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A B S T R A C T

Heavy-duty engines used in transport are particularly challenging to decarbonise as they cannot be easily 
replaced by alternative powertrains, and it remains likely that many industries will remain reliant on conven
tional fuels for the foreseeable future. To reduce the emissions of CO2 from heavy-duty engines, the approach of 
using biofuels is of interest as this would require little modification to existing vehicle fleets. Biodiesels (fatty 
acid methyl esters) are already widely used as a drop in biofuel for diesel, but continual growth in supply is 
limited by feedstock scarcity, as vegetable oils compete with the food supply. Lactones are a class of cyclic esters 
which can be produced from second generation biomass, a globally abundant feedstock. As esters their chemical 
reactivity and stability is similar to that of common biodiesels, and previous literature suggests these compounds 
have desirable ignition qualities and as oxygenates lower particulate emissions. In this study, the combustion and 
emissions characteristics of a series of isomeric gamma and delta lactones with increasing alkyl chain lengths, 
from C4 to C8, as single component test fuels in a heavy-duty compression ignition engine. It was found that 
increasing the length of the alkyl substituent chain adjacent to the ring bound oxygen within the lactones 
reduced the duration of ignition delay, resulting in a smaller premixed burn fraction during combustion and 
decreasing emissions of nitrogen oxides, unburnt hydrocarbons and carbon monoxide. For the majority of the 
lactones an equivalent isomer was also tested, allowing for comparisons on between equivalent carbon count or 
substituent alkyl chain length. Gamma lactones compared to delta lactones of the same carbon number exhibited 
a shorter duration of ignition delay and apparent peak heat release rate. When comparing lactones of different 
ring size with the same length of the substituent alkyl chain, the delta lactones initially exhibited a shorter 
duration of ignition delay, longer duration of combustion and lower unburnt hydrocarbons and carbon monoxide 
emissions.

1. Introduction

The concentration of CO2 in Earth’s atmosphere has increased 
drastically since the start of the industrial revolution and widespread 
consumption of fossil fuels commenced. As CO2 absorbs radiation from 
the earth in the infrared spectrum, it is classed as a greenhouse gas, and a 
high concentration in the atmosphere contributes to global temperature 
rise. [1] There is extensive evidence supporting this rise and the asso
ciated implications, such as rising sea levels, glacial melt and disruption 
of oceanic currents, which have driven forward research into the 
reduction of anthropogenic CO2 production. [2,3].

In 2019 the European Union attributed 25 % of its total CO2 emis
sions to the transport industry, and set goals of reducing emissions by 55 
% by 2030. [4] The most recent agreement on amendments to the 

Renewable Energy Directive calls for fuel consumption in the transport 
industry to meet either a 14.9 % greenhouse gas emission reduction or 
for 29 % of the final energy consumption to be renewable. [5].

Heavy-goods vehicles represent a challenging sector for this uptake 
in renewable energy. In order to reduce the emissions of CO2 contributed 
from goods vehicles, the approach of using biofuels is of increasing in
terest as this would require little modification to existing vehicle fleets. 
Whilst not all biofuels emit the same amount of CO2 during combustion, 
biofuels exist in a closed carbon cycle. The CO2 emissions resultant from 
biofuel production and use are ideally equal to or less then the carbon 
from the atmosphere by the growth of the biological source of the fuel.

There is often debate on whether crops high in sugars and starches 
should be grown for use as biofuels, as this crop mass competes with 
food production for society. This leads current biofuel efforts to focus on 
using plant biomass sources which do not compete with food 
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availability.
A group of compounds which is widely abundant in nature are lac

tones, defined as any class of cyclic organic compound which contain an 
ester group, found widely in natural sources such as fruit, wood and 
foodstuffs as key building blocks for hormones, neurotransmitters and 
enzymes. [6,7] Cyclic esters remain a broad category, and many 
methods of producing lactones have been identified, especially in ther
apeutic drug discovery. [8] A review of industrial processes for pro
ducing natural flavour compounds by Schrader et al. stated that 
optimisation of γ-decalactone production resulted in average prices 
falling from $10,000/kg in the 1980 s to an average of $300/kg by the 
time of publication in 2003. [9] Producing lactones for various purposes 
has since grown in interest; Silva Souza et al. found that there has been 
close to three research publications and 15 patents filed each year since 
2003 related to the biotechnological synthesis of γ-dodecalactone. [10]
In their review of lactone production from an industrial perspective, 
Syed et al. state that the most commercially import lactones are γ- and 
δ-dodecalactone, predominately produced by a chemical synthetic route 
using castor oil as a starting material. [11] Syed et al. state that prices for 
synthetically produced volumes of these lactones were close to $150/kg 
in 2023, but that the global market remained limited by castor oil 
availability. [11].

