategies to further reduce the engine-out emissions 
to decrease the burden put on after treatment systems, 
are of great interest [2]. Low temperature combustion 
(LTC) is a promising combustion concept that can 
successfully reduce in-cylinder emissions resulting in 
the significant reduction in after-treatment 
dependencies [3]. LTC is a term used to refer to 
combustion concepts where the overall goal is to 
achieve a reduction in peak combustion temperature. 
The reduction of peak combustion temperatures can 
be achieved by the use of early fuel injections or with 
the use of exhaust gas recirculation (EGR) [3, 4]. 

LTC technologies can have contrasting effects on 
cylinder temperature and air-fuel mixture. Carlucci et 
al. [5] found that advancing the pilot injection timing 
results in a trade-off between higher cylinder 
temperatures, which increases NO formation, and 
reduction of the main injection’s ignition delay, which 
causes a decrease in premixed combustion as well as 
NOx formation; resulting in lower NOx overall. Also, the 
use of EGR increases the ignition delay of the main 
injection which promotes premixed combustion, but 
lowers the combustion temperature due to the 
increase in inert gasses in the inlet charge [6]. Table 1 
summarises the effects that LTC technologies have on 
combustion temperature, and subsequently NOx, and 
charge homogeneity. The “+” sign indicates an 
increase in value and the “– “ sign indicates a decrease 
in value. In order to use LTC effectively, it is necessary 
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to optimise the use of different LTC techniques in a 
compression ignition engine to achieve emission 
reductions. 

Current literature on LTC only focuses on evaluating 
one or two LTC techniques at a time, as summarised 
in Table 2. All the tests were conducted at steady-state 
engine operation which limits their value in accurately 
representing the on-road behaviour of the engines. 

Table 1. Effect of different LTC strategies on combustion 
temperature and air-fuel mixture [5-13]. 

LTC strategy Combustion 
Temperature 

Charge 
Homogeneity 

Increase pilot 
injection duration 

+ + 

Advance pilot 
injection SOI 

+ + 

Advance main 
injection SOI 

– – 

Increase EGR 
percentage 

– + 

 

Table 2. Scope of available literature on LTC technologies. PI is 
pilot injection and MI is main injection. 

Output PI MI EGR Drive cycle 

Engine performance [5,8] X X  Steady-state  

Emissions [4,11,14]   X Steady-state 

Emissions [9] X X X Steady-state  

Emissions [15] X  X Steady-state 

 

Additionally, with compression ignition engines 
becoming more technically complex due to the 
restrictive emissions legislation, simulation has 
become a powerful tool in initial design and 
optimization. A method using a Design of Experiments 
(DoE) analysis on a validated simulation is presented. 
The use of non-linear techniques like DoE is suitable 
to explore the interaction effects of engine parameters 
and its combined effect on engine emissions. DoE is 
the most cost effective and economical technique to 
evaluate the individual effects and combined effects of 
the engine responses on the emissions. Simulation 
can also assist in the system development of new 
hardware when legislation requirements are changed. 
New drive cycles have introduced changes to the 
validation cycle with different velocity profiles and 
increased testing time, which ultimately covers a wider 
range of the engine’s operating map. These changes 
need to be considered during optimization of the 
vehicle system and simulations need to be adaptable 
to these changes [16]. 

This paper investigates emission reduction with the 
use of an engine simulation to optimise LTC 
techniques in a compression ignition engine while 
being tested over the WLTP drive cycle. Engine 
parameters that are considered are the pilot injection 
and main injection start of injection (SOI) timings, pilot 
injection duration and the EGR percentage. DoE will 
be used to characterize the response of the 

compression ignition engine and determine the 
parameters that significantly contribute to emission 
reduction. The statistical tool can be used to determine 
the operating parameters that result in the largest 
reduction in engine emissions over a given drive cycle. 
DoE allows for the investigation of multiple factors and 
their effect on engine performance and emissions. The 
levels of the factors are changed simultaneously, 
rather than one at a time. This contributes to a cost and 
time saving [17, 18]. The use of DoE is appropriate as 
other studies have used it successfully to investigate 
the effects between injection timing, injection pressure 
and nozzle tip protrusion on emission 
characteristics [19], to analyse the role of the injection 
system parameters on engine emissions, noise and 
fuel consumption [20] and to determine the optimum 
engine design and operating parameters [21].  

