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Combustion sensitivity to charge motion in 
a dilute jet ignition engine 

M.P. Bunce¹,², A. Cairns², S.K.P. Subramanyam¹, N.D. Peters¹, H.R. Blaxill¹ 

¹MAHLE Powertrain LLC, USA 
²University of Nottingham, UK 

ABSTRACT 

Though there are multiple viable powertrain options available for the automotive 
sector, those that contain internal combustion engines will continue to account for 
the majority of global sales for the next several decades. It is therefore imperative to 
continue the pursuit of novel combustion concepts that produce efficiency levels sig­
nificantly higher than those of current engines. Introducing high levels of dilution in 
spark ignited (SI) engines has consistently proven to produce an efficiency benefit 
compared to conventional stoichiometric engine operation. However, this combus­
tion mode can present challenges for the ignition system. Pre-chamber jet ignition 
enables stable, highly dilute combustion by both increasing the ignition energy pre­
sent in the system and distributing it throughout the combustion chamber. Previous 
work by the authors have shown that jet ignition produces 15-25% increases in ther­
mal efficiency over baseline SI engines with only relatively minor changes to engine 
architecture. 

Lean combustion in general and jet ignition in particular represent fundamentally 
different engine operating modes compared to those of conventional stoichiometric 
SI engines. Therefore, there are some system sensitivities not present in stoichio­
metric engines that must be investigated in order to fully optimize the jet ignition 
system. Differing types and magnitudes of charge motion are incorporated in SI 
engines to aid with mixture preparation but the influence of charge motion over lean 
combustion performance, particularly in jet ignition engines, is less well understood. 
This study analyzes the impact that charge motion has on both pre-chamber and 
main chamber combustion. A 1.5L 3-cylinder gasoline engine is outfitted with mul­
tiple intake port configurations producing varying magnitudes and types of charge 
motion. Pre-chamber and main chamber combustion stability and other burn par­
ameter responses are analyzed at part-load conditions. The results show that there 
is combustion sensitivity to charge motion, resulting in >1 percentage point spread 
in peak thermal efficiency for the configurations tested, and that this sensitivity 
manifests most significantly under low ignitability conditions such as heavy dilution. 
These results provide guidance for future system optimization of jet ignition 
engines. 

1 INTRODUCTION 

1.1 Background 
The perpetual desire to conserve fuel is being coupled with an increasing modern 
awareness of the deleterious environmental impact of tailpipe emissions from the 
transportation sector. In response, increasingly stringent global legislation of green­
house gas emissions will require a step change in internal combustion engine (ICE) 

DOI: 10.1201/9781003219217-1 

3 

http://dx.doi.org/10.1201/9781003219217-1


efficiency. A method being increasingly explored to accomplish this goal is dilute gas­
oline combustion [1-8]. The major limitation in developing dilute combustion systems 
is the less favorable ignition quality of the mixture. This has necessitated the develop­
ment of higher energy ignition sources [9,10]. A pre-chamber jet igniter application is 
one such technology, having been researched extensively [11-15]. Pre-chamber com­
bustion concepts have demonstrated the potential for stable main chamber combus­
tion at higher levels of dilution than are allowable in typical SI engines [16]. 

With a pre-chamber combustor, products from the combustion event inside of the pre­
chamber are pushed into the main combustion chamber through a nozzle, which sub­
sequently ignite the main chamber contents. This creates a stronger, more distributed 
ignition source within the main combustion chamber than would be provided by 
a standard single-point spark plug. Active pre-chamber concepts contain an auxiliary 
fueling source in the pre-chamber, enabling de-coupled control over air-fuel ratio in 
each chamber. This allows the highly reactive jets from a conventional near-
stoichiometric combustion event in the pre-chamber to serve as the ignition source for 
an homogeneous ultra-lean main chamber. MAHLE Jet Ignition® (MJI) is an auxiliary 
fueled pre-chamber concept that has been under development for several years [17­
19]. MJI is designed to be a low-cost, practical ultra-lean combustion enabling tech­
nology. A rendering of pre-chamber placement in a typical cylinder head is shown in 
Figure 1. 

Figure 1. CAD model rendering of a partial cutaway of the pre-chamber 
assembly in a cylinder head. 

Jet ignition concepts generally and MJI specifically possess numerous parameters 
than can be optimized in order to increase BTE, minimize engine-out emissions, or aid 
practical engine operation. While many of these parameters have been studied exten­
sively by the authors [2] and others [5,12,14], one parameter for which there is min­
imal published data on its effect on jet ignition combustion is charge motion. 
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Charge motion in SI engines is typically used to drive or enhance mixture preparation 
in the cylinder. With the advent of DI SI engines, the role of charge motion in mixture 
preparation has become especially critical to ensuring successful combustion and low 
emissions. The pervasive type of charge motion used in SI engines is tumble, which 
typically interacts with the bulk of the injector spray. Tumble requires certain length 
scales and tends to degrade as the piston nears top-dead center (TDC) [20-22], 
though this effect is highly dependent on combustion chamber geometry, especially 
compression ratio and stroke-to-bore ratio. It devolves into a general non-ordered 
turbulent kinetic energy (TKE) with high velocity but no uniform flow field. As such 
tumble motion tends to not contribute strongly to combustion in and of itself, but high 
levels of TKE present during the combustion process can increase turbulent flame 
speed, thereby increasing combustion burn rate. This effect is particularly useful for 
lean engines, as it helps compensate for the reduction in laminar flame speed inherent 
in the colder lean combustion environment. High levels of turbulence can, however, 
have the detrimental effect of stretching the spark kernel, resulting in misfires, and 
also increase in-cylinder heat loss. 

Swirl motion is generally not purposefully used in production SI engines as it provides 
little mixture preparation benefit. It does not degrade near TDC to nearly the same 
extent as tumble and therefore it is a potentially useful form of charge motion for lean 
combustion concepts as it exists during the combustion process. Literature [23-25] 
and previous simulations performed by MAHLE Powertrain have shown contradictory 
effects of swirl on lean combustion. 

Quader (et al) demonstrated that charge motion has a competing influence on kernel 
formation and flame front propagation in homogeneous lean combustion SI engines 
[3]. High levels of charge motion, regardless of type, can have the effect of stretching 
the flame kernel resulting in misfires. Contrarily, high levels of charge motion prove 
beneficial to increasing flame speed as the flame slowly consumes the lean charge. 
Stratified lean combustion with targeted mixture preparation to ensure an ignitable 
mixture near the spark plug is one potential solution that has been proposed to mitigate 
the kernel formation challenge of high tumble dilute engines [26,27]. Alternatively, pre­
chamber concepts have the potential to effectively separate and quarantine the spark 
plug from the majority of the main combustion chamber flow field. This could potentially 
lead to high levels of TKE in the main chamber being beneficial to reducing burn dur­
ation and increasing enleanment while reducing the risk of kernel stretching. 

1.2 Objective 
The objective of this study is to understand the impact of charge motion level and type 
on jet ignition combustion performance comprehensively throughout the cycle and to 
quantify the thermal efficiency potential of optimized charge motion in a jet ignition 
engine. 

2 APPROACH 

A multi-cylinder jet ignition engine is used for this study, with an intake system config­
urable for a range of charge motion types and levels. Data is taken at a part-load non-
knock limited condition, and results are evaluated across a sweep of λ at constant 
speed and load. 
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3 EXPERIMENT 

The MAHLE DI3 Downsizing demonstrator engine is selected as the basis of the dedi­
cated Jet Ignition engine due to the authors’ familiarity with the engine, access to the 
design and underlying analyses, and manufacturer agnostic nature of the platform. 
The engine is repurposed here for a boosted ultra-lean application, with a target peak 
BMEP of approximately 15 bar. Development of the DI3 engine is well documented 
[28,29]. The development of the jet ignition variant of this engine was previously pub­
lished [30]. Table 1 lists the specifications of the MJI DI3 engine. The MJI DI3 is 
depicted in Figure 2. 

Table 1. Engine specifications. 

Configuration In-line 3 cylinder 

Displaced volume 1500 cm3 

Stroke; Bore 92.4 mm; 83 mm 

Compression Ratio 15:1 for this study 

Injection PFI main chamber, DI pre-chamber 

Fuel Pump Grade Premium Gasoline 

Boost System Variable-geometry turbocharger 

Figure 2. MJI DI3 engine. 

An Air Flow Rig was used to evaluate tumble ratio and swirl number of several charge 
motion variants of the engine. The Air Flow Rig forces air to flow through the cylinder 
head, while valve lift is adjusted statically in 1 mm increments. Tumble ratio and swirl 
number are calculated by integrating the area under the resulting non-dimensional 
tumble vs. lift and swirl vs. lift curves, respectively. 
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Four charge motion cases were evaluated: baseline, increased tumble, introduction of 
swirl, and a combination of swirl and tumble (denoted as “swumble” in subsequent 
sections). Charge motion differences from the baseline were induced through the use 
of plate inserts into each of the intake ports (Figures 3 and 4). The baseline configur­
ation used no inserts and represents a moderate tumble engine consistent with 
tumble levels in modern DI SI engines (a tumble ratio of approximately 3). For the 
tumble variant, a plate insert was used that directed flow to exit past the valve in 
a more severe tumble motion. For the swirl variant, a splitter plate was used with 
a slight incline across the diameter of the port to induce swirl. The swumble variant 
used the swirl plate and tumble plate in series. The relative change in tumble ratio and 
swirl number with respect to the baseline (no inserts) port are listed in Table 2. 

Figure 3. MJI DI3 engine air intake system – exploded view. 

Figure 4. Charge motion insert adaptor with tumble insert installed. 
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Table 2. Relative tumble ratio and swirl number of charge motion 
configurations evaluated in this study. 

Configuration Relative Tumble Ratio Relative Swirl Number 

Baseline - -

Tumble +13% -25% 

Swirl -39% +1075% 

Swirl+Tumble +13% +75% 

Sweeps of λ were performed at a part load condition, whereby speed and load 
were held constant as the λ of the engine was increased from 1.0 to its lean limit 
in increments of 0.1. The lean limit defined in these tests is the λ at which con­
sistent detectable misfires prevent the engine from holding its proscribed operat­
ing conditions, or the point at which the boost system is incapable of providing 
enough airflow to maintain the desired load. BMEP was used as the constant load 
parameter due to the reduced influence of pumping losses for this non-boosted 
condition. 

The pre-chamber fuel injector is used to provide auxiliary fuel when the engine 
achieves a λ = 1.4. As the engine is enleaned, the pre-chamber fueling quantity 
is increased. With all charge motion variants, the pre-chamber auxiliary fuel is 
kept to the minimum allowable value to maintain COV < 3%. For all variants 
across all data points, the maximum fuel mass injected using the pre-chamber 
fuel injector was approximately 1.5% of the fuel mass injected through the main 
chamber fuel injector. 

Pre-chamber combustion was analyzed through the use of high speed pressure trans­
ducers located in the pre-chambers. Data from these transducers were paired with the 
corresponding main chamber in-cylinder pressure transducers to provide a clear per­
spective on intra-chamber pressure-based behavior. For this study, high speed pre­
chamber and main chamber results from one of the three cylinders are presented in 
order to avoid the use of corrections for minor cylinder-to-cylinder differences. Each 
presented high speed data point represents an analysis of 300 consecutive cycles. The 
methodology used to analyze these results, and the relative importance of the calcu­
lated metrics are described in detail in [31]. 

4 RESULTS 

4.1 Overall engine performance 
Jet ignition engine sensitivity to charge motion is examined at a 1500 rpm, 6 bar BMEP 
condition. Results are presented across a sweep of λ, from 1 to the lean limit of the 
engine. Knock is not prevalent for any of the charge motion variants except at the λ 
values closest to 1. Figure 5 shows the two relevant combustion stability metrics, COV 
and LNV. The acceptable limits are depicted by the red dashed lines. 

In Figure 5, it is evident that the tumble variant maintains acceptable stability through­
out the range of λ from 1.0 to 2.0, without any partial burn events. The baseline variant 
performs similarly but with increased instability from λ 1.5 and a stability limit at λ 1.9. 
There is also more pronounced deterioration in LNV in this lean λ range. The swirl and 
swumble variants perform measurably poorer, with stability limits reached between λ 
1.3 and 1.6. 
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In this study, the process for determining pre-chamber injection quantity for 
the baseline variant involved increasing injection pulsewidth to allow the min­
imum quantity of fuel required to maintain main chamber COV ≤ 3%. This com­
bustion stability requirement was used as the primary criterion for determining 
pre-chamber injection quantity, with adherence to the baseline variant’s fuel  
flow-λ relationship as the secondary criterion. As can be witnessed in Figure 5, 
this resulted in relatively consistent quantity-λ relationships amongst the base­
line, tumble, and swumble charge motion variants at this speed-load condition. 
Some minor discrepancies exist between pulsewidth used and resulting pre­
chamber fuel mass flow amongst these variants. This is likely due to minor dif­
ferences in background pressure at time of injection. The swirl variant required 
approximately twice the pre-chamber fuel quantity that the other variants 
required. The swirl variant also required pre-chamber auxiliary fuel injection to 
begin at an earlier λ value in the sweep (beginning at 1.2 versus 1.4 for the 
other variants). Despite this increased quantity requirement, the swirl variant 
consistently demonstrated inferior combustion stability behavior to the other 
variants across the full sweep of λ values. This indicates both a high level of 
instability in the system induced by swirl motion and that the instability origin­
ates in mixture preparation in the pre-chamber, or at least it cannot be 
adequately mitigated through the traditional means of increasing pre-chamber 
fuel injection quantity. The poor stability results of the swirl charge motion vari­
ant propagate to other metrics as well, including burn durations and efficiency 
as will be demonstrated. 

Figure 5. Pre-chamber combustion stability (left) and fuel injection 
parameters (right) vs. λ. 
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Figure 6 shows the CA50 for the charge motion variants, confirming that light knock 
may be present near λ 1 but is absent for all variants from λ 1.2. The instability in 
CA50 in the near-lean region (λ = 1.0-1.3) is due to cylinder-to-cylinder variation that 
manifests under lean conditions but is mitigated by the addition of pre-chamber auxil­
iary fuel starting at λ = 1.4 for most variants. An examination of the burn duration 
segments shows that the two variants that include increased tumble motion (tumble 
and swumble variants) produce faster overall combustion duration. The difference in 
burn duration amongst the variants becomes prominent under lean conditions, with 
minimal separation at λ 1. 

Figure 6. Burn duration metrics vs. λ. 

The competing efficiency pathways of reduced in-cylinder heat losses and increased 
incomplete combustion losses with enleanment result in a λ that corresponds to peak 
thermal efficiency occurring at a richer λ than the lean limit. This effect is observed in 
Figure 7, with the peak BTE λ occurring approximately between λ 1.6 and 1.7 for most 
variants. Because BMEP was held constant amongst the charge motion variants at this 
speed/load condition, BTE provides the most accurate comparison. Here the results 
largely mirror the stability and burn duration trends, with the tumble variant producing 
the highest BTE, followed by the baseline, swumble, and swirl variants, with the latter 
exhibiting rapid deterioration in BTE beyond the lean stability limit. ITE, which does not 
consider the relative pumping losses encountered across the λ sweep at this condition 
and also decreases across the sweep, exhibits similar trends but with differing peak effi­
ciency λ values. 
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Figure 7. Efficiency and fuel consumption metrics vs. λ. 

Analysis of NOx emissions trends versus λ in Figure 8 show relative parity 
amongst the charge motion variants from λ = 1-1.6. The erratic trends in the 
range beyond λ = 1.6 do not appear to mirror any other major parameter’s trend,  
and are likely the result of increasingly unstable combustion in this region, par­
ticularly in the swirl and swumble variant data. Therefore, it does not appear that 
charge motion has any noticeable impact on NOx formation at this condition. How­
ever, the comparison of Figures 5 and 8 demonstrates the benefit of enhanced 
combustion stability in the ultra-lean region, namely the ability to further reduce 
NOx emissions by operating at stably leaner λ values. 

An examination of the CO emissions trend shows a significant drop in emissions from λ 
1 to the near-lean region. CO then slowly increases with further enleanment. THC 
emissions decrease slightly in the near-lean region but then increase with enlean­
ment, severely in the case of poor stability variants such as swirl. 

The CO and THC results translate well to the combustion efficiency trend. While com­
bustion efficiency reduces with increasing enleanment, the swirl variant produces 
depressed combustion efficiency versus the other charge motion variants across the λ 
range starting from λ 1.2. With late burning performance having a prominent impact 
on combustion efficiency, this swirl variant performance is expected. Conversely, the 
tumble variant produces the highest relative combustion efficiencies under lean condi­
tions. Note that the combustion efficiencies depicted in Figure 8, especially under lean 
conditions, are lower than would be expected for this type of combustion system. This 
is due to the relatively high CR for an SI engine coupled with the homogeneous mixture 
leading to a relatively greater crevice volume fuel percentage of total fuel than would 
be found in production engines. Also note that the piston and ring combination used for 
this study are not production-intent and are not based on any existing production 
designs, and are therefore not optimized for the purposes of this combustion system. 
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Figure 8. Engine-out emissions and combustion efficiency vs. λ. 

The results presented so far demonstrate clearly superior performance when add­
itional tumble is introduced in the engine, and clearly inferior performance when 
swirl is introduced.  While  there is parity in the  results at stoichiometric conditions,  
the  relative difference amongst  the variants grows  as  the  engine is  enleaned.  The  
engine is therefore most sensitive to charge motion under lean conditions as the 
engine approaches its stability limit. While these trends grow in prominence with 
enleanment, they remain relatively consistent across the full λ range. The follow­
ing analysis highlights peak performance of the variants within the context of the 
λ sweeps at this condition. These peak values can be considered as starting 
points for engine calibration, both demonstrating approximately how an engine 
with each specific level and type of charge motion might be operated, and indicat­
ing the relative robustness of an engine calibration that would be based on these 
results. 

In determining optimal conditions for a combustion system capable of significant 
dilution tolerance, it is important to consider the λ at which the engine would 
operate. For the purposes of this study, a λ corresponding to peak BTE within the 
λ sweep was assumed to be a primary input for determining nominal λ in an 
engine calibration. Figure 9 shows the peak BTE for each of the four charge 
motion variants at this part load condition. Note that for the swirl variant, peak 
BTE occurred in a λ region where COV exceeded the 3% limit. Consistent with the 
data presented previously, tumble and baseline variants exhibited superior BTE to 
the swirl and swumble variants. Figure 9 also shows the λ at which the peak BTE 
values occur. The baseline and tumble variants have peak BTE λ values of 1.7. 
Peak BTE for the swumble variant occurs at a much richer λ of 1.4. Again, the 
swirl results are unstable. 

Leaner peak BTE λ values can be beneficial from an emissions control perspective. 
Engine-out NOx concentration decreases significantly at λ values leaner than 
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approximately 1.2. A peak BTE occurring 0.1 λ leaner can mean a reduction of 
several hundred ppm of NOx. Figure 9 shows engine-out NOx levels at the peak 
BTE λ values for each of the four charge motion variants. The swumble variant, 
with a peak BTE λ occurring 0.3 λ richer than the tumble and baseline variants, 
has a NOx level approximately double those of the other variants. Despite the 
higher exhaust temperature associated with the richer peak BTE λ, the  higher  
engine-out NOx level likely puts a strain on the lean NOx storage catalyst. 

Finally, Figure 9 shows the engine-out NOx levels at the lean stability limits. The base­
line and tumble variants both have NOx levels below 100 ppm, an approximately 85% 
reduction from even the levels at the peak BTE λ values for the respective variants. 
Also notable is the wide gulf in NOx levels between the swirl and swumble variants, 
with lean stability limits only 0.15 λ apart. This 1000 ppm gulf illustrates the extreme 
sensitivity of NOx to λ in this region, slightly lean of the near-lean region. From this 
analysis it is evident that charge motion variants with wide dilution tolerance that 
have both peak BTE and lean stability limit occur at λ values well into the ultra-lean 
region offer significant advantages in terms of engine performance and emissions but 
also degree of calibration flexibility. Such combustion systems allow robust high effi­
ciency operation with headroom to allow for precise targeting of emissions profiles, or 
flexibility to accept a certain amount of λ uncertainty during transient operation while 
still maintaining acceptable engine-out emissions. The tumble and baseline charge 
motion variants have the highest BTE at the leanest λ values with superior lean limit 
extension to the swirl and swumble variants. 

Figure 9. BTE, peak BTE λ, and engine-out NOx at the peak BTE λ and 
combustion stability limit within a λ sweep from 1 to the lean limit. 
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4.2 Pre-chamber combustion 
The late burning and combustion efficiency results indicate that the differing 
levels and types of charge motion investigated in this study have an influence 
on main chamber combustion, especially in the late burning period. However, 
these results may be both a cause and a symptom of the differing combustion 
stability behavior amongst the variants. Charge motion plays a role not just in 
late main chamber burning processes but also in front-end processes such as 
pre-chamber combustion. The analysis presented in this section will seek to 
explain main chamber combustion stability differences as functions of pre­
chamber combustion stability differences. Demonstrating a correlation between 
pre-chamber and main chamber combustion stability would confirm that 1) 
charge motion induced in the intake and developed in the main chamber 
impacts in-pre-chamber processes, and 2) that main chamber combustion per­
formance is determined in large part by the pre-chamber combustion event, 
and main chamber COV is dictated by the stability of pre-chamber combustion. 
Pre-chamber combustion stability can be manipulated via active pre-chamber 
fuel injection strategy, which could potentially be used to correct for negative 
charge motion influence in the pre-chamber mixing or combustion processes. 

Analysis was performed on the 300-cycle average pre-chamber high speed pres­
sure trace. Examination of pre-chamber behavior is confined to the portion of 
the pre-chamber pressure trace where pre-chamber pressure rises measurably 
higher than main chamber pressure. This portion of the trace corresponds with 
the pre-chamber combustion event and expulsion of combustion products as 
reactive jets. Pre-chamber combustion behavior is described using chamber ΔP 
which describes the largest measured difference between pre-chamber and main 
chamber pressure. This difference is maximized during the pre-chamber com­
bustion event, approximately midway through the pressure rise event in the 
pre-chamber. Research [30] has shown that this point generally corresponds 
with the angle at which reactive jets first emerge from the pre-chamber. 

While the magnitude of chamber ΔP does vary somewhat amongst the four 
charge motion variants at common λ values, the standard deviation of chamber 
ΔP provides the most robust indication of pre-chamber combustion stability 
[31]. In this analysis, standard deviation of ΔP was the only parameter that pro­
duced significant correlation with main chamber COV. Data for all four charge 
motion variants was analyzed at four λ values: 1, 1.4, and  1.8.  Figure  10  shows  
this correlation between the standard deviation of chamber ΔP and  main  cham­
ber COV for all charge motion variants. The correlation is particularly robust at 
the leanest conditions analyzed. Practically, this means that the variation in the 
peak pressure generated in the pre-chamber by the pre-chamber combustion 
event induces variation in main chamber combustion performance. It also means 
that main chamber COV, across the full λ range but especially under lean condi­
tions, is primarily influenced by the degree of variation in the pre-chamber com­
bustion event. 
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Figure 10. Pre-chamber combustion metrics: illustration of chamber ΔP (top 
left); standard deviation of ΔP vs. λ (bottom left); standard deviation of ΔP 
vs. main chamber COV for λ = 1.0-1.8 (top right); standard deviation of ΔP 

vs. main chamber COV for λ = 1.8 (bottom right). 

Figure 10 shows the difference in standard deviation of chamber ΔP amongst the four 
charge motion variants. Notably, these results mirror both the main chamber COV and 
combustion efficiency trends discussed previously, with parity at the λ = 1 condition 
and an ever increasing disparity as the engine is enleaned. At the leanest condition 
considered in this dataset, λ = 1.8, the tumble variant shows the least variation in 
chamber ΔP and therefore the lowest main chamber COV, followed closely by the base­
line variant. The swumble and swirl variants exhibited the highest degree of variation 
in chamber delta pressure. 

The tumble variant actually displays more pre-chamber combustion stability 
(reduced standard deviation of ΔP) at the λ = 1.8 condition versus the λ = 1.4  
condition. This is likely due to differences in pre-chamber λ at the two conditions. 
At the λ = 1.4 condition, auxiliary fuel is first introduced into the pre-chamber due 
to engine COV requirements. Due to the minimum pulsewidth limitation of the 
pre-chamber fuel injectors, more fuel than desired is injected into the pre­
chamber, creating a richer than desired pre-chamber. Further enleanment brings 
a greater degree of controllability over pre-chamber λ, as background λ becomes 
leaner and the auxiliary fuel injection pulsewidth must increase above its minimum 
in order to compensate. This means that pre-chamber λ at the 1.8 condition is 
more optimized (and more optimizable) than it is at the 1.4 condition, helping to 
explain why pre-chamber stability increases for the tumble variant. This effect is 
equally present in the other charge motion variants, so the worsening instability in 
the other charge motion variants, particularly swirl and swumble, must be driven 
by other factors specific to the charge motion types and levels introduced, such as 
in-pre-chamber mixing dynamics. 

The relative stability of the pre-chamber combustion event influences the main cham­
ber COV to a high degree, thereby impacting combustion efficiency at lean conditions 
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and contributing to the peak BTE, the peak BTE λ, and the lean limit determinations. 
Figure 11 illustrates this point, with a linear correlation between standard deviation of 
chamber ΔP at the λ = 1.8 condition and main chamber lean stability limit for the four 
charge motion variants. The variants with most stable lean pre-chamber combustion 
events, specifically stable cycle-to-cycle chamber ΔP values, produce the most 
extended main chamber lean stability limits. 

This result is significant because it concentrates active pre-chamber combustion 
system optimization to the pre-chamber combustion event itself. As has been demon­
strated, active pre-chamber combustion systems generally maximize BTE when they 
are able to maximize the extension of the engine lean stability limit, thereby pushing 
peak BTE λ to leaner conditions. This also provides an engine-out emissions benefit. 
Depending on overall engine strategy, this leaner nominal operation can enable 
a higher CR than in active pre-chamber engines with less dilution tolerance, thereby 
further increasing both peak and cycle-average BTE potential. Results in this section 
prove that this ability to extend the engine lean limit and push peak BTE to leaner λ 
values is largely determined by the relative stability of the pre-chamber combustion 
event. Therefore, mechanisms to improve pre-chamber combustion stability are 
impactful optimization strategies for maximizing BTE. Charge motion has an influence 
over pre-chamber combustion stability. The most calibratable parameters with this 
influence, however, encompass pre-chamber auxiliary fueling strategy. The following 
section evaluates whether pre-chamber auxiliary fueling strategy can be optimized to 
compensate for negative influence some of the charge motion variants have on pre­
chamber combustion stability. 

Figure 11. Main chamber lean stability limit as a function of standard 
deviation of chamber ΔP at  λ = 1.8. 

4.3 Pre-chamber fueling parameters 
The DI fuel injector used in the MJI pre-chamber enables scalable fuel injection with 
precise control over fuel quantity. Auxiliary fueling quantity increases proportionally 
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with main chamber enleanment across a λ sweep. Similarly, pre-chamber fueling 
quantity is a primary lever that is commonly used to reduce main chamber COV under 
lean conditions. Figure 12 shows main chamber COV response to changes in pre­
chamber fuel injection quantity and start of injection angle for the four charge motion 
variants at the λ = 1.7 condition. At retarded start of injection angles in close proxim­
ity to spark timing, combustion becomes highly unstable for most of the charge 
motion variants. At these angles the pre-chamber injection event ends after the spark 
has occurred, leading to a high probability of insufficient fuel in proximity to the spark 
plug at time of spark. Other than at these extreme late injection angles, however, 
start of injection timing does not have a prominent influence over main chamber COV. 

Auxiliary fuel quantity has a stronger influence over main chamber COV than does 
injection timing. All charge motion variants display lower COVs as pre-chamber fuel 
mass flow increases, as is expected. However, for both the swirl and swumble variants, 
the enhanced stability induced by increased pre-chamber fuel quantity is still above 
the COV limit of 3%. In fact, these variants display slightly lower sensitivity to auxil­
iary fuel quantity than do the tumble and baseline variants. 

Figure 12. Main chamber COV as a function of pre-chamber fuel mass 
flowrate and start of injection angle at λ = 1.7. 

Figure 13 shows the change in engine-out NOx emissions across the auxiliary fuel 
quantity and injection timing sweeps. Across the relatively narrow injection quantity 
band considered in this analysis, engine-out NOx changes significantly, by at least 500 
ppm in each variant. This indicates that changes in pre-chamber λ are occurring 
across the sweep, with increased quantity producing richer pre-chambers, resulting in 
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less engine-out NOx. The relative magnitude of the NOx values and their sensitivity to 
fueling quantity also strongly indicates that the majority of NOx is being formed in the 
pre-chamber by the pre-chamber combustion event, a common result for active pre­
chambers under ultra-lean conditions. 

Figure 13. Engine-out NOx as a function of pre-chamber fuel mass flowrate 
and start of injection angle at λ = 1.7. 

The pre-chamber fueling quantity and injection angle results show that this common 
lever for increasing main chamber stability under lean conditions is not able to com­
pensate for the negative stability pressure induced by the swirl and swumble variants. 
This proves that induced charge motion translates to the pre-chamber, and influences 
at least the pre-chamber combustion event and likely also pre-chamber mixing 
dynamics. 

CONCLUSIONS 

The influence of charge motion becomes increasingly prominent under low ignitability 
conditions such as heavy dilution. The added tumble motion of the tumble variant 
used in this study produced superior lean limit extension, faster burn durations, and 
higher combustion efficiency in the ultra-lean region than the remaining charge 
motion variants. The ability to extend the lean limit also shifted the λ corresponding to 
the peak BTE leaner. In most cases this meant that the peak BTE was higher than with 
the charge motion variants whose peaks were at less lean λ values. A moderate 
increase in engine tumble produced a 0.5 percentage point increase in BTE at common 
CR. Shifting nominal operating λ leaner enables the use of a higher CR in the engine, 
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depending on operating strategy. Fully exploiting this benefit is beyond the scope of 
this study, but it does provide an opportunity to further increase BTE. Shifting the 
nominal operating λ leaner also reduced engine-out NOx, providing a potential oppor­
tunity to reduce the cost and scope of the lean aftertreatment solution. While the add­
ition of charge motion produced measurably increased in-cylinder heat losses, these 
were overcompensated by the reduced incomplete combustion losses with the tumble 
variant, proving that charge motion addition can have both a positive and negative 
influence over main chamber combustion. 

Lean limit extension in the main chamber was correlated to a metric for combus­
tion stability in the pre-chamber during the pre-chamber combustion event. The 
stark differences in this stability amongst the charge motion variants proved that 
charge motion not only influences main chamber combustion directly, but also 
indirectly via influence over the pre-chamber combustion event. This charge 
motion influence is prominent enough that the variants that incorporated swirl 
could not overcome the deleterious effect on combustion stability using increased 
auxiliary fueling quantity. 

The results of this study demonstrate a complex and comprehensive influence of 
charge motion on ultra-lean jet ignition engine operation. This influence can be lever­
aged, as it was partially in this study, to maximize the thermal and combustion effi­
ciencies of the engine under ultra-lean conditions and to increase the robustness of 
the engine calibration in this region. Future work includes coupling the experimental 
results with simulation to understand the influence of charge motion over in-pre­
chamber mixture dynamics in more detail. 
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ABSTRACT 

Engine downsizing has been shown as an effective means to reduce the vehicle’s 
fuel consumption but the full potential of engine downsizing is limited by the 
knocking combustion at boosted operations and the presence of pumping loss at 
part load conditions. In this work, an electro-mechanical valvetrain system named 
iVT (intelligent Valve Technology) by Camcon was used to investigate how the 
independently controlled variable valve timing and duration can be applied to 
minimise the knocking combustion by altering the effective compression ratio 
(ECR) at high load via Early Intake Valve Closure (EIVC) or Late Intake Valve 
Closure (LIVC), as well as reducing the pumping loss at part load. In particular, 
the effect of different valve lifts with fixed valve timings and constant duration 
was studied on the pumping loss, combustion process and emissions. The results 
show that fuel consumption was reduced up to 2.5% using iVT system compared 
to the baseline valve profile at 9bar net IMEP. 

INTRODUCTION 

IC engines have been the main power plants for various transport on land and sea. World­
wide daily use of vehicles with IC engines in the 20th century has led to the very stringent 
legislation on their pollutant emissions over the last few decades. Moreover European Par­
liament and the Council set regulation for the maximum value of manufacturer’s fleet  
average CO2 emission level, targeting to 95g/km from 2020 (1) in order to combat the 
global  warming caused by increasing CO2 concentration. If the average value exceeds the 
limit, the manufacturer has to pay monetary penalty for each registered car (2). Another 
main issue associated with the use of IC engines is increasing fossil fuel consumption, 
which can lead to resource depletion as the amount of vehicles increases dramatically. 

To fulfil the above requirements, automotive industry have been developing new 
technologies to improve the efficiency of modern IC engines. Downsizing is one of 
the successful methods of reducing fuel consumption and CO2 emissions from 
a Spark Ignition (SI) engines. Engine downsizing can significantly reduce fuel con­
sumption by operating the engine closer to its minimum fuel consumption region 
by reducing the engine displacement and with boosting. In this way pumping 
losses at part-load operations are reduced. However downsized engines are more 
prone to knocking combustion at high boost. 

Variable Valve Actuation (VVA) can be used to reduce pumping losses at part load 
conditions and minimise knocking combustion at high loads by means of ECR reduc­
tion with Miller cycle. VVA has been studied for more than 20 years but not yet fully 
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implemented in mass production vehicles. There are a lot of prototypes and all of 
them can be divided into two main types: cam-based and camless systems. Cam-
based systems represent engines with modified camshaft valve train where camshaft 
is driven by crankshaft, whereas engines with camless systems have actuators which 
control valve events independently of the crankshaft. The main aim of a VVA system 
is to modify valve events accordingly to the changing engine load and speed. The 
parameters that can be controlled by VVA system are: valve opening and closing 
timing, duration of the valve event and valve lift. Some cam-based systems such as 
BMW Valvetronic, Toyota Valvematic, Honda VTEC and Fiat Multi-air have been 
implemented on some production vehicles (3-6). However none of those systems 
were able to provide continuous and fully flexible variation of lift and valve timings 
for an individual valve. 

Camcon developed an electro-mechanical valvetrain system (iVT) capable of full 
control of the valve events at engine speeds up to 6000rpm. This system was 
installed on a single cylinder research engine for both intake and exhaust 
valves to study valve profile effects on fuel economy and emissions. In this 
paper, the effect of Miller cycle with different valve profiles will be presented 
and compared to the  baseline  at  various engine loads  at  a constant engine  
speed of 1500rpm. 

EXPERIMENTAL SETUP 

A single cylinder SI direct injection gasoline engine with 4 valves was used for 
this research and the specifications are given  in  Table 1. The  engine  is  equipped  
with iVT (intelligent Valve Technology) valvetrain system for each valve as 
shown in Figure 1. Each valve is actuated via an independent camshaft driven 
by an electrical motor. Full rotation of the cam produces a full lift event whereas 
partial rotation allows for lift control. Varying of the motor speed controls the 
start and duration of the valve opening. Combination of cam rotation and motor 
speed allows for independent control of timings and lifts of each valve through 
the valve control software. The fuel was pressurised to 50bar  and supplied to  
the DI gasoline injector, the flow rate is measured by an instantaneous fuel flow 
meter (Endress+Hauser Promass 83A Coriolis) before the injector. The air sup­
plied to the engine was either at room temperature and pressure or at pre-set 
boost pressure from an external supercharger with closed loop control. The air 
mass flow rate was measured by a laminar flow meter (Hasting HFM-200) 
installed before the throttle. The instantaneous intake and exhaust pressures 
were measured by a piezo-resistive pressure transducer located just before the 
intake valves and another one in the exhaust port respectively. Heat release and 
combustion characteristics were calculated by a combustion analysis software 
based on the instantaneous cylinder pressure from a piezo-electric pressure 
transducer and crank angle from a crankshaft encoder. The emissions were 
measured by a Horiba 7170DEGR. The engine was coupled to an AC dynamom­
eter and installed on the test bed with closed loop control of oil and coolant cir­
cuits.  The dynamometer  allowed for  motored and  fired operation  of  the engine  
at set speeds. The spark timing, throttle angle and AFR were controlled via an 
engine control software. 
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Table 1. Engine specifications. 

Engine Type 
4-stroke, single cylinder, 2 intake and 2 
exhaust valves 

Bore x Stroke 81mm x 89mm 

Connecting Rod length 155.5mm 

Compression Ratio 10.8:1 

Displacement Volume 458.6cc 

Intake Valves Diameter (2) 29mm 

Exhaust Valves Diameter (2) 26mm 

Fuel Injection Direct Injection 

Figure 1. Single cylinder DI gasoline engine and iVT system (7). 

TEST CONDITIONS AND MODES OF VALVE OPERATIONS 

In this research, several valve profiles were applied to both intake valves (two valve 
mode) or one of the intake valves (single valve mode) and their effect on engine per­
formance, combustion and emissions were investigated at 4, 6, 9 and 12.6bar net 
IMEP at a constant engine speed of 1500rpm. The fuel used was EU VI 95 RON Gas­
oline (E10) with 10% Ethanol content by volume. Fuel specifications can be found in 
Table 2. All tests were conducted with a relative AFR (Lambda) of 1 and the fuel injec­
tion timing was fixed at 268deg CA BTDC at an injection pressure of 50bar. The spark 
timing was set at MBT unless it was knock limited at higher load conditions. 
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Table 2. Fuel properties. 

Fuel 95 Ron Gasoline E10 

Density at 15 ºC (kg/m3) 746.1 

Higher calorific value (kJ/kg) 44220 

Lower calorific value (kJ/kg) 41420 

Stoichiometric AFR 13.92:1 

The engine could be operated with both intake valves or one of them using the iVT 
system. In the case of the single valve mode operation, one of the intake valves was 
permanently closed during testing in order to induce swirl motion inside the cylinder. 

Figure 2 shows the five valve profiles which were used for two valve and single valve 
modes for all the load cases: Baseline (BSL), Late Intake Valve Closing (LIVC) and 
Early Intake Valve Closing (EIVC) with three maximum valve lift variations from 100% 
to 64% where the duration and valve timings were kept constant. The exhaust valve 
profile was unchanged for all the tests. Valve parameters are shown in Table 3. In the 
paper, the results will be presented when both intake valves were actuated and the 
single valve results will be published in a separate paper. 

As in previous researches, EIVC and LIVC profiles were used to reduce effective com­
pression ratio of the engine in order to study the effects of Miller cycle on the effi­
ciency, fuel economy and emissions (8 - 10). Additionally, EIVC was set with three 
different valve lifts in order to investigate their effects on pumping losses and combus­
tion process, which could not be done in the previous studies by other researchers 
when the valve lift and IVC could not be independently controlled. 

Figure 2. Valve profiles for single and two valve modes. 
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Table 3. Valve timings and durations. 

Valve 
Profile 

Lift 
(mm) 

Duration (CA 
deg) 

IVO/EVO (CA 
deg) 

IVC/EVC (CA 
deg) 

EIVC100 8.9 152 376 528 

EIVC84 7 152 372 524 

EIVC64 5 146 375 521 

LIVC 8.9 226 382 608 

Standard 8.9 200 373 573 

Exhaust 8.9 211 133 344 

4 RESULTS 

4.1 Effect of valve profiles on the effective compression ratio 
To better understand experimental results the effective compression ratio (ECR) must 
be evaluated for each test as IVC timing and valve lift directly affecting it. ECR was cal­
culated based on the in-cylinder pressure for each valve profile and for each load 
point. The start of compression is defined at the crank angle when the polytropic com­
pression line and intake manifold pressure are crossing on the logP-logV diagram 
(Figure 3). The cylinder volume at this crank angle is then divided by TDC volume to 
get the ECR. 

Figure 3. Pressure based method of ECR estimation (11). 

As shown in Figure 4, the baseline profile has around 10.4 – 9.9 ECR from low to high 
load whereas EIVC100 has the highest ECR throughout the whole load range, between 
10.8 and 10.5. The difference in ECRs between the EIVC100 and the baseline case is 
due to the IVC timing, which is around 10 degrees before BDC for EIVC100 and is 30 
degrees after BDC for baseline profile. As a result, a small amount of fresh charge is 
pushed back into the intake during the compression stroke before the compression 
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starts, resulting in a lower effective compression ratio for BSL. With increasing load 
more charge is being expelled into the intake manifold thus ECR is reduced further. 

EIVC profiles have almost identical IVC timings, however the effective compression 
ratio is different for each of them. The reason for that is the variation of the valve lift. 
The smaller the lift the less fresh charge is sucked into the cylinder therefore lower 
effective compression ratio. This is clearly demonstrated by EIVC profiles across all 
the load points. Also with increasing load the ECR decreases respectively as more 
charge is needed while a certain valve lift creates a constant flow restriction through­
out the whole load range. 

LIVC produced the lowest effective compression ratio (8 to 8.3) as a lot of fresh charge 
was expelled into the intake manifold due to very late IVC. Opposite to other profiles 
ECR is increasing with load for LIVC. This is due to higher pressure in the intake mani­
fold as throttle opens more. When intake pressure is close to atmospheric the pressure 
difference between in-cylinder and manifold pressure becomes smaller and less per­
centage of the fresh charge is expelled into the intake. 

Figure 4. ECR comparison. 

At each load in most cases the throttle was opened more for those profiles with 
lower ECR as higher intake pressure was needed in order to achieve the same net 
IMEP as shown in Table 4. However there were some cases where throttle angle 
was the same but ECR was different, this was due to other factors which increased 
the intake pressure regardless of throttle angle. This will be explained in the next 
section. 
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Table 4. Throttle angle and intake pressure comparison. 

Pro­
file 

BSL EIVC100 EIVC84 EIVC64 LIVC 

Net 

IMEP­
(bar) 

Throttle (%) Intake Pressure (bar) 

4 1.83 0.47 1.80 0.42 1.85 0.46 1.85 0.50 1.96 0.61 

6 2.75 0.64 2.68 0.59 2.82 0.65 2.85 0.69 3.80 0.83 

9 2.18 0.83 2.15 0.78 2.24 0.85 2.24 0.90 2.44 1.08 

12.6 3.75 1.22 3.40 1.12 3.65 1.20 4.65 1.34 14.00 1.48 

4.2 Effect of valve profiles on the pumping loss 
In a conventional throttle controlled SI engine the pumping loss is created due 
to the drop of manifold pressure below atmospheric pressure and it is one of the 
major causes of low engine efficiency at the low load. Comparison of Pumping 
Mean Effective Pressure (PMEP) for various valve profiles is shown in Figure 5. 

At 4bar net IMEP, the LIVC valve profile produced the lowest negative PMEP due to 
larger throttle opening (0.13% more than STD) required to maintain the same IMEP 
with the lowest ECR. Also the charge was pushed out from the cylinder into the intake 
manifold during compression stroke, which increased the intake pressure for the sub­
sequent intake strokes lowering pumping losses (Table 4). 

Amongst all EIVC profiles, EIVC100 produced the highest negative PMEP, 
whereas EIVC64 produced the least amount of pumping loss. For EIVC100 to 
achieve 4bar net IMEP, the throttle was closed by 0.05% more than for the 
lower lifts because of higher ECR, this resulted in increased pumping loss. For 
EIVC84 and EIVC64 valve profiles, the throttle position was identical however 
intake manifold pressure was higher for the lower lift profile. A lower valve lift 
leads to lower flow area and hence a higher intake pressure is required to allow 
the same amount of air into the cylinder as the higher lift. This is usually 
achieved by larger throttle opening. However, in the case with EIVC64, it was 
noted that a bigger drop in the in-cylinder pressure at IVO caused an increase in 
the intake port pressure which was enough to trap the required amount of air 
into the cylinder without altering throttle angle. Higher intake pressure led to 
lower pumping losses for EIVC64. Therefore, when operating an engine at low 
load with a small throttle opening, the lower intake valve lift increased the 
intake pressure and reduced pumping loss. 
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Figure 5. PMEP comparison. 

However, an additional test with very short lift (EIVC44) produced the highest 
intake pressure and pumping losses larger by 0.01bar than EIVC64 (Table 5). 
According to J. B. Heywood this phenomenon could be explained by the relation­
ship between valve lift and discharge coefficient (12). Depending on the valve 
shape, at high lifts the flow separates and discharge coefficient decreases generat­
ing higher pumping losses. At lower lifts the flow speed across the intake valves 
increases and the flow remains attached to the valve providing high discharge 
coefficient, therefore reducing pumping losses. However if the lift would be 
reduced further or flow speed would be increased, the flow might separate and 
cause an opposite effect, which was the case with EIVC44. The discharge coeffi­
cient at EIVC64 might have been higher than EIVC44 and this would reduce 
pumping losses, but this is purely theoretical and to quantify the results 
a measurement of discharge coefficient via CFD simulations is required. In the 
case of this experiment 64% lift was the optimum for EIVC profiles in reduction of 
pumping losses, therefore EIVC44 was not considered in further analysis. 

Table 5. EIVC64 and 44 comparison. 

EIVC64 EIVC44 

Intake Pressure (bar) 0.495 0.601 

PMEP (bar) -0.54 -0.55 

The intake pressure for baseline profile was higher than EIVC84 due to the charge 
being expelled from the cylinder during compression strokes even though throttle was 
opened slightly less. However, negative PMEP was the same as EIVC84 due to lower 
effective flow area during the opening of the valve for BSL profile. 
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To summarise, EIVC100 got the highest pumping losses due to the lowest intake pres­
sure. LIVC achieved major reduction in pumping losses due to increased intake pres­
sure and the largest throttle opening. 

At 6bar net IMEP a similar trend is present. LIVC had the lowest ECR and required 
a larger throttle angle, which increased the intake pressure, providing the lowest 
pumping losses among other profiles. EIVC100 had the highest pumping losses due to 
the lowest intake pressure followed by the baseline profile. EIVC64 had a higher 
intake pressure than EIVC84 but also higher negative PMEP. This indicates that 
EIVC84 might have higher discharge coefficient. A larger engine load requires larger 
volume of charge in the cylinder therefore flow velocity through the intake valves has 
to increase in order to accommodate for this. As discussed previously the discharge 
coefficient is affected by the change in flow speed, due to this the discharge coefficient 
could be reduced at EIVC64 causing larger pumping loss even though intake pressure 
was higher than at 84% lift. 

For 9bar net IMEP tests, an external supercharger was used to provide the pressurised 
air. It was necessary to provide additional 0.6bar of boost pressure for the LIVC profile 
as it was not capable of achieving this load point with naturally aspirated mode, 
whereas other profiles didn’t require boosting. Overall, the same trend was present as 
at 6bar. LIVC had the lowest negative PMEP due to the highest intake pressure. 
EIVC100 has the lowest intake pressure thus the largest pumping losses. EIVC64 and 
84 had the same throttle angle but intake pressure was increased for EIVC64 due to 
lower lift. EIVC84 achieved lower pumping loss potentially due to higher discharge 
coefficient as in the case with 6bar net IMEP. However further increased flow speed 
could have reduced discharge coefficient even more for EIVC64 resulting in a higher 
negative PMEP than the baseline valve profile, even though it had much lower intake 
pressure. 

At 12.6bar net IMEP a positive pumping work was present due to additional boost. 
LIVC had the highest positive PMEP due to significantly higher intake pressure com­
pared to the rest of valve profiles, followed by EIVC64. EIVC100 had the lowest posi­
tive PMEP due to lowest intake pressure which corresponds to the lowest throttle 
angle. EIVC84 had slightly higher positive pumping work compared to the baseline 
even though the intake pressure was slightly lower, this was caused by larger effective 
flow area during valve opening of EIVC84. 

From the above results it is evident that intake port pressure has strong influence on 
the pumping losses. The intake port pressure can be increased via the throttle or valve 
lift. It is also possible that discharge coefficient can affect pumping losses. The dis­
charge coefficient is influenced by the flow speed which can be altered either by intake 
pressure or valve lift or both. Where the difference between intake pressures is not 
significant the discharge coefficient is more dominant in reduction of pumping losses. 
Across all load cases LIVC reduced pumping loses significantly compared to the base­
line profile due to significant increase in intake pressure. EIVC profiles with shorter 
lifts also were successful in reducing pumping losses due to higher intake pressure 
and possibly increased discharge coefficient. 

4.3 Effect of valve profiles on the combustion process 
Changes of the intake valve profile can also influence combustion duration, which is 
another factor affecting fuel economy. Comparison of combustion durations and spark 
timings can be seen in Figure 6. 

At 4bar net IMEP the baseline valve profile produced the shortest combustion duration 
(10-90% burn), whereas EIVC84 and 64 led to the longest duration indicating that 
flame speed was lower due to reduced tumble flow and hence turbulence intensity. 
EIVC100 and LIVC profiles had similar combustion durations which were slightly 
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longer (less than 2 degCA) than that of the baseline valve profile. The MBT spark 
timing was advanced accordingly to compensate for the longer combustion duration, 
however the flame development angle (crank angle degrees between spark timing 
and 10% burn) for short lift profiles was more than 30% longer than the baseline 
(Table 6). LIVC also had slightly longer flame development angle indicating weaker in-
cylinder turbulence than the baseline. 

Figure 6. Combustion duration and spark timing comparison. 

At 6bar net IMEP combustion duration was reduced for all profiles except for the BSL 
profile with shortest being EIVC100 and longest EIVC84. The MBT spark timing was 
advanced respectively for profiles with longer flame development angle, longest being 
EIVC with shorter lifts followed by LIVC. EIVC100 had slightly longer flame develop­
ment angle than the baseline. Therefore the spark timing was also slightly advanced. 

Table 6. Flame development angle and in-cylinder lambda comparison. 

Profile BSL EIVC100 EIVC84 EIVC64 LIVC 

Net 
IMEP 
(bar) 

Flame Development Angle 
(degCA) 

Lambda Cylinder 

4 19.5 0.98 19.7 0.98 26.8 0.97 26.1 0.98 22.4 0.96 

6 19.5 0.98 20.3 0.98 24.3 0.98 23.9 0.99 21.1 0.97 

9 18.3 0.98 20.2 0.99 22.4 0.99 23.1 0.99 19.8 0.98 

12.6 16.7 0.98 16.5 0.98 18.2 0.98 19.5 0.96 19.0 0.98 
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At 9bar net IMEP, the combustion duration was similar to 4bar but the advance in spark 
timing was limited by knocking combustion. LIVC spark timing was advanced by a few 
degrees compared to baseline profile due to lower in-cylinder temperature at the end of 
compression stroke thanks to lower effective compression ratio. This resulted in 
reduced knocking tendency and allowed to advance spark timing. EIVC84 and 64 spark 
timings were also more advanced than EIVC100 due to lower ECR. The longest flame 
development angle was found with EIVC64 and 84, followed by EIVC100 and LIVC. 

At 12.6bar net IMEP knocking had more noticeable effect on spark timing. EIVC100 
has the shortest combustion duration and the most retarded spark timing due to high­
est ECR. Whereas LIVC has the same combustion duration as the baseline but more 
advance spark timing due to lower knocking tendency. This was achieved because of 
reduced in-cylinder temperature as effective compression ratio was lowered. The 
same effect can be observed with EIVC84 and 64 spark timing compared to EIVC100. 
The longest flame development angle was produced by EIVC64 followed by LIVC and 
EIVC84. EIVC100 achieved shorter flame development angle and duration than BSL. 

From the discussion above it can be concluded that lower ECR causes weaker in-
cylinder flow motion leading to longer combustion duration and flame development 
angle. This effect is more prominent at lower load and very high load with knock 
limited combustion. On the other hand, a lower effective compression ratio allows to 
advance knock limited spark timing further. Shorter valve lifts lead to slower combus­
tion except at the highest load case. This is evidenced by longer flame development 
angle and combustion duration of EIVC84 and 64. In almost all the load cases shorter 
lift had more noticeable effect on in-cylinder turbulence than the effect of lower ECR. 

4.4 Effect of valve profiles on the indicated fuel consumption (ISFC) 
Figure 7 demonstrates how valve profiles influence ISFC at various load points. At low 
load (4bar IMEP) LIVC valve profile reduced fuel consumption by 3.4g/kWh compared 
to the baseline due to reduced pumping losses. EIVC64 was also successful in reduc­
tion of ISFC however due to very poor in-cylinder charge mixing and slow combustion 
it was less effective than LIVC. EIVC100 and 84 lead to increased fuel consumption 
due to larger pumping losses and longer combustion duration. 

Figure 7. ISFC comparison. 
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At 6bar net IMEP the lowest fuel consumption was achieved by the standard profile due 
to shorter combustion duration and medium pumping losses. EIVC64 was the second 
best followed by LIVC profile. The reason why LIVC achieved higher ISFC value than 
EIVC64 even though it has shorter combustion duration and lower pumping losses, is 
richer local in-cylinder charge (Table 5). This could be due to some of the fuel being 
pushed out into the intake manifold and in the next cycle this fuel could be concentrated 
in one spot instead of homogeneously mixing. Whereas EIVC64 had in-cylinder AFR clos­
est to stoichiometric. The worst fuel economy was achieved by EIVC100 due to the lar­
gest pumping loss. 

A similar result for LIVC was achieved at 9bar net IMEP. Despite a shorter combustion 
duration and the lowest pumping loss LIVC achieved higher fuel consumption than 
EIVC84 and 64 due to richer in-cylinder mixture. Baseline profile also had higher fuel 
consumption due to lower in-cylinder lambda. EIVC100 had the largest ISFC due to 
larger pumping losses than the rest of the profiles and EIVC84 had the lowest fuel con­
sumption due to stoichiometric in-cylinder AFR and lower pumping losses and shorter 
combustion duration than EIVC64. 

At 12.6bar net IMEP in-cylinder lambda was slightly richer for EIVC84 than for LIVC, but 
EIVC84 had shorter combustion duration which led to lower ISFC. EIVC100 had the high­
est fuel consumption due to the smallest positive pumping work among other profiles. 
EIVC64 was the second worst due to longest combustion duration and richest in-cylinder 
mixture. 

From the above results it is evident that valve profiles influence pumping losses and 
combustion duration which in turn affects fuel consumption. Moreover, in-cylinder AFR 
is affected by valve profiles influencing ISFC. Overall Miller cylce was succefull in redu­
cing fuel consumption at low loads thanks to lower pumping loss and at high loads 
where spark timing was knock limited. 

At 9 and 12.6bar net IMEP loads the net fuel consumption should also take into 
account of the compression work required where additional boost pressure was used. 
An external mechanical supercharger was used to provide the boost and was powered 
by electrical supply, in automotive application the supercharger would be driven by 
the engine crankshaft which would cause a power loss affecting ISFC. Due to this the 
compressor work was calculated and ISFC was then corrected taking into account 
supercharger work using the equations and variables below. 

h im_ air x Cp x T1 γf1 

Wc ¼ x ðP2 + P1Þ γ f 1 
ηC x ηm 

m_ fuelISFC corrected ¼ 
Pi f Wc 

Where, 

Cp ¼ 1:012 J=gK; γ ¼ 1:4; η ¼ 60%; η ¼ 90%c m 

Figure 8 shows the values of ISFC when work required by the supercharger is taken into 
account. As mentioned before at 9bar net IMEP only LIVC profile required additional 
boost therefore the ISFC was corrected only for this profile. After correction LIVC 
achieved highest fuel consumption at 9bar due to the work required for the supercharger. 
At 12.6bar net IMEP all valve profiles had ISFCs corrected taking into account additional 
boost required for each profile. ISFC increased for all profiles proportional to the amount 
of required boost, for example EIVC100 had lowest increase in ISFC as it required the 
least boost whereas LIVC had the largest increase due to greatest amount of boost 
required. After correction EIVC84 still had the lowest ISFC among the rest of the profiles. 
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Figure 8. Comparison of ISFC vs corrected ISFC. 

4.5 Effect of valve profiles on the exhaust emissions 
Emissions results are shown in Figure 9a, b and c. Throughout all load cases higher 
concentration of ISCO was present with lower in-cylinder lambda i.e. combustion of 
fuel rich mixture. The lowest ISCO values were achieved when in-cylinder lambda was 
closer to 1 (stoichiometric combustion) with lowest value of 16 g/KWh at 9bar net 
IMEP with EIVC64 profile. 

Figure 9a. ISCO comparison. 
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At 4bar net IMEP the lowest level of HC emissions was achieved by LIVC profile due to 
the lowest in-cylinder pressure during compression stroke which prevented some of 
the mixture being forced into crevices and reasonably fast combustion which pre­
vented bulk quenching of the flame next to the cylinder walls, leading to more com­
plete combustion compared to the rest of the profiles. At 6bar net IMEP the lowest 
ISHC was achieved by EIVC84 due to lowered in-cylinder pressure and improved com­
bustion speed which allowed to reduce bulk quenching at the cylinder wall. At 9bar net 
IMEP HC emissions were dramatically reduced for all profiles indicating more favour­
able conditions for complete combustion. EIVC100 achieved lowest ISHC of 5.38 g/ 
KWh due to lower in-cylinder pressure during combustion stroke and relatively fast 
combustion, reducing bulk quenching at the cylinder wall. At 12.6bar net IMEP HC 
emissions increased overall indicating less complete combustion due to stronger 
knocking. Lowest ISHC value was achieved by EIVC84 due to low in-cylinder pressure 
during combustion and fast combustion due to advance spark timing, which allowed to 
reduce quenching at the cylinder wall. 

Figure 9b. ISHC comparison. 

Lowest NOx level across all the load points was achieved with LIVC profile because of 
the lower effective compression ratio as indicated by the lower in-cylinder pressure 
during the compression stroke and lower peak temperature during combustion. As the 
load increased the ISNOx generally also increased due to increasing in-cylinder pres­
sure during the compression stroke and peak temperature during combustion. EIVC 
profiles with shorter lifts generally produced higher NOx emissions because of higher 
pressure at the end of the compression stroke and more advanced spark timing which 
provides higher rate of temperature increase, so that in-cylinder peak temperature 
would be greater than from other profiles. 

Overall EIVC and LIVC profiles were successful in reduction of emissions. The major 
reduction was achieved by LIVC in NOx emission across all the load cases. 
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Figure 9c. ISNOx comparison. 

CONCLUSIONS 

In this study, the iVT system was employed to investigate the effect of valve lift pro­
files on the performance, combustion and emissions of a single cylinder direct injec­
tion spark ignition engine at different engine loads at a constant engine speed. Five 
intake valve profiles were tested at 1500rpm. The results are presented and analysed 
in this paper with main findings stated below: 

•	 Lower valve lift increases intake manifold pressure when throttle is used 
•	 The discharge coefficient may influence PMEP when the difference in intake 

pressure is not significant, not more than 0.05bar 
•	 Lower ECR allows to advance spark timing when combustion is knock limited 
•	 Lower valve lift reduces flame speed more than low ECR, thus combustion 

duration is longer (by 15% on average across the load cases between 
EIVC84, EIVC64 and LIVC) 

•	 Valve profiles affect in-cylinder lambda even though exhaust lambda is kept 
at 1 (mixture in the cylinder is not always uniformly mixed) 

•	 EIVC with short lifts and LIVC profiles were successful in reduction of fuel 
consumption up to 2.5% compared to the baseline profile at 9bar net IMEP 

•	 LIVC reduced NOx emissions at all load cases but increased CO emissions 
•	 Combination of EIVC profiles lowered CO and HC emissions but increased 

NOx almost at all load cases 

In addition to the above results, studies were also carried out on the impact of operat­
ing one intake valve with different valve lift profiles and results will be published in 
separate papers. 
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ABSTRACT 

An experimentally-correlated simulation study was carried out for commercial heavy-
duty truck engine working on dual fuel using upgraded biogas as a primary fuel and 
diesel pilot as an ignition source. The aim was to investigate the potential benefits of 
cylinder deactivation (CDA) technique combined with partial restriction of the intake 
air as a way of improving the light load operation of dual fuel engines to make them 
suitable for truck propulsion in urban settings. Various air restriction techniques were 
examined, including intake throttling, the use of exhaust gas recirculation (EGR) and 
employing Miller cycle with late intake valve closing (LIVC). 

INTRODUCTION 

The transportation sector accounts for almost one-quarter of global anthropogenic CO2 

emissions. In 2015, greenhouse gas (GHG) emissions in the global transportation sector 
were equivalent to 10.9 billion metric tons (Gt) of carbon dioxide-equivalent emissions 
(CO2-e) (1). As shown in Figure 1, more than 75% of global transportation CO2 emissions 
are generated from on-road vehicles, with the heavy-duty transport sector accounts for 
almost half of this quantity (1). In recent years, efforts towards decarbonisation of trans­
port has notably gained increased attention, with different strategies identified to achieve 
that goal (2). Despite the recent increase in electric car population worldwide, most of 
the increase has  come from the passenger  vehicles while the electrification of heavy-duty 
transport remains challenging due to issues over driving range, charging infrastructure 
and battery cost and size (3). Until these issues are addressed, the transition to the use 
of low-carbon fuels and hybridization in heavy duty transport is considered medium-term 
strategy for a more sustainable transport (4). One potent option is the use of what is 
referred to as “gas-diesel dual-fuel engine” as a prime mover for heavy-duty trucks. In 
this IC engine configuration, most of the diesel fuel is replaced with the clean, low-carbon 
gaseous fuel. Amongst others, natural gas (NG) remains an attractive option to be used 
as the prime source of energy in dual fuel engines, owing to several reasons related to 
energy content, properties, chemical composition, clean nature of combustion, global 
availability and relatively mature infrastructure (5). Whereas more decarbonisation is 
desirable, an upgraded biogas may also be used as the main fuel for these engines, as it 
could contain up to 95% methane concentration (6). 

In conventional dual fuel combustion (CDFC), the diesel pilot is injected at once, late 
in the compression stroke, to act as an ignition source for the premixed gaseous fuel-
air mixture. The engine could also revert to 100% diesel fuel operation if needed (so-
called diesel fallback). Although the technique is simple and easily achievable using 
mechanical fuel injection systems, in this combustion mode flame propagation from 
the pilot region might not proceed throughout the entire charge, especially at part 
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load conditions (7). This increases the CO and HC emissions, while the combustion of 
the centralised pilot promotes NOx formation (8). To overcome these drawbacks, pre­
mixed dual fuel combustion (PDFC) strategy was proposed (9). In this approach, the 
diesel pilot is split over two injections; an early part (aka pre-injection) injected early 
in the compression stroke to mix with the gaseous fuel-air mixture and act as an igni­
tion improver, and a late part (aka main injection) injected late in compression stroke 
to act as an ignition source of the charge. The resulting enhanced combustion reduces 
both CO and HC emissions, where the combustion efficiency exceeds 98% (9). NOx 
emissions are also reduced as long as the same EGR levels are maintained. 

Despite these improvements, light load operation of PDFC engines remains unfeasible 
as the CDFC. At such load conditions with high substitution ratio of natural gas or 
upgraded biogas for diesel fuel, the engine runs at an ultra-lean mixture and low in-
cylinder temperature. While the equivalence ratio dictates the flame propagation of 
methane/air combustion (10), the lean mixture causes the engine to encounter poor 
combustion and increased CO and HC emissions (predominantly methane). 

Figure 1. Share of 2020 well-to-wheel CO2 emissions from transportation, by 
mode. Ref. (1). 

One proposed way to improve the light load operation of dual fuel multi-cylinder 
engines is the use of cylinder deactivation (CDA) (11). In this technique, only some of 
the engine cylinders are allowed to fire while the others are disabled (12). To produce 
the same brake power as if all the cylinders were firing, the firing cylinders operate 
with effectively richer gaseous fuel-air mixture since the total fuel amount is distrib­
uted over less cylinders. Increased mixture strength results in enhanced flame propa­
gation hence improved engine combustion and emissions (11). Dissimilar to the 
cylinder cut-out technique where only the fuel supply in disabled, in CDA both the fuel 
injection and the valve actuation of the deactivated cylinders are disabled hence 
pumping loss is reduced so as the fuel consumption (13). In addition, CDA results in 
airflow reductions consequently higher exhaust gas temperatures and lower exhaust 
flow rates, which is beneficial to the aftertreatment system (13). 

Along with the use of CDA to increase the specific load of the active cylinders, partial 
restriction of the air component of the charge while maintaining the same amount of 
gaseous fuel would also produce an effectively richer mixture that would benefit from 
the improved flame propagation (14). This could be implemented either by applying 
a physical restriction to the intake air flow (e.g. the use of throttling), by reducing the 
effective mass of air charge through using a large amount of external EGR, or by the 
adoption of Miller cycle with late intake vale closing (LIVC) by which the charge is 
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partially expelled back out through the still-open intake valve hence reducing the air 
charge mass. Regardless of the method used, partial air restriction is considered an 
effective way to control the air-fuel mixture equivalence ratio (λ) in dual fuel engines 
and improve their light load operation (15). 

The aim of the present work has been to assess and evaluate the potential benefits of 
employing cylinder deactivation strategy, along with different methods of partial air 
restriction, to improve light load operation of gas-diesel dual fuel engines. The pur­
pose was to extend the practical operating limit of these engines so they become prac­
tical to use for truck propulsion in urban settings. The experimentally-correlated 
simulation study was carried out for a modern, commercial heavy-duty truck engine, 
at 3 bar BMEP and 1200 rpm, with 90% gaseous fuel substitution for the diesel fuel. 
Comparative results for cylinder deactivation (CDA) versus all-cylinder active (ACA) 
operation with different partial air restriction strategies (throttling, EGR and Miller-
LIVC) were steered for engine combustion and performance parameters. 

2 SIMULATION APPROACH 

2.1 Model overview 
The dual fuel one-dimensional combustion model was built for and using the data of 
a Volvo Penta TAD873VE 235kW/2200rpm in-line 6-cylinder 8-litre high-pressure 
common-rail (HPRC) production diesel engine, retrofitted for dual-fuel operation with 
gaseous-fuel port injection and equipped with industry standard measurements of 
performance, fuel consumption and exhaust gas emissions. The 1D simulation was 
carried out using the commercial package GT-Power. This software is an object-based 
engine simulation tool, in which the models are built using an adaptable, dynamic 
graphical user interface. Each component of the system is represented on the project 
map by a ‘template’ that is filled by the user to identify its attributes. The software 
architecture is based on different empirical correlations, sub-models and solvers to 
energy, momentum and continuity equations at each step, with calculations for heat 
transfer, friction etc. The complete model setup is illustrated by Figure 2. 

2.2 Main specifics of the model 

2.2.1 Diesel and gaseous fuel injection 
With diesel injection profile necessary for simulating the relevant processes to diesel 
fuel combustion, a detailed injection rate map was imported from GT-Power library. 
The map has been developed from a combined experimental and computational study 
for a 2000 bar HPCR injector (16). As the injector used in the experimental work arch­
ives the same pressure level with similar characteristics, this approximation was 
deemed acceptable since the engine simulation was run for a high gaseous fuel substi­
tution ratio of 90%, so the diesel fuel quantity is relatively small hence any error in 
quantification becomes less significant. 

In conventional dual fuel combustion (CDFC), pilot injection timing was iterated such 
that the 50% mass fraction burnt (MFB50) is attained at 8° CA ATDC, for optimum 
combustion. This location is also known as CA50 (17). For premixed dual fuel combus­
tion (PDFC), the pre-injection part of the pilot was injected 15° before the main pilot 
injection, with the mass ratios of the two fixed at 30/70. 

For gaseous fuel injection, the model was constructed to simulate the experimental 
setup with six gas injectors to inject the gaseous fuel into the intake runner of each 
cylinder. The gaseous fuel flowrate was set as 15 mg/ms, the end of injection was set 
as 270 °CA BTDCF (or 90 °CA before intake BDC), while the start of injection (SOI) 
was adjusted in keeping with the specific operating condition. The gaseous fuel used 

41 



in the simulation was set as Methane/Ethane mixture at 95/5% concentration. This 
has been considered a good representation for natural gas and upgraded biogas. 

Figure 2. The 6-cylinder heavy duty engine model setup, showing: (1) direct 
injection of diesel fuel, (2) port injection of gaseous fuel, (3) cylinder deacti­
vation logic, (4) electric supercharging setup, and (5) exhaust gas ducting. 

2.2.2 Intake and exhaust valves 
For engine operating modes modelled with standard valve actuation, the model used 
the actual valve lift data as measured on the Volvo engine. For the simulation of Miller 
cycle with Late Intake Valve Closing (LIVC), the intake valve was held 3.1 mm lift for 
a longer time (to achieve the targeted lambda), then follows the traditional lift profile 
for what remains. The typical lift profiles for the exhaust valve, intake value at stand­
ard timing and a late intake valve closing of 100 °CA before firing TDC (as an example 
of LIVC) are illustrated by Figure 3. Flow coefficients through intake and exhaust 
valves as well as the intake port swirl flow were measured on flow bench; results are 
shown in Figure 4. The data was fed into the valvetrain model to produce an accurate 
prediction of the air intake and exhaust gas flow processes during the simulation. 
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Figure 3. Lift profiles for the exhaust valve, intake value at standard timing 
and LIVC of 100 °CA before firing TDC. 

Figure 4. Measured flow coefficient (Cf) vs dimensionless of intake and 
exhaust valve, and dimensionless rig swirl of the Volvo Engine. 

2.2.3 Cylinder deactivation (CDA) logic 
For CDA modelling, a comprehensive logic control within the software package was used 
to deactivate the fuel injection as well as valves actuation of cylinder 4, 5, and 6 while 
keeping cylinders 1, 2 and 3 in full operation. The logic was built such that CDA becomes 
active after four cycles of normal operation. This was deemed necessary to ensure that 
the targeted BMEP was met and remained stable. The logic sequence of during the last 
cycle before the deactivation was: gas injection – IVC – diesel fuel injection – expansion – 
EVO – EVC. After the last EVC, the trapped mass undergoes compression and expansion 
in the closed volume. With such method, trapped mass within the deactivated cylinder 
was minimised. 
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2.2.4 Energy losses 
Energy loss on the form of cylinder wall heat transfer has significant impact on the fuel 
economy. In the current model, heat transfer to the cylinder wall was simulated using 
Finite Element Analysis (FEA) available in the GT-Power. For better accuracy, the cylin­
der gas temperature and wall temperature were correlatively calculated in the simula­
tion instead of assuming constant temperatures of the piston, cylinder wall and cylinder 
head. Heat transfer was simulated using Woschni model. Friction loss was simulated 
using Chenn-Flynn engine friction model. 

2.2.5 Combustion model 
Dual fuel combustion modelling in the GT-Power combines two predictive models for 
the combustion of diesel and gaseous fuel. Simulating diesel fuel combustion includes 
processes for spray atomisation, entrainment, ignition delay, premixed combustion, 
diffusion combustion. It uses several coefficients, known as multipliers, that dictate 
the entrainment rate, ignition delay, premixed combustion, and diffusion combustion 
in the simulation. Gaseous fuel combustion simulation models the flame propagation 
within the gas/air mixture. The multipliers used to dictate the fuel burn rate are flame 
kernel growth, turbulence flame speed, charge dilution, and Taylor length scale (18). 

For predictive combustion, combustion multipliers are set before the simulation. In 
order to produce accurate results, a calibration procedure was performed to validate 
the multipliers by matching the simulation results with the experimental data in some 
targeted parameters. Multipliers were first iterated until high level of matching was 
attained, then the designated multipliers were used in the simulation to model the 
combustion at different points. The calibration procedure relied on experimental data 
from a previous study (9), for both CDFC and PDFC, at 1200 rpm/6 bar Net IMEP. Com­
parative results between experimental and simulated data demonstrated high level of 
matching, as shown in Figure 5. 

Figure 5. Comparison between the experimental and simulation results for (a)
 
CDFC, and (b) PDFC. Data at 1200 rpm/6 bar Net IMEP.
 

2.3 Method 
The simulation was run for two load points of 3 and 6 bar BMEP at 1200 rpm, selected 
to represent the low load operating conditions of heavy-duty truck engine considering 
their frequency of occurrence over the World Harmonised Transient Cycle (WHTC) for 
heavy-duty engines. At the specified operating condition, cylinder deactivation (CDA) 
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simulation was carried out with only cylinders 1, 2 and 3 active and the remaining 
engine cylinders deactivated. This was then compared to the simulation of the engine 
operation at the same load/speed condition with all the 6 cylinders active (ACA). 

