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emissions of substituted
dioxolane – hydrotreated vegetable oil renewable
fuel blends in a heavy-duty diesel engine

Sunita Sisodiya, *a Nicos Ladommatos, a Amy Kittoe,b Cameron Webbb
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Given the accelerating pace of global warming, there is a pressing need for decarbonisation of the transport

sector so as to reduce global greenhouse gas emissions. Alternative renewable fuels derived from biomass

or the upcycling of waste are central to achieving this transition. Among these, molecules containing the

dioxolane functional group have emerged as promising fuel candidates. Although the combustion

kinetics of the dioxolane functional group have been studied, the effects of substituted dioxolanes on

combustion characteristics and emissions in practical engine applications remain largely unexplored. This

study presents the first experimental evaluation of 2-ethyl-2-methyl-1,3-dioxolane (2-EMD),

a substituted dioxolane, as a major fuel component in a heavy-duty compression–ignition engine. 2-

EMD was blended with hydrotreated vegetable oil (HVO) at 30% and 70% by volume, and tested under

constant indicated mean effective pressure (IMEP) and start-of-combustion (SOC) conditions. The

30%(v/v) 2-EMD blend exhibited an ignition delay identical to that of neat HVO. However, increasing the

percentage blend level of 2-EMD to 70%(v/v) resulted in a longer ignition delay and a correspondingly

higher apparent peak heat release rate (PHRR), elevating NOx emissions due to increased premixed

combustion. Across both blends, 2-EMD reduced incomplete combustion products (CO and THC).

These findings highlight the potential of 2-EMD as a viable drop-in biofuel component for heavy-duty

engines at moderate blend levels of up to at least 30%(v/v).
Introduction

Heavy-duty transportation is a sector that requires urgent
decarbonisation due to signicant contribution of carbon
dioxide (CO2) emissions from the burning of fossil fuels,
particularly road freight which accounts for the majority of
transport-related emissions within the European Union (EU).1

Global mean surface temperatures reached unprecedented
levels in 2024, marking this the hottest year on record since the
beginning of modern record-keeping.2 With widespread
consensus among climate scientists that anthropogenic climate
change is already underway, there is growing concern about the
accelerating pace of global warming.

Outdoor air pollutants such as particulate matter (PM) and
nitrogen oxides (NOx) contributed 7.8% of global deaths in
2019, and remained at an almost constant level since 1990 (ref.
3) despite increasingly stringent regulations controlling
pollutant emissions, for example from Euro7,4 and recom-
mendations from the World Health Organisation to reduce
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overall levels of atmospheric particulate matter. Therefore,
a transition to cleaner renewable, low-carbon drop-in fuels is
important in both, reducing pollutant emissions impacting
public health and mitigating the impacts of climate change.

Substituted dioxolanes are a promising class of renewable
cyclic ethers and acetals that have previously been identied as
structures that can exhibit excellent fuel properties, for
example, low sooting tendency and potentially enhanced engine
performance through high reactivity.5–7 The dioxolane func-
tional group consists of a ve-membered ring containing two
oxygen atoms, forming two ether linkages as apparent in Fig. 1
showing the molecular structure of 2-ethyl-2-methyl-1,3-
dioxolane (2-EMD). The combustion kinetics and properties of
dioxolanes have been investigated through computational
modelling and experimental data such as those from jet stirred
reactor (JSR), shock tube, counterow burner and ow reactor
experiments.8–11 However, to date, no studies have investigated
the combustion characteristics and exhaust emissions of fuels
containing the dioxolane functional group at high blend levels
in a compression–ignition engine. The present study addresses
this gap by evaluating, for the rst time, a substituted dioxolane
(2-EMD) as a major fuel component, in combination with
a renewable and commercially available base fuel, hydrotreated
vegetable oil (HVO).
Sustainable Energy Fuels
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Fig. 1 Molecular structure of 2-ethyl-2-methyl-1,3-dioxolane (2-
EMD).
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Although limited, experimental studies have explored the
use of 1,3-dioxolane and solketal—a hydroxyl-substituted
derivative of dioxolane—as fuel blend components at low
concentrations in light-duty diesel engines. Song et al. tested
1,3-dioxolane–diesel blends at 10% and 20% by volume,
alongside glycol ether blends, alkane blends, and diesel, in
a light-duty Volkswagen 1.9 L TDI engine.12 The dioxolane
blends produced a longer ignition delay compared to both the
diesel base fuel and alkane blends (15% n-heptane/n-dodecane
and 10 wt% n-heptane). Although there was no distinct differ-
ence in heat release between the dioxolane and alkane blends,
blending 1,3-dioxolane resulted in a 5% decrease in particulate
matter and slight changes in NOx and CO emissions relative to
diesel. Compared to linear C4H10O2 and C6H14O3 glycol ether
blends with similar oxygen content, the ring structure of di-
oxolane was less effective at reducing soot. An increase in NOx
emissions was observed for both oxygenated fuel blends;
however, the increase was smaller for dioxolane, likely due to
lower combustion temperatures in the mixing-controlled
regime and reduced oxygen release relative to glycol ether
blends. This highlights the fundamental role that oxygenate
molecular structure plays in emission formation, beyond
oxygen content alone. Kumar et al. investigated solketal–bi-
odiesel blends (up to 15% vol/vol) in a light-duty compression–
ignition engine and found that solketal addition reduced
incomplete combustion products, carbon monoxide (CO) and
total hydrocarbons (THC), but increased nitrogen oxides (NOx)
emissions and brake-specic fuel consumption (BSFC).13 Türck
et al. added solketal to diesel, biodiesel, and HVO blends and
reported a reduction in cetane number (CN).14 Lin et al.
formulated nano- and micro-emulsions of solketal dispersed at
3 wt% and ultra-low sulfur diesel, reporting lower CO and NOx
emissions from a direct-injection, four-stroke naturally aspi-
rated diesel engine.15 These studies demonstrate that molecular
structure of dioxolanes signicantly inuences combustion and
emissions, even at low blend levels. However, these studies were
limited to light-duty engines and relatively low blend levels, and
they did not examine next-generation renewable base fuels such
as HVO. The present study addresses these gaps by exploring
the combustion and emissions effects of 2-EMD in a heavy-duty
diesel engine, and blended at varying levels with HVO,
including signicantly higher blend concentrations than
previously reported.
Sustainable Energy Fuels
Synthesis routes for substituted dioxolanes