The aim of this study is to add to the field by 
demonstrating the ability to reduce the cost of 
evaluating emission reduction technologies using high 
fidelity simulations and a DoE approach. 

SIMULATION SETUP 

The following sections discuss the setup of the engine 
simulation as well as the DoE method used to 
determine the path of greatest emission reduction. 

ENGINE SIMULATION SETUP 

The reduction of engine emissions by using LTC 
techniques were investigated with the use of a co-
simulation between a one-dimensional engine 
simulation, Ricardo WAVE and a system-based 
simulation package, Ricardo IGNITE, to generate 
engine emissions data. Minitab, a statistical software 
package, was used for the DoE set-up and calculations. 
The co-simulation was set up improving upon the 
validated simulation of a 2.4 litre Euro 4 compression 
ignition engine used in previous published work [22]. 
Improvements include: 

 Addition of empirical valve flow characteristics. 

 Improved start of combustion calculations 
correlated to experimental data. 

 Accurate piston crown and inlet runner dimensions 
derived from a 3D scanning technique. 

 Increased controller accuracy to minimize error 
when following the selected drive cycle. 

 
Although the research in this paper was conducted on 
a Euro 4 engine, which was manufactured in 2008, this 
research is still highly relevant to the current UK fleet. 
According to the Department for Transport's statistics 
[23] approximately 36 % of the current diesel fleet, of 
this vehicle type (light commercial vehicles) is Euro 4 
vehicles. Additionally the conclusions for this paper are 
qualitatively relevant to more modern Euro 5 and 
Euro 6 compression ignition engines [24-26].  

The simulation was validated, in terms of NOx, CO and 
in-cylinder pressure, against steady state results from 
the engine. Details of the improved combustion and 
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emission models are available in the Appendix. The 
characteristics of the engine as well as the vehicle that 
were simulated over the WLTP are listed in Table 3 
and Table 4. An after treatment system was not added 
to the simulation of the engine, as the emphasis is on 
reducing the emission from the combustion process. 
The stringent emission limits implemented by the EU 
are difficult to meet solely with the use of after 
treatment systems. The cost of adding complex after 
treatment systems also contributes to increased cost 
to the consumer. Scope to reduce emissions in-
cylinder with the use of LTC poses benefits to cost 
reduction and decreased complexity in after treatment 
design [3, 11, 27]. 

Table 3. Specifications of the engine used in the one-dimensional 
engine simulation. 

Displaced volume 2402 cc 

Stroke 94.6 mm  

Bore 89.9 mm  

Connecting Rod 106 mm  

Compression ratio 17.5:1 

Number of Valves 16 

Number of cylinders 4 

 
Table 4. Specifications of the vehicle used to simulate engine 
emissions over the WLTP. 

Vehicle mass 3500 kg 

Rolling resistance coefficient 0.01125  

Wheel radius 0.33 m 

Final drive ratio 3.73  

Frontal area 5.6 m2 

Drag coefficient 0.445 

 
SIMULATION DESIGN SETUP 

A 24 factorial experimental design was used for the 
evaluation of engine emissions. Engine emission 
responses that were considered are CO emissions and 
NOx emissions. Particulate Matter (PM) was not 
considered since the modelling of PM formation is 
complex [28] and not modelled in the software. 

In order to determine the best overall reduction in 
engine emissions, values for the engine parameters 
after each simulated factorial design needs to be 
determined through optimization. Available 
optimization techniques include overlaying the 
response contour plots, constrained optimization and 
the desirability approach. Among them, the desirability 
approach was found to have benefits like simplicity, 
availability in the statistical software being used and 
has the flexibility to weigh and prioritise individual 
responses [29]. In the present work, the desirability 
approach was used for the optimization of the engine 
parameters for the simulated properties of the engine 
response (CO emissions and NOx emissions). The 
software transforms each response to a dimensionless 
desirability value d. The value ranges from d = 0 , 
which indicates that the response is unacceptable, to 
d = 1  which shows that the response is more 

desirable. The goal of this study was to minimise all 
engine emissions and the desirability of each of the 
responses was calculated using [17]: 

𝑑𝑖(𝑌�̂�) =

{
 
 

