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ARTICLE INFO ABSTRACT
Keywords: Hydrotreated vegetable oil (HVO) has potential to emerge as an alternative fuel to mineral diesel due to its
Hydrotreated vegetable oil favourable properties. The present study investigated HVO under partially premixed compression ignition

Multi-pulse injection

Exhaust gas recirculation

Boost

Partially premixed compression ignition
Optimisation

combustion mode with boost-exhaust gas recirculation (EGR) and also in conventional combustion mode. Single-
cylinder engine tests focused on optimising a single representative operating point in the middle of the engine
operating envelope. The optimisation focused on the trade-off between NOx and particulate matter, as the
adopted multi-pulse strategy provides stable combustion onset independently of the cylinder mixture conditions.
Sensitivity in emissions comes from large differences in the early, premixed combustion phase. Air-path opti-
mized HVO combustion favours higher EGR rates (25 % vs. 20 %) and lower boost pressures than diesel (130 kPa
vs 165 kPa). At such conditions HVO has 1.5 percentage points higher indicated thermal efficiency (43.5 %) than
diesel. At the same time, HVO yields an ultra-low particulate level (0.055 g/kWh) and engine-out NOx emissions
are 46 % better than optimised diesel combustion. Together with a 37 % reduction in total hydrocarbon emis-
sions, the elimination of aromatics also provides an additional incentive for HVO.

associated land use intensification.
1. Introduction Alternatively, hydrotreated vegetable oil (HVO) has potential to
emerge as a better diesel substitute [5]. HVO is produced by hydro-
processing bio-oils, where broken-down triglycerides undergo decar-

over the last century. Despite its aggravating reputation, thorough life boxylation, decarbonylation and hydrodeoxygenation, yielding paraf-
cycle analyses prove diesel propulsion has a smaller carbon footprint finic hydrocarbons [6]. The ability to produce HVO from non-edible
than its advocated battery-electric successor in most scenarios [1]. The feedstock benefits the well-to-wheel carbon dioxide (CO;) emissions,
which reportedly can be reduced by 90 % when compared to DF [1].
HVO has similar properties to DF, so its application is not limited to
small-scale blends, as with FAME. Thus, HVO can fully utilise the
existing fuel infrastructure and is currently available as stand-alone,
drop-in fuel for diesel at over 500 filling stations in Europe and North

The diesel engine has been the prime mover for global road transport

real constraints of energy—density and lengthy fleet renewal intervals
mean that diesel engines will remain the backbone of heavy commercial
vehicles and marine transport in the foreseeable future.

Gradual replacement of fossil fuels with their renewable counter-
parts is an important part of an integrated approach towards transport
sustainability. Still, the biofuel share in the global energy consumption America [1].
by the transport sector is currently as low as 4 % [2]. Fatty acid methyl HVOs inherent properties provide benefits in terms of mixture for-
esters (FAME) produced by transesterification remain a major alterna- mation, better combustion and emission mitigation in diesel engines.
tive for diesel fuel (DF) in compression ignition (CI) engines. FAME has HVOs density and viscosity are both lower than DFs. These properties,
currently a 32 % share in the worldwide biofuel market [2]. However, its combined with a much flatter distillation curve and an end of distillation
commercial use is limited due to its deleterious effects on fuel injection point 50 °C lower, support spray propagation and mixture formation.
systems, poor oxidation stability [3] and elevated oxides of nitrogen Hulkkonen et al. [7] performed comparative studies of spray parameters
(NOy) emissions [4]. Additionally, FAME’s feedstock dependency on of DF and HVO in a constant volume chamber. It was observed that
edible oils poses challenges with respect to food production and HVO’s penetration distance was slightly shorter, while spray cone angle
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Nomenclature

AHC Aromatic hydrocarbon

CA50 CAD value for 50 % heat release
CAD Crank angle degree

CDC Conventional diesel combustion
CHR Cumulative heat release

CI Compression ignition

CN Cetane number

Cco Carbon monoxide

CO, Carbon dioxide

DF Diesel fuel

EGR Exhaust gas recirculation

FAME  Fatty acid methyl esters

FTIR Fourier transform infrared

HRR Heat release rate

HVO Hydrotreated vegetable oil

IMEP Indicated mean effective pressure
ISFC Indicated specific fuel consumption
ITE Indicated thermal efficiency

MAP Manifold absolute pressure

MFB Mass fraction burnt

NOx Oxides of nitrogen (NO + NO,)

PM Particulate matter

PPCI Partially premixed compression ignition
Sol Start of injection

Soly, Start of injection (main injection)
Sol, Start of injection (pilot injection)
TDC Top dead centre

THC Total hydrocarbon

UHC Unburnt hydrocarbons

A Excess air ratio (lambda)

was up to 2° wider. HVOs droplet velocities at the early stage of injection
were observed to be higher. Bohl et al. [8] confirmed these observations
in their study, underlining that HVO produces a higher premixed charge
with lower energy density. Cheng et al. [9] found similar results, sup-
porting their macroscopic spray image analysis with a dedicated one-
dimensional spray model. Notably, all these works conclude that the
differences between DF and HVO, in terms of spray formation, are rather
small when the net effect on combustion is considered.

On the other hand, HVO and DF are chemically different. Whereas
DF has a complex paraffinic-olefin-aromatic structure, HVO is composed
solely of simple paraffinic hydrocarbons. This underpins HVOs very high
cetane number, which is typically 69-75 [10]. Such a high cetane
number affects auto-ignition delay and provides smoother heat release
during HVO combustion [11]. Alkhayat et al. [12] reported 45 % shorter
ignition delay for HVO vs. DF. After decoupling physical and chemical
processes, they concluded that the result was equally attributable to
spray formation and cetane number (CN) at nominal engine operating
conditions. However, at elevated in-cylinder temperatures, the reduc-
tion in physical delay was greater than the reduction in chemical delay.
Experiments in a constant volume chamber by Marasri et al. [13]
showed that under low bulk temperatures, where auto-ignition delay
typically is long, HVO provides higher heat release rate (HRR) than DF.

Large-scale testing of HVO was conducted by Helsinki Region
Transport, Neste Oil, Proventia Emission Control and VTT Technical
Research Centre of Finland [14]. The vast study used a 30 % HVO blend
with DF for long-term tests on the fleet of approximately 300 buses with
Euro IV engines. The test demonstrated an improvement in emission
factors and did not indicate any of the reliability issues associated with
other biodiesels [15,16].