While a direct bio-derived route for 2-EMD has yet to be estab-
lished, its precursors show promise for renewable synthesis and
a variety of dioxolanes have already been successfully produced
from bio-based sources.16,16,17 One such method of synthesis is
the catalysed acetalisation of waste glycerol with furfural ob-
tained from lignocellulosic biomass. Glycerol is a by-product of
the transesterication of vegetable oils to rst-generation bi-
odiesel, fatty acid methyl esters (FAME), comprising approxi-
mately 10% wt/wt of the total product yield, and is therefore
a highly abundant yet underutilised resource, with current
applications including the production of chemicals such as 1,3-
propanediol used as a common solvent, in antifreeze, and
cosmetics. Similarly, furfural is a major platform chemical in
green chemical synthesis derived from hemicellulose, which is
the second most abundant polysaccharide in lignocellulosic
biomass.16 Appaturi et al. achieved 78% specic conversion of
glycerol to (2-(furan-2-yl)-1,3-dioxolan-4-yl)methanol using the
reusable bifunctional catalyst MCM-41-alanine.17 Similarly,
Akinnawo et al. synthesised both 1,3-dioxolane and 1,3-dioxane
via acetalisation of glycerol using a zirconia catalyst (ZrO2 350).18

The advancement of novel catalytic systems, including bio-
based and organometallic catalysts, has opened up innovative
pathways for the synthesis of dioxolanes.7,19,20 Beydoun and
Klankermayer produced several cyclic acetals at 93 to 98% yield
by reacting various biomass-derived diols with poly-
oxymethylene (POM) polymers, providing an opportunity for
revalorising and upcycling POM plastic waste into high-value
products.19 POM plastics are used in a diverse range of
consumer products, with production estimated at up to 1.7
million tons annually in 2015, generating signicant amounts
of waste that could potentially be diverted from landll.21

Although upcycling offers benets in waste reduction, the
carbon in fuels derived from valorised waste plastics still orig-
inates from fossil sources therefore bio-derived feedstocks are
widely considered to be a more sustainable option. Fan et al.
demonstrated that 2-alkyl-1,3-dioxolane derivatives of varying
carbon chain length can also be directly produced from
ethylene glycol (EG) and syngas (1 : 2 CO and H2) that can be
obtained from biomass and waste glycerol in a reaction cata-
lysed by recyclable low-cost iron nanoparticles.22

Harrison and Harvey synthesised highly reactive alkyl di-
oxolanes; 2,4,5-trimethyl-2-undecyl-1,3-dioxolane, 2,4-dimethyl-
2-undecyl-1,3-dioxolane, and 2-methyl-2-undecyl-1,3-dioxolane,
from bio-derived methyl ketones and diols via acid catalysed
condensation.6 These dioxolanes, characterised by high CN (81–
91 as measured by Ignition Quality Testing, or IQT), lowmelting
points, and comparable viscosities and net heats of combustion
(NHOC) relative to conventional biodiesel, were suggested by
the authors to be suitable biodiesel candidates, exhibiting good
cold-temperature properties and thus the possibility of modi-
fying the freezing point of the resulting fuel blend.
Oxidation kinetics of dioxolanes

Cho et al. investigated the relationship between the chemical
structure of ethers and oxidation chemistry, soot precursor
This journal is © The Royal Society of Chemistry 2026
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characteristics, yield sooting index (YSI) and CN.5 Flow reactor
experiments were performed to isolate oxidation products and
elucidate kinetic mechanisms in parallel with a multivariate
machine learning prediction model that generated dependen-
cies between proposed values for YSI and CN. The latter was
referred to as the fuel molecules' reactivity (indicative of auto-
ignition quality) and the former a standardised metric for
quantifying sooting tendency, indicative of the potential for
a fuel to produce particulate matter. 2-Ethyl-4-methyl-1,3-
dioxolane (EMD) and 2-isobutyl-4-methyl-1,3-dioxolane were
identied as dioxolanes of low YSI, 24.0 and 45.2, respectively,
compared to conventional diesel with a YSI of 246.0.