With each technique, different air restriction strategies (throttling, EGR and Miller-
LIVC) were examined, where dual fueling approach (i.e. CDFC or PDFC) was selected 
as appropriate for each strategy. For air restriction using throttling and LIVC, CDFC 
was chosen for more simplicity of the model. With EGR, on the other hand, PDFC was 
deemed more suitable as it has the capacity to improve the flame propagation that 
could be significantly deteriorated with large EGR quantities (19). 

The simulation was run considering a 90% gas substitution ratio of the gaseous fuel 
for diesel fuel (energy basis), where this ratio is identified as: 

mGF x LHVGF
 

mD x LHVD þ mGF x LHVGF
 

LHVGF Þ and ðLHVDÞ are the mass flow rates and the lower heating 

_

_

_
%ESR ¼ ð1Þ 

where mGF mD 

values of the gaseous and diesel fuel, respectively (20). The values of the latter two 
parameters were considered as 43 and 49.5 MJ/kg fuel, respectively. 

Whereas air restriction strategies were used to control the mixture strength, the latter 
was expressed in terms of the global air-fuel equivalence ratio, identified as: 

__ð Þ, ð Þ, ð 

m_ 
λ a 
global ¼ stoic stoic 2  

AFRGF x m_ GF  AFRD m
Þþ x _ D 

ð

    
where AFRstoic AFRstoic

CH4 and D are the stoichiometric air-fuel ratios of the gaseous fuel 
and diesel fuel, respectively, and ð m_ a Þ is the air mass flow rate (21). 

For CDA simulation (also referred as De-Ac) at 3 bar BMEP, different strategies for air 
restriction were employed to examine different mixture strengths, ranging from 
λ=1.4 to 1.0 (stochiometric). 

Throttling simulation was carried out using a butterfly valve, with the opening angle 
iterated to attain the targeted (λ) value. For EGR control, exhaust back pressure was 
adjusted to be slightly higher than intake manifold pressure to allow the EGR flow at 
the required quantity for the desired (λ) value. In Miller-LIVC strategy, the late valve 
timing determined the trapped air mass inside the cylinder hence setting (λ) value. 

De-Ac simulation was also run without any air restriction (no throttling, zero EGR and 
standard valve timing) to reveal the leanest operational point (highest (λ) value). 

For 6-cylinder operation at 3 bar BMEP, simulation was only run for λ=1.8 as this was 
found to be the richest mixture (lowest (λ) value) possible at the operating condition. 
Running the engine below this threshold would require either a significant throttling 
that would result in a very low manifold absolute pressure (MAP) below 0.67 bar, 
a considerably high EGR ratio that exceeds 34%, or a combination of both strategies 
corresponding to 0.8 bar MAP and 16% EGR; all lead to instable engine running. The 
combined strategy (throttling + EGR) with 6-cylinder was simulated for both CDFC 
and PDFC (given that throttling originally runs with CDFC while EGR runs with PDFC). 

It was also not possible to run the 6-cylinder simulation at 3 bar BMEP for Miller-LIVC 
technique, since that would have meant operating at very low compression ratio that 
cannot sustain pilot diesel combustion. 
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A summary of the different configurations of the simulated conditions is provided in 
Table (1). Due to space limitation, only simulation results for 3 bar BMEP and 1200 rpm 
are presented in this work. 

Table 1. Summary of simulated conditions in the present work. 

Air restriction 
method 

Technique De-Ac 6-Cyl 

Lambda value 1.0 1.2 1.4 1.5*** 1.8 

DF Approach ** 

THRL * 
C Y Y Y Y Y 

P 

EGR 
C 

P Y Y Y Y Y 

LIVC 
C Y Y Y 

P 

THRL * + EGR 
C Y 

P Y 

* THRL = Throttling. 
** DF Approach: C = conventional dual fuel combustion (CDFC); P = premixed 

dual fuel combustion (PDFC). 
***	 λ=1.5 is attained without any air restriction; i.e. no throttling, zero EGR, and 

only with standard valve timing. 

3	 RESULTS AND DISCUSSION 

3.1 Net IMEP and pumping loss 
The impacts of cylinder deactivation on net indicated mean effective pressure 
(IMEP) and engine pumping loss are shown in Figure 6. It can be seen that with 
deactivating half of the engine cylinders at the same requested brake load, the 
specific load of the firing cylinders (represented by IMEPn of cylinder 1) is double 
its corresponding value when the engine runs on all cylinders, as shown in 
Figure 6(a). The increased cylinder pressure and temperature improves the com­
bustion process. Also, with the stopped intake and exhaust processes within the 
deactivated cylinders and the minimised trapped mass inside these, pumping loss 
is reduced relative to all-cylinder operation (22), as demonstrated by Figure 6(b). 
This remains valid with different air restriction strategies, although pumping loss 
increases notably with the increased throttling (23). Still, pumping loss with De-
Ac at stochiometric conditions (λ=1) remains less than that with 6-cylinder with 
leaner mixture (λ=1.8), despite the latter observing less throttling. LIVC offers 
the lowest pumping loss since the mixture flowback with this strategy reduces the 
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vacuum degree in the intake manifold (24). With 6-cylinder operation, pumping 
loss remains high when throttling is employed regardless of the setting; EGR with 
PDFC is the only strategy that shows moderate levels of pumping loss caused by 
the increased exhaust back pressure required for EGR flow. 

3.2 Brake thermal efficiency (BTE) and fuel economy 
Brake thermal efficiency (BTE) trends for the different simulated cases are 
shown in Figure  7(a).  It  can be seen that all  De-Ac strategies produced  higher  
BTE values than the  6-Cyl operation, at all  (λ) values. This was attributed to the 
combination effects of increased cylinder specific load, improved combustion in 
the firing cylinders  and reduced  pumping loss with De-Ac  (25). Up to 4%  
improvement in BTE was attained with De-Ac with no air restriction (full throttle; 
λ=1.5) relative to the corresponding strategy with 6-Cyl operation (with throt­
tling to attain richest mixture possible; λ= 1.8), where both was running on 
CDFC. With  De-Ac, air  restriction with EGR  produced  higher  BTE than LIVC and  
THRL. This was due to reduced pumping loss on the one hand, and improved 
combustion with PDFC relative to CDFC on the other hand (9). 

Throttled 6-Cyl operation produced the lowest BTE, owing to the high pumping 
losses. Air restriction using EGR produced the highest BTE within 6-Cyl strat­
egies examined, but remained inferior to De-Ac. The improvement in engine fuel 
economy with De-Ac can be observed in Figure 7(b) that shows the brake spe­
cific fuel consumption (BSFC) trends in diesel fuel equivalent (gdiesel/kWh) for 
different simulated conditions. It can be seen that adapting De-Ac technique in 

Figure 6. (a) Net IMEP of cylinder 1, and (b) Engine PMEP. Data for 3 bar BMEP 
and 1200rpm. 
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Figure 7. (a) Brake thermal efficiency (BTE) %, and (b) BSFC in diesel equiva­
lent (gdiesel/kWh). Data for 3 bar BMEP and 1200rpm. 

dual-fuel engines  at  low load  operation  can result in 12.5%  reduction in the  total  
fuel supplied to the engine (diesel equivalent). 

3.3 Ignition delay (ID) and duration of combustion (DOC) 
Ignition delay (ID), identified as the duration between the start of injection (SOI) 
and the point at which MFB equals 0.1% (26), is presented for different simulated 
cases in Figure 8(a). ID was shorter for all De-Ac strategies relative to the 6-Cyl 
operation, where this was attributed to the higher pressure and temperature levels 
in the firing cylinders due to the increased specific load. Reduced ID eliminates the 
diesel fuel spray over-penetration; preventing the unwanted fuel impingement on 
the cylinder walls. However, with the increased degree of air restriction with De-Ac 
to increase (λ),  reduced intake air  pressure  and charge density negatively affect 
diesel fuel spray atomisation and mixing processes, hence ID was increased (27). 
6-Cyl operation with throttle had the highest air restriction effect and lowest intake 
pressure values hence it exhibited the longest ID. The improved in-cylinder combus­
tion condition with De-Ac resulted in significantly shorter duration of combustion 
(DOC), identified as the duration between MFB10 and MFB90, as demonstrated by 
Figure 8(b). The effect is more evident with high degrees of air restriction, where 
richer mixtures improve the flame propagation (14). Four-times faster combustion 
was achieved when the De-Ac strategy was coupled with partial air restriction to 
attain stochiometric operation, relative to that encountered with 6-Cyl operation at 
its richest possible condition (λ = 1.8). With 6-Cyl operation, longest combustion 
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Figure 8. (a) Ignition delay (ID) (°CA), and (b) Duration of combustion (DOC) 
(°CA). Data for 3 bar BMEP and 1200rpm. 

duration was observed when EGR was used to control (λ), where the high exhaust 
gas levels (34%) are believed to have caused considerable reduction in flame propa­
gation (19). 

3.4 Engine heat transfer and exhaust gas temperature 
Engine cylinder wall heat transfer for different simulated cases is illustrated in 
Figure 9(a). It can be seen that the engine heat transfer to the cylinder walls was 
reduced with De-Ac technique relative to 6-cylinder operation, despite the higher 
specific load of the firing cylinder with De-Ac. This was attributed to the reduced 
surface area for heat transfer with three firing cylinders compared with that with 
six firing cylinders. (28). Although increasing the degree of air restriction with 
De-Ac technique increased the engine heat transfer, owing to the higher gas 
mean temperature as the mixture becomes richer, total engine heat transfer 
remained lower than that occurring with 6-Cyl operation using the same air 
restriction method and DF combustion mode. Up to 20% reduction in the engine 
heat transfer was attained when De-Ac was employed with no air restriction (full 
throttle; λ =1.5) relative to that with 6-Cyl operation (with throttling for richest 
mixture possible; λ = 1.8), where both was running on CDFC. In general, the use 
of throttling to control (λ) resulted in highest engine heat transfer, where the 
increased pumping loss with this strategy implied the use of larger amount of fuel 
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Figure 9. (a) Engine heat transfer (kW), and (b) Mass-averaged exhaust gas 
temperature (°C). Data for 3 bar BMEP and 1200rpm. 

to achieve the targeted BMEP; increasing the heat release and heat transfer. The 
use of EGR, on the other hand, increased the mixture heat capacity and lowered 
the temperature inside the cylinder; reducing the heat transfer (29). 

The mass-averaged exhaust gas temperature (Texh) for different simulated cases is 
shown in Figure 9(b). In this work, the mass-averaged Texh was preferred over the time-
averaged one since the former is directly related to the exhaust gas energy (as it con­
siders the fluctuation in the exhaust gas flow rate) while the latter is not (30). It can be 
seen that Texh was always higher with De-Ac relative to 6-Cylinder operation, for all 
strategies and DF combustion modes. This was attributed to the higher specific load of 
the firing cylinders and the associated high pressure and temperature inside the cylin­
der. Highest Texh was attained with maximum air restriction at stochiometric conditions 
(λ=1.0), and decreased with less air restriction at leaner mixtures. Within different air 
restriction strategies, throttling produced the highest Texh, owing to the increased 
amount of fuel used to overcome the high pumping loss. The increase in Texh when De-
Ac is coupled with throttling at stochiometric conditions exceeds 160°C, relative to 6-Cyl 
dual fuel operation. The use of EGR with De-Ac did not bring about noticeable change in 
Texh despite the observed change in (λ), due to the relatively unchanged amount of fuel 
used. Still, Texh with De-Ac and any EGR ratio averaged 150°C more than the corres­
ponding 6-Cyl operation where EGR was used to achieve the richest mixture possible. 
Increased Texh highly benefits the aftertreatment system operation (31). 

CONCLUSIONS 

In this work, the potential benefits of employing cylinder deactivation (CDA) strategy 
to improve light load operation of a gas-diesel dual fuel engine were studied. The 
experimentally-correlated simulation study was carried out for a modern, commercial 
heavy-duty truck engine at 3 bar BMEP and 1200 rpm, with 90% gas substitution for 
diesel fuel. The study investigated different air restriction strategies, including intake 
air throttling, EGR and Miller cycle with late intake valve closing (LIVC) to control the 
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gas-air mixture strength. Results of CDA operation with 3-Cyl firing were compared to 
those obtained from normal engine operation with 6-Cyl active. Both conventional 
dual fuel combustion (CDFC) and premixed dual fuel combustion (PDFC) modes were 
considered. The main findings of the study are: 

•	 CDA is an innovative technique that can be used to extend the practical oper­
ating limit of gas-diesel dual-fuel engines, so they become practical to use for 
truck propulsion in urban settings. 

•	 With CDA, the specific load of the three firing cylinders increases (almost 
doubles) as the engine brake power is maintained. This improves the com­
bustion process within these cylinders, while the stopped intake and exhaust 
processes within the deactivated cylinders reduce the pumping loss. Both 
effects combine to improve engine fuel economy. 

•	 Up to 4% improvement in brake thermal efficiency (BTE) was attained with 
CDA with no air restriction (full throttle; λ = 1.5) relative to the correspond­
ing strategy with 6-Cyl operation (with throttling to attain richest mixture 
possible; λ = 1.8). 

•	 Employing CDA in dual-fuel engines at low load can result in 12.5% reduction 
in the total fuel supplied to the engine (diesel equivalent). 

•	 Improved combustion conditions with CDA significantly shortens the duration 
of combustion (DOC) relative to 6-Cyl operation. Four-times faster combus­
tion was achieved with CDA at stochiometric conditions (λ=1.0) via partial air 
restriction. 

•	 Engine heat loss was reduced with CDA relative to 6-Cyl operation despite 
higher specific load, as a result of the reduced surface area for heat transfer. 
Up to 20% reduction in engine heat transfer was attained when CDA was 
employed with no air restriction (full throttle; λ = 1.5) relative to that with 
6-Cyl operation (with throttling for richest mixture possible; λ = 1.8). 

•	 CDA is an effective way to increase the exhaust gas temperature (Texh), rela­
tive to 6-Cyl operation. The increase in Texh when CDA is coupled with air 
restriction to achieve stochiometric conditions (λ = 1.0) exceeds 160°C. 
Increased Texh highly benefits the aftertreatment system operation. 

•	 Amongst different air restrictions methods studied under stoichiometric con­
ditions (λ = 1.0) with CDA, intake air throttling endured the highest pumping 
loss, lowest BTH, highest heat loss yet demonstrated highest exhaust gas 
temperature. LIVC resulted in the least pumping loss and high Texh, while the 
use of EGR resulted in the lowest engine heat loss and highest BTH. 

FUTURE WORK 

The work extends to investigate the simulated results for 6 bar BMEP and 1200 rpm, 
where an e-Supercharger will be used to provide the boosting required for simulating 
conditions with higher amount of intake air and higher amount of fuel at fixed mixture 
strength. Also, the potential benefits of employing PDFC strategy to reduce methane 
slip in dual-fuel engines will be evaluated, where a novel methane oxidation catalyst 
(MOC) will be installed in the engine aftertreatment system to provide a robust and 
durable methane slip control measure. 
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ABSTRACT 

In this paper, low pressure EGR and water addition were considered as candidate solu­
tions for NOx reduction in the high BTE region, where HP EGR is insufficient to reduce 
NOx emission. To overcome possible wet wall and lubricant dilution issues caused by 
water addition, a reliable intake port water injection strategy is proposed in this study, 
which ensures the water entering the cylinder in the form of vapour. This water injection 
strategy has been studied and compared with the LP EGR strategy at high load operating 
conditions with respect to combustion, emission and performance. What is more, the 
potential of combined water injection and HP EGR strategy for further NOx emission 
reduction was also tested, with the aim of meeting future near-zero emission regulation. 

INTRODUCTION 

As the aspirations of society and government of reducing harmful emissions and carbon 
dioxide emission from internal combustion engine become increasingly stronger, the 
harmful emissions regulations get more and more stringent in the past decades [1]. 
Major regions or countries across the world had begun to set fuel consumption regula­
tion or carbon emission regulation for heavy-duty vehicles in order to mitigate global 
warming. Considering the huge number of internal combustion engine stock, continuous 
effort should be made to improve the internal combustion engine [2]. 

Recently, many research groups and engine original equipment manufacturers have 
been pursuing engine brake thermal efficiency (BTE) to achieve fuel economy 
improvement and carbon emissions reduction [3,4], with a special interest on low 
speed and high load operating points due to its high BTE as depicted in Figure 1. Usu­
ally, increased compression ratio to around 23 or even higher is used, with steel pis­
tons is adopted instead of aluminum to reduce heat transfer loss and to withstand 
higher combustion pressures. However, the gain in BTE is usually accompanied by the 
penalty in harmful emissions. O.Laguitton and Mohiuddin experimentally studied the 
effect of engine compression ratio on diesel engine emissions, and showed that lower 
specific fuel consumption and higher NOx emissions above 30g/kWh were observed 
with higher compression ratios [5,6]. The engine NOx emission at the highest BTE 
operating condition is so high that it cannot be sufficiently removed by deNOx after-
treatment system alone to meet EURO 6 legislation, and so an extra technique is 
imperative to mitigate engine NOx emission while maintaining low BSFC. 

The most common way to control engine NOx emissions in modern diesel engines is to 
use exhaust gas recirculation (EGR), because it lowers the combustion temperature 
and the oxygen concentration in the combustion chamber [7]. The decrease of NOx 
emissions with EGR is the result of complicated effects, sometimes even opposite 
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effects [8]. Ladommatos investigated the influence of water and carbon oxides on 
diesel engine combustion and emissions by a series of experiments in a single cylinder 
DI diesel engine, quantifying the dilution effect, the thermal effect, the chemical effect 
of water and carbon dioxides [9–11]. He drew the conclusion that both carbon dioxide 
and water vapor lower the NOx emission and increase PM emissions due to dilution 
effect, and water vapor has higher thermal effect due to higher specific heat capacity 
compared to carbon dioxide. Furthermore, if a similar amount of water and carbon 
dioxide is applied, water evaporation could be slightly more effective in NOx mitigation 
but with more particulate emission compared to carbon dioxide. 

In terms of pressure in the exhaust gas recirculation loop, EGR can be categorized into 
high pressure EGR (HP-EGR) and low pressure EGR (LP-EGR). HP EGR is driven by the 
pressure difference between up-stream of the turbine and downstream of the com­
pressor in a turbocharged engine, which means EGR flowrate is not sufficient in low 
speed high load operation region as explained in Figure 2. Even though many meas­
ures can be taken to increase HP-EGR ratio, such as use of variable geometry turbo­
charger, intake throttle, all of them increase HP EGR ratio at the expense of BTE [12]. 
In this context, NOx emissions in the low speed high load operating region need to be 
solved by other measures. 

LP-EGR is achieved by redirecting exhaust from the turbine outlet to compressor inlet, 
between which the pressure differences generally are sufficient to drive the EGR flow 
of a desired amount. LP EGR can save exhaust energy to elevate boost pressure com­
pared to HP EGR. With the elevated boost pressure and increased injection pressure, 
around 50% NOx reduction can be obtained at the same PM emission level compared 
to original HP EGR loop [8]. What’s more, HP EGR and LP EGR can be combined, 
namely DL EGR, to further reduce NOx emission [13,14], and the strategy of adjusting 
HP EGR and LP EGR ratio with aim of balancing pumping loss and gross indicated ther­
mal efficiency was put forward to further improve BSFC-NOx trade off relationship in 
a production turbocharged engine [15]. In the high load, LP EGR with low HP-EGR pro­
portion can reach better boosting efficiency and fuel efficiency in a turbocharged 
diesel engine. From this point, LP EGR seems to be an ideal solution for NOx reduction 
in the high BTE region as well as engine performance optimization in the entire operat­
ing space, although LP EGR suffers from fouling damage of the compressor, response 
delay in the transient process and increased PM flow rate through the DPF for a given 
dilution ratio [16]. 

Figure 1. BSFC universal characteristics of a high efficiency diesel engine. 
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As previously mentioned in Ladommatos’s research, water evaporation has more 
effect on NOx emissions than carbon dioxide. Indeed, addition of water to the combus­
tion chamber has already been experimentally proved effective in reducing NOx emis­
sion [17–19]. Hountalas had comparatively evaluated EGR, intake water injection and 
fuel/water emulsion as NOx reduction techniques for heavy-duty diesel Engines by 
a using multi-zone model [20,21]. It was revealed that almost double amount of 
water is required for the same NOx reduction when using intake water addition com­
pared to fuel/water emulsion. EGR and intake water addition resulted in an increase of 
BSFC, while water/fuel emulsion first lightly decrease BSFC, then the effect reverses 
with increasing load. Tauzia found that water mass of about 60-65% of the fuel mass 
is required to realize 50% NOx reduction in an intake port water addition method, and 
the NOx-PM trade-off relationship is improved in high load, and worsens in low and 
medium load compared to LP EGR [22,23]. While in-cylinder direct water injection 
succeeds in mitigating knock tendency and enhancing efficiency in GDI engine [24], 
direct water injection in diesel engine has also been studied. A hydraulic pump was 
utilized to achieve direct water injection with pressure up to 40 MPa in a common rail 
diesel engine, and test results showed that engine efficiency is improved by 5.35% 
and NOx emission is decreased by 10% by optimizing water injection timing at 1 MPa 
IMEP load [25], although the work consumed to inject high pressure water is not 
accounted for. 

Figure 2. Pressure differences between upstream of the turbine and down­
stream of the compressor of a heavy-duty diesel engine in the whole engine 

map [26]. 

Therefore, both LP EGR and water addition in charge can reduce NOx emission. Since 
HP EGR is not sufficient to decrease NOx emission limited by pressure difference and 
LP EGR is not a mature technology to be implemented in a vehicle engine in case of 
response delay, water addition with electric controlled water injector into intake 
charge may be an alternative option, which is very easy to control without delay and 
inherent limitation. In the current work, an experimental study was performed to com­
pare water addition with LP EGR in the low speed/high load condition with respect to 
combustion and emissions. Further research was also carried out to investigate the 
potential of combining HP EGR with water injection in the low load considering that HP 
EGR is a standard equipment in modern diesel engines. 
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The paper was organized as follows. Firstly, brief introduction of several water addition 
methods and the water injection strategy in this study will be given, Then, LP EGR and 
water was compared at 2.01 MPa BMEP condition with respect to combustion and 
emission as well as BSFC. Finally, the potential of combination of water injection and 
EGR on emissions and BSFC was investigated at 0.5MPa. 

2 EXPERIMENT SETUP 

2.1 Test bench 
The experimental investigation was carried out on a four-stroke, six-cylinder, turbo­
charged, intercooled heavy-duty diesel engine equipped with common rail fuel injec­
tion. The detail specification of the engine is shown in Table 1 and the schematic 
diagram of the test bench is shown in Figure 3. More details about the test bench and 
data acquisition and processing can be found in reference [27]. 

To assess the fuel-oxy ratio more accurately, oxygen in recirculated exhaust gas is 
considered. The following equation is used to calculate the fuel-oxy equivalence ratio: 

Mfuel�3:3 
Fuel f oxy equivalence ratio ¼ h i ð1Þ ðO2%ÞexhaustEGR�Mair 100 þ Mair �20:95� � �1:429 

100�1:293 100fEGR 100 1:293�100 

where EGR represents EGR ratio. 

The charge mass flow is calculated by the following formula: 

EGR 
Charge mass ¼ Mair þ Mwater þ Mair� ð2Þ 

100 

where Mwater denotes mass flow of injected water into the intake port and Mair repre­
sents fresh air mass flow. 

Table 1. Specifications of the test engine. 

Engine Type DI inline 6, water cooled 

Engine Displacement 8.42L 

Rated power 243kW@2200r/min 

Maximum torque 1350N·m@1200~1800r/min 

Compression Ratio 16.8:1 

Swirl ratio 1.25 

Bore×Stroke 113×140mm 

Connecting Rod Length 209mm 

Number of valve 4 

Combustion Chamber Re-entrant type 

Injection system Common rail 

Maximum Injection Pressure 160MPa 

Injector Nozzle Ф0.163mm×8×148° 
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Figure 3. Schematic diagram of the test bench. 

2.2 Water introduction method 
Controversy always exists in engine reliability and durability when Introducing water 
into engine. The controversial issue is that possible wall wetting and lubricant dilution 
caused by water involved in combustion will lead to engine failure. In the following, 
the three main methods to introduce water into combustion will be concisely reviewed, 
and the pros and cons are concluded as follow. 

2.2.1 Fuel emulsion 
Emulsified diesel oil mostly exists in the form of water in oil. Since the boiling point of 
water is lower than diesel oil, water will evaporate earlier than diesel oil with the rapid 
rise of temperature, which could lead to the micro explosion/puffing phenomenon and 
strengthen the fuel-air mixing quality [21,28]. However, emulsified oil has changed 
the physical and chemical characteristics of the fuel, and there are problems such as 
power reduction, fuel consumption deterioration under high load, mainly due to the 
increase of injection duration [21]. Meanwhile, due to the immiscibility of water and 
oil, the problem of oil-water stratification is still a problem to be solved. 

2.2.2 In-cylinder water injection 
In-cylinder water injection requires a separate injector [25] or a fuel-water co-injector 
[17]. It has been proven that liquid water injected into combustion is the most effect­
ive way to decrease local combustion temperature and NOx emission. A special 
injector was invented to sequentially inject fuel-water-fuel from one injector. Unfortu­
nately, there are still technical obstacles in the combination of high-pressure common 
rail and fuel-water co-injectors, since it is designed to cooperate with an in-line fuel 
pump. 

2.2.3 Port water injection 
Port water injection is the simplest and cheapest water induction method with minor 
modification to the engine. Compared with emulsified oil, there is no problem with oil-
water stratification, but there is the possibility of lubricating oil dilution similar to in-
cylinder water injection. Besides, the NOx reduction effect of port water injection is 
not as efficient as emulsified fuel [20]. 
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Considering the ease of implementation and engine reliability, a special port water 
injection strategy was selected as the water addition approach in this study. Since 
water is sprayed into upstream of the intake port with length enough for the complete 
evaporation of water, the water enters the cylinder in the form of steam, and thus 
there will be no consequence of engine wear and tear. An electronic controlled gasoline 
injector was modified to continuously spray water into intake port with 5 bar pressure 
difference. During the test, the intake temperature downstream of the water injector 
is monitored and maintained constant with the feedback control of the intake cooler. 
Assuming the humidity of fresh air is 0%, that the water enters the cylinder as vapor is 
guaranteed by limiting the injected water mass below the moisture content of satur­
ated wet air at the fixed temperature and pressure, which is set as maximum allowable 
water injection mass. The maximum allowable water injection mass is calculated by 
the following formula: 

Mw ¼ Ws � Mair � 10f3 ð3Þ 

where Mw represents the maximum allowable water injection mass flow rate in kg/h; 
Ws expresses the saturated water content per kilogram of saturated wet air at 
a certain temperature and pressure in g/kg; and Mair indicates the fresh air mass flow 
coming from ambient in kg/h. With known intake temperature and pressure, Ws can 
be derived from the ASHRAE formulation [29]. The experiment was conducted at two 
operation points at 1137 r/min, and the boundary condition and parameter variable 
range for each operating condition are shown in Table 2. 

Table 2. Boundary condition and parameter variable range for each 
operating condition. 

BMEP 0.5 MPa 2.01Mpa 

Fuel commercial 0# diesel ← 

Injection Pressure 110Mpa ← 

Injection strategy Pilot (fixed 5mg)-Main single 

Boost Pressure Varied with HP EGR 0.22~0.23MPa 

CA50 4°CA ATDC 13°CA ATDC 

Coolant temperature 85±2℃ ← 

Intake Temperature 40℃ 45℃ 

EGR type HP EGR LP EGR 

Ws 40g/kg 28.4g/kg 

Mair ~405 kg/h ~650 kg/h 

Mw 0-16.2kg/h 0-18.4kg/h 

CA50 of combustion was controlled at 4°ATDC and 13°ATDC for the 0.5 MPa and 2.01 
MPa BMEP condition respectively by adjusting the injection timing. The water used in 
the test was deionized water. For practical application, it may be a feasible scheme to 
utilize the water recycled from the exhaust. 
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3 RESULTS AND DISCUSSIONS 

3.1 Comparison of water injection and LP EGR under high load 
As depicted in Figure 4, The effect of water injection and EGR on the intake charge 
characteristic is shown. There is no data point for water injection on the left-hand 
side of the black dashed line since the injected water mass exceeds the maximum 
allowable value in that region. It is obvious that, constrained by the maximum water 
addition amount, the NOx emission can be reduced to about 9-10 g/kWh with water 
injection, and the water/fuel mass ratio is about 60 percent. However, EGR can 
reduce the NOx emission to 4 g/kwh. With the NOx emission level reduced, intake 
pressure increases for both the water injection case and the EGR case, resulting in 
increased charge mass flow. For the exhaust temperature, the EGR case makes it 
increase slightly, but it monotonically decreases for the water injection case, which 
may cause declined SCR NOx conversion efficiency in the low load because of the 
low exhaust temperature. Unlike the EGR replacing the fresh air with exhaust gas, 
water injection boosts the charge thermal capacity by adding extra water into the 
charge without lower oxygen concentration. As a result, the charge mass flow rate 
with water injection is higher than EGR, with a consequently lower fuel-oxy equiva­
lence ratio. 

Figure 4. The effect of water injection and EGR on intake charge characteris­
tics at 2.01MPa BMEP. 
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Figure 5. Comparison of water injection and EGR on cylinder pressure HRR 
(a), and cylinder mean temperature (b) at 2.01MPa BMEP. 

Figure 5 reveals the effect of water injection and EGR on cylinder pressure, HRR and 
cylinder mean temperature at the same NOx emission level. It can be concluded from 
the figure that water injection can more efficiently lower the mean cylinder tempera­
ture than EGR because of the higher intake charge mass flowrate. Furthermore, the 
lower cylinder temperature of the water injection case has no negative effect on the 
main heat release compared to the EGR case, but it does slow down the reaction rate 
in the afterburning period of the expansion stroke. 

61 



Figure 6. Comparison of the effect of water injection and EGR on combustion 
characteristic (a) and combustion efficiency (b) at 2.01Mpa BMEP. 

More detailed information about the combustion characteristics is calculated and 
shown in Figure 6. The combustion efficiency of water injection is the same as the EGR 
case with lower temperatures under the high load. It is well known from the Arrhenius 
equation that high temperature accelerates reaction rate. Although the mean cylinder 
temperature of the EGR case is higher than the water injection case, the effect is likely 
offset by the lower fuel-oxy mean equivalence ratio, leading to longer CA50-CA90 dur­
ation for the EGR case. In addition, it is worth noting that the resolution of cylinder 
pressure acquisition is 0.5°CA, therefore the minor difference of the influence of EGR 
and water injection on ignition delay and CA10-CA50 duration cannot be identified 
below that resolution. 

Shown in Figure 7 is the effects of water injection and EGR on emissions and BSFC at 
2.01 MPa BMEP. Under high load, HC emissions of both water injection and EGR cases 
stay nearly constant with the NOx emission reduction. The soot and CO emissions of 
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EGR are inferior to the those of water injection. Therefore, the soot-NOx trade-off rela­
tionship is improved by water injection strategy. In terms of BSFC-NOx tradeoff rela­
tionship, water injection has a better performance at the high load, mainly attributable 
to the lower heat transfer loss of the water injection case due to lower cylinder tempera­
ture and unaffected combustion phasing. 

Figure 7. The influence of water injection and EGR on emissions 
(a) and BSFC (b) at 2.01Mpa BMEP. 

3.2	 Combination of water injection and HP EGR under the low load 
condition 

It can be seen from the last section that water injection is a viable strategy to achieve 
NOx emissions reduction down to 9.4 g/kWh without BSFC sacrifice, which is an 
acceptable level for current production diesel engines. To further reduce NOx emis­
sions at low load to meet the future emission regulation, the potential of combining 
water injection and HP EGR at 0.5 MPa BMEP was also tested in this study. 
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Figure 8. The effect of water injection on NOx-soot tradeoff relationship 
and NOx-BSFC tradeoff relationship at 0.5MPa BMEP. 

As shown in Figure 8, With the water injection mass flow increased from 2.4kg/h to 
11.7kg/h, the lowest NOx emissions decreased from 4g/kwh to 2g/kwh, at the same 
time, NOx-BSFC trade off relationship gets worse. the addition of water did not pro­
duce expected effect of reducing emissions NOx significantly at low load. Trying to 
explain this phenomenon, several information is provided in the following figures. In 
these figures, the effect of EGR and water addition on combustion and emissions is 
compared. As depicted in Figure 9, HC, CO and soot emissions get raised With NOx 
emissions reduced, hence combustion efficiency begun to downgrade in Figure 10, 
which account for NOx-BSFC deterioration. Intake pressure is decreased with increase 
of EGR ratio, while intake pressure of water injection condition keeps steady. Seen 
from Figure 12, there is barely any difference in heat release rate, except that cylinder 
pressure of water injection case is higher than EGR case because of higher intake pres­
sure. Besides, the cylinder mean temperature of the water injection case is lower than 
the EGR case, which is accounts for the increased emissions of CO and HC. 

Concerning PM (particulate matter) emissions, variations of flame temperature, global 
AFR and flame lift-off length all have effects on the soot production rate [30]. It is 
obviously that water injection has advantages in fuel-air equivalence compared to 
EGR. The longer the ignition delay is, the longer flame lift-off length will be [31,32]. 
Since the heat release rate profile has no much difference, it means that the flame lift­
off length of them are almost equal. The high oxygen concentration is unfavorable for 
soot formation, and lower flame temperature will slow down the oxidation rate of soot, 
which will promote the accumulation of soot. It can be inferred that Lower flame tem­
perature of plays dominant role in soot emissions at 0.5MPa BMEP. 
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Figure 9. CO, HC, soot Emissions relationship verse NOx emissions of water 
injection and EGR at 0.5MPa BMEP. 

Figure 10. The effect of water injection and EGR on combustion efficiency 
at 0.5MPa BMEP. 

Figure 11. The effect of water injection and EGR on intake pressure and fuel-air 
equivalence ratio. 
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Figure 12. The effect of water injection and EGR on cylinder pressure, heat 
release rate and cylinder mean temperature. 

CONCLUSION 

In the present work, a brief review of several water injection method was made, and 
a feasible water injection strategy was then put forward. Intake port water injection 
was compared with LP EGR with respect to combustion, emission and BSFC. Besides, 
the combination of water injection and HP EGR in the low load to reduce NOx emission 
further was also explored. In overall, the following conclusions can be drawn: 

•	 With water addition, the charge mass flowrate is elevated, boosting the 
charge thermal capacity, without lowering oxygen concentration compared to 
LP EGR at high load. 

•	 At high load, within the 18.4 kg/h water mass flow rate constrained by the 
saturation condition, NOx emissions can be reduced to around 9.4g/kWh with 
water injection (at this time, the water/fuel ratio is about 60%), while LP EGR 
can reduce the NOx emission to a lower level. 
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•	 Although water injection can lower cylinder combustion temperature more 
obviously than EGR, the combustion efficiency and combustion phasing of 
water injection combustion is not affected. 

•	 Water injection has better NOx-PM and NOx-BSFC relationship than the LP 
EGR case at high load; it is therefore better to use water injection to reduce 
NOx emission in high BTE regime. 

•	 If the NOx emission at high load is expected to be controlled to a high level 
without BSFC sacrifice, e.g. 9g/kwh, water injection as steam strategy is 
a reliable and durable option. 

•	 The lowest NOx emissions changes slightly decreased with the variation of 
water addition amount combined with HP EGR at 0.5MPa BMEP, and the NOx-
BSFC trade-off relationship gets worse simultaneously. lower combustion 
efficiency, higher CO, HC emissions resulted from water injection is on 
account of the lower combustion temperature compared with the EGR case. 

•	 Water injection did not take expected effect because of lower combustion 
temperature. In contrast to low load, the high combustion temperature of 
high load and air-fuel ratio advantages may be the factor that NOx-soot and 
NOx-BSFC get improved at 2.01MPa BMEP. 

•	 The result of combined water injection and EGR indicate that it is better to 
use HP EGR solely to reduce NOx emission at low load. 
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ABSTRACT 

The concept of hydrogen powered internal combustion engines has seen many false 
dawns in recent years. But today, with the drive for zero emission powertrains and the 
promised development of robust fuel cell technologies, a hydrogen ICE future may 
well be coming to complement our future electrified world. 

Issues with producing and distributing high purity hydrogen gas, and the need to realise 
the return on investment of existing products & capital equipment, makes a hydrogen 
burning ICE engine very attractive, particularly in the off highway and heavy duty sec­
tors and in developing markets. But it is no simple conversion. To achieve an acceptable 
thermal efficiency, high lambda values and diesel-like peak firing pressures (PFP) are 
required. New combustion systems for High Pressure Direct Injection (HPDI) need to be 
developed, along with the associated hardware for injection and ignition strategies. 
Exhaust aftertreatment systems need to specified & optimised for NOx conversion, and 
new engine control strategies will be required. 

This paper will present AVL proposals and test results in the development of H2 ICE 
concepts. CFD modelling results for hydrogen combustion systems will be discussed, 
including experience and knowledge in model parameterisation & calibration. Devel­
opment status for delivery of 200+ bar PFP engines and the associated injection strat­
egies will also be presented. 

Based on extensive in-house modelling and laboratory correlation at an engine and 
vehicle system level, AVL will present and discuss possible H2 ICE configurations util­
ising parallel hybrid and waste heat recovery technologies. These will be shown to 
potentially offer a reduced system level H2 consumption for a number of on and off 
highway applications (including a typical long haul heavy duty trucks) that approach 
or even better fuel cell efficiency at a vehicle level. 

INTRODUCTION 

On highway heavy duty (HD) vehicles are responsible for around 6% of all CO2 emis­
sions in the European Union, accounting for around 25% of all CO2 emissions caused 
by road transport. Without further technical development, it is anticipated these 
greenhouse gas emissions (GHG) will increase by around 10% by 2030 [1]. In order to 
achieve an immediate effect, the European Union has introduced stringent CO2 reduc­
tion targets for HD vehicles. Starting with the 2019/20 baseline fleet emissions, each 
European manufacturer is required to reduce the OEM specific fleet CO2 emissions by 
15% and 25% by 2025 and 2030 respectively. To determine & model these CO2 emis­
sions, the Vehicle Energy Consumption Calculation Tool (VECTO) was introduced [2]. 
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Significant penalty payments are being introduced for non-compliant OEM’s. 
The emission targets can be achieved by a combination of different mechanisms. 
These include diesel internal combustion engine (ICE) efficiency 
improvements, reductions in vehicle weight & powertrain losses, as well as 
improvement in vehicle aerodynamic drag. However, the biggest effect is likely 
to be achieved by the introduction of low-emission or zero-emission HD 
vehicles [1]. 

Zero-emission HD vehicles are defined as vehicles either without an ICE, or with an 
internal combustion engine that emits less than 1 gCO2/kWh. A hydrogen powered 
ICE can be classified as a Zero-emission power source; this is additionally important 
as it qualifies for ‘super credits’ in the reporting period before 2025 [1]. 

Hydrogen ICE technology would therefore offer a significant CO2 reduction in the 
VECTO-based fleet calculation with conventional vehicle technology. With the possibil­
ity of early market introduction, hydrogen ICE powered trucks could therefore help to 
create demand for hydrogen fuelling infrastructure ahead of 2025. 

A future green & renewable hydrogen economy is also seen as a critical enabler 
for lower GHG generation in other markets, including as Japan & the USA. The 
2017 Japanese Basic Hydrogen Strategy targets the cutting of GHG’s by 26%  by  
2030 using hydrogen as an energy carrier [3]. The U.S. Department of Energy 
has specifically referred to the usage of hydrogen as a fuel for ICE in their 2020 
Hydrogen Program Plan [4], and China has recently defined H2-ICE as a ‘clean 
vehicle’. 

Hydrogen ICE will also offer a ‘stepping-stone’ to the introduction of robust Fuel 
Cell (FC) products to the market. Hydrogen ICE will pave the way for the intro­
duction of the fuel storage & distribution networks, and it will enable the life of 
valuable current OEM manufacturing assets to be extended for maximum cost 
recovery. 

During 2020 & 2021, AVL has undertaken significant experimentation and devel­
opment work on a multi cylinder hydrogen ICE, developed from a current on-
highway, heavy duty 12.8ltr engine. The thermodynamic target for the 
engine conversion was 350kW output with a BMEP value of up to 24 bar, and to 
fulfil at least Euro VI emission standards. The conversion to hydrogen combus­
tion was undertaken internally within AVL, utilising a maximum number of carry­
over components as possible. The engine has been operated in multiple config­
urations, including MPI & DI, and extensive & valuable results have been 
obtained. 

In order to explore the potential of hydrogen ICE and their production realisation to 
2025, thermodynamic principles, pollutant control devices, and engine architectures 
will be discussed in this paper, as well the potential system operational efficiency com­
pared to FC vehicles. 

HYDROGEN AS A FUEL FOR ICE 

In order to identify and define the most promising concepts for hydrogen combus­
tion ICE, an understanding of hydrogen-specific physical properties is required. 
Table 1 shows selected parameters and their comparison to diesel and methane 
fuel. 
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Table 1. Properties of Hydrogen fuel compared to Diesel & Methane. 

Property Unit 
Diesel 
(EU B7) 

Methane 
(CH4) 

Hydrogen 
(H2) 

Gas density @ 1 bar kg/m3 0.835 0.716 0.09 

Lower calorific value MJ/kg 42.6 50 120 

Stoichiometric air-to-fuel 
ratio 

kg/kg 14.5 17.2 34.3 

Mixed calorific HV (MPI) MJ/m3 – 3.4 3.2 

Mixed calorific HV (DI) MJ/m3 3.8 3.8 4.5 

Min. ignition energy mJ 0.24 0.29 0.017 

Flammability limit – 
excess air ratio 

– 1.35 – 0.48 0.6 – 2.0 0.13 – 10 

Auto-ignition 
temperature 

°C ≈ 225 595 585 

RON/MN – – 130/100 –/0 

Hydrogen’s properties and its suitability for usage in ICE has been extensively dis­
cussed in literature [5]. The main conclusions for commercial engine application can 
be given as follows: 

•	 Internal mixture formation (direct injection; DI) shows increased mixed cal­
orific heating value in comparison to Multi-Point Injection (MPI), hence the 
potential for high engine power density. 

•	 NOx generated during operation needs to be delt with. 
•	 The minimum ignition energy is considerably lower compared to other fuels, 

leading to high sensitivity to undesired pre-ignition. 
•	 Auto-ignition temperature is high and comparable to that of methane, hence 

achieving auto-ignition (as in a diesel combustion process) is challenging. 

HYRDOGEN ICE NOX CHARACTERISTICS 

Figure 1. Hydrogen ICE NOx characteristics [6]. 

Figure 1 shows the general dependency of raw nitrogen oxide (NOx) emissions and 
excess air ratio Lambda (λ). The maximum raw NOx emissions are reached at λ = 1.2 
to 1.3. Mixture formation, engine load, combustion timing, and charging rate impact 
the characteristics of NOx emissions, especially in the area with high excess air ratio. 
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Almost NOx-free combustion is reached between an excess air ratio of 2.0 – 2.8, 
depending on given boundaries (Figure 1, left diagram). In contrast to pre-mixed 
homogeneous charge, late direct injection leads to a strong stratified charge, resulting 
in little dependency of raw NOx emissions based on global excess air ratio (Figure 1, 
right diagram, red curve). 

OVERVIEW OF PROMISING HYDROGEN COMBUSTION CONCEPTS 

Combustion concepts can be categorised into spark ignited concepts with a homogeneous 
pre-mixed charge and diesel/compression ignited concepts; see Table 2. 

Spark ignited hydrogen engines using pre-mixed homogeneous charge enable 100% 
CO2 reduction potential (excluding minor emissions from burnt lube oil or SCR reagent). 
The achievable power density is strongly depending on the excess air ratio at full load 
conditions and corresponding allowable engine out raw NOx emissions. (Refer raw NOx 

emission behaviour as shown in Figure 1). The main engine performance related chal­
lenges for spark ignited hydrogen concepts are power density, fuel efficiency, and tran­
sient performance. For low pressure hydrogen concepts, a moderate hydrogen injection 
pressure is required and no additional compression system is needed [7]. The hydrogen 
can be directly supplied from pressure tanks (350-700 bar.) 

For high pressure concepts, an injection pressure level of 250-300 bar is required. 
Hence an additional compression system is needed to be able to use the maximum 
capacity of the tank system. Liquid hydrogen (LH2) could be a suitable alternative with 
lower on-board energy consumption. However, from a reliability standpoint the com­
bination of high pressures and low temperatures makes the industrialization of LH2­
based high pressure systems questionable before 2025. 

Table 2. Commercial hydrogen combustion engine concepts. 

Homogeneous Combustion/Spark 

Ignited 

Diffusion Combustion/Diesel 

Ignited 

Multi-Point Injection 

(MPI) 

Low 

Pressure 

DI 

High Pressure DI 

(Diesel Pilot) 

High Pres­

sure DI 

H2 injection pressure 5 - 60 bar 250 - 300 bar 

Mixture formation Swirl Swirl/ 

Tumble 

Swirl 

Ignition Spark ignited Diesel ignited Carbon neu­

tral ignited 

Minimum excess air 

ratio 

1.6 - 1.9 1.3 - 1.7 

BMEP < 24 bar > 24 bar 

BTE 42% 42%/43% 47% 46% 

Compression ratio 12:1 17:1 

PFP 180 bar > 220 bar 

EAS (Oxidation catalyst) + SCR 

(Oxidation catalyst) + 

Particulate filter + 

SCR 

(Oxidation 

catalyst) + 

SCR 
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4.1 Multi Point Injection (MPI) 
In order to achieve the highest engine component commonality with existing 
diesel or gas engines for production purposes, multi-point injection concepts are 
attractive. The lower mixed calorific heating value (compared to direct 
injection concepts) can be partly compensated for by lower excess air ratio 
required at full load for the same engine out NOx emissions due to better hom­
ogenisation of charge. However, the risk of undesired pre-injection and backfire, 
increasing over engine operational lifetime, could inhibit application in commer­
cial vehicles with long usage requirements, such as heavy-duty long-haul 
applications. 

4.2 Low Pressure Direct Injection (LP DI) 
The risk of backfire can be inhibited with hydrogen direct injection. Additionally, 
the higher mixed calorific heating value compared to multi-point injection gives 
potential for increased power density and full load performance. The performance 
needs of typical heavy-duty long-haul trucks, as sold in Europe, can hence be 
realised. 

The main challenge with the view to market introduction by 2025 is the availabil­
ity of mature hardware for injection components and ignition systems. For multi-
point injection, hydrogen variants of natural gas fuel injectors are currently 
available. For low pressure direct injection, functional samples of dedicated hydro­
gen injectors are being developed and tested by different fuel system 
manufacturers. 

For these reasons, AVL decided to equip the AVL Hydrogen Engine with the capability 
to run both, LP DI as well as MPI. This setup allows for an accurate & robust compari­
son of the advantages and disadvantages of the two injection principles on the same 
base engine architecture. 

Based on current injector operational performance, it would appear likely these com­
ponents will reach sufficient maturity by 2025. 

For spark ignited hydrogen engines, the positive ignition source is of vital importance. 
Cold open or housed pre-chamber spark plugs are required to avoid undesired pre­
ignition events. As seen in Table 1, hydrogen requires very low ignition energy. Based 
on this fact, it is of major importance to ensure accurate control of the ignition and to 
consider ignition coils which are capable of avoiding uncontrolled coil discharge via the 
plug electrodes. These components are generally available right now. However, to 
ensure reliability for commercial vehicle operation, further improvement of the com­
ponents is needed. 

In order to fully exploit the potential of a spark ignited combustion concept, an 
optimisation of mixture formation in the cylinder is the logical next step. 
A dedicated cylinder head with focus on ideal combination of charge motion and 
optimal positioning of injector will further support mixture formation. Tumble 
cylinder head concepts are considered as being the most promising for spark 
ignited H2 combustion. 

4.3 High Pressure Direct Injection (HP DI) 
In parallel with the spark ignited hydrogen ICE concepts, a diesel-like combustion of 
the hydrogen charge mix would also be possible. 
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In order to achieve the highest power density, best fuel efficiency and transient 
performance, a diesel-like diffusion combustion is targeted for future applica­
tions. To stably initiate the hydrogen ignition, a pilot injection of diesel would be 
a possible approach. The combination of a diesel pilot injection to ignite 
methane gas is already in production and ensures diesel substitution rates of 
around 95% in the WHTC cycle [8]. To fully realize the potential of a carbon free 
energy carrier, substitution of the diesel ignition would be the logical next step. 
The availability of such a non-carbon-based ignition system, in sufficient matur­
ity, seems unlikely before 2025. 

CHARGING CONCEPTS 

In order to achieve full load engine performance and without exceeding maximum 
permitted engine out NOx emissions (<10 g/kWh), a high excess air ratio (~1.9) 
is required. State of the art single-stage charging systems are suitable to satisfy 
these demands at standard ambient conditions and steady-state operation. 
Figure 2 shows simulated operating points in the turbocharger compressor map 
for the targeted 350 kW full load curve of the single stage charged AVL Hydrogen 
Engine. 

Although application of EGR at high engine speeds reduces air mass flow through the 
compressor, (the operating point in compressor map moves to the left to lower turbo­
charger speed), there is only a small margin to maintain an excess air ratio for high 
altitude operation. 

Figure 2. Single-stage charging concept with VTG. 

An acceptable transient response of the hydrogen engine is strongly affected by 
un-favourable raw NOx emission behaviour at low excess air ratio. In order to 
ensure reasonable emission levels during transient operation, a high excess air 
ratio needs to be maintained. 1D transient thermodynamic simulations with AVL 
BoostTM show load response results with different excess air ratio limitations; see 
Figure 3. 
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Figure 3. 1D thermodynamic transient simulation at 1,000 rpm. 

These results show that the single-stage charging system is feasible for demon­
stration of the engine operation under standard conditions on a test bed, but has 
penalties in terms of transient response. To overcome these limitations, further 
development is required. Should it not prove possible to resolve the gap between 
achievable dynamic response and the targeted dynamic behaviour with a single 
turbo charger system, application of an additional electrical compressor would be 
a possible solution. 

EXHAUST AFTERTREATMENT SYSTEMS (EAS) FOR HYDROGEN ICE 

The ideal combustion of hydrogen in air produces only water vapour as a product. 
However, when hydrogen is burnt in an ICE, it results in the formation of not only 
water vapour but also NOX compounds, H2 slip, and trace amounts of particulate 
matter arising out of the burning of engine lubrication oil. The level of these pollutants, 
especially the raw NOX emissions, in the H2-ICE exhaust strongly depend on the 
engine operating conditions. 

In the case of applications which operate predominantly under steady state conditions 
(e.g.: gensets, lighting towers, etc), where a favourable excess air ratio can be 
ensured (λ >2.5), no EAS would be technically needed. In an application like the AVL 
Hydrogen Engine, which requires highly transient operation, an EAS is required in 
order to process the raw NOX emissions. 

The H2-ICE exhaust gas contains a much higher water vapour content compared to 
a conventionally fuelled ICE. Additionally, there will be some H2-slip that will also be 
present. The EAS for the H2-ICE hence has to be designed to handle these species 
during regular operation while also ensuring that there is no drop of performance over 
lifetime. 

Although there are no particulate emissions arising out of the fuel combustion in the 
H2-ICE, there will be trace amounts of particulate emissions that can be expected in 
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the exhaust gas as a result of the burning of lubrication oil in the combustion chamber. 
In order to avoid combustion anomalies caused by high lube oil consumption, opti­
mised piston bore interfaces (e.g.: ring package, honing, etc.) have to be introduced. 
These will reduce particulate emissions sufficiently to eliminate the need for 
a particulate filter. 

6.1 Synthesis gas test results on conventional Scr Tech. 
AVL has conducted synthesis gas test bed investigations to evaluate the performance 
of conventional SCR technologies with urea dosing using the exhaust gas composition 
from a H2-ICE. These tests were conducted with a copper SCR and a vanadium SCR. 

In Figure 4, the results of the evaluation of the NOX reduction performance of the two 
SCR catalysts are depicted. The two charts in the upper row show the NOx conversion 
efficiency of the two SCR catalyst technologies with a constant dosing ratio of 1.2 
against increasing concentrations of H2. This was undertaken to evaluate the perform­
ance of a conventional SCR catalyst when encountering H2 slip from the engine that 
would invariably occur during operational use. The results indicate that there is no per­
ceivable dip in performance with increasing H2 concentrations. 

The two charts in the lower row show the NOX reduction performance of the two SCR 
catalyst technologies versus temperature. The performance was evaluated for fresh 
and aged conditions, with varying NO2/NOX ratios and water vapour content as 
described. The results with the copper SCR catalyst indicate that the higher water con­
tent only has a negative impact on the NOX reduction at low temperatures and at NO2 

/NOX ratio of zero. The impact due to the higher water content is lower at a NO2/NOX 

ratio of 0.5, and the low temperature aging does not have a significant effect on the 
performance. The results with the vanadium SCR catalyst indicate that while higher 
water content has negligible impact on the NOx conversion efficiency, low temperature 
aging shows a considerable negative effect on NOX reduction performance when com­
pared with the copper SCR catalyst. 

Figure 4. Synthesis gas test: copper and vanadium SCR. 
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6.2 Eas layout for the AVL hydrogen engine 
Based on the hydrogen exhaust gas composition, which was measured on the AVL 
engine test bed and the synthesis gas rig results, the EAS layout depicted in Figure 5 
was chosen for the AVL Hydrogen Engine. 

Figure 5. EAS Layout for the AVL Hydrogen Engine. 

This consists of an oxidation catalyst followed by a conventional SCR catalyst, 
with urea dosing and an Ammonia Slip Catalyst (ASC). A copper SCR was 
chosen as the SCR technology and therefore the oxidation catalyst is necessary 
to promote NO2 formation upstream of the SCR and ensure optimum 
performance. 

Alternatives for the SCR technology used would be iron-copper or vanadium, 
depending on the application. The use of an oxidation catalyst is optional when 
using a vanadium SCR but recommended when using a copper SCR or an iron-
copper SCR. Additionally, if the system is vulnerable to urea deposit formation or 
sulphur poisoning of the SCR catalyst, the use of the oxidation catalyst is recom­
mended in order to trigger high temperatures for urea deposit removal and de­
sulfurisation respectively. Alternatively, if direct dosing of NH3 as reductant is 
done, completely CO2 free operation can be achieved from the aftertreatment 
side. 

Based on the evaluation criteria such as emission reduction performance, along with 
technology maturity, a focus on product realisation by 2025, and the lowest antici­
pated development costs, the EAS layout as shown is considered to be sufficient for 
emission reduction for the H2-ICE. 

RESULTS OF THE AVL HYDROGEN ENGINE 

The following data shown in this section uses a typical commercial vehicle road load 
point at 100 kW power, as an example to display the engine’s combustion characteris­
tics in relation to a given excess air ratio value. The specific operation point is high­
lighted in the maps in Figure 6. The road load point is the power equivalent to 
a highway cruise speed of 85 km/h, typically operated in direct drive of the auto­
mated-manual transmission (AMT). 
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Figure 6. Excess air ratio and BTE of the AVL Hydrogen Engine. 

In Figure 7, additional engine operational results are shown. 

7.1 NOx Emissions (Figure 7; Upper) 
The variation of excess air ratio in the road load point shows exactly the NOx 

emission behaviour that is expected and was described earlier. The sensitivity of 
the NOx emissions in relation to the given excess air ratio can be clearly seen, 
especially in the area between λ of 1.6 – 2.0, where the steep gradient leads to 
NOx emission differences in magnitude by a factor of 5. From excess air ratio 
values >2.2 onwards, the engine shows the expected flat emission curve on 
a very  low  NOx level. 

The NOx/excess air ratio trade-off is a result of the combustion optimisation performed 
under stationary operation conditions and indicates good mixture homogenisation. 

7.2 Mass Fraction Burnt (MFB) (Figure 7, Upper Middle) 
The duration of the combustion event is strongly influenced by the excess air ratio. 
While the MFB50 is constant over the whole range of the excess air ratio variation, the 
MFB10 shows a shift towards earlier combustion. MFB90 moves with an even higher 
significance towards later combustion, resulting in an increase of combustion duration 
over excess air ratio. 

7.3 Coefficient Of Variation (COV) (Figure 7, Lower Middle) 
The stability of the combustion is usually validated by the COV of the Indicated Mean 
Effective Pressure (IMEP). 

Looking at the COV from the test bed results, even though a slight increase 
towards higher excess air ratio values can be seen, the results indicate that the 
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combustion is very stable in a wide range of excess air ratio values in the 
displayed load point. This combustion stability can also be seen by looking into 
the results of the cylinder pressure indication in Figure 8. (Note also all 6 
cylinders show a very stable combustion for a hydrogen engine, with the 
given fuel injection window. Also, here the rather combustion can be seen very 
well.) 

7.4 H2 Slip (Figure 7, Lower) 
The change of combustion duration (as seen in the MFB data) is also seen in the 
amount of unburnt H2 in the exhaust gas of the engine. While, in the lower excess air 
ratio region, the H2 slip is around 200 ppm, it increases with higher excess air ratio 
values up to around 750 ppm. 

Figure 7. NOx, MFB, H2 slip and IMEPC over excess air ratio at a typical road 
load point. 

80 



Figure 8. Combustion stability. 

As mentioned above, this engine concept was defined to demonstrate the capability of 
the H2 combustion principle on a full engine at the test bed. 

8 HYDROGEN ICE: POWERTRAIN EFFICIENCY POTENTIAL 

Hydrogen ICE can be viewed as a bridging technology to a future state of mass fuel 
cell (FC) adoption. As a stepping-stone, hydrogen ICE offers the market a number of 
positive advantages, including: 

•	 Extending the life & recovery period of existing ICE manufacturing assets & 
equipment 

•	 Developing strategies & methods for on machine hydrogen storage, re­
fuelling and control 

•	 Relative insensitivity to fuel contamination 
•	 Reduced development costs & lead times compared to FC & BEV products 
•	 Promote & facilitate the widespread acceptance and introduction of 

a hydrogen based economy 
•	 Offer market re-assurance (maintenance/repair, operator experience, train­

ing, etc) as new fuels & technologies are developed 
•	 Robust and understood BOM cost 
•	 Accurate assessment of powertrain life expectancy based on ICE history 

However, at a powertrain level, the thermal efficiency of the hydrogen ICE would 
always appear to be a disadvantage compared to FC. 

Maximum brake thermal efficiency for a HP DI hydrogen ICE is around 47%. (Table 2.) 
For a pressurised fuel cell system (FCS), efficiencies of up to 60% are achievable at 
lower loads. (Figure 9.) Note, however, system efficiency tends to decay at loads 
above 30%. 
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Figure 9. Fuel Cell Efficiency. 

Using AVL CUISE-MTM modelling tools, AVL had undertaken extensive simulation of 
an on-highway HD vehicle. Powertrain models were completed & calibrated for both 
a current (conventional) system and a FC arrangement. Excluding the primary power 
sources (ICE & FC), system efficiencies were calculated at 97% and 85% to 90% 
respectively. (Figure 10.) 

Figure 10. Powertrain Efficiency – ICE vs FC. 
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A conventional ICE power transmission system can thus be shown to have some 
advantage over that required for a FC vehicle. 

Various duty cycles were then applied to the AVL-CRUISE-M models to simulate hydro­
gen consumption for both ICE and FC vehicles. For long haul operations, where the 
vehicle is predominantly operated at high speed and consistent load conditions, the 
ICE system is approximately 7% less efficient than a FC product. However, for more 
transient operations, where a combination of operating points is considered (city, 
urban & highway), the difference is more marked & the ICE system is considerably 
less efficient due to the lack of energy recuperation opportunities in the transient oper­
ation profile. (Figure 11.) 

Figure 11. H2 Load Cycle Effect on H2 Consumption. 

8.1 Next Steps 
Whilst is accepted the hydrogen ICE vehicle is not comparable to a FC product for 
overall thermal efficiency, it is also clear that the gap is relatively small in specific 
applications & use cases. With further development of the system powertrain architec­
ture, modelling in AVL CRUISE-M suggests a comparable or even better system level 
efficiency is possible. 

Use of a parallel hybrid ICE could see a reduction in fuel consumption of approx.. 6% 
compared to the base line. Integration of a waste heat recovery (WHR) system would 
yield an additional 2% saving. Both technologies are available & have been demon­
strated by AVL. Utilising both features would hence give an overall saving of up to 8% 
from the hydrogen ICE base line, and offer a fuel consumption level below that of 
a hydrogen FC vehicle. (Figure 12.) 
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Figure 12. Potential Further H2 Consumption Reductions. 

SUMMARY AND CONCLUSIONS 

The presented results of the AVL Hydrogen Engine show that a hydrogen internal com­
bustion engine could be a viable, CO2 neutral replacement of currently diesel fuelled 
heavy duty commercial vehicles. With the performance level of the AVL Hydrogen 
Engine, the majority of all European long haul truck applications can be covered. In 
order to ensure comparable transient behaviour, the engine has to be operated in an 
excess air ratio area which leads to engine out NOx emissions, thereby not allowing 
operation without an aftertreatment system. To ensure compliance with EU VI emis­
sions levels, which will still be applicable in 2025, a currently existing, diesel-derived 
SCR system can be applied. In parallel with the finalisation of the EU VII legislation, 
approaches to also address the challenges of this evolution of European pollutant 
legislation will be investigated by AVL. 

The achievable dynamic response of a hydrogen internal combustion engine is lower 
in comparison to current best-in-class diesel engines. This current situation will 
improve based on the further development of turbocharger systems, which is also 
driven by the ongoing developments for diesel applications. In case that performance 
reserve is needed for certain applications, introduction of bigger displacements would 
be an option to also operate under high altitude conditions with reduced de-rating. 

Operation of combustion engines with hydrogen fuel results in several specific chal­
lenges in terms of reliability, which have to be addressed in course of further develop­
ment. Keeping lube oil consumption low, dealing with combustion irregularities and 
ensuring the durability of valves as well as spark plugs are already identified fields of 
activity in this regard. Proven systematic approaches established for diesel and nat­
ural gas engine applications and extended to hydrogen operation will ensure to 
achieve the expected durability and reliability targets. 

With the results derived from the AVL Hydrogen Engine, the realisation of a hydrogen 
internal combustion engine by 2025 can be seen as feasible. Therefore, it will serve as 
an enabler to build up commercial vehicle hydrogen fuelling infrastructure that will 
also be shared with fuel cell electric trucks. 
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Longer term, the overall system efficiency of a hydrogen ICE vehicle can be demon­
strated to approach or even exceed the thermal efficiency of a hydrogen FC machine 
for certain use cases and applications. Hence hydrogen ICE can provide both 
a ‘stepping stone’ to a zero carbon, hydrogen FC fleet, and also a competitive technol­
ogy in its own right, given appropriate application & use case. 
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ABSTRACT 

Effective and affordable protection of the climate represents one of the utmost 
challenges of the current time. The overall reduction of greenhouse gases is 
a fundamental mission for all associated stakeholders. The transport sector covers 
nearly a quarter, accurately 24 %, of the global CO2 emissions – therefore the 
potential lever for reductions and optimizations is correspondingly huge. In order to 
meet the ambitious targets, like the European Green Belt initiative, cross-sectoral, 
multi-disciplinary and holistic measures are mandatory. 

An increased emphasis on sustainability throughout the society will not only drive the 
use of sustainable raw materials, it will also motivate and stimulate a closed loop 
economy for non-renewable materials, esp. for so-called critical materials, such as 
rare earths, whose supply is potentially threatened by political conflicts, increased use 
or by restrictions in trade or mining. As refining such materials from alloys is 
sometimes even very energy-intensive, Europe’s need for energy will likely not 
become smaller but rather greater, despite all activities aiming at better overall 
energy efficiency. Consequently, it is predicted that major markets in Europe will 
continue to import large amounts of energy from abroad. 

This paper in hand shares ongoing research activities and latest project results on 
sustainable, carbon-neutral mobility using green electricity to produce renewable fuels. This 
approach represents a complementary way to shift traffic to electrically powered propulsion 
systems. In view of the real-world market requirements, exist still many applications in the 
transport sector, where purely electric propulsion systems under all environmental condi­
tions do not offer a suitable solution. This applies at least to the heavier CV’s and to long-
distance operation as well as to large non-road mobile machinery. For such applications, 
gaseous and liquid fuels with their high energy densities will remain the prime choice for the 
near future. In the mid-term future, some of these energy carriers will be produced cost-
efficiently from renewable energy sources in worldwide areas with the most favourable cli­
matic conditions. Thus, besides powertrain electrification, either H2-operated propulsion 
systems, incl. H2-powered ICE’s but as well newly designed Power-to-X (PtX) fuels from 
renewable electricity and CO2 from various sources, so called e-fuels, are a highly attractive 
alternative to ensure mobility with a closed carbon cycle. 

Synthetic e-fuels also show considerable potential for solving the classic trade-off’s 
between CO2 and pollutant emissions of ICE based powertrains. Consequently, they pro­
vide a worthwhile solution for a clean and sustainable mobility in the next decades. How­
ever, to achieve a short-term reduction of CO2 emissions of the transportation sector, 
these fuels must be compatible with the technology of the current vehicle fleet and the 
existing re-fueling infrastructure, and, ideally, they should be miscible with fossil fuels. 
Fischer-Tropsch (FT) products for example are very similar to petroleum-based fuels and 
meet the latter requirement so that they can be mixed with conventional fuels without 
any problems. However, despite the principal similarity to fossil Diesel fuel, major 
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differences in the combustion behaviour of FT-Fuels can arise. The presentation con­
cludes with a summary on functional benefits and associated cost estimations. 

INTRODUCTION 

The transformation and development of the entire transportation sector in the EU 
towards sustainability and 100% environmentally friendly operation has been initiated 
with the 2015 Paris agreement and even more concrete with establishing the Green Belt 
Initiative in 2020. As the initiative follows a global approach, the minimization of trans­
port-related CO2 emissions is needed on a global scale and the United States, China, 
Japan, and India have issued standards for tailpipe CO2 reduction [5, 6]. As the EU has 
set strict regulations as well to reduce the GHG emissions by 15% in 2025 and by 25% in 
2030 with 2019 as baseline, alternative solutions must be developed to de-fossilize all 
segments of the transportation sector. In the mid- to long-term strategy, it is the absolute 
target to even find on solutions for Zero-CO2- or  CO2-neutral-powertrains, as aimed for 
by global greenhouse gas (GHG) regulations as well. With dedicated specific needs and 
strict market requirements, such as reliability, versatility and, above all, total extreme 
cost of ownership (TCO), these ambitious CO2 targets are challenging for all applications, 
but especially for heavy-duty vehicles, agricultural and construction machinery as we as 
for marine use cases and the entire air travelling sector. This goes hand in hand with 
increasing travel frequency, freight traffic and growing vehicles sizes as well and weight 
restrictions as additional constraints. Besides partial or complete electrification of the pro­
pulsion system, assuming 100% renewable and sustainable electrical energy in the same 
time frame, also new liquid or gaseous energy carriers, like synthetic fuels or hydrogen 
come more and more into the focus. As for achieving the necessary conditions for the 
planet to maintain the temperature increase below the important 1,5% threshold, it is 
crucial to consider The Well-to-Wheel (WtW) evaluation, especially to understand and 
identify the different sources of CO2 emissions in the transport sector and to derive the 
most effective and appropriate steps. The WtW represents finally a result of the contribu­
tion of Well-to-Tank (WtT) emissions plus tailpipe emissions from Tank-to-Wheel, (TtW) 
[8]. The WtT emissions include the CO2 generated during the production of the fuel, its 
transportation to the fuel station and dispensing to the vehicle tank. The reduction of TtW 
in the transportation sector is possible by improving the fuel efficiency of the powertrain, 
waste heat recovery measures, drag, weight, and rolling resistance reduction [9]. To 
reduce the WtW emissions renewable energy carriers play an important role. On one 
hand, due to their high specific energy, liquid energy carriers are very attractive in mobile 
applications, as they need to cover long distances. On the other hand, renewable fuels 
offer the potential to impact the CO2 output rather quickly as they feature the potential to 
be used as drop-in fuel to conventional fuels in existing vehicles and with increasing the 
drop-in quantity of renewable fuels the overall CO2 emissions can be mitigated with an 
increasing gradient, depending on the growing availability of alternative fuels. Further­
more, different pathways are also available to produce renewable and sustainable alter­
native fuels, even tailored to support ultra-low pollutant emissions in the next decade to 
reach a zero-impact status for ICE-powered applications. 

APPROACH AND METHODOLOGY 

Optimized Power-to-X processes are the appropriate technological reaction for real 
sector coupling. For the last decades, combined heat and power generation (CHP) has 
been a major success factor for maximizing the efficiency of fossil energy utilization by 
using waste heat for the heating sector. Electromobility, the direct use of electrical 
energy via batteries, is currently heavily promoted in numerous countries, mainly for 
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LD vehicles, but also for other, heavier applications. Without doubt, this approach rep­
resents for sure a massive disruptive trend. However, electromobility is most likely not 
the full and comprehensive answer for all markets, all regions and all kinds of mobile 
applications as well, e.g. long-haul heavy transportation, marine propulsion and avi­
ation. Here, energy-dense renewable fuels generated from green and sustainable 
electrical energy, called E-Fuels, should replace quickly and increasingly fossil fuels. 
These E-Fuels are anticipated to be fully compatible to and can be easily mixed with 
conventional, fossil fuels in order to reduce the carbon content in the fuel mixture over 
time, without the demand to change cars or the fuel logistics infrastructure. In this 
manner, the transition from a fossil world to a largely carbon-neutral environment can 
be done relatively fast and smoothly with direct CO2 emissions reductions on the way, 
while simultaneously lowering pollutant emissions. 

Figure 1. 

Moving from the overall global perspective more to the concrete situation in the EU, 
Figure 1 displays the scenario, foreseen by the European Commission, to develop 
Europe within the next 30 years into a fully carbon neutral continent resp. society with 
a prospering and clean economy without GHG emissions. 

In contrast to the reference year 1990 the GHG emissions have to be cut from more 
than 4 million tons of CO2 to net-zero. This means for the transport sector a lowering 
of 80. . .95% versus 1990 and even more with respect to the 2015 figures. 

Looking from the other side, also from the perspective of the primary energy carriers, 
certain hurdles and challenges are still identified on the pathway to the carbon-neutral 
economy in 2050. 

As Germany, but also other big markets in Europe, is today strongly depending on 
energy import from outside, this situation will also not change in the mid-term future. 
Even considering an ambitious reduction of the primary energy demand of 50% in 
2050, nearly half of the necessary energy will have to come from outside Germany. Up 
to one third of the total energy consumption might be covered by Power-to-Fuels, and 
nearly three quarters are probably by liquid energy carriers like PtX fuels from outside 
Europe. Import of synthetic fuels from renewable energy sources will make up almost 
50% of today’s mineral oil imports by 2050. 
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Figure 2. Forecast of primary energy status in 2050 in contrast to 2018 
(Ex.: Germany). 

The nucleus of the Power-to-X approach is characterized by green Hydrogen, meaning 
sustainable produced H2. Currently approx. 80 million tons of hydrogen are produced 
every year globally, mostly from steam methane reforming or autothermal reforming, 
unfortunately often based on energy from coal-fired power plants. 

50% of this hydrogen is currently used for the synthesis of ammonia, which is then the 
base for ammonia phosphate or urea and other industrial chemicals. In the upcoming 
future, the intensified generation of e-Hydrogen via electrolysis of water with electrical 
energy from renewable sources in beneficial geographical locations is completely free 
of CO2 emissions from the beginning. In a vastly decarbonized world, e-Hydrogen will 
support and ensure a long-term, independent and reliable power-to-power storage on 
a large scale. Re-usage will be either realized in H2-capable gas turbines, or with 
derivative products like MeOH or other e-fuels in all kinds of engines or fuel cells to 
safeguard the market related energy supply. A simplified description of the process 
scheme for H2/e-fuels is provided in Figure 3. 

Figure 3. (Simplified) Process scheme of H2/E-fuels production. 
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Figure 4. Simplified depiction of a cobalt fischer−tropsch catalyst 
specification for the combined production of liquid fuels and olefin chemicals 

from hydrogen-rich syngas. 

For further steps in decision making, often the parameter of energy efficiency is con­
sidered in public discussions, but with a closer look to the variety of applications and 
use-cases, also considering environmental and infrastructural boundaries, the deci­
sion-making becomes more difficult and complex. 