Detailed laboratory research of HVO in heavy-duty engines [10]
provided quantitative emission results. This study [10] showed that
using HVO instead of baseline DF provided the following emissions re-
ductions: unburnt hydrocarbons (UHC) fell by 48 %; carbon monoxide
(CO) by 28 %; NOx by 10 %; and particulate matter (PM) by 28 %.
Additionally, HVO did not produce any aromatics. Aatola et al. [17]
evaluated HVO’s average emission benefits using a heavy-duty engine
without exhaust gas recirculation (EGR) at variable speed and load
conditions. UHC, CO and smoke emissions were reduced by 31-35 %
and NOx was reduced by 5 % vs. DF.

Experiments with light-duty engines have also showed emissions
benefits when using HVO instead of DF, but results are heavily depen-
dent on engine type. Some studies report NOx emissions reductions at
unchanged PM levels, while in other cases the trade-off was reversed
[18]. This ambiguity was explained by research of Sugiyama et al. [19],
who found that the PM-NOgx trade-off was dependent on whether single-
injection or split-injection fuelling strategy was used. For single

injection, HVO ignited earlier with reduced HRR, which supported
lower NOx, but increased PM creation. For split injection, main com-
bustion remained unchanged, but HVO’s pilot fuel ignited earlier. With
similar combustion characteristics, HVO’s lower chemical propensity to
create PM was the governing mechanism for less PM when using split
injection. Wu et al. [20] performed a detailed investigation of PM
emissions and found that, over the whole engine operating map, the
particulate number was halved when HVO was compared to DF.
Contrarily, Bortel et al. [21] indicated that particulate number is unaf-
fected by HVO, although PM emission is reduced by 80 %. It should be
noted that these results were achieved without exhaust aftertreatment,
and using factory engine calibrations.

Finally, it should be noted that HVO provides about 4 % lower tank-
to-wheels CO2 emission when compared to DF [18,22]. This gives a
higher hydrogen to carbon ratio as well as a higher degree of complete
combustion, supporting oxidation of HC and CO to COa.

The discussed effects of HVO on emission and combustion lead to a
general conclusion that HVO performs better in modern combustion
systems with multi-pulse injection strategies. The above-cited compar-
ative studies performed using standard engine-control maps indicated
scope for greater HVO benefits by engine re-calibration to take advan-
tage of the fuels properties.

Aatola et al. [17] investigated HVO re-calibration potential,
assuming variable main injection timing, preceded by a fixed pilot in-
jection. The start of injection (Sol) sweeps revealed variable PM-NOx
trade-offs at different speeds and engine loads. Importantly, when
compared with DF, at all conditions HVO produced 30-40 % less PM at a
given NOx level, thus providing additional control flexibility. Ezzitouni
et al. [23] tried tuning the pilot fuel injection and found that delaying
the pilot fuel improves thermal efficiency, especially under cold-start
conditions. Similarly, Mikulski et al. [24] concluded that late pilot in-
jection supported more complete combustion, thus improving combus-
tion efficiency. However, this strategy substantially increased PM
emissions, because the main fuel combustion was advanced and thus,
less premixed. Liu et al. [25] used double pilot injection and found that
for HVO (note that 40 % of DF was admixed to HVO) only combustion of
the first pilot fuel was advanced. The remaining doses burnt with similar
timings and rates for HVO, DF and also for FAME. Dimitriadis et al. [26]
performed parametric study into combustion and emission sensitivities
to variable pilot injection and main injection timings. The reported
complex trends in emissions and efficiency characteristics resulted from
the superposition of effects discussed above.

As split injection strategy calibration proves to be the focus of
contemporary engine research related to HVO, full advantages of this
fuel can manifest at high EGR rates. While this strategy promises huge
NOx reduction potential, most fuels suitable for CI engines are limited in
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terms of their EGR rate by rapidly increasing PM and CO emissions. Due
to its high reactivity (high CN) and natural propensity to produce less
PM, HVO offers much better trade-offs in this respect. This was
confirmed in studies by Liu et al. [25] and Lehto et al. [27]. Importantly,
the latter study showed simultaneous reduction of both PM and NOyx by
application of the Miller cycle, combined with advanced start of injec-
tion (Sol). A follow-up study by Heikkila et al. [28] demonstrated that
this strategy also provides lower particulate number and produces
smaller particles.

The study by Lehto et al. [27] revealed an interesting phenomenon,
whereby the general trend of increasing PM with EGR was observed to
cease at a certain threshold of very high EGR. This indicated a regime
shift towards PPCI but was not considered relevant by the authors due to
the rapid collapse in efficiency associated with delayed start of com-
bustion. Still, the PM reduction using PPCI mode was far greater for HVO
than for DF. HVO’s high CN could make it an enabler for efficient low
temperature combustion concepts. Driven by this motivation, Hunicz
et al. [29] combined an optimised split injection strategy with ultra-high
EGR rates, achieving efficient PPCI of HVO with engine-out NOx and CO
emissions near Euro VI limits. Ultimately, efficiency was 1.5 percentage
points above the optimised DF baseline. This potential for both superior
efficiency and low emissions appeared only in a very narrow spectrum of
the calibration map and so far has not been confirmed by other studies.

The results discussed above, highlight the necessity for coordinated
air-fuel control when optimising HVO combustion. With this in mind,
Omari et al. [30] cross-optimised injection timing, injection pressure
and EGR. Across the complete WLTP cycle, the HVO-optimised engine
had 65 % lower UHC and CO emissions than the DF-optimised baseline.
More importantly, with the same NOx emissions, PM was almost halved.
The conclusions drawn from this endeavour are that HVO works better
with high EGR with advanced combustion onsets, while reducing the
dwell between pilot and main injections. Additionally, at low loads, fuel
injection pressure could be lowered without emission deterioration
[31], providing reduction of high-pressure pump parasitic losses, an
effect highlighted in recent work by Hunicz et al. [32].

It is evident from the above discussion that engine research into HVO
still has more open routes rather than concluded stories. Higher reac-
tivity and narrower range of molecular structure result in different than
DF response to combustion control parameters. Even though HVO has
been identified as an enabler for efficient and low-emissive PPCI com-
bustion, the investigation of advanced injection/airpath strategies
enabled by more sophisticated engine management solutions in proto-
type engines is still at an early stage. On the air-path side, for example,
the co-control of A and EGR has yet to be evaluated to a sufficient extent.
The present study aims to explore this design space while operating an
HVO-fuelled engine at the bridge of conventional diesel combustion and
PPCI modes. It is vital to fill these knowledge gaps in order to allow
transport sectors with a high energy demand to switch to low-carbon
fuels and comply with ever-tighter emission limits.