The structural properties investigated by Cho et al. were:
cyclic versus acyclic structure, ring size, number and position of
oxygen atoms, branching and carbon type. The carbon atom
type (whether it be primary, secondary, tertiary or quaternary)
and the relative position of this carbon atom to an adjacent
ether oxygen atom were found to be signicant features that
inuence YSI and CN. The model suggested that primary and
secondary carbon atoms bonded to adjacent oxygen atoms were
of particular importance for obtaining low YSI and high CN
ethers. In the model, carbon atoms present as C–O ether link-
ages were predicted to be converted into carbon monoxide and
were not considered to signicantly contribute to soot precursor
formation. In contrast, tertiary and quaternary carbon atoms
were responsible for producing larger C3 and C4 hydrocarbon
soot precursors.5 Hellmuth et al. observed synergistic effects of
1,3-dioxolane addition on polycyclic aromatic hydrocarbons
(PAH) and soot formation in ethylene counterow diffusion
ames, where soot formation increased with up to 30% di-
oxolane, peaking at 10%.11 In agreement with Cho et al., this
synergistic effect of 1,3-dioxolane could be attributed to the
presence of C3 and C4 species that form naphthalene and
enable the production of larger PAH and soot.23

Alkyl chain branching was also reported to inuence CN, and
in acyclic (linear) ethers, branching was suggested to inhibit
hydrogen migration reactions at low-temperature conditions,
resulting in lower CN. In contrast, the opposite effect of
branching was observed in cyclic ethers; for example, 2-isobutyl-
4-methyl-1,3-dioxolane, which contains a branched structure,
was found to be more reactive than 2-ethyl-4-methyl-1,3-
dioxolane. The higher CN was attributed to the presence of the
tertiary carbon atom in 2-isobutyl-4-methyl-1,3-dioxolane, which
promoted hydrogen abstraction because of low C–H bond
dissociation energy relative to the primary carbon-hydrogen
bonds present.5 This suggests that cyclic ethers with more
branching, and thus more tertiary carbon atoms, could poten-
tially accelerate hydrogen abstraction reactions and increase CN.
However, increasing the chain length of alkyl branches has been
shown to be more inuential in increasing CN in dioxolanes, as
measured in IQT experiments by Harvey et al.6,24

The presence of oxygen atoms in the dioxolane functional
group, incorporated as ether linkages, was found to increase CN
by enhancing OH radical production. Introducing a second
oxygen atom into the molecular ring was demonstrated to
signicantly promote the formation of low-temperature inter-
mediates.5 It was therefore proposed that desirable fuel
This journal is © The Royal Society of Chemistry 2026
candidates could be achieved by increasing the number of
oxygen atoms and increasing the number of adjacent primary
and secondary atoms – characteristics exhibited by 1,3,5-tri-
oxane and also acyclic polyoxymethylene dimethyl ether. Low-
temperature oxidation of the dioxolane functional group is yet
to be fully understood, with most research focusing on 1,3-di-
oxolane (13DO), a six-membered cyclic acetal.

The heterocyclic oxygen atoms within dioxolanes have been
proposed to play a dominant role in ring opening b-scission
reactions,25 consistent with the ndings of Cho et al.5 Roy et al.
concluded that the heterocyclic oxygen atoms weaken the C–O
bonds, leading to reduced barrier heights for the ring-opening
reactions.25 Notably, the presence of these oxygen atoms has
also been reported to weaken adjacent C–H bonds, thereby
promoting the formation of radicals near the oxygen atoms as
well as facilitating faster internal H-atom migration from ROO
to QOOH.26 This was observed in 1,3-dioxane where chain
propagation reaction rates exceeded chain termination, leading
to higher reactivity than cyclohexane. Furthermore, Hellmuth
et al. compared 1,3-dioxane and 1,3-dioxolane through kinetic
modelling and reaction pathway analysis, supported by experi-
mental measurements of ignition delay times, laminar ame
speeds, and speciation data in a jet-stirred reactor and ethylene-
based counterow diffusion ames. In the low-temperature
regime, 1,3-dioxane was found to promote degenerate chain
branching, leading to the formation of keto-hydroperoxides and
oxygenated species. In contrast, 1,3-dioxolane exhibited faster
ame propagation and higher reactivity due to its lower C–O
bond dissociation energy, which leads to direct ring-opening as
the dominant pathway.10 Additionally, ring strain can consid-
erably inuence the energy proles and energy barriers of cyclic
ethers during ignition reactions as compared to acyclic coun-
terparts. For example, relative to the linear structure of diethyl
ether (DEE), increased barrier heights for isomerisation reac-
tions of peroxy radicals were reported for 1,3-dioxolane.5 At high
temperature, it is understood that 13DO undergoes radical
chain decomposition for which rate constants have been
demonstrated to be highly temperature dependent.27

Although there has been considerable interest in molecules
containing the dioxolane functional group and their combus-
tion chemistry, experimental investigations into their combus-
tion characteristics remain limited. In particular, there is
a notable absence of studies that examine exhaust emissions
from practical engine applications.

