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Combustion and emissions from cerium oxide nanoparticle dosed diesel fuel 

in a high speed diesel research engine under Low Temperature Combustion 

(LTC) conditions 

Cerium oxide (CeO2) is widely used in three-way-catalysts (TWCs) in the catalytic 

oxidation of hydrocarbons (HC) and carbon monoxide (CO) as well as the catalytic 

reduction of NOx.  It has also had use as a fuel-borne catalyst in diesel fuel – particularly 

to promote diesel particulate filter (DPF) regeneration.  The literature indicates that the 

catalytic effect of CeO2 might reduce HC emissions, reduce NOx formation, slow burn 

rates and reduce fuel consumption.  In this work 8-10 nm CeO2 particles in diesel are 

tested at two dosing levels (5.7 & 19.8 mg/L) as a fuel-borne catalyst (FBC) in a modern 

high speed single cylinder diesel engine at two operating points, one low load and one 

high load.  The combustion and engine-out emissions are analysed and compared to the 

undosed diesel fuel.  The results show that CeO2 reduces soot and THC emissions by up 

to 30 % at part load under LTC but no significant differences are observed at high load.  

At high load a minor (2 - 5 %) reduction in NOx for a given EGR level is observed.  No 

significant differences are seen in fuel consumption at either load point.  At light load, a 

significant difference in the particulate size distribution is observed with fuels dosed with 

CeO2.  CeO2 is observed to remove small particles under LTC conditions.  In terms of 

the combustion parameters a reduction in maximum cylinder pressure of 2.5 % at part 

load and an increase in ignition delay of up to 10 % at high load are observed.  

Keywords: Fuel-borne catalyst; low temperature combustion; ceria; cerium oxide; 

nanoparticle; emissions;  

 

Introduction 

Cerium oxide (CeO2), also known as ceria, is a ceramic well known for its catalytic properties 

[1].  Studies have shown it playing an active role not only in soot oxidation but also in NO2 

reduction (to NO) due to its catalytic action [2].  Ceria is known to play a role in the catalytic 

oxidation of hydrocarbons (HCs) and carbon monoxide (CO) as well as the catalytic oxidation 

of soot at lower temperatures (than without the catalyst), particularly in the presence of NO2 

[3].  Ceria nanoparticles also encourage faster evaporation of diesel fuel droplets by reducing 

the surface tension of the droplet [4].  Such beneficial properties have seen its use as a Fuel 
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Borne Catalyst (FBC) deployed in so-called Diesel Particulate Filter (DPF) cleaners to promote 

shorter DPF regenerations – hence saving fuel and reducing CO2 emissions [5-7].  

The catalytic properties of CeO2 have also seen its use in three-way catalysts (TWCs), of course 

alongside other metals, particularly for its oxygen storage capability under lean conditions [8].   

Fuel-borne catalysts have been investigated for a long time as a way of promoting fuel 

oxidation in diesel engines hence increasing efficiency and decreasing fuel consumption.  One 

common catalyst for this purpose is ferrous picrate based catalysts, which have been shown to 

give reductions in fuel consumption on some engines (3.3-4.2% in the case of Zhu et al. [3]).  

Fuel-borne graphene quantum dots have also been shown to reduce fuel consumption by 14% 

when compared to undosed diesel fuel [9].  Similarly alumina nano-particles have been shown 

to reduce HC emissions by 9% from diesel engines under some circumstances [10].  Fuel-borne 

ferrous catalysts combined with ceria have also shown reductions in soot, CO and HC 

emissions by 20, 27, and 58% respectively when compared to undosed diesel fuel [11].  On the 

other hand fuel-borne graphene oxide-titanium dioxide nanoparticles have been shown to 

increase CO and NOx emissions by 15 and 27% respectively when compared to undosed diesel 

fuel [12].  

Fuel-borne ceria nanoparticles were previously investigated by Wakefield et al. [13] who 

showed that such fuel-borne CeO2 nano-particles could reduce combustion peak pressure 

(PMax) due to an oxygen donation effect, and hence NOx emissions.  CeO2 (and other rare earth 

oxides) can store and donate oxygen from their crystal lattices, which in an oxygen-lean 

environment (such as local fuel combustion in a diesel engine) will manifest itself as catalytic 

donation of oxygen. In addition Wakefield et al. [13] reported that fuel-borne CeO2 nano-

particles were seen to increase the combustion duration, which the authors state leads to a 

reduction in unburnt hydrocarbons and a decrease in fuel consumption of 8–9 %.  It was also 
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noted that over the long term, the fuel-borne CeO2 nano-particles due to their catalytic effect 

oxidise soot deposits within the cylinder and on the intake valves [13].  In contrast, Zhang et 

al. have reported increases in NOx emissions with fuel-borne CeO2 nano-particles [14]. 