For future, sustainable hydrogen (H2) synthesis, only water and electricity from 
so-called renewable energy are mandatory. H2 is a reactant for all other synthetic 
fuels and it is not only the simplest, but also cheapest fuel to produce. However, 
today even green H2 from renewables is typically more expensive than any other 
fossil fuel. But new electrolysis technologies, such as High-temperature PEM and 
Solid Oxide Fuel Cells, jointly with an increasing market size, will continuously 
reduce the costs. Current estimations fore-see a H2 sales price at the pump of 
3-7 USD / kgH2 in 2030 as realistic. 

The major  driver  for  the near-term direct  use of  H2 as a fuel is the EU’s increas­
ingly stringent EU CO2 regulations, which require a reorientation of powertrain 
concepts in on-road transportation. With the currently enacted Tank-to-Wheel 
legislation (new) carbon-free or low-carbon fuels produced from renewable 
sources are coming into focus. Hydrogen as a zero-carbon fuel provides enormous 
potential but poses as well major hurdles and technical challenges in terms of 
storage and short-term availability. 

93 



Figure 5. Ranking of energy carriers for different applications in the 
transportation sector. 

Furthermore, as a gaseous fuel, hydrogen is not well suited for high pressure direct 
injection, unless liquefied hydrogen is used. This is due to the power requirements for 
pressurization. Hydrogen´s key feature is definitely its extreme fast combustion lead­
ing to superior lean burn and EGR tolerance. [5] Overall, hydrogen features a wide 
range of possible combustion system layouts and aftertreatment concepts as depicted 
in Figure 6. As a direct conclusion it can be easily derived out of the below chart, which 
base is typically used for the conversion of ICE’s towards H2 operation. 

Figure 6. Overview of H2-operation boundaries for multiple engine/ 
application classes. 

As with increasing weight of the H2-ICE to ensure the propulsion of the application the 
demand for high efficiency raises, factors like max. peak firing pressure, boosting 
grade for ultra-lean operation and engine robustness evolve, the tendency to select 
a former Diesel-fueled engine as base is extremely high. In this context, the optimiza­
tion of the combustion chamber for optimal mixture formation as well as for rapid and 
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complete combustion becomes absolutely crucial, which also drives the key question 
for the best location of the high-pressure injector in the cyl. head. Figure 7 provides an 
exemplary comparison for the mixture formation at 20° BTDC for two different cyl. 
head designs and two in-cylinder swirl levels. 

Figure 7. Combustion characteristics for H2 combustion w/ different injector 
positions. 

For proper and precise layout and definition of high-efficiency H2 combustion system 
definitions, a detailed understanding about H2 fuel introduction and mixture formation 
is essential. For this purpose, fundamental research work and adjustment of high-
resolution CAE tools is mandatory. Figure 8 displays key elements of a full chain of 
proven FEV Group development tools and methodologies. 

Figure 8. Fundamental research activities for efficiency-optimization of
 
H2-combustion.
 

After definition and specification of optimized combustion system characteristics, opti­
mization and calibration of the H2-ICE for best he-NOx trade-off represents the next 
step towards vehicle application, considering EATS layout and characteristics. 
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Based and synchronized with the basic research work to understand and judge the key 
challenges of an H2-ICE in terms of the dominating features and attributes, experi­
mental investigations and studies are performed on different engine platforms and 
towards various application types, ranging from Light-Duty on-road application with 
approx. 2,0L engine displacement up to large, off-highway use cases with engine cap­
acities in the ≥ 16L class. The main investigations are grouped in the classical engin­
eering frame of combustion system optimization as summarized in different clusters, 
as depicted in Figure 9. 

Figure 9. Main areas of base engine development and combustion system 
optimization for H2-ICE programs to meet upcoming requirements. 

According to these identified development areas, the subsequent Figure 10 provides 
a compressed overview about the different development stages. For a MD multi-
cylinder engine w/ 7,7L capacity and featuring a state-of-the-art and an optimized 
combustion system layout with available PFI injection system thermal efficiencies 
above 40% can already be achieved. For a more advanced, extremely lean operating 
DI-concept on the base of larger cylinder displacement, near-zero NOx emissions with 
high thermal efficiencies can be obtained already for steady-state operation, but more 
development is needed to transfer this performance into full-size engine applications. 

Figure 10. Functional performance results for different engine development 
stages – MCE w/ PFI technology and SCE w/ DI technology. 
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As an outcome of a fine-tuned full H2-ICE system, a high-efficiency, zero CO2 

and near-zero pollutant emission propulsion system can be achieved, as dis­
played in Figure 11 for a large truck engine in the given legislative certification 
cycle. 

Figure 11. Representative example of converted diesel truck engine, 
optimized and refined for operation with H2. 

Switching over to another key group of future renewable fuels. Besides the paraffins 
also the alcohol group represents a hot candidate for future transportation. Pure 
Methanol is here a representative candidate, as it can be produced in a quite cheap 
manner and it features an established compound of production and building-block. 
However, certain issues and hurdles are seen on the fuel distribution and compatibility 
side, which might limit the use cases on applications, which can make use of individual 
fueling chains and depots. 

Figure 12. Assessment of MeOH as fuel for large bore engines for marine 
applications. 
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Methanol is – as known - the simplest and easiest to produce liquid synthetic fuel that 
can be synthesized from CO2 and renewable H2. It is expected that renewable metha­
nol can be imported to Europe at costs below 1 €/lDieselequivalent by 2030, e.g. from 
the Middle East and North Africa as well as from Chile and Australia. 

Today, in Europe, the use of methanol as an additive to conventional gasoline is limited 
to 3% v/v in accordance with EN228. 

But methanol is becoming increasingly important also for maritime applications in par­
ticular. MAN´s two stroke methanol engines [7] and the Stena Germanica ferry 
powered by Wärtsilä 4-stroke methanol engines [8], are already cruising the seas, 
with more applications being announced. For heavy duty applications, methanol plays 
a larger role already especially in China and India. In China, methanol-operated trucks 
are already in small series production. 

While the methanol engines for maritime applications realize typically diffusive com­
bustion initiated by a small pilot injection of diesel fuel, the methanol heavy duty appli­
cations use spark ignited (SI) combustion systems with stoichiometric operation and 
a Three-Way-Catalyst for exhaust gas aftertreatment. 

Figure 13. Reflection of MtG fuel as renewable option for LDV with SI 
engines. 

With regard to the compatibility to existing engine technologies, the Methanol-to-
Gasoline (MtG) path offers good boundaries to overcome the main challenges, as it is 
compliant with the current EN228 norm and can be introduced into the market quite 
easily, even with improved functional performance, as shown in the next diagram 
(Figure 14). As mentioned already on the previous slide, MtG fuel offers beneficial 
operational characteristics with advantageous engine-out emission levels and 
increased thermal efficiency, as displayed below with some representative data, 
achieved and verified in a public funded study from the German Ministry of Environ­
ment within the C3 Mobility program. 
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Figure 14. Representative results of MtG operation of an in-series vehicle 
application. 

Especially with view on Diesel-based applications, mainly commercial vehicle installa­
tions and agricultural and constructional machinery, well-known “Fischer-Tropsch” 
fuel types represent a very attractive energy carrier for Diesel-based Powertrains with 
regard to fuel costs, availability, technology maturity, fuel distribution and retail and 
compatibility with in-service technology, while offering simultaneously benefits on the 
tailpipe emission behaviour, important for the Clean Air Initiatives. 

Figure 15. Improvements of renewable drop-in fuel additions of diesel 
engine behaviour. 

A detailed depiction of the merits and advantages of these new fuel types, even in 
drop-in conditions, can be taken from this representative example. Within the referred 
public funded project REDIFUEL these results have been obtained on a large, truck-
like Diesel Engine (Figure 15). Here in this representative mid-load point, at Iso-NOx 
conditions, PM-emissions have been exemplarily reduced by approx. 60%, CO by up 
to 20% and CO2 output could be lowered by more than 4%. 
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Figure 16. Outlook on near-term price options for H2 from beneficial loca­
tions with excessive solar power. 

The before described technical parameters and the corresponding achievements lead 
finally to the key topic of energy costs. In the presented slide you can find an estima­
tion of potential future costs of climate-neutral fuels under certain quite likely key 
assumptions. Taking this into consideration, renewable fuels could be highly interest­
ing as well as highly attractive to be a key element on the pathway to carbon-neutral 
transport and mobility in the upcoming decades. 

Just recently, Saudi-Arabia’s 2nd PV tender gained a world-record ultra-low price offer 
of 1,04 US-$cent per kWh electric power, realized in the projected solar production 
plants “Sakaka” and “Dumat Al-Jandal”, covering together a capacity of 3600 MW. 

Figure 17. Comprehensive description of business potential for H2-related 
activities. 

Summarizing all the before said, we can conclude, that there will be a very attractive 
business place for renewable fuels, which contains of liquid fuels mainly, but other 
types like hydrogen and methane as well. In total, the forecast of the addressable 
market amounts to more than 270 billion € in 2050 
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Figure 18. Full chain depiction of efficiency chain for energy-import coun­
tries/regions. 

As said before, assuming full availability of the electric energy directly at the grid, the 
BEV strategy features some advantageous features in terms of primary energy usage. 
However, already here, it’s worth to mention, that this is only a 2,4-3 times better effi­
ciency against P2-HEV’s with renewable fuels, besides all other favourable aspects for 
the liquid CO2-neutral energy carriers. But, if we consider, that also in the future large 
European markets need to import energy from outside, the picture changes, as elec­
trical power can’t be transferred so easily. So, if in direct consequence, primary energy 
has to be transported, the efficiency chain alters strongly, as now the chemical energy 
has to be converted in the target market again to electrical energy, which brings all 
the different technical options quite closely together, so that the remaining aspects 
and criterions get more and more important. 

SUMMARY AND CONCLUSIONS 

For realization of a fast and broad reduction of the CO2 emissions from the transporta­
tion sector, the application of all suitable technology options is necessary. In the short-
term, these are primarily powertrain and vehicle optimizations, including electrifica­
tion, for further efficiency gains. Nevertheless, it is obvious that the cost/benefit ratio 
varies greatly between the multiple measures and applications. Since the required 
CO2 emission reduction, both relative and absolute, is different for each OEM, there is 
no one and only optimal strategy, but it is highly dependent on the powertrain line-up 
and the vehicle portfolio. Powertrain and fleet optimization measures have natural 
limitations when it comes to total energy savings. 

To achieve the long-term goal of a CO2-neutral transport, a switch to non-fossil energy 
carriers is required. These energy carriers could be synthetic fuels produced from CO2 

and hydrogen by using  electricity from renewable sources or biofuels using various bio­
mass feedstocks. The realization of electric mobility and the use of hydrogen, which will 
certainly make a major contribution to reducing CO2 fleet emissions, are strongly 
favoured over alternative technologies by the “tank-to-wheel” accounting, and the use of 
e-fuels and biofuels has been left out of the current CO2 legislation. A revised legislation 
that credits all CO2 mitigation technologies, including synthetic fuels, should be a high pri­
ority to accelerate the process of addressing climate change most efficiently. There are 
several options available to make synthetic fuels more attractive, such as a tax on CO2 or 
on carbon from fossil sources. Another option would be to credit carbon-neutral fuels 
against fleet emissions through a certificate system. 
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ABSTRACT 

Diesel-ethanol (DE) fuel blends, also called diesohols, are known to reduce NOx emissions 
from Compression Ignition (CI) engines. Engine researchers in the past have investigated 
the effects of DE fuel blends on the combustion and emissions performance of CI engines. 
However, conflicting results have been reported about the effect of DE fuel blends on 
engine-out NOx, and CO emissions. Furthermore, the emission results of previous 
researchers in this field were largely focused on the levels of the regulated emissions (NOx, 
CO, Total Hydrocarbons (THC), and Particulate Number (PN)). This has created an informa­
tion gap in terms of the emission levels of Volatile Organic compounds (VOCs) such as ben­
zene, and aldehydes, which are harmful to human health. The aim of this work was to 
extensively investigate the effect of DE blend fuels on the performance as well as the com­
bustion behaviour of CI engines. A 5.7 kW engine output or 4.3 kW generator output, 
single-cylinder diesel Gen-set was used. The investigated fuel blends were 0%, 5%, 10%, 
and 15% ethanol in diesel while the tested conditions of generator output were idle, 2 kWe 

(kilowatt electric medium power), and 3 kWe (high power). The speciation of the engine 
exhaust was carried out by a Fourier Transform Infrared (FTIR) analyser. A dynamic electric 
mobility particle spectrometer (DMS500) was used to measure the particle size distribution 
of the exhaust from the engine. It was found that the diesohols increased the Brake Spe­
cific Fuel Consumption (BSFC) of the Gen-set, and contrary to what was reported in litera­
ture, the DE blends decreased the Brake Thermal Efficiency (BTE) of the engine compared 
to diesel baseline. The ethanol-blended fuels caused an increase in CO and THC emissions 
relative to baseline. The maximum reduction in NOx was 37% below the baseline for DE15 
at 3 kWe. The investigated DE fuel blends reduced the engine-out particulate emissions 
compared to the baseline at the high power condition but led to a significant rise in the 
aldehydes emissions. Ethanol and benzene emissions also increased compared to the 
baseline, but the levels were only significant at idle. The use of 15% green ethanol (a zero-
carbon fuel) in diesel will reduce CO2 emissions from transport in the UK by 9% (equivalent 
to 5.5 million tonnes reduction in transport CO2 emissions). The results of the current work 
will enhance the use of DE biofuel blends in sub-saharan African countries for emission 
reduction and sustainable power generation. Diesel Gen-sets (without emission after-
treatment) are widely used in sub-saharan African countries, where there is a good supply 
of feedstock for the production of ethanol from Sweet sorghum. 

Keywords: Diesohol, combustion, emissions, FTIR, speciation. 
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1 INTRODUCTION 

The global need to switch from fossil fuels to sustainable (renewable) energy sources 
as well as clean combustion technologies has inspired research into the use of diesel-
ethanol (DE) fuel blends (diesohols) in diesel engines. Ethanol has the potential to 
reduce the combustion temperature in Internal Combustion Engines (ICEs) due its 
relatively high heat of vaporization compared to diesel. Combustion strategies that 
can reduce the combustion temperatures in diesel engines are desirable because 
reduction in engine-out NOx can be achieved when the flame temperature is lowered. 
The strategies that were proposed in literature for the utilisation of ethanol in diesel 
engines include fumigation (Port Fuel Injection (PFI) of ethanol), in-line mixing (for 
unstable DE blends), use of stable DE fuel blends (direct injection of splash-blended 
ethanol and diesel), and the use of straight ethanol with enhancers (lubricity and igni­
tion enhancers) (1). Fumigation and the direct injection of splash-blended DE fuel 
blends are less costly strategies compared to the other approaches. Fumigation 
involves the injection of ethanol (the low reactivity fuel) via the air intake port to form 
a background premixed charge in the cylinder prior to the Direct Injection (DI) of 
diesel (the high reactivity fuel) near the Top Dead Center (TDC). The dual-fuel engine 
is operated in Reactivity Controlled Compression Ignition (RCCI) mode when ethanol 
is introduced by fumigation. Yu and Zheng (2) and Divekar et al. (3) investigated the 
effect of PFI injection of ethanol with direct injection of diesel on the combustion 
behaviour and performance of diesel engines. Direct injection of stable DE fuel blends 
(splash-blended DE fuel) is the simplest strategy to introduce ethanol into diesel 
engines as the approach does not require a major retrofit on the existing engine. 

Engine researchers in the past have studied the effect of increasing the percentage of 
ethanol in DE fuel blends on the emissions and performance of DI diesel engines. Salih 
(4) studied the effect of ethanol fuel blends on a Petter (DI) diesel engine. The author 
reported 30% reduction in NOx when diesohol was used with 7.5% naphtha. Rakopou­
los et al. (5) utilised a fully instrumented, 177 kW heavy duty DI Mercedes-Benz 
engine in their investigation. The authors reported that the Brake Specific Fuel Con­
sumption (BSFC), the Brake Thermal Efficiency (BTE), the Ignition Delay (ID), and the 
Total Hydrocarbons (THC) increased above the baseline while the levels of soot and CO 
decreased as the percentage of ethanol increased in the blends. According to the 
authors, the level of NOx decreased slightly below the baseline for the investigated 
blend fuels (DE5 and DE10 with Betz GE emulsifier). The 30% reduction in NOx by DE 
blends that was reported by Salih (4) contradicts the trend that was reported by Rako­
poulos et al. (5). Lapuerta et al. (6) reported that the BSFC and the THC increased 
above the baseline for DE fuel blends while the BTE was similar for the tested fuels 
(DE0, DE7.7, DE17 with 0.62% O2Diesel additive) at low loads. According to the 
authors, the NOx emission from the tested DE blends was slightly lower than the base­
line while the reduction in Particulate Matter (PM) was significant at high loads. Kass 
et al. (7) investigated the emissions from a 5.9 litre Cummins B series diesel engine 
that was run on DE fuel blends. The authors reported that the levels of NOx and alde­
hydes were not significantly affected by the diesohol fuel blends. According to the 
authors, the levels of CO and THC increased above the baseline while PM decreased 
below the baseline. Furthermore, the authors reported that the raw engine-out etha­
nol was <20 ppm for the tested DE fuel blends (DE10 and DE15). He et al. (8) studied 
the emissions from a 4-cylinder, 59 kW DI diesel engine when the engine was run on 
pure diesel, DE10, and DE30 at different Brake Mean Effective Pressure (BMEP) 
values. The authors found that the aldehydes emissions increased with increase in the 
concentration of ethanol. The authors also reported that, as the percentage of ethanol 
increased, the levels of the unburned ethanol increased to maxima at medium loads. 
The results of He et al. (8) for aldehydes and unburned ethanol emissions contradict 
what was reported by Kass et al. (7). Li et al. (9) investigated the effects of DE fuel 
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blends on the emission and performance of a water-cooled, single cylinder DI diesel 
engine. Low, medium, and high loads were tested at 1,760 rpm and 2,200 rpm (rated 
speed). The tested blends were DE5, DE10, DE15, and DE20 with 1.5% emulsifier. The 
authors reported that the BSFC and the BTE of the engine increased above the base­
line as the percentage of ethanol increased in the fuel blends. The authors also 
reported that, at the high and full loads (at the rated speed), the CO decreased for the 
DE blends as the load on the engine increased. According to the authors, DE10 and 
DE15 led to a drastic reduction in NOx at low and medium loads at the rated speed 
while the THC increased by up to 40% above the baseline. 

The contradicting reports of previous researchers underscore the need for more inves­
tigations on the effect of DE fuel blends on the emissions and performance of DI diesel 
engines. The aim of the current work was to investigate the effect of the direct injec­
tion of stable DE fuel blends on the performance and the combustion behaviour of 
a single cylinder DI diesel Gen-set engine. The speciation of the engine-out exhaust 
gas was done by FTIR spectroscopy so that both the regulated and the unregulated 
harmful emissions were measured. The emission levels for benzene, ethylene, formal­
dehyde, acetaldehyde, and 1,3-butadiene are also reported in the current work. 
1,3-butadiene is a major precursor to Polycyclic Aromatic Hydrocarbons, PAH’s (10). 
The reduction in transport CO2 emissions that is achievable by using ethanol-blended 
fuel in diesel engines was estimated to illustrate the significance and relevance of the 
current work to Net-Zero transport. 

2 METHODOLOGY 

2.1 Fuel properties 
The fuels that were used to prepare the diesohol blends for the tests were off-road 
Ultra Low Sulphur Diesel (ULSD) and anhydrous ethanol. Two (2) litres of 5%, 10%, 
and 15% by volume of anhydrous ethanol in diesel (DE5, DE10, and DE15 respect­
ively) were splash-blended for the test (DE0 represents pure diesel). The properties of 
the ULSD and the anhydrous ethanol that were used to prepare the blends are shown 
in Table 1. The properties of the ULSD fuel that was utilised comply with EN590. 

Table 1. Properties of pure diesel and anhydrous ethanol. 

Property Pure diesel Anhydrous ethanol 

Density at 15 °C, (kg/m3) ~840 ~795 

Kinematic viscosity at 40 °C (mm2/s) ~2.7 1.2 

Cetane Number, CN 48 8 

Lower Heating Value, LHV (MJ/kg) 44 26.9 

Energy density (MJ/litre) 36 21.4 

Latent heat of evaporation (kJ/kg) 544-795 (11) 840 (12) 

Boiling temperature at 1 bar (°C) 246-388 78 

Flash point (°C) >62 13 

Aromatics (mg/kg) 11 (upper limit) -

Sulphur content (wt%) <0.0015 -
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2.2 Engine description and instrumentation 
The details of the engine and the instrumentation are presented in Tables 2 and 3. The 
Gen-set engine that was used in the current work was a DI diesel engine with a re­
entrant bowl piston (modern combustion chamber design). The load on the engine was 
varied through the Hillstone AC load bank (HAC240-10). The measured temperatures 
and fuel consumption were logged by LabView software. The Particulate Matter (PM) 
values were calculated from the measured Particulate Number (PN) distribution by 
assuming spherical particles and raising the diameter of the particles (Dp) to the power 
2.65 (13). 

Table 2. Engine specification. 

Parameter Specification 

Make Yanmar 

Type 4-stroke, single cylinder 

Rated power (kW) 5.7 

Speed (rpm) 3,000 

Bore (mm) 86 

Stroke (mm) 75 

Compression ratio 20.9:1 

Displacement (cm3) 435.66 

Total cylinder volume (cm3) 457.55 

Injection pressure (MPa) ~20 

Injection timing (bTDC) 13° 

Table 3. Instrumentation. 

Parameter Equipment specification 

Temperature K-type thermocouple 

Fuel consumption Scale (ADAM CPW plus-35), accuracy: 0.01 kg 

Gaseous emissions Gasmet FTIR Analyser (DX-4000) 

Exhaust particle distribution, PN Differential Mobility Spectrometer (DMS500) 

2.3 Test matrix 
Table 4 presents the test matrix. Each of the investigated DE blends was tested at 
three conditions of kilowatt-electric (kWe) load as shown in Table 4. The Gen-set 
engine had an alternative power loss of about 25%. Therefore, the tested conditions 
of power: idle, 2, and 3 kWe were equivalent to engine-out power conditions of idle, 
2.7, and 4 kW respectively. 
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Table 4. Engine test conditions. 

Fuel blend Load (Generator-out) (kWe) Engine-out power (kW) 

DE0 (Baseline) 0 0 

2 2.7 

3 4 

DE5 0 0 

2 2.7 

3 4 

DE10 0 0 

2 2.7 

3 4 

DE15 0 0 

2 2.7 

3 4 

The BSFC and the BTE of the engine were estimated from Equations (1) and (2) 
respectively.   

BSFC ¼ 3600 x m_ f =P ð1Þ   
BTE ¼ 1000 x P= m_ f CV ð2Þ

In Equations (1) and (2), P is the power of the engine (in kW), m_ f is the fuel flow rate 
(in kg/s) while CV is the Calorific Value of the fuel in MJ/kg. 

3 RESULTS AND DISCUSSION 

The set of data that was obtained at the end of the experiment (engine temperatures, 
fuel consumption, emissions data) was analysed to investigate the effect of ethanol-
blended fuels on the performance of the engine and the engine-out emissions. 

3.1 Effect of diesel-ethanol (DE) fuel blends on engine performance 
Figure 1 shows the effect of the DE fuel blends on the engine-out exhaust temperature 
(measured at the exhaust manifold), the BSFC and the BTE of the engine. 
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Figure 1. Effect of the concentration of ethanol on engine performance. 

3.1.1 Flame temperature 
Figure 1 (a) shows that the DE fuel blends led to a slight drop in the temperature of the 
flame below the baseline. The observed drop in temperature was as a result of the 
relatively high latent heat of vaporization of ethanol compared to baseline diesel 
(Table 1). The injected DE fuel blends absorbed more heat from the gases in the com­
bustion chamber to evaporate than the heat absorbed by pure diesel. This led to the 
observed Low Temperature Combustion (LTC) that occurred when the engine was run 
on the DE blends. The maximum average drop in the combustion temperature orches­
trated by the ethanol-blended fuels was 7 °C at the 3 kWe load condition. 

3.1.2 Brake Specific Fuel Consumption (BSFC) 
The BSFC of the engine increased above the baseline as the concentration of ethanol 
in the DE blends increased. The Lower Heating Value (LHV) of ethanol is much lower 
than that of ULSD (Table 1). Consequently, as the percentage of ethanol increased in 
the DE blends, the DE fuel mass that was injecteded to achieve the same power 
increased above the baseline (Figure 1 (b)). Rakopoulos et al. (5) also reported that 
the BSFC increased above the baseline as the concentration of ethanol increased. The 
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observed increase in the BSFC of the engine as the concentration of ethanol increased 
reflects the relatively low energy density of DE blends compared to pure diesel. 

3.1.3 Brake Thermal Efficiency (BTE) 
The BTE of the engine decreased below the baseline as the concentration of ethanol 
increased in the DE blends. This was due to the relatively low CN and the relatively high 
latent heat of vaporization of ethanol compared to ULSD. The relatively low CN of ethanol 
led to longer Ignition Delays (ID) for the DE fuel blends which resulted in relatively short 
Duration of Combustion (DoC) for the blends compared to diesel baseline. The injection 
timing of the engine was constant at 13° bTDC, notwithstanding the retarded Start of 
Combustion (SoC) for the DE blends (due to the increase in the ID caused by the low CN 
of ethanol). The relatively high latent heat of vaporization of ethanol retarded the evapor­
ation and the SoC of the ethanol in the DE blends. The high heat of evaporation of ethanol 
decreased the temperature of the flame below the baseline thereby leading to rapid 
(advanced) quenching of the flame. The combined effect of the relatively low CN and high 
latent heat of vaporization of ethanol (increase in the ID and the retardation of the evap­
oration of the injected fuel blend) led to relatively short DoC. Therefore, there was insuffi­
cient time to attain a high degree of completeness of combustion when the engine was 
run on the DE blends. This caused the level of the unburned hydrocarbons to increase as 
the concentration of ethanol increased in the DE blends (this is further explained in Sec­
tion 3.2.1.1). As a consequence, the BTE of the engine decreased below the baseline as 
the concentration of ethanol increased in the DE blends. 

3.2 Effect of diesel-ethanol (DE) fuel blends on engine-out emissions 
The engine-out emissions that were measured included the gaseous emissions and the 
particulate emissions. Sections 3.2.1 and 3.2.2 present the results for the engine-out 
gaseous emissions. The results for the particulate emissions are presented in Sec­
tion 3.2.3 in terms of Particulate Number (PN) and Particulate Matter (PM) distributions. 

3.2.1 Regulated gaseous emissions 
The effect of the ethanol-blended fuels on the levels of the regulated emissions (THC, 
CO, and NOx) are presented in this section. The emission results for the regulated pol­
lutant gases are given in ppm and g/kWh. 

3.2.1.1 TOTAL HYDROCARBON (THC) EMISSIONS 
Figure 2 (a) and (b) shows that the THC emission levels increased above the baseline 
at all the tested conditions of power as the concentration of ethanol increased in the 
DE fuel blends. This was due to two factors. Firstly, the relatively low CN of ethanol 
which increased ID of the DE blends while the fuel injection timing remained constant 
at 13° bTDC led to the incomplete combustion of the injected fuel mass. There was 
insufficient time to achieve a high degree of completeness of combustion of the 
injected fuel leading to relatively high levels of unburned hydrocarbons when the 
engine was run on the DE blends. Secondly, the relatively high heat of evaporation of 
ethanol led to relatively low flame temperatures and the rapid quenching of the flame. 
Consequently, there was inefficient vaporization of the injected DE fuel masses as well 
as the formation of local rich zones due to the inefficient mixing of air and fuel. These 
also led to the incomplete combustion of the injected DE blends and the observed high 
THC levels above the baseline. However, as the power of the engine increased, the 
THC levels for all the tested fuels became lower than their corresponding levels at idle. 
This was because the temperature of the flame increased as the power of the engine 
increased (Figure 1 (a)). 
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Figure 2. Effect of the concentration of ethanol on THC, CO, and NOx 

emissions. 

The vaporization and combustion of the injected fuel masses as well as the in-cylinder 
oxidation of the unburned hydrocarbons were enhanced as the temperature of the 
flame increased. At the idle condition, DE15 increased the THC emissions by a factor 
of 4 above the baseline while at the the high power condition (3 kWe), the THC emis­
sions were increased by a factor of 2.5 above the baseline. Generally, the engine-out 
THC emissions for the DE fuel blends at the idle and the 2 kWe power conditions in the 
current work were observed to be higher than the value that was reported for diesel 
engines (600 ppm) in literature (14). This was largely due to the relatively low injec­
tion pressure (~20 MPa) of the Gen-set engine (the typical fuel injection pressure in 
relatively large diesel engines is 160-200 MPa). The low injection pressure of the 
Gen-set engine led to inefficient atomisation and vaporisation of the injected fuel 
mass. 
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3.2.1.2 CARBON MONOXIDE (CO) EMISSIONS 
Figure 2 (c) and (d) show that the emission levels for CO increased above the baseline at 
all the tested conditions of power as the concentration of ethanol increased. The same 
factors that led to the increase in the THC emissions above the baseline (Section 3.2.1.1) 
also led to the observed increase in the levels of CO. The same trend was observed for 
the THC and CO emissions from the engine because both species are products of incom­
plete combustion. As such, the levels of the engine-out CO also decreased for all the 
tested fuels as the power of the engine increased. DE15 increased the emission level of 
CO above the baseline by a factor of 2.5 at the high condition of power (3 kWe). The 
trend that was observed in the current work for CO contradicts what was reported by 
Rakopoulos et al. (5). 

3.2.1.3 NITROGEN OXIDES (NOX) EMISSIONS 
Figure 2 (e) and (f) show that the investigated DE fuel blends decreased the levels of the 
engine-out NOx below the baseline at the tested conditions of power. This was due to the 
relatively low combustion temperature that was achieved when the engine was run on 
the ethanol-blended fuels. However, as the power of the engine increased from idle to 3 
kWe, the emission of NOx increased for all the tested fuels due to the increase in the tem­
perature of the flame that occurred the high power conditions (the emission of NOx in 
diesel engines is enhanced at relatively high flame temperatures). The maximum reduc­
tion in NOx below the baseline was ~37% for DE15 at 3 kWe Figure 2 (e). 37% reduction 
in NOx below the baseline compares well to the 30% reduction that was reported by 
Salih (4). 

3.2.2 Emission levels for specific hydrocarbons and VOCs 
The investigated unregulated engine-out pollutant gases in the current work are etha­
nol, ethylene, aldehydes, 1,3-butadiene, and benzene. The FTIR analyser that was used 
in the current work was calibrated to measure fifty (50) species. However, this section 
presents the emission results for the detectable pollutant gases. 

3.2.2.1 ETHANOL 
Figure 3 (a) shows that the engine-out emission of ethanol increased above the base­
line as the concentration of ethanol increased at each of the tested conditions of 
power. There was a drastic increase in the level of the emitted ethanol above the base­
line at idle for DE10 and DE15. This was due to the relatively low combustion tempera­
ture at idle. The observed low combustion temperature at the idle condition neither 
favoured the vaporization/combustion nor the oxidation of the ethanol fraction of the 
DE blends. Figure 3 (a) also shows that the levels of ethanol decreased as the power of 
the engine increased. This was because, at the relatively high flame temperatures that 
occurred as the load of the engine was increased, the oxidation of ethanol by the 
oxygen in air and the oxygen in the alcohol was enhanced. Kass et al. (7) reported 
that the engin-out ethanol was <20 ppm for DE10 and DE15. However, in the current 
work, the observed engine-out emission levels for DE15 at 2 kWe and 3 kWe were 91 
ppm and 50 ppm respectively. 

3.2.2.2 ETHYLENE 
Figure 3 (b) shows that the levels of the engine-out ethylene increased above the 
baseline as the concentration of ethanol increased in the diesohol fuel blends. How­
ever, as the temperature of the flame increased (due to increase in the power of the 
engine), the levels of ethylene decreased drastically. This was because the drastic 
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increase in the temperature of the flame enhanced the oxidation of the emitted ethyl­
ene by the oxygen of air and the oxygen of the -OH group of ethanol. 

Figure 3. Effect of the concentration of ethanol on specific engine-out pollu­
tant gases (hydrocarbons and VOCs). 

3.2.2.3 ALDEHYDES 
The ethanol-blended fuels led to an increase in the levels of aldehydes emissions 
(CH2O and C2H4O) above the baseline (Figure 3 (c) and (d)). The observed trends for 
the aldehydes in the current work are in agreement with what was reported by He 
et al. (8). However, Kass et al. (7) reported that the levels for aldehydes were not sig­
nificantly affected by DE fuel blends. The emission levels for the aldehydes in the cur­
rent work were significantly higher at idle for the tested DE blends than the 
corresponding levels at the higher power conditions. The emission levels of the alde­
hydes decreased drastically for the DE blends as the power of the engine increased 
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due to the temperature-enhanced oxidation of the aldehydes by the oxygen in the 
oxygenated fuel blends and the oxygen of air. 

3.2.2.4 1,3-BUTADIENE 
Figure 3 (e) shows that the emission levels for 1,3-butadiene were quite significant for 
all the tested fuels. At idle, the DE fuel blends led to ~30% increase in the emission 
level for 1,3-butadiene above the baseline. As the power of the engine increased, the 
emission levels for 1,3-butadiene decreased slightly for the DE blends whereas they 
increased for pure diesel. The effect of the DE fuel blends on the emission levels for 
1,3-butadiene was quite insignificant at the high power conditions. 

3.2.2.5 BENZENE 
The tested DE fuel blends caused a drastic increase in the emission levels for benzene 
(a PAH) at the idle condition; the increase was by a factor of 6 for DE15 as shown in 
Figure 3 (f). However, as the power of the engine was increased, the emitted benzene 
decreased drastically for all the tested fuels. At 3 kWe, the levels for benzene in the 
engine-out exhaust became negligible. This was because, as the power of the engine 
increased, the relatively high combustion temperatures that were attained in the com­
bustion chamber enhanced the oxidation of benzene to lighter hydrocarbons. 

3.2.3 Particulate emissions 
Figure 4 (a) shows that the peak PN (maximum number concentration of the emitted 
particles) increased as the concentration of ethanol increased in the DE fuel blends. At 
the higher concentrations of ethanol (10% and 15%) and at the higher power condi­
tions, the peak PN increased drastically above the baseline. This can be attributed to 
the increase in the BSFC at the high concentrations of ethanol. The highest increase in 
the peak PN above the baseline was by a factor of 10 for DE10 at the medium power 
condition (2 kWe). However, at the high power condition (3 kWe), the peak PN 
decreased for all the tested fuels compared to the corresponding values at idle and 2 
kWe. The observed decrease in the peak PN was due to the enhanced oxidation of soot 
that occurred at the relatively high combustion temperature that was attained at 3 
kWe. At near-stoichiometric conditions, soot oxidation by the -OH group of ethanol is 
enhanced (14). Leach et al. (15) reported that the PN emissions increased as the load 
on a highly boosted Gasoline Direct Injection (GDI) engine was increased. The GDI 
engine was run on EN228 compliant gasoline. In the current work, the PN emissions 
for the DE blends showed decreased as the load on the engine increased above the 
medium load (Figure 4 (a)). This confirms the potential of oxygenated fuels/fuel 
blends such as ethanol-blended fuels to reduce the engine-out PN emissions at rela­
tively high engine loads. The observed decrease in the PN emission levels for the 
tested DE blends at the 3 kWe load condition indicated that at loads above the medium 
load (2 kWe), the temperature of the flame became sufficiently high to enhance the 
oxidation of soot by the oxygen in the -OH group of ethanol. Therefore, at the 3 kWe 

load, the PN emission levels for the DE blends decreased below the corresponding 
levels at the mediun load (2 kWe). Unlike the case of the DE blends in the current 
work, the reported PN emissions for the GDI engine increased monotonously (15) 
because gasoline is not an oxygenated fuel. 
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Figure 4. Effect of the concentration of ethanol on particulate emissions. 

The result for the PM (Figure 4 (b)) shows that at the high power condition (3 kWe), 
the DE fuel blends led to a decrease in the mass of the emitted particles below the 
baseline. Generally, the mass of the emitted particles per unit fuel mass decreased 
drastically as the power of the engine increased. The combustion temperature was 
highest at 3 kWe. Relatively high combustion temperatures enhanced the oxidation 
of soot by the oxygen of ethanol. Rakopoulos et al. (5) and Lapuerta et al. (6) also 
reported that the emission of particulates decreased below the baseline as the load 
on the engine increased and as the concentration of ethanol increased from 5% 
to 15%. 

The effect of increasing the concentration of ethanol on the diameter of the emitted 
particles (Dp) at the peak PN is presented in Table 5 for the tested conditions of power. 
Rows 5 and 6 of columns 3 and 4 in Table 5 show that, at the relatively high concentra­
tions of ethanol (DE10 and DE15) and at the high conditions of power (2 and 3 kWe), 
the Dp at the peak PN decreased as the concentration of ethanol increased. Table 5 
and Figure 4 (a) show that the engine-out PN emissions for DE5 were similar to those 
for pure diesel. This was due to the relatively low concentration of ethanol in DE5. The 
disparity in the observed values of the Dp at the maximum PN at 2 kWe for baseline 
diesel (65 nm) and DE5 (18 nm) was because the PN distribution for baseline diesel at 
the 2 kWe power condition was strongly bimodal, unlike the PN distribution for DE5 
(Figure 5). The first PN peak for pure diesel (which was lower than the second) 
occurred at a Dp of ~24 nm. The observed Dp at the first peaks of the PN distributions 
for baseline diesel and DE5 occurred in the nanoparticles diameter range (Dp<30 
nm). The second PN peaks for pure diesel and DE5 occurred at Dp=65 nm. DE5 had 
a weak PN peak at Dp=65 nm as shown in Figure 5. Furthermore, Table 5 and Figure 4 
(a) show that, at the relatively high concentrations of ethanol (DE10 and DE15) and at 
the medium and high power conditions, the tested DE fuel blends enhanced the forma­
tion of nucleation mode particles (nanoparticles). This indicated that as the load on 
the engine was increased from idle to 3 kWe, the Dp of the emitted particles at the 
peak PN decreased. The particulate emissions results in the current work are similar to 
the results of Lapuerta et al. (6). The authors used DE7.7 in their investigation. 
Lapuerta et al. (6) reported that at relatively low concentrations of ethanol, the com­
bustion behaviour of DE fuel blends was similar to that of pure diesel. They also 
reported that DE fuel blends enhanced the formation of nanoparticles. The authors’ 
results for PN and PM are similar to what was observed in the current work. 
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Table 5. Effect of the concentration of ethanol on the diameter (Dp) of 
particles at peak PN. 

Fuel blend 

Dp @ peak PN, nm 

Idle 2 kWe 3 kWe 

Baseline 49 65 56 

DE5 37 18 56 

DE10 65 24 21 

DE15 75 21 18 

Figure 5. Bimodal Particle Number (PN) distribution of DE0 (pure diesel) and 
DE5 at 2 kWe. 

3.3	 Achievable reduction in transport CO2 emissions by the use 
diesel-ethanol fuel blend 

The current work confirms that diesel-ethanol fuel blends containing up to 15% of 
(anhydrous) green ethanol can be utilised in diesel engines. 15% by volume of zero-
carbon ethanol in diesel (DE15) is equivalent to an ethanol substitution of diesel of 
~9% by energy. This implies that, if 15% by volume of diesel is replaced substituted 
with green ethanol in diesel engines in the UK, the transport CO2 emissions will 
reduce by 9%. Table 6 summarises the analysis that was carried out to determine the 
equivalent potential reduction in transport CO2 emissions in million tonnes per year 
(based on the consumption of diesel for transport in the UK in 2020). The efficiency of 
the combustion of the ethanol fraction of the DE blend was assumed equal to that of 
ULSD. 
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Table 6. Possible CO2 savings from the substitution of diesel with 15% by 
volume of green ethanol. 

S/n Item Calculation Value 

1 Energy density of diesel, MJ/litre - 36 

2 Energy density of ethanol, MJ/litre - 21.4 

3 Green ethanol substitution of diesel by volume, 
% 

- 15  

4 Green ethanol substitution of diesel by energy, 
% 

(15x21.4)/36 ~9 

5 Consumption of diesel by transport in the UK 
(2020) (16), million tonnes 

- 19.69 

5  CO2 emission per kg of diesel combusted 
(17), kg CO2/kg diesel 

- 3.1 

6 Transport CO2 emissions from diesel 
(2020), million tonnes 

19.69 x 3.1 61.05 

7 Reduction in transport CO2 emissions for 9% 
substitution of diesel by energy, million tonnes 

9 x 61.5/100 ~5.5 

Table 6 shows that 15% by volume substitution of diesel with green ethanol in trans­
port vehicles in the UK will reduce transport CO2 emissions by ~5.5 million tonnes 
thereby contributing towards achieving net-zero CO2 emissions in transport. 

CONCLUSION 

The effect of ethanol-blended fuels on the performance and the emissions of a 5.7 kW 
engine output diesel engine was investigated in the current work. A FTIR analyser was 
utilised to speciate the engine-out exhaust gases such that emission results for regu­
lated pollutant gases and unregulated pollutant gases were reported. The particle size 
distributions of the engine-out particulate emissions were measured in the current 
work by the DMS500. The current work showed that increasing the concentration of 
ethanol in the DE blends caused the BSFC of the engine to increase above baseline 
diesel while the BTE decreased below diesel baseline. The emission levels for THC and 
CO increased by a factor of 2.5 above the baseline at the high load condition (3 kWe) 
for DE15 (the highest concentration of ethanol in the current work). The maximum 
reduction in the engine-out NOx that was achieved in this work was 37% at an ethanol 
concentration of 15% and and an engine load of 3 kWe (the highest load). The results 
of the work also showed that the engine-out emission levels for ethanol, ethylene, 
aldehydes, and benzene increased above the baseline as the concentration of ethanol 
increased in the DE fuel blends. However, increasing the power of the engine caused 
the emission levels of the pollutant gases to reduce drastically. The emission levels for 
1,3-butadiene were not significantly affected by the ethanol-blended fuels at the 
medium and high power conditions. This indicated that at the relatively high loads, the 
tested DE blends had insignificant effect on the emission levels for 1,3-butadiene. It 
was also shown in the current work that the tested DE fuel blends reduced the engine-
out Particulate Matter (PM) emissions below the baseline at the high conditions of 
power. However, ethanol-blended fuels enhanced the production of nanoparticles. At 
each of the tested loads, the peak Particulate Number (PN) concentrations of the 
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emitted particles were observed to increase above the baseline as the concentration of 
ethanol increased in the DE blends. The highest increase in the peak PN above the 
baseline was by a factor of 10 for DE10 at the medium power condition (2 kWe). The 
particulate emission results for DE5 were similar to those for pure diesel. The current 
work also showed that using 15% by volume of ethanol in diesel will reduce transport 
CO2 emissions in the UK by 9% which is equivalent to CO2 savings of ~5.5 million 
tonnes. 
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ABSTRACT 

The electrification of powertrains provides a critical opportunity to change the way 
that engines are designed and developed, allowing their efficiency to be increased and 
their cost reduced. Alongside this, sustainable liquid fuels offer the potential for signifi­
cant greenhouse gas reductions, while using current fuelling infrastructure and 
addressing the existing vehicle fleet. 

This paper draws on ongoing Ricardo projects in the field of dedicated hybrid engines 
(DHEs). The Magma xEV combustion concept employs very high compression ratio, 
long stroke architecture, and advanced ignition and knock mitigation technologies, for 
DHEs requiring the highest efficiency. In the latest research project, a pre-chamber 
combustion system (with both active and passive operation) has been applied to the 
Magma xEV engine, to enable the highest levels of charge dilution and further increase 
brake thermal efficiency. The combustion concept has been developed using virtual 
product development approaches and validated with a single-cylinder research engine. 

A sustainable biomass-to-liquid (BtL) gasoline fuels has also been tested with this 
engine, and the impact of these fuels on the combustion process has been reported. 

INTRODUCTION 

The automotive industry is experiencing a period of unprecedented change. The primary 
challenge is the urgent need to defossilise transport to limit global temperature rises to 
the 1.5 °C set out in the Paris Agreement. At the same time as meeting the climate chal­
lenge, the industry must also continue to reduce air-quality emissions, provide a larger 
range of vehicle architectures, and bring vehicles to the market more quickly. 

Some policymakers and commentators have concluded that there is only one technical 
solution for road transport, the battery electric vehicle (BEV). This has resulted in pro­
posals for the prohibition of the sale of internal combustion engine (ICE) vehicles in 
some countries and cities. This approach does not consider the life-cycle greenhouse 
gas emissions of different vehicles, and critically also fails to address the 1.4 bn pas­
senger vehicles already on the road worldwide. 

However, the electrification of vehicles also presents a major opportunity for the ICE. 
Conventional engines operate over a large range of engine speed and load, and must 
meet the contrasting requirements for rated power and idle operation. A dedicated hybrid 
engine (DHE), one which is designed to run only in a specific hybrid electric vehicle (HEV) 
architecture, can operate over a much narrower operating range. For series-hybrid archi­
tectures, the engine can run at only two operating points, as shown in Figure 1. This 
allows design parameters to be selected which favour these operating conditions. 

DOI: 10.1201/9781003219217-8 
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Figure 1. Electrification of vehicles as an opportunity for the IC engine. 

It is generally considered that Sir Harry Ricardo developed the first pre-chamber 
engines in work conducted up to 1922 [1]. Since then many pre-chamber designs 
have been proposed, and these ignition systems have been widely employed in large 
marine and stationary power-generation gas engines. More recently a new generation 
of pre-chamber gasoline engines have been developed for passenger-car applications, 
generally focussed on extending dilution limits to improve efficiency [2-6]. The 
engines have employed passive, active (fuel-fed) and scavenged or air-assisted pre­
chambers. Passive pre-chambers have subsequently been employed in Formula 1 
engines [7], and first passive pre-chamber ignition system has been launched in 
a road car (this engine has a second spark plug in the main chamber) [8]. 

A wide range of sustainable fuels for IC engines are under development. Considering sus­
tainable liquid fuels, the two key groups are biofuels, produced from biomass via a variety 
of production routes, and electrofuels (or e-fuels) which are synthesised from CO2 and 
hydrogen. It is likely that many or all of these different sustainable fuels will be needed in 
different markets and applications to meet the climate challenge. In this study a sustainable 
biomass-to-liquid fuel produced from forestry and agricultural wastes has been tested. 

2 ENGINE CONCEPT 

2.1 Ricardo DHE 
Ricardo has developed a dedicated hybrid engine (DHE) concept for application to full 
HEVs, plug-in hybrid electric vehicles (PHEVs), series HEVs and range-extended elec­
tric vehicles (REEVs). The concept is focussed on C-segment vehicles and is based 
around a three-cylinder 1.5 litre direct-injection gasoline engine. 

The key elements of the Ricardo DHE are shown in Figure 2. A lightweight cylinder block 
structure is employed with ‘clamshell’ engine covers providing the basis for encapsula­
tion for NVH and efficiency benefits. A three-cylinder engine with 1.5 litre displacement 
would normally require a primary balancer shaft in order to achieve acceptable NVH 
characteristics. In a DHE application it is not necessary to run at problematic low engine 
speeds and so the balancer shaft can be deleted. A front-end accessory drive (FEAD) is 
also not needed, and the valvetrain and boosting system have been simplified. 
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Figure 2. Elements of Ricardo DHE concept. 

A range of DHE specifications have been developed to address the requirements of dif­
ferent hybrid-electric vehicle architectures. For plug-in vehicles with large battery cap­
acity the engine thermal efficiency is not the most important feature, and the engine 
specification is targeted at lowest cost. In some series-hybrid applications by contrast 
the engine BTE is critical, and this is the purpose of the Magma xEV combustion system. 

2.2 Magma xEV combustion system 
The effect of geometric compression ratio on part-load fuel consumption is well 
known. Increasing compression ratio improves ideal cycle efficiency but increases the 
surface area to volume (S/V) ratio and, therefore, in-cylinder heat losses [9]. Combin­
ing compression ratio and bore-to-stroke (B/S) ratio effects gives the characteristic 
shown in Figure 3. For a square engine (B/S = 1) there is little benefit in raising com­
pression ratio above 13 - 14:1, as increased S/V ratio leads to higher heat losses. As 
B/S ratio reduces, further increases in compression ratio continue to provide benefit. 
Based on this analysis, the bore-to-stroke ratio for Magma xEV was set at 0.70, and 
the target geometric compression ratio at 17:1. 

Figure 3. Influence of compression ratio and bore-to-stroke ratio (BSR) on 
part-load BSFC. 
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With a geometric compression ratio of 17:1, very careful attention must be paid to 
knock mitigation even if the full-load torque targets are relatively modest. The follow­
ing approaches to knock mitigation have been investigated with the Magma xEV con­
cept [10]: 

• Miller cycle valve events 
• Lean homogeneous operation 
• Cooled EGR 
• Water injection 

The use of early intake-valve closing (EIVC) strategies to reduce in-cylinder effective 
compression ratio and enable a significant increase in geometric CR is well estab­
lished. With Magma xEV, this method of knock control is also supplemented by charge 
dilution and now by pre-chamber ignition. 

2.3 Pre-chamber combustion system 
The objective of the present study was to develop a pre-chamber combustion system 
capable of both active (fuel-fed) and passive operation applied in the Magma xEV archi­
tecture. The overall layout of the combustion system and cylinder head is shown in 
Figure 4. 

Figure 4. Cylinder head layout for pre-chamber combustion system. 

A pre-chamber insert, as shown in Figure 5, contains the pre-chamber volume along 
with the spark plug and a bespoke direct injector. In this engine the pre-chamber has 
a volume of just above 4% of the overall clearance volume. 
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Figure 5. Pre-chamber insert. 

In pre-chamber combustion systems turbulence in the main chamber is dominated by 
the jets that emerge from the pre-chamber nozzle. As a result, the high-tumble intake 
ports developed for earlier Magma xEV combustion systems (Rt of 2.1) were replaced 
with more conventional intake ports with tumble ratio of 1.0. The combustion chamber is 
shown in Figure 6, where the pre-chamber nozzle can be observed along with the 
absence of shrouding around the intake valves (a feature of the higher tumble combus­
tion systems). 

Figure 6. Magma xEV combustion chamber with pre-chamber nozzle. 

MODEL-BASED DEVELOPMENT OF THE COMBUSTION SYSTEM 

A programme of integrated model-based development (IMBD) was undertaken to 
develop the pre-chamber combustion system. 3-D computational fluid-dynamics 
(CFD) using Ricardo VECTIS was used to develop the following aspects of the combus­
tion system design: 

• Pre-chamber volume 
• Pre-chamber nozzle geometry 
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• Pre-chamber injector position and spray pattern 
• Start of injection timing for the pre-chamber injector 
• Main chamber injector spray pattern 

A large number of pre-chamber nozzle designs were initially simulated, to select suit­
able options for full-cycle simulation. The pre-chamber shape and volume were then 
developed along with the injection timing approach for active pre-chamber operation. 

Figure 7. Turbulent kinetic energy (TKE) levels over the 60 °CA period prior 
to TDC for passive pre-chamber operation. 

It is well known that scavenging of pre-chambers produces high levels of turbulence, 
but what is important are the levels of turbulence at ignition timing. Turbulent kinetic 
energy (TKE) values for the final pre-chamber design are shown in Figure 7, for an 
operating condition of 3000 rev/min, 11 bar NIMEP. The TKE levels observed in the 
pre-chamber are high compared with a conventional combustion system at an equiva­
lent operating condition. 

The impact of pre-chamber injection timing for active pre-chamber operation was also 
analysed. This is illustrated in Figure 8 which compares the equivalence ratio distribu­
tion (probability density function) for two different start of injection timings, with the 
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objective of stoichiometric mixture in the pre-chamber. With an injection timing of 320 
°CA BTDC(F), pre-chamber injection starts at the same time as the main chamber 
injection. The relatively narrow equivalence ratio distribution indicates good mixing in 
the pre-chamber, but the overall mixture is lean due to fuel flowing out of the pre­
chamber. Delaying the start of injection to 120 °CA BTDC(F) prevents this fuel flow 
producing better control over pre-chamber lambda, which is distributed around stoi­
chiometry. The later injection does reduce the time available for mixing, which is illus­
trated by a broader distribution of equivalence ratio. 

Figure 8. Equivalence ratio distribution in the pre-chamber at ignition timing 
(11 °CA BTDC(F)) for two different start of injection timings. 

4 ENGINE TESTING 

4.1 Single-cylinder engine specification 
An experimental programme was conducted using a Ricardo Hydra single-cylinder 
research engine with the specification shown in Table 1. The cylinder head, piston 
crown and cam profiles were developed specifically for the Magma xEV engine. 

Table 1. Key parameters of the test engine. 

Displacement volume/no. cylinders 0.5 litres/1 cylinder 

Bore 76.6 mm 

Stroke 109.1 mm 

Number of valves 4 

Compression ratio 17:1 

Maximum fuel pressure 200 bar 
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The engine, as shown in Figure 9, was installed in a research facility with an external 
high-pressure air supply and the necessary measurement systems, sensors, and 
actuators. 

Figure 9. Magma xEV single-cylinder research engine. 

A schematic of the engine test facility is shown in Figure 10. The pre-chamber was 
fitted with a pressure transducer, and the main chamber with two pressure trans­
ducers. An exhaust orifice was fitted to simulate the damping characteristics of 
a turbine and waste-gate. 
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Figure 10. Schematic of the single-cylinder test facility. 

4.2 Passive pre-chamber results 
Pre-chamber ignition has a striking influence on combustion parameters, as shown 
in Figure 11 At an operating condition of 2000 rev/min and 5 bar net IMEP, stoi­
chiometric combustion with conventional spark ignition, corona-discharge ignition 
[10] and passive pre-chamber ignition are compared for a range of start of injec­
tion (SOI) timing. 

At this low-load operating point, the ignition delay angle (ignition – 10% mass frac­
tion burned) is quite long for the conventional ignition system, at more than 30 °CA. 
For the two distributed ignition processes (corona discharge and passive PC) there 
is a dramatic reduction in ignition delay angle to around 12 °CA. Turning to burn 
angle (10 – 90% MFB), again the conventional ignition system has the slowest com­
bustion at around 20 °CA. Corona-discharge ignition produces slightly shorter burn 
angles, but for the passive pre-chamber operation these are reduced by around half, 
to 10 °CA. The overall very rapid heat release contributes to increased thermal effi­
ciency and dilution tolerance and increases peak cylinder pressure and rate of pres­
sure rise. 
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Figure 11. Comparison of combustion parameters for spark ignition, corona 
discharge and passive pre-chamber ignition at 2000 rev/min, 5 bar NIMEP at 

lambda 1. 

In previous engine testing with corona-discharge ignition, peak thermal efficiency was 
found at 3000 rpm 11 bar NIMEP load [9], thus initial testing was focused around this 
area. The changes in combustion parameters with increasing lambda are shown in 
Figure 12. The lean limit, at close to lambda 1.8, was better than expected for passive 
pre-chamber operation, and combustion remains rapid even at the lean limit with 10­
90% MFB of about 15 °CA. 
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Figure 12. Combustion parameters for varying lambda with passive 
pre-chamber operation at 3000 rev/min, 11 bar NIMEP. 

Lean operation results in improved fuel consumption with acceptable combustion sta­
bility and with reduced emissions including PN, Figure 13. All specific fuel consumption 
values have been corrected to a fuel lower calorific value of 42.5 MJ/kg throughout the 
paper. The engine out PN (> 23 nm) observed even at lambda 1 is in the range of 
a typical automotive gasoline engine application. The volume fraction of unburned 
hydrocarbons (HC) increases by more than half between stoichiometric mixture and 
lambda 1.8 but still remains in the range of a typical gasoline engine with stochio­
metric operation. 
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Figure 13. Fuel consumption and emissions parameters for passive 
pre-chamber operation at 3000 rev/min, 11 bar NIMEP. 

Figure 14. Load range tests at 2750, 3000 and 3250 rev/min at constant 
exhaust lambda of 1.6 in the region of peak thermal efficiency with passive 

pre-chamber combustion. 
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Load, lambda, and ignition timing swings were undertaken to identify the peak effi­
ciency condition for the pre-chamber engine. The results from load range tests at 
three engine speeds for lambda 1.60 are shown in Figure 14. Ignition delay angle 
(ignition – 10% MFB) and burn angle (10 – 90% MFB) are similar with different 
speeds and loads. Position of 50% MFB is retarded, NOx and fuel consumption are 
reduced with increasing load. At highest loads of approximately 15 bar NIMEP the 
engine reaches a stability limit and an increase in fuel consumption is observed. An 
engine speed of 3250 rev/min speed and load of 13.5 bar NIMEP was identified as 
the best efficiency condition. Peak efficiency has moved to higher load with pre­
chamber operation due to the positive impact of higher burn-rate on combustion 
knock. 

Combustion behaviour across a range of speed and load was characterised with both 
stoichiometric and lean passive pre-chamber combustion. Maps of net ISFC comprised 
of more than 50 test-points each are shown in Figure 15, for stoichiometric operation, 
and Figure 16 for lean operation. Combustion stability was observed to be good for 
low speed and low load operation. Minimum NISFC was below 180 g/kWh for lean 
operation and a wide operating area (which is also a key operating area for dedicated-
hybrid engines) is below 185 g/kWh. 

Figure 15. Net ISFC map for passive pre-chamber combustion at exhaust 
lambda 1. 
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Figure 16. Net ISFC map for passive pre-chamber combustion for lean-burn 
operation. 

4.3 Active pre-chamber results 
A programme of testing was then undertaken with active pre-chamber operation, with 
injection of fuel in the pre-chamber via a second low flow-rate injector with separate fuel 
pressure control. Active pre-chamber ignition has a similar influence on combustion 
parameters to passive operation, as shown in Figure 17. At an operating condition of 
3000 rev/min and 11 bar net IMEP, combustion characteristics with corona-discharge 
ignition, passive pre-chamber ignition and active pre-chamber ignition are compared for 
varying exhaust lambda. 

Figure 17. Comparison of combustion parameters for corona discharge, 
passive and active pre-chamber ignition at 3000 rev/min, 11 bar NIMEP. 

132 



Ignition delay angle is shorter for both passive and active pre-chamber operation com­
pared with corona-discharge ignition. However, for burn angle (10 – 90% MFB) there 
is a much larger reduction: for both pre-chamber operating modes, burn angle is 
reduced by more than 10 °CA when compared to corona-discharge ignition. 

This very rapid heat release presents a challenge for rate of pressure rise. The peak 
rate of pressure rise at exhaust lambda 1 (without any EGR) is 8 bar/°CA with pre­
chamber ignition which is double that for corona-discharge. For lean conditions, peak 
cylinder pressure is increased by more than 10 bar with pre-chamber ignition and 
reaches 115 bar at lambda 2.5. 

Figure 18. Fuel consumption and emissions parameters for active 
pre-chamber operation at 3000 rev/min, 11 bar NIMEP. 

Net ISFC, HC and NOx are observed to flatten out beyond lambda 2.0, and NOx 
reduces below 50 ppm at higher lambda as shown in Figure 18. 

4.4 Sustainable fuel testing 
A series of tests was also completed with a sustainable biomass-to-liquid fuel developed 
by Coryton. The sustainable gasoline used in this study was produced in two main 
stages. The first stage is to generate a second generation advanced bio-ethanol from 
waste biomass; in this case agricultural waste such as straw. This lignocellulosic bio­
mass is firstly pre-treated to improve the accessibility of enzymes. After pre-treatment, 
the biomass undergoes enzymatic hydrolysis for conversion into sugars which are then 
subsequently fermented to ethanol by the use of various microorganisms. This bio­
ethanol is then dehydrated into ethylene and ‘grown’ into longer chain hydrocarbons in 
the presence of a zeolite catalyst at 300–400 °C (Figure 19). 
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Figure 19. Schematic of the ethanol-to-gasoline conversion process. 

The properties of the fossil and bio-gasoline fuels are shown in Table 2. Using REDII def­
initions, this fuel provides a greenhouse gas saving of over 80%. The bio-gasoline has 
a higher final boiling point (FBP) due mainly to the higher aromatic content, and this was 
subsequently found to have an influence on engine-out emissions and fuel consumption. 

Table 2. Fossil and bio-gasoline fuel properties. 

Parameter Euro 6 E10 Gasoline Bio-Gasoline 

Density @ 15 °C [kg/m3] 744.70 775.30 

Lower (Nett) Calorific Value 
[MJ/kg] 

41.70 40.76 

H:C Ratio 1.8549 1.8584 

O:C Ratio 0.03203 0.03278 

Analysed RON 97.0 96.1 

E150 [%] 90.1 68.1 

Final boiling point (FBP) [°C] 181.4 207.4 

Olefins [%v/v] 7.8 1.3 

Aromatics [%v/v] 26.3 38.8 

GHG savings (RED II) [%] 0  80  

Passive pre-chamber ignition results for Euro 6 and bio-gasoline fuel are com­
pared at 3250 rpm and 13.5 bar NIMEP load (which was found to be the peak effi­
ciency point), Figure 20. Bio-gasoline has a lower RON which impacts the position 
of 50% MFB and hence also burn duration (10-90% MFB). It is likely that the 
increased HC observed with bio-gasoline is due to higher final boiling point (FBP). 
The increase of approximately 5 g/kWh in net ISFC with bio-gasoline results from 
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both lower RON and increased HC. All specific fuel consumption values have been 
corrected to a fuel lower calorific value of 42.5 MJ/kg. 

Figure 20. Comparison of combustion parameters, emissions and net ISFC 
for fossil and bio-gasoline fuels with passive pre-chamber ignition at 3250 

rev/min, 13.5 bar NIMEP. 

On comparison of PN data (>23 nm) for both the fuels it was observed that there is an 
increase in PN with bio-gasoline, but it remains in the typical range for 200 bar fuel 
pressure, Figure 21. 

Figure 21. Particle number (>23 nm) for Euro 6 gasoline and bio-gasoline 
fuel with passive pre-chamber ignition at lambda 1. 

PN data for a full lambda swing with passive pre-chamber ignition at 3250 rpm and 
13.5 bar NIMEP shows that the results are in the typical range for a gasoline engine 
and reduce with increased lambda, as shown in Figure 22. 
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Figure 22. Particle number (>23 nm) for bio-gasoline fuel with passive pre­
chamber ignition at 3250 rev/min, 13.5 bar NIMEP. 

The ultimate lean limit was then investigated with active PC operation. The air-fuel 
ratio in the main chamber was increased and at the same time the pre-chamber fuel 
mass was adjusted to ensure a suitable mixture at the spark plug. 

Lambda over 3.0 was achieved with acceptable combustion stability, Figure 23. Burn 
duration was less than 25 °CA even at the lean limit, and combustion phasing timing 
was advanced with increasing lambda due to reduced knock and heat transfer. At 
lambda 3.0 peak cylinder pressure was 150 bar with peak rate of pressure rise of 5 
bar/°CA. Net ISFC shows improvement up to lambda 2.6 and flattens out beyond this 
point. This behaviour is slightly different to the Euro 6 fossil fuel where net ISFC had 
flattened out at a lambda level of 2.0. 

Figure 23. Combustion parameters and fuel consumption for active 
pre-chamber operation with bio-gasoline fuel at 3000 rev/min, 11 bar 

NIMEP. 
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Volume fraction and net indicated specific emissions presented in Figure 24 show 
that CO, HC, and NOx are reduced with lean operation. CO is minimum at lambda 
1.2 (where NOx is highest) and starts to increase at lambda beyond 1.2. This rise 
in CO is due to reduced in-cylinder temperature leading to partial burn. HC 
volume fraction is observed to increase up to lambda 2.0, due to increased cylin­
der pressure (causing increased charge in the crevices), increased quenching dis­
tance and reduced combustion efficiency. Beyond lambda 2.0, the drop in HC is 
due to further dilution, but net ISHC is observed to flatten out. NOx has flattened 
out beyond lambda 2.0. 

Figure 24. Volumetric and specific emissions for bio-gasoline fuel, with 
active pre-chamber ignition at 3000 rev/min, 11 bar NIMEP. 

The estimated pre-chamber and main chamber lambda at spark timing is compared to 
exhaust lambda in Figure 25. It is observed that as exhaust lambda is increased the 
main chamber lambda also increases but the pre-chamber lambda had to be made 
rich to initiate combustion in the pre-chamber particularly beyond lambda 2.0. The 
drop in ignition delay (ignition – 10% MFB) beyond lambda 2.0 and flattening of burn 
duration (10-90% MFB) between lambda 2.0 to 2.6 observed in Figure 23 can be 
linked to the pre-chamber lambda in Figure 25. 
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Figure 25. Comparison of estimated pre-chamber and main chamber lambda 
at ignition against measured exhaust lambda for bio-gasoline fuel, with 

active pre-chamber ignition at 3000 rev/min, 11 bar NIMEP. 

5 1-D ENGINE PERFORMANCE SIMULATION 

5.1 Pre-chamber model build 
A programme of 1-D gas-dynamics simulation using Ricardo WAVE has been conducted 
to quantify the performance and fuel economy characteristics of a multi-cylinder engine 
equipped with the combustion system described above. The initial step was a build of 
a 1-D model with the pre-chamber. 

Figure 26. Layout of the Magma xEV pre-chamber combustion system in
 
Ricardo WAVE.
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Compared to the traditional engine models, the pre-chamber 1-D models contains 
along with the main cylinder (1) an additional cylinder representing the pre-chamber 
(2), as shown in Figure 26. These are connected by a single duct (3) representing the 
jets of the pre-chamber. The model is equipped with two injectors (4, 5) which allows 
passive as well as active pre-chamber modes to be simulated. 

The pre-chamber geometry was defined to represent the same volume and surface 
area as does the pre-chamber in reality. To reach convergence it was necessary to 
reduce the simulation timestep. This in turn led to significantly longer computational 
times. To compensate for that, seven jets as used in the engine were replaced by one 
jet in the 1-D model. A study using a steady-state flow condition comparing seven jets 
with single jet to define required friction and heat transfer settings of the single jet 
was conducted to ensure that this step does not affect the model behaviour. 

5.2 Pre-chamber model validation 
The validation of the model was carried out using test data obtained from single cylin­
der engine. The validation was undertaken at three key-points: 

• Passive pre-chamber combustion with exhaust lambda 1.6 
• Active pre-chamber combustion with exhaust lambda 2.0 
• Active pre-chamber combustion with exhaust lambda 2.2 

In addition to the standard validation process used for modelling engines with 
a traditional combustion system, the pre-chamber combustion and gas exchange 
events must also be correlated. Jet discharge coefficients were adjusted along with 
pre-chamber heat release and combustion efficiency to match test data in-cylinder 
pressure traces, as shown in Figure 27. 

Figure 27. In-cylinder pressure match at passive pre-chamber key-point. 
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The model validation was an enabler to characterize the combustion system in terms 
of the trends of combustion duration, combustion efficiency, ignition delay and knock 
limitation depending on in-cylinder lambda. The validation therefore provided a solid 
base for the following multi-cylinder simulations. 

5.3 Multi-cylinder engine simulation 
A three-cylinder 1.5 litre Magma xEV dedicated hybrid engine (DHE) equipped with 
the pre-chamber combustion system was then simulated. A friction model for the 
engine was developed using the Ricardo Friction Analysis Tool (FAST). The FAST meth­
odology uses a semi-empirical equation approach to build a friction model for engine 
architectures in a time efficient way. FAST builds on the methods of Sandoval, Hey­
wood et al. [11, 12], but with the following enhancements: 

• Correlation to measured data from modern engines 
• Ability to calculate friction under fired conditions as well as motored 
•	 Ability to deal with systems not otherwise considered (e.g. balancer shafts, vacuum 

pump) 
•	 Physics-based treatment of piston and rings (enables user to examine effects of ring 

tension, connecting rod length etc.) 

Since the first Magma xEV engine was designed, further friction reduction measures 
have been undertaken. The final firing friction mean effective pressure (FMEP) curve 
for the Magma xEV multi-cylinder pre-chamber engine is shown in Figure 28, for both 
full-load and no-load conditions. This characteristic embodies the low-friction 
approach that was taken in designing key engine features such as bearing sizes, the 
low rated engine speed, and the absence of a primary balance shaft. However, it also 
reflects the friction penalty that arises from the long-stroke architecture. 

Figure 28. Friction model for the Magma xEV pre-chamber engine. 
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6 CONCLUSIONS 

•	 The Magma xEV engine concept has been further enhanced through the develop­
ment of a pre-chamber combustion system 

•	 The pre-chamber combustion system has been simulated and tested in both active 
and passive modes, with the focus on lean-burn combustion 

•	 Compared with both conventional spark ignition and corona-discharge ignition,­
chamber ignition increases burn-rates, which is beneficial for both combustion 
knock and dilution tolerance 

•	 In passive mode a lean limit of 1.8 was observed, and with active pre-chamber fuel-
ling lambda values beyond 3.0 are possible 

•	 Under lean conditions large reductions in specific fuel consumption and NOx emis­
sions are demonstrated 

•	 The engine has also been tested with a sustainable biomass-to-liquid fuel with simi­
lar combustion characteristics and lean limit 

•	 Although unburned hydrocarbons and fuel consumption were higher with the bio­
gasoline fuel, this is outweighed by the well-to-wheels CO2 benefit of this fuel 

•	 A multi-cylinder engine equipped with this combustion system would achieve a peak 
brake thermal efficiency (BTE) of 45.4% with passive pre-chamber operation 

The multi-cylinder model was equipped with single stage turbocharger with waste-gate 
and a water charge air cooler (WCAC) and further optimised. The optimisation of load 
and lambda led to the solutions summarized in Table 3. The maximum BTE was found 
with main chamber lambda at SOC of 1.62, BMEP of 14.1 bar and engine speed of 3250 
rev/min. The model was also run at stoichiometric conditions (without EGR) to enumer­
ate the benefit of lean combustion. For the investigated key-point BTE is increased by 
3.5 percentage points in lean-burn mode compared with stoichiometric operation. 

Table 3. Multi-cylinder engine simulation results. 

Parameter 
Lean combustion with 
passive pre-chamber 

Stoichiometric combustion 
with passive pre-chamber 

Engine speed 
[rev/min] 

3250 3250 

BMEP [bar] 14.1 14.1 

Main chamber 
lambda at SOC 
[-] 

1.62 1.00 

BTE [%] 45.4 41.9 
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DEFINITIONS/ABBREVIATIONS 

BDC Bottom dead centre (piston) 

BEV Battery electric vehicle 

BMEP Brake mean effective pressure 

BSFC Brake specific fuel consumption 

BTDC(F) Before top dead centre (firing) 

BTE Brake thermal efficiency 

CA Crank angle 

DHE Dedicated hybrid engine 

EGR Exhaust gas recirculation 

EIVC Early inlet valve closing 

FBP Final boiling point 

FMEP Friction mean effective pressure 

GIMEP Gross indicated mean effective pressure 

HC Hydrocarbon 

HEV Hybrid electric vehicle 

ICE Internal combustion engine 

IMEP Indicated mean effective pressure 

ISFC Indicated specific fuel consumption 

LIVC Late inlet valve closing 

MFB Mass fraction burned 

NIMEP Net indicated mean effective pressure 

NISFC Net indicated specific fuel consumption 

PHEV Plug-in hybrid electric vehicle 

PMEP Pumping mean effective pressure 

Rt Tumble ratio 

REEV Range-extended electric vehicle 

SOC Start of combustion 

TDC Top dead centre (piston) 

TKE Turbulent kinetic energy 

WCAC Water charge air cooler 
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ABSTRACT 

The experimental work examined the use of a novel plasma electrolytic oxidation 
(PEO) thermal barrier coating (TBC) for reduced wall heat transfer and increased ther­
mal efficiency in future diesel engines. The aim was to insulate the heat flow from the 
working gas in the combustion chamber to the cylinder wall by reducing local thermal 
conductivity of the material during the combustion process, hence reducing the heat 
loss. The work involved the development of the novel PEO piston coating, and detailed 
a comparison of engine performance parameters and exhaust emissions characteris­
tics with PEO-coated piston, to those obtained with standard uncoated piston. 