To the best of the author's knowledge, there have been no
previous studies on the use of a substituted dioxolane, 2-ethyl-2-
methyl-1,3-dioxolane (2-EMD), as a major fuel component in
a compression–ignition engine. In the study presented here,
dioxolane was tested at 30% and 70% in blends with HVO at
constant engine operating conditions in a heavy-duty diesel
engine, with observations of the varying level of 2-EMD on
combustion characteristics and gaseous exhaust emissions.
Experimental approach

All fuels were tested in the heavy-duty engine research facility,
shown in schematic form in Fig. 2, and performed at the
Sustainable Energy Fuels
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Fig. 2 Schematic of heavy-duty-engine test facility.
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operating conditions specied in Table 3. The heavy-duty
compression–ignition engine used was a six-cylinder 7.7 litre
Volvo D8k (Table 1), specially modied for independent control
and supply of fuel to the designated research cylinder number 1
(Fig. 2).28 Control of the engine speed, injection timing and
injection duration was achieved using an AVL engine timing
unit (ETU) and custom electronic injector drivers. Test fuels
were supplied to the research cylinder (Cylinder 1) via an ultra-
low volume fuel system, described previously by Hellier (2013),29

which utilised reference diesel pressurised by the engine
common rail circuit as a hydraulic uid acting on two free-
moving pistons to test fuel injection pressure. The semi-
isolated low-volume fuel delivery system allowed for operation
of the engine research cylinder on test fuels available at only low
quantities or having properties signicantly beyond current fuel
specications such as low lubricity. The exhaust was modied
and split into two separate ows. This arrangement allowed for
Table 1 Specification for 7.7 litre Volvo D8k research engine

Description (units) Value

Bore (mm) 110
Stroke (mm) 135
Displacement volume (L) 7.7
Compression ratio 17.5 : 1
Number of cylinders 6
Piston bowl Re-entrant
Sha encoder resolution (CAD) 0.1

Sustainable Energy Fuels
the isolation of emissions from the research cylinder, allowing
for individual analysis of gaseous exhaust emissions using
a Horiba MEXA 7000 DEGR motor exhaust analyser which
measured carbon dioxide (CO2), oxygen (O2), nitrogen oxides
(NOx), hydrocarbons (HC), carbon monoxide (CO) that were
detected by chemiluminescence (NOx), ame ionisation
detector (FID) (HC) and non-dispersive infrared (NDIR) (CO2,
CO) and paramagnetic cell (O2).

In-cylinder pressure during combustion was measured by
a Kistler type 6052C piezoelectric pressure transducer with its
output digitised with the aid of a cranksha encoder of reso-
lution 0.1 crank angle degrees (CAD) (Table 1).28 Integrated data
acquisition and control of the experimental facility was devel-
oped in-house with a custom LabView (National Instruments)
code, outlined in Deehan (2023).28 Apparent net heat release
rates were calculated from in-cylinder pressure data using
a single zone 1st-Law thermodynamic model following the
method outlined by Heywood (2018).30 A custom MATLAB code,
originally developed by29 and later adapted by28 to accommo-
date D8k geometries was used to plot raw in-cylinder pressure
data against crank angle degrees (CAD), enabling analysis of
ignition delay and combustion duration. The pressure traces
were averaged over 100 consecutive combustion cycles for each
test condition and subsequently used to calculate the net
apparent heat release rate and in-cylinder temperature proles
during combustion, employing specic heat ratio (g) values for
in-cylinder gases as reported by Heywood (2018).30 Multiple
datales were recorded during each experiment and for each
This journal is © The Royal Society of Chemistry 2026
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Table 2 Fuel properties of 2-EMD, HVO and ref. diesel

Property 2-EMD31 HVO32 Ref. diesel33

Cetane number — 79.2 52.4
Density at 15 (°C) (kg L−1) 0.929a 0.7803 0.8316
HHV (MJ kg−1) 31.3 48.8 47.4
LHV (MJ kg−1) 29.2 — 44.6
IBP (°C) 116 198.3 173.9
Flash point (°C) 13 76 69
Total aromatics — <0.2 22.6

a Density at 25 °C.

Paper Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 2
/2

6/
20

26
 3

:0
6:

14
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
blend level, a nal datale was selected on the basis of
comparable controlled conditions such as IMEP, oil tempera-
ture and fuel temperature. The fuel ignition delay was dened
as the duration, in crank angle degrees (CAD), between the start
of injection (SOI, dened as the time at which the injector
actuating signal commences) and the start of combustion
(SOC); which was dened as the time in CAD (aer SOI and
before the time of peak heat release rate) at which theminimum
value of cumulative heat release occurs.

Test fuels

A model substituted dioxolane was tested as a blend with HVO
at two different percentage blend levels and compared to
EN590-B0 reference diesel. A 70% blend level was selected to
evaluate the impact of 2-EMD when it constitutes a substantial
majority of the fuel blend (i.e., a high blend level). A 30% blend
level was also included to assess the effects at a lower blend
ratio. The aim was to study the relationship between blend level
and engine performance to identify the range in which signi-
cant effects occur. This work was exploratory in nature, as it
represents the rst study of this type conducted in an engine,
and the blend selections were guided by prior experience with
testing other novel fuels under similar conditions. Aer con-
rming the miscibility of HVO and 2-EMD, the fuel blends were
prepared volumetrically, thoroughly mixed, and showed no
evidence of phase separation at these blend levels.