Ceria nano-particles have seen widespread use in buses.  For example Stagecoach, a large 

British bus operator,  used Envirox™ (a popular brand of ceria nano-particles) for over 13 years  

in over 8,300 buses and coaches in UK and Canada .  They report a 5% reduction in fuel 

consumption which has saved an estimated 188,000 tonnes of CO2 from their fleet over eight 

years [15].  Other studies have confirmed the fuel economy benefits of ceria nano-particles in 

diesel, but have shown increases in other pollutants [16].  Pandey et al. showed some beneficial 

effect for ceria nano-particles and popular biodiesels such as Karanja and Jatropha [17].  In 

addition, Khalife et al. investigated the use of ceria nano-particles in water-diesel blends in a 

Ricardo E6 engine, and reported 5-16% decreases in fuel consumption and 51, 45, and 27% 

reductions in CO, HC, and NOx emissions respectively [18].   

Much of the research work undertaken on ceria nano-particles was done on earlier generation 

diesel engines.  Diesel combustion systems have changed substantially in recent years.  These 

changes include (for example) higher injection pressures, piezo fuel injection systems, higher 

boosting pressures, and the use of simultaneously low NOx and low soot emission Low 

Temperature Combustion (LTC) modes [19].  The aim of this work was to investigate the effect 

of fuel-borne CeO2 nano-particles on combustion and emissions from a modern light duty 

diesel engine combustion system.  In particular the following areas are specifically 

investigated: 

1. Can the oxidative effect of the ceria reduce HC emissions in LTC? 

2. Can the oxidative effect of the ceria reduce NOx formation at higher load? 

3. Are the slow burn rates previously observed seen in a modern combustion system? 
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4. Is the reduced PMax previously observed seen in a modern combustion system? 

5. Does the ceria fuel-borne catalyst reduce fuel consumption? 

Experimental equipment and methodology 

Engine and instrumentation 

The engine used in this study is a single-cylinder direct injection research diesel engine.  The 

bottom-end is a Ricardo Hydra research engine.  The engine configuration and its peripherals 

has been described in detail in previous publications [20-23].  The engine is not fitted with any 

aftertreatment (such as a DPF or any catalysts).  Table 1 presents the details of the engine used. 

Table 1: Engine parameters 

Parameter Specification 

Bore × Stroke 83 mm × 92.4 mm 

Displacement 500 cm3 

Valves per 

cylinder 
2 intake, 2 exhaust 

Fuel system Common rail 

Fuel pressure 400-2200 bar 

Piston bowl Re-entrant 

Fuel injector 7-hole piezo 

 

Crank-angle resolved cylinder pressure data were measured using a piezoelectric Kistler 

transducer and logged with a high-speed data acquisition unit (AVL Indicom) at a resolution 

of 0.1 CAD. Low frequency channels (at 1 Hz) were logged using the CADET engine control 

system by Sierra-CP engineering.   

Fuel flow measurements were carried out using both a gravimetric system and a coriolis fuel 

flow meter. The agreement between the two units is within 1 % even at very low flow rates. 

Emissions measurements were done with a Horiba MEXA-ONE, smoke readings were taken 
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using an AVL-415S smoke meter, and particle number measurements with a Cambustion 

DMS500.  For reasons of commercial confidentiality, all emissions and ISFC results have been 

rescaled by an arbitrary value (and hence do not have a dimension). 

The heat release and mass fraction burn results presented in this work were calculated using 

the standard package available in AVL Concerto software, using the signals from the in-

cylinder pressure transducer and that of the shaft encoder. The heat release calculation was 

carried out over the range -25 – 135 CAD at a 0.1 CAD resolution using Equation 1 below. 

 

where γ is the polytropic coefficient, V is the instantaneous cylinder volume and P the ex𝑖 is an 

empirically derived constant, which for diesels, is equal to 1. 

 

The engine was run at two speed-load points; one low speed, low load, where the engine enters 

LTC at high levels of EGR, and the other a higher speed, higher load point.  Full details of the 

two test points are shown in Table 2.  At both speed load points, a seven point EGR sweep was 

conducted in even steps across the range indicated in Table 2, with the upper end of the range 

limited by a smoke value.  Each test point (at each EGR level) was repeated three times for 

each fuel run, and each fuel was repeated twice (see below).  Inlet air, fuel, oil, and coolant are 

all temperature and pressure (and humidity) controlled to minimize environmental variability.  