INTRODUCTION 

Transport is the third largest greenhouse gas (GHG) emitting sector globally, and 
accounts for  27% of total  GHG emissions  in  the UK,  where  91%  of  these come from road  
transport (1). Global concern regarding vehicle emissions has notably escalated in recent 
years, and major cities around the world, including Paris, Madrid, Mexico City, and Athens 
have declared their intentions to ban diesel vehicles from city centres by 2025 (2). In 
early 2020, the UK government announced an aggressive stance and stated that the 
sales of new petrol, diesel and (potentially) hybrid cars will be banned from 2035, five 
years earlier than initially planned, in an attempt to reduce air pollution and attain net 
zero-emissions by 2050 (3). While the global electric car fleet has almost doubled in 
number over the past two years with more significant growth to come (4), electric 
vehicles still only represent a small percentage of vehicles sales, and issues over charging 
infrastructure, customer acceptance and battery supply may mean that complete conver­
sion takes decades (4). Furthermore, the electrification of transport currently primarily 
targets passenger cars, and internal combustion (IC) engines are projected to remain in 
wide use beyond 2040 in heavy duty applications (road, rail, marine, power generation 
and hybrids) (5). As the transition to the use of low-carbon fuels and hybridization in 
heavy duty transport is regarded as a medium-term strategy for a more sustainable 
transport, efforts to develop more energy-efficient and eco-friendly IC engines must con­
tinue (6). 

One fundamental way to develop high efficiently IC engines is to reduce the losses 
associated with the process of converting the fuel chemical energy into useful work. 
Typical modern automotive diesel engines reject about 60% of the fuel energy as 
a waste heat, mainly to the coolant and to the exhaust gas, in roughly equal shares 
(7). In an attempt to mitigate this, the concept of adopting thermal barrier coatings 
(TBC) has been employed in IC engines since the 1980s (8), in which typically 
a ceramic-based material coating of low thermal conductivity is applied to the whole 
combustion chamber surface, or to certain parts such as the piston crown, cylinder 
head, liner or valves (9). The purpose has been to insulate the heat flow from the 
working gas to the combustion cylinder wall by keeping the wall surface at high 
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temperature or reducing local material thermal conductivity during the combustion 
process, hence reducing the heat loss to the coolant (10). This would mean that more 
fuel energy could be converted to useful work output; improving the engine thermal 
efficiency (11). Reducing heat transfer also increases the exhaust gas temperatures, 
which provides greater potential for energy recovery through the use of, for example, 
electric turbo-compounding or thermoelectric generators (12). Other benefits include 
protecting the combustion chamber components from thermal stresses, less cooling 
requirements and faster catalytic light-off to reduce harmful emissions following cold 
start (13), which may become a key priority in future hybrid trucks. 

Several ceramic materials have been used for TBC applications over the years, with 
different techniques for coating deposition investigated (14). Yet, traditional ceramic 
coating keeps the cylinder wall temperature at high levels even during the intake and 
compression strokes, due to the large heat capacity of the coating material (15). This 
would decrease the volumetric efficiency and increase the working gas temperature; 
reducing the work output and worsening the exhaust emissions (16). A breakthrough 
in TBC technologies was attained when Toyota developed the Silica Reinforced Porous 
Anodised Aluminum (SiRPA) coating (17). In this technology, also known as Thermo-
Swing Wall Insulation Technology (TSWIN), the coating material has the capacity to 
rapidly change the wall temperature in a more dynamic way to follow the transient gas 
temperature (18). This was attributed to the low-thermal-conductivity and low-heat­
capacity of the TSWIN coating, which causes its surface temperature to change greatly 
even during an extremely short cycle time (19). A comparison of conventional alumi­
num piston temperature, traditional TBCs and Thermo-Swing coating through a cycle 
relative to gas temperature is shown in Figure 1 (15). It can be seen from the figure 
that the surface temperature with Thermo-Swing coating increases during the com­
bustion event, and decreases during the exhaust and intake strokes; dynamically with 
the gas temperature. This decreases the heat loss (compared to an uncoated piston) 
and prevents the intake air heating encountered with traditional TBC coatings. 

Figure 1. Comparison of conventional aluminium piston, traditional TBC and 
thermos-swing coating temperature relative to gas temperature. Adapted 

from Ref. (15). 

Yet, the high surface roughness that is typical for anodised TBCs, including TSWIN, was 
found to increase heat transfer, slow down combustion and increase THC emissions (20). 
In addition to the high surface roughness, porosities and imperfection of the coating pro­
cess limited the benefits of the TSWIN coating to some extent. One innovative surface 
coating technique that overcomes many of these problems is the Plasma Electrolytic Oxi­
dation (PEO) (21). PEO creates a thin coating layer with ultra-low thermal conductivity 
and heat capacity, with an improved homogeneity in coating porosity and high surface 
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finish (22). In this process, the coating grows both inward to the alloy substrate and out­
ward to the coating surface simultaneously which results in excellent adhesion to the sub­
strate metal (23). The microstructural characteristics of the PEO coatings depend on the 
operational conditions (e.g. voltage level, process duration and electrolyte composition) 
that can be tailored to accomplish the desired thermal properties, porosity and thickness 
(24). These merits give PEO advantages over more conventional coating techniques, and 
hence PEO has penetrated specialist markets in surface engineering, including automo­
tive engines as well as many other industrial applications. 

The aim of the present work has been to investigate the potential benefits of applying 
a novel PEO coating to a diesel engine piston. The work involved the development of 
the piston coating, where the main objectives were to produce a thin layer coating of 
low specific heat capacity and low thermal conductivity, followed by the on-engine 
testing. Detailed comparative studies between standard uncoated piston, PEO coated 
pistons and traditionally anodised (ANO) piston were steered for engine performance, 
fuel economy and exhaust gas emissions. 

2 EXPERIMENTAL APPROACH 

2.1 Piston coating development 

2.1.1 Plasma electrolytic oxidation coating 
Coatings were prepared using a 25 kW Keronite processing rig and an electrolyte con­
sisting of a dilute alkaline electrolyte containing sodium silicate. The electrolyte was 
maintained at a temperature of approximately 15˚C by re-circulation through a heat 
exchanger and a bipolar waveform was applied. The approximate current density was 
10 A/dm2. Following processing the parts were thoroughly rinsed with de-ionised 
water. In some cases, a high silicate sealer was applied to the top surface post 
coating. 

2.1.2 Visual and electron microscopy 
Coating surface morphology and microstructure were analysed by using Leica MZ6 for 
low magnification up to 4 times, Nikon Eclipse L150 up to 1000 times. Scanning Elec­
tron Microscopy (SEM) analysis was performed using a Cambridge Instruments Ster­
oScan 240 scanning electron microscope. 

2.1.3 Thermal properties measurements 
Thermal properties were measured on a Netzsch LFA 457 instrument which gives 
a direct measurement of the thermal diffusivity of a sample by measuring the tem­
perature rise on the back side of a sample after being exposed to a light flash on the 
front side. After inputting relevant materials parameters for the coating and substrate 
(density, thermal expansion, and heat capacities as a function of temperature plus 
coating thickness) integrated software within the unit converts the thermal diffusivity 
value to a thermal conductivity of the coating. 

2.2 Experimental setup 

2.2.1 Engine test facility 
The experiments were carried out on a Ricardo Hydra, single cylinder Direct Injec­
tion (DI) diesel engine, with the cylinder head, piston assembly and controls 
adapted from a Ford Puma production engine. The engine was connected to 
a swinging frame DC universal dynamometer. The main specifications of the 
engine are listed in Table 1. A schematic diagram of the experimental setup is 
shown in Figure 2. 
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Table 1. Main specifications of the test engine. 

Model Ricardo Hydra 

No. of cylinders 1 

Capacity 0.55 litre 

Cooling system Water cooled 

Induction system Naturally aspirated 

EGR system Electronically controlled External loop 

Bore 86.0 mm 

Stroke 94.6 mm 

Compression ratio 15.5:1 

Fuel injection system High-pressure common-rail (HPCR) 

Figure 2. A Schematic diagram of the experimental setup. 

2.2.2 Data acquisition and instrumentation 
All experimental data was captured in a desktop PC via an integral data acquisition 
system. Engine operating parameters were monitored and controlled through the 
Engine Control Unit (ECU). This includes fuel injection parameters such as injection 
quantity, injection timing (and therefore separation), number of injections and rail 
pressure. Engine torque was measured using a load cell, while its speed and crank 
position were monitored using an incremental optical shaft encoder, with an accuracy 
of 0.5 degree. The in-cylinder pressure was measured using piezoelectric combustion 
pressure sensor. In-cylinder pressure and crank position signals were fed into high-
speed National Instruments (NI) CompactDAQ system, to obtain the crank angle-
synchronized in-cylinder pressure data in LabVIEW environment. Temperatures were 
measured throughout using type-k thermocouples, while oil pressure, intake Manifold 
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Absolute Pressure (MAP), and Exhaust Manifold Pressure (EXP) were measured using 
pressure traducers. Engine exhaust gas emissions (NOx, THC, CO, and CO2), and O2 
concentration were measured using a Signal gas analyser kit, while the Filter Smoke 
Number (FSN) was measured using an AVL filter-type smoke meter. The uncertainties 
of the main measured parameters are summarised in Table 2. 

Table 2. Uncertainties of the main measured parameters. 

Measured parameter Uncertainty (%) 

Diesel fuel flow rate 0.86 

Torque 1.05 

In-cylinder pressure 0.62 

Manifold pressure 0.68 

THC emissions 1.57 

CO emissions 5.92 

NOx emissions 2.34 

Soot emissions 3.10 

2.2.3 Test conditions and procedure 
The focus of this study has been the part load conditions that prevail in modern city 
traffic. Tests were conducted at different engine speeds, ranging from 750 (idling) to 
2000 rpm, at load sweep varying from 2.1 to 5.1 bar net Indicated Mean Effective 
Pressure (IMEPn). Diesel fuel injection was split into a fixed mass pilot injection of 
1mg/stroke, followed by the main injection of a varying mass according to the engine 
load. The pilot-main spacing was always maintained at 15° CA, while pilot injection 
timing was varied from -25° CA ATDC to -5° CA ATDC, with a 5° CA step. The injection 
timings used are summarised in Table 3. 

Table 3. Fuel injection timings sweep. 

Case Pilot injection timing 
(° CA ATDC) 

Main injection timing 
(° CA ATDC) 

Timing A -25 -10 

Timing B -20 -5 

Timing C -15 0 

Timing D -10 5 

Timing E -5 10 
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_ _ _

The external EGR loop was deactivated so that the effects of piston coating were 
not masked by the variation of EGR rates. Nevertheless, the intake air tempera­
ture was maintained at 40° ± 1°C to emulate the temperature effect of the EGR 
that would be encountered in real driving conditions (25). 

The net heat release rate (HRR) was calculated using the first law equation (7): 

dQnet γ dV 1 dp¼ p þ V ð1Þ 
dθ γ f 1 dθ γ f 1 dθ 

where (θ) is the  crank angle, (p) is the in-cylinder pressure at a given crank 
angle, (V) is the cylinder volume at that point, and (γ) is the  specific  heat  ratio  
calculated from a polynomial function of bulk gas temperature at the corres­
ponding crank angle (26). Integrating the HRR as a function of crank angle pro­
vides a representation of the total energy released up to a specified angle (aka 
cumulative heat release). The crank angle at which 50% of heat release occurs 
(CA50) is used to present the combustion phasing (27); characteristically chan­
ging with the injection timing. 

Engine energy balance is calculated by applying the first law of thermodynamics 
to the control volume surrounding engine (10). In the conditions where no 
EGR is used, a steady-flow energy conversion equation may be expressed 
as (28): 

Pb ¼ m_ f LHVf f Pf f Pp f QHT f QExh f Ql;comb ð2Þ 

Where (Pb) is the brake power, (Pf) is the mechanical friction loss, (Pp) is the pumping 
power loss, (QHT) is the heat transfer loss, (QExh) is the heat loss in the exhaust and 
(Qcomb) is the combustion inefficiency loss. 

Engine tests were carried out using four different types of pistons; standard 
uncoated piston that has been used as a baseline for comparison, two PEO 
coated pistons with different coating forms and one ANO coated piston. The four 
pistons used in the tests are identified in Table 4. Set out in Figure 3 are photo­
graphs of the pistons used. 

Table 4. Summary of different pistons used. 

Piston 
designation 

Description 

BSLN Baseline, standard uncoated piston as supplied by the 
manufacturer 

PEO1 PEO crown-and-bowl coated piston, extra-smooth bowl, coating 
thickness 70 μm 

PEO4 PEO crown-and-bowl coated piston, coating thickness 70 μm 

ANO1 ANO coated piston, coating thickness 50 μm, no sealant 
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Figure 3. Photographs of the typical pistons used. 

The baseline testing was repeated after each engine rebuild to ensure there was no 
drift. Cylinder head height relative to the piston was adjusted after every rebuild using 
a series of shims, in order to maintain the geometric compression ratio (CR) within 
±0.01 with different piston coating thicknesses. 

3 RESULTS AND DISCUSSION 

3.1 Microstructural and thermal property investigation 

3.1.1 Coupon preparation and microstructure 
A thermal swing coating should have as low a thermal conductivity and volumetric 
heat capacity as possible, ideally < 1 W/mK and <1,500 kJ/K/m3 respectively. How­
ever, for practical application further properties are needed, namely excellent adhe­
sion to the substrate, durability under conditions found in-cylinder, and low surface 
roughness such as not to interfere with combustion. 

Keronite’s PEO coating process converts the surface of aluminum parts to a ceramic 
layer, principally comprising of a phase of alumina. However, other species such as sili­
cate can be incorporated from the electrolyte. Since the PEO layer is formed at least 
partially via conversion of the substrate, adhesion is extremely good (22) and the tol­
erance of PEO layers to thermal cycling is deemed excellent (29). PEO layers are 
inherently porous due to the nature of the process (21). 

While the thermal conductivity of alumina is significantly lower than aluminum at 
~30 W/mK, this is still considerably above the target of 1 W/mK. Incorporation of 
other very low thermal conductivity phases such as mullite, an aluminosilicate with 
a thermal conductivity of ~2-4 W/mK, is therefore advantageous. Furthermore, since 
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air has both a low thermal conductivity and heat capacity, maximizing porosity is 
a critical element of developing thermal swing coating. Yet, highly porous coatings 
tend to be rougher which may have negative impacts on combustion (30). For that 
reason, it is important to maximize porosity while minimizing the effect on surface 
roughness. Keronite has specifically engineered its thermal swing coatings to contain 
high quantities of low thermal conductivity phases such as mullite, and to be highly 
porous, yet smooth (Ra<3 μm as coated, <1 μm for sealed samples). 

Initial development and characterization of the coatings was performed on coupons of 
5 cm diameter, made from an alloy chosen to be similar to that of the pistons. The alloy 
has a nominal composition of 13.5Si, 4Cu, 2.8-3.0 Ni Bal Al Zr. A number of variants of 
electrolyte and electrical regime were investigated to optimize the coatings. The selected 
optimal coating had a nominal thickness of 60-65 μm and surface roughness (Ra) of ca. 
2.7-3.0 μm. The free surface and cross sections of coated samples were examined by 
visual microscopy and SEM. Figure 4(a) is a SEM micrograph of the free surface, while 
Figure 4(b) is SEM micrograph of a cross section. Significant porosity is evident, including 
down to the substrate interface. The coating and pore structure were highly uniform 
across the samples. Some samples were additionally sealed with a silicon rich sealer. 
A free surface micrograph of the surface post sealing is shown in Figure 4(c). Some crack­
ing of the surface is evident, but the sealer layer was well adhered with the PEO layer. 

Figure 4. (a) Free surface SEM of the PEO surface, (b) cross-sectional SEM of 
the PEO coating, and (c) free surface SEM of the PEO coating after application 

of the sealer. 

A comparator hard anodised coating was also examined by visual microscopy and 
SEM. Free surface and cross-sectional SEMs are shown in Figures 5(a) and 5(b), 
respectively. Significant porosity is again evident and extends down to the surface in 
some places. However, the overall level of porosity somewhat less than in the PEO 
coating. The porosity and microstructure are also less uniform than for the PEO 
sample with noticeable cracks of connected porosity. A number of brighter contrast (Si 
rich) particles were visible within the coating. 

Figure 5. (a) Free surface SEM of a hard-anodised coating, and 
(b) cross-sectional SEM of the coating. 
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3.1.2 Thermal properties measurements 
Laser flash measurements were performed on coupons from room temperature to 
400˚C. Thermal conductivity is measured to rise from ca. 0.45 W/mK to ca. 0.8 W/mK 
at 400°C, significantly below that target of 1 W/mK and also below those reported by 
Toyota for their “SiRPA” coatings (16). Good reproducibility has been attained between 
different samples, especially at lower temperatures. 

3.1.3 Piston coating 
The optimized coating was applied to the Ford Puma pistons used in this study. Since 
these were “series” pistons which were pre-treated with a phosphate layer of 1-2 μm, 
this was removed by an acid etch in dilute nitric acid (pH ~ 1.4) followed by light 
mechanical abrasion. Coatings were then applied to a nominal coating thickness of 65­
70 μm. Following washing and drying a silicate rich sealer (as used on the coupons) 
was then applied to the coating and cured at 100˚C. 

Both PEO1 and PEO4 pistons were coated on the entire top face including the bowl 
area. Wax masking was used to ensure that no coating was present on the sides of the 
pistons. The as-coated surfaces had a Ra of ~2.7-2.9 μm. Following application of the 
sealer the Ra was considerably reduced to ~0.7-0.9 μm. For PEO-1 an extra smooth 
sealer layer was applied to the bowl which gave an Ra of ~0.4-0.5 μm. The higher 
smoothness of the sealer layer on PEO-1 is believed to be due to the sealer thickness 
being at the higher end of the range (~2 μm) versus being at the lower end of the 
range (~5 μm) on PEO4. 

3.2 Engine test results 
Due to space limitation, only results for engine testing at 1500 rpm and 3.8 bar IMEPn 
are presented in this section; other results exhibited fairly similar trends. 

3.2.1 Combustion and performance 
The in-cylinder pressure traces for different piston coatings, for injection timing A are 
shown in Figure 6(a); other injection timings were omitted due to space limitation, but 
exhibited similar behavior. It can be seen that the PEO coated pistons, particularly 
PEO1, demonstrate higher in-cylinder pressure levels relative to the uncoated piston; 
the increase in maximum cylinder pressure value with PEO1 relative to BSLN is as high 
as 3% (±1%). This is mainly attributed to the insulation effect of the TBC, where the 
reduced heat transfer to the cylinder wall increases the average gas temperature and 
hence pressure (31). With reduced heat transfer to the cylinder wall due to the TBC 
effect, the amount of useful heat that is converted into work acting on the top of the 
piston increases. 

The ratio of the ultimate values of the cumulative HR for all piston coatings to the fuel 
energy supplied to the engine for injection timing A is shown in Figure 6(b). It can be 
seen that PEO coatings yeild better fuel conversion; a direct consequence of the 
reduced coolant loss. In comparison with BSLN, PEO1 offers more than 2% increase in 
the ratio of the cumulative net HR to the fuel energy supplied; signifying improved 
engine efficiency (11). 
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Figure 6. (a) In-cylinder pressure, and (b) The ratio of cumulative HR to fuel 
energy supplied. Data for 1500rpm, 3.8 bar IMEPn, at injection timing A. 

Higher in-cylinder pressure values imply increased work per cycle transferred into the 
piston; i.e. indicated work. The gross indicated thermal efficiency trends versus the 
position of the CA50 dictated by the injection timing, are presented in Figure 7(a) for 
different piston coatings. It can be seen that for all coatings, the maximum value of 
the gross indicated thermal efficiency is achieved where the CA50 is attained at about 
8° CA ATDC. Optimum injection timing, therefore, should be selected such that it 
achieves this point, so as to compromise between power, heat transfer and exhaust 
gas energy (26). As far as different coatings are considered, it can be seen from 
Figure 7(a) that the PEO1 piston provides the highest gross indicated thermal effi­
ciency at all injection timings, with a maximum increase rising to 3% (absolute) rela­
tive to the baseline data. PEO4 also exhibit higher gross indicated thermal efficiency 
than BSLN despite the comparable in-cylinder pressure values. This is attributed to 
the improved fuel economy, where less amount of fuel is used to generate the same 
load levels. The case is reversed with ANO1, where the increased fuel amount results 
in lower gross indicated thermal efficiency. The total diesel fuel injection amount (pilot 
+ main) for different piston coatings and different injection timings is shown in 
Figure 7(b). 

The improvement in gross indicated thermal efficiency with PEO coatings primarily 
results from the reduced heat loss hence increased work per cycle transferred to the 
piston. Energy balance for different piston coatings at injection timing A is presented 
in Figure 8(a). Yet, it can be seen that part of the improvement in the gross indicated 
work is attributed to the reduced exhaust gas losses. From one side, the earlier start 
of combustion with PEO coatings mean that the exhaust gas will have longer time to 
expand during the power stroke, hence leaving the cylinder at lower temperature. In 
addition, the increased charge mass with the BSLN and ANO1 pistons mean the total 
exhaust mass flow will be larger and at higher temperature, hence the engine suffers 
more exhaust energy losses. As far as the engine breathing is considered, pumping 
loss increases with PEO coatings, mainly due to the higher cylinder temperature with 
the reduced heat loss. The values for pumping mean effective pressure (PMEP) for dif­
ferent piston coatings at injection timing A is presented in Figure 8(b). It can be seen 
that the increased pumping work with PEO coating remains marginal (1-2%), where 
the thermo-swing effect of the coating allows its temperature to change very rapidly 
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during the cycle, preventing any intake charge heating (where the intake air was 
maintained constant), hence keeping the volumetric efficiency with only a small 
change corresponding to that of the pumping work. 

Figure 7. (a) Gross indicated thermal efficiency (%), and (b) Total fuel injec­
tion (mg/st). Data for 1500rpm, 3.8 bar IMEPn, at different injection 

timings. 

Figure 8. (a) Engine energy balance, and (b) pumping mean effective pres­
sure – PMEP (bar). Data for 1500rpm, 3.8 bar IMEPn, at injection timing A. 

3.2.2 Exhaust emissions 
Brake specific NOx emissions with different piston coatings verses CA50 are shown in 
Figure 9(a). For all pistons, the highest NOx emissions are produced with advanced 
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injection timing where peak gas temperature is higher; a more favourable condition 
for thermal NOx formation (32). Further, it can be seen that PEO1 demonstrates the 
highest NOx emissions, due to the higher cylinder temperature with the reduced heat 
loss. The increase of NOx emissions with PEO1 relative to BSLN exceeds 33%. Yet, 
PEO4 exhibits lower NOx emissions than BSLN despite the comparable cylinder pres­
sure. This could be attributed to the reduced size of the spray cone of the main injec­
tion, where the majority of NOx is formed (33). The effect is reverse with ANO1, 
where the rich mixture zone in the fuel spray is larger hence it produces more NOx 
relative to BSLN, yet with only marginal increase. 

The soot emissions with different piston coatings verses the CA50 are illustrated by 
Figure 9(b). The traditional trade-off between NOx and soot emissions is observed 
with advanced and optimum injection timings; the high temperature combustion with 
advanced injection timing leads to oxidation of the soot in the flame zone (7). With the 
increased diffusion combustion phase as the injection is retarded, soot formation 
increases. Still, late injection results in increased gas temperature in the late stages of 
the expansion stroke after the end of diffusion combustion phase, improving soot oxi­
dation (34). Lowest soot emissions at all injection timings were generated with the 
PEO1 piston, owing to the high temperature and pressure while the earlier start of 
combustion offers more residence time for the soot in the high temperature zone, 
hence promoting oxidation (33). The reduction of soot emissions with PEO1 relative to 
BSLN at the optimum injection timing is almost 22%. ANO1 produces lower soot emis­
sions than BSLN, potentially due to the larger volume of the yellow flame zone where 
the soot oxidation takes place (7). 

Figure 9. (a) Brake specific NOx emissions (g/kWh), and (b) Soot emissions 
(mg/m3). Data for 1500rpm, 3.8 bar IMEPn, at different injection timings (as 

represented by CA50). 

The brake specific THC emissions with different piston coatings verses CA50 are pre­
sented in Figure 10(a). It can be seen that lowest THC emissions are attained around 
the optimum injection timing. This is because advanced injection results in a higher 
cylinder pressure that could push the fuel vapour into the piston crevices hence 
increase the THC emissions, while retarded injection timing may lead to some of the 
fuel vapor escaping the combustion process and leave with the exhaust as unburned 
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hydrocarbons (7). PEO1 demonstrates the lowest THC emissions, due to the high 
cylinder temperature and the associated better oxidation from one side, and the extra 
smooth surface finish of the sealed bowl hence no THCs are trapped inside the coating 
porosities. The reduction of THC emissions with PEO1 relative to BSLN at optimum 
injection timing exceeds 5%. PEO4, conversely, has regular coating on the bowl where 
the coating porosities are responsible for tapping some of the unburned hydrocarbon 
that do not experience combustion, hence increasing the THC emissions. This is analo­
gous to the effect of the presence of porous deposits on the cylinder walls (7). With 
ANO1 coating, only the piston crown was coated, so the bowl was free of any porosities 
that could trap the unburned hydrocarbon hence THC emissions are comparable to 
those with PEO1. 

The brake specific CO emissions with different piston coatings verses the CA50 are 
shown in Figure 10(b). For all piston coatings, the trends of CO emissions are fairly 
similar to those of THC emissions, where lowest values are mostly obtained with the 
optimum fuel injection timing. However, PEO1 exhibits comparable CO emissions to 
those with BSLN, despite the improved oxidation associated with the elevated cylinder 
temperature. One possible reason for that could partially be the dissociation that 
occurs in the high-temperature products, even with lean mixtures (7). As for PEO4, 
the effect of the nano pores of the bowl coating harbouring some of the partially 
burned products potentially hinders the oxidation of CO, contrary to ANO1 crown-only 
coating (35). 

Figure 10. (a) Brake specific THC emissions (g/kWh), and (b) Brake specific 
CO emissions. Data for 1500rpm, 3.8 bar IMEPn, at different injection tim­

ings (as represented by CA50). 

CONCLUSIONS 

In this work, the potential benefits of applying a novel PEO coating to an aluminum 
alloy diesel engine piston were experimentally investigated. Four different pistons 
were used; a standard uncoated piston (BSLN), a PEO coated piston with an extra 
smooth surface finish in the bowl (PEO1), an ordinary PEO coated piston (PEO4) and 
a traditional anodised piston (ANO1). The main findings of the study are: 
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•	 PEO is an innovative surface coating technique that overcomes many of the 
traditional thermal barrier coating methods. It offers an attractive combin­
ation of hardness, wear resistance, corrosion resistance and interfacial adhe­
sion, on top of effective insulation capabilities. 

•	 PEO coatings have low thermal conductivities and low heat capacities as 
needed for thermo-swing coatings. Typical values were found to be around 
0.45 w/m.K and 1,500 kJ/m3.K, respectively at room temperature. For the 
present study, the optimum coating thickness was found to be around 70 μm. 

•	 Under the idealized part load conditions tested, PEO1 demonstrated the best 
reduction in wall heat transfer losses, with more than 3% gain (±1%) in the 
fuel useful energy and an equivalent improvement in the indicated thermal 
efficiency, due to the reduced heat loss to the coolant. 

•	 PEO1 exhibits the highest NOx and lowest soot emissions owing to the higher 
gas temperature. the increase of NOx emissions with PEO1 relative to BSLN 
exceeds 33%, while the reduction of soot emissions at the optimum injection 
timing is almost 22%. Retarding the combustion phasing slightly from the 
optimum would lower NOx without largely sacrificing the fuel consumption 
benefit. 

•	 PEO1 demonstrates the lowest THC emissions, due to the higher gas tem­
perature and the extra smooth surface finish of the bowl that prevents THC 
trapping within the coating. The reduction of THC emissions with PEO1 rela­
tive to BSLN exceeds 5% at optimum injection timing. CO emissions with 
PEO1 remained comparable to those with BSLN despite the improved oxida­
tion, potentially due to dissociation. 

•	 For all piston coatings with the current setup, the optimum injection timing 
that brings about the best performance, where the CA50 occurs at around 8° 
CA ATDC, was found to be about -17° CA ATDC for the pilot and -2° CA ATDC 
for the main fuel injection. Nevertheless, these values are expected to 
change for different setups and test conditions, hence they should be taken 
as guidance only. 

FUTURE WORK 

Future work will extend to consider the thermal interactions of the new coatings 
with varying EGR effects (deactivation of EGR system have been deliberate in this 
work to establish relative piston coating effects without unwanted deviations in 
EGR rate and/or the thermodynamic state). Other engine surfaces (e.g. cylinder 
head, exhaust ports) will also be under investigation, along with examining the 
potential benefits of applying the PEO coating in advanced gasoline engines with 
novel fuel injection and combustion systems (e.g. jet ignition) that are applicable 
to future hybrid vehicles. 

The application of PEO coating to the engine using carbon-free fuel (e.g. H2, NH3) also 
has a great potential for reducing engine heat loss and improving efficiency, especially 
with the high combustion temperature of H2. Additional improvement of the power 
unit performance could also be attained by making the most of the increased exhaust 
gas temperatures via energy recovery by the use of thermoelectric generators (TEGs). 
Future work includes investigating the potentials of using a novel TEG in a heavy-duty 
truck engine using low/zero-carbon fuels, including CH4, NH3 and their mixture with 
H2, with part of the work expected to be presented in the next IMechE conference. 
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ABSTRACT 

The automotive industry faces a continuous challenge to design vehicles that meet 
increasingly stringent regulations, societal expectations and demands concerning tail 
pipe emissions, passenger safety and perceived quality. Frequently, any advancement 
towards meeting a single prescribed design objective may (without a fundamental 
understanding of the system-level behaviour) worsen the performance of the vehicle in 
another respect. For example, the reduction of vehicle weight, in order to improve fuel/ 
energy efficiency, while simultaneously meeting the anticipated Noise, Vibration and 
Harshness (NVH) behaviour by the discerning customer presents such a potential con­
flict. The aim of the current work is to formulate a numerical dry clutch system dynamics 
model that enables physical understanding of transient clutch oscillatory behaviour 
during the engagement process, enabling design optimisation and NVH improvement. 

INTRODUCTION 

Over the past decades, stricter regulation of automotive emissions has driven the 
need of introducing lighter powertrains. Furthermore, the growing awareness of the 
health impact due to vehicle noise and vibration is leading to ever tightening noise and 
vibration exposure regulations. Apart from the legal considerations, poor Noise, Vibra­
tion and Harshness (NVH) is also undesirable due to its association with poor quality 
by customers. Since the NVH performance of conventional panels and structures is 
mainly driven by their mass, NVH reduction often requires heavy or bulky palliatives, 
conflicting with the trend towards lightweight designs. Novel (reduced mass and 
volume) NVH solutions are required to face the challenging and often conflicting task 
of matching both NVH and lightweight design requirements (1). 

Improvements in the NVH performance of automotive powertrains may also lead to 
improvements in powertrain efficiency. Several benefits are also attributed to less 
aggressive NVH, such as driver satisfaction and retention. Powertrain efficiency and 
NVH behaviour should be examined together to give the best result to the driver as 
well as for environmental purposes. For example, transmission efficiency improve­
ments through reduction in oil viscosity and other assorted drag reductions, tend to 
have a negative impact on transmission NVH performance (gear rattle) (2). In con­
junction with downspeeding of the Internal Combustion Engine (ICE) along with 
increased ICE boosting etc., ICE advancements tend to worsen transmission NVH 
(increased torsional signature). Reduced mass and consequentially often reduced 
rotating inertia (transmissions) may worsen aggressive NVH, and it seems likely that 
further improvements on NVH mitigation or palliative devices such as the Dual Mass 
Flywheel (DMF) (e.g. weight reduction) should also be investigated. 
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One source of NVH in automotive powertrains is the dry clutch system. Several model-
ling approaches have been presented in the literature. Wickramarachi et al. and Trinh 
et al (3,4) developed dry clutch models to simulate the wobbling motions of the pres­
sure plate. It was observed that this motion can lead to aggressive NVH. Studies were 
conducted to define the most influential parameter on the system’s stability and it was 
found that a thicker pressure plate led the system to be more stable. 

Another modelling technique that was used for predicting clutch NVH is proposed by 
Aktir et al. (5) using a three dimensional finite element model to predict high fre­
quency NVH in dry clutches. The natural frequencies of the pressure plate and clutch 
disc were identified using impact hammer testing. The dynamic response of the model 
was validated against measurements of the whole clutch assembly excited by an elec­
tromagnetic shaker attached to the flywheel. After conducting a stability analysis, it 
was found that high frequency NVH behaviour (up to 700 Hz) appears due to mode 
coupling of the input shaft bending motion and the clutch disc radial motion. 

The main aim of the current research is to present a novel modelling approach for the 
dry clutch system, enabling NVH prediction and proposing an innovative approach for 
the optimization of the dry clutch system. Through the optimization the elimination of 
aggressive NVH can be achieved and new design guidelines are drafted. 

METHODOLOGY 

A complete dry clutch system model is presented in Figure 1, comprising 13 degrees of 
freedom. The main components are the flywheel (directly mounted to the crankshaft), 
the pressure plate cover (bolted to the flywheel and consequently rotating with the 
same angular velocity), the pressure plate (linked with the pressure plate cover via the 
diaphragm spring) and finally the clutch disc (directly connected to the gearbox input 
shaft via the clutch disc hub). The primary function of the clutch system is to transfer 
the engine torque to the rest of the drivetrain using the generated friction torque at the 
contact between the clutch disc and pressure plate/flywheel. All the above mentioned 
components are presented in the mathematical model shown in Figure 1. 

The clutch model is studied using the following vector of generalized coordinates: 

q ¼ θfw; θcd; θin; zpp; θpp;x; θpp;y; ycd;y; ycd;x; zcd; θcd;x; θcd;y; θinsh;x; θinsh;y 

Where analytically the degrees of freedom are: 

θfw: Flywheel angular displacement 
θcd: Clutch disc angular displacement 
θin: Input shaft angular displacement 
zpp: Axial motion of the pressure plate 
θpp;x: Tilting motion of the pressure plate around x axis 
θpp;y: Tilting motion of the pressure plate around y axis 
ycd;y: Radial motion of the clutch disc at y axis 
ycd;x: Radial motion of the clutch disc at x axis 
zcd: Axial motion of the clutch disc 
θcd;x: Tilting motion of the clutch disc around x axis 
θcd;y: Tilting motion of the clutch disc around y axis 
θinsh;x: Bending motion of the input shaft around x axis 
θinsh;y: Bending motion of the input shaft around y axis 
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Figure 1. Dry clutch transient dynamic model: a) Side view and b) Top view. 

The dry clutch model introduces local nonlinearities through the cushion spring stiff­
ness variation (kcsÞ, which is a function of the cushion spring compression, u, and the 
diaphragm spring stiffness ð Þkds (6–9). The former connects the clutch disc with the 
pressure plate/flywheel and the latter links the pressure plate with the pressure plate 
cover. The tilting stiffness of the pressure plate (ktiltppÞ and the tilting stiffness of the 
clutch disc ðktiltcdÞ are also considered. Finally, the bending stiffness of the input shaft 
ðkbendÞ, is also considered. The clutch disc’s connection to the gearbox input shaft is 
represented by radial stiffness ð Þkr (10).

The equations of motion are presented in matrix form below. The mass (and inertia), 
the stiffness and the external load are each shown separately for convenience. The 
mass and inertia matrix is given by: 

2 3
Ifw þ Ipp þ Ie 0 0 0 0 0 0 0 0 0 0 0 0 6 0 Icd 0 0 0 0 0 0 0 0 0 0 0 76 76 0 0 Iin þ Ig þ Icar 0 0 0 0 0 0 0 0 0 0 76 76 0 0  6 0 mpp 0 0 0 0 0 0 0 0 0 7766 0 0 0 0 Ipp;x 0 0 0 0 0 0 0 0 7766 0 0 0 0 0 Ipp;y 0 0 0 0 0 0 0 77

M ¼ 66 0 0 0 0 0 0 mcd;x 0 0 0 0 0 0 77 1  66 0 0 0 0 0 0 0 mcd;y 0 0 0 0 0 7 ð Þ766 0 0 0 0 0 0 0 0 Icd;x 0 0 0 0 7766 0 0 0 0 0 0 0 0 0 Icd;y 0 0 0 776 76 0 0 0 0 0 0 0 0 0 0 mcd 0 0 74  0 0 0 0 0 0 0 0 0 0 0 I 5
insh;x 0 

0 0 0 0 0 0 0 0 0 0 0 0 Iinsh;y 
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The stiffness matrix including the friction forces is the following:  
A B

K ¼	 ð2
C D

Þ

Where the terms A, B, C, D of the stiffness matrix are shown below: 2 3
0 0 0 0 0 0 0 6 0 kin fkin 0 0 6 0 0 7766 0 fkin kin 0 0 0 0 7

A 7¼ 6 36 0 0 0	 d þ d1 f d2 f d3 rða þ b2
Þ  rða þ b2  77 ð Þ4 
Þ 0 

0 0 0 r að þ  b  2Þ þ 2lμa 2
1  r d f d2 þ ktiltpp
 2μlrd1  05

0 0 0 r að þ  b2 Þ þ 2lμa  2μlrd r2 d1 f d2 þ ktiltpp 02 3
0 0 0 0 0 0 66 0 0 0 0 0 0 7766 0 0 0 0 0 0 7

B 7¼ 6 764 
fd 

ð4
0 

Þf d1 rb rb1 rb rb1 7
0 rb þ 2lμb 2 2  

1 r 5
 f d f2rμld1 fr d f2μlrd1 

0 rb 2
1 þ 2lμb f2rμld fr d1 f2μlrd fr2d1 2 3 

0 0 0  μa1 0 rμd1 kr 66 0 0 0  μa rμd 0 0 7766 0 0 0  fd f d1 rb rb1 0 77
C ¼ 6 0  rb fr26 0 0 d 0 0 77  6 0 0 0  rb1 0 7 ð5Þ64 2

fr2d1 0 7
0 0 0 rb þ 2Lμb1 fr d f2μlrd 5 

1 krL 
0 0 0 rb1 þ 2Lμb f2μlrd fr2d1 02 3

0 μb1 0 fμrd1 krL fμrd1 6 kr μb fμrd 0 fμrd rL 76 k 766 0 d þ d1 ra ra1 ra frd1 77
D ¼ 6 0 ra	 r2	d  k 2

tiltcd 0 r d 0 7þ  ð66 76 0 ra 0 r2	 ktiltcd  r21 d1  0 d1 7 Þ64 þ 7
 0 rb þ 2Lμa 2 Lμrd 2 2

1 r d 2 1 r d1 þ L kbend þ krL2 2Lμra 5 
1

k 2 2 2
rL ra1 þ 2Lμa 2Lμrd r d1 2Lμrd r d1 þ L kbend þ k L2r

In which the following terms are given by: 

a ¼ kcsup f kcsdown 

b ¼ kcsdown f kcsup 

d ¼ kcsdown þ kcsup 

a1 ¼ kcsleft f kcsright 
b1 ¼ kcsright f kcsleft 
d1 ¼ kcsright þ kcsleft 
a2 ¼ kdsup f kdsdown 

b2 ¼ kdsdown f kdsup 

d2 ¼ kdsdown þ kdsup 

a3 ¼ kdsleft f kdsright 
b3  kdsright  kdsleft ¼ f
d3 ¼ kdsright þ kdsleft 
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Finally, the external load vector is given by: 

f ¼ ½ Tin f Tf ; Tf ; fTout f Tres; Fds; 0; 0; 0; 0; 0; 0; 0; 0; 0; � ð7Þ 

The following assumptions are considered to simulate the tilting, radial and bend­
ing motions of the clutch components. The net force that is applied on the pres­
sure plate must initially have a slight non uniform circumferential distribution in 
order for the aforementioned wobbling motions to be initiated. Such a distribution 
creates different cushion spring and diaphragm spring force actuations in each 
one of the four circumferential domains, depicted in Figure 2. As a result, the 
pressure plate starts tilting, and consequently the vector sum of the friction 
forces generated by the contact of the pressure plate and clutch disc in the per­
pendicular plane (YX plane) are non-zero. The schematic presentation of the 
model (Figure 1) reflects the pressure plate tilted and it can be observed e.g. in 
XZ plane (when simulating the cushion spring) that the upper side spring is com­
pressed more when compared to the bottom spring and as a result, Fcsup4Fcsdown. 
For the current study an initial spring deflection mechanism was introduced, 
which initiates with infinitesimal bending of the input shaft. This enables the 
mechanism described above. If there is an initially circumferentially uniform 
applied forces, then the cushion spring stiffness is equally distributed in the four 
domains shown in Figure 2. Additionally, the direction of friction forces, due to the 
contact between the pressure plate and clutch disc are presented. Those forces 
are a function of the cushion spring stiffness and the kinetic friction coefficient. 
For the current research the following stiffness relations were considered to simu­
late the unbalancing of the forces applied on the pressure plate (3, 11-12): 

kcsup þ kcsyleft ¼0:55kcs ð8Þ 

kcsdown þ kcsright ¼0:45kcs ð9Þ 

In which kcs is the total cushion spring stiffness and kcsup, kcsdown, kcsyleft , kcsright are 
the cushion spring stiffness coefficients in each domain. Figure 2 shows the distribu­
tion of the cushion spring stiffness when equations 8, 9 are applied, compared to 
a uniform distribution in each domain. 

Figure 2. Pressure plate schematic representation and cushion spring stiff­
ness distribution. The dots show the cushion spring distribution domains. 
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3 FRICTION COEFFICIENT AND FRICTION TORQUE 

The transmission of the engine torque to the rest of the drivetrain is accomplished due to 
the generated friction at the contact of the pressure plate/flywheel and clutch disc. Assum­
ing uniform contact pressure, the generated friction torque (TcÞ is given by (13,14): 

Tc ¼ NsReff μkinFcushion ð10Þ 

For the clutch system under investigation a single plate clutch disc was examined, 
which corresponds to Ns ¼ 2. The effective radius, Reff , is calculated as a function of the 
internal and external radius of the clutch disc. In the current research a relative speed 
- related friction coefficient was introduced. The calculation of friction coefficient for an 
engagement manoeuvre is accomplished by (15–18): 

_μkin ¼ μst þ ms θfw f θ_ cd ð11Þ 

In which: 

μst : static friction coefficient, when there is no relative speed between clutch disc and 
flywheel 
ms : gradient of the linearized measurements of the friction coefficient 
_θfw f θ_ cd: relative velocity of the flywheel and clutch disc 

Through the coefficient of friction, the system is coupled because the responses 
of the component motions are calculated as a function of the relative velocity of 
the clutch components. Moreover, in order to establish a more precise calculation 
of the friction coefficient variation throughout the engagement manoeuvre, the 
gradient as a function of the clamp load is also considered. The following equation 
fitted to the experimental measurements presented by Minas et al (19) is used 
for this purpose: 

f14F3 f10F2 f4ms ¼ f1:01393e load f 1:26651e load þ 3:74744ef7Fload f 4:18368e ð12Þ 

4 OPTIMIZATION PROCESS 

A key feature of the current research is to employ a methodology that simulates dry 
clutch disc transient dynamics and detects potential instabilities related to NVH (20) to 
optimize the clutch system in order to eliminate the above. The details behind transi­
ent clutch dynamics and stability analysis have been presented by Minas et al (20) and 
for brevity they will not be repeated herein. 

In order to conduct the optimization, a second order Recurrent Neural Network is util­
ized (RNN) (21). The optimization was conducted for the clutch disc and pressure 
plate mass/inertia after keeping rest of the parameters constant. After solving the 
eigenproblem for the system using various clutch disc and pressure plate mass com­
binations, the maximum real values (from the complete set of eigenvalues) are intro­
duced in the optimization software AVL CAMEO 4 R2 (22), which uses a neural 
network generic algorithm subject to pre-defined parameter constraints in order to 
determine the dry clutch system parameter combination which would provide the 
lowest (eigenvalue) real part. Initially, CAMEO generates a multi-layer perception 
neural network which describes the input/output map of the data provided. Finally, 
after introducing a target function, which is the minimization of the maximum real 
part (denoting the stability outcome of the simulations), the optimal combination was 
proposed. In Figure 3 the flowchart of the modelling and optimization process, fol­
lowed in the current research, is presented. 
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Figure 3. Flowchart of the methodology followed. 

RESULTS AND DISCUSSION 

The stability of the clutch system was investigated under a single engagement man-
oeuvre using the transient model presented above. For the time, t ¼ 0s, that the pres­
sure plate touches the clutch disc on the flywheel’s surface, the cushion spring starts 
compressing and reaches its full compression, u ¼ 0:6mm, at  t ¼ 1:8s. The cushion 
spring compression rate for the whole engagement process is steady at t/3. After 
simulating the engagement manoeuvre and the friction coefficient variation, stability 
analysis is conducted by solving the eigenproblem and projecting the real and imagin­
ary parts of the eigenvalues to detect potential instabilities. When the real part of the 
eigenvalue is positive, instability occurs, with natural frequency being the correspond­
ing imaginary part. 

The real parts as well as the natural frequencies of the modes that cause unwanted 
instabilities are presented in Figures 4 and 5. It can be observed that from 0 to 0.4 
s there are two converging natural frequencies. The natural frequency at 290 Hz cor­
responds to the bending motion of the input shaft around Y axis (θinsh;y; mode 1Þ and 
the natural frequency which starts at 220 Hz corresponds to the clutch disc radial 
motion in the direction of the Y axis (Ycd;y; mode 2Þ: Projecting the real parts of these 
two modes in Figure 5, it can be noted that both of them have negative real parts, thus 
until 0.4 s both modes are stable. However, when the natural frequencies meet and 
the two modes are coupled, system instability results. They reach a Hopf bifurcation 
point at 0.4s (3, 20, 23). After the coupling, mode 1 becomes unstable and mode 2 
has negative real parts symmetric to those of mode 1. The maximum value of the posi­
tive real part is 40 and the mode with the negative real parts has value of -40. The nat­
ural frequency in the unstable region varies between 270Hz - 307Hz. After 0.6s the 
natural frequency of the input shaft bending increases at a greater rate than mode 2 
and the modes uncouple. From the real values it can be observed that again both 
modes have negative real parts and become stable. 
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Figure 4. Natural frequencies of the input shaft bending motion around
 
Y axis (mode 1) and radial motion of the clutch disc (mode 2).
 

Figure 5. Real parts of the input shaft bending motion around Y axis 
(mode 1) and radial motion of the clutch disc (mode 2). 

The last task is to conduct an optimization for two geometrical parameters of the 
clutch system (pressure plate mass and clutch disc mass) in order to reduce the real 
part which indicates instability in the clutch system. A parametric study was conducted 
after varying the pressure plate mass between 1.3 – 2.1 kg and the clutch disc mass 
between 0.8 - 2.2 kg (19). The nominal values for the clutch disc mass and pressure 
plate mass are 1.41 kg and 1.85 kg, respectively. The maximum value of the real part 
for the complete set of eigenvalues, for each combination of the masses, was isolated 
and inserted as an input to AVL CAMEO 4R2 for the optimization process. A recurrent 
Neural Network was deployed and the results of the optimization are presented in 
Figure 6. It is shown that the optimal combination consists of higher clutch disc mass 
and reduced pressure plate mass. Compared to the nominal case, the clutch disc mass 
should be increased by 26.65 % and the pressure plate mass should be decreased by 
9.45 %. 
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Figure 6. Optimization results for the pressure plate mass and clutch disc 
mass. 

CONCLUSIONS AND FUTURE WORK 

The main aim of the current research was to present a novel modelling methodology for 
the dry clutch system, to observe potential instabilities after simulating a typical engage­
ment manoeuvre and to propose a methodology for eliminating those instabilities by 
optimizing key system parameters. Those instabilities can be related to aggressive NVH 
deriving from the automotive powertrain and the dry clutch system. In the current study 
a mode coupling instability at around 300 Hz was observed, and the modes causing this 
instability are the bending motion of the input shaft and the radial motion of the clutch 
disc. The optimization of the clutch system is conducted and the results showed that 
a clutch system with increased clutch disc mass and decreased pressure plate mass, can 
lead to the reduction of the real part of the instability as well as to the cushion deflection 
range that the instability exists. The future work will focus on the optimization of the 
whole dry clutch system and its link to powertrain efficiency improvement. 
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ABSTRACT 

The Wankel rotary engine offers unrivalled power density as a consequence of having 
a combustion event every revolution, as well as lightness, compactness and vibrationless 
operation due to its perfect balance. These attributes have led to its success as 
a powerplant for unmanned aerial vehicles, and which should also make it an attractive 
proposition for range-extended electric vehicles. However, it is not currently in production 
for automotive applications having historically struggled with poor combustion efficiency, 
and high fuel consumption and hydrocarbon emissions. The purpose of this work is to 
study the in-chamber flow motion in order to better understand how such limitations may 
be overcome in future. A 225cc 30 kW Wankel rotary engine is modelled using Large-
Eddy Simulation (LES) to ensure turbulent flow features are faithfully recreated, since 
Reynolds-averaged Navier-Stokes-based approaches are insufficient in this regard. The 
LES-predicted peak chamber pressure lies within 3.7% of the engine test data, demon­
strating good model validation. Combustion simulation parameters are calibrated to 
match the measured heat release profile, for high-load engine operation at 4000 rpm. 
Simulation results provide insight into the generation of turbulent structures as the 
incoming flow interacts with the throttle, intake port, rotor and housing surfaces; how the 
turbulence breaks down as the combustion chamber is compressed; and how the flame 
propagates following ignition, leaving a pocket of reactants unburned. Indeed, the com­
putational approach described here allows detailed understanding of the impact of design 
parameters on the detailed in-chamber flow phenomena, and consequently engine per­
formance and emissions. This will enable the optimization of Wankel rotary engine geom­
etry, port and ignition timing for maximum combustion efficiency and low emissions, 
reasserting its potential as an effective and efficient prime mover for hybrid and range 
extended electric vehicles. 

INTRODUCTION 

The electrification of transport is continuing apace. The consensus, laid down in the form 
of propulsion technology roadmaps (e.g., 1), is that decarbonization of urban mobility 
requires an entirely electric fleet, comprising battery electric vehicles (BEVs) and, later 
on, fuel cell electric vehicles (FCEVs). Yet the same roadmaps recognize that internal 
combustion engines (ICEs), in the guise of conventional and especially hybrid electric 
vehicles (HEVs), have an important supporting role in the transition to an electrified 
future. This is because the transition can only take place over decades, due to the low 
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baseline level of electric vehicle ownership and the slow rate of vehicle renewal. These 
factors may be illustrated by considering, for example, that of the 15.5M new passenger 
cars registered in the EU in 2019, 90% still employed a conventional gasoline or diesel 
ICE (98.1% if hybrids and alternative fuels are included) (2), while the average lifespan 
of a gasoline passenger car in Germany is around 18 years (3). Indeed, the Advanced 
Propulsion Centre Light Duty Vehicle Roadmap (1) uses a 30-year-plus timescale, out to 
beyond 2050. 

So, although the electrified transition has begun, the automotive industry is still quite 
near the start. In the marketplace, consumer concerns over electric vehicle range and 
the high initial vehicle cost (largely due to the need to accommodate a sufficiently 
large battery for acceptable range) continues to inhibit uptake of BEVs. This is where 
HEVs, or range-extended electric vehicles (REEVs), can encourage fleet renewal by 
offering some of the advantages of electric propulsion (and while using a smaller, 
lighter, less expensive battery) without the issue of range anxiety. It is therefore 
essential that the automotive industry continues to advance engine technology in the 
interest of greater thermal efficiency, and thus lower CO2 and pollutant emissions, 
because it is also the consensus that ICEs will persist, in one form or another, for at 
least the next three decades. Moreover, they are expected to be present beyond 2050 
in long range, high power and performance vehicles, powered by dedicated hybrids 
running on net zero carbon fuels (1). 

1.1 The Wankel rotary engine as a range extender 
Although the Wankel rotary engine found mixed success as a prime mover for ground 
vehicles1, it is currently in series production as the powerplant for unmanned aerial 
vehicles (UAVs), which take advantage of characteristics that differentiate it from 
reciprocating engines, e.g., 

•	 Perfect balance and hence vibrationless operation 
•	 No noise, vibration, and harshness (NVH) caused by a conventional valve 

train 
•	 Compactness and lightness, and hence high volumetric and mass power 

density 
•	 Low friction 
•	 Low rotational inertia 

These same attributes make it a strong contender for the prime mover in a dedicated 
hybrid powertrain for REEVs, if its traditional weaknesses can be improved: 

1. High fuel consumption at part- and especially low-load 
2. High hydrocarbon (HC) emissions 
3. High oil consumption 
4. High combustion chamber surface area-to-volume ratio 
5. High coolant and exhaust heat rejection 
6. Poor combustion chamber shape 

Item 1 in the above list can be avoided in a REEV application since the engine is not 
connected to the drivetrain and may, in the main, be operated at its best fuel efficiency 
point when running. 

In response to item 2, though Wankel rotary engines have a reputation for high HC 
emissions, the authors’ previous work (4) showed that the side-ported 13B-MSP 

1. A brief historical overview may be found in ref. (4). 
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RENESIS Wankel rotary engine (5) used in the Mazda RX-8 (homologated at Euro 4) 
was able to meet more modern (Euro 5 & 6) HC emissions limits, highlighting the 
value of zero port overlap in inhibiting the escape of unburnt reactants into the 
exhaust. Follow-on work (6) extended the experimental investigation into the elimin­
ation of port overlap with dynamometer testing of the Mazda 13B-MSP, and further 
considered the benefits of zero port overlap applied to a peripherally ported Wankel 
rotary engine, namely the Advanced Innovative Engineering (AIE) 225CS (7), which 
was being developed as a range extender within the APC project ADAPT (8, 9). Inter­
mediate conclusions were that, whether side- or peripherally ported, the Wankel 
engine should be considered for range extender applications because in this role it can 
exploit its aforementioned headline attributes (power density, lightness, compact­
ness, vibration-free) while inefficient operating regions can be inherently avoided. 
Additionally, eliminating port overlap should expand the region of best fuel consump­
tion while offering entirely satisfactory exhaust emissions. 

Item 3 is, on the face of it, difficult to avoid since Wankel engines have an inherent 
lack of lubrication to the combustion chamber apex seals and require direct lubrica­
tion, which is consumed, leading to an additional source of HC emissions. This concern 
may be tempered by again considering the excellent HC measurements on the 13B­
MSP engine (4), which included any contributions from lubricating oil. Furthermore, 
the latest generation of UAV Wankel rotary engines employ lubrication systems that 
can limit oil consumption to 10 cc/hour (6), comparable to automotive engines. 

Item 4 relates to the inherent geometry of the combustion chamber in a Wankel rotary 
engine, where its higher surface area-to-volume ratio means that thermal losses will 
be greater, relative to a conventional engine. This characteristic also drives the high 
coolant losses mentioned in item 5, while high exhaust heat rejection is a function of 
the typical exhaust porting arrangement, which leads to under expansion of the work­
ing fluid when compared to a conventional engine. 

Items 4 and 5 manifest themselves as lower thermal efficiency. To mitigate their 
impact, and to recover the performance lost due to the reduced compression and 
expansion ratios imposed by adopting zero port overlap, compounding the Wankel 
engine to extract some of the available exhaust enthalpy has also been studied. As 
previously reported at this conference (9), a rotary expander was designed and fitted 
to the exhaust of the AIE 225CS, further demonstrating the versatility of such devices. 
Test results demonstrated significant improvements in torque and brake specific fuel 
consumption (BSFC) of 30% and 12% respectively. Turbocompounding the AIE 225CS 
with a turbocharger turbine has also been simulated (6). This used the dedicated 
Wankel engine template available in AVL BOOST, which has been shown (10) to have 
important modelling advantages over the ‘equivalent three-cylinder, four-stroke’ 
approach that has been used elsewhere (e.g., 11). 

Finally, item 6 refers to the difficulties imposed by the elongated shape of a Wankel 
engine combustion chamber, which does not lend itself to rapid and complete combus­
tion of the fuel. Indeed, achieving a better understanding of the combustion process 
inside a Wankel rotary engine is the main objective of the current paper. 

1.2 CFD modelling in Wankel rotary engines 
Large-Eddy Simulation (LES) has been applied extensively for modelling turbulent 
flows in combustion engines, though has largely focussed on conventional reciprocat­
ing piston engines (e.g., 12). More recent work though has studied the deployment of 
different turbulence modelling approaches specifically for the in-chamber flow in 
Wankel rotary engines. A comparison of LES and a common Reynolds-averaged 
Navier-Stokes (RANS) technique using the standard k-F065 turbulence model recom­
mended the former for better prediction of flow field structures (13). But while LES 
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provides a more faithful representation of turbulent flow features, it imposes signifi­
cantly greater computational expense than RANS modelling. A useful compromise is 
provided by hybrid LES-RANS techniques, such as the Detached-Eddy Simulation 
(DES) approach first introduced in ref. (14). Advancements since have led to the latest 
hybrid models such as the Improved Delayed Detached Eddy Simulation–Shear-
Stress Transport (IDDES-SST) model, which aims to balance fidelity of turbulence 
modelling with reasonable computational expense, with its application to a small, per­
ipherally ported rotary engine (15). Also notable in that work is the use of the Q-criter­
ion for turbulent feature identification. 

As will be described later, this paper employs a LES approach to turbulence modelling 
and uses the Q-criterion (defined in Section 3.2.3) to support tracking of turbulent 
flow structures. The novel contribution of the present work, however, is that the four 
‘strokes’ (intake, compression, expansion, exhaust) of a complete cycle are simulated 
herein, which is a notable extension beyond recent LES simulations in rotary engines 
(e.g., 13, 15), which were limited to the intake phase of the cycle. 

2 METHODOLOGY 

This section provides a brief overview of Wankel rotary engine geometry and its set-up 
in the CFD simulation. 

2.1 Wankel rotary engine geometry 
Inside a Wankel rotary engine (Figure 1a), a triangular rotor, which has a shape similar 
to a Reuleaux triangle (16), rotates around an output shaft and inside a trochoidal 
housing. The particular design shown in Figure 1 is known as a 2:3 arrangement – two 
housing lobes and three rotor flanks. This creates three moving chambers separated 
from each other by the apices of the rotor, and the internal gearing is correspondingly 
configured such that the output shaft rotates three times for each rotor rotation. Each 
chamber experiences a complete four-stroke cycle during each full rotation of the 
rotor, i.e., there is a combustion event upon every rotation of the output shaft. 

Figure 1. (a) Components of a peripherally ported rotary engine (17); (b) 2D 
chamber geometry with respect to intake (blue) and exhaust (red) ports for 

the case of zero port overlap (4). 

176 



The combustion chambers in a Wankel rotary engine are therefore continually moving 
and changing shape, with their boundaries defined by the eccentric motion of the rotor 
about the output shaft and the internal surface of the housing (Figure 1b). 

2.2 CFD meshing 
This subsection describes the moving and stationary mesh domains in 3D CFD. Ansys 
Fluent R19.2 was used for all CFD aspects described in this paper. 

2.2.1 Mesh motion generation and dynamic meshing 
In Fluent a moving mesh is described by a user defined function (UDF). The rotor 
boundary (red surface in Figure 2) is defined as a rigid wall, i.e., non-deformable. Its 
simultaneous translation and rotation are defined in the UDF by the velocity and angu­
lar velocity of its centre with respect to Cartesian (x,y,z) coordinates and time. 

Figure 2. Rotor domain and surface boundaries. 

On the other hand, the required variation in chamber geometry is enacted by setting 
up the housing and side wall boundaries (blue and green surfaces in Figure 2) as 
deformable walls, whose shape adapts according to the position of the rotor. 

Due to the complexity of the resulting chamber geometry, a sixth-order polynomial fit 
is used to describe its variation within the UDF. This is an acceptable simplification, 
with the difference (in the y-coordinate) between the actual and approximated geom­
etries quantified by a root mean squared error of 1.14 x 10-5. Some examples of the 
approximated chamber geometry are shown in Figure 3. 
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Figure 3. Combustion chamber deformation during ¼ of a rotor rotation. 

Meshing of the combustion chamber is challenging due to the extreme levels of cell 
deformation at various points in the cycle. Indeed, re-meshing is unavoidable if an 
acceptable cell aspect ratio is to be maintained. In this work a hybrid approach to 
dynamic meshing is taken, combining mesh smoothing, and manual and automatic 
re-meshing, the latter employing Fluent’s cut-cell functionality. 

The cut-cell feature automatically re-meshes the domain with an unstructured hexa­
hedral mesh, which offers a significantly lower cell count compared to a tetrahedral 
mesh, while permitting a level of flexibility unavailable in a fully structured mesh. The 
main drawback, however, is that automatic re-meshing does not recreate the intended 
geometry with complete accuracy. In addition, the more often automatic re-meshing 
is used, the less faithful the mesh becomes. Figure 4 shows this situation following 
multiple calls for automatic re-meshing. In Figure 4b, the curvature of the rotor sur­
face has changed. Although only slight, this will eventually have a material effect on 
chamber volume at top dead centre (TDC) and therefore the simulated geometrical 
compression ratio, and hence the accuracy of the predicted performance. For these 
reasons, a sensible balance between user time and geometrical accuracy was found 
by invoking automatic re-meshing once every 1/30 of a cycle, with manual mesh 
replacement (which corrects any geometrical inaccuracy) performed once every 1/12 
of cycle. 
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Figure 4. Combustion chamber mesh at (a) beginning of simulation; (b) after 
multiple instances of automatic re-meshing. 

In between re-meshing events, the mesh deforms with Fluent’s smoothing option. 
This seeks to retain mesh quality by diffusing the movement smoothly into every 
node, as Figure 5 shows (N.B. the boundary mesh is purposely refined due to high vel­
ocity and temperature gradients in these regions). 

Figure 5. Smooth mesh deformation. 

It is worth noting that the cell count in the chamber domain varies between approxi­
mately 60,000–100,000, depending on the complexity of the deforming domain and 
dictated by the dynamic meshing technique just described. For the sake of brevity, the 
mesh dependency study is not reported in this paper. Suffice to say, this order of mesh 
resolution is in line with the observation in ref. (13) that there is little to choose in the 
quality of CFD validation between cell counts of 100,000 and 1,000,000 elements, 
especially considering the computational expense of the latter. 
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2.2.2 Intake and exhaust domains 
A hexahedral mesh is applied to the remaining stationary domains of the intake and 
exhaust systems. The intake domain (Figure 6a) includes a representation of the 
throttle, meshed using tetrahedral elements since it is important to capture its effect 
on the flow structures and turbulence level entering the combustion chamber. The 
exhaust domain (Figure 6b) is directly modelled on the one attached to the 225CS 
during the aforementioned engine testing, with a grid that becomes purposely more 
coarse as the distance from the combustion chamber and exhaust port increases. 

Figure 6. (a) Intake throttle representation; (b) exhaust system mesh. 

2.2.3 Leakage 
It is well known (e.g., 18, 19) that gas leakage across the apex seals detrimentally 
affects Wankel engine performance. A side study (not included here for brevity) 
attempted to simulate this leakage path, using a minimum apex gap of 0.5 mm due to 
the computational expense of the required fine mesh. This predicted unrealistically 
large leakage levels. Hence the CFD model, at present, assumes no leakage. 

2.2 CFD set-up 
This section describes simulation set-up in Ansys Fluent R19.2. 

2.2.2 LES model 
Preparatory simulation work (not reported here) was carried out by the authors to 
compare RANS and LES modelling approaches to the problem. As suggested in other 
work (13), this identified the value of the latter in being able to capture with sufficient 
fidelity the flow structures entering the combustion chamber and their subsequent 
breakdown into turbulence, thus obtaining a more valid model of the combustion pro­
cess occurring within a Wankel engine. Unlike the RANS approach, which purposely 
averages out all turbulence structures and cannot resolve at the eddy scale, LES is 
capable of resolving eddies larger than eight cells (i.e., a cube with side length equal 
to two cells). For turbulence structures smaller than eight cells, the simulation will 
switch to a sub-grid model that is similar to a RANS approach. 

2.2.2 Simplified combustion model 
The combustion modelling approach employed in this work used Ansys Fluent’s built-
in Spark Model. This creates a local reaction hotspot for user-defined values of pos­
ition, point in time, and initial conditions for hotspot radius (in this case 2 mm) and 
energy release (in this case 0.05 J); these parameters were tuned to best match the 
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experimental result. The combustion process itself is very much simplified, using 
a finite-rate reaction model and a single reaction for iso-octane fuel (Eq. (1)): 

C8H18 þ 12:5O2 ! 8CO2 þ 9H2O	 ð1Þ 

2.2.3 Wall heat transfer 
As explained in Section 1.1, compared to reciprocating engines, the Wankel engine 
suffers from higher heat losses through the wall due to its high surface area-to­
volume ratio, particularly around TDC (e.g., 18, 19). Wall heat transfer is thus a key 
factor affecting both work output and thermal efficiency. In the current study, all walls 
are set to 90°C, in line with the coolant temperature measured during engine testing 
(and since no direct wall temperature measurements were made). However, a side 
study (not included here for conciseness but which applied temperatures of 60°C and 
120°C) showed that the assumed wall temperature had little impact on simulation 
results. Although prescribing a single temperature value to all walls is an overly simpli­
fied approach, there are additional reasons that prohibit the simulated wall heat trans­
fer being wholly representative of the real situation: 

•	 Due to the way in which the combustion chamber moving mesh is generated, 
the internal wall of the housing effectively moves with the chamber, whereas 
it is stationary in reality. This reduces the relative velocity between the gas 
and the wall and hence the rate of convective heat transfer. 

•	 To accurately simulate wall heat transfer, the near-wall mesh would need to 
be much finer than could be afforded here. 

2.3 Engine testing 
As previously mentioned, the subject engine of this paper is the production single-
rotor 225CS Wankel rotary engine (7), designed and manufactured by Advanced 
Innovative Engineering. Its main geometric and timing details are listed in Table 1. 
The 225CS is port fuel injected, with the injector purposely angled to direct the fuel 
through the port and into the combustion chamber (Figure 7). 

Figure 7. The AIE 225CS Wankel rotary engine (7). 
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Table 1. AIE 225CS engine geometry and timing (9). 

Parameter Value Units 

Swept volume 225 cc 

Generating radii 69.5 mm 

Eccentricity 11.6 mm 

Offset/equidistance 2 mm 

Rotor number 1 

Width of rotor housing 51.941 mm 

Geometric compression ratio 9.6:1 

Intake port opens 71 BTDC ° 

Intake port closes 60 ABDC ° 

Exhaust port opens 69 BBDC ° 

Exhaust port closes 57 ATDC ° 

Number of spark plugs 2 

Ignition timing 18 BTDC ° 

Data to be used for CFD validation was compiled from steady-state engine dynamom­
eter testing conducted at the University of Bath as part of the Advanced Propulsion 
Centre and Innovate UK-funded project ADAPT (8). In a reciprocating piston engine, 
a single pressure sensor can be installed in the head to measure combustion chamber 
pressure. In a Wankel engine however, owing to its rotating chambers, multiple pres­
sure sensors are required to capture a complete pressure trace over a full rotor rota­
tion, and the corresponding data concatenated in post-processing. A live data 
acquisition system was designed and developed (20) for use with Wankel engines that 
could generate in-chamber pressure traces and p-V diagrams without post-
processing. The details of this technique are outside the scope of the current paper, 
but a full explanation and analysis can be found in refs. (4, 6). 

3 RESULTS & DISCUSSION 

3.1 CFD validation 
This section demonstrates validation of the 3D CFD model against both motored and 
fired engine test data, for high-load engine operation at 4000 rpm. 

3.1.1 Comparison of chamber pressure: Motored operation 
A comparison of predicted and measured combustion chamber pressure for motored 
operation (i.e., without combustion) is shown in Figure 8, with the throttle position at 
approximately 93% open. It can be observed that there is very good correlation 
between the simulation and experimentally measured data. 
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Figure 8. Comparison of experimentally measured and simulated chamber 
pressure during motored operation at 4000 rpm and 93% throttle opening. 

In the engine test, brake torque is measured by the dynamometer, whereas the CFD 
simulation can only calculate an indicated torque quantity (i.e., that due to the pres­
sure forces on the rotor over a cycle). By calculating the difference between these two 
values, and although they are taken from different sources (experiment and simula­
tion), one may estimate the magnitude of mechanical friction torque present in the 
225CS engine at this operating point. Table 2 shows this breakdown of torque values, 
resulting in an estimated mechanical friction torque of -3.69 Nm. 

Table 2. Estimate of mechanical friction torque using measured and simu­
lated data for the motored case. 

Type of torque Data source Value Units 

Dynamometer torque 
(i.e., accounts for mechanical friction 
and pumping losses) 

Engine test -4.0 Nm 

Indicated pumping torque Simulation -0.31 Nm 

Estimated mechanical friction torque Combines engine test 
and simulation 

-3.69 Nm 

3.1.2 Comparison of chamber pressure: Fired operation 
Next, Figure 9 compares engine test data and CFD predictions of the chamber pres­
sure for a fired (i.e., with combustion) case, again at 4000 rpm and 93% throttle open­
ing. There remains a good correlation overall, but a few regions of difference. 
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Figure 9. Comparison of experimentally measured and simulated chamber 
pressure during fired operation at 4000 rpm and 93% throttle opening. 

The pressure rise in the simulation trace is smooth, but the engine test data shows 
a decrease in gradient at around 520° output shaft angle, which would coincide with 
the ignition timing (set at 18° BTDC, as per Table 1). It is surmised that this difference 
is caused by a mixture of fuel vaporization (not modelled in the simulation) and 
a transition to a much faster pressure rise rate due to the start of combustion. 

The engine test and simulation pressure traces peak at 558° and 568° output shaft 
angle (18° and 28° ATDC) respectively, with the simulation showing a slightly greater 
peak pressure (by ~3.7%). This is likely due to the presence of greater thermal losses 
in the engine test data than are being accounted for in the simulation. The engine test 
data also shows a faster decrease in pressure from approximately 640°, leading to 
a pressure difference of approximately 36% by the point at which the exhaust port is 
uncovered, at about 750° output shaft angle. 

3.2 Combustion chamber flow phenomena 
Having shown that the 3D CFD simulations provide a faithful model of the 225CS 
engine in performance terms, the CFD-predicted flow structures are now examined by 
considering, e.g., the velocity field and turbulent viscosity levels. 

3.2.1 Flow structures during intake stroke 
The flow structures during the intake ‘stroke’ are important for generating the turbu­
lence that will later promote rapid and clean combustion. 

Figure 10. (a) Chamber, (b) intake velocity vectors; 72° output shaft angle. 
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Figure 10 shows velocity vectors for the point at which the output shaft is at 72° and 
the chamber is quite elongated. It shows formation of vortices as the gas enters the 
chamber (Figure 10a) from the intake (Figure 10b), before striking the rotor surface. 

Figure 11. (a) Chamber, (b) intake velocity vectors; 108° output shaft angle. 

As the chamber starts to expand in Figure 11 (108° output shaft angle), small eddies 
merge into larger ones near the rotor leading edge. But as the chamber expands fur­
ther, and the intake flow starts to slow down (Figure 12), the large vortex near the 
leading edge starts to break into multiple smaller vortices. Meanwhile, the vortex near 
the trailing edge is sustained noticeably longer due to its relative isolation. 

Figure 12. (a) Chamber, (b) intake velocity vectors; 144° output shaft angle. 
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Figure 13. Chamber velocity vectors, (a) 180° & (b) 216° output shaft angle. 

As the intake stroke ends (Figure 13), the flow quickly starts to decelerate, and the 
vortices start to break down. 

3.2.2 Flow structures during compression stroke 
As the chamber begins to shrink again during the compression stroke (Figure 14), the 
vortices quickly break down because there is insufficient space to sustain large scale 
rotation. Just before ignition occurs (Figure 14c), almost all vortices have broken 
down to such a small size that they cannot be resolved directly due to the finite reso­
lution of the mesh, at which point the sub-grid model takes over. 
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Figure 14. Chamber velocity vectors at output shaft angles of (a) 360°, 
(b) 450°, & (c) 522. 