2. Materials and methods
2.1. The fuels

The HVO used for the tests was Neste’s commercially available
renewable diesel. It is 99 % pure HVO, with a small amount of lubricity
improver to meet the requirements of modern diesel injection systems.
Commercially available EN 590 DF was the baseline fuel to provide the
reference for engine performance and emission results. Neither of the
fuels contained any FAME, thus improving the clarity and reliability of
the results. Table 1 summarises the fuel$ physical and chemical pa-
rameters relevant to the discussion, and Fig. 1 shows their respective
distillation curves.

The parameters for HVO were determined by the VEBIC fuel labo-
ratory, Vaasa, Finland while DF characterisation was courtesy of the
Water Transport and Environmental Laboratory of Klaipeda University,
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Table 1

Fuel properties of DF and HVO.
Parameter DF HVO
Density @ 15 °C 837 g/1 778 g/1
Kinematic viscosity @ 40 °C 2.94 mm?/s 2.86 mm?/s
Lower heating value (LHV) 42.8 MJ/kg 43.9 MJ/kg

Cetane number (CN) 54.1 74.7

Cold filter plugging point (CFPP) -22°C -35°C
Flash point (FP) 70.5°C 81.5°C
Lubricity @ 60 °C 406 pm 344 pm

Carbon to hydrogen ratio (C/H) 6.4:1 5.6:1
Sulphur content 6.1 mg/kg <1 mg/kg
Ash content 0.014 %wt. 0.002 %wt.

400

350

300

250

Temperature [°C]

200

150 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100
Volume distilled [%]

Fig. 1. Distillation curves of DF and HVO.

Lithuania. Both fuels were analysed using the same methods according
to EN 590 and other related standards. Hydrocracking is relatively
insensitive to feedstock quality and both test fuels (HVO and DF) used in
the study comply with the same standards. Table 1 and Fig. 1 show the
major differences in physicochemical properties. These differences were
examined in the introduction section, discussing how their combined
effects impact on combustion phenomenology. The discussion of the
obtained results makes references to specific numerical values presented
in this table and the figure.

2.2. The engine tests

2.2.1. Experimental set-up

Detailed engine experiments and related research were performed at
the Lublin University of Technology, Poland. The subject of the research
was a state-of-the-art, four-stroke, light-duty, single-cylinder AVL 5402
CR DI diesel engine. Table 2 lists its key specifications.

The test engine had a displacement of 510 cm® and a compression
ratio of 17:1. The piston had a toroidal combustion chamber. The cyl-
inder head was a four-valve design, equipped with tangential and helical
ports to control swirl. In the current experiment, both inlet ports were
open, resulting in a swirl ratio of 1.7. Fuel was delivered by a seven-hole
electromagnetic injector, supplied by a Bosch CP4.1 high-pressure
pump. Fuel injection parameters were managed by a fully open engine
controller (from Bosch) and Etas INCA software. The fuel delivery sys-
tem accommodated an AVL 733S dynamic fuel meter and AVL 753C fuel
temperature conditioner. Fig. 2 illustrates both the fuelling and the air-
path configurations.

The engine was coupled to an externally driven Roots-type Eaton
M45 compressor, capable of providing up to 2 bar boost pressure (Figs. 2
—27). The air path also included a set of filters, a controllable charge air-
cooler and a plenum chamber. The EGR system consisted of a butterfly
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Table 2
Research engine specifications.
Type AVL 5402
Configuration four-stroke, single-cylinder
Bore 85 mm
Stroke 90 mm
Displacement 510.5 cm®
Compression ratio 17:1
No. of valves 4

Direct injection

180 MPa

Common rail, Bosch CP4.1
AVL-RPEMS, ETK7-Bosch

Combustion type

Max. fuel injection pressure
Injection system

Engine management

Intake valve opening 712 CAD*
Intake valve closing 226 CAD*
Exhaust valve opening 488 CAD*
Exhaust valve closing 18 CAD*
Max. engine load (IMEP*) 2.4 MPa

*CAD - Crank angle degree; “IMEP - indicated mean effective pressure

valve to control EGR flow rate, plus a cooler to control temperature. The
exhaust system included a plenum chamber, followed by a back-pressure
valve to allow high rates of EGR and mimic the effect of the turbine. The
air-path sensing included a thermal mass flow meter (Figs. 2 — 24) and a
set of pressure and temperature transducers at various locations of the
intake, exhaust and EGR runners.

The concentrations of gaseous components in the exhaust gas were
measured with an AVL Fourier transform infrared (FTIR) multi-
component analytical system. Particulate concentrations were
measured with a Maha MPM-4 analyser. The excess air ratio (1) was
determined with a Bosch LSU 4.2 lambda probe and ETAS LA4 lambda
meter with appropriate exhaust gas back-pressure correction [33]. The
ratio of the engine intake and exhaust CO, concentrations was used to
quantify the EGR rate. Inlet gas was sampled from the inlet plenum and
analysed with a Hermann-Pierburg HGA 400 gas analyser. Table 3 lists

® 7@/@/@/@
/

@

'l////////;i?/‘////////
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the measurement devices, important from the perspective of the current
research scope, together with their respective accuracies.

The piezoelectric pressure transducer (AVL GU22C) was installed
directly in the engine head and connected to a charge amplifier, pro-
vided the relative in-cylinder pressure signal. This signal was automat-
ically pegged with an absolute pressure reference measured at intake
and exhaust ports. The high-speed pressure recording was triggered via
an optical encoder, with a constant angular resolution of 0.1 crank angle
degree (CAD).

The engine was coupled to an asynchronous motor dynamometer
with speed control. The test stand was equipped with a thermal condi-
tioning system that guaranteed constant temperature of coolant- and
lubricant, independently of the operating point. The test stand’s auto-
mation system, based on a programmable logic controller and in-house
software, governed all thermal parameters and acquired all low-
frequency signals.

2.2.2. Data analysis routines

The measurement system recorded 100 consecutive engine cycles at
each steady operating point and their averaged values were taken. AVL
Boost software was used to provide accurate pressure data post-
processing. The software incorporated gas-flow models, estimation of
internal EGR and heat transfer using Hohenberg correlation [34]. The
measured in-cylinder pressure was subjected to first-law analysis, which
computed apparent HRR. The HRR curves shown in the study refer to the
gross values, i.e., they include calculated heat transfer rates. The cu-
mulative HRR was used to calculate mass fraction burnt (MFB), which
further yielded combustion timing indicators, like location of 50 % MFB
(CA50). Fig. 3 provides interpretation of the HRR traces and definitions
of combustion timing parameters.