Lactones have remained an interesting topic for future fuels research, 
for their abundant bioavailability, for example a patent filed in 2013 
included some gamma-lactones as a few of many popular perfume in
gredients suggested as potential gasoline and diesel blending compo
nents. [12,13].

The lactone structure is commonly found in many natural sources, 
resulting in an abundant range of lactones, which vary both in ring side 
or contain additional side groups. [14,15,8] However, despite the wide 
dearth of lactones available, the majority of biofuels or combustion 
studies to date considering lactones have focused solely on gamma- 
valerolactone (γVl).

γVl has remained a popular subject of research in spark ignition (SI) 
engines as a blended fuel, for the ease with which it can be produced 
from biomass, its anti-knock properties and comparable physical prop
erties to ethanol. Structural isomers of γVl such as angelica lactones and 
butyrolactones have a plethora of known synthetic routes from itaconic 
acid and levullinic acid starting points, two compounds which are easily 
isolatable from most lignocellulosic biomass. [17].

γVl, as noted, is a theoretically ideal candidate for spark ignition 
engines, and the fuel has shown some significant results for SI engines, 
but wider adoption of the fuel is unlikely, owing to the wider use of 
ethanol. [16,18] Additionally, SI engines are themselves an ideal 

candidate for electrification. [19] Future fuels research should instead 
focus on compression ignition (CI) engines, as these are used in markets 
which present much higher barriers to electrification, especially in off- 
road sectors where charging infrastructure is impractical. [19,20].

Research into the fuel performance of lactones with long alkyl chains 
and high molecular weight which will exhibit preferable characteristics 
for CI engines have been discussed in concept, yet these larger lactones 
have previously not received attention as single component biofuels. 
Larger lactones can be isolated from biomass sources and there is 
continual research into one-pot synthetic routes. Publications focusing 
on biofuel production from these lactones has instead focused on cata
lytic conversion of such compounds to saturated alkanes prior to testing. 
[13,21,22].

Early tests of lactones in CI engines were undertaken by Bereczky 
et al., who investigated the ability of γVl to reduce CI engine particulate 
emissions. γVl was tested in a 10:3:1 mixture of fossil diesel, biodiesel 
and γVl respectively. [23] Bereczky tested the blend against pure fossil 
diesel and a 10:3 diesel & biodiesel mixture, finding that the γVl mixture 
had substantially lower THC emissions at different engine speeds. When 
lower loads at a constant speed of 2,500 rpm were tested, the γVl 
mixture did not significantly lower THC emissions compared to the 
biodiesel only mixture. The γVl mixture did emit higher CO emissions at 
all the engine speeds tested up to 2,500 rpm, but was indistinguishable 
from the other mixtures at 3,000 rpm. NOx emissions were indistin
guishable from each fuel at the same loads. Overall, Bereczky et al. 
concluded that compared to fossil diesel the exhaust smoke concertation 
was reduced with the biodiesel blend and further reduced with the γVl 
blend.

Frost et al. investigated a series of lactones which contained higher 
carbon numbers than γVl, or were substituted with long hydrocarbon 
chains, and for the first time demonstrated the combustive performance 
of C10 and C12 lactones in a high-speed automotive diesel engine (2 L 
displacement with an 18.3:1 compression ratio). [24] The tests were 
performed on lactones blended with butanol and diesel, in a ratio of 
1:2:3 of butanol, lactone and diesel respectively. When comparing lac
tones with the same carbon number, but a decreasing chain size (thereby 
the lactone ring expanding) Frost et al. found a slight decrease in igni
tion delay, similar CO emissions, and no observable trends in particulate 
mass or particulate number. [24].