High-frequency data was logged for 300 cycles, and low-frequency data (including the 

DMS500) was logged for three minutes.  Each data point presented in the results presents a 

mean of those 300 cycle or three minute logs and their associated standard deviations. 

Table 2: Engine operating conditions 
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Test point TP 1 TP 2 

Speed (rpm) 1500 2500 

nIMEP (bar) 3.8 17.7 

Rail pressure (MPa) 58 147 

Number of injections per cycle (#) 5 5 

CA50 (deg)* 10.5 13.3 

Intake T (°C) 55 40 

EGR rate (%) 0-60 0-15 

*CA50 was maintained constant with a closed-loop combustion controller by adjusting the main injection timing cycle-to-

cycle to achieve this. All other injections remained at constant timing with respect to the main injection. 

 

Test fuels 

The baseline fuel was an EN590 B0 standard diesel [24].  Table 3 shows the properties of this 

baseline fuel.  

Table 3: Base (undosed) diesel fuel composition. 

Cetane Number 53.3 

Initial Boiling Point (°C) 172.5  

Final Boiling Point (°C) 362.0 

Density @ 15°C (kg/L) 0.8312 

Aromatics (% m/m) 23.9 

Polycyclic Aromatics 

(% m/m) 
2.7 

Sulfur (mg/kg) 7.8 

FAME  (% v/v) < 0.1 

 

This fuel was then dosed with cerium oxide nanoparticles 8-10 nm in diameter suspended in a 

hydrocarbon solution of similar molecular weight to diesel, and also containing a dispersant to 

avoid any particulate agglomeration.  The aim was to achieve 5 mg/L and 20 mg/L CeO2 

nanoparticles in the fuel, these rates were chosen to be the manufacturers recommended dose 
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(5 mg/L) and four times that dose in order to see the effect such a high dose might have.  The 

achieved dosage rates are very close to this target, and are shown in Table 4. 

Table 4: Dosed diesel fuel composition. 

Target dose of 

CeO2 

Measured dose of 

Cerium (as metal) 

Achieved dose of 

CeO2 

mg/L mg/kg mg/L 

5 5.6 5.7 

20 19.4  19.8 

 

Fuel changes from one dosage of ceria nano-particles to another were followed by at least 

two hours of engine running at high load to ensure that all of the fuel lines were fully switched 

to new fuel.  In addition the tests were all repeated in the order baseline, 5 mg/L ceria, 20 mg/L 

ceria (twice), 5 mg/L ceria, baseline in order to ensure confidence in the results – these three 

repeats are indicated as ‘rpt’ in the results plots.  It can clearly be seen that there is excellent 

repeatability and that there is no drift or evidence of fuel cross-contamination in the results. 

Results 

Low load 

Figure 1 shows the Indicated Specific NOx (ISNOx) vs soot (FSN) results for the engine at TP1 

(1500 rpm, 3.8 bar nIMEP) across the EGR range (0-60% - see Table 2).  It can clearly be seen 

that at this test point, the engine enters a simultaneously low NOx and low soot regime, 

indicative of low temperature combustion (LTC) at <0.03 rescaled ISNOx at high levels of 

EGR (low levels of ISNOx).  The effect of the CeO2 is clear near the “knee point” of the NOx-

soot curve – with the ceria reducing soot emissions in the mid EGR range (0.03-0.6 rescaled 

ISNOx) by ~20% with 20 mg/L ceria.  In addition the CeO2 also reduces the soot at the peak 

which is observed entering LTC by ~50% with 20 mg/L ceria.  In both cases the effect with 

20 mg/L ceria is larger than the effect observed with 5 mg/L ceria. 
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Figure 1:  NOx-soot curve for the fuels at TP1 for all levels of EGR tested (0-60%).  The 

error bars correspond to ± σ. (note the logarithmic y-axis).   

 

Figure 2 shows the hydrocarbon (HC) emissions (ISHC vs ISNOx); no significant difference 

between any of the fuels is noted across most of the ISNOx range, however mostly (>0.1 

rescaled ISNOx) the overall HC emissions are very low – as would be expected from a diesel 

engine.  However, Figure 3 is a rescaled version of Figure 2 to show the area of LTC.  Below 

about 0.03 rescaled ISNOx, it is observed that the fuels dosed with ceria nano-particles emit 

lower levels of HCs than those without (a reduction of ~20 % for 5 mg/L ceria and ~30 % for 

20 mg/L) – showing that the oxidative effect of the ceria nanoparticles in reducing HC 

emissions at low combustion temperatures (when HC levels are increasing). 