This study did not consider the enginés mechanical losses, so all
performance parameters are indicated specific values. The directly
measured molar concentrations of exhaust gas components were con-
verted to indicated specific emissions, taking into account the indicated

17)(16

Fig. 2. Schematic diagram of the engine air-path, fuelling and EGR systems: 1 — engine, 2 — fuel injector, 3 — lambda probe, 4 — exhaust plenum, 5 - exhaust back-
pressure valve, 6 — exhaust muffler, 7 — FTIR analyser, 8 — heated filter, 9 —- MPM-4 PM meter, 10 — lambda meter, 11 - high-pressure fuel pump, 12 - fuel tank, 13 -
fuel balance, 14 - fuel conditioner, 15 — pressure control valve, 16 — expansion chamber, 17 — intake gas analyser, 18 — control valve, 19 - air heat exchanger, 20 — air
coolant electric heater, 21 - air coolant pump, 22 — air filter, 23 — by-pass valve, 24 — air-flow meter, 25 — air cooler, 26 — air cooler fan, 27 — Roots compressor, 28 —
oil separator, 29 - air coolant - air heat exchanger, 30 - intake plenum, 31 — EGR mixing chamber, 32 — EGR control valve, 33 — controllable EGR cooler.
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Table 3
Measurement equipment and accuracy.
Measured quantity Transducer Meas. range Accuracy
In-cylinder pressure AVL GU22C 0-25 MPa 0.25-1.0
0!
Fuel consumption AVL Fuel Mass Flow 0-125 kg/h 0.12 %
Meter 733S
Excess air ratio (\) Bosch LSU 4.2 / ETAS 0.7-2.8 1.5%
LA4
Air mass flow rate Bosch HFM5 8-370 kg/h 3%
Intake/exhaust press. WIKA A-10 0-4 bar 0.5 %
Temperatures (ambient, Pt100 Czaki TP-361 —40-400 °C 0.2 %

intake air, EGR,
cooling, oil, fuel)
Exhaust temperature

Thermocouple K Czaki 0-1200 °C 0.8 %

TP-204
Exhaust composition AVL Sesam CO: 1-10000 0.36 %
(gaseous compounds) FTIR HC: ppm 0.1-0.49
NOx: %
1-1000 0.31 %
ppm?
1-4000 ppm
PM concentration Maha MPM4 0-700 mg/ 0.1 mg/
m® m?
Intake composition Hermann- CO4: 0-20 % 0.1%
Pierburg HGA 03 0-22 % 0.01 %
400

D Depending on temperature.

2 Given measurement span relates to concentration of a single identified
hydrocarbon.

% Depending on type of hydrocarbon species.

specific fuel consumption (ISFC), the exhaust gas flow rate and density.
PM emissions were provided by the measurement device as mass per
volume, and then corrected to indicated-specific values.

Either the standard deviation or the device accuracy (Table 3),
whichever is higher, were taken as the maximum uncertainty of directly
measured parameters. The uncertainty for indirectly calculated param-
eters was derived from the maximum errors of the directly measured
inputs (Table 3). The study performed by Kline and McClintock [35]
provides a detailed discussion of the exact differential method used.
Note that uncertainties are mentioned specifically in the discussion only
when differences in the results between individual fuels are below or
close to the level of significance, thus influencing the interpretation.
Otherwise, uncertainty is omitted in pursuit of clarity and brevity.

2.2.3. Scope and conditions of the tests

The experiments focused on a single, mid-load operating point. The
rotational speed of the engine was fixed at 1,500 rpm and the mass of
fuel was 15.2 mg/cycle for DF and 14.8 mg/cycle for HVO. These
fuelling rates provide the same energy input of 650 J/cycle and net
indicated mean effective pressure (IMEP) around 0.5 MPa (efficiency
dependent) for non-EGR operation. The exhaust back-pressure was
increased, together with the boost level, to mimic operation of a
turbocharger and to enable flow through the high-pressure EGR system.
The intake-air conditioning unit maintained a constant air temperature
of 25 °C, independent of boost pressure. The temperature of recirculated
exhaust gas entering the intake manifold was maintained at a constant
level of 85 °C. It should be noted that the aspirated air temperature
results from enthalpy balance between fresh air and recirculated
exhaust. This temperature was left uncontrolled, replicating normal
engine operation. Temperatures of the engine coolant and lubrication oil
were set at 85 °C. The fuel-rail pressure was set at 80 MPa to avoid wall-
wetting with early injection timings. The fuel temperature before the
high-pressure pump was 30 °C for all experiments.

The engine was operated using an HVO-optimised injection strategy,
derived from the previous studies of the authors [24,29]. A pilot injec-
tion, accounting for 10 % of the total fuel value, commenced at start of
injection for pilot injection (Sol,) = 18 CAD before top dead centre
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(TDC). The main dose of fuel was injected at start of injection for main
injection (Soly) = 6 CAD before TDC. The injector rig tests have shown
that at such injection parameters and 1500 rpm, physical fuel flow
finished in less than a single CAD after tuning off the excitation signal
reference [36]. As the min injection was completed before the start of
the high-temperature heat release (see Fig. 3), such a strategy resulted in
PPCI combustion, while maximising thermal efficiency by phasing the
combustion near TDC. Various tests at different dwells between
sequential injections and at different pilot injection fuel mass fractions
shown that the selected injection strategy provided the best NOx-PM
trade-off at wide EGR conditions for naturally aspirated operation [29].

This study’s experimental matrix entailed parameter sweeps of
intake manifold absolute pressure (MAP), from atmospheric to moderate
boost (MAP ~ 165 kPa), with variable EGR valve positions, providing
different configurations of diluents composition. Fig. 4a depicts the span
of achieved EGR rates and A values. Fig. 4b reveals the detail of an
exemplary constant lambda (A = 2) sweep, in terms of MAP and EGR
rates. Similarly, Fig. 4c shows how MAP determines A value, at non-EGR
conditions.

At each point of Fig. 4, the engine was thermally stabilised and all
governing parameters, except those controlled in a closed-loop (tem-
peratures of all media, engine dynamometer speed control and Roots
compressor speed) were fixed. After stabilisation, in-cylinder pressure
data were recorded for 100 consecutive cycles. It should be noted that
the coefficient of variation in IMEP did not exceed 2% at any operating
point. At stabilised conditions, all slow-changing parameters (e.g.,
flows, pressures, temperatures and data from gas analysers) were
sampled every 1 s and time-averaged within a 60-second measurement
window.