3.2.3 Turbulence tracking 
To visualize the turbulence levels, the so-called Q-criterion is introduced (Eq. (2), 

 1
Q ¼ k k2Ω  f k kS 2 ð2

2 
Þ

where S is the symmetric part of the velocity gradient (better known as the rate of 
strain), and Ω is its antisymmetric part, otherwise known as the vorticity tensor. The 
Q-criterion is automatically available within the Ansys post-processing tool (CFD-Post). 
Further details of the Q-criterion can be found in the literature (e.g., 15, 21), but essen­
tially, a higher Q-criterion indicates a region is dominated more by vorticity than strain. 
For example, the Q-criterion will increase towards the centre of a vortex – indeed, 
a local Q-criterion hotspot can aid vortex detection, as Figure 15 shows. 
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Figure 15. Identifying vortical structures (a) as Q-criterion hotspots (b). 

The LES sub-grid model is also introduced for comparison. As previously explained, 
LES is able to resolve large scale eddies, but when they reduce to a scale smaller than 
a cube with a side length of two cells, the sub-grid model will be activated. More spe­
cifically, this means the local viscosity and thermal conductivity are increased to repre­
sent the turbulence level, similar to a RANS approach. And since the very centre of 
a vortex must be smaller than any finite mesh size, the sub-grid viscosity will increase 
at the vortex core, much like the Q-criterion. 

Figure 16. Comparing contours of sub-grid viscosity (a) & Q-criterion (b). 

As Figure 16 shows, there is clear similarity between the contours of the LES sub-grid 
turbulence viscosity and Q-criterion. However, LES sub-grid turbulence viscosity is 
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highly affected by mesh density, and since the sub-grid model only activates when the 
mesh size is too large relative to the turbulence, it is only comparable to itself when 
the mesh density is uniform – which is definitely not the case in this work. Indeed, it 
can be seen in Figure 16a that near the rotor surface, where the mesh is finer, the LES 
sub-grid turbulent viscosity is at a low level, whereas Figure 16b suggests small hot-
spots of vorticity are, in fact, present. In conclusion, the Q-criterion is the better iden­
tifier of vortices for the purposes of the present work. 

Figure 17. Q-criterion iso-surfaces: (a) 1 x 107, (b) 2 x 107, & (c) 5 x 107 s-2. 

Taking this a step further, Q-criterion iso-surfaces can help define the shape of vortices 
in 3D space, as Figure 17 shows. The higher the iso-surface setting, the tighter it 
envelopes a vortex core, and so eventually only the most intense vortices will remain. 
In this case, a Q-criterion iso-surface set to 2 x 107 s-2 (as per Figure 17b) offers 
a balance between showing the quantity of coherent structures present while permit­
ting individual vortices to be identified. 

Figure 18. Velocity-coloured Q-criterion = 2 x 107 s-2 iso-surfaces during the 
intake stroke. 
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The (velocity-coloured) 3D Q-criterion iso-surfaces in Figure 18 identify two strong 
vortices generated by the throttle plate (visible in Figure 18a), which are sustained 
through the intake port but dissipate upon entering the chamber (Figure 18b). As the 
intake stroke continues, the maximum vortex length scale is attained at an output 
shaft angle of approximately 160°. As the intake stroke proceeds, the flow starts to 
slow down, and the large vortices start to break up into multiple vortices of smaller 
scale (Figure 18c). 

Figure 19. Velocity-coloured Q-criterion = 2 x 107 s-2 iso-surfaces between 
compression and ignition. 

As the intake port closes (left hand side of Figure 19), the vortices start to dissipate 
and reduce in length scale. Nevertheless, a large number of small vortices persist just 
in advance of ignition (right hand side of Figure 19) – which will support the develop­
ment of the flame once the charge ignites. 

Figure 20. Velocity-coloured Q-criterion = 2 x 107 s-2 iso-surfaces during 
expansion. 

Following ignition, and moving into the expansion stroke, most vortices have dissi­
pated, with very few, smaller vortices observed near the rotor surface (Figure 20), 
which could also be attributed to movement of the rotor. 
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3.2.4 Flame structure 
The very simplified single-equation representation of combustion (Eq. (1)) prohibits 
tracking of intermediate species, which include those used as accepted markers of the 
flame front, e.g., OH, C2, CH, CH2O (22, 23). The combustion model will be upgraded 
in future, but here visualization of the flame structure in 3D space is achieved by moni­
toring the mass fraction of CO2 as an end product of combustion. 

The flame is ignited once the two spark plugs strike at 18° BTDC (522° output shaft 
angle) and the two corresponding flame fronts spread out quickly (Figure 21a) and 
merge near TDC (Figure 21b). The flame reaches the leading edge of the rotor at 
approximately 36° ATDC (576° output shaft angle) in Figure 21c. However, even with 
the space afforded by the flank cut-out, the flame front has difficulty in passing into 
the narrow gap formed between the flank and housing. These results in an unburnt 
pocket near the trailing edge of the rotor, visible in in Figure 21d. This remains unburnt 
even after the exhaust stroke begins (Figure 21f) because the flame spreads at a rate 
slower than the chamber expands and is likely to be a major contributor to the 
engine’s total HC emissions. 

Figure 21. CO2 mass fraction contours at output shaft angles of (a) 530°, 
(b) 540°, (c) 576°, (d) 612°, (e) 648°, & (f) 900°. 
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4 CONCLUSIONS 

Despite the growing electrification of transport, internal combustion engines will per­
sist for many decades to come. It is thus crucial to continue improving the thermal 
efficiency of engines, and reduce CO2 and pollutant emissions, not least because they 
are an important part of the transition, in the form of range-extended electric vehicles. 
The Wankel rotary engine offers most of the characteristics of the ideal hybrid propul­
sion system prime mover (e.g., compactness, lightness, excellent NVH) but the con­
tinually changing chamber shape leads to combustion inefficiencies. To better 
understand their cause, the overall aim of this work was to develop a realistic model of 
the in-chamber turbulent flow and combustion processes. 

A Large-Eddy Simulation (LES) model of the deforming combustion chamber inside 
a Wankel rotary engine has been successfully validated against engine performance 
test results. The complete intake-compression-expansion-exhaust cycle is simulated, 
an important extension beyond other LES simulations of rotary engines in the litera­
ture, which mainly focus on the intake phase. In this work, where mesh resolution is 
at a premium, a hybrid (manual/automatic) approach to dynamic meshing has been 
deployed in the 3D CFD simulations in order to keep the mesh count to reasonable 
levels, while maintaining resolvability of turbulent flow features. Furthermore, the 
Q-criterion has been shown to be a more reliable indicator of local turbulence levels 
than the LES sub-grid turbulent viscosity. The LES modelling approach, in conjunction 
with the Q-criterion, can be used to better understand the combustion process in the 
continually deforming combustion chamber. It allows the turbulent flow structures to 
be tracked throughout the intake and compression strokes, demonstrating that they 
persist, albeit at a reducing length scale, until at least the start of combustion. Track­
ing the extent of the flame following ignition, and into the expansion and exhaust 
strokes, identified regions at the rotor trailing edge into which the flame cannot 
reach – leading to a pocket of unburnt reactants. Hence this paper underscores the 
importance of Wankel engine intake geometry in generating turbulence that, crucially, 
is available at the beginning of the combustion process to promote rapid flame devel­
opment. It also emphasizes the inherent difficulties posed by Wankel engine combus­
tion chamber geometry on flame propagation. Indeed, the influence of spark plug 
location and ignition timing on the size and persistence of unburnt regions will be the 
subject of future work in this area. 
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NOMENCLATURE 

N Engine speed 

p Pressure  
Q Q-criterion, Q-criterion, 1 2 2

2 k kΩ f k kS
V Volume 
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ABBREVIATIONS 

AIE Advanced Innovative Engineering 

APC Advanced Propulsion Centre 

ATDC After Top Dead Centre 

BEV Battery Electric Vehicle 

BSFC Brake Specific Fuel Consumption 

BTDC Before Top Dead Centre 

CFD Computational Fluid Dynamics 

DES Detached-Eddy Simulation 

FCEV Fuel Cell Electric Vehicle 

HC Hydrocarbon 

HEV Hybrid Electric Vehicle 

HPC High Performance Computing 

ICE Internal Combustion Engine 

LES Large-Eddy Simulation 

NVH Noise, Vibration, Harshness 

RANS Reynolds-Averaged Navier-Stokes 

REEV Range-Extended Electric Vehicle 

TDC Top Dead Centre 

UAV Unmanned Aerial Vehicle 
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ABSTRACT 

Euro 5 diesel, Euro 6 PHEV gasoline and Euro 6d-TEMP diesel passenger cars have 
been tested for tailpipe NOx on TfL’s “West London Route”. Fast response analysers 
were used to correlate transient emissions with ECU data, dashcam footage and GPS 
information to study the vehicles’ emissions responses to stimuli from road lay-out, 
congestion and other real-world influences. The results show a whole route reduction 
of 94% total NOx for the Euro 6d-TEMP vehicle compared to the Euro 5 diesel suggest­
ing that the turnover of the vehicle fleet and the growing proportion of improved 
vehicle emissions categories will, in itself, bring air quality benefits to urban areas. In 
addition, the particular events during the drive which produce (sometimes very short 
duration) spikes of NOx are analysed in terms of the engine and aftertreatment 
reasons for the tailpipe “event”. The main reasons for the tailpipe NOx from the three 
vehicles mentioned were found to be respectively: harsh accelerations, high load 
engine restarts and accelerations immediately following congested slow driving. 

1 INTRODUCTION 

Vehicle manufacturers are facing increasing pressure by legislation and economics to 
reduce vehicle emissions and deliver improved fuel economy. By 2025 significant reduc­
tions in carbon dioxide (CO2) emissions will need to be achieved to meet these require­
ments whilst at the same time satisfying the more stringent forthcoming legislation. 

Air pollution is a major concern, in Europe it is estimated 400,000 people die prematurely 
every year as a consequence of short and long-term exposure to high levels of pollution 
in the air [1]. Short and long-term exposure to elevated concentrations of Particulate 
Matter (PM) and Nitrogen Dioxide (NO2) in the air have been associated with cancer [2], 
respiratory [3] and cardiovascular diseases [4], hypertension and diabetes [5]. Road 
transport is a main source of NO2 and ambient particle concentrations. In the European 
Union (EU), road transport contributes up to 39% of Nitrogen oxides (NOx) and 11% of 
PM emissions [1]. The contribution of PM2.5 and NOx emissions from road traffic increase 
significantly at the city level [6]. In London for example, PM2.5 increases by 30% and 
NOx by 49% [6], [7]. In 2017 the proportion of the European population exposed to con­
centrations exceeding the WHO (World Health Organization) air quality guideline annual 
mean PM2.5 (>10 μg/m3) and NO2 (>40 μg/m3) was 77% and 7%, respectively [6]. 

Many studies have shown that there are significant discrepancies between type 
approval test cycles such as New European Driving Cycle (NEDC) and real-world emis­
sions [8]–[12]. The Worldwide harmonized Light vehicles Test Cycle and Procedure 
(WLTC and WLTP, respectively) were introduced into the certification process from 
2017 to address this. However, real-world testing of vehicle emissions is more 
demanding of vehicle controller calibrations than laboratory-based testing, with 
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variable ambient conditions, road obstacles such a speed bumps, variable traffic con­
ditions, etc. Therefore, the Real Driving Emissions (RDE) test has been introduced into 
the type approval procedure in Europe from September 2017. In the RDE the vehicle 
is driven on public roads in real traffic conditions and a Portable Emissions Measure­
ment System (PEMS) continuously measures the tailpipe emissions. 

The RDE NOx and Particle Number (PN) emissions must be below the respective Euro 
6 not-to-exceed (NTE) limit multiplied by the Conformity Factor (CF). The test route 
must comply with a set of requirements including duration, ambient temperature and 
share of urban, rural and motorway operation [13], [14]. The CF is to account for the 
additional measurement uncertainties introduced by the PEMS compared to laboratory 
equipment. Vehicles homologated under the WLTP and the RDE procedures belong to 
the Euro 6d emissions standard. The Euro 6d-temp is applicable during the phasing in 
period 2017–2020) [14]. 

To date, four RDE packages have been released. The first package defines the RDE 
test procedure; the second package defines the NOx Conformity Factors and the intro­
duction dates; the third package, adds a Particle Number (PN) Conformity Factor and 
includes cold-start emissions; the fourth package outlines conformity factors and the 
concept of surveillance, additionally it lowers the error margin of the 2020 NOx Con­
formity Factor from 0.5 to 0.43. The intent of the legislation is to ensure that the emis­
sions generated under real driving conditions are suitably controlled, the differences 
between real and on-cycle emissions is well known [2]. 

The minimum trip duration requirement of RDE is 90 minutes, much longer than exist­
ing standardised cycles. For example, the New European Driving Cycle (NEDC) has 
a cycle duration of 20 minutes, and the Worldwide Harmonized Light Duty Test Cycle 
(WLTC) has a cycle duration of 30 minutes. The RDE sequence consists of urban driving 
following by rural and motorway driving. Unlike existing cycles which have a predefined 
vehicle speed profile, each RDE test has a unique vehicle speed profile. It is generated 
as a function of driver behaviour, road, traffic and vehicle conditions during the test. 
Hence, many dynamic manoeuvres will be undertaken, such as: gear change, travers­
ing speed bumps, stopping for traffic lights, navigating roundabouts etc. Many of the 
resulting engine transients are not included in existing prescribed test cycles. 

In terms of the engine the above will result in much greater coverage of the operating 
space, increasing the range of boundary conditions experienced and is much more 
representative of real-world driving. As a consequence of the less steady operation 
the dynamic behaviour of the system contributes significantly to performance. 

Several studies report that dynamic driving can have a significant impact on NOx 
emissions. The study in [15] reports a 25% increase in the NOx emissions of Euro 6c 
diesel vehicles when driven dynamically compared to normal driving. 

The study by Gallus et al. [16] investigated two Diesel test vehicles (Euro 5 and 
Euro 6) found that when driving outside the RDE boundary conditions, vehicle NOx 
emissions can be significantly increased whereas CO and HC emissions did not show 
a distinct separation from different driving styles. 

It is reported in [17] that the greatest amount of NOx and NO2 are emitted during the 
urban sections of a route that confirms to RDE requirements for a Euro 6 light-duty 
diesel vehicle, this study concludes that lower speeds with more accelerations and 
decelerations lead to higher NOx emissions levels compared to constant high-speed 
operation. They report that NOx emissions in real driving conditions are mainly 
a consequence of abrupt vehicle accelerations. 

There is a more limited body of research for diesel Euro 6d-TEMP vehicles (homolo­
gated after September 2017), some recent studies include [14], [18], [19]. The study 
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[18] investigated two diesel Euro 6d-temp vehicles and found that the NOx emissions 
for both were below the Euro 6-temp requirements (80 mg/km × 2.1 CF) for the com­
plete and urban sections. However, under dynamic driving conditions, the NOx emis­
sions were ~ 3.5 times higher than in RDE compliant tests. The highest NOx emission 
factors were registered on the motorway section. They conclude that NOx emissions 
from Euro 6d-TEMP vehicles have improved overall but there are still some operating 
conditions that could be improved. They also observed that that use of different after-
treatment technologies led to the emissions of different, currently unregulated, 
pollutants. 

The study [14] investigated six Euro 6d-TEMP passenger cars (two gasoline and four 
diesel vehicles). The NOx emissions were well below the applicable NTE limits and 
were significantly lower than pre-RDE vehicles with 10-12 times lower than Euro 6b 
diesel vehicles on the road. It was found that the NOx emissions of the only diesel 
vehicle not to use a SCR catalyst (it used a LNT) were particularly high on the motor­
way where the LNT showed limited deNOx capability. Under dynamic driving conditions 
when the RDE dynamicity criteria were exceeded, NOx emissions increased for most 
vehicles and were exceeded by two of the diesel vehicles. They conclude that the 
WLTP + RDE regulations have been very effective at reducing NOx emissions in real-
world operation compared to pre-RDE vehicles. 

Finally in [20] two Euro 6d-TEMP diesel vehicles, one a passenger car and the other 
a sports utility vehicle, were investigated along a route according to RDE procedure. 
Each vehicle was equipped with: Exhaust Gas Recirculation (EGR), Selective Catalytic 
Reduction (SCR), Diesel Oxidation Catalyst (DOC) and diesel particulate filter (DPF). 
The NOx emissions were 60% (SUV) and 75% lower (passenger car) lower than RDE 
regulations. The highest NOX emissions were measured for the urban section, with 
lower but similar NOx emissions both the rural and motorway sections. The study 
attributes the higher urban NOx emissions to the location of the test start and the 
effects of the characteristic driving and traffic conditions on the thermal state of the 
aftertreatment systems. 

Hybrid Electric Vehicles (HEV) and plugin-HEV (PHEVs) are an alternative to conven­
tional diesel and gasoline vehicles. A HEV/PHEV can potentially offer improved fuel 
economy and reduced emissions. For a HEV/PHEV such as the Toyota Prius, the 
engine can switch on and off whilst driving and the engine can be assisted by an 
electric motor. This behaviour however can lead to highly variable emissions rates 
compared to an equivalent conventional gasoline or petrol vehicle. The combination 
of circumstances such as driving conditions, vehicle speed, road grade, ambient 
temperature, driver aggressiveness, and HEV system design all influence the emis­
sions behaviour of such vehicles [21], [22]. There is also potential for a high fre­
quency of cold starts [23] leading to longer warm-up times for the aftertreatment 
system [21], [24] 

It is reported in [21] that large NOx spikes can occur for a HEV during low-speed, 
high-load acceleration events where the engine is prone to operate lean for short 
periods. These NOx spikes could be between 16-55 times higher than the average 
values, other NOx spikes were also observed when the engine restarts. 

In the study [25], the emissions of a PHEV are compared to a range extended 
battery electric vehicle and also Euro 6 conventional gasoline and diesel vehicles 
for -7°C and 23°C ambient temperatures. They report that the NOx emissions of 
the PHEV at -7°C were significantly higher than the conventional gasoline and 
diesel vehicles. They found that the NOx emissions of the PHEV in the first few 
seconds of use of the Internal Combustion Engine (ICE) could in some scenarios 
be greater than Euro 6 conventional gasoline vehicles during the cold-start or 
even during an entire WLTP test. 
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Measurement of the tailpipe NOx for a NEDC-compliant (prior to Euro 6d TEMP) PHEV is 
reported in [26] for an RDE compliant route. In most cases the tailpipe NOx emissions 
were very good however some short transients were observed to cause significant NOx 
emissions. These were typically harsh accelerations from speed bumps and when in con­
gested traffic. It was observed that the Port Fuel Injected (PFI) gasoline engine when 
restarting and acerating to high load could have a short period of lean combustion which 
would cause high tailpipe NOx. It was observed that the engine would stop to recover 
energy when approaching the speed bump and then restart under high load as the driver 
accelerates after the speed bump, for a particular section of the route with successive 
speed bumps, this caused repeated tailpipe NOx emissions which exceed he NEDC limit. 

This paper discusses the emissions from three different passenger vehicles (Euro 5 
diesel, Euro 6 PHEV gasoline and Euro 6d-TEMP diesel) for a route around west 
London. GPS monitoring, camera and vehicle on board diagnostics information is com­
bined to identify key features of real-world NOx emissions between the three different 
vehicles. The fast response analysers combined with the GPS and video enable the 
effects of local urban road to be evaluated for the three different vehicles. 

2 EXPERIMENTAL SET-UP 

Given that the focus of this paper is NOx emissions, the experimental measures con­
centrate on this aspect. 

2.1 Vehicles 
Three vehicles of differing emissions Euro classification have been compared for this 
work and their summary details are shown in Table 1. The main NOx abatement tech­
nology is briefly mentioned but some OEM calibration techniques involving boost pres­
sure and fuel injection optimisation will also have been deployed though are not 
discussed in this work. 

All vehicles were driven to the start of the route and switched off for approximately 
1 hour while the emissions analysers were being warmed-up prior to the journey. The 
start-up transient of the vehicles can then be considered “warm starts” therefore and 
would tend to favour slightly better emissions characteristics compared to a typical 
cold start. For the PHEV vehicle, the drive from Cambridge to the start of the route 
depleted its traction battery to the point where it was acting more like a standard HEV; 
the engine stopping and starting to maintain the traction battery at ~15% charge and 
when high power was demanded. 

The emissions from all vehicles were measured at the tailpipe location (after the final 
stage of any emissions aftertreatment) but before the vehicle silencer/muffler. 

Table 1. Passenger car summary details. 

Vehicle type 
Emissions 
class 

Year of first 
registration 

Main NOx abate­
ment techniques 

7-seater MPV, 2.3litre 
diesel, manual 

Euro 5 2011 EGR 

PHEV saloon, 1.8 litre gas­
oline, auto 

Euro 6 2016 TWC and EGR 

Saloon, 1.5 litre diesel, 
manual with stop/start 

Euro 6d­
TEMP 

2018 SDPF, SCR and EGR 
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2.1.1 Euro 5 diesel 
This 2011 vehicle was a well-maintained vehicle with 70k miles completed, after-
treatment consisted of separate oxidation catalyst and Diesel Particulate 
Filter (DPF). 

2.1.2 Euro 6 PHEV 
This 2017 vehicle was brand new with only 200 miles service at the time of this study. 
More details of its aftertreatment system are available in [1]. The engine was 1.8 litre 
naturally aspirated PFI gasoline and the electric motors consisted of a 53kW traction-
only motor and a 22.5kW generating/traction motor. 

2.1.3 Euro 6d-TEMP diesel 
This 2018, 1.5 litre 100ps vehicle was also brand new with only 260 miles service at 
the time of this study. Its aftertreatment consisted of a passive NOx adsorber followed 
by a SCR system with urea injection and a “SDPF” (SCR-coated DPF) and feedback 
control of the emissions via a solid-state tailpipe NOx sensor. 

2.2 Instrumentation 
A fast response chemiluminescence analyser (model CLD500 shown in Figure 1) was 
used for measurement of the real time tailpipe NOx emissions. The two channel ana­
lyser (T10-90% approx. 5 milliseconds) was modified for on-board applications using an 
RDE Accessory kit and both NO and NOx were measured for the diesel powered 
vehicles (not considered necessary for the PHEV gasoline given that its main NOx con­
tent would be solely NO). 

Figure 1. Two-channel fast CLD with RDE accessory kit for real-time 
on-board measurements. 
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2.2 Conversion of ppm to mg/km 
Given that passenger car emissions limits are defined with unit mass per unit distance, 
there is a requirement to convert the volumetric “ppm” gas analyser output to mg/km 
units via measurement of the real time exhaust mass flow rate. The latter was 
recorded from the vehicle’s own ECU data via the on-board diagnostics port and inte­
grated with the analyser output in real time during the drive such that the 
instantaneous mg/km level could be viewed during the drive by the passenger. The 
fast RDE analysers’ delay time in responding was of the order of 10 milliseconds and 
this was considered an insignificant correction to make before combining with the 
mass flow data. Similar or longer delay would be evident in the transit of exhaust gas 
from the engine to the sampling point. All vehicles except the Euro 5 diesel had been 
tested using this method and the resulting total cumulative NOx cycle results com­
pared with a shorter RDE route on the Cambustion chassis dynamometer and CVS 
emissions system with resulting errors of less than 5%. 

2.3 Route 
The chosen route was originally derived by and obtained (with kind permission) from 
TfL and is known as their “West London route” shown in Figure 2. In short, its starting 
point is Brent Cross shopping centre where equipment can be warmed-up and stabilised 
on mains power before switching to battery power for the duration of the test. The route 
then proceeds in a clockwise direction along Finchley Road towards Central West 
London, passing through Swiss Cottage, Piccadilly Circus, Knightsbridge, Acton, Ealing, 
Neasden and joining the northbound M1 motorway at Brent Cross to the first junction 
where the direction is reversed at the service station before the return to the starting 
point at Brent Cross shopping centre. Prior to departure and after arrival at Brent Cross 
shopping centre, the analysers underwent a calibration check using certified gases. 

Figure 2. TfL’s “West London Route” and the locations of NOx (ppm) from the
 
PHEV.
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The route consists of some urban free-flowing dual carriageway driving (speed 
limited to 50mph), some inevitable congestion in central London, many sets of 
traffic lights, some residential areas including speed bumps, some congested dual 
carriageway (North Circular), acceleration on an up-ramp to join the motorway 
and some 70mph cruising. The route totals 55km and takes around 2 hours to 
complete. 

The inherent and intended consequence of driving in the “real world” is that it is 
a somewhat “uncontrolled” environment but for the purposes of this comparison 
the length of the test and frequency of transients was, the authors supposed, suf­
ficient to provide broad comparative results between the three different vehicles. 
Nominal control measures were deployed involving driving the route at the same 
time of day during a typical working weekday and during similar weather 
conditions. 

A more repeatable way of performing a comparable and controlled set of tests would 
have been to record the speed vs time of the first drive and then repeat this drive 
using the visual aid or robot on the Cambustion chassis dynamometer thereby accur­
ately replicating the same drive for all vehicles. However, access to the chassis dyno 
was limited and the portability of the fast response analysers meant that an actual 
drive was more practical 

3 RESULTS AND DISCUSSION 

The results and their discussion are confined to consideration of NOx given that 
this is a main concern for air quality (alongside particulates) and has for many 
years been  one of the  major challenges for  engine  researchers and  calibrators to  
control. The dynamics of the transient NOx emissions and their correlation with 
driving conditions will be discussed in some detail; derived from data available 
from the vehicle ECU but also from additional thermocouples fitted by 
Cambustion. 

3.1 Vehicle comparisons of NOx 
A summary of the cumulative NOx results for all three vehicles is shown in Figure 3 
along with the calculated g/km for each vehicle journey. 

It is clear and obvious that the NOx abatement measures which the progressively 
stringent regulations have mandated on each vehicle class have shown direct benefits 
for newer vehicles. Although this testing did not consider the effects of vehicle aging 
(and in this respect, it may be considered that the Euro 5 with its higher mileage may 
be at a disadvantage). 
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Figure 3. Cumulative NOx results and the resulting mg/km over the entire 
route for all 3 vehicles. 

What is of more interest from this data is the evidence for the causes of the emissions 
steps and how much the short duration “spikes” of emissions contribute to the overall 
cumulative figure. This is especially true of the PHEV vehicle and the Euro 6d-TEMP 
vehicle whose NOx emissions are concentrated in to short-durations events with the 
potential for measuring, understanding and finally controlling the emissions. The 
events from these two vehicles will be studied in more detail in separate sections. 

Figure 4. Instantaneous NOx ppm location comparison for all 3 vehicles. 
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3.2 Euro 5 diesel vehicle 
The Euro 5 diesel (which has no NOx aftertreatment, but EGR for combustion control 
of NOx) tended to emit tailpipe NOx regularly and correlated with accelerations 
(Figure 4). Under harsh accelerations (often induced by urban driving conditions) the 
EGR is switched off to allow for high power. The combustion conditions are also ideal 
for the production of NOx (high temperature and pressure in the presence of oxygen). 
A remarkable example of this is shown during the rapid acceleration from the con­
gested North Circular dual carriageway on to the Northbound M1 motorway on an “up­
ramp”. A screen shot of the real time emissions monitoring screen (Figure 5) shows 
the production of 1 gramme of NOx during only an 8s period of this acceleration. When 
this data was recorded the latest available published web data (2018), available from 
DVSA suggested that 68% of the UKs vehicle fleet was assumed to be Euro 5 or older. 
This blend of road layout, requirement for acceleration to motorway speeds and 
vehicle type is likely to made air quality down-wind of this point somewhat sub­
optimal. 

Figure 5. Instantaneous NO & NOx ppm (LH axis) and cumulative NOx (RH 
axis) during acceleration on motorway up-ramp. 

3.2 Euro 6d-TEMP and its exhaust temperature for SCR 
For the Euro 6d-TEMP vehicle equipped with SCR, the exhaust temperature is key to 
good conversion efficiency and a map of exhaust temperature on the route is shown in 
Figure 6. 
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Figure 6. Euro 6d-TEMP exhaust (pre-SCR) temperature on route. 

The congested parts of the drive clearly influence the exhaust temperature but with 
very little adverse impact on tailpipe NOx. However, if a hard acceleration is required 
immediately following a slow-moving (cold) section of driving, a short-duration spike 
of NOx is evident at the tailpipe and is especially stark during the acceleration to join 
the M1 motorway following congested driving immediately before. The large increase 
in NOx coupled with the high exhaust flow rate accounts for approximately 10% of the 
total cycle NOx during this single manoeuvre (as shown in Figure 7). 

Inspection of the cumulative emissions figures shows the significant contribution to 
the whole drive NOx from the motorway up-ramp. 
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Figure 7. Instantaneous and cumulative NOx emissions from Euro 6d-TEMP 
vehicles showing locations of major events. 

3.3 Transient NOx from PHEV 
The cumulative NOx emissions from the PHEV vehicle are shown in Figure 8 and show 
that 70% of the total route’s emissions are concentrated in to only 3 areas: Swiss Cot­
tage (congested and lane-changing traffic interchange), Montpelier Park (speed 
bumps) and Neasden (more speed bumps). 

The PHEV vehicle’s TWCs require careful control to ensure balanced reduction and oxi­
dation of all pollutants. This parameter was recorded and correlation between lean 
combustion and tailpipe NOx was clear as shown in Figure 9. 

Figure 8. Cumulative NOx from PHEV vehicle; both Montpelier Park and Neas­
den are sites of speed bumps. 
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Given that the LHEV vehicle was powered with a port-fuel-injected gasoline engine, the 
rapid control of AFR is challenging due to the difficulty in controlling the intake port fuel 
puddle and subsequent fuel quantity delivered to the combustion chamber during fast 
transients; a problem largely overcome by GDI systems. For the PHEV vehicle, 60% of 
the total cumulative route NOx was concentrated within only 3 geographical areas, 
thereby meriting some closer study. During the transit of Swiss Cottage gyratory (partial 
roundabout traffic-controlled interchange) a significant number of rapid accelerations 
caused the engine to restart under high load. On inspection of the lambda trace alongside 
the NOx emissions reveals that the engine begins combustion initially slightly rich, but 
after a second or two, the combustion drifts lean with immediate adverse consequential 
effects on tailpipe NOx (see Figure 9). This effect is well-known in the industry (as the 
“PHEV cough”) and although it is appreciated that the tight control of AFR using PFI is 
difficult, it appears clear that the post-start control from rich operation asymptotic to 
lambda=1 would have been likely to bring significant NOx abatement benefits. Indeed, 
the same effect appeared responsible for the other high emitting occurrences (over West 
London speed bumps, for example). 

Figure 9. PHEV instantaneous NO emissions (in blue) correlated with the 
drift lean (shown in green). 
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The authors acknowledge that the vehicle need only be calibrated for the conditions 
inherent within the NEDC but it is also thereby a clear advantage of RDE testing that, 
within limits, these transients can then be identified and acknowledged. 

The availability of GPS data alongside the real time tailpipe NOx allows, for each 
vehicle, some pollution position data which might be of use to air quality modellers of 
pollution dispersion. For example, the correlation of clouds of high NOx with the pos­
ition of speed bumps indicating where the PHEV re-starts while accelerating away 
from speed bumps is clear in Figure 10. 

Figure 10. Accurate GPS position data showing instances of NOx emissions 
correlated with individual speed bumps. 

CONCLUSIONS 

The NOx emissions from Euro 5, Euro 6 and Euro 6d-TEMP vehicles vary greatly in 
their causes which are largely provoked by transient driving behaviour, but often as 
a consequence of road layout and imposed driving conditions. A 95% reduction in total 
NOx emissions from the Euro 5 to Euro 6d-TEMP vehicles on the route suggests an 
effective improvement in air quality is likely to be evident as a natural consequence of 
vehicle renewal and updating. The inclusion of hybrid and SCR systems in the Euro 6 
vehicles are very effective but the NOx emissions that remain tend to be concentrated 
in very short duration events where the engine and aftertreatment control is tempor­
arily undermined by driving conditions invoked by road geography. 

ABBREVIATIONS 

DPF Diesel Particulate Filter 
SCR Selective Catalytic Reduction 

PFI Port Fuel Injected 
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ABSTRACT 

•	 Now that the immediate consequences of Dieselgate have been address 
through Real Driving Emissions, now is the time to reassess whether regula­
tory focus is in the correct place? 

•	 Post-Euro-6 emissions regulation should not become an unnecessary burden, 
but rather should focus on the emerging environment threats. 

•	 Beyond widening the measurement of particle number, what focus should be 
put on the composition of particles, and compounds carried on the surface of 
particles? 

•	 Ammonia emissions from the tailpipe are a part of this, in so far as they lead 
to secondary particle formation of a particular chemical make-up. 

•	 Nitrous oxide, a potent greenhouse gas, emitted at the tailpipe, may need to 
be regulated to avoid undermining carbon dioxide reductions, but evidence 
currently is limited. 

•	 Volatile organic compounds are of interest from several angles: vehicle inter­
ior air quality and the off-gassing from materials; tailpipe speciation of hydro­
carbons including formaldehyde; and off-gassing from tyres. 

•	 Overall, a holistic view of pollutant emissions, carbon dioxide and fuel effi­
ciency are needed. 

•	 Emissions Analytics runs a large independent test programme, covering hun­
dreds of vehicles across three continents each year. 

•	 Data is analysed an available in a unique database that is accessed by 
a governments, industry, and others. 

•	 Emissions Analytics’ EQUA database contains a large amount of test data 
covering passenger cars, light commercial, heavy commercial and off-road. 

To ensure environmental and health improvements, and to minimise unnecessary bur­
dens on industry and consumers, it is necessary for regulation to be well focused and 
constructed. Therefore, new regulation should not just regulate what is easy measure 
or what has been addressed in the past. Rather, it is important constantly to reassess 
what new pollutants are growing in significance. 

Emissions Analytics’ presentation looks at several pollutant sources that may need to 
be considered, supported by data from its independent, real-world EQUA test pro-
gramme. The innovation will be not just from the on-road measurement techniques, 
but the methods that allow comparative results between different vehicles. 

DOI: 10.1201/9781003219217-13 
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1 

2 

INTRODUCTION 

The downwards trend in regulated tailpipe pollutant emissions is marked in both the 
United States and Europe. The latest Real Driving Emissions (RDE) regulation in 
Europe appears in most respects to have brought down emissions of nitrogen oxides 
(NOx), which were previously more than quadruple the certified limits in real-world 
driving. With particle filters on all modern diesel and gasoline direct injection vehicles 
in Europe, particle emissions are also generally well controlled. Combined with three-
way catalysts, this has had the effect that, of the regulated pollutants, the dominant 
tailpipe emissions may now be just carbon dioxide (CO2). 

However, does this mean that the impact of vehicles on the environment is diminish­
ing, or are there new pollutants emerging? This paper is intended as a review of add­
itional, unregulated, pollutants that may prove an environmental risk. The issue is 
important to ensure that regulatory structures are continually verifying that improve­
ments are real, and not just an artefact of existing regulations; and that what is being 
measured is not just being measured because it has been historically or because it is 
relatively easy to do so. 

In short, the objective of this paper is to consider a more holistic view of the environ­
mental impact of motor vehicles. 

The paper adds to existing knowledge by looking at range of new pollutants in real-
world conditions. Currently, little is published on ammonia (NH3), nitrogen dioxide 
(NO2) and speciated volatile organic compounds (VOCs) at the tailpipe. In-cabin air 
quality issues, in terms of particles and CO2 build-up have been little-considered histor­
ically. Non-exhaust emissions have been the subject of some research, for example 
from the industry’s Tire Industry Project, but a focus on the wear levels in real-world 
operation together with the chemical composition of the tyres are relatively new areas. 

This paper is structured in four sections. First, it reviews the latest independent data 
from the EQUA Index test programme on regulated pollutants, to quantify the pro­
gress that has been made (1). Second, new data on real-world NO2 and NH3 will be 
presented, as these pollutants are most likely to be included in the new Euro 7 regula­
tion being discussed, and potentially in a Euro 6e stage. Third, it will look beyond Euro 
7 at a more detailed speciation of tailpipe VOCs. Fourth and finally, the paper takes 
a wider view beyond the tailpipe to present data on vehicle interior air quality and 
emissions ingress, and non-exhaust emissions from tyre wear. 

EQUIPMENT SETUP 

A range of measurement technologies were used to gather the data quoted in this 
paper. A common factor was that data was collected from light-duty vehicles operated 
in real-world conditions outside of the laboratory and on the public highway. 

For regulated tailpipe emissions, Portable Emissions Measurement Systems (PEMS) 
were used, principally the SEMTECH-LDV from Sensors, Inc of Michigan, USA (http:// 
www.sensors-inc.com). This equipment was also used to measure NO2. 

Ammonia emissions were measured on diesel vehicles using ECM’s NH3CAN Module 
(http://www.ecm-co.com), which was integrated into the standard PEMS set-up by 
Emissions Analytics. 

Tailpipe VOC speciation was measured using a Selected Ion Flow Tube Mass Spectrom­
etry (SIFT-MS) from Anatune of the UK (http://www.anatune.co.uk) and built by the 
Christchurch, New Zealand-based company Syft Technologies. This equipment is not 
portable and therefore testing was conducted on stationary vehicles. 
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These vehicle interior air quality measurements comprise particle number (PN) 
using a Condensing Particle Counter (CPC) and CO2 using a Non-dispersive Infra-­
red detector (NDIR) from National Air Quality Testing Services (NAQTS) of the UK 
(http://www.naqts.com). The lower particle size cut-off was approximately at 15nm. 

Emissions Analytics has developed measurement techniques using the NAQTS system 
to analyse real vehicle interior air quality generically called PIMS (Pollution In-Cabin 
Measurement System). By taking measurements from two PIMS units, one placed 
inside the vehicle and the other outside, the relationship between the ambient envir­
onment and the interior can be measured. 

Tyre wear emissions, both number and mass, were measured using an ELPI+ from 
Dekati of Finland (http://www.dekati.fi). Sampling was taken using a collection ‘scoop’ 
positioned behind one of the rear tyres, with a low-loss sample line leading to the ELPI+. 

The chemical composition of tyres was measured using a Two-dimensional Gas Chro­
matograph with Time-of-Flight Mass Spectrometry (GCxGC-TOF-MS) from Markes 
International of the UK (http://www.markes.com). Samples were taken manually 
from tyres, heated in a microchamber and the gases captured on thermal desorption 
tubes prior to analysis. 

3 METHODOLOGY 

PEMS testing was conducted, in terms of equipment installation and operation, 
according to the best practice guidelines from the EU’s Joint Research Centre. 

Equipment calibration followed either regulatory requirements, where relevant, or 
equipment manufacturer recommendation. 

The test route, dynamic conditions and vehicle conditioning followed the EQUA Index 
methodology employed by Emissions Analytics. It is approximately a four-hour test 
cycle comprising urban, rural, motorway and extended elements. Further details can 
be found at http://www.emissionsanalytics.com. 

PIMS testing was conducted according to the SAE paper entitled Development of 
a Standard Testing Method for Vehicle Cabin Air Quality Index (https://saemobilus. 
sae.org/content/02-12-02-0012/). 

4 ANALYSIS & DISCUSSION 

4.1 Currently regulated pollutants 
Considering regulated pollutants first, the following data is from the EQUA Index test 
programme on European vehicles, showing the average levels of NOx, PN and CO2 

emissions. 

Table 1 splits the NOx results between pre- and post-RDE homologated vehicles. Pre-
RDE covers Euro 6 vehicles between sub-stages 6a to 6c, whereas post-RDE covers 
6d-temp onwards. Roughly, the division falls in 2018. 
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Table 1. NOx emissions pre- and post-RDE. 

NOx, mg/km Pre-RDE Post-RDE 
Euro 6 
limit 

Post-RDE 
Conformity 
Factor 

Diesel 347 49 80 0.61 

Diesel Hybrid 53 33 80 0.42 

Diesel Plug-in Hybrid n/a 4 80 0.05 

Gasoline 32 11 60 0.18 

Gasoline Hybrid 7 3 60 0.05 

Gasoline Plug-in Hybrid 27 2 60 0.03 

It shows that NOx was poorly controlled for pre-RDE diesels, with an average excee­
dance factor of 4.3. Other powertrains were compliant. The effect of the introduction 
of RDE has been to reduce the diesel conformity factor to 0.6 – emissions well below 
the regulated limit, not taking into account the official “Conformity Factors” in the 
regulation that started at 2.1 times. 

PN regulation was only introduced with Euro 6, validated on the road with RDE. As 
shown in Table 2, emissions were within the regulated limit even before RDE, although 
the conformity factors have reduced significantly with RDE. It should be noted that the 
PN regulation does not apply to non-direct-injection gasoline vehicles. Approximately 
a half of the gasoline vehicles (hybrid and non-hybrid) have direct fuel injection, all of 
which have gasoline particle filters installed. 

Table 2. PN emissions pre- and post-RDE. 

PN, # x 10^11 Pre-RDE Post-RDE 
Euro 6 
limit 

Post-RDE 
Conformity 
Factor 

Diesel 0.640 0.106 6.000 0.02 

Diesel Hybrid 1.117 0.021 6.000 0.00 

Diesel Plug-in Hybrid n/a 0.380 6.000 0.06 

Gasoline 1.693 0.974 6.000 0.16 

Gasoline Hybrid 0.267 0.630 6.000 0.11 

Gasoline Plug-in Hybrid 4.943 0.000 6.000 0.00 

Table 3 shows the equivalent CO2 results. These emissions are not subject to the RDE 
regulation, but rather the fleet average targets. By 2021, the average fleet emissions 
target is 95g/km, and 130g/km prior to then. The table shows that real-world emis­
sions are well above these limits, with gasoline hybrids getting the closest. 
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Table 3. CO2 emissions pre- and post-RDE. 

CO2, g/km Pre-RDE Post-RDE 

Diesel 177 163 

Diesel Hybrid 171 163 

Diesel Plug-in Hybrid n/a 167 

Gasoline 198 180 

Gasoline Hybrid 138 122 

Gasoline Plug-in Hybrid `186 131 

Therefore, considering these regulated pollutants, it can be seen that NOx and PN are 
now well-controlled. Although not presented here, this is also generally accepted as 
the case for carbon monoxide and total hydrocarbons as well. The remaining problem 
is CO2, hence the push for electrification – this will not be discussed in more detail in 
this paper. 

4.2 New pollutants to be regulated at Euro 7 
Moving on to the second part of the paper, the discussions around future European 
regulation (dubbed “Euro 7”) are considering adding new pollutants including NH3 and 
NO2. The latter is already included as part of NOx, but may well become targeted 
explicitly. 

Table 4 shows the real-world NO2 results. Although there is no current regulatory 
standard, a limit of 20mg/km has been suggested by some (2). In this case, there 
would be general compliance with current vehicles. 

Table 4. NO2 emissions pre- and post-RDE. 

NO2, mg/km Pre-RDE Post-RDE 

Diesel 120 10 

Diesel Hybrid 41 6 

Diesel Plug-in Hybrid n/a 2 

Gasoline 3 1 

Gasoline Hybrid 1 0 

Gasoline Plug-in Hybrid 6 0 

Table 5 shows some early  real-world  NH3 emissions data, covering a diesel passenger 
car, and a fully-laden and unladen diesel van. A potential limit of 10mg/km has been sug­
gested (2). If this were to be enacted, it would suggest that current vehicles would strug­
gle for compliance, but the exceedance margin is relatively small. Therefore, relatively 
modest engineering improvements may be enough to achieve consistent compliance. 
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Table 5. NH3 emissions. 

NH3, mg/ 
km 

Kia 
Sportage 

Citroen Relay 
unladen 

Citroen Relay 
laden 

Urban 8.92 30.63 31.63 

Rural 4.47 22.73 10.20 

Motorway 4.85 2.62 1.55 

Combined 6.08 18.66 14.46 

Therefore, these additional pollutants may not be difficult to control at the future regu­
latory stages. 

4.3 Beyond Euro 7 – additional pollutants 
Going deeper, the third area considers what else may be in tailpipe emissions, and spe­
cifically in terms of species of VOCs that may be particularly noxious. While selected 
VOCs have been regulated in the US and Europe in the past, with enhanced measure­
ment capability and understanding of the health effects of these compounds, there is an 
argument that a much wider range of compounds should now be considered. 

Working with Anatune in the UK, a SIFT-MS was used to sample the tailpipes of a 2011 
model year diesel Volkswagen Golf, a 2019 gasoline Peugeot 2008 and a 2019 diesel 
Renault Captur. 

The cars were soaked in a controlled environment prior to testing. During the first 100 
seconds the probe, positioned in the tailpipe, measured the prevailing ambient air, fol­
lowed by 100-400 seconds ignition and idle; 400-800 seconds at 1,500rpm; 800­
1,100 seconds at 3,000rpm; and finally back to idle for the last 100 seconds. 

The analysis was conducted for hydrocarbons, sulphurs and oxygenates. Hydrocar­
bons are the product of combustion and include butadiene, heptane, styrene, ben­
zene, hexane, toluene, butane, methane and xylenes/ethylbenzene. Concentrations 
were derived using the flow rate of the instrument. 

Figure 1. Hydrocarbons from Peugeot gasoline. 
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The notable result of the test was the initial spike in heptane as well as hydrocarbons 
methane, styrene, toluene and xylenes/ethylbenzene, observed in the gasoline 
vehicle tested, the Peugeot, as shown in Figure 2. 

Figure 2. Hydrocarbons from Renault diesel. 

In particular, the spike in heptane in the first few seconds after ignition reached 
a concentration of over 6,000μg/m3. This was sixty times more than the highest reading 
for the older, diesel Volkswagen, while the Renault never produced more than 25μg of  
heptane (Figure 3). This is not surprising as the heptane is likely to come from unburnt 
gasoline. 

The peak heptane production in the diesels occurred at 800 seconds, where engine 
revolutions were doubled from 1,500 to 3,000. 

The newer, diesel Renault had very low emissions of all hydrocarbons except for an ini­
tial peak of methane upon ignition, of 200μg/m3; the older Volkswagen had peak 
methane emissions of 80μg/m3, while butane emissions tracked methane emissions 
and styrene rose and fell proportionately to engine load. 

Moving onto oxygenates, these are volatile organic compounds such as methacrolein, 
acetone, butanal, butanone, ethanol, hexanal and methanol. VOCs may not be toxic in 
isolation and in small amounts, but they are not being emitted in isolation and have 
a direct impact on broader categories of pollution. Under sunlight, VOCs react with 
vehicle-emitted nitrogen oxides to form ozone, which in turn helps the formation of 
fine particulates. The accumulation of ozone, fine particulates and other gaseous pol­
lutants results in smog. 
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Figure 3. Oxygenates from Volkswagen diesel. 

The Volkswagen produced methacrolein at over 6μg/m3 when  the engine was  
stepped up to 3,000rpm, as shown in Figure 5. Exposure to methacrolein is highly 
irritating to the eyes, nose, throat and lungs. The Volkswagen also produced just 
below 5μg/m3 of acetone, less toxic than methacrolein but causing irritation to eyes 
and throat. 

The Renault also produced noticeable amounts of acetone, peaking at almost 6μg/m3, 
but never breached 3μg/m3 for methacrolein. 

The gasoline Peugeot offered a completely different pattern, as shown in Figure 6. 
Mirroring the hydrocarbon results, it showed a spike on first ignition in hexanal to 
nearly 140μg/m3, and between 400 and 500 seconds two spikes in butanal of 80 
and 50μg/m3 respectively. Butanal (N-butyraldehyde) is an organic compound 
which is the aldehyde derivative of butane. It is judged to be of low toxicity to 
humans unless inhaled at high concentrations, causing chronic headaches and 
ataxia. 
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Figure 4. Oxygenates from Peugeot gasoline. 

In summary, elevated emissions are seen primarily during cold start on the gasoline 
vehicle and during transient load events on both types of powertrain. The spike at the 
step-up in rpm represents the time gap between more fuel being sent to combust and 
control mechanisms responding, upon which a new equilibrium is reached. 

4.4 Beyond the tailpipe – vehicle interior and non-exhaust pollutants 
The fourth and final section moves beyond the tailpipe and considers non-exhaust 
emissions and health exposures. 

The regulation of vehicle emissions has been concentrated historically on the tailpipe; 
vehicles are also regulated for other aspects such as safety and construction mater­
ials. A neglected area has the been the exposure of the occupants of vehicles to pollu­
tants generated by the vehicle and from the outside. This exposure is largely 
governed by the effectiveness of the heating, ventilation and air conditioning system 
(HVAC). 

There are three areas of exposure that are considered in this paper: PN infiltration into 
the cabin, CO2 build-up during air recirculation mode of the HVAC due to human res­
piration, and off-gassing of VOCs from the cabin materials. 

For PN and CO2 there are no existing regulations, although the European CEN Work­
shop 103 is working on standardising measurement methods (3). Emissions Analytics 
has tested 97 different recent model year US light-duty vehicles across a wide range 
of manufacturers. Typical odometer readings were between 1,000 and 5,000 miles: 
the HVAC filters were therefore relatively new but not brand new. Results are shown in 
Figure 7. 
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Figure 5. PN infiltration and CO2 build-up rates. 

Each test involved approximately one hour of driving on the public highway in Los 
Angeles, split between fresh air and recirculation modes. Measurements were taken 
simultaneously inside and outside the vehicle and the PN infiltration rate is the inte­
grated ratio of inside to out, as described in the methodology section above. A value of 
one means the average PN concentration outside is equal to inside over the cycle on 
fresh air mode. A value of two means inside was twice as polluted as outside. For CO2, 
only interior measurements are considered, with the average concentration being 
compared to the initial concentration. A value of two, for example, means the average 
is double the initial concentration. 

Figure 7 shows that PN infiltration rates range from around 0.3 to over 3.5. For CO2 

build-up, the range is from around 1 to almost 3.5. There is no simple correlation 
between PN and CO2. However, what this strongly shows is a wide variance in perform­
ance in both dimensions between different vehicles. This will be a function of the type 
of filter membrane together with the design and calibration of the HVAC system. Vari­
ances in performance directly affect the human exposures to PN and the cognitive 
effects of CO2 levels, which impact upon driver safety. 

Turning to the off-gassing of VOCs in the cabin, there are existing standards, but regu­
lation is currently light. In the broad area there are existing ISO and SAE standards, 
and an active United Nations Economic Commission for Europe (UNECE) working 
group. Some countries have national standards, in particular Japan, Korea, China and 
Russia. There are 97 VOCs listed as hazardous air pollutants in Title III of the Clean Air 
Act Amendments of 1990. Overall, the arc of regulation is at an early stage and covers 
a limited number of pollutants. 

What might be colloquially and informally referred to as ‘new car smell’ has typically 
been ignored, partly because it has been difficult to measure. Recent advances in 
instrumentation now allow the measurement of not only total, time-weighted average 
VOCs, but it can now distinguish between different species of VOCs in real time. 

The subject has particular resonance in Asia. In China, 11.2% of buyers complained 
about the odours they found in their new cars, according to the 2019 JD Power China 
Initial Quality Study. 

Car interiors, comprising dozens of separate materials ranging from natural textiles to 
synthetic polymers and adhesives, emit a wide range of VOCs, among them acetalde­
hyde. Symptoms that customers have cited range from sore eyes to nausea and head­
aches, and aggravated respiratory conditions. 
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Acetaldehyde is especially problematic, owing to the fact that many Asians possess 
a less functional acetaldehyde dehydrogenase enzyme, responsible for breaking it 
down (4). This regional genetic characteristic is one reason why the strictest regula­
tion of VOCs exists in the key Asian markets China, Japan and Korea, and why manu­
facturers typically observe these regulations for cars that will be sold globally. 

However, acetaldehyde is merely one of dozens of VOCs that a car produces. The 
sources are typically: 

•	 Residual compounds from the manufacturing process and material treatment 
of different interior components and textiles 

•	 Adhesives and carrier solvents that will de-gas – as much as 2kg of adhesive 
can be found in a modern car, much higher than in the past where mechanical 
riveting and bolting was more common 

•	 Degradation of cabin materials over the longer term as a result of oxidation, 
ultra-violet light and heat. 

he following figure, Table 6, sets out the regulated limits in key Asian countries, in 
icrograms per cubic metre, and the potential human symptoms from exposure. 

T
m

Table 6. Eight VOCs to be regulated. 

Analyte China Japan Korea Symptoms 

Formaldehyde 100 100 100 Respiratory irritant and 
a contributory factor in asthmas 
and cancer 

Acetaldehyde 50 48 No 
limit 

Causes ‘flush reaction’ among some 
populations – itchiness or blotchi­
ness of the skin and a flushed 
complexion 

Acrolein 50 No 
limit 

No 
limit 

Highly toxic and severely irritating 
to the eyes, mucous membranes, 
respiratory tract, and skin 

Benzene 110 No 
limit 

30 Known carcinogen and declared as 
such by the US Environmental Pro­
tection Agency 

Ethylbenzene 1500 3800 1600 Can cause throat irritation, and diz­
ziness at higher concentrations 

Xylene 1500 870 870 Causes headaches, dizziness, drow­
siness, and nausea 

Styrene 260 220 300 Causes headaches 

Toluene 1100 260 1000 Solvent familiar as nail-polish 
remover, can cause headaches and 
nausea 

Tetradecane No 
limit 

330 No 
limit 

Irritating to the eyes, mucous 
membranes, and upper respiratory 
tract, and can cause skin irritation. 
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In this testing, it was possible to identify a range of different VOCs and also quantify 
their mass using SIFT-MS, a type of direct mass spectrometry that uses precisely con­
trolled soft ionisation to enable real-time, quantitative analysis of VOCs in air, typically 
at detection limits of parts-per-trillion level by volume (pptv). 

A one-year-old gasoline Hyundai i10 was tested every 15 minutes for 60 seconds 
over five hours on an early summer’s day, where temperatures rose to 20 degrees 
Celsius (68 degrees Fahrenheit). The measured concentrations were expressed as 
the mean across the 60-second duration of the sample. For the final 15-minute 
vent cycle, the car windows were opened, the car started and the air conditioning 
run at full power. The SIFT-MS then sampled continuously using the above condi­
tions for the full 15 minutes. The sample point was at head height in the middle of 
the front seats. 

The two principal outcomes of the test concern the steady accumulations of ten VOCs 
as temperatures rose, and the unexpected dynamic of emissions during the final fif­
teen minutes. 

Most noticeably, the common solvents methanol and acetone rose from very low base 
points (18 and 12μg/m3) to 935 and 576μg/m3 respectively, as shown in Figure 8. The 
52-fold rise in methanol is noteworthy. While it is a very common solvent and not dir­
ectly regulated, it is toxic and could be an irritant at these levels. 

The only exception to these across-the-board rises was benzene, which fell from 17 to 
15μg/m3. However, this is where the final fifteen minutes revealed unexpected results. 

Figure 6. Vehicle interior VOC build-up. 

Despite windows being open and the air conditioning turned on, some VOCs such as 
acetaldehyde rose steeply during the fourth to sixth minutes, as shown in Figure 9. 
During this phase acetaldehyde concentrations rose from an initial base of approxi­
mately 50 to 550μg/m3, more than ten times the regulated limit in China and Japan. 
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A hypothesis for this is that the car’s HVAC system may form a type of ‘sink’ for some 
VOCs. When the venting or AC are activated, the sink is flushed out into the cabin 
causing a pronounced spike. Three other analytes that rose at the same time frame 
included styrene, toluene and benzene, but by a much smaller degree. 

Figure 7. Vehicle interior VOC build-up. 

From a vehicle testing perspective, the ability to detect and speciate different ana­
lytes in real time opens up the possibility for more extensive research of exposure 
and the potential for regulation to reduce detrimental health exposures. It could also 
assist driver education in respect of ‘VOC build-up’ when a vehicle is parked in hot 
weather. 

Overall, this shows that a four-hour, time-weighted average of total VOCs – the 
basis of existing regulatory testing – could be improved. Future regulations could 
cover individual materials in isolation as well as ‘whole car testing’, by  which  we  
mean the actual, real-world way in which the many materials comprising a car 
interior act dynamically with each other and within the HVAC system. 

Finally, moving from the vehicle interior to a wider perspective of vehicle emissions, 
Emissions Analytics has studied tyre composition and wear. In short: what noxious 
chemicals are given off by the tyres, and what particles do they create during abrasion? 

Tyres are rapidly emerging as a new source of environmental concern and this 
will affect the automotive industry. In a recent BBC documentary, it was claimed 
that the world will have discarded three billion tyres in 2019, enough to fill 
a large football stadium 130 times (5). Beyond this broad issue of resource use 
and material waste, tyres impact on both air quality and microplastics in the 
marine environment. 

Even when not in use, a tyre will give off a range of VOCs, especially when it is new. 
When in use, the surface of a tyre may reach towards 100 degrees Celsius, which will 
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increase this off-gassing. Using a microchamber and a GCxGC-TOF-MS system from 
Markes International, it was possible to perform a detailed speciation of these VOCs 
on a relatively new, premium brand tyre, as shown in the two-dimensional chromato­
gram shown in Figure 10. 

Figure 8. VOC speciation from tyre off-gassing. 

The results show the large number of different species of VOCs present in the tyre 
material. These include aromatic hydrocarbons, benzenes, alkanes and ketones, each of 
which has health effects from causing minor irritation to cancer, and some of which are 
listed in Table 6. This information then puts the issue of tyre wear emissions into relief. 

Over a lifetime of between 20-50,000km, a tyre will shed approximately 10-30% of its 
tread rubber into the environment, at least 1-2kgs (6). The wear factor (defined as the 
total amount of material lost per kilometre) varies significantly depending on tyre char­
acteristics such as size – radius, width and depth – tread depth, construction, pressure 
and temperature. In one recent Emissions Analytics’ test, conducted under real-world 
rather than laboratory conditions, the four tyres on a standard hatchback lost 1.8kg 
over just 300km of fast road speeds, far in excess of what had been anticipated. 

A tyre abrades owing to the friction between its contact patch and the road surface. 
It ‘emits’ particles across a broad size spectrum, from coarse to fine to ultrafine to 
nanoscale. It may also emit other forms of aromatics such as benzopyrene and ben­
zofluorene, the result of the incomplete combustion of organic matter resulting in 
evaporation of the volatile content of the tyres, which the EU has regulated to 
a degree (7).  

Coarse particles typically fall rapidly to the ground. At the fine level and smaller, they 
are airborne for a certain duration, either being blown away from the carriageway 
before settling on the ground or falling to the carriageway where re-suspension may 
take place as other vehicles pass. 

Particle dispersion and deposition eventually occurs, and the particles typically 
pass into the watershed through street drainage and are estimated to be a primary 
source of as much as 28% of microplastics found in the marine environment (8). 

225 



A typical car tyre comprises 45% oil-derived synthetic rubber (polymer), 40% oil-
derived carbon-black (filler, 40%), and 15% various additives to aid production 
processes, some of which contain heavy metals and some of which are also oil-
derived. Some tyres contain natural rubber, but as a minority component. 

Tyres have become more disposable as their price has fallen in real terms, replacing 
an older tradition of re-treading carcasses for extended life. New entrant tyre­
makers in Asia, South Asia and Eastern Europe have led to the advent of the ‘budget 
tyre’. 

Battery Electric Vehicles (BEVs) offer instant torque and higher kerb weights, imply­
ing higher tyre wear rates, even while regenerative braking is expected to reduce 
brake wear emissions. From a regulatory viewpoint, tyres in Europe are labelled 
according to three criteria, (the so-called ‘performance triangle’): rolling resistance, 
wet grip and noise – but that may change as tyre environmental impact rises up the 
political agenda. 

Figure 9. Tyre particle mass distribution. 

In one recent test, Emissions Analytics used a Dekati ELPI+ to measure both par­
ticle mass and number at 1Hz. Figure 9 above shows the resulting mass distribu­
tion. It only corroborates what is broadly known, that a comparatively small 
number of coarser particles (up to and including the 10μm size  shown  in  the far  
right column, familiar as PM10) account for most of the recorded mass. 

Switching to the particle number distribution, as shown in Figure 10, there is a mirror 
of the first graph, with a tiny amount of mass expressed as a very high number of 
nanoscale particles right down to the 10nm level expressed in the first column 
(0.01μm). 
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Figure 10. Tyre particle number distribution. 

This is important because until now this high particle number count has typically either 
not been measurable or not been measured, owing to a regulatory preoccupation with 
mass and a lack of suitably sensitive real-time measurement instrumentation. 

Regarding public health, there is growing concern among epidemiologists and other 
medical researchers that ultra-fine particles are potentially injurious to human health 
as a function of their number not just their mass, owing to their ability to translocate 
to the bloodstream through the lungs (9). 

In a recent UK government report, Non-Exhaust Emissions from Road Traffic, 
authored by the UK Government’s Air Quality Expert Group (AQEG), it recommended 
“as an immediate priority that non-exhaust emissions (NEEs) are recognised as 
a source of ambient concentrations of airborne PM, even for vehicles with zero exhaust 
emissions of particles.” 

This is particularly relevant as vehicles become heavier – even if they are zero emis­
sion at the tailpipe. The same UK government report noted that non-exhaust emis­
sions are believed to constitute today the majority source of primary particulate 
matter from road transport: 60% of PM2.5 and 73% of PM10. While regenerative 
braking is expected to reduce brake wear emissions, the increased weight and torque 
characteristics of alternative drivetrains such as BEVs will likely be associated with 
increased tyre wear. 

In the same report it is suggested that a 10kg increase in vehicle mass accounts for 
a 0.8-1.8% increase in nanoparticle emissions from tyres. This is particularly relevant 
as a whole generation of new BEVs is hitting the roads with considerably larger and 
heavier battery packs than in the past. 
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A Tesla Model S or Model X, Mercedes EQC, Audi e-tron or Jaguar i-Pace – BEVs with 
larger ranges and battery packs in the range of 60-100kWh – weigh 2.3-2.6 tonnes. 
The 600kg battery pack in the Mercedes EQC would on the AQEG/DEFRA model poten­
tially increase nanoparticle emissions from tyres by 48-108%, compared to 
a conventional vehicle. 

The same argument can be extended to internal combustion engine vehicles. 
A heavier vehicle increases tyre wear, whereas light-weighting mitigates it. This has 
implications for the broader market trend towards SUVs, where often particularly 
large rim tyre sizes are adopted. 

CONCLUSIONS 

While it is clear that significant progress has been made in recent years in reducing 
regulated tailpipe emissions, even in real-world conditions, this paper shows that the 
environmental impact of motor vehicles is still significant and, in some respects, is 
increasing. 

While ammonia and nitrogen dioxide emissions at the tailpipe may become the focus 
of new regulation, the levels being observed suggest they can be controlled relatively 
easily. At the same time, the presence of certain noxious volatile organic compounds 
may be harder to measure and control in real-world conditions. 

Human exposure to pollutants in the cabin is a new area of concern due to the combin­
ation of well-sealed cabins and filtration of variable effectiveness, which can lead to 
higher particle concentrations inside than outside of the vehicle. 

Tyre wear emissions are of increasing concern as vehicles become heavier, both for 
the rate of wear but also the chemical composition of the material. The typical emis­
sions contain both fine particles and coarser, which have consequences for both air 
and marine environments. 

All these elements should help to inform and direct future surveillance monitoring and 
regulatory development. They should enable monitoring of this wider range of pollu­
tants in real-world conditions. 
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ABSTRACT 

As legislative and market pressures increase on conventionally powered vehicles, 
new development tools will be needed to meet the demands and to deal with increasing 
systems complexity. To that end, this paper introduces a new technique for the 
replication of real-world driving in the laboratory environment. As part of HORIBA’s 
RDE+ suite of development tools, HORIBA Torque Matching (HTM) improves on existing 
“road load simulation” techniques by being able to achieve very close replication of 
tailpipe emissions (with very low test-to-test variation), both in terms of mass and 
temporal evolution. Additionally, it can do so without the requirement for performing 
vehicle coast down testing or surveying road grades along test routes, in order to build 
an accurate, simulated road-load. Instead the exact road-load is generated implicitly by 
the technique. 

Discussion of how the replication technique is performed is followed by demonstration 
using both a conventional ICE vehicle and a hybrid vehicle. Thus demonstrating the 
applicability of the HTM approach, not only to existing vehicles, but also to electrification 
technologies such as hybrid and BEVs. 

Firstly, convectional vehicle replications were performed at sea-level and at high 
altitude (using altitude simulation equipment). CO2 emissions replication is shown to 
be 2% or less of the respective road test and critical emissions like 
NOx shown to be within 5%. Finally the technique is applied to a hybrid vehicle, dem­
onstrating not only very close emissions replication (CO2, NOx < 2%) but also accurate 
replication of the hybrid systems including energy regeneration from braking, battery 
state of charge and critical system temperatures. 

Keywords: RDE, RDE+, Chassis Test, real-world Driving, Replication, Hybrid, High 
Altitude 

INTRODUCTION 

In the next decade, vehicle manufacturers face tougher development challenges as 
tailpipe emissions from the ICE are subject to higher levels of scrutiny and stricter 
legislation. These emissions (alongside other unregulated emissions from tyre and 
brake wear) contribute to poor air quality metrics, especially in urban areas, where 
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the pollutants NOx and PM pose the most serious harms to health. According to the 
European Environment Agency, over 400,000 premature deaths in Europe can be 
linked to poor air quality 1. Some estimate that there are more than 11,000 deaths per 
annum caused by excess NOx emissions from diesel vehicles alone in Europe 2. Fur­
thermore, many countries exceed the annual concentration for PM2.5 and NOx as sug­
gested by the WHO. These excesses are often found in urban areas and areas with 
high vehicular traffic. 

In the automotive industry, light duty emissions standards have been in place for over 
25 years. With the introduction of each new regulation stage, allowable tailpipe emis­
sions (on a per kilometer basis) have been gradually reduced. Whilst regulatory emis­
sions tests were based on the NEDC, manufacturers were seen to be reducing tailpipe 

Figure 1. Moderate and extended boundary conditions for current Euro 6d 
regulations. 

emissions in-line with the regulations. Unfortunately, real-world data has shown this 
not to be the case. Between Euro 2 (1996) and Euro 5 (in place until 2014) emissions 
standards, it is shown that there was virtually no real-world improvements in tailpipe 
NOx emissions 2,3. Additionally, world wide consumer trends toward larger vehicles 
such as the SUV has worked against improvements in tailpipe emissions and fuel con­
sumption 4. 

The introduction of Euro 6b emissions regulations saw a step change in reducing 
allowable emissions from vehicles. Overtime, this regulation has been extended to 
include the more rigorous WLTP lab test (Euro 6c) and accompanying RDE test (Euro 
6d-Temp/Euro 6d). Both elements are more representative of real-world driving, with 
the latter being undertaken outside the often favourable laboratory environment. 
These improvements to testing protocols have translated to an improved correlation 
between certified emissions and real-world performance. However, tailpipe out emis­
sions can still be greater than the corresponding emissions limits when the test condi­
tions stray away from the regulatory test boundaries. 

There are numerous RDE boundary conditions scoped to cover 95% of real-world driv­
ing and environmental scenarios that could occur (some are shown in Figure 1). In 
addition, the vehicle is exercised to a much greater extent during RDE drives com­
pared to laboratory test drive cycles, again aimed at representing real-world driving 
(Figure 2). However, since some scenarios involving various combinations of boundary 
conditions occur outside the 95th percentile, significantly lower than 95% of real-
world driving scenarios would be covered by the RDE regulations 5. 

234 



As a direct consequence of the “Diesel-gate” scandal, numerous bodies have been 
active in identifying and testing common, real-world driving scenarios that are not 

Figure 2. NEDC,WLTC and typical gentle and aggressive RDE cycle 
residencies. 

covered by the standard RDE testing protocol. These include extended high-speed 
driving, heavily laden family vehicles, extra cold/extra hot soak periods, extended cold-
start idling, snow and ice driving, towing and very hilly locales. In general, these studies, 
amongst others in 6–9 have been able to show that Euro 6 and even some of the latest 
Euro 6d TEMP vehicles can exceed NOx and PN limits when tested under such conditions. 
In particular earlier Euro 6 vehicles certified under the older NEDC testing can be seen 
exceeding limits by orders of magnitude. 

Activity such as described above is pushing legislators world-wide to bring forward 
more stringent rules on tailpipe emissions. In Europe, the current Euro 6d standard 
coming into force at the start of 2021 includes In Service Conformity (ISC) testing 
up to 100,000 km, alongside a provision to measure evaporative emissions. In add­
ition, RDE conformity factors for NOx emissions are reduced from 2.1 to 1.4310. 

Around 2025, new Euro 7 regulations will replace current RDE testing with “wide on-
road testing”. In brief, Euro 7 will effectively class almost any kind of driving over 
a 5 km distance as a valid real-world test 11. Additionally: 

•	 Temperature conditions will extend to cover driving in -10◦C to 4 0◦C conditions  
(including extended soak time at extremes of temperature). 

•	 ISC will extend to cover 240,000 km of driving. 
•	 Weighting adjustment of cold start emissions removed. 
•	 Additional criteria emissions are likely to be moni- tored including: NH3, CH4, 

N2O and NO2. 
•	 PN monitoring will consider particle sizes down to 10 nm from the current 

23 nm. 

Other markets are not standing still either, with the 2021 US Tier 3/CARB LEV III post­
ing the most stringent limits and China set to overtake Europe when China 6b is intro­
duced in 2023. India and Brazil had also planned to adopt at least Euro 6 by the end of 
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202012. In addition to more stringent emissions regulations, there will be further com­
plications to navigate in some markets. For example, in the European Union manufac­
turers will also have to contend with: 

•	 Fleet CO2 reduction targets following the Paris Agreement (COP21) with 
a 40% reduction of GHG emissions compared to 1990 levels by 2030 and 
net- zero by 2050. 

•	 Improvements in market surveillance emissions test- ing by use of “impos­
sible to cheat” remote sensing techniques 13,14. 

•	 The banning or limiting of ICE operation within many city centres or dense 
urban areas. Achieved by full or partial bans of particular types of vehicle and 
introduction of CAZ congestion charging 15. 

•	 Outright banning of the sale of ICE-only vehicles. UK will ban such sales as 
early as 2030. 

This level of scrutiny sets out an unprecedented task for new powertrain development. 
With such a wide range of test conditions to consider, traditional development 
approaches will no longer be suitable, and it will be therefore critical from a time and cost 
perspective to be able to evaluate new powertrains over real-world scenarios within 
a laboratory environment. Further, vehicle manufacturers have commenced aggressive 
electrification of their powertrains and development of BEV where necessary. All of which 
add time, cost and complexity to increasingly difficult development programs. 

Of note, suggested by the AGVES 11 work on the Euro 7 approach, is the potential for 
replicating real-world driving tests within the lab in order to measure emissions that 
cannot be measured with sufficient accuracy by PEMS. This also applies for replicating 
real driving tests at extremes of temperature. This then puts onus on test labs and 
suppliers of automotive development tools to improve the capability of their offerings 
in order to meet this demand. 

To address this situation HORIBA has been developing a whole vehicle and powertrain 
development, calibration and verification approach known as RDE+. This will connect 
real-world testing with chassis dynamometer, EiL and virtual test tools (Figure 3). This 
will allow manufacturers to front- load vehicle and powertrain development and 
deploy real- world scenarios much earlier in the development cycle, enabling high con­
fidence that they will meet legislative requirements in their target markets. Aspects of 
the RDE+ offering have been introduced in detail previously 16–19. This paper will 
expand on the work relating to replication of real- world driving within the chassis 
dynamometer lab (RDE+ Chassis, as per Figure 3. 

16,19 In the previous work , chassis dynamometer based RDE replication covered 
a modified RLS type test with a robot driver. Termed RLR, the method used the dynamom­
eter gradient function and significant robot driver controller tuning as a means of match­
ing measured road- loads from previously conducted real-world testing. It also 
introduced an improved replication method, now called HORIBA Torque Matching (HTM), 
that gives the ability to re-create exactly, a real-world drive as it occurred on the road. 
The HTM methodology will be discussed in more detail in the following section. This paper 
focuses further on the HTM method and intends to demonstrate how the replication stage 
of technique can be applied with altitude simulation and extremes of temperature. Add­
itionally it will show the technique remains valid when applied to hybrid- type vehicles. 

2 METHODOLOGY 

2.1 HORIBA torque matching process 
The full HORIBA Torque Matching process comprises three main activities (shown in 
Figure 4). These are: 
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(1)	 Road Test: Perform any kind of road drive. Record vehicle velocity, pedal 
inputs and weather conditions. 