 
 1.0            𝑖𝑓 𝑌�̂�

(𝑥) < 𝑇𝑖

(
𝑌�̂�(𝑥) − 𝑈𝑖
𝑇𝑖 −𝑈𝑖

)   𝑖𝑓 𝑇𝑖 ≤ 𝑌�̂�(𝑥) ≤ 𝑈𝑖

  0            𝑖𝑓 𝑌�̂�(𝑥) > 𝑈𝑖

 (1) 

where 𝑑𝑖(𝑌�̂�) is the desirability function of response 

𝑌�̂�(𝑥) . 𝑇𝑖  and 𝑈𝑖  are the target and upper values 

respectively that are desired for response 𝑌�̂�(𝑥). For 

minimising the reponse, 𝑇𝑖 will denote a small enough 
value for the response. The individual desirability 
functions are combined using the geometric mean, 
which gives the overall desirability: 

𝐷 = (𝑑1(𝑌1) × 𝑑2(𝑌2))
0.5

 (2) 

It is noticeable that if any response 𝑑𝑖(𝑌�̂�)  is 

completely undesirable, 𝑑𝑖(𝑌�̂�) = 0 , then the overall 

desirability is zero. 

The first factorial design started at the values listed in 
Table 5 relative to the default ECU maps. The initial 
values chosen for the parameters are based on 
available literature [4,5,9]. Default ECU maps for 
injection SOI are expressed in degrees after top dead 
center (aTDC) and the default map for injection 
duration is expressed in microseconds. The map 
values were changed as per the low and high levels of 
Table 5. At low engine speed values, the pilot injection 
SOI for the default ECU maps are approximately 
20 CAD earlier than the main injection SOI. This 
decreases to approximately 14 CAD at high engine 
speed values. EGR operating maps were generated 
for each factorial design test point based on the values 
chosen from the desirability function.  

Table 5. Independent variables and their levels for the first factorial 
design. 

Independent variables Variable levels  

 Low High Δ 

EGR (%) 0 10 10 

Pilot injection SOI (CAD) -1 1 2 

Pilot injection duration (μs) -100 100 200 

Main injection SOI (CAD) -1 1 2 

 

Examples of the maps used can be seen in Figure 1 
(10 % maximum EGR) and Figure 2 (45 % maximum 
EGR). The maximum EGR generated is always at 
approximately 10 % throttle position and 2500 rpm. 

Additional factorial designs were performed in the 
direction indicated by the engine parameters that 
resulted in an optimum overall desirability factor. For 
engine parameters where the best combination is at 
the corner of a factorial plot, the next factorial design 
will share that corner with the previous factorial design 
and the difference in variable levels for the variables 
considered, will be increased by 50 %. For engine 
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parameters where the optimum variable level is at the 
side of the factorial plot, only that variable’s difference 
in levels will be increased by 50 %. This can be seen 
graphically in Figure 3. 

 

Figure 1. EGR operating map for a maximum EGR value of 10 %. 

 

Figure 2. EGR operating map for a maximum EGR value of 45 %. 

The selection process for the low and high values for 
the next factorial design can also be expressed by: 

𝐿𝑖+1 = {
𝐻𝑖, max(𝐷𝑖) = True

𝐿𝑖, max(𝐷𝑖) ≠ True
 (3) 

and  

𝐻𝑖+1 = {
1.5∆𝑖 + 𝐻𝑖, max(𝐷𝑖) = True

𝐻𝑖, max(𝐷𝑖) ≠ True
 (4) 

where 𝐿 and 𝐻 indicate the low and high variables 

for a given factorial design and the operator 𝑖 
indicates the current factorial design under 
consideration. 

Figure 3 shows a 22 factorial surface plot for EGR 
percentage and crank angle degrees added to the pilot 
injection SOI ECU map. The first factorial design as 
listed in Table 5, are shown graphically with the use of 
the box numbered 1. If significant emission reduction 
is identified for an EGR percentage of 10 % and a pilot 
injection SOI retarding of 1 CAD, then the second 
factorial design will investigate an area of EGR 
percentage between 10 % and 25 % and a pilot 
injection SOI retarding of between 1 and 4 CAD. If for 
the second factorial design an EGR percentage of 
25 % and a pilot injection SOI retarding of 
approximately 3 CAD resulted in the most emissions 
reduction, then the third factorial design will investigate 
an area of EGR percentage between 25 % and 47.5 % 
and a pilot injection SOI retarding of between 1 and 4 
CAD. The method will be used until an optimum in 
engine emission reduction through LTC is found. 