When comparing similar lactone ring sizes with differing substituent 
hydrocarbon chain lengths, the results of Frost et al. clearly demon
strated a strong relationship between a long side-chain length and a 
shorter duration of ignition delay. This result can be expected, as 
increasing the number of freely available –CH2 groups increases cetane 

Nomenclature

APHRR Apparent peak heat release rate
BTDC Before top dead centre
CAD Crank angle degree
CO Carbon monoxide
CO2 Carbon dioxide
C-SOC Constant start of combustion
D8k Volvo D8k engine
DAQ Data acquisition
δDdl Delta dodecalactone
δDl Delta decalactone
δNl Delta nonalactone
δUl Delta undecalactone
Dyno Dynamometer
ECU Engine control unit
ETU Engine timing unit
γDdl Gamma dodecalactone

γDl Gamma decalactone
γHpl Gamma heptalactone
γHxl Gamma hexalactone
γNl Gamma nonalactone
γOl Gamma octalactone
γUl Gamma undecalactone
γVl Gamma valerolactone
GHG Greenhouse gas
ID Ignition delay
IMEP Indicated mean effective pressure
NOx Nitrogen oxides
O2 Oxygen
PAH Polyaromatic hydrocarbons
PRV Pressure relief valve
Ref. D Reference diesel
RPM Revolutions per minute
SOC Start of combustion
THC Unburnt hydrocarbons
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number, as is evident in aliphatic hydrocarbon cetane numbers. [25] A 
more intriguing result was that of the gamma-dodecalactone (γDdl) 
blend exhibiting a shorter duration of ignition delay than the reference 
fossil diesel, even though the reference blend of only diesel and butanol 
exhibited a significantly longer ignition delay period – indicating that 
γDdl would possibly exhibit a shorter duration without the other blend 
components.

This is the first work to systematically test the combustion of single 
component gamma and delta lactones as potential renewable fuels, and 
link changes in combustion characteristics to molecular structure, which 
is of itself novel. The gamma and delta lactone rings are significantly 
more stable than lactones with other ring sizes and both can be isolated 
or produced from biomass sources, [26] and were chosen as single 
component fuels to provide insight into lactone ring size and alkyl chain 
length on combustion in a heavy-duty compression ignition engine.

2. Heavy-duty compression ignition engine test facility

All of the combustion experiments presented were performed in a 
heavy-duty compression ignition engine which was appropriately 
modified for supplying test fuels to one of the six engine cylinders while 
the remaining were supplied with fossil diesel to ensure smooth engine 
operation. The operation of the facility was unchanged from that re
ported previously in Deehan et al. (2024), but is repeated here for 
clarity. [27] The volume of diesel supplied to the back five cylinders 
(two to six) was a much smaller volume than the amount of test fuel 
supplied to cylinder one, thereby keeping the total engine output torque 
below the maximum limit for the water-cooled Schenk Eddy Current 
Dynamometer W130 which controlled engine speed.

In-cylinder pressure data was monitored with a Kistler type 6052C 
pressure transducer installed adjacent to the cylinder one exhaust 
valves. Injection timing, injection duration and cylinder firing order was 
controlled by an AVL engine timing unit, timed according to a digital 
signal from a Turck proximity sensor on the camshaft and a Baumer 

EIL580-T Optopulse crankshaft encoder with a 0.1CAD resolution. 
Experimental data from the timing unit and pressure transducer was 
recorded in a custom LabView environment. Pressure data for cylinder 
one was averaged over 100 continuous combustion cycles during each 
experiment, which was used to calculate the global net apparent heat 
release rate (AHRR) and in-cylinder temperatures exhibited during 
combustion, using standard heat capacities and values of gamma for 
exhaust gasses, as presented in Heywood (2018). [28].

Fig. 2.1 depicts the testing facility, and the divided common rail 
system and low-volume fuel system used to supply the single component 
test fuels to the D8k. A separate low-volume test fuel system was used in 
order to avoid damage to the engine high-pressure fuel pump when 
using low lubricity and corrosive test fuels, and also so as to minimise 
the required volume of costly test fuels. The operation of the low-volume 
test fuel system remains unchanged from that previously reported in 
detail by Hellier et al. (2011) [29] and Schönborn et al. (2007) [30]
Gaseous emissions were measured with a Horiba MEXA 9100 HEGR, 
incorporating individual instruments to analyse concentrations of each 
of the CO, CO2, O2, NO and NOx. THC was measured in a Horiba FIA Ov- 
04 flame ionisation detector.

2.1. Test fuels

Twelve lactones were tested as pure components to investigate the 
effect of increasing the substituent alkyl chain length for two different 
ring sizes on compression ignition combustion and emissions. Table 2.2
provides an overview of these single component fuels and their chemical 
structure. Three further lactones, not shown in Table 2.2, Delta octa
lactone and either gamma or delta tridecalactone, were considered for 
the experiments but were not commercially available at reasonable cost, 
nor were they known to be widely bio-available.

Two sets of similar molecules were used, eight gamma lactones with 
an alkyl chain length increasing from one to eight carbons, and four 
delta lactones with a chain length increasing from four to seven carbons.