(2)	 Replication: Chassis bench matches vehicle velocity, robot driver matches 
pedal inputs, MEDAS matches ambient conditions. Chassis bench produces 
and records actual road-load. 

(3)	 Emulation: Chassis bench matches vehicle velocity, robot driver closed loop 
pedal control to match road- load recorded in (2). 

As a minimum, road test data (or data output from simulation) will include the vehicle 
speed and the pedal inputs. Exact requirements are dependent on the type of vehicle. 
For example, a conventional ICE vehicle with manual gear box will require speed, 
accelerator and clutch pedal inputs and engine speed metrics (for gear ratio detec­
tion). A hybrid vehicle with automatic or CVT gearbox would not require engine speed, 
but would require brake pedal input in order to capture any regenerative effect if 
regenerative-friction brake blending is implemented. In some cases, a BEV with one-
pedal driving would not need brake pedal monitoring as the accelerator pedal controls, 
entirely, the speed of the vehicle. 

Figure 3. HORIBA RDE+ development approach allows for bi-directional tran­
sition between four core areas. 

Figure 4. HORIBA Torque Matching (HTM) method has three main stages; 
road testing, chassis replication and chassis emulation. Stages 2 and 3 can 

be used for different aspects of development. 
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Coming into the lab there are a number of exercises to first perform before carrying 
out a replication. Mostly, these cover installation and teaching of the driving robot to 
the vehicle and mapping pedal positions to actuator positions. But it may also include 
modifications to items like the engine breathing system if altitude simulation is going 
to be used. 

The replication test is orchestrated centrally from a test automation system (in this 
case, HORIBA STARS VETS). The following main actions are carried out during the 
test: 

•	 Vehicle speed is communicated to HORIBA SPARC dynamometer controller. 
•	 Pedal positions are communicated to driving robot (Stähle SAP2000, HORIBA 

ADS-Evo). 
•	 Speed and pedal commands are synchronised with adjustment controls 

located within the test automation system. 
•	 Ambient conditions are communicated to test chamber or altitude simulator if 

necessary. 
•	 Emissions analysis equipment (exhaust gas analysers) is controlled. 

In essence, the replication test is a “playback” of recorded road test data. When the 
vehicle speed and pedal inputs are played-back in synchronisation, the chassis dyna­
mometer will, as a by-product of the speed controller, re-create the exact road load 
experienced by the vehicle during the road test in a highly repeatable fashion. Replica­
tion tests can be used to, for example: 

•	 Measure emissions from a real-world drive that you could not measure on the 
road with PEMS. 

•	 Collect real road-load data for other purposes (i.e. simulation and modelling). 
•	 Potential to see effect of changing items like fuel, oil or aspects of exhaust 

after-treatment. 

The emulation test is generally similar to the replication test with one key change: 

•	 Pedal positions are now commanded by PID controller which performs 
a closed loop control on road-load force (target recorded during replication 
test, com- pared to feedback from the dynamometer controller). 

With emulation testing, there is expected to be a small sacrifice in repeat-ability due 
to the method of control. But it opens up the possibility to make wholesale component 
and calibration changes to the vehicle and examine how they perform over the same 
drive cycles. The control regime is quite similar to typical robot-driven RLS testing, 
with the key difference being closed loop pedal control to a target road- load as 
opposed to a target vehicle speed, where the load becomes secondary. 

2.2 HORIBA torque matching & road load simulation compared 
The HTM method overcomes a number of hurdles apparent with typical RLS testing, 
namely: 

•	 Re-creating the desired pedal inputs for emissions reproduction. 
•	 The need for performing vehicle coast down tests and surveying road-grade 

in order to get the correct vehicle road load. 
•	 Changes in load due to changes in road surface or environmental conditions 

such as wind 

The first point is important if high quality replication of criteria emissions, particularly 
from a temporal perspective, is required. With the second and third points, HTM 
accounts for all of these by virtue of the way it works. The dynamometer matches the 
speed, the robot driver matches the pedal inputs and the result is that the 
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dynamometer controller generates the exact road load experienced. So all these 
aspects are baked into the test. 

It is certainly possible to achieve good cumulative mass emissions replication using the 
RLS method. But it will often be found that emissions are produced in different 
amounts and at different times during the test. This is particularly so for NOx and PN 
emissions which are more sensitive to pedal inputs. To demonstrate, HTM is compared 
with both robot- driven and human-driven RLS testing over the same driving route and 
with the same vehicle. (vehicle details located in supplementary material, Table 15). 

Figure 1 shows mass emission results for HTM and the human and robot driven RLS 
methods. As shown, whilst HTM has generally performed the best, RLS is, in some 
instances like CO2, able to replicate closely to the road test. However, examining the 
result by comparing how well a particular test correlates back to the original road test 
highlights the strength of HTM. This is shown in Table 2. Human/robot driven RLS and 
HTM were compared using linear fits (y = m(x) +  c) back to the original road test. In 

Table 1. Mass emissions for HTM test compared with conventional RLS 
test (both human and robot driven) with the same vehicle over the same 

test route. 

CO2 [g/km] CO [g/km] NOx [mg/km] PN [#/km] 

Road Test 208.88 0.109 3.33 2.15E+11 

RLS (Human) 205.44 0.055 6.40 4.30E+11 

RLS (Robot) 195.71 0.067 4.41 3.82E+11 

HTM (Robot) 214.02 0.105 3.53 3.96E+11 

Differences to Road Test 

RLS (Human) 2.46% -4.17% 5.96% 84.15% 

RLS (Robot) -6.31% -38.59% 32.41% 77.99% 

HTM (Robot) -1.65% -49.31% 91.87% 100.26% 

Table 2. RLS compared to HTM using linear fit characteristics. “M” is line 
fit coefficient and “R2” is a measure of how closely correlated the respect­

ive lab test is to the original road test. 

Human Driver Robot Driver HTM 

Item M R2 M R2 M R2 

CO 0.47 0.33 0.66 0.25 0.77 0.39 

CO2 1.03 -0.29 1.01 0.56 1.00 0.99 

NOx 1.13 0.14 1.09 0.48 1.12 0.89 

PN 0.73 -0.02 0.60 -0.03 1.50 0.77 

Speed 0.99 0.99 1.00 0.99 1.00 1.00 

Acc. Ped 0.92 0.82 0.89 0.88 1.00 1.00 

Eng Torq 0.92 0.83 0.91 0.89 1.05 0.99 
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Figure 5. CO2 emissions rate for HTM (robot) compared with RLS (robot).
 
Note production of emissions where none exist for road test.
 

general HTM will provide fits with both linear fit coefficients and R2 values close to or 
equal to 1. By contrast, RLS methods show much more variation with much poorer 
correlation on the emissions, even though the final mass results were similar. The 
emissions generation during the lab test is occurring at different times and by different 
amounts. Examples of this are shown in Figures 5 & 6. 

Differences are caused, not only, by incorrect loading due to in-exact coast-down and 
altitude data (for gradient derivation) but also replication of pedal input (timing, 

Figure 6. NOx emissions rate for HTM (robot) compared with RLS (robot).
 
Note production of emissions where none exist for road test.
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amount and feed rate). The authors have found during experimentation that robot 
drivers can be quite “nervous” with pedal inputs depending on how well PID control 
has been tuned 19. On the human side, it differs driver to driver (which is already not 
ideal). Some are too smooth with pedal inputs, others react too late to faster changes 
in speed or gradient. An example of this is shown in Figure 7. They are both “reaction­
ary” control methods controlling primarily to a speed target, rather than a load target. 

2.3 Test vehicles 
Vehicle A: Vehicle A is a typical 5-door family car (C- segment) with small capacity 
turbo diesel engine and a manual six speed gearbox. Specifications can be found in 
Table 3. 

Table 3. Vehicle A Data. 

Specification Value 

Vehicle Mass 1500 kg 

Engine Size 1.5 Litre, 4 cyl 

Engine Type Turbo-Diesel 

Engine Output 88 kW, 270 Nm 

Transmission Manual, 6-speed 

Aftertreatment DOC, DPF, LNT 

Emissions Cert Euro 6b (NEDC) 

Vehicle B: Vehicle B is a 5-door C-segment vehicle. It uses a highly efficient Atkinson-
cycle combustion engine coupled to a hybrid drive system comprising two Motor- Gen­
erator (MG) units, planetary gearbox and a small high- voltage traction battery located 
in the rear. MG1 is used for turning over the ICE and also for regenerating energy into 
the battery pack. MG2 is used to drive the wheels in tandem with the engine. Specifi­
cation can be found in Table 4. 
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Figure 7. Comparison of replicated pedal inputs for RLS (human and robot) 
and HTM. Note additional inputs and dynamics for RLS. 

Table 4. Vehicle B Data. 

Specification Value 

Vehicle Mass 1435 kg 

Engine Size 1.8 Litre, 4 cyl 

Engine Type NA Gasoline 

Engine Output 73 kW, 142 Nm Electric 

Motors 42 kW (MG1), 60 kW (MG2) 

Hybrid Battery NiMH 1.3 kWh 

Transmission Automatic (cont.) 

Aftertreatment TWC Emissions 

Cert Euro 5 (NEDC 

2.4 Road testing & data collection 
For on-road testing the test vehicles were instrumented differently according the 
requirements at the time. For example vehicle A (Table 3) was used to collect a large 
amount of RDE data from locations around Europe, taking in cold weather, hot weather 
and high altitude testing. This vehicle was fitted with additional instrumentation such 
as strain-gauges on the drive shafts for monitoring road- load and numerous thermo­
couples for monitoring critical temperatures. Whereas Vehicle B had important hybrid 
system data collected entirely via dedicated smartphone application. 
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Figure 8. Vehicle and data recording equipment. 

Figure 9. Example of pedal position measurement using string potentiometer. 
Body of device is secured to hard points under the dashboard structure. 

In general, each vehicle had at least three main components shown in Figure 8: An 
OBS-One PEMS unit for emissions and environmental conditions, a method of record­
ing pedal inputs (CAN bus data or direct measurement with string potentiometer, 
Figure 9) and a drivers-aid software for ensuring a compliant RDE test. All data was 
logged at a minimum of 10 Hz. Road tests were performed to the current RDE regula­
tions whereby the routes take at least 90-minutes to complete and cover urban, rural 
and motorway sections in roughly equal proportion. 

2.5 Road testing locations 
Nuneaton, UK: Data for the Nuneaton RDE routes are given in Tables 5 & 6. Map and 
elevation data can be found in the supplemental materials section (Figures 25 & 26). 
Nuneaton is approximately 100 m above sea level. 

Table 5. Nuneaton UK RDE route from HORIBA-MIRA. Vehicle A Test. 

Nuneaton, (UK) RDE Route 

Distance 85.09 km 

Ambient Temp 10◦C 

Ambient Pressure 97.2 kPa 

Ambient Humidity 94.1 %RH 

CPE Gain 421 m/100 km 

Drive Style Gentle 

Start Type Cold Start 
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Table 6. Nuneaton UK RDE route from HORIBA-MIRA. Vehicle B Test. 

Nuneaton, (UK) RDE Route 

Distance 82.74 km 

Ambient Temp 23.6◦C 

Ambient Pressure 100.7 kPa 

Ambient Humidity 34.5 %RH 

CPE Gain 403 m/100 km 

Drive Style Medium 

Start Type Cold Start 

Avila, Spain: Data for the Avila RDE route is given in Table 7 Map and elevation data 
can be found in the supplemental materials section (Figures 27 & 28). Avila is approxi­
mately 1200 m above sea level. 

Table 7. Avila Spain, high altitude RDE Route. 

Avila, (ESP) RDE Route 

Distance 79.42 km 

Ambient Temp 32◦C 

Ambient Pressure 89.1 kPa 

Ambient Humidity 31.0 %RH 

CPE Gain 935.9 m/100 km 

Drive Style Gentle 

Start Type Hot Start 

2.6 Test procedure creation 
Conversion of road test data into a drive cycle for lab testing is dependent on the type 
of vehicle being used. The primary differentiation will be whether the vehicle uses 
a manual transmission or is automatic in some capacity. With a manual vehicle, the 
main consideration is matching the road drive to the performance of the driving robot. 
This requires manipulation of the road drive data to account for some critical perform­
ance metrics of the robot driver. The goal of these changes is for enabling the robot 
driver to complete the cycle safely. Mutli-speed automatic, continuously variable and 
single speed transmissions do not require such manipulation. 

For example, the testing presented here utilised a Stähle SAP2000 driving robot. 
Installed into vehicle A, the robot has the following critical performance metrics: 

• Max clutch depress time = 0.5 s 
• Max shifting time = 0.8 s 
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These metrics will be different for different vehicles. For the clutch, the depressing 
rate depends on the length of pedal travel but also the stiffness of the pedal return 
spring. For the Stähle drive robot, the clutch actuator is itself spring loaded, so that 
the actuator works to pull the pedal upwards rather than pushing down. In the event 
of power-out, the default action is therefore the full depressing of the clutch pedal. 
The depressing rate of the clutch is therefore entirely dependent on the relative 
strength of the clutch return spring and the robot clutch actuator spring. Maximum 
shifting time depends on the geometry of the gear shift gate and linkages. The drive 
cycle manipulations then, are covered by the following and depicted in corresponding 
graphic in Figure 10: 

1.	 Adjusting clutch depress position: For bringing the depressed position of 
the road data into the “safe region” of robot operation. Some drivers do not 
fully press the clutch to the floor. For example, they may stop around 70% of 
the travel. It is enough to change gear OK, but the robot requires greater than 
80% to operate. Therefore the 70% position is stretched to meet the require­
ment of 80+%. 

2.	 Adjusting clutch rate: For gear changes, the clutch depress profile is 
adjusted to match the robot performance if the human driver has pushed the 
pedal too fast. 

3.	 Adjusting gear placement: The gear selection request is time-shifted to 
coincide with the point at which the clutch position enters the “safe region”. 

4.	 Stretching clutch depress duration: The duration for which the clutch is 
held in the “safe region” is extended to match the maximum shifting time. This 
is so the shift can be complete before the clutch is released. 

Figure 10. Schematic representation of the drive trace manipulations 
necessary for safe robot driving operation. 

All of the manipulation tasks are performed by a software tool developed by HORIBA­
MIRA to make it easy for the end user to jump from a road test into a chassis lab test, 
without having to spend a long time on preparing the drive cycles. As stated earlier, 
such manipulations are really only required by manual transmission vehicles. By dint 
of item number 4) in the above list, the resulting drive cycle is by necessity, of longer 
duration to the original road drive. Typically, 1 to 2 minutes of additional time can be 
added along with increasing driven distance slightly. However, all of the time 
adjustments come during gear changes where the engine is decoupled and throt­
tle position is closed, so emissions are not significantly affected when comparing 
lab and road. 
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It would be possible to have zero cycle manipulation in two ways. The first requires 
the human driver performing the road test to drive according to the robot capability. 
This would not require a drastic change in driving style, but being mindful to not rush 
gear changes in particular, goes a long way toward minimising the need for adjust­
ments. This is because the Stähle SAP2000 operating in manual driving mode does 
not allow for much overlap between clutch actuation and shifter actuation. A human 
driver can overlap these controls very well, whereas the robot requires a more 
sequential operation. 

The second method would be to remove some of the robot driver safety limits. For 
example, in the manual mode, the default robot operation requires the clutch to be 
pressed by at least 80% before allowing a gear change under manual control. 
Requesting a gear change before this rule is met results in the robot controller assum­
ing control of the clutch pedal. It will perform a complete automatic gear shift process 
according to its own control logic and will relinquish control back to the remote control­
ler when complete. This is safe operation, but also not ideal for replication. Removing 
these safety features would allow for full control by the remote controller, but would 
shift the onus for safe operation. This approach is planned to be implemented, but for 
the first iteration of the drive cycle tool, it was decided to work around the in-built, 
proven safety features first rather than remove them. 

In Table 8, the requirements by different types of vehicles is given. The conventional, 
combustion-only manual vehicle has the most requirements, with effort focused 
around ensuring safe gear changes. However it does not require any brake input; the 
dynamometer handles this. Vehicles such as BEVs with one-pedal driving functions 
require the least, needing only the accelerator pedal. A conventional automatic may 
require brake pedal input, if only for stationary periods to allow the ECU to disengage 
any clutches in the transmission. This can be recorded on the road test or automatic­
ally generated as brake on/off by the software tool. Other BEVs and hybrid vehicles 
where blended braking is implemented, require full brake pedal replication in order to 
match any regenerative braking effects. 

Table 8. HTM replication requirements for different vehicle types. 

Vehicle 
Type Requirements 

Manual Accelerator pedal, Clutch pedal position, Engine/vehicle speed for 
gear determina- tion, Trace manipulations for safe operation 

Automatic Accelerator pedal position, Brake pedal position (for stationary 
moments) 

Hybrid Accelerator pedal position, Brake pedal position (full, for regenerative 
braking) 

Electric Accelerator pedal position, Brake pedal position (only for blended 
brakes) 

2.7 Chassis lab test centre 
All lab test work was carried out at the Advanced Emissions Test Centre located at 
HORIBA-MIRA in Nuneaton, UK (Figure 29). The centre features a climatic test cell 
with 4-wheel chassis dynamometer and full emissions analysis suite. Additional equip­
ment includes robot drivers and an altitude simulator. There are also three tempera­
ture controlled soak chambers for conditioning vehicles for tests at high/low 
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temperature. Where possible, the same PEMS kit as used on the road testing is used 
for the lab testing in addition to the lab analysers where possible. 

Figure 11, shows the high level layout of the control system that performs the HTM 
test. The test automation system (STARS-VETS) controls all aspects of the test 
centrally. 

Figure 11. Control layout for HTM in AETC. STARS-VETS test automation 
system orchestrates the test, controlling both dynamometer and robot 

driver. 

More generally, each replication of an RDE follows the same process as below. Replica­
tions are run a minimum of three times to obtain an average result. 

1.	 Vehicle is soaked for 8 hours at starting engine oil temperature (for cold and 
hot start). 

2.	 Test chamber is set to test average temperature and humidity. 
3.	 If hot-starting, vehicle engine is warmed to starting engine oil temperature by 

holding 2-3000 rpm in idle (same as pre-warm up carried out on RDE road 
test). 

4.	 If MEDAS is used it will follow pressure, temperature and humidity profiles 
recorded on test. Otherwise, cell will maintain average ambient conditions at 
100 m altitude. 

5.	 If performing “Nuneaton level” test, PEMS unit is used in conjunction with lab 
analysers via CVS emissions tunnel (tailpipe including PN & bag 
measurement). 

6.	 If performing altitude test, PEMS unit is used but CVS tunnel is not. Tail­
pipe analyser is used in conjunction with PEMS pitot flow measurement to 
get a mass emission result for the lab. No lab PN or bag measurement in 
this case. 

7.	 Vehicle goes back to soak for next test. 

It should be noted that Vehicle A is operated by the robot driver using throttle-by-wire 
input rather than a pedal actuator. Vehicle B used the pedal actuator for both acceler­
ator and brake pedals. Pedal positions recorded on the road are translated into robot 
driver actuator positions via a pedal mapping exercise performed as part of the robot 
driver installation. 

Altitude Simulator: HORIBA Multi-function Efficient Dynamic Altitude Simulator 
(MEDAS), is designed to simulate the environmental conditions at the engine air 
intake and exhaust (separate to the conditions set in the test chamber). In standard 
form, MEDAS can alter the engine intake air pressure, with air temperature and 
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Table 9. MEDAS. 

MEDAS 5012 VO (with MHM & MTM) 

Mass Flow up to 1200 kg.h−1 

Altitude Range 2000 m below chamber level 5000 m above sea level (at 
720 kg.h−1) 

Temperature 
Range 

-10◦C to  40◦C 

Humidity Range 2 g H2O/kg to 80 g H2O/kg 

humidity being the same as air ingested from the lab. Including the additional tem­
perature and humidity modules allows for full pressure, temperature and humidity 
control. Specifications are found in Table 9. The MEDAS is setup in AETC as per 
Figure 12. The units are located on a mezzanine level above the test chamber. There is 
a cell air intake in the ceiling for using MEDAS stand-alone (cell air ingestion) and the 
bypass channel has been extended into the test chamber to bring the conditioned air 
source closer to the vehicle. 

Figure 12. Schematic diagram of MEDAS installation in AETC facility. The air 
bypass pipe was a post-installation modification, for bringing the condi­

tioned air source closer to the vehicle. 
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Figure 13. Detail photo of example vehicle modification for MEDAS. Breather 
extension to check for oil carry over and modified air-box to connect to the 

system. 

Vehicle A modification for MEDAS is shown in Figure 13 MEDAS engine intake pipe is con­
nected to the top of the vehicle air-box. The air-box was made air-tight and a hole was 
cut into the bonnet to facilitate this. The loop of clear pipe is an extended breather con­
nection that allows for keeping an eye on any oil carry over. However, this vehicle exhib­
ited none. Further images are found in supplemental material (Figures 30,31 & 32). 

3 RESULTS & DISCUSSION 

3.1 Results notes 

1.	 Vehicle A is diesel vehicle with Euro6b certification, therefore NOx emissions 
are expected to be very high in real-world testing protocols. 

2.	 Where possible, PEMS emissions results will be the main road to lab compari­
son tool as it is equivalent equipment for both test types. Lab emissions will 
also be included however. 

3.	 PEMS units are not expected to match laboratory analysers exactly. Below are 
the allowable differences between lab emissions and portable emissions for 
acceptable correlation. This is based on current RDE regulation. 

(a) CO2 +/-10% allowable 
(b) NOx +/- 15% allowable 
(c) PN +/- 50% allowable 

3.2 Sea level RDE replication (Vehicle A) 
Presented are the results of HTM replication test using the Vehicle A road test over the 
Nuneaton test route (Table 5). The test was replicated three times and the results will 
compare the road test to the averaged lab test data. The test cell was set to the road 
test average ambient temperature of 10◦C and 90% relative humidity (this is the max­
imum achievable by the equipment and it was able to achieve at least 80% humidity 
at all times). 

Figure 14 and Table 10 show the main emissions result. Figures 15 & 16 show further 
detail of the test replication. As shown characteristics such as engine speed and torque 
demand are very closely replicated, resulting in very close reproduction of total work 
done by the engine over the test. Figure 16 shows how well vehicle speed is matched 
along with accelerator pedal and clutch pedal inputs. Important to note is the 
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synchronisation between pedal inputs and the vehicle speed. This alignment is critical for 
a good result.  

Examination of Table 10 shows a good mass emissions correlation. CO2 is a little over 
2% different to the road when comparing PEMS results. The target performance for this 
replication method is to be within 2% so this is close. NOx was very well replicated at 
just 3% difference, also showing very low test-to-test variation. Though this difference 
equates to nearly 22% of the EU6 emissions limit, this is due to the generally very high 
NOx output of this Euro6b vehicle. 

CO and PN showed the biggest variation between road and lab. The latter also showing 
large test-to-test variation. This is perhaps expected from a DPF fitted vehicle as PN 
emission is generally very low. It will be affected slightly by soot loading and as shown 
in Figure 14 bottom panel, the end result is mostly due to PN generated right at the 
start of the test. This could very likely include components that have condensed in the 
exhaust since last use. Regardless, the difference between road and lab is < 1% of the 
EU6 PN limit and therefore should not be too concerning. CO difference similarly 

Figure 14. Vehicle A cumulative emissions result for Nuneaton. 

makes up a small portion of the allowable emissions limit even though the difference 
between road and lab is quite large in percentage terms. Historically CO emissions 
measurement with PEMS has shown more variation compared to CO2 for example. 

lab results from HORIBA MEXA analyser are also included for comparison. Differences are 
expected between the lab analyser and PEMS. Historical correlation data for the PEMS 
unit used is given at the bottom of the table. Results are generally in agreement remem­
bering the allowable differences between lab and PEMS given at the start of this section. 

3.3 Altitude RDE replication (Vehicle A) 
For the high altitude replication Vehicle A was modified as per earlier description for 
use with MEDAS (see Figures 13, 31, 32). 

250 



Presented are results of the HTM replication test using the Vehicle A road test over the 
Avila test route (Table 7). As before, the test was replicated three times and the results 
will compare the road test to the averaged lab test data. The test cell was set to the 
road test average ambient temperature of 32◦C and 31% relative humidity. All three 
MEDAS units were used, allowing for full engine inlet air control. MEDAS was config­
ured to follow the pressure, temperature and humidity profiles captured on the road 

Figure 15. Vehicle A engine speed and torque demand replication (detail 
view) with calculated whole-cycle work done by the engine. 

Figure 16. Vehicle A speed and pedal position replication. 
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test. PEMS unit for this test is, unfortunately, not the same unit as used on the road 
test. This is because the unit requires modification to work with MEDAS owing to the 
pressure differential between the room and sampling line. There is only one unit 
available that is modified for this and purchases some time after road testing. Per­
formance is approximately similar for CO2 and NOx, but  PN  reads  noticeably lower  
compared to the lab (approx -20%). 

Table 10. Vehicle A, Nuneaton Test Route, RDE replication with HTM.
 
Summary result.
 

PEMS vs PEMS CO2 [g] CO [g] NOx [g] PN [#] 
Work 
Done [MJ] 

Road Test 12231.11 5.88 49.28 1.56e12 49.96 

Dyno Test (avg 
of 3) 

12557.67 4.83 47.79 1.20e12 49.09 

Road/Dyno 
Difference 

2.67% -17.82% -3.01% -23.00% -1.78% 

CoV 0.88% 8.41% 0.49% 100.85% 1.27% 

EU 6 Limit for Test - 42.27 6.76 5.07e13 -

Difference as % of 
EU6 Limit 

- 2.48% 21.97% 0.71% -

PEMS vs Lab 

Dyno Test (avg 
of 3) 

12128.60 2.82 42.99 1.313e12 -

Road/Dyno 
Difference 

-0.84% -52.10% -12.75% -16.05% -

CoV 0.55% 8.51% 1.45% 103.31% -

Difference as % of 
EU6 Limit 

- 7.25% 92.93% 0.49% -

Historical PEMS correlation to lab: CO2=+3%,CO=+25%, NOx=+4.5%,PN=+5% 

Emissions results are shown in Figure 17 and summarised in Table 11. For brev­
ity, examples of pedal inputs and engine data are not repeated here as they are 
not different than earlier shown. However, MEDAS performance is shown in 
Figure 18. 
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Figure 17. Vehicle A cumulative emissions result for Avila. 

As with the Nuneaton replication, a very close match to the road test has been 
achieved. This time CO2 is well within the target 2% range with similarly tight test-to­
test variation. NOx is also extremely close being within 1% on average, though the 
test-to-test spread was a little wider than with the Nuneaton test. Notably, a one-off 
test where MEDAS was not used highlighted the need for replicating altitude; posting 
CO2 and NOx results that were approximately 1 kg and 30 g less respectively, than the 
tests performed at altitude. 

CO again shows a larger disparity, especially via the PEMS result which is significantly 
higher than on the road test, with wider test variation. However, the lab analyser 
shows a markedly different result that is a closer match and with less variation. This 
may indicate a problem with the PEMS CO analyser when used in conjunction with 
MEDAS even though it has been modified to work with the device. Alternatively, it 
could be due to the affect of MEDAS creating pressure differentials within the engine 
where none exist on the road test. The PN result shows an extremely large discrepancy 
and this will be commented on later in this section. 

In general, MEDAS performed as expected. However, Figure 18 shows some less 
than ideal behaviour. Of note are the large pressure deviations shown occasionally 
during the test. There is a large one at around 1200 seconds and several more, 
smaller ones, closer to the end of the test. When the pressure swings like this, it 
causes the other two units controlling temperature and humidity to also swing (as 
all three conditions are inexorably linked). Though relatively short-lived, it is not 
ideal behaviour because it can take some time for the PID controller to re-balance 
the system. A second MEDAS unit on the HORIBA-MIRA site shows what the per­
formance  of  the system is supposed to look like.  Example Figures  33, 34 & 35  are  
located in the supplementary materials and show performance over a similar Avila 
altitude profile. 
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There are two likely reasons for this performance. Firstly, PID tuning improvements 
were carried out this machine following a hardware change to the pipe work. Poten­
tially these alterations do require further fine tuning as it is not an easy task to balance 
the transient control of three interdependent properties. Secondly, control valves 

Table 11. Vehicle A, Avila Test Route, RDE replication with HTM utilising
 
MEDAS. Summary result.
 

PEMS vs PEMS CO2 [g] CO [g] NOx [g] PN [#] 

Work 
Done 
[MJ] 

Road Test 12641.27 7.92 93.15 3.62e11 45.66 

Dyno Test (avg 
of 3) 

12623.33 15.09 93.56 2.15e13* 45.42 

Road/Dyno 
Difference 

-0.14% 90.37% 0.44% 5823.15%* -1.18% 

CoV 1.36% 29.65% 2.82% 105.24% 1.18% 

EU 6 Limit for 
Test 

- 39.88 6.38 4.79e13 -

Difference as % 
of EU6 Limit 

- 17.96% 6.36% 44.10*% -

PEMS vs Lab* 

Dyno Test (avg 
of 3) 

12414.00 4.44 86.66 - -

Road/Dyno 
Difference 

-1.80% -44.02% -6.97% - -

CoV 0.70% 19.14% 5.13% - -

Difference as % 
of EU6 Limit 

- 8.75% 101.72% - -

* Suspected DPF Failure. See discussion text 
** No lab exhaust flow or lab PN measurement with MEDAS 
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Figure 18. Vehicle A MEDAS replication of atmospheric pressure, tempera­
ture and humidity. There was some spiking in the pressure control which 

caused the others to deviate. 

inside the machine are controlled by the building compressed air supply, which has 
been known to be unstable at times. Any drops in pressure (as it is only able to be 
supplied with the minimum pressure requirement) would lead to valve positions 
shifting without instruction, unexpectedly disturbing the system equilibrium. As 
the emissions replication result was still very good, it is not clear how much, if 
any, impact these spiking events events have had on the outcome. However, it is 
a clear area for improvement in the facility. 

Regarding the PN emissions, they showed a sudden jump between tests 1 and 2. The 
vehicle had performed another test, in between these two tests, but it was not com­
pleted due to emergency shutdown. However, the vehicle had also initiated a DPF 
regeneration. When able to re-commence the test program, the PN emission then 
showed elevated levels. A number of tests were done off-line to confirm this, including 
further regeneration and re-testing, with PN levels remaining high. Examination by 
borescope revealed no visible damage on either DPF surfaces, but the face of the LNT 
did show a darkened patch suggesting there was potentially some PM escaping from 
the DPF. 

Although not confirmed, the most logical theory amongst the team was that of local­
ised melt damage inside the DPF. This could be put down to an omission made when 
modifying the vehicle for use with the MEDAS system. Vehicle A uses a DPF delta-
pressure sensor that has only a single visible sampling point on the DPF canister, 
before the filter. So it was assumed that this was compared to the atmospheric refer­
ence that was inside the vehicle ECU. As per Figure 32 (supplemental material) the 
controller enclosure was modified to tie the ambient pressure sensor to the vehicle 
air- box and hence, MEDAS. However, it was later found that the ambient reference for 
the DPF sensor was situated on the backside of the DPF sensor package as per 
Figure 30. 
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Given the above, the following scenario was likely to have occurred. The application of 
MEDAS to the vehicle exhaust would have reduced the pre-DPF pressure by the differ­
ence between the test chamber and MEDAS set-point; In this case, approx. 10 kPa. 
Without also adjusting the ambient reference by the same amount, the ECU would see 
a reduced exhaust back-pressure and hence calculate an incorrect DPF soot loading 
estimate. When the time comes for filter regeneration, the filter would have been 
overloaded with soot, increasing the risk of thermal event inside. To remedy this, 
a new DPF assembly was fitted and the entire sensor housing was enclosed into 
a small box which was then sealed and referenced back to MEDAS (Figures 31). 

Efforts were made to run the new DPF in before repeating the test program, but unfor­
tunately time pressures meant it was not quite sufficient. The PN emissions results, 
pre and post DPF replacement are shown in Table 12. As shown, there is a large 
(2-orders of magnitude) step change between the original test 1 and test 2. The new 
DPF starts off lower, but is beginning to approach the expected level by test 3. It is 
clear that the original filter was damaged in some way. The new filter has rectified this 
somewhat, but with some 35,000 km driven on the original filter, the vehicle cannot 
be expected to perform exactly as before. Making a comparison to the original test 
program using lab emissions measurements (only PEMS PN unit was available at the 
time of re-testing) CO2 was increased slightly by approx. 2% and NOx was reduced by 
approx. 7%. Therefore, in spite of DPF issues experienced there is still high confidence 
in the result. 

Table 12. Change in test to test PN for original DPF and new DPF. There is 
two order magnitude change between test 1 and test 2 for original filter. 

Test No. Original DPF Replacement DPF 

1 8.00e11 6.43e10 

2 5.29e13 5.87e10 

3 1.07e13 1.47e11 

3.4 Hybrid vehicle RDE replication (Vehicle B) 
Experimentation with hybrid and electric vehicles is an important step for the HTM 
technique. With increasing numbers of PHEV and BEV becoming available and gaining 
popularity 20, HTM should be compatible if it is to become a useful development tool. 
As the dynamometer rollers are providing the speed control and thus braking effort, 
the crucial question is whether the regenerative aspect of vehicle braking can be repli­
cated successfully by HTM. 

For this type of vehicle, the expectation was that being able to replicate brake pedal 
position and timing would produce the desired outcome. The brake pedal was instru­
mented with a string potentiometer to achieve this (Figure 9). 

Presented in this section are the results of HTM replication test using Vehicle 
B (Table 4), a hybrid vehicle, driving the Nuneaton test route (Table 6). The test was 
replicated three times and the results will compare the road test to the averaged lab 
test data. The test cell was set to the road test average ambient temperature of 
23◦C and 31% relative humidity. 
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Emissions result is shown in Figure 19 and summarised in Table 13. As shown the results 
are comparable to previous testing  with  vehicle A. CO2 is within 2% and so too are NOx 

and PN which is an excellent outcome. NOx emissions show a high variation value, but 
this is likely a function of the extremely low NOx output of the vehicle (small absolute 
changes showing as large percentage changes). CO emission is once more, showing 
a larger difference during the lab testing and suggests that investigation as to why, is 
warranted. Like before, a large percentage difference road- to-lab, but a small propor­
tion of EU6 limits. 

Figure 19. Cumulative emissions result for vehicle B using HTM, Nuneaton. 

Equally as important for this test is replication of hybrid system performance. Con­
cerning energy consumed and regenerated, Figure 20 and Table 14 show very close 
matching of energy consumed by the system as a whole (engine & hybrid system), 
energy consumed from the battery and energy regenerated back to the battery, with 
less than 2% difference road-to-lab. Figure 20, bottom panel, shows the SOC reported 
by the battery management system. It was difficult to get starting SOC to the right 
value pre-test because there is no way to charge the vehicle externally. However, as 
shown, SOC very quickly converges for all tests on to the road test values and then 
track very well for the remainder of the test. 

Figures 21 to 24 serve to highlight the quality of the replication further. Figure 21 
shows high-voltage battery voltage and current draw for a portion of the test. Both 
track the road test values very closely. Figures 22 and 23 show engine and MG speeds 
and loads respectively. MG2 speed is directly related to the speed of the vehicle, but 
this is not the case for the ICE and MG1 which have a looser relationship. MG1 is also 
responsible for sending energy to the battery whilst driving with the ICE active, so it is 
important to produce a good replication in this respect. As shown, speeds and loads 
are very well matched between road and lab for all three motors, including ICE firing 
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Table 13. Vehicle B, Nuneaton Test Route, RDE replication with HTM. Sum­
mary result. 

Energy Con­
PEMS vs sumption (total) 
PEMS CO2 [g] CO [g] NOx [g] PN [#] [kWh] 

Road Test 9647.26 5.58 0.064 5.75e13 14.93 

Dyno Test 9487.33 3.93 0.063 5.90e13 14.75 
(avg of 3) 

Road/Dyno -1.66% -29.67% -1.73% 2.67% -1.20% 
Difference 

CoV 3.10% 10.04% 58.93% 2.28% 1.50% 

EU 6 Limit for - 41.36 6.62 4.96e13 -
Test 

Difference as - 4.01% 0.02% 3.09% -
% of EU6 
Limit 

PEMS vs Lab 

Dyno Test 8958.84 3.83 0.056 4.25e13 -
(avg of 3) 

Road/Dyno -7.14% -31.55% -13.64% -26.04% -
Difference 

CoV 1.59% 13.49% 20.29% 3.32% -

Difference as - 4.26% 0.13% 30.17% -
% of EU6 
Limit 

Historical PEMS correlation to lab: CO2=+3%,CO=+25%, NOx=+4.5%,PN=+5% 

Table 14. Vehicle B energy consumed by powertrain (engine & hybrid 
system) with energy regenerated back to traction battery and estimated 

energy from battery. 

Test No. 
Total Energy 
(system) [kWh] 

Energy Regenerated 
to Batt.[kWh] 

Energy Consumed 
from Batt. [kWh] 

Road Test 14.93 2.78 2.20 

Dyno Test 1 15.06 2.78 1.91 

Dyno Test 2 14.55 2.73 1.84 

Dyno Test 3 14.65 2.74 1.86 

Dyno Test 
Avg 

14.75 2.75 1.87 

Difference 1.50% 0.79% 1.34% 
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Figure 20. Vehicle B energy consumption replication. Engine & Hybrid 
system combined, battery conumption and battery regeneration. 

and shut-off events. Finally, Figure 24 shows replication of hybrid system temperat­
ures, including the battery. The latter is particularly critical given the sensitivity of bat­
tery performance in relation to temperature. Shown in each panel are temperatures 
for the ICE, MG unit, high-voltage inverter and high-voltage traction battery. All dem­
onstrate very close matching with the road test. 

Figure 21. Vehicle B hybrid traction battery voltage and current detail. Total 
pack voltage and current draw track closely to road test. 

259 



Figure 22. Vehicle B hybrid drive system speed detail. ICE, MG1 & MG2 track 
closely to the road test. Including ICE firing and shut-off events. 

Figure 23. Vehicle B hybrid drive system load detail. All three motors 
replicating closely the road test. 
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Figure 24. Vehicle B powertrain temperatures. Motors and high-voltage elec­
tronics temperatures are well replicated. 

CONCLUSIONS 

This paper has introduced, discussed and demonstrated the HORIBA Torque Matching 
(HTM) road to lab replication technique which is part of HORIBA’s new suite of devel­
opment tools under the RDE+ program banner. It has covered the successful applica­
tion of HTM using a conventional diesel vehicle, to replicate both sea-level and high-
altitude (in conjunction with HORIBA MEDAS) real- world road drives. Extending fur­
ther, the effectiveness of HTM when applied to the hybrid vehicle case has also been 
successfully demonstrated. 

CO2 correlation was found to be in the range of 2% or less for all tests, meeting the 
project target. Very high correlation of NOx emissions at much less than 5% was also 
found for all tests. This shows HTM has the ability to be successfully applied to differ­
ent vehicles types and test cell arrangements. Excluding the DPF failure on the high 
altitude replication test, PN emissions are shown to be more than acceptable. There 
was an approximately 20% difference between road and lab for the diesel sea-level 
test. However, the total PN value itself is significantly under the allowable emissions 
limits, with the difference representing < 1% of the limit. Additionally, the vast major­
ity of PN was generated right at the start of the test. This PN could be from combustion 
products condensed in the exhaust pipe from last use. But it does highlight that there 
could be room for improvement in the way certain vehicles are prepared pre-test. This 
does not seem to have been an issue with the hybrid vehicle (gasoline, no exhaust 
filter) testing however, which shows very close match of PN emissions back to the road 
test and with low variation. 

For both vehicles, CO2 and NOx emissions generally have shown close matching with 
low test-to-test variation, along with calculated work done by the vehicle. This high­
lights repeat-ability as a strong characteristic of the HTM technique. However, CO 
emissions replication does raise some questions. For all tests, it is generally seen to be 
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much further away from the road test result than the others and with higher test-to­
test variation. No concrete explanation for this can be offered at the time of writing. 

Regarding replication of non-emissions items, replication of engine speed and torque 
demand (as per Figure 15 and replication of hybrid system performance (as per Fig­
ures 21 to 24), clearly indicate the strong ability of the HTM method at the replication 
of all aspects of the road testing. 

HTM achieves this level of performance without the need to perform vehicle coast 
down testing or route surveys for accurate road-grade measurement. It also handles 
additional loads like wind, cornering and changes in road surface, which are very diffi­
cult to measure in the first instance. By playing back vehicle speed (via the chassis 
dynamometer) synchronised with playback of pedal positions (via robot driver), the 
exact road load is implicitly generated by the chassis dynamometer controller as it 
controls to the target speed. This load can be easily recorded for other uses, meaning 
devices like torque wheels are not needed. 

FUTURE WORK 

Planned future work will include performing the replication stage of HTM on a full BEV. 
BEVs may present some additional challenges over and above the vehicles demon­
strated in this paper. For example, some vehicles are configured to provide a one 
pedal driving dynamic where the driver is seldom, if at all, required to use the friction 
braking system. Others, will allow for free-wheeling or sailing and there are also differ­
ences between braking systems; some blending regenerative and friction braking and 
some not. However, based on the experience with the hybrid vehicle, there is high con­
fidence that HTM will be capable of the same quality of replication shown. 

Additionally, the implementation of a new driving robot (HORIBA ADS-Evo) will be 
undertaken alongside the development of the emulation stage of HTM. As a reminder, 
in the emulation stage, closed loop control of the pedal inputs will allow for matching 
a target road load, such as the one recorded during a replication test. This will allow 
for development teams to make whole sale changes to vehicle components and cali­
brations, then run those changes over the same load profile to gauge their effects on 
performance. 
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SUV Sports Utility Vehicle. 2 
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SUPPLEMENTAL MATERIAL 

Table 15. HTM vs RLS comparison vehicle data. 

Specification Value 

Vehicle Mass 1300 kg 

Engine Size 1.6 Litre, 4 cyl 

Engine Type Turbo-Gasoline 

Engine Output 140 kW, 240 Nm 

Transmission CVT 

Aftertreatment TWC 

Emissions Cert Japan JC08 
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Figure 25. HORIBA MIRA UK RDE route around Nuneaton area. 

Figure 26. HORIBA MIRA UK RDE route around Nuneaton area, elevation 
profile. 

Figure 27. HORIBA MIRA high altitude RDE route in Avila, Spain. 
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Figure 28. HORIBA MIRA high altitude RDE route in Avila, Spain. Elevation 
profile. 

Figure 29. HORIBA MIRA UK AETC facility. 

Figure 30. Vehicle A DPF sensor. The backside of the sensor package houses 
a an ambient pressure reference that is used to determine a differential 

signal compared to pre-DPF pressure tapping location. 
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Figure 31. Vehicle A DPF re-housed inside an airtight enclosure. Wiring loom 
is extending into the box and the interior is referenced back to MEDAS inlet. 

Figure 32. Vehicle A ECU is modified similar to the image above. Breather cap 
for detecting ambient pressure is removed and sealed with 6 mm nylon pipe 
inserted. Nylon pipe references to MEDAS inlet. ECU is not fully airtight but it 

is enough for MEDAS to maintain an pressure inside. 
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Figure 33. Example MEDAS performance, from the second MEDAS device at
 
HORIBA-MIRA. Ambient pressure replication of the same Avila test-route.
 

Performance well within quoted performance envelope.
 

Figure 34. Example MEDAS performance, from the second MEDAS device at 
HORIBA-MIRA. Ambient temperature replication of the same Avila 
test-route. Performance well within quoted performance envelope. 

Figure 35. Example MEDAS performance, from the second MEDAS device at
 
HORIBA-MIRA. Ambient humidity replication of the same Avila test-route.
 

Performance well within quoted performance envelope.
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ABSTRACT 

This paper investigated hybrid electric vehicle (HEV) tailpipe emissions from biofuel 
blends E5, E10 and B10 compared to E0 gasoline over WLTC and RDE tests. The great­
est benefit from biofuel blends is the reduction of particle number (PN) emissions from 
the WLTC tests, which decreased by 20~50%. E10 and B10 fuels reduced CO emis­
sions significantly. A 30% reduction in NOx was observed during the cold start phase 
of WLTC and RDE tests. The benefits of biofuels reduced/ diminished for the second 
and third phases, especially for the RDE tests, indicating the complexity and influence 
of traffic/engine variables for the RDE. 

Keywords: Real Driving Emission, Hybrid Electric Vehicle, Alternative fuels, Ethanol, 
Butanol, WLTC, RDE. 

INTRODUCTION 

The transportation sector accounted for around 28% of total greenhouse gas (GHG) 
emissions in the UK in 2018, with 55% of this coming from passenger cars and taxis [1]. 
To reduce carbon emissions from the transport sector, especially for light duty vehicles, 
powertrain electrification has been established as an important strategy towards decar­
bonisation, which includes hybrid electric vehicles (HEVs), plug-in hybrid electric 
vehicles (PHEVs) and battery electric vehicles (BEVs). Each type has both efficiency and 
GHG advantages over conventional internal combustion engine (ICE) spark ignition (SI) 
vehicles, particularly in urban areas. Currently, non-plugin HEVs, also called Not Off 
Vehicle Charging HEVs (NOVC) still make up the majority of electrified vehicle fleets. 
These vehicles will be referred to as simply ‘HEVs’, as opposed to ‘PHEV’ for the plug-in 
variety. Of these HEVs, the Toyota Prius has been the most common generic model on 
roads in Great Britain [2]. However, despite their increased uptake, little research has 
been conducted as to the pollutant emission levels from these new hybrid technologies, 
particularly under real world driving conditions. 

Apart from powertrain electrification, biofuels play an important role in decarbonization. 
The biofuel most commonly used as a substitute for gasoline in light duty SI passenger 
cars today is ethanol. The UK is planning to increase the fraction of ethanol in gasoline 
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from 5% (E5) to 10% (E10). The butanol isomers have some potential advantages over 
ethanol in that they have higher calorific values, are less hydrophilic, have a lower vapour 
pressures and can be blended to higher ratios without the risk of corrosion [3]. This 
makes both n- and iso-butanol possible alternatives to ethanol if production technologies 
can be improved. A great advantage of the use of these biofuels is that they can be used 
within current engine technologies, at low blending ratios without any modification, or in 
higher quantities given some engine modification. Combined with powertrain electrifica­
tion, they have the potential to accelerate carbon reductions for road transport. 

The aim of this work was to investigate how the deployment of E10 and the possible 
uptake of n-butanol (B10, n-butanol:gasoline = 10:90)) may affect the emissions of 
a HEV (Hybrid Electric Vehicle) (Toyota Prius). The regulated gaseous and particle 
number emissions over the WLTC (World-harmonised Light Duty Test Cycle) and RDE 
(Real Driving Emissions) tests including cold start are reported. 

2 METHODOLOGY 

2.1 Research vehicle and instrumentation 
A Third Generation Toyota Prius HEV, of model year 2010 and Euro 5 emission com­
pliance, was used for this research. The vehicle was instrumented with thermo­
couples for measuring temperatures across the TWC (Three-Way-Catalyst), coolant 
and lube oil. 

An OBD (On-Board Diagnostics) data logger was used to collect ECU (Electronic Con­
trol Unit) information from the vehicle during testing. This was a HEM Data Corpor­
ation OBD Mini-logger, which was connected directly into the OBD port of the Toyota 
Prius. This unit logs data to a 1GB micro-SD card at 1 Hz. A very wide range of param­
eters are available for logging, including a database of Toyota Prius specific enhanced 
OBD parameter IDs purchased from HEM Data Corporation. The parameters include 
engine torque, vehicle and engine speed, lambda, fuel consumption, various temper­
atures and pressures, battery condition, EGR (Exhaust Gas Recirculation) and other 
parameters. More details can be found in reference [4]. 

2.2 Chassis dynamometer test facility and RDE test 
The WLTC tests were carried out in the chassis dynamometer test cell at the Centre for 
Low Emissions Vehicle Research (CLEVeR) of University of Bath (UoB). The tests were 
performed on a 4WD AVL RoadSimTM 48” chassis dynamometer, within a test cell cap­
able of temperature and humidity control. Table 1 presents main instruments for emis­
sion measurements. 
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Table 1. Emission measurement instruments. 

Apparatus Measured 
Component 

Measurement 
Principle 

Range of 
Measurement 

Horiba MEXA 7400 
and Horiba MEXA 
ONE GS 

NO Chemiluminescence 
Detector (CLD) 

0-10 to 
0-10000 ppm 

NO2 Chemiluminescence 
Detector (CLD) 

0-10 to 
0-10000 ppm 

CO Non-dispersive Infrared 
(NDIR) detector 

0-0.5 to 0-12 
vol% 

CO2 Non-dispersive Infrared 
(NDIR) detector 

0-0.5 to 0-20 
vol% 

O2 Magnetopneumatic 
detector 

0-1 to 0-25 
vol% 

THC Flame Ionisation 
Detector (FID) 

0-10 to 
0-20000 ppmC 

Cambustion 
DMS-500 

PN Electrical differential 
mobility spectrometry 

5nm-1µm 

Horiba OBS 
ONE PN 

PN Condensation Particle 
Counter 

23nm-1µm 

For the RDE tests, a Horiba OBS-ONE PEMS system was installed into the research 
vehicle. This included the OBS-ONE GS (Gas) and particle number (PN) units for gas­
eous and particulate emission measurement along with a central control unit and 
B-size pitot tube with thermocouple and sample points that interfaced with the central 
control unit via a pitot flow meter module unit. Electricity was supplied to the equip­
ment through a power supply (PS) unit. In addition to these units, there was an OBD 
connector, GPS tracker, and weather station. Fuel consumption was calculated based 
on fuel data input by the user. 

A GPS tracking unit produced by Racelogic (VBOX Lite II module) was utilised to accur­
ately log the movement of the vehicle at 20 Hz frequency. An RDE route around the city 
of Leeds that adhered to the requirements of the regulatory RDE test was designed and 
used. 

A set of batteries were placed into the rear foot-wells of the Toyota Prius research 
vehicle to power the on-board equipment, allowing the vehicle’s 12V power supply to 
remain unused during testing. The battery setup consisted of two 655HD Yuasa Cargo 
Heavy Duty 12V, 125Ah Batteries connected in series, together connected in parallel 
to two EXV140 Enduroline 12V, 142Ah Leisure Batteries also connected in series. This 
gave an overall capacity of 267Ah at 24V output, which was then inverted from direct 
current (DC) to alternating current (AC) by a Studer AJ 2400-24 inverter and used to 
power a 12-way multi-socket. 

2.3 Fuels 
Four testing fuels were used in the current research, including a pure fossil gasoline 
without ethanol as the base fuel (referred to as E0 with 95 RON), a 10% by volume 
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blend of ethanol in the base fuel (referred to as E10), a 10% by volume blend of pure 
n-butanol in the base fuel (referred to as B10) and a 5% ethanol market gasoline from 
a petrol station. The E0 base fuel was made from typical gasoline components includ­
ing paraffins, iso-paraffines, olefins, naphthene and aromatics with representative 
fractions stipulated by EN228. 

Before starting the test of a new fuel, the fuel tank was drained as fully as possible and 
flushed three times. After this, the vehicle was driven a short distance (approximately 
1 mile), either on the chassis dynamometer or on roads, to ensure that the new fuel 
had completely flushed out the old fuel, and to give the ECU some time to adjust to the 
new fuel type and its different combustion properties. 

3 RESULTS AND DISCUSSION 

3.1 Vehicle behaviour (Speed, SOC, coolant and TWC temperatures) 
Figure 1 presents profiles of the vehicle velocity, engine speed, SOC (State of 
Charge), coolant and TWC temperatures of the WLTC tests for one of the E0, E10 and 
B10 tests each as examples. All the WLTC tests were commenced under identical cold 
start and initial hybrid battery SOC conditions and repeated twice for each fuel. In 
Figure 1c the temperatures given are the upstream TWC (“TWC 1”), downstream 
TWC (“TWC 2”) and the engine-out exhaust gas temperature. The engine speed pro­
files show that the biofuels do not cause large differences in engine behaviour, except 
for a small extra burst of activity toward the end of the warm-up strategy of the B10 
test at 100 s into the test, and an additional small duration ignition event at around 
350 s for E10. The use of these fuels causes small changes to the temperatures visible 
in Figure 1c, but no significant changes to engine coolant temperature in Figure 1b. 
Figure 1b shows that the SOC across the three tests remains consistent, with the 
tests commencing and finishing with the same SOC (within 0.4% of one another). 
Over the course of the test, the motor in the B10 test appears to be doing more work, 
visible as a dip in SOC compared to the E0 and E10 tests. Generally, all values appear 
close to one another. From the first 100 s of the three tests, the E10 blend has the 
lowest exhaust gas temperature, followed by the E0 test, then the butanol at 
a marginally higher temperature. From this data, it can be inferred that the combus­
tion temperature is the lowest for E10, in agreement with literature [5-7]. The finding 
that butanol has very similar or slightly higher exhaust gas temperature compared to 
gasoline is in agreement with [8,9] from PFI (Port Fuel Injection) research engine 
work. The lower exhaust temperatures from the E10 test could be attributed to more 
advanced combustion phasing due to a boost of RON by ethanol. As the boost effect 
of n-butanol to RON is moderate (lower than ethanol) and thus less advanced com­
bustion phasing compared to ethanol, it is therefore the exhaust temperature from 
the B10 test was only slightly different from the E0 test. This will have consequent 
effect on engine out emissions, but the impact could be mitigated or diminished by 
the effect of the TWC for tailpipe emissions. 
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Figure 1. One example WLTC test for each of E0, E10 and B10 fuels (the grey 
is the vehicle speed in each figure), outlining (a) Engine speed (b) SOC and 
engine coolant temperature profiles and (c) Temperatures around the TWC. 
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3.2 Fuel consumption 
Figure 2 shows the average fuel consumption from repeated RDE tests for four fuels. 
For the RDE tests, 3-5 repeats for each fuel were done. The energy densities of ethanol 
and n-butanol are lower than that of gasoline (approximately 27, 34 and 43 MJ/kg or 
21, 28 and 32 MJ/l respectively), so some fuel consumption penalty is expected. Little 
research has been done to assess this penalty for HEVs specifically, but the results 
presented in Figure 2 show that the E10 blend gave the highest fuel consumption 
(~15%), followed by the B10 (~10%), compared to the E0 fuel. The gap in fuel con­
sumption between E5 and E0 is very small but the E5 fuel was purchased at 
a commercial petrol station while the E10 and B10 fuels were splash blended using E0. 
The hydrocarbon composition of the E5 could be different from the E10 and B10 fuels. 

Figure 2. Fuel consumption across repeated HEV RDE tests fuelled by E0, E5, 
E10 and B10. Uncertainties are the standard errors of the distributions. 

3.3 Gaseous emissions 

3.3.1 CO emissions 
CO emissions from the WLTC and RDE tests are presented in Figures 3 and 4 respect­
ively. The WLTC results in Figure 3 indicate that both E10 and B10 decreased CO emis­
sions compared to E0 (by 51% and 33% in phase 1, and 28% and 22% for the total 
WLTC, respectively), in agreement with literature [5,10,11]. The results in this research 
shows the same trend as reported by Suarez-Bertoa [12] for the PHEV, i.e. decreasing 
CO with ethanol blend while [12] also reported higher CO for their MHEV. The total WLTC 
emission factor of 110 ± 10 mg/km for E10 currently presented bridges the gap between 
their PHEV (62 mg/km) and their MHEV (at 238 mg/km) for E10. 

Over the total test, both E10 and B10 gave very similar CO emissions, while in the 
urban section, B10 resulted in a 36% increase in CO emissions compared to E10 but it 
was within the range of the error bars. All three fuels gave emissions below the Euro 6 
limit of 1g/km. 

The RDE test results in Figure 4 show that E0, E10 and B10 follow the same trend as 
the WLTC for the urban section (21% and 5.5% decreases for E10 and B10 compared 
to E0), but then E10 – and to a lesser extent, E5 – have greater CO emissions for 
phases 2 and 3, which are defined as vehicle speed ranges of 60-90km/h and above 
90km/h respectively. Canakci et al [5] found that at higher vehicle speeds on the chas­
sis dynamometer, SI vehicle CO emissions increased with ethanol blending, so there is 
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some precedent for this observation as the RDE maintains higher average speeds in 
the rural driving section, and maintains a high speed for much longer in motorway sec­
tion, than the WLTC. 

B10 also had higher emissions over the rural and motorway (and hence whole RDE) 
compared to E0, but to a lesser degree than E10. Elfasakhany [13-14] presented 
a trend of decreasing CO emissions with n-butanol blends (and ethanol blends) com­
pared to E0 from their single cylinder research engine for low engine speeds, but buta­
nol tests had comparable and higher CO emissions at higher engine speeds. This 
tendency was also presented by Liu et al [15] from their NEDC testing where at low 
speeds E0 was greater than E20 and B20, while at high speeds E20, then B20 were 
greater than E0. 

Figure 3. WLTC CO pollutant emissions per km from phases 1, 2, 3 and total, 
for E0, E10 and B10 fuels. The Euro 6 emission limit (1g/km) is indicated by 

a dashed line on the graph. 

Figure 4. RDE CO emissions (g/km) from phases 1, 2, 3 and total, for E0, E5,
 
E10 and B10 fuels.
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Figure 5 shows representative transient and cumulative CO emissions from E0, E10 
and B10 fuelled tests over the WLTC cycle. The magnitude of E0-fuelled CO spikes 
appear to be generally larger than those from E10 or B10. Li et al [16] found that 
during rich combustion, E10 gave lower levels of CO emissions than E0. HEV engine 
re-ignition events are often accompanied by fuel enrichment [4], so these lower emis­
sions with E10 support this finding. Additionally, the cold start emissions appear to be 
larger for E0 than B10, and E10 has the smallest emissions. These results agree with 
[15], who reported improved cold start CO performance resulting from butanol blends 
to gasoline from a GDI SI engine. 

Figure 5b shows a range of cumulative CO mass emissions across a selection of nine 
representative RDE tests (three each of E0, E10 and B10). Little common trend can be 
seen across repeats with the same fuel, indicating that real-world variables are having 
a greater impact on the emissions than the fuel type. So the chassis dynamometer 
tests are more suitable for the study of fuel types. 

Figure 5. (a) CO emissions from WLTC tests fuelled by E0, E10 and B10, with 
speed indicated in grey. (b) CO emissions across 9 replicate RDE tests (3 

each of E0, E10 and B10), with example RDE speed in grey. 

3.3.2 NOx emissions 
Figure 6 shows that the emissions of NOx over the WLTC test are very similar across 
all three fuel types, All fuels are far below the Euro 6 emission limit of 0.06g/km. 
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These results agree with the majority of previous SI work on the topic for E10 and B10 
[12]. As with CO, the NOx results of the HEV in the current study bridge the gap 
between the MHEV and PHEV noted in [12] for both fuels. 

Figure 7 shows that during RDE testing, the difference in NOx emissions between fuel 
types was greater than from the WLTC testing, with most of this difference originating 
within the urban section. A 36% decrease was witnessed for both E10 and B10 com­
pared to E0 in the urban RDE section, with 24% and 18% lower emissions for E10 and 
B10 respectively over full RDE. All results are far below the Euro 6 emission limit of 
0.06g/km. These findings agree with refs. [5, 17], who found that at lower vehicle 
speeds, NOx emissions decreased with inreasing ethanol within the blend, but as 
vehicle speed increased more similar emissions levels were seen between fuels. More 
recently, Liu et al [15] found the same for both E20 and B20 compared to E0. The cur­
rent work is the first to display from on-road testing that NOx emissions between fuels 
converge as vehicle speed increases and there are only slight overall differences 
between E0 and E10 blends as previously observed on the chassis dynamometer. It 
also suggests that most pronounced differences may be happening during cold-start 
and/or short duration low speed driving activities which dominate most urban journeys. 

NOx emissions are related to initial battery SOC and the differences in initial battery 
SOC could affect the RDE results as the initial SOC can affect engine starting time 
during the cold start. The initial SOCs were controlled at the same levels for the tests 
with different fuels in this research. 

Figure 6. WLTC NOx pollutant emissions per km from phases 1, 2, 3 and total, 
for E0, E10 and B10 fuels. 
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Figure 7. RDE NOx pollutant emissions per km from phases 1, 2, 3 and total, 
for E0, E10 and B10 fuels. 

3.3.3 Total hydrocarbon (THC) emissions 
The emissions of THC over the WLTC tests as shown in Figure 8 are very similar across 
all three fuel types, and well below the EU 6 emissions limit of 0.1g/km. THC emissions 
are slightly lower under E10 fuelling (6% in phase 1, 3% in total WLTC) and compar­
able under B10 fuelling (1.6% lower under phase 1, but 4% higher under total WLTC), 
compared to E0. THC emissions were not measured for the RDE tests as the PEMS did 
not include a hydrocarbon analyser. 

Figure 8. WLTC THC pollutant emissions per km from phases 1, 2, 3 and total, 
for E0, E10 and B10 fuels. 
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3.3.4 PN (Particle Number) emissions 
Figures 9 and 10 present PN emissions for the WLTC and RDE tests respectively. The 
WLTC PN results are above the Euro 6 limit for all three tested fuels. E0 gave the highest 
overall PN emissions, followed by B10. E10 consistently gave the lowest results across 
all phases. In phase 1, E10 and B10 gave 40% and 23% lower results compared to E0, 
while over the total WLTC these differences were 41% and 21%. The results show that 
the biofuel blends give the lowest PN emissions, with butanol being higher than ethanol, 
and differrences in PN between fuels diminish as the vehicle speed increases. 

The trend for PN results of the RDE tests measured by PEMS in Figure 10 appears less 
clear. E10 still maintains the lowest emissions (4% decrease for urban and whole 
RDE), while E5, surprisingly, has the greatest emissions. B10 shows higher PN emis­
sions generally than E0 (4% increase over urban, 1% over whole RDE). However all 
PN emissions are within the range of the error bars for all four fuel types. This indicates 
that there are too many changing variables between these on-road tests to draw reli­
able conclusions. The PN behaviour of HEVs is far more dependent on engine behav­
iour than it is for different fuels, because of the stop-start behaviour. It is therefore 
unsurprising that on-road testing has not shown such clear correlations between bio­
fuel use and PN emissions for HEVs than previous on-road studies have shown for con­
ventional SI vehicles [10]. 

It should be pointed out that DMS500 used in the WLTC tests is an electrical mobility 
spectrometer with a measurement size range of 5-1000 nm while Horiba OBS ONE PN 
unit used in the RDE tests is a Condensation Particle Counter (CPC) particle instrument 
which measures the solid particle number concentration with a particle size range of 
23-1000 nm. The later is recommended by the Particle Measurement Programme 
(PMP) for the regulated WLTC test. 

Figure 9. WLTC PN emissions measured by DMS500 from phases 1, 2, 3 and 
total, for E0, E10 and B10 fuels. The Euro 6 PN emissions limit of 6x1011 

#/km is indicated by a dashed line. 
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4 

Figure 10. RDE PN emissions measured by PEMS from phases 1, 2, 3 and 
total, for E0, E10 and B10 fuels. The Euro 6 PN emissions limit of 6x1011 

#/km is indicated by a dashed line. 

CONCLUSION 

Tailpipe emissions and fuel consumption were investigated over WLTC and RDE tests 
using a HEV vehicle (Toyota Prius) in a chassis dynamometer lab and on an RDE compli­
ent route. The tests were dividied into the first phase (cold start and urban driving), 
the second (rural driving) and third (motorway driving) phases. Four fuels were tested: 
pure fossil gasoline (E0), E5 (5% ethanol, RDE only), E10 (10% ethanol) and B10 (10% 
n-Butanol). The following conclusions can be drawn from the current research: 

1) The greatest benefit from biofuel blends (E10 and B10) is the reduction of PN 
emissions over all phases of the WLTC tests, which were decreased by 20-50% 
compared to E0. However, the HEV has not shown the same and clear PN 
trends under RDE testing because of a large variation of traffic conditions and 
engine activities in the real world driving. The PN results are very susceptible 
to differences in any other variables that change the engine speed trace of the 
vehicle (e.g. initial SOC which was investigated by the authors but not 
reported due to the page limit). This fact is important to note when assessing 
future experimental HEV PN results. 

2) Fuel consumption from the E10 and B10 tests was 10 to 15% higher than the 
E0 tests. Mininmal difference between the E0 and E5 was observed. 

3) The E10 and B10 fuels reduced CO emissions signficantly in the first phase (cold 
start) of the WLTC and RDE tests. The benefits of biofuels reduced or diminished 
for the second and third phases, especially for the RDE tests, which could be 
attributed to an artefact caused by the increased distance of the RDE test minim­
ising the impact of the cold start section, where most of the difference lies. 

4) There is no discernible difference in NOx emissions between fuels from the 
WLTC tests. However, the E10 and B10 fuels did show an approximately 30% 
reduction in NOx emissions in the cold sart or the first phase of the RDE tests, 
and reductions for the trip totals as well. 

5) THC emissions were only measured in the WLTC tests and there were no 
noticeable differences observed between fuels. 
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6) Larger variation typically seeing in real world testing and the likely sensitivity 
of some emissions to the interactions between driver behaviour, driving condi­
tions and hybrid strategy have increased the complexity of RDE tests, which 
made comparisons between different fuels challenging. 
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BEV Battery Electric Vehicle 

CPC Condensation Particle Counter 
ECU Electronic Control Unit 
ECT Engine Coolant Temperature 

EGR Exhaust Gas Recirculation 

GHG Greenhouse Gas 

HEV Hybrid Electric Vehicle 

ICE Internal Combustion Engine 

NOVC Not Off Vehicle Charging HEVs 

OBD On-Board Diagnostics 

PEMS Portable Emission Measurement System 

PFI Port Fuel Injection 

PHEV Plug-in Hybrid Electric Vehicle 

PMP Particle Measurement Programme 

PN Particle Number 
RDE Real Driving Emissions 

SI Spark Ignition 

SOC State Of Charge 

THC Total Hydrocarbon 

TWC Three-Way-Catalyst 
WLTC World-harmonised Light Duty Test Cycle 
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ABSTRACT 

Public data shows Euro 6d and Euro VI-D vehicles overall have low on-road emis­
sions. But there remain areas where higher emissions occur for both light- and 
heavy-duty. Two ultra-low emission demonstrator vehicles were built to investi­
gate further emission reductions through an integrated approach of emission con­
trol technologies. 

On a gasoline car, a close-coupled three-way catalyst (TWC) is put in combination with 
an underfloor catalysed gasoline particulate filter (cGPF), second TWC and ammonia 
slip catalyst (ASC). The work focuses on further reducing the initial cold-start emis­
sions by using a ccTWC substrate with maximised surface area in combination with 
early closed-loop lambda control activation. The emission control system is integrated 
within a 48V mild-hybrid powertrain. 

On a diesel truck, the system integrates a close-coupled DOC, a catalysed DPF, dual-
SCR system (one in a close-coupled position before the DPF), with twin AdBlue® 
dosing. Both SCR catalysts contain an ammonia slip catalyst. The innovative system 
layout allows ultra-low NOx emissions in even the most challenging low-load and 
urban driving conditions including cold-start. 

Pollutant emissions were evaluated for both vehicles over a broad range of operating 
conditions, with tests in the lab and on the road. Results show ultra-low pollutant 
emissions are achieved for all regulated pollutant emissions, while controlling the cur­
rently non-regulated emissions (PN10, NH3 and N2O are measured with a prototype 
PEMS). 

The demonstrator vehicles show efforts to further reduce the impact of internal com­
bustion engines on air quality. The impact on climate change is reduced in the case the 
vehicle operates on a sustainable renewable fuel. 

INTRODUCTION 

European emission standards for light and heavy-duty have promoted innovation 
in catalyst and filter technology design, emissions control system layout and 
system control within an integrated approach of powertrain development. This 
continuous emission reduction has had a significant impact on European air 
quality. State-of-the-art systems of light-duty Euro 6d vehicles on the market, of 
which two examples are shown in Figure 1, evolved to integrated systems with 
combination of technologies for both diesel and gasoline passenger cars. 

DOI: 10.1201/9781003219217-16 
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Figure 1. Emission control system layouts of Euro 6d diesel (left) and gas­
oline (right) passenger cars. 

Same is depicted for heavy-duty vehicles, with the example of an announced system 
in Figure 2, adding close-coupled catalysts to allow a faster heat-up of the emission 
control system. 

Figure 2. Announced closed-coupled emission control system layout for 
heavy-duty diesel trucks. 

The exemplary systems shown above illustrate common design criteria to handle real-
world operation emissions. No matter whether it is a car, van, truck or bus, it is import­
ant to have following elements: (a) close-coupled catalysts for cold-start and low 
speed/load driving in the city, (b) underfloor catalysts for high speed/load driving on 
the motorway and (c) total catalyst and filter volume to cope with peak engine pollu­
tant flow. 

On-road NOx  and PN emissions  have  reduced significantly as a consequence of 
the evolution in emission control systems and this is confirmed  by  OEM data at  
Type Approval (1-2) and independent third-party testing (3-5). Further evolution 
for light- and heavy-duty is expected towards Euro 7/VII for which the 
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legislative development process is ongoing. A European Commission proposal for 
Euro 7/VII is expected by the end of 2021. 

AECC has demonstrated in previous papers the potential for a light-duty diesel 
demonstrator vehicle (6-7). This paper describes the test results of an ultra-low 
emission gasoline demonstrator light-duty vehicle as well as a diesel demonstra­
tor heavy-duty vehicle. Both were built following an integrated approach of emis­
sion control technologies, sensors and system controls. The system designs took 
into account the design criteria described above to achieve low emissions over 
a wide range of driving conditions. Specific attention is devoted to the initial cold-
start emissions for both vehicles. In the case of the light-duty vehicle, hybridisa­
tion was also used. The project set-up will describe the details of the demonstra­
tor concepts and an overview of the emissions testing performed. Results will be 
presented and discussed with a focus on some of the aspects of the preliminary 
data obtained. Further work is intended, the next steps will be described as part 
of the outlook. 

2 DEMONSTRATOR VEHICLES SET-UP 

2.1 Light-duty gasoline 

2.1.1 Vehicle and powertrain characteristics 
The demonstrator vehicle was built starting from a Euro 6d C-segment base car. 
The vehicle powertrain consists of a 4-cylinder, 110kW gasoline engine with direct 
injection. The engine is equipped with variable valve timing and cylinder deactiva­
tion. The powertrain includes a 48V mild-hybrid system in P0 configuration (belt 
starter- generator). The electric component can deliver up to 9kW as a motor and 
captures a maximum of 12kW as a generator. An open engine control unit was 
available to implement the control measures described below. 

2.1.2 Emission control system layout and controls 
The original emission control system of the vehicle was removed and replaced by 
the layout shown in Figure 3. It consists of a close-coupled three-way catalyst 
(TWC) in combination with an underfloor catalysed gasoline particulate filter 
(cGPF), second TWC and ammonia slip catalyst (ASC). TWC and GPF are technolo­
gies already used in vehicles on the market. Focus in this project has been on 
implementing a close-coupled TWC substrate with maximised surface area for 
enhanced cold-start performance. The catalysed GPF is combining high filtration 
efficiency for particulates in combination with minimised impact on back-pressure 
and CO2 emissions. The total TWC volume is spread over a total of three compo­
nents and targets to control peak engine-out emissions flow. The work investi­
gated the ASC operation strategy for gasoline vehicles in addition to improved 
lambda control, which is one of the most novel aspect of the project as this tech­
nology is not yet implemented on gasoline vehicles on the market. The ASC 
implemented relies on a combination of storage and oxidation functionality to 
reduce NH3 emissions. The emission control components used in the project were 
bench aged, targeting 160k km. 
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Figure 3. Emission control system layout and instrumentation. 

The system control relies on as early as possible activation of closed-loop lambda 
control to match the early light-off of the close-coupled TWC to support minimis­
ing gaseous emissions during the cold-start phase. A combination of wideband 
lambda sensor (before TWC) and 2-step lambda sensor (after TWC) is used. 
Engine bench calibration work was conducted to fine-tune the lambda control 
strategy to the catalysts implemented. The control strategy aims for zero NOx 
emissions in steady state conditions after the close-couple TWC, with minimised 
emissions of CO and NH3. The demonstrator work relies on passive regeneration 
of the particulate filter. 