 
Figure 3. Example of the possible path for engine parameters after 
three factorial design iterations. 

 

RESULTS AND DISCUSSION 

The paper investigated the characterization and 
optimization of an engine’s emissions response to LTC 
techniques when simulated over the WLTP legislative 
drive cycle. Engine parameters included pilot injection 
SOI, main injection SOI, pilot injection duration and 
EGR percentage and the engine response included 
CO emissions and NOx emissions. 

FIRST FACTORIAL DESIGN 

Main effect plots are shown in Figure 4 and Figure 5 
for CO emissions and NOx emissions. Each line graph 
in Figure 4 and Figure 5 represent the change in 
emissions when the engine parameters are changed 
from the low to high values as seen in Table 5. The 
higher the gradient of the line, the more significant 
effect the engine parameter has on the engine 
response. Figure 4 shows that EGR percentage has 
the most significant effect on CO emissions, followed 
by the main injection SOI. Pilot injection SOI and pilot 
injection duration have comparatively little effect on the 
CO emissions in the engine’s exhaust. 
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Figure 5 shows that EGR has the most significant 
effect on NOx emissions, followed by pilot injection SOI 
and pilot injection duration. The main injection SOI has 
comparatively little effect on the NOx emissions in the 
engine’s exhaust. 

 
Figure 4. Variation of CO emissions against high and low levels for 
each of the main effects, for the first factorial design. 

 
Figure 5. Variation of NOx emissions against high and low levels for 
each of the main effects, for the first factorial design. 

Figure 6 shows the desirability plot for the first factorial 
design. The goal of the desirability function was to 
decrease all emission responses. The plotted lines are 
the prediction lines of the independent variables. The 
vertical solid lines for each variable is the current factor 
setting. By changing the vertical solid line for each 
independent variable, the horizontal dashed lines were 
updated by re-computing the predicted response at the 
new factor setting. The horizontal dashed lines show 
the final predicted response according to the factor 
settings. 

 
Figure 6. Desirability plot for the first factorial design. 

Pilot injection SOI, main injection SOI and pilot 
injection duration all resulted in emission reduction for 
the high parameter values (Table 5). EGR has a 
maximum desirability value approximately in the 
middle of the low and high EGR values. This is 
because of the reduction in NOx emissions and the 
increase in CO emissions for increasing values of EGR.  

For the second factorial design, all the high values of 
the engine parameters were chosen. This resulted in a 

desirability factor of D = 0.45 , which as seen in 
Figure 6. However, this is not the maximum achievable 
desirability value. This compromise is acceptable 
because the increase in CO emissions is still under the 
EU legislated limit of 0.5 g/km, therefore extra 
‘weighting’ was given to the reduction of NOx. 
Retarding the pilot SOI and the main SOI contributed 
to a decrease in CO emissions. The increase of the 
pilot injection duration with 100 μs contributes to the 
decrease in both CO emissions and NOx emissions. 
The low and high values for the second factorial design 
are listed in Table 6. The differences between the 
second factorial design’s parameters have been 
increased by 50 % except for the pilot injection 
duration. This smaller increase in the difference 
between the low and high value of the pilot injection 
duration was to limit the possibility of an overlap in the 
pilot fuel injection and main fuel injection during the 
simulation. 

Table 6. Independent variables and their levels for the second 
factorial design. 

Independent variables Variable levels  

 Low High Δ 

EGR (%) 10 25 15 

Pilot injection SOI (CAD) 1 4 3 

Pilot injection duration (μs) 100 200 100 

Main injection SOI (CAD) 1 4 3 

 
SECOND FACTORIAL DESIGN 

For the second factorial design, again EGR 
percentage has the greatest effect on both CO 
emissions and NOx emissions. Similarly to the first 
factorial design, the change in main injection SOI and 
pilot injection SOI have a negligible effect on engine 
emissions and pilot duration causes a small decrease 
in CO emissions. The desirability function for the 
second factorial design was set to minimise NOx 

emissions as well as reach a CO emissions target of 
0.5 g/km (based on Euro Standards). A desirability 

factor of D = 0.33 was achieved with the CO emissions 
target of 0.5 g/km, but not being able to also minimise 
NOx emissions to the lowest possible value. 