Fig. 2.1. Overview of the testing facility, showing signal flow between the control components. All thermocouples and pressure sensors signal lines have been 
omitted for clarity, each of these sends a unidirectional signal to the LabView controls. Shown is the high-volume fuel system which delivered test fuel directly to 
cylinder 1 only. Abbreviation: pressure relief valve (PRV).
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These 12 single component fuel tests allowed observation of the 
resulting effects from increasing the alkyl chain length on these lactones. 
The different ring size and overlap in alkyl chain length between the two 
different lactone series allowed comparison between the gamma and 
delta lactones with the same chemical formula or equivalent chain 
length. Gamma and delta nonalactone are both a chemical formula of 
C9H16O2, but different alkyl chain lengths, so differences in fuel per
formance arising from chain length and ring size may be inferred. 
Likewise, gamma nonalactone and delta decalactone have a substituent 
alkyl chain containing five carbons so differences in fuel performance 
from the lactone ring size may be observed.

Fig. 2.2 shows an example of four lactones which provide a useful 
introduction to some of the structural differences which will be refer
enced frequently in this work. The two important metrics of comparison 

between the lactone single component fuels presented here are the 
lactone ring isomer and the substituent alkyl chain length.

Arrows 1 & 2 represent the structural isomerism between gamma 
and delta lactones with the same chemical formula and carbon count. It 
is important to note that by definition, the delta lactone alkyl chain will 
always be one –CH2 group shorter than the gamma lactone. Arrows 3 & 4 
represent the addition of a –CH2 group in the substituent alkyl chain, 
increasing the total carbon count and alkyl chain length. Arrow 5 rep
resents a gamma and delta lactone which both have the same alkyl chain 
length. These two are not isomers, by definition delta lactone will always 
have a higher carbon count.

Three comparisons are available between any two lactones: 

1. Constant ring size with a varying chain length
2. Constant alkyl chain length with a varying ring size
3. Constant carbon count, with a varying chain length and ring size.

3. Experimental procedure

Table 3.1 shows results of the viscosity and calorific value mea
surements of the 12 lactones. Together with values of boiling point and 
density shown in the table, they are key properties for interpreting the 
combustion results for the lactones.

Each of the single component lactone fuels, and reference fossil 
diesel, were tested in the Volvo D8k engine under identical conditions of 
constant speed of 820 RPM, constant injection pressure of 700 bar and 
constant injection timing of 5.3CAD before TDC (BTDC). Of the lactones 
shown in Table 2.2, an attempt was made to combust gamma valer
olactone, hexalactone and heptalactone as single component fuels at the 
same experimental conditions, but they either did not ignite or exhibited 
highly unstable combustion late into the expansion stroke. Table 3.2. 
summarises the measured key combustion parameters from the com
bustion experiments. The engine conditions, that of a constant injection 
pressure and constant engine speed, were chosen as a somewhat 
representable environment for studying the initial combustion charac
teristics of the fuels and to avoid unwanted heat release due to unknown 
combustion phasing, while also allowing collection of combustion data 
with the limited quantity of fuel available. These conditions allow the 
study to focus on ignition quality and overall combustion characteris
tics, and we note that setting the operation to constant IMEP would more 
closely align with real operating conditions.

A subset of four of the lactone fuels, having the lowest and highest 
carbon count from both series were additionally tested at constant start 
of combustion (SOC, defined as the minimum value of cumulative heat 
release after start of injection and before the time of peak heat release 
rate) which was maintained approximately at TDC. This necessitated a 
different setting of start of injection for each lactone fuel, depending on 
their ignition delay. Table 3.3. shows the injection and ignition timings 
for these constant start of combustion tests, and the measured key 
combustion parameters.

4. Results

4.1. In-cylinder pressure and heat release rates at constant injection 
timing

Fig. 4.1 shows the in-cylinder pressures and apparent heat release 
rates of gamma octalactone (γOl), nonalactone (γNl), decalactone (γDl), 
undecalactone (γUl), dodecalactone (γDdl) and reference fossil diesel. 
Immediately apparent is the significantly longer duration of ignition 
delay (ID, defined as the period between the start of fuel injection and 
the start of combustion) exhibited by γOl relative to the remaining 
lactone fuels. It can be seen that γOl underwent two-stage ignition, 
where the apparent heat release rate (AHRR) sees a positive increase at 
363 CAD followed by a second distinct positive increase in AHRR at 367 
CAD. As with γOl but not as obvious, γNl and γDl also appear to exhibit 

Table 2.1 
Engine specification.