In the present study, 2-ethyl-2-methyl-1,3-dioxolane (2-EMD)
was selected as a representative substituted dioxolane and
Table 3 Operating conditions for 30% 2-EMD/HVO, 70% 2-EMD/HVO,

Parameter 30% 2-EMD/HVO

Engine speed (rpm) 800
IMEP (bar) 8.09
COV in IMEP (%) 0.58
Injection pressure (bar) 700
Injection duration (ms) 1.59
SOI (CAD) 355.35
SOC (CAD) 359.8
Oil temp. (1) (°C) 59.2
Fuel temp. (2) (°C) 31.1
Air intake (3) (°C) 35

This journal is © The Royal Society of Chemistry 2026
available from a chemical supplier (Merck) at 99% purity and
sufficient quantities required for testing in the low-volume fuel
system (250 ml) (Fig. 1). The EN590-B0 reference diesel and
hydrotreated vegetable oil (HVO) were sourced from bp plc.

Table 2 presents the fuel properties of 2-EMD, HVO was
selected as the base fuel because it is commercially available,
widely used, and representative of future fuel blends. HVO has
high ignition quality, which is indicated by a cetane number of
79.2, and consists primarily of paraffinic hydrocarbons with
little to no aromatic content, which in B0 diesel, contributes to
soot formation during combustion34 (Table 2). Among the fuels,
2-EMD had the highest density (0.929 kg L−1 at 25 °C) and the
lowest boiling point (116 °C) and ash point (13 °C), making it
the most volatile.31 In comparison, HVO had the lowest density
(0.7803 kg L−1) and the highest boiling point (198.3 °C) and
ash point (76 °C) (Table 2).32 Further discussion regarding the
fuel properties of 2-EMD is made in the context of the
combustion and emissions results, for example, the impact on
the premixed burn fraction.

Engine speed was set to a constant 800 rpm with a fuel
injection pressure of 700 bar for all experiments. The start of
combustion (SOC) was maintained at 359.7° ± 0.1°. The
research engine was equipped with thermocouples to measure
and record the temperatures of the oil, fuel, and air intake
manifold, ensuring accurate monitoring of potential variations
in the testing environment (Table 3).

To maintain a constant 8 bar IMEP, longer injection dura-
tions were required for the 2-EMD blends than those for neat
HVO and diesel. Durations of 1.59 ms and 1.78 ms were
required for the 30% and 70% 2-EMD/HVO blends, respectively
(Table 3). Furthermore, the percentage coefficient of variation
(COV) of IMEP was very low (0.57–0.58), indicating that engine
operation and the combustion of these fuels was highly stable.
These longer injection durations corresponded with the lower
caloric values of 2-EMD compared to HVO and the B0 refer-
ence diesel (Table 2), with HHV values of 31.3, 48.8, and 47.4 MJ
kg−1 for 2-EMD, HVO, and B0, respectively. The lower caloric
value of 2-EMD is likely due to its fuel-bound oxygen content,
consistent with previous combustion studies on oxygenated
fuels.35,36 Gross caloric values of the fuels were determined
using an IKA C1 bomb calorimeter.
HVO and ref. diesel tests at constant SOC

70% 2-EMD/HVO HVO Ref. diesel

800 800 800
8.04 8.07 8.09
0.58 0.57 0.58
700 700 700
1.78 1.52 1.51
354.35 355.45 354.75
359.7 359.9 359.9
61.8 62.7 64.5
32.4 31.8 32.6
35 36.0 34.8
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Results and discussion
Effects of 2-EMD blend level on combustion characteristics

Fig. 3 shows the in-cylinder pressures and heat release rates
during combustion of the 2-EMD blends with HVO, neat HVO
and reference diesel. Reference diesel 1 and 2 correspond to the
start-of-day and end-of-day reference diesel tests, respectively.
Readily apparent from Fig. 3 is that both 2-EMD blends di-
splayed stable combustion, though that containing 70% (v/v)
dioxolane exhibited a signicantly higher maximum in-
cylinder pressure relative to the other fuels tested and as will
be seen below, this was associated with longer ignition delay
and highest peak heat release rate.

At the 30%(v/v) 2-EMD blend level, the in-cylinder pressure
was observed to be similar to that of neat HVO up until 366 CAD,
aer which the dioxolane blend exhibited a relatively higher
maximum cylinder pressure comparable to reference diesel
(Fig. 3a). Additionally, the apparent net heat release rate of 30%
2-EMD was largely comparable to that of neat HVO with the
exception of exhibiting a larger premixed burn fraction (Fig. 3b).
Similarly, Song et al. observed comparable heat release rates
between 1,3-dioxolane–diesel blends (10% and 20% vol/vol) and
alkane blends in a light-duty Volkswagen 1.9 L TDI engine.12

Notably, blending 30% 2-EMD in HVO did not change the
duration of ignition delay (ID) (Fig. 4) and resulted in an ID of
4.45 (CAD), identical to that observed for neat HVO and
signicantly shorter than that of the reference diesel. In the case
of 30%(v/v) 2-EMD in HVO, it is likely that autoignition was
predominantly determined by HVO which had a high derived
CN of 79.2 (Table 2). Vojtisek-Lom et al. observed a similar
dominating inuence of HVO on ignition delay in 30% butanol/
HVO blends.37 Therefore, at 30%, the presence of 2-EMD did not
Fig. 3 (a) In-cylinder pressures and (b) apparent net heat release rates
for 30% and 70% (v/v) blends of 2-EMD with HVO, neat HVO and
reference diesel at constant IMEP and SOC.