3. Results and discussion
3.1. Combustion analysis — Selected sweeps

Figs. 5 to 7 show gross HRR and MFB curves for different mixture
compositions. They demonstrate that, at the given injection strategy,
neither EGR, A nor MAP affects main fuel combustion to a large extent.
For both DF and HVO, the fast-progressing, high-temperature heat
release of the main fuel dose starts at TDC. This accommodates both the
premixed phase and the diffusion-controlled combustion within the
developing spray. The transition moment, when premixed combustion
ends, is distinguishable for both DF and HVO as an inflection point on
the main HRR curve. The location of this transition point, however,
depends on the fuel and mixture conditions.

The insensitivity of the main combustion to air-path parameters
stems from the fact that the event is controlled by the already-developed
flame of the pilot. More specifically, the main fuel dose ignites when the

50 — 100

40 | 1 80
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-
o
T

20

-10 " s " L A L " 1 " s N -20
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Fig. 3. Example of HRR and MFB curves, with their interpretation and defi-
nitions of the combustion timing data.
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Fig. 4. EGR and A map for all investigated conditions (a), MAP required to achieve the investigated EGR span at A ~ 2 (b) and MAP required to achieve investigated A

range at non-EGR conditions (c).

spray front reaches the hot region of pilot-combustion products. This
pilot combustion, initiating around 346-347 CAD, is much more sensi-
tive to fuel dilution than is the main combustion. Increasing fuel dilution
by either EGR or greater fresh air aspiration (MAP) advances pilot
combustion and increases the amount of fuel consumed in this stage.
More details on the fuel-to-fuel differences and diluent effects are pro-
vided below.

3.1.1. Effect of excess air

Fig. 5 shows the HRR curves of selected points of the A sweep per-
formed without external EGR (Fig. 4c). The pilot combustion accom-
modates the initial low-temperature phase (so-called cool-flames and
negative temperature coefficient reactions) and the following high-
temperature, premixed-in-nature combustion of the developed pilot
spray. The separation between the two phases is visible in Fig. 5 for both
DF and HVO at A = 2.05-2.08. The transition point is less evident at
leaner mixtures because high-temperature combustion commences
earlier, taking advantage of higher oxidiser entrainment rates. Higher
oxidiser availability reduces the chemical ignition delay controlling the
high-temperature phase of the pilot fuel.

At this point, there is evidence of the difference in the two fuels CN
values, resulting from both - physical and chemical properties. Firstly,
HVO contains hydrogenated long-chain hydrocarbons of well-defined
composition (majorly near Cjg to Cj2), while DF is a mixture of
several different hydrocarbons ranging from Cg to C;g [37]. This results
in a much lower distillation temperature of HVO (see Fig. 1 for refer-
ence) and its reduced viscosity (Table 1), supporting faster vaporisation

than in the case of DF. Secondly, more reactive paraffinic fuel has
significantly shorter chemical ignition delay. As a result, the pilot
combustion is both earlier and more rapid compared to DF (compare the
early-stage HRRs between Fig. 5a and b).

Detail analysis of the cumulative heat release during pilot fuel
combustion, shown in Fig. 6, reveals interesting observations relating to
A and fuel. For DF, the MFB at the start of main fuel combustion varies
from 8 % of the total fuel at A = 2.05, to 9 % at A = 3.23. For HVO, a
noticeably larger amount of energy is released during the early premixed
phase, totalling 9 % to 11 % for the corresponding A range. HVO thus
exhibits a higher degree of complete combustion for pilot injection. This
is attributable to its higher CN and lower viscosity giving better fuel
atomisation, and it leaves less fuel transferred to the main combustion
phase. It should be noted that the pilot fuel was burnt completely during
the first combustion stage for HVO at A = 3.25.

While the main injection commences, it is interesting to note the
quenching effect of the main fuel vaporisation on the pilot combustion.
This effect is visible both in Fig. 5 and Fig. 6 and is most pronounced for
DF at richer mixtures. It can be noticed in Fig. 5a that the main fuel
injection overlaps the first stage of combustion (pilot combustion). This
further hinders the early-pilot heat release, translating to elongated
(hence less efficient) main combustion. Either applying boost (supplying
more oxidiser) or using a more reactive fuel like HVO compensates for
this deficit of the considered injection strategy. In the case of HVO, the
pilot combustion is almost completed before Sol,,,. More heat released in
the initial combustion stage translates into a slightly earlier start of the
main combustion. This explains the combustion response to both boost
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Fig. 5. HRR curves for A sweeps at non-EGR conditions. DF and HVO are
analysed at similar conditions.
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Fig. 6. MFB curves for both fuels at different A. Non-EGR conditions.

and fuel reactivity. It should be noted that the start of main fuel com-
bustion (local minimum on the HRR curve in Fig. 5) was shifted by a
single CAD for both fuels for a given range of A.

Referring back to Fig. 5, the inflexion points on the main heat release
(approximately at 362-363 CAD) deserve additional comment. These
points indicate the transition from premixed to diffusion-controlled
combustion related to the main injection. For both test fuels, the
advancement in the main combustion resulted in earlier switching of the
modes. This is plausible because the mixing time is reduced.
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Fig. 7. HRR curves for EGR sweeps and constant A ~ 2. DF and HVO are
analysed at similar conditions.

Interestingly, independently of the first stage of combustion, the main
combustion regime switch appears at approximately 20 % MFB, and this
is also independent of fuel. It is also worth noting that the afterburning
stage, which starts at approximately 375 CAD, is strongly affected by the
mixture strength. Namely, for lean mixtures, the last stage of combus-
tion runs at a lower HRR.

3.1.2. Effect of EGR

Fig. 7 depicts the HRR curves for different EGR rates. Note that the
intake temperature is determined by the enthalpy balance between the
fresh air (conditioned at 25 °C) and recirculated exhaust gas, indepen-
dently conditioned at 85 °C. Thus, increasing the EGR rate also increases
the intake temperature, from 25 °C (at 0 % EGR) to approximately 60 °C
(at 39 % EGR). With the higher heat capacity of EGR, however, the
differences in intake valve closing temperatures are almost completely
compensated during the compression.