 

Figure 2:  ISHC vs ISNOx for the fuels at TP1.  The error bars correspond to ± σ. 
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Figure 3:  Rescaled Figure 2 showing the decrease in HC emissions seen from fuels dosed 

with CeO2 at the point where the HC emissions rise substantially. The error bars correspond 

to ± σ. 

 

Figure 4, Figure 5, Figure 6, and Figure 7 show the EGR rates, ISFC, ignition delays, and burn 

rate analysis across the range of EGRs tested.  No significant differences are observed with any 

of the fuels tested at this test condition.  These are in contrast to some of the high-load points 

that we present later in this paper (Figure 14 for example) and suggest a load and speed 

dependency of the effects of the ceria nanoparticles. As we note in our discussion below, the 

lack of a significant difference in ISFC is at variance with previously reported results in the 

literature. 

 

Figure 4:  EGR vs ISNOx for the fuels at TP1.  The error bars correspond to ± σ. 
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Figure 5:  ISFC vs ISNOx for the fuels at TP1.  The error bars correspond to ± σ. 

 

 

Figure 6:  Ignition delay for the fuels at TP1.  The error bars correspond to ± σ. 

 

 

Figure 7:  Burn rate analysis for the fuels at TP1.  The error bars correspond to ± σ. 
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Figure 8:  Maximum cylinder pressure for the fuels at TP1.  The error bars correspond to 

± σ. 

 

Figure 9 presents the NO2 / NOx ratio across the EGR range; as expected the ratio increases as 
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NOx levels [25, 26].  In addition, at the 20 mg/L level of ceria, a reduction in NO2 / NOx ratio 

is observed below about 0.3 rescaled NOx – perhaps indicative of the reductive effect of ceria. 

 

Figure 9:  NO2/NOx ratio vs ISNOx for the fuels at TP1.  The error bars correspond to ± σ. 
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similar to the higher temperature cases (i.e. higher levels of soot oxidation) – i.e. lower EGR 

rates - which are very similar (in trends) to those seen in Figure 19, and omitted here for clarity.   

 

Figure 10:  Particle size distributions for the fuels at TP1, 60% EGR.  The narrow bands 

correspond to ± σ. 

 

It is also worth observing that a very good correlation was seen between the PN results obtained 

from the Cambustion DMS500 and the FSN results obtained from the AVL415 smoke meter. 

High load 

Figure 11 shows the NOx-soot curve at TP2.  As at TP1, at this higher speed and load point, it 
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Figure 11:  NOx-soot curve for the fuels at TP2 (note the logarithmic y-axis).  The error bars 

correspond to ± σ. 
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Figure 12 shows the HC emissions across the EGR range at TP2.  It can be seen that there is 

no significant difference in HC emissions with ceria dosing, but overall the HC levels are very 

low, as would be expected from a diesel engine, operating at higher speed and very lean of 

stoichiometric where there is good mixing and excess oxygen available. 

 

Figure 12:  ISHC vs ISNOx for the fuels at TP2.  The error bars correspond to ± σ. 
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Figure 13:  ISFC vs ISNOx for the fuels at TP2.  The error bars correspond to ± σ. 

 

Figure 14 shows the EGR levels plotted against ISNOx at TP2.  It can be seen that with 

increasing levels of ceria, there is a reduction in NOx of 2 - 5 % for a given EGR level, showing 

the reductive properties of ceria, are having an effect on the NOx emissions at the higher 

temperatures (and hence higher NOx levels) seen at TP2.  

 

Figure 14:  EGR vs ISNOx for the fuels at TP2.  The error bars correspond to ± σ. 

 

Figure 15 shows the ignition delay (defined here as time in crank angle degrees) between the 

main injection start of injection (MSOI) and the angle of 10 % mass fraction burned (CA10) at 

TP2.  As the ceria levels increase from 0 - 20 mg/L an increase in ignition delay of ~5 % for 

5 mg/L ceria and ~10 % for 20 mg/L ceria can clearly be seen.  It is not clear what is causing 

this ignition delay (which has not previously been reported in the literature) but it may be that 

it is caused by the time taken for the ceria to reach its active temperature, and its associated 

heat capacity removing heat from the incipient combustion. 