Sustainable Energy Fuels
appear to negatively inuence the low-temperature reactions of
HVO that lead to autoignition; the effects of 2-EMD on ignition
delay are discussed further in the Discussion section. 2-EMD
may also have vaporised more quickly than HVO into the gas
phase due to its higher volatility (Table 2), potentially inu-
encing the rate of air-fuel mixing and combustion dynamics.
Additionally, it is suggested that the autoignition of 2-EMD in
the case of the 30% blend was less dependent on the rates of
low-temperature reactions, as temperatures were elevated by the
ignition of HVO, which comprised the majority of fuel present.
However, at a 70% 2-EMD blend level, the ignition delay (ID)
was signicantly longer compared to neat HVO, the 30% 2-EMD
blend, and reference diesel (Fig. 4). Song et al. reported that the
addition of 1,3-dioxolane to diesel resulted in a longer ignition
delay at 10% and 20% blend levels. In contrast, the addition of
30% 2-EMD to HVO in the present study showed no change in
ignition delay, suggesting that substituting ethyl and methyl
groups at the 2-position of the dioxolane ring may positively
inuence ignition behaviour and counteract the delay associ-
ated with 1,3-dioxolane.12 The impact of the 2-EMD blend on
ignition delay and kinetics will be examined in greater detail in
the discussion section.

Fig. 3 shows that increasing the blend ratio to 70% 2-EMD
resulted in much larger premixed burn fraction and a signi-
cant increase in apparent peak heat release rate (APHRR) which
also occurred earlier, as opposed to the neat HVO and 30% 2-
EMD/HVO blend where the peak heat release rate occurred
later during diffusion-controlled combustion. The increase in
APHRR can be attributed to the longer duration of ignition
delay observed for 70% 2-EMD/HVO (Fig. 4) and the greater
availability of premixed fuel and air at the start of combustion,
as previously observed by Hellier et al.38

Blending 30% 2-EMD into HVO resulted in a slightly larger
heat release during the premixed burn fraction compared to
neat HVO, which could be attributed to the increased volatility
of 2-EMD. With a boiling point of 116 °C appreciably lower than
that of HVO, the increased volatility of 2-EMD likely sped up fuel
vapourisation and air-fuel mixing, resulting in a larger pre-
mixed burn fraction for an equivalent duration of ignition
delay.
Fig. 4 Duration of ignition delay for 30% and 70% (v/v) blends of 2-
EMD with HVO, neat HVO and reference diesel at constant IMEP and
SOC.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Apparent peak heat release rate for 30% and 70% (v/v) blends of
2-EMDwith HVO, neat HVO and reference diesel at constant IMEP and
SOC.

Fig. 6 Nitrogen oxides (NOx) and nitrogen oxide (NO) emissions for
30% and 70% (v/v) blends of 2-EMD with HVO, neat HVO and refer-
ence diesel at constant IMEP and SOC.
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Relative to the 70% blend, the 30% 2-EMD blend exhibited
a higher peak heat release during diffusion-controlled
combustion, with both the timing and magnitude of peak
heat release remaining closer to that of neat HVO (Fig. 3, and 5).
Gaseous exhaust emissions

Fig. 6 shows the nitrogen oxides (NOx) emissions, including both
NO2 andNO, and the level of NO only for each blend. For all tests,
NO made up the majority of the NOx, with NO2 levels being
highest for the 70% 2-EMD blend. Fig. 7 illustrates the relation-
ship between NOx emissions and the peak heat release rate
during the premixed burn fraction for the 2-EMD blends, HVO,
and reference diesel. Both neat HVO and the 30% 2-EMD/HVO
blend exhibited signicantly lower peak heat release rates
during the premixed burn phase (Fig. 3) compared to reference
diesel and emitted appreciably less NOx. However, the addition
of 2-EMD increased NOx emissions, with the 70% 2-EMD blend
producing higher levels than reference diesel. This is likely due to
changes in combustion phasing: while neat HVO and the 30% 2-
EMD blend had shorter ignition delays, the 70% 2-EMD blend
ignited later, increasing the premixed burn fraction, raising peak
temperatures, and promoting greater NOx formation (Fig. 7).
Notably, the increased NO2 emissions observed for the 70% 2-
EMD blend are likely linked to higher peak temperatures, which
promote NO formation via the thermal (Zeldovich) mechanism.
The reduced PHRR observed during the mixing-controlled phase
(Fig. 3) may have promoted cooler post-ame conditions
conducive to NO2 retention. Subsequent conversion of NO to NO2

in these cooler post-ame regions facilitated by reactions with
radicals such as HO2 may have contributed to a greater propor-
tion of NO2 in the total NOx emissions.30,39,40

Furthermore, NOx formation appeared to be more dependent
on the peak heat release rate during the premixed burn fraction
than on the overall peak heat release rate during the entire
combustion process, which occurred later during the diffusion-
controlled phase for both HVO and the 30% 2-EMD blend
(Fig. 3 and 5). Although the 30% 2-EMD blend exhibited a lower
overall peak heat release rate than neat HVO, the higher heat
release rate during the premixed burn fraction led to greater NOx
formation (Fig. 7). This suggests that the commencement of
This journal is © The Royal Society of Chemistry 2026
sustained elevated temperatures had a greater inuence on NOx
formation compared to a higher peak heat release rate achieved
later during the diffusion-controlled phase. During the premixed
burn phase, when in-cylinder volume is smallest, high initial heat
release rates rapidly raise temperatures, which in turn accelerates
NOx accumulation.