The MAP range in the EGR sweep in Fig. 7 is similar to that of the A
sweep (section 3.1.1), ranging from 100 kPa to approximately 165 kPa.
Qualitatively, the effects on combustion are also observed to be similar,
regardless of whether the fuel dilution is achieved by air (as in Fig. 5) or
EGR (Fig. 7). Increasing the EGR rate for the fixed A advances the high-
temperature combustion phase of the pilot fuel. Additionally, the high-
temperature heat release from the pilot DF combustion is quenched by
the main injection, similar to the behaviour apparent in Fig. 5a. How-
ever, the start of main combustion is completely unaffected by EGR, as
shown in Fig. 7. This observation proves that there is a balance between
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the heat released in the pilot stage, the intake temperature and the
specific heat (resulting from EGR) in this sweep: this balance leaves the
start of main combustion unaffected. There is also a slight difference in
the location of inflection points on the main HRR curves, showing that
increasing the EGR rate advances the transition from premixed to
mixing-controlled combustion. An interesting difference between the A
sweep (Fig. 5) and EGR sweep (Fig. 7) is that the HRR curves for all the
EGR values follow each other very closely indeed during the after-
burning combustion phase, starting from approximately 375 CAD. This
suggests that the late combustion phase is controlled solely by the excess
air.

While the main combustion remains insensitive to EGR for both DF
and HVO (due to the mentioned balancing effect in the mixturés thermal
state), the fuel-to-fuel differences manifest in the pilot combustion stage,
with possible impact on emission formation. For DF, the EGR has an
accelerating effect on the pilot combustion, gradually increasing the
peak HRR. The autoignition-supporting effect of increasing intake
temperature dominates the oxygen deficit introduced by EGR. HVO, on
the other hand, exhibits far less sensitivity to EGR in terms of the early
pilot combustion — an effect attributed to the high CN of the fuel.

3.1.3. Summarising the performance indicators

The observations from HRR analysis in sections 3.1.1 and 3.1.2 are
brought together in Fig. 8, which shows CA50 for the A sweep and the
EGR sweeps, the latter performed both at constant A ~ 2 and at constant
MAP ~ 165 kPa. Increasing the MAP, and consequently A, at non-EGR
conditions advanced the CA50 by less than a single CAD for both test
fuels, as shown in Fig. 8a. Ultimately, this advance is approximately 0.2
CAD larger for HVO compared to DF for the investigated range.

The effect of A on CA50 is also present when analysing the EGR sweep
at constant MAP (solid lines in Fig. 8b). In this case, the effect of fuel
seemed similar to that described in the previous paragraph, whereas the
mixture composition effect combines A and EGR. Increasing the EGR
reduces the A value but also simultaneously reduces the overall specific
heat. This explains why the increase in CA50 in Fig. 8b is larger than
would occur if reducing only A, as in Fig. 8a. It should be noted that non-
EGR conditions at MAP ~ 165 kPa in Fig. 8b overlap the maximum A
points in Fig. 8a.

The effect of EGR at constant A (dashed lines in Fig. 8b) is less evident
than its effect at constant MAP. Careful analysis of Figs. 5 and 7 provides
support to explain this difference. For both the “clean” lambda sweep
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(Fig. 5) and the EGR sweep (Fig. 7), the earlier pilot fuel combustion is
compensated by the longer main combustion stage. However, increasing
the EGR fraction does not affect the afterburning period. Thus, in the
case of the sweep varying A without EGR, the amount of heat released
during the afterburning period is the sole factor that determines varia-
tions in CAS50.

As a final note regarding combustion phasing, it should be stated that
split injection eliminates the differences between fuels and mixture
compositions in terms of the main fuel combustion rate — hence the
overall minor changes in CA50 observed in Fig. 8. These minor changes
are driven solely by the pilot fuel combustion, which affects the main
fuel ignition delay. The larger amount of heat released from the pilot in
the initial combustion stage correlates to the earlier start of main com-
bustion. This observation helps understanding of the combustion control
mechanisms in a split-injection strategy, regardless of fuel, EGR or A.

Turning to the effect of fuel on engine performance, maximum effi-
ciency is achieved when CA50 is orientated close to TDC. Comparison of
Figs. 8 and 9 shows a close correlation between CA50 and indicated
thermal efficiency (ITE). This correlation shows that high excess air
(high boost) and non-EGR conditions support the efficient transition of
combustion energy to useful cylinder work. However, the fuels ability to
maintain favourable combustion timing has a secondary effect on ITE.

The primary reason for the trends observed in Fig. 9 is related to
mixture composition with: (i) increased EGR reducing the adiabatic
exponent, which impacts thermodynamic cycle efficiency, (ii) increase
of boost reducing overall temperature and thus heat transfer losses.
Thus, increasing EGR at constant MAP had a far greater effect on ITE
(solid line in Fig. 9b) than the EGR sweep performed at constant A
(dashed line in Fig. 9b). In the first scenario, the amount of in-cylinder
charge is approximately constant: the increased amount of EGR
reduced the amount of fresh air aspired, so effects (i) and (ii) act
together with retarded CA50 to penalise efficiency. ITE drops by 1.5 and
2 percentage points for DF and HVO respectively when moving from the
non-EGR case to 42 % EGR along the constant MAP line. In contrast, for
a constant A scenario (dashed lines in Fig. 9b), EGRs deleterious effect on
efficiency is compensated by an equal increase in aspirated air.

The same general trends in ITE are observed for both fuels, but HVO
combustion provides on average 0.4 percentage point better efficiency
than DF. This advantage can be marginally justified by the earlier CA50
exhibited by HVO, but primarily it stems from HVO’s propensity to
achieve higher degree of complete combustion, with fuel-to-fuel
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Fig. 8. Locations of 50% MFB; (a) A sweep at non-EGR conditions, (b) EGR sweeps at constant A and constant MAP.
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Fig. 9. Indicated thermal efficiency; (a) A sweep at non-EGR conditions, (b) EGR sweeps at constant A and constant MAP. The maximum uncertainty of ITE is & 0.2

percentage points.

differences in combustion efficiency ranging from 0.1 to 0.2 percentage
points. Section 3.3 includes a discussion of the general effects of indi-
vidual air-path management strategies on both fuels. It should be noted
that the efficiency differences between HVO and DF, although consistent
and phenomenologically justified, are barely above the level of statis-
tical significance, with a maximum uncertainty in ITE at + 0.2 per-
centage points.

3.2. Emission analysis

The previous section concluded that the sweeps of A and EGR did not
have a pronounced effect on the onset of combustion at the provided
injection strategy. This statement holds true for both the reference DF
and HVO. Despite this insensitivity in terms of overall combustion
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timing, the changes in the premixed, pilot combustion phase and dif-
ferences in global and local mixture conditions are significant and
important. They translate into major differences in PM and NOyx emis-
sions between the fuels when sweeping the A or EGR.