Engine model Volvo D8k 320

No. of cylinders 6
Displacement 7.7 dm3

Compression ratio 17.5:1
Firing Order 

(Where cylinder 1 is that furthest from the flywheel)
1, 4, 2, 6, 3, 5

Engine Dimensions h*w*l (mm) 1004.06 * 830 * 1252.17
Combustion chamber geometry (mm) 

Piston diameter 
Con Rod length 
Cylinder bore 
Crank radius 
Clearance volume (mm3)

108.195 ± 0.012 
213.5 
110 
67.5 
775.7

Piston bowl geometry Re-entrant design
Injection pressure 700 ± 5 bar
Shaft encoder 0.1 CAD resolution
Engine speed 820 ± 20 RPM

Table 2.2 
Overview of the single component lactone test fuels alongside an abbreviation 
for each fuel and a skeletal depiction of their molecular structure.

Fuel  

(Nomenclature)

Alkyl 
chain 
n =

Chemical structure

Gamma-Valerolactone 
(γVl)

N/A

Gamma-Hexalactone 
(γHxl)

N/A

Gamma-Heptalactone 
(γHpl)

1

Gamma-Octalactone 
(γOl)

2

Gamma-Nonalactone 
(γNl)

3

Gamma-Decalactone 
(γDl)

4

Gamma-Undecalactone 
(γUl)

5

Gamma-Dodecalactone 
(γDdl)

6

Delta-Nonalactone (δNl) 2
Delta-Decalactone (δDl) 3
Delta-Undecalactone 

(δUl)
4

Delta-Dodecalactone 
(δDdl)

5
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two-stage ignition (Fig. 4.1b), suggesting that the remaining gamma 
lactones may also potentially undergo two stages of ignition delay, but 
that this is possibly masked by the short overall ignition delay of the 
larger lactones. For γDl, γUl, γDdl and the reference diesel it can be seen 
that once the gradient for the heat release turns positive, it continues to 
increase until the apparent peak heat release rate (APHRR) is reached, 
but for γOl and γNl the initial positive heat release is followed by a 
plateau or decrease in AHRR before a second positive change in AHRR 

occurs. Two-stage ignition is commonly observed in tests with two 
separate fuels blended, such as n-heptane and toluene, and is assumed to 
be resultant from low temperature reactions prior to autoignition not 
generating significant heat to sustain the combustion process until a 
higher pressure and temperature are also reached. [37,38].

It is also apparent from Fig. 4.1.a that γDdl and γUl exhibit very 
similar in-cylinder pressures during combustion. Additionally, the pre
mixed burn and diffusion-controlled combustion periods exhibited by 
γDdl and γUl closely resemble that of the reference fossil diesel, whilst 
γDl, γNl and γOl each display a significantly larger premixed burn 
fraction than the fossil reference diesel (Fig. 4.1.b) due to their longer 
ignition delays providing longer period for fuel premixing and, possibly, 
due to their somewhat lower boiling points.

Considering the molecular structures of the gamma lactones, it is 
visible from Fig. 4.1 that each addition of a –CH2 group to the substit
uent alkyl chain from γOl to γDdl shortens the duration of ignition delay, 
leading to a smaller premixed burn fraction combustion period.

Fig. 4.2 shows the in-cylinder pressures and apparent heat release 
rates of delta nonalactone (δNl), decalactone (δDl), undecalactone (δUl), 
dodecalactone (δDdl) and reference fossil diesel. Apparent is the in
crease in duration of ignition delay and associated size of the premixed 
fraction of combustion as the substituent alkyl chain length decreases 
from δDdl to δNl, similar to that previously shown for the gamma lac
tones (Fig. 4.1).

However, unlike the gamma lactones, no two-stage ignition is visible 
amongst any of the delta lactone test fuels. Furthermore, the premixed 
burn and diffusion-controlled periods of combustion exhibited by δDdl 
and δUl show a more distinct difference relative to the fossil diesel than 
the gamma lactones of equivalent carbon number (γUl and γDdl 
respectively).

Fig. 4.3 Shows the net apparent heat release rate of both the gamma 
and delta nonalactones, decalactones, undecalatones, dodecalactones 
and the reference fossil diesel tested at a constant injection timing. The 
trend apparent is that for each pair of lactones with an equivalent carbon 
number (e.g., gamma and delta dodecalactone), the gamma lactone 
exhibits a shorter period of ignition delay and consequently a smaller 
premixed burned fuel fraction. As shown in Table 3.1, γNl and δNl have 
the same C:H:O ratio, as does γDl and δDl and so on, therefore differ
ences in fuel behaviour must arise from differences in chemical 
structure.