Table 7. Independent variables and their levels for the third factorial 
design. 

Independent variables Variable levels  

 Low High Δ 

EGR (%) 25 47.5 22.5 

Pilot injection SOI (CAD) 1 4 3 

Pilot injection duration (μs) 200 300 100 

Main injection SOI (CAD) 1 4 3 

 

For the third factorial design, the low and high values 
for the independent values were chosen as listed in 
Table 7. The increase in EGR percentage was chosen 
to further investigate its effect on achieving LTC, even 
though it will result in CO emissions increasing above 
the EU’s legislated limit of 0.5 g/km. Changes in pilot 
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injection SOI and main injection SOI were kept to the 
same values as the second factorial design. Pilot 
injection duration was increased as after the EGR 
percentage, pilot injection duration also decreases CO 
emissions. 

THIRD FACTORIAL DESIGN 

Main effect plots are shown in Figure 7 and Figure 8 
for CO emissions and NOx emissions for the third 
factorial design. EGR percentage has the greatest 
effect on both CO emissions and NOx emissions. The 
desirability plot for the third factorial design, shown in 
Figure 9, was set to minimise CO emissions and NOx 
emissions. A desirability factor of D = 0.15  was 
achieved by maximising the EGR percentage to get 
the lowest possible NOx emissions. This resulted in an 
increase of CO emissions, which negatively affected 
the desirability factor. 

 

 
Figure 7. Variation of CO emissions against high and low levels for 
each of the main effects, for the third factorial design. 

 

 
Figure 8. Variation of NOx emissions against high and low levels for 
each of the main effects, for the third factorial design. 

 
Figure 9. Desirability plot for the third factorial design. 

For all factorial designs considered, the interaction 
effects between the four parameters investigated were 
not significant (𝑝 > 0.02) and was omitted from the 
results discussion. 

Figure 10 and Figure 11 considered the engine’s 
response for the selection of the engine parameters for 
each factorial design and compared it to emission 
results from an engine that does not operate with pilot 
injections or EGR. On both figures, the Euro 4 
emission limit is indicated in a horizontal line. The 
results from the second factorial design were able to 
achieve a reduction of NOx emissions of approximately 
18 % by introducing an EGR percentage of 12 %, 
increasing the pilot duration by 200 μs and retarding 
both the main injection SOI and the pilot injection SOI 
by 1 CAD. CO emissions were kept at the Euro 4 
emission limit of 0.5 g/km. By increasing the EGR 
percentage to 47.5 %, the engine’s NOx emissions 
were reduced by approximately 86 %. However, CO 
emissions increased to 22.58 g/km because of the 
increase in EGR percentage.  

Unlike greenhouse gases such as CO2, the risks from 
NOx are focused on in the locality and NOx reduction in 
diesel exhaust has become a politically sensitive 
matter [30]. Intervention needs to be targeted to areas 
of NOx emission sources. There is also evidence that 
compression ignition vehicles primarily contribute to 
NOx emissions, compared to spark ignition 
vehicles [31]. The prioritisation to reduce NOx 

emissions over CO emissions is also driven by the 
possible increase in capital and running costs for after 
treatment system to remove NOx emissions from diesel 
exhaust [3]. 

Figure 12 shows the heat release of the engine at 
2500 rpm and 25 % load when the engine is running 
without EGR and pilot injections (no LTC) as well as 
when the engine is running with the parameters as 
determined in the third factorial design. The start of 
combustion (SOC) becomes advanced compared to 
when the engine is running with no LTC. The advance 
in SOC is caused by the introduction of a pilot injection. 
Also, the increased amount of fuel delivered by the 
pilot injection contributes to the SOC advancing [32]. 
With an increase of the pilot injection duration of 

200 μs for the third factorial design, the percentage of 

the pilot injection has increased from 25 % to 50 % of 
the total mass injected. 

 
Figure 10. Simulated CO emissions of the engine when run over 
the WLTP for the different factorial designs. 



7 

 

 
Figure 11. Simulated NOx emissions of the engine when run over 
the WLTP for the different factorial designs. 

 
Figure 12. Simulated rate of heat release at 2500 rpm and 25 % 
load for different engine operating conditions. 