0.9

0.95

1

1.05

1.1

0 0.5 1 1.5 2

R
es

c
a

le
d

 I
S

F
C

 (
-)

Rescaled ISNOx (-)

Baseline

Baseline rpt

5 mg/L Ceria

5 mg/L Ceria rpt

20 mg/L Ceria

0

2

4

6

8

10

12

14

16

18

0 0.4 0.8 1.2 1.6

E
G

R
 (

%
)

Rescaled ISNOx (-)

Baseline

Baseline rpt

5 mg/L Ceria

5 mg/L Ceria rpt

20 mg/L Ceria



Page 16 of 21 

 

Figure 15:  Ignition delay for the fuels at TP2.  The error bars correspond to ± σ. 

 

 

Figure 16:  Burn rate analysis for the fuels at TP2.  The error bars correspond to ± σ. 
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Figure 17:  Maximum cylinder pressure for the fuels at TP2.  The error bars correspond to 

± σ. 

 

 

Figure 18:  NO2/NOx ratio vs ISNOx for the fuels at TP2.  The error bars correspond to ± σ. 
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dosing is seen, indicative of the oxidative effect of the ceria.  At low levels of EGR when 

minimal soot is produced, a peak in PN emissions around 12 nm is seen with the fuels with 

ceria nano-particle.  Although particulate measurement below 23 nm presents some challenges, 

the DMS500 has been demonstrated to be capable of this [27].  This size is consistent with the 

diameter of the dosed ceria nano-particles, and the number of particles in this peak corresponds 

to the dosing levels of those ceria nano-particles.  As the EGR levels increase (and hence 

overall soot / particle levels) this peak decreases back to ambient levels, suggesting that those 
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ceria nano-particles are acting as nuclei for particle formation during the combustion.  Particle 

nucleuses at a small size will collide with other particles and adsorb volatile species 

accumulating into larger diameter particles [28].  Assuming that this is the case, these particles 

will have ceria cores – and with ceria’s known catalytic properties, it is possible that these 

particles might oxidise at lower temperatures, providing a potential benefit to DPF 

regeneration.  However, it must be noted that this is conjecture at the moment, and it was not 

possible to test for this during this work.  

 

Figure 19:  Particle size distributions for the fuels at TP2, varying EGR.   

 

Conclusions 

In this work the effect of dosing diesel fuel with CeO2 nano-particles on the combustion and 

emissions from a modern high-speed, light duty diesel research engine was investigated.  Two 

dosing levels (5 mg/L and 20 mg/L) were compared against an undosed diesel fuel over two 

engine test points and a range of EGR rates.  Emissions, fuel consumption, and heat release 

results showed the following:  

 The presence of CeO2 nano-particles in the fuel reduces soot emissions by up to ~50% 

at some points at part load and high load. 
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 At part load, a reduction (~20 % for 5 mg/L ceria and ~30 % for 20 mg/L) in HC 

emissions is observed as well with the fuels dosed with CeO2 nano-particles in low 

temperature combustion. 

 At high load there are no significant differences in HC emissions observed. No 

significant differences were seen in fuel consumption at either load/speed point. This 

contrasted with literature results, and is attributed to a lack of initial soot deposits in 

this work and benefits in DPF regeneration not being possible in this work due to the 

absence of a DPF. 

 At high load, a 2 - 5 % reduction in NOx for a given EGR level is observed with the 

fuels dosed with CeO2 nano-particles. 

 A minor reduction (~2.5 %) in peak cylinder pressure is observed with the fuels dosed 

with CeO2 nano-particles at part load, which is in line with previously reported results. 

 At high load an increase in ignition delay of ~5 % for 5 mg/L ceria and ~10 % for 

20 mg/L with the fuels dosed with CeO2 nano-particles is observed, again in line with 

previously reported results. 

 The particle size distributions show particles consistent with the size of the dosed 

particles in the exhaust, but only at low levels of EGR when minimal soot is produced.  

At higher levels of EGR, given the lack of this peak observed at low EGR levels, it is 

thought that the CeO2 nano-particles are acting as nucleus for PN but no increase in 

overall PN is observed.   

 At part load, in LTC, the fuels dosed with CeO2 nano-particles do not display the wide 

PN size distribution typically associated with LTC, and observed with the baseline fuel.  

The particle size distribution in LTC observed with the fuels dosed with CeO2 nano-

particles is of the same diameter as ‘standard’ diesel combustion modes, but at a lower 

overall level of PN. 
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In the future it would be interesting to consider what effects dosing CeO2 nano-particles into 

diesel had on modern engine aftertreatment for example DOC, SCR, and DPF as well as 

catalyzed DPFs.   
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