The difference in lactone ring size between the equivalent carbon 
number gamma and delta lactone is associated with a difference in the 
length of the alkyl chain substituent. As shown in Table 2.2, for example, 

Fig. 2.2. The interconnected relationships between gamma and delta lactones with equivalent carbon counts or substituent alkyl chain lengths.

Table 3.1 
Physical and chemical properties of the lactones and the reference diesel. Each 
lactone’s purity was > 97 %, the boiling point and density data provided by the 
supplier, Merck. Viscosity measured using a Brookfield III-Ultra rheometer. 
Gross calorific value measured using an IKA C1 bomb calorimeter. *c technical 
data for the reference diesel provided by Haltermann Carless.

Fuel 
(Nomenclature)

Boiling 
point 
(oC)

Density 
at 25 ◦C 
(g/cm3)

Viscosity 
at 50 ◦C 
(Cp)

Gross 
calorific 
value 
(J/g)

Derived 
cetane 
number

γ-Valerolactone 
(γVl)

207[31] 1.05 1.48 26,257.00 
± 91.84

<1032

γ-Hexalactone 
(γHxl)

215
[32]- 
219[33]

1.023 1.77 28,332.97 
± 203.26

N/A

γ-Heptalactone 
(γHpl)

230.2
[15]

0.999 1.86 30,769.00 
± 45.59

N/A

γ-Octalactone 
(γOl)

248.4
[15]

0.981 2.34 31,970.33 
± 207.27

N/A

γ-Nonalactone 
(γNl)

265.5
[15]

0.976 2.77 33,234.00 
± 111.15

N/A

γ-Decalactone 
(γDl)

281.7
[15]

0.952 3.18 34,430.00 
± 112.54

N/A

γ-Undecalactone 
(γUl)

290.0
[34]

0.949 3.85 35,657.88 
± 140.55

52.6[25]

γ-Dodecalactone 
(γDdl)

311.5
[35]

0.936 4.48 35,963.52 
± 40.21

N/A

δ-Nonalactone 
(δNl)

267.0
[15]

0.994 3.39 33,496.59 
± 60.64

N/A

δ-Decalactone 
(δDl)

283.2
[15]

0.954 3.54 34,756.67 
± 29.53

N/A

δ-Undecalactone 
(δUl)

297.0
[34]

0.969 4.29 35,610 ±
117.36

48.6[25]

δ-Dodecalactone 
(δDdl)

312.7
[36]

0.942 5.01 36,404.00 
± 84.76

N/A

Reference Diesel 
(Ref. D)

189.9 – 
355.5c

0.832c 2.245 45,800c 52.2c
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the alkyl chain in γNl contains 3 –CH2 groups, whilst δNl contains 2 of 
these groups. It has previously been shown that increasing the available 
number of alkyl chain –CH2 groups leads to a reduction in duration of 
ignition delay as there are more sites in each single fuel molecule for 
combustion to initiate. [29] Alkyl free chains have higher mobility than 
organic rings such as lactones, so it can be assumed that the intermediate 
cyclic species formed during the low temperature pre-ignition kinetic 
reactions can more readily propagate combustion on the alkyl chain 
than the saturated ring. [39] It is therefore to be expected that the 
gamma lactones will experience easier autoignition than the delta lac
tones of the same carbon count, where carbon atoms are conceptually 
moved from the ring to the alkyl chain.

However, of note in Fig. 4.3 is the heat release exhibited by γUl, 
which as expected exhibits a shorter duration of ignition delay than δUl, 
but unexpectantly also a slightly shorter delay than δDdl (Table 0.3). 
δDdl and γUl both have an alkyl chain containing 7 carbons, but as 
shown in Table 3.1 δDdl has a higher total carbon count and higher 
calorific value.