The heat release diagram in Figure 12 for the third 
factorial design shows a significant drop in the heat 
released in the diffusion combustion phase with an 
increase in heat released in the premixed combustion 
phase compared to the heat release trace for an 
engine operating without LTC. The heat release during 
diffusion combustion is significant in the case of 
conventional diesel combustion and is much smaller or 
even absent in the case of LTC [3]. Figure 13 shows 
the cylinder temperature for the third factorial design 
as well as for when the engine is running without EGR 
and the use of pilot injections. There is a decrease in 
peak combustion temperature of approximately 100 °C 
when EGR and pilot injections are used compared to 
when it is not used. The period just after start of 
combustion where the combustion temperature is 
higher for the third DoE compared to the no LTC case, 
is caused by the increased fuel mass fraction burned 
in the premixed phase (Figure 12). The increased 
temperature during the intake and compression stages 
are due to the EGR increasing the charge temperature.  

Engine operation with the use of the engine 
parameters determined by the third factorial design 
thus shows LTC characteristics that include increased 
mass fuel burned in the premixed burn phase as well 
as decreased peak combustion temperatures. It can 
be concluded that the engine is running in LTC 
conditions with an EGR percentage of 47.5 % and an 

increase in the pilot injection duration of 300 μs. The 
use of LTC can assist in decreasing engine out 
emissions such as NOx emissions. Extensive use of 
EGR can reduce NOx emissions with approximately 
85 % which will decrease the stress on after treatment 
systems for the removal of NOx emissions. The 
increase of CO emissions as a result of the use of EGR 
can result in increased capabilities required from the 
diesel oxidation catalyst to remove the additional CO 
emissions from the exhaust stream. CO emissions can 
be reduced by improving the fuel mixing capabilities 
with the use of early pilot injections as well as 
increasing the amount of fuel delivered by the pilot 
injection. Engine manufacturers can use LTC to 
reduce NOx emissions by approximately 18 % and still 
comply with the EU’s CO emission limits, or optimise 
toward an optimum emissions reduction point with the 
use of LTC and after treatment systems that will 
reduce the total cost of after treatment systems and 
thus the overall cost to the consumer [3]. 

 
Figure 13. Simulated combustion temperature at 2500 rpm and 
25 % load for different engine operating conditions. 

 

CONCLUSION 

This paper publishes a study of the use of DoE to 
reduce the emissions (CO, NOx) from a simulated 
transient compression ignition engine running over the 
WLTP with LTC. The study was successful and the 
main conclusions are: 

1. With the focus on minimising NOx, a reduction of 
approximately 85% was achieved with EGR 
percentages of 47.5 %, retarding the pilot and 
main SOI by 1 CAD and increasing the pilot 
injection duration by 300 μs. 

2. The CO-NOx trade-off is still evident in LTC. NOx 
emissions were reduced by approximately 18 % 
with the use of 12 % EGR without exceeding the 
Euro 4 CO emissions limit. A further increase in 
EGR percentage significantly increases the 
engine’s CO emissions. 

3. Low temperature combustion was achieved, as 
evidenced from analysis of the rate of heat 
release and combustion temperature. 

4. Advancing the pilot injection SOI and increasing 
the pilot injection duration improves combustion 
and reduces CO emissions. 
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5. It is difficult to achieve an acceptable desirability 
factor when multiple engine responses need to be 
minimized. Sound judgement by the researcher is 
necessary to determine which response is more 
important. 

6. The method of using DoE to minimise engine out 
emissions was successful. 
 

LIMITATIONS 

It should be noted that the methodology used in this 
study is a pilot study to examine the feasibility of using 
an engine and vehicle simulation together with DoE to 
determine transient emissions. This has been 
successful, but there are a number of limitations that 
prevent wider conclusions being drawn: 

 The sample size of the experimental data used 
in this study to validate the engine combustion 
and emissions model is modest. Future 
studies will have a more comprehensive 
validation. 

 A blind transient comparison between the 
results of the simulated DoE and an 
experimental DoE would increase the 
confidence in the results of the simulated 
model. This is planned for in the future. 