Addition of 2-EMD appeared to reduce incomplete combus-
tion products; both the 30% and 70% 2-EMD blends emitted
less CO than HVO and reference diesel, with the highest di-
oxolane content resulting in the largest reduction (Fig. 8). This
might be attributable to the grater volatility of 2-EMD, helping
to reduce fuel-rich regions, and to the presence of oxygen in the
2-EMD molecule. A similar effect of fuel oxygen content on
reducing CO emissions has been previously observed in
carbonate esters.41 The ether linkages in 2-EMD, in which two of
the carbon atoms in the ring are already bonded to oxygen as
ether linkages, facilitate the oxidation of carbon atoms to
carbon dioxide CO2 compared to CO formation. Previous work
on isotope tracing in both a pyrolyser and light-duty diesel
engine has suggested that the carbon–oxygen bonds within fuel
molecules oen remain intact, contributing signicantly less to
the formation of soot. The presence of these bonds in the fuel
results in the carbon being partially oxidised, requiring less
additional oxygen to form CO2, thereby promoting more
complete combustion.42

Furthermore, compared to 2-EMD, the higher boiling points
of HVO and reference diesel (Table 2) may have resulted in
greater fuel spray penetration and greater levels of fuel
impingement on the cylinder walls, resulting in later and only
partial combustion of the impinged fuel. Therefore, displace-
ment of HVO with 2-EMD likely improved air-fuel mixing
despite the greater relative density of 2-EMD, with relatively less
mixture present within the quench zones adjacent to the walls
where the temperatures might have been insufficiently high for
complete combustion.

Total hydrocarbons (THC) were observed to be signicantly
lower for all fuels relative to reference diesel (Fig. 8). This reduction
likely resulted from a more homogeneous air-fuel mixture,
promoting more uniform combustion and reducing fuel-rich
pockets that can cause higher THC emissions due to incomplete
combustion in localised areas with insufficient oxygen. The lower
Sustainable Energy Fuels
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Fig. 7 Nitrogen oxides (NOx) emissions vs. peak heat release rate during the premixed burn fraction for 30% and 70% (v/v) blends of 2-EMDwith
HVO, neat HVO and reference diesel at constant IMEP and SOC.
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boiling points of HVO and 2-EMD, compared to reference diesel
(Table 2), likely contributed to improved vaporisation and
combustion efficiency. Unlike conventional diesel, HVO is more
homogeneous in its chemical composition which primarily
consists of C16 to C18 paraffins, whereas conventional diesel
contains a wider range of hydrocarbons, some of which are more
difficult to vaporise and may consequently impinge on cylinder
walls and crevices within the combustion chamber. Notwith-
standing the range of variability in THC measurement indicated
by the reference diesel, THC levels appear to decrease with 2-EMD
addition to HVO and this may be due to the higher volatility of 2-
EMD and improved air fuel mixing as discussed above in the
context of the observed CO emissions (Fig. 8). Additionally, CO2

and O2 emissions were measured, with no signicant variation
observed across the fuel blends.
Discussion: impact of 2-EMD on combustion kinetics

The 30% 2-EMD blend had no apparent impact on ignition
(Fig. 4), whereas the 70% 2-EMD blend exhibited a detrimental
effect, underscoring the need for further investigation into the
ignition kinetics of 2-EMD. Interestingly, at 30%, 2-EMD
demonstrated relatively high ignition quality that matched
Fig. 8 Carbon monoxide (CO) and total hydrocarbons (THC) emis-
sions for 30% and 70% (v/v) blends of 2-EMD with HVO, neat HVO and
reference diesel at constant IMEP and SOC.

Sustainable Energy Fuels
HVO, despite the absence of the long alkyl chains that Harvey
et al. reported to be important for cyclic-ether ignition.6 A
previous study on the low-temperature chemistry of an isomer
of 2-EMD, 2-ethyl-4-methyl-1,3-dioxolane, suggested that iso-
merisation reactions leading to the formation of keto-
hydroperoxide (KHP) were thermodynamically favoured.
Furthermore, the second oxygen in the ring was found to lower
the energy required for the formation of low-temperature
intermediates (LTIs) by up to 19.7 kcal mol−1.5

KHP decomposition is a major chain propagation pathway that
occurs at a relatively lower temperature (800 K) than hydrogen
peroxide (H2O2) decomposition (900–1000 K).43 In the 30% 2-EMD/
HVO blend, where HVO dominates and has a shorter ignition
delay, most of the fuel undergoes hydrogen abstraction reactions,
shiing to high-temperature conditions where 2-EMD is more
reactive than at low temperatures. Below 800 K, 1,3-dioxolane is
reported to exhibit low reactivity,10 so HVO may help facilitate the
transition to the high-temperature region, where reaction path-
ways such as KHP decomposition become more signicant.