4.2. In-cylinder pressure and heat release rates at constant start of 
combustion

Fig. 4.4 shows the in-cylinder pressure and apparent net heat release 
rates of delta nonalactone (δNl), delta decalactone (δDl), gamma octa
lactone (γOl), gamma dodecalactone (γDdl) and reference fossil diesel at 
a constant start of combustion (SOC) timing at TDC (360 CAD), using the 
injection timings outlined in Table 3.3. For each fuel the injection timing 
was varied so that the start of combustion always occurred at TDC. 
Owing to the significant two-stage ignition observed from γOl, which 
results in the bulk of the heat release occurring into the expansion 
stroke, γOl was tested twice; once so that the 1st stage ignition event 

occurred at TDC, and secondly such that the 2nd stage ignition and 
therefore main heat release event occurring close to TDC. Advancing the 
fuel injection timings such that all fuels ignite at the same CAD allows 
for discussion on how this affects fuel emissions. All the test fuels ignited 
within 0.3 CAD of TDC, except for γOl with second stage SOC at 357.4. 
Predicting the change in two-stage ignition exhibited by γOl when in
jection timings was adjusted to achieve SOC at TDC proved difficult and 
led to this disparity in SOC timing from TDC.

The most apparent feature of Fig. 4.4 is the significantly larger pre
mixed burn fraction of combustion exhibited by γOl and δNl compared 
to the reference diesel, γDdl and δDdl. This is due to their considerably 
longer ignition delay periods. Adjustment of injection timing does not 
appear to have affected the two-stage ignition exhibited by γOl, however 
bringing forward the injection timing does increase the observed AHRR 
compared to the constant injection timing condition (Fig. 4.1).

At constant SOC, the observed heat release rates exhibited by γDdl 
and δDdl appear very similar to that of the reference diesel.

4.3. Combustion characteristics

Fig. 4.5 shows the impact of overall carbon number and alkyl chain 
length on ignition delay in substituted gamma and delta lactones at 
constant injection timing. In Fig. 4.5, and all subsequent figures, the 
error bars show the standard deviation about the mean of repeat tests of 
the reference diesel performed alongside to the lactone fuel tests. The 
error bars present on the diesel results is calculated from the reference 
diesel at the start and end of six days of testing, and therefore 12 repeats 
of a representable 100 continuous combustion cycles. The ignition delay 
of gamma octalactone (γOl), delta nonalactone (δNl) and gamma non
alactone (γNl) showed a slight instance of variability within the 100 
consecutive combustion cycles recorded and the coefficient of variance 

Table 3.2 
Experimental test conditions and key experimental results for the single component fuel tests in the D8k engine at constant injection timing of 5.3 CAD BTDC, constant 
injection duration of 6.5 CAD and brake controlling a constant engine speed.

Fuel (Acronym) IMEP  

(bar)

Ignition 
delay 
(CAD)

Duration of 
combustion 
(CAD)

APHRR  

(J/ 
CAD)

Timing of 
APHRR 
(CAD)

Maximum global calculated in-cylinder 
temperatures 
(K)

γ-Valerolactone (γVl) Did not combust 
(DNC)

− − − − −

γ-Hexalactone (γHxl) DNC − − − − −

γ-Heptalactone (γHpl) DNC − − − − −

γ-Octalactone (γOl) 4.93 9.2 17.2 543.50 369.9 1760.8
γ-Nonalactone (γNl) 5.16 6.7 26.5 624.27 364.1 1728.6
γ-Decalactone (γDl) 5.34 6.2 26.6 501.30 363.2 1736.6
γ-Undecalactone (γUl) 5.64 5.4 27.8 310.58 361.9 1763.1
γ-Dodecalactone (γDdl) 5.71 5.0 28.5 259.89 361.5 1768.5
δ-Nonalactone (δNl) 5.34 7.7 25.3 750.16 365.4 1786.0
δ-Decalactone (δDl) 5.51 6.5 26.90 539.38 363.5 1744.6
δ-Undecalactone (δUl) 5.60 6.0 27.50 397.01 362.6 1742.3
δ-Dodecalactone (δDdl) 5.63 5.5 28.30 314.56 362.1 1741.9
Reference Diesel 

(Ref. D)
7.18 ± 0.09 5.2 ± 0.09 32.78 328.42 361.62 1902.1

Table 3.3 
Experimental test conditions and key experimental results for the single component fuel tests in the D8k engine at constant injection duration of 6.5 CAD and a variable 
injection timing chosen to ensure combustion of each lactone occurs at TDC. Gamma-octalactone has two entries as advanced the injection timing led to gamma- 
octalactone exhibiting two-stage ignition. Two timings were chosen, so that either the first stage or second stage of ignition occurred at TDC.