2.2 Heavy-duty diesel 

2.2.1 Vehicle and powertrain characteristics 
The heavy-duty vehicle was built on a N3 4x2 tractor equipped with a 12.8l engine 
with high pressure EGR and homologated to Euro VI-C. The rated power of the engine 
is 450hp at 1600rpm. 

2.2.2 Emission Control Technology layout 
The design considered the OEM original system layout and packaging of the truck. 
Much of the new emission control system was installed within a box equivalent to 
that of the baseline configuration. 

As shown in Figure 4, a close-coupled Diesel Oxidation Catalyst (ccDOC) was 
fitted directly behind the turbine for fast CO and HC control and to allow optimal 
heat transfer into the emissions control system. The outlet cone of the DOC was 
modified to integrate a urea injector, allowing the use of the downpipe and com­
pensator for optimal mixing of the injected urea before entering the close-
coupled Selective Catalytic Reduction (ccSCR) catalyst. The ccSCR has a zone 
coated Ammonia Slip Catalyst (ASC) to ensure minimized secondary emissions 
creation. This close-coupled system was integrated with the purpose of improv­
ing the cold-start, low temperature and city driving emission performance. 
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Figure 4. Layout and instrumentation plan of the emission control system. 

Downstream of the close-coupled SCR system, the system layout resembles that 
of a conventional truck emission control system design, containing a DOC and 
Diesel Particulate Filter (DPF) with integrated Hydrocarbon (HC) dozer for DPF 
regeneration support. Downstream of the DPF, there is a second urea injector 
and mixing pipe before the second SCR with an integrated ASC to minimize 
ammonia slip. 

3 EMISSIONS TESTS 

Pollutant emissions were evaluated for both vehicles over a broad range of operating 
conditions, with tests in the lab and on the road. 

3.1 PEMS equipment integration 
The on-road results include tests performed with and without Portable Emissions 
Measurement System (PEMS). For the tests where the PEMS was not available, 
measurements from on-board sensors installed in the tailpipe were used. But 
most of the tests relied on the results of an enhanced PEMS that was fitted to the 
demonstrator vehicles as shown in Figure 5 (LD gasoline at the top, HD diesel at 
the bottom). 

The PEMS kit (AIP) contained NO (Chemiluminescence Detector) and NO2 (Photoa­
coustic spectroscopy) analyzers to determine tailpipe NOx speciation, as well as 
CO and CO2 measurement devices (Non-Dispersive Infrared Sensor). In addition 
to the gaseous measurements, PN10 measurement equipment was also fitted. NO 
is measured using chemiluminescence spectroscopy. NO2 is measured using photo 
acoustic sensor technology. CO and CO2 were measured using nondispersive infra­
red spectroscopy (NDIR) and the PN10 is measured using a condensing particle 
counter (CPC). 

288 



Figure 5. PEMS installed on the LD gasoline (top) and HD diesel (bottom) 
vehicle. 

3.2 Light duty emissions tests 
A range of on-road and chassis dyno tests were conducted to investigate the 
emissions performance of the vehicle. The ambient and driving conditions covered 
include conditions within and beyond the Euro 6d RDE boundary conditions. The 
driving style was varied and covered normal, smooth and aggressive (beyond 
Euro 6d RDE). An RDE derived trace is also used for tests on the chassis dyno, 
this test is at the boundary of the Euro 6d RDE dynamic conditions and is labelled 
to be aggressive (a). 

The chassis dyno RDE test is conducted at 23°C and -10°C. WLTC is conducted at 23°C 
as well. A period of wintertime during the calibration phase of the project was used to 
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collect on-road test data when ambient temperatures varied between -5°C and 2°C in 
addition to tests with ambient temperature around 20°C. Most of this data was collected 
over a shorter on-road test of around 20 km, compared to the RDE road test of around 
80 km that was conducted at -5°C. This test was used to collect calibration input data, 
covering shorter periods of urban, rural and motorway driving. The results of this type of 
tests will be shown as well and will be labeled as ‘CaliTest’. Tests are always conducted 
with a cold-start after the vehicle has been soaked at the ambient temperature of the 
test. 

Most of the data in this paper will cover the lambda control as it is implemented 
on the base Euro 6d vehicle, but finetuning the calibration parameters to the 
catalysts implemented. This will be labelled as ‘serial lambda control’. A  further  
finetuning of the calibration will be looked at as well for NOx, which will be 
labelled as ‘calibration modification’. The second calibration status is with follow­
ing two modifications to decrease initial engine-out emissions and decrease emis­
sion control heat-up time: 1) earlier closed-loop lambda control activation with 
variation of start lambda value (from 9 to 2.5 seconds after engine start); 2) 
retarded spark timing (between 3 and 20 degrees crank angle). 

3.3 Heavy-duty emissions tests 
For this vehicle, this paper covers on-road measurements only. The tests were defined 
to include a broad range of driving conditions which covered the largest possible range 
from the operating map of the engine. Initial results show the system performing 
robustly during in-service conformity routes as well as during urban delivery routes, 
these initial results were previously reported (8). The results reported in this paper 
extend the range of tests covered including results obtained from further on-road 
measurements with PEMS. 

Urban and regional delivery conditions as well as regular in-service conformity 
routes were conducted. These trips were conducted with different payloads and 
on different days to have some ambient temperature variation. The urban delivery 
trips were used to understand the impact of driving conditions which include 
a percentage of stop and go operation in keeping the system at optimal operating 
temperature. 

4 RESULTS AND DISCUSSION 

4.1 Light-duty gasoline 

4.1.1 NOx emissions 
Figure 6 gives an overview of the cumulative NOx emissions with the serial lambda 
control. RDE data is plotted in blue for an on-road test at -5°C with normal driving (n) 
and the aggressive RDE on chassis dyno (RDE a) at -10°C and 23°C. On-road data is 
included from the shorter calibration test (CaliTest) in orange as well, with ambient 
temperatures between -5°C and 23°C depending on the weather conditions. The 3 dif­
ferent driving styles described above have been tested: normal (n), smooth (s) and 
aggressive (a). 
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Figure 6. Cumulative NOx emissions. 

The majority of the emissions are emitted in the first kilometer of the test during 
the initial cold-start phase. The amount of cold-start NOx emissions is 140 mg at 
23°C with normal driving. This increases when the vehicle is tested at a lower 
ambient temperature and with a more aggressive driving style. A maximum of 
846 mg is measured for the aggressive RDE test on chassis dyno at -10°C within 
the range of test conditions covered. Emissions during the rest of the test, once 
the close-coupled TWC reached its light-off temperature, are independent from 
the ambient temperature. 

Figure 6 also includes the range of mg/km values obtained from an evaluation at 
the distance indicated by the arrow. Urban NOx emissions are evaluated at the 
Euro 6d RDE minimum trip distance of 16 km including the cold-start. These vary 
from 13.6 mg/km (CaliTest 23°C n) over 31.8 mg/km (RDE 23°C a) up to 
62.4 mg/km (RDE -10°C a) for the range of test conditions covered. Total RDE 
NOx emissions are evaluated at the end of the trip. These vary between 8.3 mg/ 
km and 14.9 mg/km. 

As described above, a calibration modification was applied to investigate further emis­
sion reduction potential on the RDE aggressive test on the chassis dyno at 23°C and 
-10°C. The effect of the modification on the exhaust temperature before the ccTWC 
can be seen in Figure 7, by comparing the green and blue line for each test. The 
ccTWC heats up faster, about 1 second is gained in both tests. The resulting decrease 
in the initial cold-start NOx emissions at 23°C is shown in Figure 8. The reduction is 
not observed to the same extent at -10°C. The COR2R impact of this measure is evalu­
ated to be 0.2 % over the entire RDE test and 1 % on WLTC. 

For reference, also the measurement of the base Euro 6d vehicle and its serial emission 
control system is added in Figure 8, plotted in a black colour. These tests cannot be com­
pared directly as the base vehicle contained a fresh emission control system whereas an 
aged status was tested for the advanced emission control system. But despite this 
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ageing difference, it can be seen that a significant reduction has been achieved in the 
initial cold-start peak with the advanced emission control system at 23°C and -10°C. 

Figure 7. Effect of the calibration modification on the exhaust temperature 
before ccTWC during the RDE aggressive test on chassis dyno. 

Figure 8. Effect of the calibration modification on the NOx emissions during 
the RDE aggressive test on chassis dyno. 

4.1.2 PN emissions 
It is to be noted that the soot and ash accumulation during the ageing of the emission 
control system supports the filtration efficiency. The PN emissions of the fresh filter 
are not examined in this paper. Figure 9 shows all PN10 results measured with the 
serial lambda control, which corresponds to the NOx results of Figure 6. A similar 
effect described for NOx can be observed for the particulate emissions. The initial 
cold-start effect is even more pronounced as the rest of the test produces near-zero 
emissions. The higher amount of particulate emissions during the initial cold-start is 
due to a combination of increase in engine-out emissions and lower filtration efficiency 
of the filter. 
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Figure 9. Cumulative PN10 emissions. 

The initial accumulated cold-start PN emissions are 4x1010 particles for the CaliT­
est with normal driving at 23°C. This increases for lower ambient temperatures 
and with more aggressive driving up to 7.6x1011 particles. The effect is not as 
clear as for NOx. The impact of the filter status at the beginning of the test 
results in a higher test-to-test variability and this is mixed with the effects tested. 
As a consequence, it is not the RDE aggressive chassis dyno test at -10°C that 
results in the highest PN10 emissions, but the on-road RDE test at -5°C with 
normal driving. Minor emission slip is observed during the remaining part of some 
of the emission tests. 

Evaluation of the urban PN10 emissions at 16 km including the initial cold-start shows 
emissions vary from 4.3x109 #/km (CaliTest 23°C n) over 6.3x109 #/km (RDE 23°C 
a) up to 4.9x1010 #/km (RDE -5°C n). Total RDE PN10 emissions vary between 
2.2x109 #/km and 9.2x109 #/km. 

4.1.3 NH3 emissions 
Figure 10 shows the collected NH3 data over the range of tests with serial lambda 
control. In contrast to the other species explained above, there is no cold-start 
peak under moderate conditions at around 20°C and with normal driving. The 
storage functionality of the ASC is capable of capturing the cold-start effect that 
is visible with TWC only emission control system. The NH3 emissions increase 
mainly due to the aggressive driving style, because the lambda value is drifting to 
richer conditions due to the harsh accelerations. Emissions start to occur earlier 
during the cold-start phase, as the storage function is not capable to capture all 
emissions coming. Additionally, a higher slip of NH3 emissions occur during the 
warm phase. 
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Figure 10. Cumulative NH3 emissions. 

The overall emissions achieved at the tailpipe are however significantly lower com­
pared to the Euro 6 reference data which is reported to be between 10 and 40 mg/km 
for normal driving (7). The data in Figure 10 results in values between 0.5 mg/km 
(total value of RDE -5°C n) and 4.6 mg/km (urban value of RDE -10°C a). 

4.1.4 Other emissions 
CO emissions are dominated by an initial cold-start phase. Emissions increase towards 
low ambient temperature and aggressive driving style. Evaluation of urban CO emis­
sions at 16 km including the initial cold-start shows it varies from 111 mg/km (CaliTest 
23 °C n) up to 368 mg/km (RDE -10 °C a). 

The range of NR2RO emissions measured vary between 0.7 and 5.4 mg/km. These are 
also dominated by an initial cold-start effect. 

4.2 Heavy-duty diesel 

4.2.1 NOx emissions 
An overview of the NOx emissions obtained during the trips is shown in Figure 11. The 
results show the integrated emissions over the urban, rural or motorway shares of 
operation vs. the average speed driven during each operation share. Similarly, in the 
case of the urban delivery trips, the emissions have been integrated vs. the average 
speed of the trip. As it can be seen, the results confirm the initial findings reported in 
(8). The NOx emissions during the urban operation of the in-service trips range from 
48 to 188 mg/kWh. The urban driving trips emissions show higher emissions com­
pared to the urban share of operation of the in-service trips, these range from 228 to 
363 mg/kWh. The urban delivery trips contain a significant amount of stop and go 
operation, including varying the duration of the stops. All stops were held at idle to 
ensure worst case temperature conditions. 
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Figure 11. Speed binned NOx emissions for ISC and urban delivery trips. 

Figure 12 shows the cumulative NOx emissions of the reported trips. It is important to 
highlight that most of the trips show one single emission event at the beginning of the 
trip. Depending on the testing conditions, the magnitude of the NOx emissions can 
vary up to three times. In every ISC (test 1-4), the total tailpipe cumulative NOx are 
below 5 g at the end of the trip. To put these resulting emissions in context, the engine 
is producing on average 5.5 g/kWh of engine out emissions. The cumulative engine 
out emissions in an in-service conformity test for this application vary between 600 to 
800 g of total produced NOx. The system is showing a high efficiency on reducing NOx 
emissions, mostly above 98 %. These conversion rates are in good agreement with 
those reported in recent studies (9, 10). 

Figure 12. Cumulative NOX emissions. 

There are two urban delivery trips represented by tests 5 and 6. These tests show 
higher cumulative tailpipe emissions. The highest concentrations are produced during 
the first part of the trip (i.e. cold start). The system quickly heats up reaching 200 °C 
around 200 seconds into the trip. From that moment, the urea starts to be injected 
and the system begins to convert the NOx. The nature of the operation where the 
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speed is controlled below 50 km/h and the stops are constant allows some NOx slip 
and thus, both tests show some further emissions are accumulated. 

As discussed, the reason for these high emissions is related in first instance to the 
cold-start, but later into the trip to the number of stops and the effect of these stops in 
challenging the system to hold its operating temperature. This operation remains chal­
lenging for the system and further work needs to be conducted to enhance this 
behaviour. 

4.2.2 PN emissions 
Figure 13 shows the particulate number (PN10) results obtained during these tests. 
The data has been binned in the same manner as the other pollutants. The particulate 
emissions have been measured with the PEMS instrument described above and are 
reported as measured without considering the instrument measurement uncertainty. 
Crankcase emissions have not been considered in the results. 

As it can be seen, results show the bulk of the PN emissions are produced during the 
beginning of the trip, and particularly during the cold-start phase. This can be attrib­
uted to the state of the filter at the beginning of the tests. 

An item that needs to be considered to interpret these results is that the day before 
the start of each test, 1 hour of motorway driving is done without urea dosing to 
reduce the NH3 loading in the SCR to minimum and to allow passive regeneration of 
the DPF. The intention of this preconditioning is to have similar starting conditions of 
the system for every test. Following this preconditioning, the initial status of the filter 
at the start of a test is assumed to be almost empty. The particulates generated can be 
attributed to the blow off from the cold pipes and combustion chambers at the initial 
start of the engine. After this initial emission peak the PN behaviour is consistent with 
very low particulate emissions produced. 

Figure 13. Speed binned PN10 emissions for ISC trips and urban delivery 
trips (logarithmic scale). 

In the case of particulates, it is worth to look at the cumulative emission traces to 
understand where the particulates are generated and to confirm what Figure 13 is pre­
senting. For this purpose, Figure 14 (Test 3) and Figure 15 (Test 6) have been included 
below. 
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Figure 14. Test 3, ISC PN10 cumulative emissions (logarithmic scale). 

Figure 15. Test 6, urban delivery PN10 cumulative emissions (logarithmic 
scale). 

In both Figure 14 and Figure 15, PN10 emissions are generated within the initial 300­
500 seconds from start. This is within the heat up of the engine and emission control 
systems. As it can be seen, once the initial (cold-start) operation is finished, the 
observed PN emissions during the rest of the trip are very low. 

4.2.3 NH3 emissions 
Figure 16 shows the ammonia emission results for the trips. Ammonia emissions can 
be generated by an overdose of urea solution, commonly known in the European 
market as AdBlue®. Current Euro VI emission standards include a 10 ppm average 
limit for NH3 emissions. During the tests conducted, the ammonia results have shown 
a robust slip control from the emissions control system. When there were no PEMS 
data available, the data reported have been taken from the NH3 sensors installed in 
the vehicle at an equivalent position for consistency. 

As already described, this system includes ammonia slip catalysts after each SCR, this 
allows to control any significant ammonia slippage. Thanks to the close coupling of the 
catalysts these reach operating temperature much faster than a conventional under­
floor system. Thus, the dosing of AdBlue®in this system starts very early in the trip, 
once the system is under regime temperature (over 200 °C), the ccSCR will start con­
verting NOx. It is to be noted that the preconditioning described in section 4.2.2 also 
reduces the NH3 loading in the SCR to minimum and this has also an impact on the 
ammonia measured at tailpipe. 
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As it can be seen in Figure 16, the in-service trips show some NH3 emissions. The emis­
sions found during urban operation are due to the overdosing of the urea during this 
period to contain the NOx emissions produced by the engine combined with the rapidly 
changing nature of the temperature profile during transient driving conditions. It is dif­
ferent in the urban delivery trips, as the continuous stop and go operation with the con­
sequent high NOx emissions mean that the SCR is converting the NOx and hence the 
measured tailpipe emissions are close to zero. The limiting factor in these cycles are the 
ability to achieve dosing release conditions instead of steady transient operation. 

Figure 16. Speed binned NH3 emissions for ISC and urban delivery trips. 

4.2.4 Nitrous oxides (N2O) emissions 
Figure 17 shows the N2O emissions. The complexity of N2O emissions relies in the vari­
ous mechanisms from which these are produced. The N2O can be formed over a DOC 
during light off conditions. Additionally, N2O emissions can be generated as a by­
product of the chemical reactions within the SCR. It is also produced via unselective 
oxidation of unreacted NH3 within the ASCs. As such, each of these mechanisms needs 
to be optimized to achieve the lowest tailpipe N2O values. 

Figure 17. Speed binned N2O emissions for ISC and urban delivery trips. 
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There is an emissions trade-off between the N2O, NH3 and NOx emissions from emis­
sion control systems. In the demonstrator vehicle, the goal was to keep N2 

O emissions as low as possible but with the firm objective to achieve lowest possible 
NOx emissions. Figure 17 shows how the N2O emissions are well controlled by the 
system, it is important to note that nitrous oxides are produced during the whole trip. 

5 SUMMARY 

This paper described emission test results conducted with a light-duty gasoline car 
and heavy-duty diesel truck. It showed further efforts are undertaken to reduce the 
impact on air quality. The work focused on reducing the initial cold-start emissions and 
emission control under urban driving conditions. On both vehicles, an emission control 
system was investigated within an integrated powertrain approach. It consisted of 
close-coupled and underfloor components. 

A multitude of emission tests were conducted to characterise the emission perform­
ance of the two systems over a wide range of driving conditions. For light-duty gas­
oline, this included conditions beyond current Euro 6d RDE boundary conditions. For 
heavy-duty diesel, this included low-load and urban driving routes. It was shown that 
the NOx and PN emissions are controlled at an ultra-low level. The remaining emis­
sions are from the initial cold-start phase, which has been reduced as much as pos­
sible. The initial cold-start peak increases as a consequence of lower ambient soaking 
temperature (investigated on the light-duty gasoline vehicle only for the moment) and 
driving style/route. This applies to both NOx and PN. The levels of regulated pollutants 
are achieved while controlling the currently un-regulated pollutants as well. PN10, 
NH3 and N2O have been measured. 

6 OUTLOOK 

Investigation of low ambient temperature impact will also be done for the heavy-duty 
diesel vehicle. The investigations will then continue for both vehicles to further reduce 
the pollutant emissions based on the observations described in this paper. The current 
system performance is determined by the time needed to achieve a certain exhaust 
temperature during the cold-start phase. Either to reach light-off of the TWC on the 
light-duty gasoline vehicle and DOC on the heavy-duty diesel vehicle or to be able to 
start AdBlue® dosing on the heavy-duty diesel vehicle. To further reduce the initial 
cold-start emissions, an electrically heated catalyst will be investigated as an example 
of active thermal management that was possible to be implemented on the demon­
strator vehicles. For light-duty gasoline, this will be combined with further calibration 
change measures, mainly exploring the possible support from the 48V hybrid system. 

In addition, the work will also look into the reduction of the impact on climate change. 
This will be done by repeating tests on a renewable e-fuel for both vehicles. These 
fuels are derived from renewable electricity and captured CO2. 

With both low pollutant and CO2 emissions, internal combustion engines are part of 
the solution to achieve the long-term near-zero emission goals. 
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ABSTRACT 

In this paper, a few experimental points were used to calibrate the throttle model, fuel 
injection model and semi-predictive combustion model of the engine system based on 
the D-optimal experimental design method. The results show that the number of cali­
bration test points can be reduced by more than 90% on the premise of ensuring the 
accuracy of each sub-model. At the same time, a set of general calibration experiment 
design methods for each sub-model in the engine system is established by comparing 
the distribution of experimental points selected from each sub-model. 

Keywords: engine modelling, D-optimal, DOE, model calibration 

INTRODUCTION 

The increasing energy crisis and the continuous improvement of vehicle emission require­
ments put forward higher requirements on engine thermal efficiency, fuel consumption 
and pollutant emission and other performance indicators. Engine calibration technology is 
one of the key technologies to improve engine performance, but the process of traditional 
calibration completely depends on the bench test, and the demand for test points is usu­
ally thousands or more than tens of thousands, which requires a lot of experimental 
resources, and makes the calibration work cost is high and the cycle is long[1-2]. 

The workload of bench calibration can be effectively reduced by establishing a virtual 
engine model to replace the actual engine for model calibration. However, it is necessary 
to ensure that the model has a sufficiently high prediction accuracy before using a virtual 
engine to replace the actual engine for simulation calibration. The improvement of model 
accuracy depends on a large number of experimental data, which contradicts the purpose 
of reducing calibration workload by virtual engines. Therefore, how to establish a high-
precision engine model based on a small amount of experimental data is an important 
basis for realizing virtual calibration, reducing cost and shortening cycles. 

The objective of optimal experimental design is to obtain a combination of experimen­
tal points that can maximize the information matrix. And there are many correspond­
ing evaluation criteria, including Latin Hypercube Sampling, D-optimal, V- optimal and 
A-optimal, etc. To reduce the experimental points needed for model calibration, 
Anthony Gullitti et al. [3] used the intelligent experimental design system developed 
by IAV Company, based on the D-optimal experimental design method, and supple­
mented by the V-optimal experimental design method and space-filling method, and 
finally completed the model building with a small amount of experimental data (269 
experimental points). The ROOT MEAN SQUARE ERROR of the model is less than 
2.5%, which has high accuracy. Tianhong Pan et al. [4] used the Latin Hypercube 
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Sampling algorithm to select only 650 experimental points from 4688381250 experi­
mental points to build the model and the R2 (coefficient of determination: indicating 
the degree of overlap between the predicted value and the actual value) of the model 
was greater than 0.92, which could meet the research requirements. 

The above methods can not only ensure the accuracy of the model but also greatly reduce 
the experimental points required for the model establishment, which can reduce the cost 
and period of calibration. But  these methods  are only applicable to the specified engines, 
and the test points need to be re-selected for other engines, which makes their expansion 
ability poor. The D-optimal design method has advantages in the application of online cali­
bration and is suitable for a wide range because of its simple calculation and a relatively 
low requirement on hardware computing capability[5]. In order to improve the universality 
of the experimental design scheme among different engines, a study on experimental 
design based on the D-optimal design method was carried out in this paper. A small 
number of experimental points were selected to calibrate the throttle model, fuel injection 
model and semi-predictive combustion model respectively. And a general experimental 
design method is established by analyzing the distribution of selected experimental 
points, which greatly reduces the requirement of the number of experimental points for 
model calibration, and is of great significance for the virtual calibration of engines. 

2 METHOD OF MODELLING 

2.1 Basic engine parameters 
This study is based on a 1.3L GDI (Gasoline Direct Injection) engine with turbochar­
ging and dual VVT. The specific structural parameters are shown in Table 1. 

Through the sweep-point experiment, the experimental data of 2600 working points 
were obtained. The distribution is shown in Figure 1. 

Table 1. Basic parameters of the engine. 

Parameter Value 

Number of cylinders 4 

Number of stroke 4 

Bore/mm 76 

Stroke/mm 74 74 

Displacement/L 1.342 

Maximum compression ratio 10 

Injection method Direct injection 

Number of valves 4 

Intake mode VVT 

2.2 Throttle model 
The throttle can be regarded as a standard throttle valve, and the airflow through the 
throttle can be treated as a one-dimensional isentropic stable flow from the perspec­
tive of fluid mechanics [6]. The calculation formula is as follows: 
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Where, Aeff represents the effective circulation area; ρis represents the upstream stagna­
tion density; Uis represents the isentropic density of the throat outlet; CD represents the 
flow coefficient; AR represents the reference flow area; Pr represents the absolute pres­
sure ratio (static pressure at the exit/total pressure at the entrance); R is the gas con­
stant; T0 represents upstream stagnation temperature;γ is the adiabatic index. 

Figure 1. Distribution of 2600 experimental points. 

The flow coefficients of each throttle opening were calculated by a one-dimensional 
isentropic stable flow equation according to the experimental data obtained. Wang 
Zhuwei et al from the University of Shanghai for Science and Technology have studied 
the throttle flow coefficient and found that there is a certain variation rule between 
flow coefficient, throttle angle and pressure ratio[7]. Therefore, the relationship 
between them is also studied in this paper, as shown in Figure 2: 

Figure 2. Relationship between 
throttle flow coefficient and throttle 

opening and pressure ratio. 

Figure 3. Comparison of simulation 
results of throttle flow coefficient 

model. 
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It can be seen from Figure 2 that the throttle flow coefficient is in smooth plane 
distribution with the throttle opening and the pressure ratio, and it mainly 
increases with the increase of the throttle opening. Therefore, a throttle flow coef­
ficient model based on pressure ratio correction is built in this paper, as shown in 
Equation (4): ( 

CD ¼ p0 þ p1θ þ p2pr þ p3θ
2 þ p4θpr þ p5θ

3 þ p6θ
2pr 

pim ð4Þ 
pr ¼ p up thr 

Where, CD is the throttle flow coefficient;θ is the throttle opening; pr is the ratio of the 
throttle rear-end pressure to the front end pressure;pim is the intake manifold pres-
sure;p up thr is the throttle front pressure. The accuracy of the model is shown in 
Figure 3 after the experimental data is brought into the model. 

As can be seen from Figure 3, R2 of the flow coefficient calculated by the model is 
0.993. This indicates that the established throttle flow coefficient model has high 
accuracy. 

2.3 Fuel injection model 
The accuracy of fuel injection mass measurement was ensured by receiving the signal 
of injection pulse width transmitted by the ECU. And the main characteristic of the 
injector is the injection flow characteristic, which expresses the relationship among 
rail pressure, injection pulse width and injection volume. 

The relationship between injection volume and injection pulse width under different 
rail pressures can be obtained through the analysis of engine injection data, as shown 
in Figure 4. It can be seen from Figure 4 that there is a linear relationship between 
injection volume and injection pulse width under fixed rail pressure. And the injection 
model is: 

Tinj ¼ kQf þ t ð5Þ 

Where, Tinj represents the injection pulse width, Qf represents the injection volume of 
a single cycle, k represents the slope, and t represents the intercept. 

Figure 4. Relationship between 
injection pulse width and injection 

volume. 

Figure 5. Relationship between slope 
and intercept and rail pressure. 

As the pressure P_rail changes, the slope K and the intercept T will also change. The 
changing relationship between slope k and intercept t with rail pressure is shown in 
Figure 5, and a good linear relationship between them is shown in Figure 5. And the 
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regression model of slope k and intercept t with rail pressure (injection flow coefficient 
model) is established: 

k ¼ m0 x P rail þ m1 ð6Þ 

t ¼ n0 x P rail þ n1 ð7Þ 

The model accuracy is shown in Figure 6 after the experimental data is brought into 
the model: 

Figure 6. Comparison of simulation results of injection pulse width. 

It can be seen from Figure 6 that the R2 of injection pulse width calculated by the model 
is 0.998, which indicates that the established injection model has high accuracy. 

2.4 Semi-predictive combustion model 
The Wiebe combustion model is usually chosen for combustion calculation when the vir­

[8]tual engine is used instead of the real engine for simulation calculation . 
However, CA50 and CA10f90 are unknown before the experiment and cannot be directly 
used as the input of the combustion model. Therefore, the Wiebe combustion model 
alone cannot be used to predict the heat release rate of combustion under variable 
working conditions. In this research, a semi-predictive combustion model is estab­
lished, which enables the virtual engine model to predict the values of CA50 and CA10f90 

under variable operating conditions, and it can predict the values of CA50 and CA10f90 

according to the operating conditions of the engine. The formula is shown as follows: 

a5 a72θ50 ¼ a0 þ a1λ
2 þ a2λ þ a3p þ a6θ

2 þ a8IVO þ a9RGF
2 ð8Þim þ a4pim þ spark þT2 RPM2 

CA10f90 ¼ b0 þ b1θ50 þ b2θ
2 

spark þ b4θspark þ b5p
2 b7 þ b8RGF

2 ð9Þ50 þ b3θ
2 

im þ b6λ
2 þ 

RPM2 

CA50 ¼ θ50 þ θspark ð10Þ 

Where, CA10f90 is the duration of the Wiebe combustion curve, CA50 is the Angle 
“anchoring” the Wiebe curve to TDC, λ is the excess air coefficient;pim is the intake 
manifold pressure (bar); T is the inlet air temperature (K);θspark is the ignition advance 
Angle; RPM is the engine speed (r/min); IVO is the opening phase of the intake valve; 
RGF is the residual exhaust gas rate in the cylinder. 

The model accuracy is shown in Figure 7 after the experimental data is brought into 
the model. It can be seen from Figure 7 that the R2 values of CA50 and CA10f90 calcu­
lated by the combustion model are 0.96 and 0.87, respectively. Due to the complexity 
of the combustion model, it is difficult to make an accurate prediction of CA10f90. How­
ever, this accuracy can meet the basic requirements of the combustion model, and 
there is still a large space to further improve the prediction accuracy of CA10f90. 
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Figure 7. Comparison of simulation results of the combustion model. 

3 SELECTION OF FEATURE SAMPLE POINTS 

3.1 D-optimal design method based on Bayesian Modification 
Experimental design refers to the rational arrangement of experiments and the use of 
fewer experimental points to obtain relatively ideal model calibration results, so as to 
reduce the calibration cycle and cost[9]. The experimental design methods include 
classical design method, space-filling design method and optimal design method. 
Among them, the optimal design method can properly establish the design criteria 
that can reflect the purpose of the experiment, and obtain the optimal design scheme 
to arrange the experiment, so as to save the experiment cost. The optimal design 
method is usually adopted if you have a deep understanding of the engine and the 
optimal model has been selected[10]. 

Regression models can generally be expressed as the following matrix [11]: 

y ¼ Xβþ 2  ð11Þ 

Where y is the output; β is the parameter to be estimated; X is the coefficient matrix. 
β ¼ XTX 

f1
XTThe least-square estimation of this model is ^ y, and XTX is required to be 

f1non-degenerate. Model of the covariance matrix of the cov β̂ ¼ σ2 XTX , and sigma 
error factors by experiment. The matrix M ¼XTX is the information matrix that con­
tains the information of the model and the experimental points. 

D-optimal design refers to maximizing the determinant value of the information 
matrix (XTX), which is as follows: 

X�TX� ¼ max XTX ð12Þ 

In some cases, the sample points obtained according to the D-optimal design may 
have duplicate values, which not only wastes computational resources but also has no 
help to the fitting of model coefficients. Therefore, the Bayesian Modification (BM) 
method proposed by Dumouchel and Jones is adopted to add coefficient terms of 
higher-order at the end of the established regression model, which can effectively 
solve the problem of repeated points [12]. 

The process of D-optimal design based on Bayesian modification includes data stand­
ardization, determination of candidate point matrix, selection of regression model, 
determination of experimental points, the establishment of information matrix and 
optimization design. In this study, it is programmed to quickly obtain the experimental 
design scheme according to the Fedorov algorithm, as shown in Figure 8. 

308 



Figure 8. Implementation flow of D-optimal design. 

3.2 Application of D-optimal in the throttle model 
The throttle flow coefficient model based on pressure ratio modification is experimen­
tally designed according to the principle of D-optimal design. The input of the model is 
throttle opening θ and the ratio of throttle rear-end pressure to front end pressure pr , 
and the number of target samples selected is set as 20. The distribution of the final 
selected sample points is shown in Figure 9. 

It can be seen from Figure 9 that the sample points are mainly distributed on the edge 
of the interval composed of throttle opening and pressure ratio, and only one point is 
about the centre of the interval. According to the geometric feature analysis of the 
selected points, the points at the edge cover the whole interval and the points with 
sharp shape changes on the edge are called feature points. The overall shape of the 
surface is mainly affected by these feature points because the throttle flow coefficient, 
θ and pressure ratio pr are quadratic functions and the shape of the surface is smooth. 

Figure 9. Distribution of sample 
points in the throttle flow 

coefficient model. 

Figure 10. Comparison of experimental 
and predicted throttle flow coefficient 

results. 

The 20 selected sample points were substituted into the throttle flow coefficient model 
for solving, and the values of each coefficient in the model could be obtained, as 
shown in Table 2: 
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Table 2. Fitting results of throttle flow coefficient model coefficients. 

parameter value parameter value 

p0 6.90e-3 p4 5.10e-3 

p1 -6.20e-5 p5 5.50e-6 

p2 -1.37e-2 p6 -3.50e-4 

p3 14.00e-4 

Next, the prediction accuracy of the model is verified. The remaining non-pressurized 
conditions (throttle opening less than 90 degrees, about 1300 experimental points) 
were substituted into the model for testing, and the results were shown in Figure 10. 
It can be seen from Figure 10 that the predicted value of the throttle flow coefficient is 
basically consistent with the experimental value, and its R2 is 0.98. 

It can be seen that the throttle flow coefficient model based on the calibration of 20 
sample points can accurately predict the throttle flow coefficient under different throt­
tle opening and pressure ratios under all non-pressurized conditions, which can 
achieve the purpose of using a small number of experimental points to calibrate the 
model. 

3.3 Application of D-optimal in the fuel injection model 
Similarly, the injection model is designed experimentally according to the principle of 
D-optimal design. The inputs of the model are injection pressure and injection 
volume, and the number of target samples selected is set as 16. The distribution of 
the final selected sample points is shown in Figure 11. 

The 16 selected experimental points were brought into the injection model to solve 
the parameters, and other experimental points were used to verify the accuracy. The 
model accuracy is shown in Figure 12: 

It can be seen from Figure 12 that the predicted value of injection pulse width is the 
same as the experimental value, and its R2 is 0.997. 

Figure 11. Distribution of sample 
points in the injection model. 

Figure 12. Comparison of experimental 
and predicted injection pulse width 

results. 
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3.4 Application of D-optimal in the semi-predictive combustion model 
Similarly, the semi-predictive combustion model is designed experimentally according 
to the principle of D-optimal design. And the number of target samples selected is set 
to 54. The selected experimental points are put into the model to solve the model 
parameters, and the model accuracy is shown in Figure 13: 

Figure 13. Comparison of the experimental and predicted values for CA50 and 
CA10f90 in the combustion model. 

It can be seen from Figure 13 that the predicted values of CA50 and CA10f90 in the com­
bustion, model are basically consistent with the experimental values, and their R2 are 
0.94 and 0.85, respectively. 

4 GENERAL EXPERIMENTAL SCHEME 

4.1 Design of experimental scheme 
The above sample points are targeted at the engine in this study, which may not apply 
to engines of different types. In order to improve the expansion ability of the experi­
mental design scheme, this paper summarizes a general experimental design scheme 
by analyzing the selection rules of experimental points under different models. 

This paper takes the throttle model as an example to study the general experimental 
scheme. In the throttle model, the experimental points selected based on the D-opti­
mal method are mainly distributed on the edge of the interval composed of throttle 
opening θ and pressure ratio pr . This range is not the same for different engines. In 
this study, a universal experimental design scheme applicable to different engines is 
summarized to solve this problem by analyzing the distribution characteristics of 
selected experimental points and combining the feasibility of real bench experiment 
operation, as follows: 

(1) Turn off the turbocharger and set the throttle opening to the minimum allow­
able opening θmin (such as 1 degree). When the engine speed is gradually 
increased from idle speed to the maximum allowable speed, the minimum and 
maximum values of the throttle gate rear pressure ratio are recorded, and 
these two values are recorded as feature points under the θmin opening degree. 

(2) A certain number of throttle opening points are selected evenly within the 
throttle opening range. And the selection points can be denser when the 
throttle opening is small, and sparser when the throttle opening is largely 
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based on the characteristics of the throttle. In this study, the throttle opening 
is adjusted to 3 degrees, 5 degrees, 7 degrees, 10 degrees, 15 degrees, 20 
degrees, 25 degrees, 30 degrees, 35 degrees and 40 degrees respectively, 
and the rotating speed is adjusted according to Step (1) to obtain the corres­
ponding feature points under each opening. Besides, when the throttle open­
ing is adjusted to 15 degrees and the ratio of the rear end of the throttle to 
the front end pressure is 0.7 by adjusting the engine speed, the working point 
is also the feature point. 

(3) The flow coefficients of all the above feature points were calculated and sub­
stituted into the throttle flow characteristic model for a solution. 

(4) Verify the predictive ability of the model. In addition, several experiments 
were carried out (changing the throttle opening and the pressure ratio) to 
compare the throttle flow coefficient with the predicted value of the model. 

It indicates that the flow coefficient model has a high predictive ability and the experi­
mental design scheme can be used for virtual calibration of the intake model if the 
error is small. On the contrary, these verification points can also be added as feature 
points, and steps (3) and (4) can be repeated until the verification results meet the 
accuracy requirements if the error is large. 

4.2 Verification of the experimental scheme 
Next, a 1.4L cylinder direct injection gasoline engine was used to test the versatility of 
the above experimental design. The engine previously obtained 600 test points 
through sweeping points. According to the above experimental design scheme, 20 
sample points were selected and substituted into the throttle flow characteristic model 
for the solution, and then the remaining 580 test points were used for verification. 

The validation results are shown in Figure 14. It can be seen that the shape of the the­
oretical value and the predicted value of the flow coefficient is basically the same, and 
its R2 is 0.972. 

Figure 14. Comparison of experimental and predicted throttle flow coeffi­
cient results. 

The above research shows that the experimental design of throttle flow characteristics 
is suitable for different gasoline engines, and accurate throttle flow characteristics can 
be obtained through a small number of test points calibration. 

312 



5 

Similarly, according to the point selection rules of the fuel injection model and semi-
predictive combustion model, the accuracy of the 1.4L engine model was verified by 
a similar experimental design scheme, and their R2 are 0.99, 0.93 and 0.84, respectively. 

CONCLUSION 

In this study, the throttle model, fuel injection model and semi-predictive combustion 
model were established respectively through the correlation analysis among variables, 
and the key experimental points were selected for these three models through the 
experimental design method based on D- optimal. According to the distribution law of 
selected experimental points, the respective experimental schemes were designed, 
and their versatility was verified. Finally, the following conclusions were drawn: 

(1) The established throttle	 flow coefficient model, injection pulse width model 
and semi-predictive combustion model have high prediction accuracy and the 
R2 values of the model prediction results and the experimental results are 
0.993, 0.998, 0.96 and 0.87, respectively. 

(2) Based on the D-optimal experimental design method, 20, 16 and 54 experi­
mental points were selected to identify the model parameters of the throttle 
model, fuel injection model and semi-predictive combustion model, and the 
R2 values of the models were 0.98, 0.997, 0.945 and 0.85 respectively, which 
can reduce the number of test points needed for calibration by more than 
90% while ensuring the accuracy of the model. 

(3) By analyzing the distribution of selected experimental points of each model, 
a general experimental scheme was designed and verified in another engine. 
The verification results show that the R2 values of the model can reach 0.972, 
0.99, 0.93 and 0.84 respectively when the number of experimental points is 
reduced by more than 90%, which proves the feasibility of the general experi­
mental scheme. 
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ABSTRACT 

The reported work was concerned with Life Cycle Analysis of automotive electric 
machines and power electronics. The aim was to improve the modelling of these parts 
and examine the prospects of onshoring manufacturing within the UK. The motor and 
inverter unit were accountable for 12-17% of the embedded carbon emissions in the elec­
tric powertrain. The benefit in onshoring the manufacturing of these parts varied between 
7-33% reduction in equivalent CO2 relative to key regions of interest, primarily associ­
ated with the clean UK electricity grid. The work has demonstrated the potential of bat­
tery “rightsizing” and the environmental benefits of range extension via renewable fuels. 

INTRODUCTION 

Modern society is highly dependent on road transport, with substantial international 
growth predicted over the coming decades. According to a study commissioned by the 
World Business Council for Sustainable Development (1), worldwide personal trans­
port is projected to grow at an annual rate of 1.7% between 2000 and 2050, resulting 
in ownership of 2 billion Light-Duty Vehicles (LDVs)1 and more than 70 trillion passen­
ger-kilometres travelled per year. LDVs, mostly passenger cars currently run primarily 
on petroleum-derived fuels, account for over 40% of the global transport energy 
demand and are expected to do so until 2050 (2). Specifically in the European Union 
(EU), transport is the biggest source of carbon emissions, contributing 27% to total 
anthropogenic Greenhouse Gas (GHG) emissions – with passenger cars representing 
44% of these (3). In the pursuit to achieve the global Paris climate agreement goals of 
limiting the global temperature rise to 1.5°C, transport emissions must be reduced to 
zero by 2050 at the very latest. In response to this, global leaders are pushing to elim­
inate fossil fuel-powered vehicles, which are major contributors to climate change and 
air pollution. The United Kingdom (UK) has the ambition to become the fastest Group 
of Seven (G7) country to decarbonise cars and vans, with plans to accelerate 
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1. Light-Duty Vehicles include cars, Sport Utility Vehicles (SUVs), mini vans and per-
sonal-use light trucks. 
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a greener transport future through a two-step phase-out of petrol and diesel vehicles 
announced in November 2020 (4). The first step will see the termination of new petrol 
and diesel car sales brought forward to 2030, while step two mandates all new cars 
and vans having zero tailpipe emissions from 2035 onwards. 

The aforementioned measures have resulted in most major manufacturers in the automo­
tive industry moving away from traditional internal combustion engine vehicles (ICEVs) 
and towards electrified propulsion methods – including hybrid electric vehicles (HEVs), 
plug-in hybrids (PHEVs), fuel cell vehicles (FCVs) and battery electric vehicles (BEVs) (5). 
Apart from low to zero tailpipe emissions, EVs offer additional advantages over conven­
tional ICEVs. EVs have a superior tank-to-wheel energy efficiency as they can convert 70­
90% of the chemical energy stored in the battery to movement (6), not including potential 
charging losses. EVs feature highly efficient individual powertrain components (battery, 
motor, power electronics and transmission) (7) and the ability to apply regenerative brak­
ing, which can supply roughly 10-20% of the total energy used depending on driving style 
and conditions (8). For plug-in vehicles, some  of  the in-use efficiency benefits are offset 
by conversion losses during fossil fuel-based electricity generation and losses in the trans­
mission, distribution and charging (9). Charging losses, predominately occurring in the 
power electronics used for AC-DC conversion, can be as high as 20%, depending on char­
ging rates and State of Charge (SoC) (10, 11). Additional advantages of EVs include lower 
maintenance requirements (12) and noise pollution levels (13). However, for the full adop­
tion of electrified vehicles significant challenges remain around the required infrastructure 
and the recycling of key drivetrain components. 

The currently reported work was concerned with Life Cycle Analysis (LCA) of the electric 
powertrain components, focusing on the GHG impacts in the production stages of the 
electric traction motor and power inverter unit. The material extraction and manufactur­
ing processes for these components involve energy intensive processes, the environ­
mental impact of which is often underestimated by commonly adopted LCA tools that 
usually assess whole vehicles. The aim of the study was to improve the modelling of 
these parts in the popular open access transport life cycle model “GREET” (The Green­
house Gases, Regulated Emissions and Energy Use in Technologies Model) developed 
by the Argonne National Laboratory (14) and use this revised tool to understand the 
potential benefits of onshoring related manufacturing within the UK, where the electri­
city mix has a high percentage of renewables and is less carbon intensive relative to key 
European and international regions. The upgrade was achieved by adopting recently 
published, scalable inventories for an Interior Permanent Magnet (IPM) assisted syn­
chronous reluctance machine and an Insulated Gate Bipolar Transistor (IGBT) inverter 
unit, both of which are representative of modern automotive applications. 

RELATED PRIOR LCA 

In earlier stages of this research, previous LCA studies of EVs have been reviewed. 
There are LCA studies that focus only on specific components of EVs, such as the high-
voltage battery and power electronics (15-18), mostly based on confidential Life Cycle 
Inventories (LCIs). Several others assess the environmental impacts of BEVs and 
HEVs by examining the whole vehicle (19-23). 

In their 2008 paper, Samaras et al. (19) presented a case study comparing the life 
cycle GHG emissions of traditional ICEVs and HEVs/PHEVs in the US. As with most LCA 
studies, the Global Warming Potential (GWP) impact was evaluated as carbon dioxide 
equivalent (CO2-eq) GHG emissions with a time horizon of 100 years (GHG-100). This 
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study employed the assumption that automotive manufacturing for all the vehicles 
considered was identical, except for the addition of batteries for the hybrid models. 
These included a HEV featuring a 16 kg Lithium-ion (Li-ion) battery and three PHEVs 
with an all-electric range (AER) of 30, 60 and 90 kilometres (km), featuring Li-ion bat­
teries weighing 75-250 kg. For the use stage, three electricity mix scenarios with vary­
ing carbon intensities were tested – a low-carbon mix, the U.S. average and a carbon-
intensive grid. These had carbon intensities of 200, 670 and 950 grams CO2-eq per 
kilowatt-hour (g CO2-eq/kWh) respectively. The functional unit was set to 1 km and 
the vehicle lifetime was assumed to be 240,000 km. 

In all cases the use phase was responsible for the majority of GHG emissions, either 
through the gasoline fuel cycle or electricity generation. Also, all electrified vehicles 
had a lower overall GWP impact than their combustion equivalent. Under the U.S. 
average electricity mix, HEVs and PHEVs reduced life cycle GHG emissions by 29% 
and 32% compared to ICEVs respectively. It was found that PHEVs with larger battery 
capacities are more sensitive than HEVs to the GHG intensity of the electricity mix, 
overtaking HEVs in terms of total GWP impact at around 725 g CO2-eq/kWh. In add­
ition to the conventional ICEVs, the authors investigated the life cycle impacts of using 
an 85% by volume cellulosic ethanol blend (E85) instead of pure gasoline. Under the 
average and carbon-intensive mixes, it was found that fuel efficient vehicles that do 
not use grid electricity (ICEVs and HEVs) minimised GHG emissions. In contrast, with 
a low-carbon electricity portfolio PHEVs utilising electricity for propulsion had lower 
life cycle GHG emissions than ICEVs and up to 5 g CO2-eq/km more than HEVs. 

In their 2013 study, Hawkins et al. (24) have conducted a comparative LCA between 
a conventional ICEV and a first-generation BEV representative of a typical small Euro­
pean car, including vehicle production, use and end of life together with all relevant 
supply chains. The foreground LCI was compiled using secondary data sources. To 
ensure comparability, a common generic vehicle glider was established, and the func­
tional unit was set to 1 km driven under European average conditions. For the EV, 
a use phase efficiency of 623 kilojoules/km (kJ/km) was assumed – representative of 
a Nissan Leaf – while for the diesel and petrol ICEVs fuel economies of 5.35 and 6.85 
litres/100 km (L/100 km) were used respectively, based on comparable Daimler pro­
duction models at the time. Road efficiencies of EVs in other LCA studies have ranged 
from 400 kJ/km (25, 26) to 800 kJ/km (27, 28). 

For both vehicles, the use phase was found responsible for the majority of the GWP 
impact, occurring either directly through fuel combustion or indirectly during electri­
city production. When powered by average European electricity, EVs were found to 
reduce GWP by 10-14% and 20-24% compared to diesel and petrol ICEVs respect­
ively – under the assumption of a 150,000 km lifetime. Assuming an efficiency of 
900 kJ/km, the studied EVs would have a GWP footprint between that of the base case 
diesel and gasoline ICEVs. Conversely, a fuel consumption between 4 and 5 L/100 km 
would allow the ICEV to break even with the base case EVs in terms of GWP. 

In contrast to ICEVs, almost half of an EV’s life cycle GWP was associated with its pro­
duction. The GWP from EV production was estimated to be 87-95 g CO2-eq/km, 
roughly twice the 43 g CO2-eq/km from an ICEV. Battery production was found 
responsible for 35-41% of the total EV production phase GWP, while the traction motor 
for 7-8%. Other powertrain components, notably the inverter and passive battery 
cooling system, contributed to 16-18% of the embedded GWP of EVs. Excluding the 
glider, these translate to roughly 60%, 12% and 28% for the battery, motor and 
inverter-battery cooling system respectively as a fraction of the total GWP for the 
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e-powertrain. Due to the relatively high production impacts of EVs, assuming higher 
vehicle lifetimes exaggerates the benefits of EVs over conventional ICEVs while lower 
lifetimes have the opposite effect, with 100,000 km being the tipping point where an 
EV has a GWP impact indistinguishable from that of a diesel ICEV. 

In their 2018 case study, Del Pero et al. (29) have implemented a comparative LCA 
between an ICEV and an EV, following a “cradle-to-grave” approach and capturing the 
whole vehicle life cycle subdivided into production, use and end-of-life stages. The LCI 
was mainly based on primary data and the assessment examined a variety of impact 
categories to both human and eco-system health. The functional unit was set to 
150,000 km driven under conditions reproduced by an analytical vehicle dynamics 
simulation model. The use phase GWP through fuel combustion for the ICEV was 
determined using Euro 5 emission levels while the European average mix was 
assumed for the generation of the electricity consumed by the BEV. 

For the ICEV, the use phase was found to be responsible for more than 80% of the 
GWP impact. Exhaust gas emissions during operation represented the main contribu­
tor (about 70%) while the rest was attributable to the fuel supply chain. On the other 
hand, the environmental burden of the EV regarding GHG emissions was equally 
attributable to both production and use phases, with the later having a slightly higher 
footprint. The manufacturing impact of the EV was 80% higher than the one of the 
ICEV, with the drivetrain representing around 55% of the total EV production GWP. 
Nevertheless, the high production impact of EVs is compensated by the lower use 
phase impact, resulting in an overall 36% reduction in total GHG emissions. For the 
use phase break-even analysis, two additional electricity mixes with opposite environ­
mental profiles were used. The hydro-dominated Norwegian grid and coal-based 
Polish grid allowed a comprehensive overview of the effects of grid carbon intensity on 
EV use phase impacts. The break-even point was found at about 45,000 km using the 
European average mix. Assuming the Norwegian mix, the break-even distance 
reduced to 30,000 while using the Polish grid resulted to no break-even point occur­
ring up to 250,000 km. 

3 METHODOLOGY AND SYSTEM DETAILS 

LCA involves compiling an inventory of the environmentally relevant flows associated 
with all processes involved in the extraction and processing of raw materials, manu­
facturing, distribution, use, recycling and end-of-life disposal of a product and trans­
lating this inventory into impacts of interest (30, 31). The following sections describe 
the methodology employed to construct this framework and provide a summary of the 
data and assumptions adopted for the LCA study. 

3.1 Goal and scope definition 
The goal of this study was to provide a comparative LCA of an electric and conventional 
ICE powertrain for medium sized cars, focusing on the effect of different electricity 
mixes utilised during the production and use phases in key regions of interest. An add­
itional objective of the study was to examine the potential benefits of D+ class vehicle 
battery “rightsizing”, employing a significantly smaller battery and an E10 Range-
Extender (RE) ICE also able to operate on pure bioethanol (E100) with minor 
modifications. 

The modelling of electricity generation, extraction and processing of raw materials, 
powertrain manufacturing and fuel cycles was realised using GREET 2020, the latest 
version of a popular open access transport life cycle model developed by the Argonne 
National Laboratory. Adaptations upon the GREET inventories regarding the traction 
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motor and inverter unit were made using LCI models recently published by the Swed­
ish Life Cycle Centre (32-35). These provide a scalable mass estimation and manufac­
turing inventory for IPM assisted synchronous reluctance machines and IGBT inverter 
units. The motor LCI model is tailored for neodymium-iron-boron magnets with added 
dysprosium, referred to as Nd(Dy)FeB. The capabilities of the traction motor model lie 
within a rated maximum power of 20-200 kW and a rated maximum torque of 48-477 
Nm, while for the inverter model a rated nominal power of 20-200 kW and a nominal 
battery voltage of 250-700 V. The traction motor and inverter unit are also referred to 
as the Power Electronics, Machines and Drives (PEMD) unit. 

The system boundaries comprehend the entire life cycle of the powertrains examined 
apart from the end-of-life disposal, the impact of which is relatively low and will be 
investigated in the future. All other non-propulsion vehicle subsystems common to 
both EVs and ICEVs are assumed to have comparable environmental footprint and 
their life cycle impact was deemed beyond the scope of this study. The functional unit 
was set to 1 km travelled by the respective powertrains and the lifetimes for all cases 
were set to 150,000 km. The key environmental impact category of interest at the 
time of reporting this work was that of GWP, calculated as CO2-eq emissions with 
a time horizon of 100 years. 

3.1.1 Electricity generation 
The focus of this study was to investigate the GWP benefits of onshoring the manufac­
turing of e-powertrain components to the UK, where the electricity mix has 
a favourable carbon footprint relative to many European and international countries 
due to the high percentage of renewables. Comparisons were made to grids on either 
end of the carbon intensity scale – specifically to the coal-based China (CN) and 
nuclear-dominated France (FR). The study was extended to cover the average Euro­
pean mix and additional regions of interest to the automotive industry – namely the 
United States (US), Germany (DE), Italy (IT), Poland (PL), Romania (RO) and the 
Czech Republic (CZ). 

Power generation data were acquired by the International Energy Agency (IEA) for 
2019 (36). Although GREET features US-based data for processes associated with 
electricity generation, these were assumed to be sufficiently representative on 
a worldwide scale. Transmission and distribution efficiency was set to 0.95. 

3.1.2 Baseline powertrains 
The e-powertrain includes the high-voltage battery, traction motor and power inverter 
unit – with the exclusion of the On-Board Charger (OBC) and DC-DC converter which 
powers the low-voltage systems of a BEV. Specifications were set to model a medium 
sized EV, such as the 2020 Tesla Model 3 Standard Range Plus (SR+). The adopted 
model vehicle utilises a single 200 kW permanent magnet synchronous motor with 
a maximum torque of 450 Nm, a 200 kW inverter unit and a 50 kWh battery operating 
at a nominal voltage of 360V. The estimates of the motor and inverter mass were 83.3 
and 18.6 kg respectively. The selected battery chemistry was Li-ion with a cathode 
combination of nickel-manganese-cobalt in equal parts (NMC111), a popular choice 
among automotive manufacturers. Although the default energy density in GREET is 
215 Wh/kg (37), a more realistic value of 160 Wh/kg was assumed for the high-
voltage battery pack after attaining real world data (38). 

For the conventional ICE, a comparable 2020 BMW 3 Series 2.0 L was selected as the 
combustion equivalent – specifically the 330i for petrol and the 320d for diesel 
models. The vehicles use inline-four (I4) turbocharged four-stroke engines with 
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estimated masses of 150 and 180 kg for the Spark Ignition (SI) and Compression Igni­
tion (CI) versions respectively. Both engines were typical of the state of the art within 
the European market. The SI engine was rated at 190 kW and was based around cen­
tral direct fuel injection with a twin-scroll turbocharger and variable valvetrain. The 
diesel unit was rated at 140 kW and based around a common rail design with twin 
turbo boosting arrangement. 

For the Range-Extender e-powertrain, the PEMD specifications were kept identical to 
the full electric version to ensure comparability. The battery capacity was halved to 
25 kWh after related prior work at the University of Nottingham which estimated that 
a medium sized RE EV with a battery capacity of 25 kWh can operate in fully electric 
mode for ~80% of its lifetime with appropriate driver behaviour. The study was based 
on curve fitted data for electric mode share utilised in GREET and vehicle travel statis­
tics acquired by the UK Department for Transport (39-41). 

For on-board electricity generation, a MAHLE 0.9 L twin cylinder, four-stroke SI engine 
was emulated (42). The reported engine mass is 50 kg, with an additional 20 kg per­
manent magnet generator modelled using the LCI of the main traction motor. The key 
characteristics of the baseline powertrains are summarised in Table 1. 

Table 1. Key characteristics of the powertrains considered. 

Characteristics 
ICEV BEV RE EV 

SI CI 

Power (kW) 190 140 200 200 

Battery capacity (kWh) - - 50 25 

Engine weight (kg) 150 180 - 50 

Motor weight (kg) - - 83.3 83.3 + 20 

Inverter weight (kg) - - 18.6 18.6 

Battery weight (kg) - - 233 116 

3.1.3 Use phase 
The first substage of the use phase is electricity production for the e-powertrain and 
fuel cycle for the conventional ICE, which consists of fossil fuel extraction or feed­
stock production, refining and distribution. For the e-powertrain, a road efficiency of 
470 kJ/km was adopted, representative of the EPA range of a TESLA Model 3 SR+ 
(43). As with electricity generation, the fuel cycle of diesel and 10% ethanol petrol 
(E10) which is assumed to be used by both the conventional ICE and Range-
Extender SI engines, was modelled using GREET. 

The second substage of the use phase is tailpipe emissions during operation. While effect­
ively zero for the e-powertrain, the use phase GWP through fuel combustion for the con­
ventional ICE was determined using 2020-2021 EU CO2 emission standards for fleet 
average targets which amount to 95 g CO2/km (44). This translates to a fuel consumption 
of approximately 4.1 L/100km and 3.5 L/100 km for the SI and CI versions respectively. 
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Regarding the Range-Extender use phase emissions, a combination of Charge Deplet­
ing (CD) and Charge Sustaining (CS) modes was implemented at an 80:20 ratio. CD 
mode utilised the same electricity pathway and road efficiency as the BEV powertrain – 
the battery weight savings were assumed to offset the additional ICE mass, while the 
CS emissions were estimated using peak efficiency figures published by the RE ICE 
manufacturer (42) and fuel thermodynamic properties. The reported system efficiency 
(combined efficiency of the engine, generator and inverter) was 0.31, resulting in spe­
cific CO2 emissions for CS mode of 102 g CO2/km. 

3.1.4 Logistics 
To assess the impact of the transportation and distribution of manufactured power-
train components on the life cycle GHG emissions, two distinct scenarios were exam­
ined. Specifically, Scenario 1 featured a UK manufactured PEMD while Scenario 2 
featured a UK manufactured inverter unit and a traction motor manufactured in Italy. 
For each scenario, the logistics of exporting the PEMD units to Germany, China and the 
eastern US were mapped and the life cycle GHG emissions were compared to both 
local manufacturing and importing from China instead (only for Germany and US). 

Deep sea container shipping was used to model exports to the US, while exports to 
China involved both marine and diesel rail freight. Journeys from the UK and within 
continental Europe utilised road freight, electric rail freight and RORO cargo shipping 
depending on the scenario. 

The freight distances were estimated using digital mapping platforms and estimated 
specific CO2 emissions from different modes of transport were acquired from second­
ary sources (45). These are summarised in Table 2. 

Table 2. Specific emissions for the modes of transport considered. 

Mode of transport 
Specific emissions 

g CO2/tonne km 

Road freight – Diesel HGV 200 

RORO cargo ferry 100 

Rail freight – diesel 50 

Rail freight – electric 25 

Container ship – ocean 25 

3.2 Model improvements 
The uncertainty in calculating the life cycle GHG emissions of PEMD units in GREET is 
closely related with the quality of the inputs and data used by the LCA practitioner. In 
this case scalable inventories mentioned in previous sections were adopted in the 
default modelling of GREET to integrate an improved LCI with refined Bill-of-Materials 
(BoM) and intricate manufacturing processes involved in the fabrication of modern 
automotive e-machines. 

3.2.1 Mass estimation and inventory update 
For medium sized electric passenger cars, GREET offers the default model “EV300” 
which is targeted for vehicles with up to 300 miles range. The software includes base 
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versions of a traction motor and electronic controller, each with their respective inven­
tories. The default model served as the starting point for further iterations of the 
inventory towards the modelling of a Tesla Model 3 equivalent e-powertrain. The initial 
motor and inverter masses were 122.5 and 77.6 kg respectively, whereas for a 200 
kW powertrain they were estimated using the scalable LCI models as 83.3 and 
18.6 kg. 

Tables 3 and 4 show the difference in mass compositions for the PEMD, before and 
after the adoption of the scalable inventories. The absence of rare earth elements in 
the default motor model justifies the relatively high total mass, as modern permanent 
magnet machines have superior specific power than induction machines. The high 
default inverter mass was attributed to older generation power electronics with less 
power density than modern machines. 

Table 3. Traction motor mass break-down. 

Material 
EV300 Scalable LCI 

% % 

Aluminium 36 33 

Steel 36 7 

Copper 28 9 

Electrical steel - 46 

Nd(Dy)FeB magnets - 3 

Other - 2 

Table 4. Inverter mass break-down. 

Material 
EV300 Scalable LCI 

% % 

Aluminium 47 44 

Steel 5 2 

Copper 8 31 

Plastic products 24 18 

Styrene-butadiene rubber 4 0 

Electronic components - 1 

Other 12 4 

3.2.2 Manufacturing processes 
This study was focused on the production impact of e-powertrain components, so 
there was an interest to identify the most energy intensive processes involved and 
assess the relative impact of different PEMD components. Table 5 presents the 
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electricity intensity of several processes in the manufacturing and assembly pathway 
of the PEMD, as described in the scalable LCIs adopted for the purposes of this 
research. 

Table 5. Electricity usage of modelled processes in PEMD manufacturing. 

Process 
Electricity 

consumption 
Specific electricity 

consumption 

kWh kWh/kg 

Traction motor 

Aluminium die casting 74.4 2.6 

Electrical steel production 46.4 0.6 

Magnet production 44.9 18.9 

Assembly factory 18.8 0.2 

Wire enamelling 3.8 0.5 

Inverter unit 

Aluminium die casting 22.0 2.6 

Assembly factory 6.8 0.4 

Power module production 5.9 2.1 

Printed circuit board 
assembly 

1.0 5.0 

Electroplating 0.9 N/A 

In both traction motor and inverter unit manufacturing, it was found that most of the 
electricity usage is attributable to the die casting of aluminium housings. Although it 
incurs relatively low specific consumptions, the high aluminium mass fraction in the 
PEMD makes housings the highest CO2 contributor. High absolute values are also asso­
ciated with the production of electrical steel, due to the high steel mass fraction in the 
motor and the high scrap rate of punching core laminations. The magnet production 
chain is by far the most energy intensive process on a specific basis and magnets are 
the third highest CO2 contributor within the PEMD. With additional energy demands 
during the mining of rare earth elements, sources estimate the specific energy con­
sumption for virgin magnet production to be as high as 36 kWh/kg. In their 2016 
paper, Zakotnik et al. (46) discuss a large scale magnet recycling operation, capable 
of producing high-temperature magnets suitable for automotive applications with 
90% energy savings. Other sources report similar ‘magnet-to-magnet’ recycling 
methods can reduce total GHG emissions by 55 to 80% (47, 48). This is an area of 
interest for future related work as a stable, self-sufficient and environmentally favour­
able magnet supply chain can be key towards the electrification era the industry is 
going through. 
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4 RESULTS 

4.1 Electricity generation 
Figure 1 presents the specific GHG emissions of electricity generation in the regions of 
interest. Apart from nuclear-dominated France, the UK electricity grid had the lowest 
emissions amongst the regions considered. Compared to coal-based China and 
Poland, the relatively green UK grid offers a 66% and 71% reduction in electricity 
related GHG emissions. 

Figure 1. GWP impact of electricity generation by region. 

4.2 Production 
Figure 2 presents the GHG emissions of e-powertrain production in the regions of 
interest. In all cases, the high-voltage battery was responsible for most of the produc­
tion emissions, with the PEMD accounting for 10-14% of the total. Onshoring all com­
ponents of the e-powertrain within the UK offers CO2-eq savings ranging from 0.29 
(Romania) to 1.78 (Poland) metric tonnes CO2-eq (MT CO2-eq) per vehicle, translating 
to reductions of 7-32%. On the other hand, e-powertrain manufacturing in the UK pre­
dicts a 17% increase to GHG emissions compared to manufacturing in France. Not 
including the high-voltage battery, onshoring just the PEMD within the UK offers CO2­
eq savings ranging from 0.06 (Romania) to 0.35 (Poland) metric tonnes CO2-eq (MT 
CO2-eq), translating to reductions of 12-46%. PEMD manufacturing in the UK predicts 
34% higher GHG emissions compared to manufacturing in France. 

Figure 2. GWP impact of e-powertrain manufacturing by region. 
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The same trend was observed in the other types of powertrains, while the sensitivity 
to the carbon grid intensity was directly related to the battery capacity. The ICE 
models had significantly low GHG emissions at 10-12% of the BEV powertrain, ranging 
from 0.33-0.64 MT CO2-eq (2-4 g CO2-eq/km). Relative to the BEV powertrain, the RE 
EV reduced the embedded CO2-eq emissions by 32-43% due to the smaller 25 kWh 
battery, ranging from 2.15-3.18 MT CO2-eq per powertrain (14-21 g CO2-eq/km). 

4.3 Use phase 
Figure 3 illustrates the average European use phase GHG emissions, occurring either 
through electricity generation for EVs or fuel cycle and tailpipe emissions for ICEVs. 
The combustion powertrains had the highest carbon footprint while the BEV minimised 
carbon emissions at 44 g CO2-eq/km, a 64% reduction relative to the SI ICEV. The RE 
EV with 80% of its lifetime spent in fully electric mode achieved a 52% CO2-eq reduc­
tion relative to the SI ICEV and contributed 33% more use phase GHG emissions than 
the BEV solution. 

Figure 3. Use phase GWP impact of powertrains (150,000 km lifetime). 

Figure 4 shows the sensitivity of the use phase GHG emissions to the grid carbon 
intensity. The slight slope in the ICEV lines is attributable to the minor electricity 
usage in the fuel cycle. Although the BEV and RE EV use phase emissions are greatly 
impacted by the grid intensity, even at coal-dependent grids such as Poland the use 
phase emissions of ICEVs are higher than their electric equivalents. 

Figure 4. Impact of grid carbon intensity on use phase powertrain GWP. 
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4.4 Well-to-Wheel 
Figure 5 illustrates the life cycle GHG emissions of the powertrains considered, which 
are dominated by the use phase. The combustion powertrains had the highest carbon 
footprint while the BEV minimised carbon emissions at 71 g CO2-eq/km, a 43% reduc­
tion relative to the SI ICEV. The RE EV at 74 g CO2-eq/km achieved a 41% CO2-eq 
reduction relative to the SI ICEV and contributed 4% more GHG emissions than the 
BEV solution. 

Figure 5. Life cycle GWP impact of powertrains (150,000 km lifetime). 

Figure 6 shows the sensitivity of the life cycle GHG emissions to the grid carbon inten­
sity. The slight slope in the ICEV lines is attributable to the minor electricity usage in 
the powertrain production and fuel cycle. The life cycle emissions of the BEV and RE EV 
powertrains are greatly impacted by the grid intensity, due to high electricity con­
sumption during manufacturing and operation. Even so, the WTW GHG emissions of 
electrified powertrains only overtake conventional combustion engines in coal-
dependent regions, namely Poland in this case. Comparing the two e-powertrains, 
with low and medium carbon electricity grids BEVs perform better than RE EVs, pri­
marily due to use phase related benefits. In terms of total CO2-eq emissions, BEVs 
overtake RE EVs at about 500 g CO2-eq/kWh. 

Figure 6. Impact of grid carbon intensity on life cycle powertrain GWP. 

326 



4.5 Carbon break-even analysis 
Figures 7 and 8 show the break-even distances of BEV and RE EV powertrains against 
SI and CI ICEs respectively, using the European average mix for the use phase. The 
break-even distances are longer for diesel due to the lower fuel consumption of CI 
ICEs. It was found that a Range-Extender configuration can reduce the carbon break-
even distance of EVs by 8 to 24 thousand km. The reduction is proportional to the grid 
carbon intensity of the manufacturer country, since carbon-heavy grids lead to 
increased embedded GHG emissions in battery manufacturing and therefore larger 
break-even distances during the use phase. From an LCA perspective, the use of fuel-
efficient compact ICEs utilised for on-board electricity generation seems promising 
against oversized batteries, as it can significantly reduce the GHG emissions and nat­
ural resources associated with their manufacture. This can be explored more exten­
sively by utilising renewable biofuels (e.g. E100), which will further reduce the total 
GHG deficiency of RE EVs against BEVs. 

Figure 7. BEV and RE EV break-even distance against SI ICEV. 

Figure 8. BEV and RE EV break-even distance against CI ICEV. 

4.6 Logistics 
Table 6 presents the effects of logistics on the GHG emissions covering the manufac­
turing and distribution of the PEMD unit for the two scenarios explained earlier. In all 
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cases, it was more beneficial to manufacture the motor and inverter in UK/Italy and 
export it to Germany, China and the eastern US rather than manufacturing the PEMD 
locally or importing it from China. The biggest CO2-eq savings against local manufac­
turing occur when exporting to China despite the large freight distances. Against Chin­
ese manufacturing, the biggest CO2-eq savings occur when exporting to Germany. It 
is suggested that from a GHG perspective, clean grid manufacturing is favourable 
even for worldwide distribution. In the future, logistics effects of raw materials will be 
more extensively studied to assess the impacts of non-European supply chains. 

Table 6. GHG reduction from PEMD manufacturing onshoring. 

Export destination 

Germany China US 

Abs. Rel. Abs. Rel. Abs. Rel. 

kg CO2-eq % 
kg 

CO2 ­
eq 

% 
kg 

CO2 ­
eq 

% 

Scenario 1 (UK) 

Against local 
manufacturing 

89 17 211 31 86 16 

Against imports 
from China 

308 42 - - 200 26 

Scenario 2 
(UK/It) 

Against local 
manufacturing 

48 9 174 25 41 8 

Against imports 
from China 

280 37 - - 268 35 

5 CONCLUSIONS AND FUTURE WORK 

The aim of this study was to refine the modelling of e-powertrain manufacturing in 
GREET and utilise it to conduct a comparative LCA between EV and ICEV power-
trains, examining the environmental benefits of onshoring related production 
activities within the UK. The LCA results have shown that in an e-powertrain, the 
motor and inverter unit can amount for 12-17% of the total embedded GHG emis­
sions. Manufacturing using the relatively green UK grid can offer CO2-eq savings 
of 7-33% for the whole e-powertrain, while the reductions for the PEMD are in the 
range of 12-46%. Further work on logistics effects has shown that onshoring of 
PEMD manufacturing is favourable in terms of GHG emissions even for long-
distance exports. Nevertheless, the life cycle GWP impact is dominated by the use 
phase GHG emissions, which are lower for electrified vehicles in all cases – even 
with high-carbon electricity. Using the European average, which is a low to 
medium carbon intensity generation mix, EVs achieved the lowest life cycle GHG 
emissions with 66 g CO2-eq/km, against 125 and 118 g CO2-eq/km for SI and CI 
ICEVs respectively. The RE EV reduced carbon-break even distances by 5-19 
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thousand km, while having only 8% higher total GHG emissions than the BEV over 
the lifetime of 150,000 km. Such powertrains will clearly avoid reliance on gener­
ally oversized batteries to help reduce remaining issues with battery recycling. 

Future work will involve several aspects of the LCA process. Regarding the powertrain 
life cycles, the logistics effects of raw material sourcing for each of the components 
will be investigated on a global scale for all supply chains considered. Additionally, the 
impact of EoL disposal and material recycling will be integrated into the current iter­
ation. Remaining unexplored areas in the manufacturing inventory such as the ICEV 
transmission, specialised electronics and metalworking processes will be updated 
using “ecoinvent”, a set of dedicated LCI databases developed by the Swiss Centre for 
Life Cycle Inventories (49). Furthermore, the RE EV case will be revisited to employ 
E100 fuel and reiterate on the benefits of battery “rightsizing” using range extension 
via renewable fuels. Lastly, there is ambition to expand the modelling capabilities into 
other potential e-machine technologies, such as induction motors and Silicon Carbide 
(SiC) or Gallium Nitride (GaN) MOSFET based inverter units. 
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ABSTRACT 

For large passenger cars and light commercial vehicles, meeting all the customer 
requirements with a pure electric vehicle is challenging. Building on work previously 
presented on the MAHLE modular hybrid powertrain concept, this study examines 
potential hybrid powertrain configurations for these vehicle applications, based on 
life-cycle CO2 assessments. 