 The method of determining the next factorial 
design’s parameters by following the path of 
greatest emission reduction, was successful, 
but it can result in finding a local minimum, 
rather than the global minimum for emissions 
reduction. The DoE can be improved by 
investigating the whole operating map of the 
engine. 
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PI: Pilot injection 

SOC: Start of combustion 

SOI: Start of injection 

TDC: Top dead center 

WLTP: Worldwide Harmonised Light-duty Vehicles 
Test Procedures 

APPENDIX 

In order to ensure that the base simulation that was 
used to optimise the engine response is accurate, the 
simulation needed to be validated against 
experimental data. A total of nine experimental points 
at engine loads of 25 %, 50 % and 75 % at engine 
speeds of 2000 rpm, 2500 rpm and 3000 rpm were 
used in the validation process. Properties of the 
reference diesel used in the experimental tests are 
listed in Table 8. 

Table 8: Properties of fuel used in experimental tests. 

Fuel property Value 

Cetane number 51.7 

LHV (MJ/kg) 42.8 

Density @ 15°C (kg/m3) 831.1 

Viscosity @ 40°C (mm3/s) 2.686 

Oxygen content (%) 0 

 

Output in the form of emissions data as well as in-
cylinder pressure profiles were generated and used to 
validate the simulation’s emission and combustion 
models.  

CO EMISSIONS MODEL 

For the calculation of CO emissions the software uses 
the concentration ratio of CO and CO2 for the fuel 
concentration: 

[CO]

[CO2]
= max (

1

√𝐾𝑝𝑊
,
1

𝐾𝑝𝑁

[H]

[OH]
) (5) 

where KpN is the equilibrium constant of the reaction as 

suggested by Newhall [33] and 𝐾𝑝𝑊 is the equilibrium 
constant of the reaction as used by the software’s gas 
property calculations. 

The validation of the simulated CO emissions of the 
engine simulation compared to steady-state 
experimental results at 50 % engine load are shown in 
Figure 14. Simulated results are in good agreement 
with the experimental values. 

 

Figure 14: CO engine emissions comparison for different engine 
speeds at 50 % load. 

NOX EMISSIONS MODEL 

The software’s NOx emissions model accounts for the 
formation of prompt NO from the correlation data as 
reported by Fenimore [34] which gives the ratio of 
prompt NO to equilibrium NO as a function of 
equivalence ratio. The thermal NO formation is 
described by the Zeldovich mechanism below: 

O + 𝑁2 → NO + N 
N + O2 → NO+ O 
N + OH → NO+ H 

(6) 

The concentration of NO versus time is solved using 
an open system in which Equation 6 is used with the 
rate constants reported by Heywood [35] The first 
reaction equation, 𝑅1, is given by: 

𝑅1 = 𝐴 ∙ 𝐴𝑅𝐶1𝑒
𝑇𝑎∙𝐴𝐸𝑅𝐶1/𝑇 (7) 

For the second and third reaction equations, the rate 
constant 𝑅2/3, is given by: 

𝑅2/3 = 𝐴 ∙ 𝑒
𝑇𝑎/𝑇 (8) 

where 𝐴 is the pre-exponential constant, 𝐴𝑅𝐶1 is the 

user defined pre-exponent multiplier, 𝐴𝐸𝑅𝐶1  is the 

user defined exponent multiplier, T is the burned zone 

temperature and 𝑇𝑎 is the activation temperature for 

the reaction. Values for 𝐴𝑅𝐶1 are kept at 1.5 for all 

cases and the values of 𝐴𝐸𝑅𝐶1 are shown in Table 9. 

The validation of the simulated NOx emissions of the 
engine simulation compared to steady-state 
experimental results are shown in Figure 15. The 
emissions model was calibrated against the 
experimental values using the user-defined values in 
Equation 7. Simulated results are in good agreement 
with the experimental values. 
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Table 9: User defined values for AERC1 for the NOx emission sub-
model 

Engine load (%) AERC1 

 2000 rpm 

25 0.95062 

50 1.12603 

75 1.06222 

 2500 rpm 

25 0.90000 

50 1.12222 

75 1.11667 

 3000 rpm 

25 1.21667 

50 1.11070 

75 1.07592 

 

 

Figure 15: NOx engine emissions comparison for different engine 
speeds at 50 % load. 

SIMULATED COMBUSTION MODEL 

Experimental in-cylinder pressure profiles from 
previous published work [22] are available for the test 
engine at different engine speeds and load 
percentages. Table 10 shows the statistical analysis of 
the experimental in-cylinder pressure data that was 
used in the combustion model validation process. 