3.2.1. PM emissions

Fig. 10 shows PM emissions for the A sweep at non-EGR conditions
and both EGR sweeps discussed in section 3.1.3. It is clearly evident that
HVO produces significantly lower PM emissions than the reference DF.
This advantage results from HVO’s narrow hydrocarbon range and low
distillation temperature. This feature supports generating a more ho-
mogeneous mixture that is less prone to soot formation. Furthermore,
HVO contains almost no sulphur or aromatics which are chemical pre-
cursors of soot formation.
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Fig. 10. Indicated specific PM emissions; (a) A sweep at non-EGR conditions, (b) EGR sweeps at constant A and constant MAP. Note different scales of y-axes in Figs. a

and b.
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Fig. 10a also shows that HVOs PM emissions are not sensitive to
changes in lambda in the wide range of applicable boost pressures for
the non-EGR case. It should be noted that this trend is broken by
approaching the upper limit in boost pressure: HVOs PM emissions start
to rise with increasing ) value above 3.2. DF, on the other hand, exhibits
a steady linear trend in PM emissions, where increasing A from 2 to 3.5
elevates the PM emission by approximately 15 %. In general, the in-
crease in PM with increasing A can be attributed to the in-cylinder fluid
density effect on fuel spray penetration. Higher boost pressures produce
correspondingly higher in-cylinder fluid density during the injection
phase, suppressing the spray penetration. With a less-premixed mixture,
the reduced local oxygen availability is the dominating mechanism
responsible for increased PM emissions at higher boost pressure, despite
the increased excess air.

The different sensitivities of the tested fuels to mixture composition
become pronounced when EGR is taken into consideration, as shown in
Fig. 10b. In addition to generally lower PM emission, HVO shows
another advantage which manifests as lower sensitivity to EGR. Namely,
PM emission with DF increases rapidly for EGR levels above 25 %,
doubling when EGR changes from 25 % to 33 %. However, for HVO, this
inflection point appears later, occurring when EGR rates rise above 35
%. For DF, the PM threshold of 0.1 g/kWh emission is exceeded when
EGR varies from 15 % to 25 %, depending on boost and the resultant A
value. Within this same PM emission threshold, HVO accepts EGR rates
at least 10 percentage points higher. Alternatively speaking, HVO ac-
cepts 35 % EGR while still generating lower PM emissions than the DF
non-EGR reference.

Clearly, HVOs high CN provides the advantages of a higher degree of
complete combustion and smokeless combustion under heavy EGR
conditions. In this regime, less-reactive DF exhibited issues with ignit-
ability at the early premixed phase, which is responsible for the rapid
PM emission increase. This is despite the similarities between DFs and
HVOs diffusion-based combustion characteristics.

Comparison of the EGR sweeps in Fig. 10b shows that the constant
MAP strategy provides lower PM emission than the constant A approach
for moderate EGR rates (between 10 % and 35 %). For DF, the PM results
changed in favour of the A = 2 trend line only after the EGR rate
exceeded 35 %. This relates directly to the global oxidiser availability,
which supresses PM formation. The 35 % EGR point with MAP at 165
kPa corresponds to the A value of approximately 2, so emissions are
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observed to be similar for both sweeps at this point. EGR rates below 35
% with the same MAP are points with A > 2

A peculiar effect can be observed in the low-EGR regime for the
constant MAP trend in Fig. 10b. Starting from the non-EGR point, the
first increase of the recirculation rate reduces PM emission for both test
fuels. This can be attributed to the combined effects of A and EGR.
Namely, it was already observed in Fig. 10a that raising A above 3
slightly increased the PM emission. Thus, PM emission decreases
because the PM formation effect of EGR is dominated by decreasing A.
Additionally, the increase in EGR at constant MAP reduced the amounts
of exhaust gas, reducing calculated emissions at a given component
concentration.

3.2.2. NOx emissions

For both fuels at non-EGR conditions, elevating A from 2 to 3.5
generally increases NOx emissions by 40 % (Fig. 11a). The fuel-to-fuel
comparison shows that HVO produces slightly higher NOy, attribut-
able to its earlier combustion.

The trends shown in Fig. 11b demonstrate the NOx emission sensi-
tivity to EGR. The addition of EGR reduces the combustion temperature
at the given excess air and reduces oxygen availability for the given
temperature. Both these approaches drastically reduce NOx formation.
For A ~ 2, increasing the EGR rate from O to approximately 40 %
effectively reduces NOx from 4.7 g/kWh to around 0.5 g/kWh. Within
the level of significance, EGRs effect on NOy is the same for DF and HVO.

The EGR sweep at constant MAP = 165 kPa, shown in Fig. 11b,
demonstrates an even greater NOx reduction. This is because its non-
EGR baseline carries an emission penalty associated with increased A.
Raising the EGR rate reduces the excess air: when the rate reaches
approximately 35 % both fuels have the same NOy levels as the A ~ 2
strategy. An even larger NOx reduction is observed at constant MAP
when the EGR rate exceeds 35 %, but this scenario is comprised by a
drastic increase in PM emission, as shown in section 3.2.1.

3.2.3. PM-NOx trade-off

The general picture emerging from the analysis of individual sweeps
is that the PM-NOyx trade-off when using HVO is significantly better than
DFs. The explanation comes from the detailed combustion analysis in
section 3.1 and relates to the combined effect of HVOs higher volatility
and higher CN. Fig. 12 distils the trade-off data for all investigated air-
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Fig. 11. Indicated specific NOx emissions; (a) A sweep at non-EGR conditions, (b) EGR sweeps at constant A and constant MAP.

10



J. Hunicz et al.

path parameters.

For both HVO and DF, the EGR-driven NOx reduction is accompanied
by the penalty of increased PM emissions. However, HVO has the
advantage of lower baseline PM emissions at non-EGR conditions (on the
right-hand side of Fig. 12). The non-EGR emissions of PM for HVO and
DF are 0.03 g/kWh and 0.075 g/kWh respectively. Consequently, HVO
offers PM at the level of DF’s non-EGR baseline, but simultaneously
reducing NOx to 1 g/kWh via EGR. More importantly, further NOx
reduction to 0.7 g/kWh is possible without exceeding a 0.1 g/kWh PM
emission limit. DF cannot match this performance due to a rapid in-
crease in PM production at high EGR rates. Alternatively, reduction of
DFs PM emissions below 0.1 g/kWh is compromised by NOx emissions of
at least 2.5 g/kWh.