The latest testing results from our 3-cylinder 1.5 litre high-efficiency demonstrator 
engine are presented, running on both conventional 95 RON gasoline and alternative 
sustainable low carbon fuels. These results are then used to evaluate the potential 
weighted CO2 emissions of the proposed plug-in hybrid concept across representative 
drive cycles for these applications. 

INTRODUCTION 

Vehicle manufacturers are experiencing a paradigm shift in legislative requirements and 
customer attitudes towards powertrain technologies. To support the pathway towards net-
zero emissions by 2050, technologies that significantly reduce CO2 emissions will need to 
be developed that also align with the availability of the supporting infrastructure. Through 
the introduction of clean air zones, and the UK government’s announcement to end the 
sale of vehicles powered only by petrol or diesel passenger cars by 2030, the requirement 
for vehicles to drive under electric only propulsion is mandated. In the areas of personal 
mobility vehicles, compact cars and urban transportation, the adoption of pure battery 
electric  powertrains is expected to accelerate and become the dominant technology. For 
large passenger cars and light commercial vehicles (LCVs), meeting customer require­
ments for the combination of factors such as range, payload, towing capability, and pur­
chase cost is challenging. To meet these requirements with a pure electric vehicle requires 
the use of heavy and expensive battery packs, that have a high embedded CO2 content. 

The study builds on the work previously presented on the MAHLE modular hybrid power-
train (MMHP) concept and examines the powertrain requirements to meet the specific 
needs of large passenger cars and LCVs in the 2030 timescale and beyond. In this con­
cept, the full dynamic performance of the vehicle is provided by the electric traction 
motor, along with the ability to drive in pure electric mode for a reduced range, using 
a plug-in capability. On long journeys or when charging is not available, drive can be sup­
plemented, and battery state of charge maintained, through use of a compact, highly 
efficient dedicated hybrid engine that can run on sustainable low carbon fuel sources. 

Once the vehicle has significant electric drive capability, it is possible to remove any 
dynamic loading from the engine and allow it to operate at much steadier loads, that 
are now independent from the driver’s dynamic performance requirements. The ability 
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to anticipate starting requirements and control transient operation, particularly during 
start-up from cold conditions, also significantly reduces the demands placed on the 
aftertreatment system and allows it to be pre-conditioned prior to starting. When 
sizing such a dedicated hybrid engine (DHE) the most critical parameter to consider is 
the steady state cruising conditions that are required for charge sustaining operation. 
In the study, the optimum powertrain split between the traction drive, battery capacity 
and DHE specification is explored for example large passenger car and LCV applica­
tions, based on life-cycle CO2 assessments. 

The paper also presents the latest testing results from our 3-cylinder 1.5 litre high-
efficiency demonstrator engine running on both conventional 95 RON gasoline and 
alternative sustainable low carbon fuels. The hybrid engine concept features 
a combination of a pre-chamber-based combustion layout, together with high geo­
metric compression ratio, cooled exhaust gas recirculation (EGR) and aggressive 
Miller-cycle operation, to enable extremely high brake thermal efficiency levels to be 
achieved. Finally, drive-cycle analysis, based on the engine test results, will also be 
used to show the efficiency of the entire powertrain system based on the different 
fuels used. 

MAHLE MODULAR HYBRID POWERTRAIN CONCEPT 

The MMHP concept is based around a high-voltage PHEV architecture, with a dedicated 
hybrid internal combustion engine, featuring the MAHLE jet ignition system, inte­
grated with a dual-mode hybrid electric drive. The concept was developed to showcase 
MAHLE Powertrain’s capabilities through engineering a hybrid technology package 
optimised for future global automotive markets, targeted to meet emissions and CO2 

targets for 2030 and beyond, that is also scalable across a wide range of vehicles. Pre­
vious studies have focused on the application of the concept, featuring a 2-cylinder 
dedicated hybrid engine (DHE), into a compact crossover sports utility vehicle (SUV) 
(1,2). An image or the MMHP concept in this configuration is shown in Figure 1. These 
previous studies also illustrated how the modular nature of the MMHP enabled scalable 
application of the concept into vehicles ranging from a compact car to a large SUV. 

Figure 1. MAHLE modular hybrid powertrain. 

The dual-mode hybrid electric drive, which contains the best features of both series 
and parallel hybrid arrangements, contains two electric machines, a main traction 
motor and a smaller generator. The main traction motor can provide the full dynamic 
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performance and maximum speed capability of the vehicle without assistance from 
the DHE. This, when combined with the plug-in capability, allows the vehicle to oper­
ate under electric only propulsion, with zero tail-pipe emissions, in clean-air zones and 
for the majority of typical use. The electric-only range is determined by the size of the 
battery pack, the size of which can be optimised to provide different trade-offs 
between the battery pack and the DHE in terms of both in-use and embedded CO2, as  
well as the total cost and weight of the system. As the dynamic vehicle performance 
requirements can be met by the main traction drive the starting, warm-up and transi­
ent operation of the DHE can be managed independently of driver demand. This 
enables improved emissions and reduced after-treatment complexity, by removing 
the requirement for DHE cold starts with high power demands, which can be 
a challenge with PHEV systems that rely on the internal combustion engine (ICE) 
power for full dynamic vehicle performance. Once the battery is depleted, the system 
can operate as a series hybrid with the DHE driving only the generator at low vehicle 
speeds, having the NVH and operating flexibility that this arrangement offers. Then at 
higher vehicle speeds the engine can be connected directly to the wheels, via the dedi­
cated hybrid transmission, with a number of transmission ratios enabling some flexi­
bility in engine operating speed. The traction motor is directly connected to the 
wheels, thus there is seamless torque delivery, even during a gear-shift event, enab­
ling the use of a simple automated manual transmission. 

The MMHP was designed with the intention of being scalable across a broad range of 
vehicles, as shown in Figure 2. The simplified DHE is designed to be produced as either 
a 1 litre 2-cylinder with up to 60 kW, or a 1.5 l 3-cylinder unit with up to 90 kW, both 
variants achieving peak power at 4000 rev/min and a BMEP of 18 bar. Likewise, the 
transmission can be configured with 1, 2 or 4 gear ratios depending upon application 
requirements. The architecture has been designed to enable all variants, irrespective 
of number of ratios, to use common ratios and main transmission casing. 

Figure 2. MAHLE modular hybrid powertrain layout. 

The traction motor can be sized to achieve the desired dynamic performance of the 
vehicle. The generator specification is set by the road load power requirement at the 
minimum vehicle speed at which the engine can be switched into direct drive mode. 
The power requirement of the DHE is then set to enable charge in the battery pack to 
be sustained under worst case cruising conditions. 
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This study builds on this previous work and investigates the potential of applying the 
concept to both a large high-performance SUV and an LCV application, whilst using 
MAHLE Powertrain’s 1.5 litre, 110 kW, high-efficiency demonstrator engine (3,4) as 
the DHE. This engine differs from the 1.5 litre, 90 kW DHE engine described above by 
having 4 valves, rather than 2 valves, per cylinder and a lower compression ratio of 
12.8:1 instead of 14.7:1. The engine has also been designed to operate at up to 
6500 rpm rather than being limited to 4500 rpm. 

1.5 LITRE 110 KW HIGH-EFFICIENCY DEMONSTRATOR ENGINE 

MAHLE Powertrain’s 1.5l demonstrator engine (3,4) was developed as a low-cost high 
efficiency engine concept that was suitable for use in applications as both the sole 
prime-mover as well as being part of a hybridised powertrain. The key specifications 
of the engine are summarised in Table 1. 

Table 1. MAHLE 1.5l high-efficiency engine specification. 

Parameter Units Value 

Swept volume (litres) 1.5 

Number of cylinders (-) 3 

Bore/Stroke (mm) 83/92.4 

Peak power (kW) 110 

Compression ratio (#) 12.8:1 

Operating speed range (rev/min) 1000 – 6000 

Maximum BMEP (bar) 18 

Peak Brake Thermal Efficiency (%) >40% 

The combustion system is based around the passive MJI pre-chamber system com­
bined with PFI fuelling. To maximise the operating efficiency, the engine uses Miller-
cycle operation and a high geometric compression ratio (CR combined with an external 
cooled exhaust gas recirculation (EGR) system. The engine also features a variable 
geometry turbocharger and can operate with stoichiometric fuelling over its entire 
operating map whilst adhering to a pre-turbine temperature limit of 950°C. 

Pre-chamber combustion systems contain a small secondary chamber housing the 
spark plug that is connected to the main chamber by a number of nozzles. During 
the compression  stroke, charge from the  main  cylinder  is  forced  into  the pre­
chamber where it is then ignited by the spark plug. The combustion in the pre­
chamber causes hot jets of partially combusted gas to penetrate into the main 
cylinder, through the nozzles, initiating the main cylinder combustion at multiple 
locations. This gives the benefit of much shorter burn durations, which helps 
reduce knock, and enhances the ignition of dilute mixtures (either lean or with 
EGR) that would not be possible with a conventional spark plug (CSP). Figure 3 
shows a comparison of the combustion events, at an operating speed of 4000 rpm 
and an engine load of 18 bar BMEP, between the passive MJI system and a CSP. 
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Figure 3. Comparison of passive MJI combustion to a conventional central 
spark plug at 4000 rpm and 18 bar BMEP. 

The pre-chamber combustion event can be seen clearly as the spike in the pre­
chamber pressure trace just prior to top-dead-centre firing (0° crank angle). This in 
turn initiates the rapid combustion in the main chamber. Table 2 summarises some of 
the key combustion metrics for the two cases. 

Table 2. Comparison of combustion metrics at 4000 rpm and 18 bar BMEP 
between MJI and CSP. 

Parameter Units MJI CSP 

Combustion Phasing (50% Mass Fraction Burned) °ATDCF 8.6 17.4 

Burn Duration (10-90%) °CA 15.4 25.9 

Maximum Cylinder Pressure bar 90.9 71.2 

Maximum Rate of Pressure Rise bar/°CA 5.2 1.98 

Combustion Stability - Coefficient of variance of 
NMEP (CovNMEP) 

% 0.85 2.54 

At this test condition the 10 to 90 % burn duration is reduced by 40 %, from 25.9 °CA 
to 15.4 °CA, through use of MJI which then enables the combustion phasing to be 
advanced by almost 9 °CA before the onset of knock. Because of the faster and more 
advanced combustion, higher levels of maximum cylinder pressure and the maximum 
rate of pressure rise are seen. A further benefit of the MJI combustion is the improve­
ment in stability with the combustion stability at this condition improving from 
a CovNMEP of 2.54 % down to 0.85 %. 

For this specification of engine, it was found that a combination of a moderate Miller-
cycle operation in addition to use of the moderate levels of EGR (less than 20 %) gave 
the best compromise between achieving optimum combustion phasing and low pump­
ing work [3]. The addition of EGR was also found to provide a means to control the max­
imum rates of pressure rise, caused by the fast combustion, to within acceptable limits. 
Due to the advanced combustion phasing that was achievable with this hardware 
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combination, the charge cooling benefit of direct injection over PFI only gave a small 
BSFC improvement at the highest loads, justifying its deletion in order to lower the 
costs of the engine. Here, the pre-chamber was specifically developed so that it can be 
used as the sole ignition source under all operating conditions, including cold-start, 
low-load and catalyst heating conditions. This reduces the cost and complexity of the 
system, compared to pre-chamber combustion systems that contain a second conven­
tional sparkplug within the main combustion chamber. Additionally, this also allows the 
pre-chamber to be installed in-place of the conventional sparkplug allowing application 
into existing cylinder head designs without the need for major changes. 

The engine can achieve a peak brake thermal efficiency (BTE) of 40 %, or an indicated 
thermal efficiency (ITE) of 42 % as well as a very wide area of operation with a BTE of 
over 34 %. The peak power output of 110 kW is delivered at 5500 rpm, under stoichio­
metric operation where BTE is still greater than 36 %. The BTE map for this engine 
specification is shown in Figure 4, alongside an image of the complete engine. 

Figure 4. BTE map for 1.5l high-efficiency engine. 

VEHICLE APPLICATIONS 

In this study the 110 kW high-efficiency MJI version of the MAHLE DI3 engine (3, 4) has 
been coupled to the dual-mode hybrid transmission and motor arrangement from the 
MMHP to enable it to support larger vehicles. Two vehicle applications, with quite different 
requirements, have been considered, a 3.5 tonne truck and a large high-performance 
4x4 SUV. The key vehicle parameters for these two vehicles are summarised in Table 3. 

Table 3. Specifications and targets for the two vehicles considered. 

Vehicle Parameter Units Delivery Truck Large 4x4 SUV 

Kerb mass Kg 3500 2300 

Gross vehicle weight Kg 5500 3100 

Frontal area m² 4.9 3.0 

Aero dynamic drag coefficient - 0.47 0.35 

Wheel rolling radius M 0.353 0.395 

Maximum speed km/h 120 240 

Trailer towing capacity Kg N/A 2500 
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The driveline architecture of the MMHP was shown schematically in Figure 2. The 
high-voltage traction motor drives directly to the differential. There is also a high-
voltage, liquid-cooled generator mounted directly on the engine crankshaft, in the 
location of a conventional engine flywheel. The transmission input shaft is also 
directly engaged with the generator. To save cost, weight and package space, 
there is no clutch within the system, as this is not required because the DHE is 
not used for vehicle pull away. The engine is decoupled from the driveline, for 
pure-electric or series-hybrid operation, by selecting neutral in the simple auto­
mated manual transmission unit. 

The transmission design uses cylindrical helical gears to provide a cost optimised 
solution and can be tailored to have 1, 2 or 4 ratios depending upon application 
requirements. The architecture has been designed to enable all variants, irre­
spective of number of ratios, to use common ratios and main transmission 
casing. The ratio options selected for the transmission are summarised in 
Table 4. For the two vehicles considered in this study a common 4-speed trans­
mission was used, but a lower final drive ratio was used for the large delivery 
truck. 

Table 4. MMHP transmission specification. 

Parameter Delivery Truck Large 4x4 SUV 

1st gear ratio 1.48: 1 

2nd gear ratio 1.17: 1 

3rd gear ratio 0.95: 1 

4th gear ratio 0.77: 1 

Traction motor ratio 3.91: 1 

Final drive ratio 6.50: 1 4.14: 1 

The transmission ratios were selected to enable the ICE to be operated in direct drive 
mode over a wide range of vehicle speeds. Figure 5 shows road load curves for both the 
3.5 tonne delivery truck (at gross vehicle weight) and the large 4x4 SUV operating on 
both a level road, a 6 % grade and a 20 % grade. The influence of a 2500 kg trailer on 
the vehicle road load is also shown for the large SUV on both a 6 % and a 20 % grade. 
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Figure 5. Cascade Plots; a) Delivery truck; b) Large 4x4 SUV. 

Figure 5 also shows the continuous tractive force available from the traction motors in 
both vehicles. The delivery truck is powered by a single 135 kW traction motor which 
is integrated into the MMHP. It can be seen from Figure 5a that this is able to provide 
sufficient tractive force to enable the fully laden vehicle to cruise at over 120 km/h on 
a level road and at over 80 km/h on a 6 % grade. To provide the required vehicle per­
formance, and to give full four-wheel drive capability, the large SUV is powered by two 
135 kW traction motors, one of which is integrated into the MMHP, the other is incorp­
orated in an electric axle unit (combined motor, inverter and transmission unit) 
mounted in the rear of the vehicle to drive the rear wheels. With these two electric 
motors the large 4x4 SUV can achieve a 0-100 km/h time of less than 6.0 seconds. It 
can cruise at almost 220 km/h on a level road and almost 200 km/h on a 6% grade. 
Furthermore, the vehicle can tow a 2500 kg trailer on a 20 % grade at 90 km/h and 
over 160 km/h on a 6 % grade. 
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The engine tractive wheel force, for the ICE in each of the four transmission ratios 
listed in Table 4, are also shown in Figure 5. It can be seen from Figure 5a that the ICE 
can charge sustain the fully laden large delivery truck up to its maximum speed on 
a level road in 4th gear and up to 80 km/h on a 6% grade in either 1st or 2nd gear. Like­
wise, from Figure 5b it can be seen that the large 4x4 SUV can charge sustain using 
the ICE at up to 180 km/h in either 2nd or 3rd gear (with 4th as an overdrive ratio to 
enable higher ICE efficiency and better NVH to be achieved at lower vehicle speeds). 
The vehicle can also charge sustain at up to 140 km/h on a 6 % grade. Charge sustain­
ing operation is achieved with the 2500 kg trailer at up to 60 km/h on a 6% grade. 

As discussed previously, the MMHP can operate in three discrete modes, pure electric 
driving, series hybrid and parallel hybrid. In all of the driving modes the traction motor 
provides the power to meet the instantaneous dynamic performance required. As the 
traction motor is connected to the wheels by a fixed gear ratio, there is never any 
torque disruption for gear shifting. When the battery is depleted, but the vehicle speed 
is too low for the engine to operate above 1500 rev/min in 1st gear, the vehicle operates 
in series hybrid mode. Once the vehicle has reached sufficient speed for the ICE to be 
directly coupled to the wheels then the vehicle will operate in parallel hybrid mode. 

Figure 6 shows a simplistic example of how the engine could be operated. When run­
ning, the power output of the engine is modulated as a function of engine speed and 
load. The engine speed will be determined by vehicle speed and the gear ratio 
selected. To illustrate the potential of the MMHP, the fuel efficiency has been analysed 
over the drive cycles summarised in Table 5. 

Figure 6. Operating locus of ICE. 

Both vehicles have been analysed over the NEDC (5) and the WLTP (6) cycles, as 
these are both well known cycles and provide a good frame of reference. Furthermore, 
the WLTP is the current legislative test cycle used for passenger car certification in 
Europe and the NEDC is used as the basis for fleet CO2 limits. The large SUV has also 
been evaluated over the combined Artemis driving-cycle (CADC) (7), which consists of 
an urban, rural and motorway phase in a combined cycle, this has been devised to be 
representative of real driving in Europe and has been shown to compare very well to 
driving metrics observed for large vehicle fleets (8). The delivery vehicle has also been 
analysed over the Artemis Cycles for 3.5 tonne vans, which has 5 separate sections, 
corresponding to slow urban traffic, free-flowing urban traffic, a delivery route, rural 
road and motorway. The relative applicability of each of these cycles to any delivery 
van will depend on the type of use and geographic location over which the vehicle is 
deployed, for this reason these cycles have been analysed and reported separately. 
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Table 5. Summary of drive-cycles considered. 

Drive-cycle 
Duration 

(s) 
Distance 

(km) 

Average 
speed 
(km/h) 

Maximum 
speed 
(km/h) 

NEDC 1180 11.0 33.6 120.0 

WLTP 1800 23.1 46.3 131.3 

Combined Artemis Driving 
Cycle (CADC) 

3143 51.7 59.2 150.4 

Artemis 3.5 Tonne Slow 
Urban 

649 2.2 12.1 57.9 

Artemis 3.5 Tonne Free 
Flow Urban 

467 2.9 22.3 52.5 

Artemis 3,5 Tonne Delivery 546 1.6 10.5 32.3 

Artemis 3.5 Tonne Rural 819 11.5 50.4 86.2 

Artemis 3.5 Tonne 
Motorway 

1280 31.3 88.1 130.4 

To illustrate the potential operation of the MMHP, Figure 7 shows the operation of the 
delivery truck driven over all 5 of the Artemis 3.5 tonne cycles in succession, running 
at GVW, with the MMHP operation based on the operating locus depicted in Figure 6. 
The example shown in Figure 7 is for a case where the vehicle commences the cycle 
with a depleted battery (charge sustaining operation). 

Figure 7. Operation of delivery truck with the MMHP over the Artemis 3.5 
tonne cycles. 

It can be seen from Figure 7 that the engine power output closely follows the vehicle 
speed. The control strategy implemented operates in a purely reactive manner, based 
only on vehicle speed and battery SOC. The results presented in Figure 7 correspond 
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to the delivery truck with a 50 kWh battery, which has been sized to give an EV range 
of between 57 and 90 km (see Table 6). For the initial 60 seconds of the cycle the ICE 
operates at a fixed speed and load condition (1250 rev/min and 6 kW) to enable the 
catalyst to light-off. Previous studies on series hybrid strategies identified that low 
speed and light load operation gave lowest cumulative emissions prior to catalyst 
light-off (9). The operating strategy for the MMHP has been devised to maintain bat­
tery SOC, without charging the battery (as it is most desirable to replenish the battery 
from an off-board electrical source), and it can be seen that in the example shown in 
Figure 7 the battery SOC is readily maintained close to 20 % across the entire 49.5 km 
cycle. 

In the example shown in Figure 7 the ICE is activated depending upon battery 
SOC and the hybrid mode (series or parallel) is determined based on vehicle 
speed. The ICE simply operates along the operating locus shown in Figure 6. 
Some modulation about this operating locus could be used if battery SOC 
departed significantly from the desired value. A more optimised operating strat­
egy could be developed if the speed profile of the route to be driven is known 
a priori from, for example, GPS and traffic information (10). This could also be 
used for geo-fencing to restrict operation of the engine within clean air zones. 

Tables 6 and 7 show the calculated drive cycle fuel consumption figures for the 
delivery truck and large SUV respectively, based on the control strategy outlined 
above. All cycles have been analysed with a continuous 1 kW auxiliary electrical 
load to account for consumption of fans, pumps and electrical control modules. 
The cycles also include 60 seconds of catalyst light-off operation of the engine. 
The calculated electrical range for the cycle has been based on full electrical 
operation (engine off) for the entire cycle. The delivery truck has been analysed 
at gross vehicle weight and the large SUV at kerb weigh +100 kg. Weighted tail­
pipe CO2 is also shown in Tables 6 & 7 and has been calculated using the for­
mula for weighting factor for the NEDC regulation 101 (5), using the correspond­
ing electric driving range for each cycle. The average driving distance between 
recharges (Dav), in equation, is specified in NEDC regulation 101 (5) as 25 km. 
The weighting given by equation 1 yields a similar result to that used for weight­
ing plug-in hybrid consumption for the WLTP cycle. 

M ¼ðDe M1þDav M2Þ=ðDeþDavÞ ð1Þ 

Where: 

M = weighted mass emission of CO2 

M1 = mass emission of CO2 with a fully charged battery 

M2 = mass emission of CO2 with a fully depleted battery 

De = vehicle’s electric range (determined for each drive-cycle) 

Dav = 25 km (assumed average distance between two battery recharges) 

The electric driving range (De) for the delivery truck has been based on a battery pack 
capacity of 50 kWh which enables an EV range (De) of between 57 and 90 km to be 
achieved, depending upon the cycle. The large SUV analysis has been based on 
a battery pack capacity of 25 kWh, which enables it to achieve an EV range of between 
67 and 98 km for the three cycles analysed for this vehicle. 
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Table 6. Calculated drive-cycle consumptions and CO2 emissions for the 
delivery truck at gross vehicle weight with a 50 kWh battery pack. 

Electrical Electric Weighted 
Drive- Fuel Used CO2 Consumption Range CO
cycle (l/100km) (g/km) 2 

(kWh/km) (km) (g/km) 

NEDC 13.26 313 0.48 83.9 72 

WLTP 15.26 361 0.57 70.3 95 

CADC - - - - -

Artemis 20.67 488 0.67 60.0 144 
Slow 
Urban 

Artemis 15.28 361 0.50 80.8 85 
Free 
Flow 
Urban 

Artemis 13.02 308 0.42 94.4 64 
Delivery 

Artemis 12.25 289 0.44 90.2 63 
Rural 

Artemis 17.97 424 0.70 57.1 129 
Tonne 
Motor­
way 

Table 7. Calculated drive-cycle consumptions and CO2 emissions for the 
large SUV at kerb weight +100kg with a 25 kWh battery pack. 

Drive-
cycle 

Fuel 
Used 

(l/100km) 

CO2 

(g/km) 

Electrical 
Consumption 
(kWh/km) 

Electric 
Range 
(km) 

Weighted 
CO2 

(g/km) 

NEDC 6.32 149 0.20 98.5 30 

WLTP 7.12 168 0.24 83.9 39 

CADC 8.70 205 0.30 67.3 56 

BIO-GASOLINE 

As part of the testing program completed on the 1.5 litre high-efficiency engine speci­
fication an assessment was made on the effect of using three different bio-gasoline 
blends as a low-carbon alternative to conventional fossil fuels. The three bio-gasoline 
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blends were provided by Coryton and were all compliant with the EN228 fuel standard. 
The use of these bio-gasoline blends offers the potential for up to 80 % savings in life-
cycle greenhouse gas emissions, based on the European Commission’s Renewable 
Energy Directive (RED II). Table 8 summarises the key properties of the bio-gasoline 
fuels that were assessed against a standard pump grade 95 RON gasoline with a 10 % 
ethanol content. 

Table 8. Comparison of EN228 drop-in bio-gasoline properties. 

Property Baseline 95RON E5 98RON E5 98RON E10 

Total Bio-Content [%] 10 88.8 71.8 73.5 

Alcohol Content [% v/v] 10 5  5  10  

RON 95.0 95.4 97.7 99.0 

MON 85.0 85.2 86.5 85.3 

Net Cal. Value [MJ/kg] 41.14 42 41.9 41.3 

Aromatics Level [% v/v] - 35.5 34.6 24.5 

GHG Savings (RED II) 
(% basis 94.0g CO2e/ 
MJ) 

-
~80 ~65 ~66 

All three bio-gasoline fuels were compared to the baseline fossil based 95 RON gas­
oline over a suite of tests representative of a range of typical engine operating condi­
tions. These tests included operating conditions representative of cold start catalyst 
heating, idle, high residency drive-cycle points, a 3000 rev/min load sweep and 
a high-speed power curve and they also assessed the effects on EGR dilution tolerance 
at the peak efficiency operating point. Figure 8 shows the results of these tests in the 
form of scatter bands generated from the ensemble of all the test points, for the three 
bio-gasolines, as a function power output compared the baseline fossil fuel. At the top 
of Figure 7 the key efficiency and combustion metrics of; brake thermal efficiency, 10 
to 90 % mass fraction burned duration, combustion phasing and combustion stability 
are compared in the four graphs. 
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Figure 8. Comparison of combustion metrics and engine out emissions 
between conventional fossil fuel and bio-gasoline. 
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As was expected, given that all three bio-gasoline blends comply with the EN228 fuel 
standard, the combustion metrics show very similar performance across the whole 
suite of tests. A small improvement in combustion phasing, leading to a corresponding 
improvement in brake thermal efficiency, can be seen with bio-gasoline due to the 
higher RON of two of the fuel samples. A small increase in the 10 to 90 % burn dur­
ations was also identified for all three of the bio-gasoline blends. At the bottom of 
Figure 7, a comparison of raw engine out emissions of total hydrocarbons, NOx, CO, 
and Particulate flow are also presented. Again, the raw engine-out emissions and 
trends were found to be generally comparable between the bio-gasoline blends and 
the baseline fossil fuel. Due to the higher proportion of heavier fuel fractions in the 
bio-gasoline blends engine-out emissions of total hydrocarbons and particulate 
matter are slightly higher at all operating points. At higher engine loads and power 
outputs, the highest levels of NOx emissions were seen with the fossil fuels, however 
at 100 kW it can be seen that the NOx emissions of the different bio-gasoline blends 
fall within the scatter band of the fossil fuel results. The effect of these differences on 
tail-pipe emissions with a fully warm aftertreatment system in expected to be negli­
gible. Further testing is planned to assess this is detail and to also evaluate the distri­
bution of particulate sizing with the different fuels. This study will include the 
evaluation of a 95 RON E10 bio-gasoline and a fuel with 100 % bio-content. 

If the 80% savings in CO2 enabled by use of the bio-gasoline are applied to the charge 
sustaining NEDC tailpipe and weighted NEDC tailpipe figures quoted in Tables 6 and 7, 
the g/km values would be reduced to those shown in Table 9. 

Table 9. Calculated drive-cycle CO2 emissions with 95RON E5 
bio-gasoline. 

Vehicle Parameter Units 
Delivery 
Truck 

Large 4x4 
SUV 

Charge sustaining NEDC tail-pipe CO2 g/km 63 30 

Weighted NEDC tail-pipe CO2 (100 km 
EV range) 

g/km 14 6 

LIFECYCLE AND FLEET AVERAGE CO2 COMPARISONS 

Currently vehicles are assessed on a tailpipe CO2 emissions basis, and not on a total 
life-cycle CO2 equivalent basis. In future the total life-cycle impact of the vehicle may 
come under scrutiny, and it is important (from an environmental as well as legislative 
perspective) that we consider the total life-cycle impact of a vehicle – otherwise it is 
very difficult to compare ICE, PHEV and BEVs on an even basis. Of note with a BEV or 
PHEV is the equivalent CO2 impact of the battery generated during its production. For 
a conventional mid-sized vehicle, the embedded CO2 from production is about 5.6 
tonnes equivalent CO2 (11). For our large 4x4 SUV, scaling by vehicle mass gives an 
embedded CO2, to produce a conventional ICE variant, of 8.7 tonnes. Assuming 
a useful vehicle life of 200,000 km, this gives an embedded vehicle CO2 equivalent to 
43.5 g/km. A comprehensive life-cycle study of the Polestar 2 vehicle (12) suggests 
that 95 g/kWh is a reasonable figure for the embedded CO2 generated in producing 
a battery pack, although it should be noted that this is likely to reduce as the electricity 
grid is decarbonised. The carbon intensity of the electrical grid, used for recharging 
EVs and PHEVs, varies significantly from country to country. For this simplified analysis 
a grid CO2 intensity of 275 g/kWh has been used, which represents the EU average for 
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2019 (13). Again, it should be noted that this will reduce over the vehicle lifetime as 
the grid generating mix becomes increasingly supplied from renewable sources. Add­
itionally, the marginal grid carbon intensity, which is arguably more applicable to the 
recharging of electric vehicles, is also likely to be lower than this figure. 

The large 4x4 SUV using the 1.5 litre engine alone can achieve ~153 g/km CO2 emissions 
over the NEDC (although it would not be able to meet the vehicle performance targets 
with just this engine). If we accept that the tail-pipe weighting factor for UN/ECE Regula­
tion 101 (5) produces an appropriate weighting for PHEVs based on typical usage pro­
files, it can be estimated how the tail-pipe CO2 of a PHEV varies with electric driving 
range, as shown in Figure 9, where it can be seen to vary from 153 g/km at zero electric 
range and drop to 14 g/km for a 250 km electric driving range. 

We can also calculate the well to tank contribution of the fuel used by the vehicle as 
a function of electric driving range; again, this is shown in Figure 9. Additionally, we 
can compute the electrical energy required by the vehicle as the electric driving range 
increases, based on the inverse of the weighting factor of NEDC regulation 101 (5). 
We can then convert this into an equivalent CO2 based on the electricity grid carbon 
intensity; again, shown in Figure 9. By assuming that the battery pack embedded CO2 

is simply supplemental to the embedded CO2 from the conventional vehicle construc­
tion (assuming any addition for electric machines is offset by a reduction in ICE 
requirement), we can then consider the life-cycle CO2 burden of vehicle production, as 
shown in Figure 9 where it increases from 43.5 g/km at zero electric driving range to 
77 g/km for a 250 km electric driving range, again based on a 200,000 km vehicle life. 

Figure 9. High performance SUV life-cycle analysis. 

If we sum all of these contributions, we get a curve that shows the life cycle CO2 for 
a PHEV for varying electric driving range, again this is shown in Figure 9. Interestingly, 
the life cycle CO2 for the PHEV exhibits a minimum for an electric driving range of 
around 100 km. For comparison life cycle CO2 values, for BEVs with three differing 
driving range capabilities, based on the same assumptions outlined for the PHEV, are 
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also shown in Figure 9. From this analysis the PHEV, with a 100 km electric driving 
range results in a very similar life cycle CO2 to a BEV with a ~300 km driving range. As 
the BEV driving range is increased the embedded CO2 in the battery pack increases 
the vehicle life cycle CO2 proportionally. Therefore, based on these simplistic assump­
tions, for most users (dependent on local electricity grid carbon intensity), a PHEV 
with a 100 km range represents a good solution for minimising environmental impact. 

The influence of using a fully bio-gasoline (95 RON E5 in Table 8) upon the life cycle 
CO2 for the large 4x4 SUV is also shown in Figure 9. In this case the analysis that was 
used to calculate the combined PHEV life cycle CO2 has been used, but in this case the 
contribution of the tail-pipe weighted CO2 has been reduced by 80 %, to account for 
the GHG savings offered by the bio-gasoline. With this fuel the combined life cycle CO2 

for the vehicle is lowest at zero electric driving range (i.e., with no plug-in hybridisa­
tion). However, the PHEV system has the benefit of enabling zero tail-pipe emissions 
during use when operating using battery electric power, which is the preferable option 
for use in densely populated areas. Additionally, depending upon the proportion of bio­
mass in the fuel mix used to operate the vehicle during its lifetime, the actual life cycle 
CO2 impact will sit somewhere in the shaded region of Figure 9, between the conven­
tional gasoline and fully bio-gasoline life cycle CO2 lines. 

CONCLUSIONS 

The MAHLE Modular Hybrid Powertrain (MMHP) has been based around a high-voltage 
PHEV architecture, with a dedicated hybrid internal combustion engine (DHE) inte­
grated with a dual-mode hybrid electric drive, featuring two electric machines. The 
traction motor provides full vehicle dynamic performance and vehicle maximum speed 
without assistance from the DHE. This enables improved emissions and reduced after 
treatment complexity. Additionally, the direct drive arrangement enables seamless 
torque delivery, enabling the use of a simple automated manual transmission. 

In this study the MMHP concept has been combined with MAHLE’s 1.5 litre high-
efficiency demonstrator engine to enable the concept to be applied to even larger 
vehicles. The engine features the MAHLE Jet Ignition (MJI) pre-chamber system, 
which produces jets of partially combusted species that induce ignition in the main 
combustion chamber enabling rapid, stable combustion. The system has been devel­
oped to operate over the entire engine range without the requirement for a second 
igniter. This has been combined with a high geometric compression ratio, Miller cycle 
operation and exhaust gas recirculation to produce an engine that achieves a peak 
brake thermal efficiency of over 40 %, whilst also achieving a peak power output of 
110 kW under stoichiometric operation. Testing on this engine has also been per­
formed to confirm the suitability of using bio-gasoline blends that are EN228 compat­
ible as a drop-in replacement for conventional fossil based 95RON E10. Use of the bio­
gasolines tested offers the potential for an 80 % reduction in green-house gases 
(based on RED II guidelines) compared to fossil-based fuels and showed no significant 
effect on key combustion metrics and raw engine out emissions. 

The study has shown how this combination of the MMHP and the 1.5 litre high-
efficiency engine could be applied to meet the needs of both a large high-performance 
SUV, using two 135 kW traction motors to provide four-wheel drive capability, and 
a large delivery truck with a single integrated 135 kW traction motor. Through use of 
a 25 kWh battery pack for the large SUV and a 50 kWh battery pack for the delivery 
truck, both would be capable of around 60 to 100 km pure electric driving range, 
depending upon usage. For the SUV this is sufficient to cover most typical urban daily 
usage without the need to recharge and coincident with the minimum combined PHEV 
life cycle CO2 for the SUV. 
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Based on these proposed configurations, the large delivery truck has the potential to 
achieve a weighted tail-pipe CO2 emissions value of between 63 to 144 g/km, depend­
ing upon the usage cycle. These calculations have been conducted using a measured 
BSFC map from the demonstrator engine. These figures could be reduced further 
through use of bio-gasoline (based on RED II GHG savings). For the high performance 
4x4 SUV the proposed powertrain configuration has the potential to achieve weighted 
vehicle fuel consumption of 1.3 litres/100 km over the NEDC. This equates to 
a weighted tail pipe CO2 value of 30 g/km with conventional fuels, that could be 
reduced to 6 g/km through use of bio-gasoline over the NEDC cycle, whist still offering 
the performance and towing capability expected from this class of vehicle. 

Vehicle manufacturers are facing increasing pressure by legislation and economics to 
reduce vehicle emissions and deliver improved fuel economy. MAHLE Powertrain have 
proposed a possible hybrid technology pathway for such powertrains that offers 
a balanced use of battery and fuel resources to minimise life-cycle CO2 emissions 
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ABSTRACT 

During the last decade internal combustion engines have become deemed to be one of 
the main cause of pollution. As a consequence, governments and policy makers are 
strongly pushing towards electric technologies and in particular battery electric vehicles 
(BEVs), despite the huge efforts of scientists and researchers in designing cleaner and 
more efficient hybrid powertrains employing both electric motors and thermal 
machines. Hybrid electric vehicles (HEVs) have demonstrated capability of delivering 
low emissions while reducing costs compared to the BEVs. This work is focussed on the 
study of a series hybrid vehicle (also commonly called a Range Extended Electric 
Vehicle – REEV) equipped with a range extender running on hydrogen fuel. The study 
has been conducted mainly at a numerical level by simulating the performance of the 
commercial BMW i3 over the common NEDC and WLTP drive cycles and then comparing 
the results with the original powertrain in terms of energy, fuel consumption and emis­
sions. All the modelling activities and optimisations have been carried out using the 
commercial software GT-Suite by Gamma Technologies. 

The vehicle model has been validated against the experimental data provided in litera­
ture and other previous works from the authors, while the internal combustion engine 
model setup relies on experimental data coming from a previous project carried out at 
Argonne National Laboratory. Interestingly, the present study also takes into account 
the different fuel storage system employed for the hydrogen, characterized by a high 
ratio between its total weight and the weight of fuel contained. In that respect an evalu­
ation of the differences in weight and tank volume, performance and energy consump­
tion of both the original and the hydrogen vehicles have been carried out. 

Finally, the simulations demonstrate that the increased weight due to the different fuel 
storage system does not heavily affect the performance and the energy consumption of 
the entire vehicle. In addition the improved results in terms of fuel consumption estab­
lish that hydrogen internal combustion engines, with their higher efficiency (higher than 
44%), are a viable solution for range extender applications while giving the opportunity 
of a thorough optimisation on the choice of the battery size in order to maximise range 
and minimise weight and cost while maintaining the desired driveability. 
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1 INTRODUCTION 

The automotive sector and the technology of personal transportation are in 
a state of flux. The levels of change and uncertainty are at their highest for 
a century and the established, 20th century conventions of propulsion are being 
challenged. In a world after the Paris Climate Agreement in 2015 [1], many gov­
ernments have introduced more and more stringent regulations on tailpipe emis­
sions from road vehicles. In particular, the reduction of CO2 emissions, and by 
analogy fuel consumption, has been targeted in order to reduce the impact of the 
transportation sector on greenhouse gases and global warming. The EU, US and 
China each have sets of regulations that between them cover a significant portion 
of the global vehicle market, and for the purposes of this paper we shall focus on 
how the development of EU emissions regulations is influencing propulsion 
technology. 

The over-arching trend resulting from the tightening of emissions regulations for 
road transport, both with respect to greenhouse gas and harmful pollutant emis­
sions, is towards electrification of powertrains. Many Western governments have 
committed to roadmaps for the removal from sale of vehicles propelled purely 
by internal combustion within the next two  decades  [2]. However, pure battery  
electric vehicles (BEVs) still present a number of widely discussed practical and 
environmental challenges. One of the most pertinent questions surrounds readi­
ness for en masse domestic charging of EVs, and although certain countries with 
access to renewables and relatively small populations, such as Sweden, Den­
mark or Norway, are well placed to switch to relatively clean charging, larger 
countries, more reliant on conventional power generation, such as Germany and 
the UK, currently lack the infrastructure to support a behavioural switch to BEVs 
[3, 4]. In recent years, automotive OEMs have been guided by a requirement for 
the European fleet average CO2 production to be reduced 15% from 2021 to 
2025, and 37.5% from the same baseline by 2030; this also has the assumption 
that the 95g/km fleet average target for new vehicles is met in 2021. However, 
in July 2021 the European Commission approved the Green Deal adopting a set 
of proposals relating to climate change, energy, environment and industry for 
reducing CO2 emissions by at least 55% by 2030 [5]. Specifically the Green Deal 
set the objectives to reduce by 55% the CO2 emissions from cars by 2030, by 
50% those from vans by the same year and finally achieve zero emissions from 
new cars by 2035 [6]. Obviously, the adoption of internal combustion engines 
fuelled by hydrogen is in line with all the aforementioned Green Deal objectives, 
given that H2 ICEs produce zero tailpipe CO2 emissions and contribute in redu­
cing the average CO2 emissions of the entire vehicle fleet. A scenario  based  on  
the adoption of pure H2 ICE cars instead of the current battery technology may 
even give a net benefit if the H2 is produced by green energy (Green Hydrogen). 

There are already many forms of partially-electrified vehicle powertrain, and since 
the turn of the millennium, the most commonplace types have been variations on 
a parallel hybrid architecture. These are constrained by the direct coupling of the 
ICE to the transmission to harness maximum system power, and thus require the 
ICE to still be designed for some level of dynamic performance to retain drivabil­
ity. To move from this state of affairs, to something closer to a pure BEV, the nat­
ural solution is the Range Extender (REx) or plug-in series hybrid vehicle. In this 
topology, the ICE and associated hardware can be significantly downsized and 
optimised for a relatively small operating range, as it will never need to answer 
the transient demands of an electric final drive directly. In this paper, we seek to 
examine a variety of potential range extender technologies, including hydrogen 
combustion, by benchmarking against one of the few currently available series 
hybrid vehicles, the BMW i3. 
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Compared to the preceding methodology used in Europe, the Worldwide harmon­
ized Light vehicles Test Cycle (WLTC) presents a more dynamic and aggressive 
test cycle and it has been designed to adhere more to real driving conditions and 
provide more accurate fuel consumption and emissions. There are four different 
variants of the WLTC based on the vehicle Power-to-Mass Ratio (PMR) and top 
speed. An example is reported in the figure below for vehicles with maximum 
speed higher than 120km/h. 

Figure 1. WLTC test cycle [7]. 

The Worldwide harmonized Light vehicles Test Protocol (WLTP) testing protocol for 
plug-in HEVs, including REEVs, is arranged to bias strongly in favour of those vehicles 
with a longer electric range. The vehicles are first tested with the battery at the max­
imum allowable SOC (Test cycle n-1 in Figure 2), and they are then run on repeated 
cycles (n, n+1. . .) until the minimum allowable state of charge (SOC) is reached, 
before then being tested in ‘charge sustaining’ operation. This is defined as when the 
net energy change in the battery is less than 4% of the energy measured at the 
wheels over a cycle and is illustrated in cycle n+1 in Figure 2. 

Figure 2. WLTP for HEVs (modified from [7]). 

356 



  

Practically this means that the vehicles are run as EVs until the system uses the REx to 
maintain some kind of charge-sustaining regime. It is accepted that specific driving 
events may cause the ICE to fire earlier on in the testing in order to boost system 
power output. Once charge sustaining operation is reached, at least one more whole 
cycle must be run to confirm charge sustaining fuel economy. 

Utility Factor 

For the WLTP, the range and charge depleting and charge sustaining fuel economy 
values are combined to arrive at the quoted fuel consumption. The weighted fuel con­
sumption C in l/100km is: 

C ¼ UF C1 þ ð1 f UFÞ C2 ð1Þ 

where: 

C = weighted fuel consumption [l/100km] 

C1 = fuel consumption [l/100] in Charge Depleting (CD) mode 

C2 = fuel consumption [l/100] in Charge Sustaining (CS) mode 

UF = Utility Factor as a function of the electric range RCDC, defined as the distance 
driven up to and including the transition cycle. The Utility factor is illustrated in 
Figure 3 below. 

Figure 3. Plot of the utility factor for both NEDC and WLTP [7]. 

The testing procedure also seeks to determine the electrical charge energy used, so as 
to quote an energy consumption in Wh/km. The recharge energy is determined by 
fully recharging the vehicle after no more than 120 minutes after the end of the final 
charge sustaining cycle. This value EAC is converted into a quoted energy consumption 
simply by dividing by equivalent all-electric range (EAER). 

EACEC ¼ ð2Þ 
EAER 

The EAER is determined by subtracting the distance driven with the combustion 
engine in operation from the total distance up to and including the transition cycle 
(cycle n). This is calculated using the CO2 emissions as per equation 3. 
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MCO2 ;CS f MCO2 ;CD;avgEAER ¼ x RCDC ð3Þ 

MCO2 ;CS

where: 

RCDC = the charge depleting range up to and including the transition cycle, 

MCO2 ;CS = charge sustaining CO2 emissions in g/km. 

MCO2 ;CD;avg = average charge depleting CO2 emissions in g/km. 

The control strategy and optimisation of REEV powertrains is more simple than that 
for other classes of hybrid and electrified powertrain, because the ICE or other REx 
component is fully decoupled from the final drive. There is a partial exception to this 
rule which leads to the documented loss of performance for REEV vehicles in charge 
sustaining mode [8], where there is insufficient battery energy available to safely 
operate the electric drive components at full power and the REx is required to supple­
ment the available electrical power. Nonetheless a body of work exists proposing both 
online and offline methods of achieving close to optimal control. 

It is widely recognised that one of the key benefits of a REEV architecture is that it is 
possible to operate an ICE at steady-state, optimal, operating points. Barsali et al. [9] 
and Konev et al. [10] both proposed power management control algorithms reflecting 
this. Jalil et al. [11], Mohammadian and Bathahee [12] and Yoo et al. [13] both pro­
posed a strict on-off logic for a series hybrid electric vehicle (SHEV) that has been 
termed ‘thermostat-like’ by researchers, whilst the latter included multiple energy 
storage devices in their approach. Several extensions of this approach into the domain 
of fuzzy-logic controllers exist, and there are examples of them being applied effect­
ively to powertrains with multiple electrical power sources, including fuel cell hybrids 
[14, 15]. Researchers including Li et al. [16, 17] have used state-machine control 
architectures to achieve rule-based control of fuel cell (series) hybrid transport sys­
tems. Another technique employed in series hybrid powertrains with multiple power 
sources is power-following; as we have already seen from the literature and the basic 
properties of most types of fuel conversion system including ICEs and FCs, there is 
a strong motivation to decouple the following behaviour and reduce the frequency of 
transient events. To this end, Kim et al. [18] applied a power-following technique to 
the thermostat-like control of the REx whilst Gao et al. [19] directly compared the 
two. Meanwhile, in a rather more advanced strategy, Di Cairano et al. applied 
a smoothed power-follower to MPC control of a series HEV [20]. Similar to the 
approach of power-following and power-smoothing, Kim et al. [21] applied 
a frequency-based power management strategy to a SHEV and Alloui et al. [22] 
applied frequency separation to the control of a FC vehicle. 

The most commonplace online form of controller for parallel HEVs is based on the 
Equivalent Consumption Minimisation Strategy (ECMS), introduced as the concept of 
‘Equivalent Fuel Consumption’ by Kim et al. [M ref 14] and fully developed by Paganelli 
et al. [23] . Serrao et al. [24] demonstrated that ECMS was an online realisation of 
Pontryagin’s Minimum Principle for optimisation. Although less commonplace, ECMS 
also has a relevance for the on-line control of series-HEVs as demonstrated by Pisu 
and Rizzoni [25] and Sezer et al. [26]; Geng et al. [27] used ECMS for energy man­
agement of a gas turbine SHEV, and there have been many applications of ECMS to FC 
vehicles, with varying degrees of complexity including García et al. [28], Hemi et al. 
[29], Fu et al. [30], Rodatz et al. [31] and Li et al. [32]. 

All of the literature referred to thus far deals with the direct, online control of a REEV or 
SHEV, which is the main focus of this research. However, it is important to briefly men­
tion the main techniques used for off-line optimisation of energy management 
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strategies (EMS). In this context, computational overhead is less onerous, and some 
of the methods introduced will be of relevance for the reader to understand the auto­
mated optimisation process used in the present work. 

Generally, Dynamic Programming (DP) [33, 34], with its basis in Bellman’s Principle  of  
Optimality is regarded as the gold standard for determining the optimal control strategy 
for complex systems. It has been applied to many hybrid electric vehicle control prob­
lems, including the optimisation of SHEV energy management by Brahma et al. [35], 
Pérez et al. [36] and Peng et al. [37]. Dynamic programming, like most of the optimisa­
tion methods reserved for off-line use is computationally very intensive. Other methods 
that have been used offline include Convex Optimisation [38], Simulated Annealing 
[39, 40], Support Vector machines [41] and strategies derived directly from Pontrya­
gin’s Minimum Principle, [42]. In recent years, as high power computation has 
increased in accessibility, the use of Evolutionary Algorithms (EAs, of which a good 
overview is given in [43]), Genetic Algorithms (GAs) [44] and Particle Swarm Optimisa­
tion (PSO) [45], has gained traction for solving complex optimisation problems. These 
are more efficient than a brute-force Monte Carlo approach and are able to work in 
multi-dimensional search spaces with many optimisation parameters. An automated 
GA is built into the GT-Suite optimisation tool, GT-IDO, and this was used to fine-tune 
parameters for the optimisation of the different RExs studied in this research. 

The typology and technology of internal combustion engines used for range extender 
applications is of foremost importance for the power and emissions performance of 
hybrid electric vehicles. Ideally, a range extender should be lightweight, powerful and 
able to operate at high efficiency in a reasonable range of power [46]. Apart from the 
well established and reliable 4-stroke technology, a huge amount of research has been 
carrying out on different engine solutions by several research groups. Interestingly, 
amongst the different internal combustion engines, the rotary Wankel engine has 
been demonstrated to have high potential for range extender applications fulfilling the 
aforementioned requirements of advantageous power to weight ratio [47, 48] 
together with advanced control strategies for efficiency enhancement and emissions 
reductions [49] [50] or particular configurations for energy recovery [51, 52]. Alter­
natively, the opposed piston technology also proved to be a valid solution with its 
impressive efficiency due to the favourable configuration of the combustion chambers 
reducing heat loss and the high compression ratio [53]. 

THE METHODOLOGY AND THE MODEL DESCRIPTION 

In order to examine the most effective future range extender technology, 
a simulation-based approach was taken. A vehicle model was based closely around 
the BMW i3 94Ah REx vehicle, which is one of a handful of currently available series 
hybrid REEV cars and has been the subject of examination by Argonne National 
Laboratory (ANL) [54], who have produced a publicly available dataset allowing for 
straightforward validation of a model and the examination of baseline control strat­
egies. To effect a fair comparison of the different Range Extender units (REx) under 
consideration, the remainder of the powertrain, as described in subsequent sections, 
is kept very close to the BMW i3 baseline. 

The entire powertrain and vehicle model was implemented in GT power, and the REx 
models were based on available data either from the literature or from prior experi­
mental work by the authors. The comparison of RExs is based around the way in which 
hybrid vehicles are tested for emissions in Europe. Referring back to the discussion 
around Figure 3, we note that there is a significant reduction in homologated CO2 

output from increased electric range, and the regulations are formulated around the 
assumption that vehicles will operate in a ‘charge depleting’ fashion until it is no 
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longer viable and then switch to a ‘charge sustaining’ mode. In order to compare 
RExs, it is assumed that the ‘charge depleting’ regime is exactly equivalent between 
the different proposed vehicle configurations and therefore only the ‘charge sustain­
ing’ performance of the vehicle will be examined. As per the regulations, the duty 
cycle used to determine vehicle performance is the WLTC, while the validation was car­
ried out using the duty cycles created by ANL for their dynamometer tests. 

The different RExs are compared using several strategies. The first makes the 
assumption that the most efficient way to operate the REx is to run the ICE at its 
minimum BSFC operating point in order to generate the energy required for 
a charge-sustaining duty cycle, and then operate as an EV drawing down on this 
energy. This type of strategy, of course, requires a priori knowledge of the duty 
cycle that needs to be driven once the battery is sufficiently depleted to enter 
‘charge sustaining’ mode. Given that in the real world, the operating strategy 
cannot depend on a priori knowledge, an operating strategy was devised for the 
REx based on instantaneous power demand and optimised for each REx under 
examination using a variety of tuneable parameters. 

2.1 The vehicle and engine model 

In addition to the ANL downloadable dynamometer database values, other public 
domain data, reported in Table 1, were used in the modelling work [55, 56]. Despite 
the fact that most of the data reported in Table 1 are related to the New European 
Drive Cycle (NEDC), the numerical models were validated against different drive 
cycles, most of them more representative of real driving conditions, and thus of the 
real fuel consumption and emissions, such as the WLTC.

The engine and vehicle models were 
developed in the commercially 
available GT-Suite and GT-Power 
software produced by Gamma Tech­
nologies [57, 58]. The initial model 
was inherited from previous 
research work carried out at the 
Institute for Advanced Automotive 
Propulsion Systems (IAAPS) at the 
University of Bath, using the BMW 
i3 as a reference vehicle [59]. The 
modelling activities carried out for 
that work took into account the 
entire vehicle system (including the 
wheels, suspensions, chassis, etc.) 
and included the range extender, 
the electric machine and the battery 
pack. The layout of the aforemen­
tioned model is reported in Figure 4. 

For the current work many new 
features have been introduced in 
order to validate the model against 
the ANL data. Firstly, all the most 
relevant parameters related to the 
mass of the vehicle, the frontal 
area, the drag coefficient Cd and 
the tires were analysed for the 
evaluation of the total resistance 

 

Table 1. BMW i3 technical data from 
[55, 56]. 

Technical Data 

Electric motor and Range Extender 

Electric motor maximum 125 kW 
power 

Range extender 647 cc 
displacement 

Range extender maximum 28 kW 
power 

Fuel tank 9 litres 

Electric Range 

NEDC 239.79 km 

Real 168.98 km 

Fuel consumption and CO2 emissions 

NEDC 0.49 liters/ 
100km 

NEDC CO2 14 g/km 

WLTP CO2 5 g/km 

(Continued ) 
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Table 1. (Continued ) 

Technical Data 

Electric motor and Range Extender 

NEDC empty battery fuel 
consumption 

5.32 litres/ 
100km 

NEDC CO2 empty battery 124 g/km 

Real empty battery fuel 
consumption 

6.89 litres/ 
100km 

Real CO2 empty battery 162 g/km 

NEDC Fuel range 170.59 km 

Real fuel range 130.36 km 

applied to the vehicle in static and 
dynamic conditions. Furthermore, 
the ANL experimental work used 
specific coastdown coefficients to 
emulate the road load by means 
of the formula: 

Fr ¼ a þ bV þ cV2 ð4Þ 

where: 

Fr = Road load resistance [N] 

a, b, c = Coastdown coefficients 
[N], [N/ m/s] and [N/ m2/s2] 
respectively 

V = Vehicle speed [m/s] 

The coefficients used by ANL were slightly different from the ones reported on the exten­
sive United States Environmental Protection Agency (EPA) database. In the current work 
yet different ones were used to reach a good validation with the ANL experimental data. 
All of the above-mentioned coastdown coefficients are reported in the Table 2. The differ­
ences are likely to result from subtleties of modelling techniques used for 
rolling resistance and aerodynamic effects in the different modelling software employed 
by the research teams. 

Figure 4. BMW I3 Complete model layout, from [59].
 

Table 2. Coastdown coefficients used in the different research works [54 60].
 

a [N] b [N/m/s] c [N/m2/s2] 

EPA 134.781 2.992 0.402 

ANL 105.943 6.426 0.264 

Current work 105.42 3.443 0.373 
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In addition, the numerical model for the current work was mainly developed for fuel 
consumption and emissions optimisations. As a consequence all the aforementioned 
and redundant details regarding the suspension, vehicle body, etc. were compiled into 
a single power demand in order to reduce the variables analysed by the internal GT-
Suite optimiser and thus speed up the simulations. The reduced model structure is 
reported in the left hand side of Figure 4, with the electrical system traction power 
demand implemented as a lookup table in the BMS model. 

While the data for the REx and the electric machines were relatively easy to find in the 
literature or to estimate, work on the REx strategy was carried out to match the 
experimental results from the ANL work. The strategy elaborated was then imple­
mented in the “Supervisory control” block in Figure 4. Validation against the ANL 
experimental data was carried out using a Charge Sustaining (CS) and Charge Deplet­
ing (CD) drive cycle, reported in Figure 5 and Figure 6. A comparison of electrical flows 
and ICE speed between the ANL data and the simulated control strategy is given in 
Figure 7 and Figure 8. As is possible to appreciate there are some detail differences, as 
may be expected without access to the actual BMW i3 controllers, but as may be seen, 
the overall trends validate closely with the data. 

Figure 5. Argonne national labora­
tory BMW i3 Charge Sustaining (CS) 

drive cycle. 

Figure 6. Argonne national labora­
tory Charge Depleting (CD) drive 

cycle. 

Figure 7. Comparative results for BMW i3 model over ANL Charge Depleting
 
Duty Cycle.
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Figure 8. Comparative results for BMW i3 model over ANL Charge Sustaining 
Duty Cycle. 

Since this work focussed on the comparison of different REx technologies including an 
hydrogen engine, some further considerations on the effects of a completely different 
fuel storage system need to be reported when considering the hydrogen solution. The 
storage of hydrogen at high pressure and low temperatures requires large and heavy 
tanks. Neglecting the consequences of a larger tank volume at this stage, the effects 
of the larger vehicle mass need to be considered for a correct evaluation of the instant­
aneous power demand and total energy consumed by the vehicle. BMW faced that 
issue already with its Hydrogen 7 model and the declared data [61] on that storage 
system were used to inform the computations in this work. 

In the literature related to the 
BMW Hydrogen 7 vehicle it is 
reported that the percentage 
in weight of the stored hydro­
gen (8kg) is the 3.2% of the 
total storage system (250 kg). 
Given that hydrogen has 
nearly three times the lower 
heating value (LHV) of gas­
oline (120 MJ/kg and 43 MJ/kg 
respectively), and taking into 
account the same amount 
of energy stored in the i3 
for a fair comparison, it is 
assumed that 2.5 kg of hydro­
gen should be stored on the i3 
equipped with the hydrogen 
engine (instead of ~7.5 kg of 
gasoline). Using the same 
ratio between fuel and storage 
system weight the hypothet­
ical i3 H2 storage system 
weight is 78.125kg for a total 
weight (fuel and storage 
ervative estimate, i.e. a more 
expected to be lighter than this; 
onsideration of the increase in 
n tank system. 

         
modern 700 bar pressurized storage system would be 
the value given dies, however, allow for a practical c
mass due to having to accommodate an actual hydroge

system) of ~80kg. This is considered to be a cons
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Figure 9. WLTC Drive cycle and its power 
demand for two different curb masses and 

the resulting difference. 



The change in mass affects the instantaneous power required by the vehicle during 
the drive cycle. Consequently, a new power demand look-up was computed and imple­
mented in the simulation environment. This was computed as before including the 
inertial forces due to the curb mass and for two curb mass values of 1567.72kg and 
1647.72kg for the baseline and H2-ICE REx respectively. 

The results of the effects of the weight on the WLTC drive cycle are reported in 
Figure 9. Given that the difference in power is very small (in the order of 1kW) and the 
curves overlap, a diagram directly plotting the difference is reported in the same 
figure. The greatest differences are during periods of high acceleration in the drive 
cycles due to the greater inertia of the hydrogen powered vehicle. 

In the current work two different 4-stroke solutions were implemented in the validated 
simulation model and the results compared subsequently. Instead of the original BMW 
engine, a 4-stroke 2-cylinder Mahle “Dedicated Hybrid Internal Combustion Engine” 
(DHICE) [62] and a hydrogen 4-stroke single cylinder H2-ICE tested at Argonne 
National Laboratory [63]. A summary of the most important engines characteristics 
are reported in Table 3. 

Table 3. Mahle DHICE and argonne national laboratory H2-ICE engines 
characteristics. 

Mahle DHICE ANL H2-ICE 

Type 4-Stroke 4-Stroke 

Number of cylinders [/] 2 1 

Bore [mm] 83 83 

Stroke [mm] 92.4 105.8 

Displacement [cc] 1000 660 

Compression Ratio [/] Not Disclosed 12.9:1 

Maximum torque [Nm] 143@2500 rpm 75@3000 rpm 

Maximum power [kW] 60@4000 rpm 23.6@3000 rpm 

Peak brake thermal 
efficiency [/] 

40% 45.5% 

Minimum operating 
speed [rpm] 

500 350 

Engine inertia [kgm2] 0.04 
(similar to the original 
BMW engine) 

0.02 
(half the inertia of the ori­
ginal engine) 

In order to give a thorough insight on the inputted models, it is worth reporting 
here the power and torque curves together with the brake specific fuel consump­
tion (BSFC), brake mean effective pressure (BMEP) and friction mean effective 
pressure (FMEP) (where available or otherwise estimated) for both of the 
engines. 

364 



Figure 10. MAHLE DHICE torque and 
power curves. Figure 11. Mahle DHICE estimated 

FMEP [bar]. 

The power and torque curves for the Mahle engine are reported in Figure 10. As can be 
appreciated it produces a constant and maximum torque from 2500 rpm. This is also 
reflected in the BMEP map with an extended range at the maximum value of 18bar 
(see Figure 12). More importantly, the engine presents a large operating range at high 
efficiency with its peak at 3000rpm and 13bar BMEP as reported in Figure 12. 

Figure 12. Mahle DHICE BMEP [bar] 
at different speeds and loads. 

Figure 13. Mahle DHICE BSFC [g/ 
kWhr] at different speeds and loads. 

For the FMEP some assumptions had to be made since no data were presented in the 
literature from Mahle. It was assumed that the FMEP was equal to that of a similar 
engine (both in terms of displacement and configuration, 4-stroke 2-cylinder inline) 
tested at the University of Bath. The other assumption was that the FMEP was the 
same at all the loads thus reducing the map to a single curve as reported in Figure 11. 

Conversely, the ANL H2-ICE engine presented peculiar curves of torque and power as 
represented in Figure 14. Given the monotonic trend of the aforementioned curves, it 
seems that the engine was limited to run up to 3000rpm while being able to run faster 
than the maximum speed presented in the plot. Regardless of this, for an engine 
employed as a range extender it is more important that it is able to deliver the desired 
power at the maximum efficiency possible. The ANL H2-ICE was capable of achieving 
a maximum efficiency of 45.5% at 2000 rpm and maximum load, with BSFC lower 
than 70g/kWhr (considering the LHV of the hydrogen of 120MJ/kg) as reported in 
Figure 17. Unlike the Mahle engine literature, ANL reported the FMEP map for their H2­
ICE at different speeds and loads as represented in Figure 15. Finally, all the above 
reported maps were implemented in the Mean Value Engine Model (MVEM) block in 
the GT-Power model. 
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Figure 14. ANL H2-ICE torque and 
power curves. 

Figure 15. ANL H2-ICE FMEP [bar]. 

Figure 16. ANL H2-ICE BMEP [bar] at 
different speeds and loads. 

Figure 17. ANL H2-ICE BSFC [g/kWhr] 
at different speeds and loads. 

2.2 The range extender and battery management system model 
The other elements of the powertrain are modelled based on the BMW i3 baseline 
vehicle, but some modifications are made for each REx to ensure that the generator 
machine and battery charge/discharge power remain rightsized for that ICE. The bat­
tery sub-model emulates the behaviour of the battery system subject to the fluxes of 
electrical energy and taking into account different important parameters such as the 
SOC, the geometry of the cells, the internal resistance, the open-circuit voltage, the 
thermal behaviour and all their inter-dependencies. 

2.3 REx control strategy 
Two control strategies were employed to compare the performance of the RExs. One 
of these simply involved examining the fuel and CO2 cost (where applicable) of gener­
ating the necessary electrical energy to drive the duty cycle at the best-BSFC operat­
ing point, with some heuristics included for catalyst light-off and coolant and lubricant 
warm-up. The other was a time variant energy management strategy, dependent on 
instantaneous power demand and current SOC was implemented to provide a more 
realistic operating regime. This strategy is designed to maintain SOC between pre­
defined bounds (13.5% and 16.5% in this particular case), and once again includes 
some modelling of a catalyst light-off and warm-up procedure which is normalised 
across the RExs under consideration. The strategy is described in Table 4. 
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Table 4. REx hybrid rule-based strategy. 

SOC<Lower Threshold 

Lower Threshold < SOC < 

Upper Threshold Upper Threshold < SOC 

REx 

Warmup 

Incomplete 

REx 

Warmup 

Complete 

REx 

Warmup 

Incomplete 

REx 

Warmup 

Complete 

REx 

Warmup 

Incomplete 

REx 

Warmup 

Complete 

Condi­

tioned 

P demand 

< Low 

Power 

Threshold 

Light-off 

/Warmup 

setpoint 

REx 

demand 

== Low 

Power 

Light-off 

/Warmup 

setpoint 

REx 

demand == 

Low Power 

Light-off 

/Warmup 

setpoint 

ICE Off 

Low Power 

Threshold 

< Condi­

tioned 

P demand 

< High 

Power 

Threshold 

Light-off 

/Warmup 

setpoint 

REx 

demand 

== Condi­

tioned 

Power 

Light-off 

/Warmup 

setpoint 

REx 

demand == 

Conditioned 

Power 

Light-off 

/Warmup 

setpoint 

ICE Off 

High 

Power 

Threshold 

> Condi­

tioned 

P demand 

Light-off 

/Warmup 

setpoint 

REx 

demand 

== High 

Power 

Light-off 

/Warmup 

setpoint 

REx 

demand == 

High Power 

Light-off 

/Warmup 

setpoint 

ICE Off 

The warm-up routine consists of two stages, one at lower power to achieve catalyst 
light-off from cold, and one at higher power to rapidly warm coolant and lubricant in 
the ICE. The setpoints for this operation are selected as the best BSFC point for the 
higher power operation and the point on the best BSFC curve representing approxi­
mately 1/3 of that power for the light-off operation. Each of these setpoints is run for 
45 seconds; under the current EU6 regulations, catalyst light-off must be achieved in 
20 seconds from cold start. 

The conditioned power referred to in Table 4 is computed from the instantaneous 
power demand. The instantaneous demand is smoothed by passing through a moving 
average filter – the time window of this filter is one of the tuneable parameters of the 
strategy, making it more or less reactive to the dynamics of the power demand signal. 
Additionally, an offset and multiplier are used to alter the scaling of the REx demand 
relative to the instantaneous demand. This is an important piece of functionality 
because the ICE may not be right-sized for the power demand of a duty cycle, and for­
cing it to operate at higher or lower powers will have an efficiency benefit. The scaling 
is also carried out with respect to the instantaneous error of the SOC from its target, in 
order to force the system towards that target SOC. 

Sb ð5ÞPconditioned ¼ Psmoothed x OC þ SOCconst x Pfactor 

Where SOCconst and Pfactor are the tuneable parameters and S bOC ¼ SOCtarget f SOC is 
the SOC error, which is scaled to be reported as a percentage. Upper and lower SOC 
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thresholds are used to determine the hysteresis of the engine start/stop logic. 
Additional thresholds are used to bookend the ICE power demand and prevent oper­
ation in excessively high or low power regimes where efficiency is less good. All four of 
these thresholds are tuneable parameters. The tuning of this control strategy is facili­
tated by the use of GT-Power’s built-in optimisation suite, GT-IDO, which uses 
a genetic algorithm within a user-designed search space. 

NUMERICAL RESULTS 

In order to directly compare the efficiency of the different REx ICEs in the study, it is 
important to consider that one of them uses a different fuel. Thus the comparison is 
made with energy contained within the fuel used, rather than the volume of fuel itself. 
The results of comparing an optimal steady-state charge sustain strategy are given in 
Table 5. However, for the hydrogen combustion engine, an equivalent volume of gas­
oline and associated actual and certification fuel consumption and emissions values 
have been computed. The reader should note that there are in reality no tailpipe CO2 

emissions from the H2-ICE powertrain (disregarding any lubricating oil combustion, 
which will be very small in a modern-technology ICE). In each case, the engines are 
simulated at a steady state and the selected pareto-optimal result is close to perfectly 
charge sustaining. The utility factor for the BMW i3 baseline vehicle is beyond the 
range normally considered or presented, for example in Figure 3, however by substi­
tuting the quoted legislative values and real world values from the literature (pre­
sented in Table 1) into equation 1, an effective utility factor of 0.968 is arrived at. This 
value and a duty cycle length of 23.25km are used to compute the WLTP equivalent 
CO2 and fuel consumption values presented in Table 5. 

Table 5. Comparison of steady state energy conversion. 

Latent 

Fuel 

Energy 

Consumed 

Fuel 

Mass 

Fuel Volume 

(gasoline 

equivalent) 

Actual 

Charge 

Sustaining 

FC 

WLTP 

FC 

Actual 

Charge 

Sustaining 

CO2 

WLTP 

CO2 

Units kJ g l l/100km l/ 

100km 

g/km g/km 

Baseline 

i3 

39082 885 1.17 5.03 0.176 116 4.07 

Mahle 

DHICE 

37139 841 1.11 4.78 0.167 110 3.87 

H2-ICE 32256 252 0.73 3.14 0.110 72.5 2.54 

The other trade-off that is presented is the result tuning of the realistic bounded strat­
egy to achieve charge sustaining performance. Once again there is an entirely 
expected direct proportionality between fuel energy consumed and battery energy 
generated. The result for the ICEs under consideration is given in Table 5. Using the 
described strategy, the larger ICEs show a tendency to overcharge, but the spread of 
results and axis crossings highlight that the hydrogen ICE requires less fuel energy 
than the gasoline ICEs to maintain an equivalent level of charge sustenance. The gra­
dient of the trend in the point clouds, as well as the crossing points, suggests that the 
Mahle DHICE engine is more efficient than the baseline i3 at converting stored energy 
to a different form, but not as efficient as the H2-ICE. 
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Figure 18. Comparison of stored energy 
consumed by each type of engine during 
multiple simulations to search for optimal 

control strategy tuning. 

Given the greater energy conversion efficiency of the H2-ICE, combined with the abil­
ity of the an REx system to completely decouple ICE operating point from instantan­
eous power demand, it is only natural that this is the option that consumes the least 
energy. 

4 CONCLUSIONS 

From this study of range 
extender technologies and 
control strategies for series 
hybrid vehicles, the authors 
conclude that there are still 
significant improvements in 
system efficiency to be had by 
careful design of dedicated 
ICEs. The work of Mahle on 
improving the efficiency of 
conventional combustion sys­
tems presents a significant 
improvement over the base­
line BMW i3 engine. 

The modelling carried out as 
part of this study confirms that 
hydrogen combustion offers 
a tangible benefit in terms of 
efficiency of combustion, com­
pared by using latent energy 

o produces no tailpipe CO2 from 
l mass of the pressurised fuel 
relatively small amounts of fuel 
articular operating point, unlike 
ount of fuel is consumed away 

ethodologies defined under the 
ate in ‘charge’ sustaining mode, 
thors note that this may not be 
 and that entering a charge sus­
lso noted that requiring particu­
 achieving catalyst light-off and 
ced to the trialled control strat­
oss the board in the interest of 
s. As a means of demonstrating 
iori the amount of fuel (and the 
ne WLTC’s worth of energy from 
SFC operation. 

 the ICEs compared, the hydro­
tent energy consumed, for an 
o offers the steepest gradient of 
e engines under consideration, 
vements to real-world perform­
control strategies that are less 
e framework for emissions. 

consumed between fuels of very different mass. It als
its combustion. This is offset against the additiona
system. Part of the reason for this result is that only 
need to be carried, and the engine is optimised for a p
a conventional propulsion application where a large am
from the best BSFC region of the engine. 

The ICEs were compared with reference to the testing m
NEDC and WLTP regulations, and the necessity to oper
after a long period of depleting electric range. The au
the most effective use of the available battery capacity
tain mode often brings limitations in drivability. It was a
larly short periods of ICE operation was a problem for
coolant and lubricant warm up. Heuristics were introdu
egies to address this, and were made equivalent acr
making a fair comparison between the different ICE REx
feasible performance if the duty cycle was known a pr
latent energy contained therein) required to generate o
a low initial SOC was computed for steady-state, best B

In a more realistic strategy, it was noted that between
gen combustion engine offers a 22% saving on la
equivalent delta-SOC compared to the baseline. It als
energy released vs energy contained, for any of th
implying the greatest overall efficiency. Further impro
ance are likely to be possible using more advanced 
closely related to the structure of the current legislativ
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