Table 10: Statistical analysis of the maximum measured in-cylinder 
pressure. 

Engine load (%) n Mean (bar) StDev (bar) 

 2000 rpm 

High 

Δ 

25 16 65.5 ± 3.3 

50 28 80.0 ± 0.9 

75 15 133.7 ± 6.4 

 2500 rpm 

4 

3 

25 48 65.8 ± 1.9 

50 40 84.1 ± 1.6 

75 48 132.6 ± 1.6 

 3000 rpm 

25 40 58.9 ± 1.3 

50 38 81.6 ± 0.9 

75 41 109.3 ± 2.2 

 

From the pressure profiles, the simulation can 
calculate the heat release profile and generate a fuel 
mass burn profile that can be used in the simulation’s 
combustion calculations. The calculated mass in the 
fuel mass burn profile is used to generate a multi-
component Wiebe combustion model to account for 
premixed, diffusion and tail combustion: 

𝑊𝑛 = 1 − 𝑒𝑥𝑝[−𝑎(𝜃𝑖 − 𝜃0)
𝑚+1] (9) 

where 𝑊𝑛  is the non-dimensional cumulative mass 

fraction burned, 𝑎  represents the combustion 
efficiency and has been fixed to 6.9 so that 99.9 % of 
fuel is burnt at the end of combustion, 𝑚 is the Wiebe 

exponent, 𝜃𝑖  is the 𝑖𝑡ℎ  crank angle and 𝜃0  is the 
start of combustion crank angle. When the burn rate 
curve consists of more than one Wiebe function, the 
overall cumulative burn profile is: 

𝑊 =∑𝑓𝑛 ∙ 𝑊𝑛
𝑛

 (10) 

where 𝑓𝑛 is the mass fraction burned for each 
individual Wiebe function. For the experimental mass 
burn profile, two Wiebe functions were selected to 
characterise the premixed and diffusion burn profile of 
the experimental results.  

A correlation analysis has been carried out to derive 
multiple regression equations that express the 
parameters as a function of engine operating values. 
The developed correlations are as follows: 

𝜃0 = 24.95 − 6.93𝑝0 + 0.689𝜃𝑚𝑖𝑛𝑗 (11) 

where 𝑝0 is the inlet charge pressure in bar and 𝜃𝑚𝑖𝑛𝑗 

is the injection timing of the main fuel injection in 
degrees after Top Dead Center (aTDC). 

𝑓𝑛 = −3.55 − 0.0524𝜃𝑝𝑖𝑛𝑗 + 0.007056∆𝜃𝑝𝑖𝑛𝑗 (12) 

where 𝜃𝑝𝑖𝑛𝑗  is the injection timing of the pilot fuel 

injection in degrees aTDC and ∆𝜃𝑝𝑖𝑛𝑗 is the injection 

duration of the pilot injection in microseconds. 

𝑚𝑝 = 1.027 − 0.000240𝑁 (13) 

𝑚𝑑 = 1.027 − 0.0002𝑁 (14) 

where 𝑁 is the engine speed in revolutions per minute 
(rpm). All the terms of the correlation equations 
generated for the Wiebe combustion model were found 
to be significant with 𝑝 < 0.02 . Furthermore, the 

regression statistics goodness of fit (𝑅2) showed high 
values of 93 % for 𝜃0, 97 % for 𝑓𝑛, 65 % for 𝑚𝑝 and 

71 % for 𝑚𝑑. 

Figure 16, Figure 17 and Figure 18 show the 
comparison between the experimental in-cylinder 
pressure profile and the simulated result when using 
the multi-Wiebe combustion model. 
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(a) (b) (c) 

Figure 16: In-cylinder pressure profile comparison between steady-state experimental data and simulated data at 2000 rpm for (a) 25 % load, (b) 50 % load 
and (c) 75 % load. 

   

(a) (b) (c) 

Figure 17: In-cylinder pressure profile comparison between steady-state experimental data and simulated data at 2500 rpm for (a) 25 % load, (b) 50 % load 
and (c) 75 % load. 

   

(a) (b) (c) 

Figure 18: In-cylinder pressure profile comparison between steady-state experimental data and simulated data at 3000 rpm for (a) 25 % load, (b) 50 % load 
and (c) 75 % load. 



13 

 

 