Looking at the right-hand side of Fig. 12, it is worth noting that NOx
emissions above 4.3 g/kWh occur only at non-EGR conditions, where the
numbers further increase with increased boost. Fig. 12 also shows that
PM emissions in this range are hardly affected, so one can conclude that
at non-EGR conditions operating at A above 2 brings no benefits for
either fuel. Note that HVO’s PM emissions, oscillating around 0.02-0.03
g/kWh, can be considered ultra-low, comparable with those demon-
strated in highly premixed, low-temperature combustion concepts
[38,39].

3.3. HVO air-path optimised results

To explore the calibrations for an air-path optimised for HVO, within
the constraints of other arbitrarily selected control parameters, a so-
called over-limit function [40] is proposed. It quantifies both emission
factors, NOx and PM, cumulatively, with respect to their limits, using the
following equation:

(€Y

F= max<0, PM,, — 1) +max(0,N—Off 1)
PM NOj,

The numerators refer to measured emissions and the denominators
(*) are the respective heavy-duty Euro VI limits; 0.4 g/kWh for NOx and
0.01 g/kWh for PM. Efficiency and other emissions are not included in
the over-limit function definition because they exhibit far less sensitivity
to the air-path calibration than NOyx and PM. Therefore, these
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Fig. 12. PM-NOx trade-off for all investigated conditions. The points selected
by blue circles are the ones with the smallest over-limit emission (see section
3.3. for details). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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parameters would not affect the final result significantly if optimisation
is considered.

This synthesis, incorporated into the framework of Fig. 13, clearly
shows the air-path preferences of both HVO and DF.

Applying the optimised over-limit function, HVO scores a value of
around 6 points, out-performing DF by roughly 100 % . HVOs best
overall emission results are achieved for low lambda of 2.1 and at
approximately 25 % EGR. At such conditions, PM and NOx are at 0.055
g/kWh and 1.4 g/kWh respectively. Fig. 12 shows where the optimised
conditions for HVO and DF occur on the PM-NOx trade-off fronts.
Turning to DF, Fig. 13 shows the best overall emission results are at
maximum investigated boost, providing lean mixture (A = 2.7) at 22 %
EGR. This corresponds to 0.08 g/kWh PM and 2.6 g/kWh NOx. Fig. 14
plots both fuel$ optimised air-path calibrations, together with their re-
sults in terms of NOy, PM, other regulated and unregulated emissions
and also fuel efficiency. This effectively summarises the discussion on
air-path conditions that provide the lowest emissions.

At higher EGR and lower A, HVO requires less boost, yielding lower
specific heats ratio for the mixture. Nevertheless, ITE is observed to be
1.5 percentage points higher for HVO than for DF. The maximum error
in ITE is £+ 0.2 percentage point, taking account of the accuracy of fuel
consumption measurement and the adopted resolution of pressure trace
integration. This statistically significant improvement in ITE translates
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Fig. 13. Maps of the over-limit function values for all investigated conditions.
Note different scales. The points marked with blue circles are the ones
measured with the smallest emission over-limit. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)
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into 8 % lower specific CO, emission (measured in the exhaust gas),
which is equally affected by higher H/C ratio of the fuel (refer to
Table 1) and higher efficiency. Both fuels have similar CO levels.

HVO’s total hydrocarbon (THC) emissions are 37 % lower than DFs.
Analysis of the non-regulated emissions concluded that octane (CgH;g)
accounted for over 50 % of THC from both fuels (Fig. 14). Lower THC
emission when the engine is fuelled with HVO is primarily attributed to
its lower concentration of the principal hydrocarbon, octane. HVO
seems to achieve a higher degree of complete combustion, affirmed by a
corresponding reduction in short hydrocarbon concentrations, including
ethylene (CoH4). HVOs more complete combustion is attributable to
higher volatility and lower viscosity. Furthermore, aromatics (AHC) are
simply not present in HVO’s chemical make-up, and this absence of
aromatic emission also contributes to its low THC count. Aromatics are
potentially carcinogenic, so this is another advantage for HVO as a
cleaner DF substitute.

Note that the above discussed unregulated species results are close to
(yet slightly above) the level of statistical insignificance when indicated
specific values are considered. This is due to large influence of inac-
curacies in fuel consumption measurement and indicated power calcu-
lation. It may be noted that the mentioned differences between the two
fuels emissions were consistently observed on the directly measured
ppm basis for all operating points. As such, they are not the products of
measurement noise. On the other hand, assuming the same definition of
significance, HVO and DF both produce similar amounts of formalde-
hyde, formic acid and acetaldehyde (not shown in Fig. 14).

4. Conclusions
This study explored HVOs potential for cleaner combustion by means
of dedicated EGR and boost strategies. The engine was operated with a

split fuel injection strategy, providing partially premixed combustion.
The results yield the following conclusions:

Air-path parameters
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Effects of the A and EGR on the overall combustion onset are not
pronounced, for both HVO and reference DF. Despite this insensi-
tivity, the small changes in the premixed, pilot combustion phase and
the resultant impact on local mixture conditions translate into large-
scale differences in emissions.

Optimisation focus for HVO can be narrowed down to PM and NOx.
All other exhaust components and efficiency are far less sensitive to
air-path parameter changes.

NOx emissions change linearly with EGR, whereas the increase of PM
formation is highly progressive. HVO benefits from lower chemical
propensity to produce PM, providing more scope for NOx
optimisation.

An air path optimised for HVO combustion instead of diesel favours
higher EGR ratios (25 % vs 20 %) and lower boost pressures (130 kPa
vs 165 kPa). At such conditions (A of 2.1 vs 2.7) overall emissions
from HVO were roughly 50 % lower than with optimised DF
combustion.

HVO gives 1.5 percentage points higher indicated efficiency (43.5
%); produces 1.4 g/kWh NOx (46 % better than best diesel); ultra-
low particulates of 0.055 g/kWh (33 % improvement); and 0.3 g/
kWh unburnt hydrocarbons (37 % better).

HVOs CO emission is roughly the same as DFs (0.66 g/kWh). Com-
plete elimination of carcinogenic aromatic emissions and 8 % lower
tank-to-wheel CO footprint are additional incentives for HVO.

The improvement levels demonstrated in this study are comparable
to those obtained in the authors earlier work to optimise multi-pulse
injection parameters [29]. The optimised points in both studies do not
overlap, suggesting there is further improvement potential for HVO with
coordinated air- and fuel-path control strategies. This multi-objective
co-optimisation of HVO combustion, exploring the boundaries of con-
ventional and partially premixed combustion at high EGR rates, will be
investigated in a follow-up study.

Fuel efficiency

Fig. 14. Fuel-to-fuel comparison at optimal air-path settings; efficiency, regulated emissions and selected non-regulated emissions.
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