Therefore, the presence of 30% dioxolane in the blend may
have contributed to the radical pool generated by KHP
decomposition, thereby enhancing chain propagation reac-
tions that would already be occurring in the case of the linear
alkanes present in HVO, with no net effect on the observed
duration of ignition delay (Fig. 4). However, the increase in
ignition delay observed when increasing the 2-EMD blend to
70% and displacing the HVO suggests that autoignition was
primarily driven by 2-EMD. Isomerisation reactions are
known to occur most rapidly with linear alkanes, as present in
HVO, due to the higher proportion of easily abstracted
secondary C–H bonds.43 Consequently, the reduced volume of
HVO in the blend likely led to fewer hydrogen abstraction
reactions, resulting in a smaller radical pool. This decrease in
radicals, such as alkyl radicals and hydroperoxy radicals,
reduced the availability of species required for key reactions
like ring-opening and KHP formation in 2-EMD.5,10 Further-
more, the decrease in HVO could have altered the composi-
tion of the radical pool, resulting in a relative increase in
This journal is © The Royal Society of Chemistry 2026
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radicals from 2-EMD. With more 2-EMD present, a larger
proportion of dioxolane molecules may have undergone ring-
opening through alternative decomposition pathways,
potentially involving different hydroperoxy radical interme-
diates, as observed in the case of 1,3-dioxolane oxidation.25

At 30%, 2-EMD did not impact ignition likely because the
higher HVO content provided a sufficient radical pool for
normal chain propagation, following conventional steps of
hydrocarbon chain branching.43 However, in the 70% 2-EMD
blend, the reduced HVO content resulted in a smaller radical
pool, limiting the ring-opening reactions of 2-EMD and the
availability of KHP. This led to a longer ignition delay, as the
enhanced KHP generation from 2-EMD could not compensate
for the insufficient radical pool contributed by HVO.

Although, the ignition delay was identical for both neat HVO
and the 30% 2-EMD/HVO blend, the heat release rate in the
premixed burn fraction was faster upon 30% 2-EMD addition,
which suggests that the ame propagation for 2-EMD was faster
than HVO (Fig. 3). Previous comparisons showed that the
laminar ame speed of 1,3-dioxolane was faster than of ethanol,
which can be advantageous for increasing engine efficiency.10

Conclusions

This study reports tests of a substituted dioxolane (2-EMD) as
a major fuel component in a compression–ignition engine,
demonstrating its potential as a constituent of future low-
carbon fuel blends. The following conclusions can be drawn
from the results of 2-EMD combustion characterisation and
gaseous exhaust emissions:

� Blending 30% 2-EMD in HVO had no signicant effect on
the duration of ignition delay (ID), which remained identical to
neat HVO and signicantly shorter than reference diesel. This
suggests that, at 30% concentration, 2-EMD does not interfere
with the autoignition of HVO.

� The apparent net heat release rate for the 30% 2-EMD blend
was similar to neat HVO, with the exception of a larger premixed
burn fraction, indicating a shi towards more premixed
combustion with 2-EMD addition. The in-cylinder pressure for the
30% 2-EMD blend was similar to neat HVO until the peak energy
release during diffusion-controlled combustion, aer which it
exhibited a higher maximum pressure, similar to reference diesel.

� The 70% 2-EMD blend exhibited the longest duration of
ignition delay, which increased the apparent peak heat release
rate (APHRR) in the premixed burn fraction compared to the
diffusion-controlled burn observed in neat HVO and the 30% 2-
EMD blend. This suggests that blending 2-EMD at high blend
levels may result in a lower cetane number.

� The addition of 2-EMD to HVO appeared to reduce incom-
plete combustion products such as carbon monoxide (CO) and
total hydrocarbons (THC), potentially due to the higher volatility of
the dioxolane and a subsequent improvement in combustion
efficiency at the tested blend levels.

� Neat HVO and the 30% 2-EMD/HVO blend emitted lower
levels of NOx compared to reference diesel. However, the
addition of 2-EMD at the higher concentration of 70% resulted
in increased NOx emissions.
This journal is © The Royal Society of Chemistry 2026
These ndings suggest that blending 2-EMD with HVO at up
to 30% does not signicantly disrupt combustion dynamics and
could potentially reduce certain exhaust emissions, particularly
incomplete combustion products. However, higher concentra-
tions of 2-EMD (such as 70%) may lead to increased NOx emis-
sions due to changes in combustion timing and temperature.
Further investigations into the impact of 2-EMD blends on
engine performance and exhaust emissions should explore
varying blend levels, especially within the range of 30% and 70%.
For example, as to provide further insight into the non-linear
relationship between blend level and duration of ignition delay.
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 2-Ethyl-2-methyl-1,3-dioxolane

CN
 Cetane number

CO2
 Carbon dioxide

CO
 Carbon monoxide

HVO
 Hydrotreated vegetable oil
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 Ignition delay

IMEP
 Indicated mean effective pressure

KHP
 Keto-hydroxyperoxides

LTI
 Low-temperature intermediates

NOx
 Nitrogen oxides

POM
 Polyoxymethylene

PAH
 Polycyclic aromatic hydrocarbons

SOI
 Start of injection

SOC
 Start of combustion

THC
 Total hydrocarbons

YSI
 Yield sooting index
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