Fuel Injection timing 
(CAD BTDC)

IMEP  

(Bar)

Ignition delay 
(CAD)

Duration of combustion 
(CAD)

APHRR  

(J/CAD)

Timing of APHRR 
(CAD)

Maximum global calculated in-cylinder temperatures 
(K)

δNl 7.8 5.06 7.5 23 739.54 367.8 1782.5
δDdl 5.5 5.60 5.5 28.2 308.03 374.5 1748.6
γOl 9.1 5.04 9.1 16.9 760.56 367.8 1849.5

11.7 4.78 9.1 15.9 752.49 364.8 1871.0
γDl 5.2 5.50 5.2 28.4 262.57 374.7 1738.2
Ref. D 5.3 7.18 ± 0.09 5.2 ± 0.09 32.78 328.42 361.62 1902.1
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was found to be 0.1239, 0.1097, and 3.946 respectively. For the 
remaining test fuels and reference diesel the coefficient of variance was 
0.

Apparent in Fig. 4.5a is a general trend of decreasing ignition delay 
with increasing size for both lactones. There is a consistent offset in 
corresponding delay values, where the gamma lactones exhibit shorter 
ignition delays than the delta lactones, which is in agreement with the 
findings of Frost et al. [24] As shown in Table 2.2, the difference in ring 
size between the equivalent gamma and delta lactones means the 
gamma isomer will have a longer substituted alkyl chain length than the 
delta isomer at equivalent carbon counts. The shorter ignition delay 
exhibited by the gamma lactones is therefore expected. [40] The rate of 
the low temperature reactions which propagate radical formation in
crease with alkyl chain length, as a higher number of six or seven 
membered transition states can form. [41] Apparent also in Fig. 4.5b is 
that increasing the alkyl chain length in both the gamma and delta 
lactones shortens the duration of ignition delay. This is an expected 
result as increasing alkyl chain length has previously been shown to 
shorten the duration of ignition delay in straight chain alkane single 
component fuels. [29].

Plotting according to substituent alkyl chain length (Fig. 4.5b) 
further shows that at lengths of 4 to 6 carbons, the delta lactones exhibit 
a shorter ignition delay. This is also expected, as the delta lactone ring 
contains one additional –CH2 group and for equivalent lactones with the 
same chain lengths the delta lactones constitute a higher calorific value. 
At a chain length of 4 carbons this difference is most pronounced and 
this is not surprising given the lactones which contained fewer carbons 
than gamma octalactone did not combust. γOl is the first lactone to 

exhibit stable combustion and the delta lactone with an equivalent alkyl 
chain length would have a lower carbon to oxygen ratio, increasing the 
likelihood of stable combustion occurring.

In agreement with previous findings from Frost et al. [24], γDdl 
exhibited a shorter duration of ignition delay than the reference fossil 

Fig. 4.1. (a) In-cylinder pressures and (b) apparent heat release rates of the 
single component gamma lactone test fuels and reference fossil diesel.

Fig. 4.2. (a) In-cylinder pressures and (b) apparent net heat release rates of the 
single component delta lactone test fuels and reference fossil diesel.

Fig. 4.3. The apparent net heat release rate of the delta and gamma lactone 
single component test fuels with a total carbon count of C9 to C12 and the 
reference fossil diesel.
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diesel, despite a significant difference in test facilities and experimental 
considerations. The D8k used for this work was a heavy-duty engine 
while that used by Frost et al. a high-speed passenger vehicle one; the 

D8k had a combustion chamber volume over 2.5 times larger, was 
operated at 2/3rd the speed and double the IMEP. Additionally, γDdl 
was tested as a single component fuel here, but was tested only as a 
blend with butanol and diesel by Frost et al.

A surprising result shown in Fig. 4.5 is that γUl exhibits a shorter 
ignition delay than both δUl and δDdl. As shown in Table 3.1, δDdl has a 
higher carbon count and calorific value, so it could be expected that δDdl 
would have a shorter ignition delay than γUl.

The shorter ignition delay of γUl than δDdl may imply that the 
gamma ring structure does uniquely influence the duration of ignition 
delay in addition to the inherent longer carbon chain length for equiv
alent carbon numbers. This could be attributed to higher reactivity 
caused by their configuration. In cyclic organic molecules, the 6 
membered ring configuration experiences less ring strain than all other 
potential organic rings. Ring strain is a property which emerges from 
repulsive forces of electrons held in atomic bonds. In the simplest 
organic molecule, methane (CH4) the angles between C–H bonds are 
109.5◦ and this is the lowest energetic arrangement. If the bonds were 
forced to have a smaller internal angle, a repulsive force arises between 
electrons held in the bonds. In a 6 membered ring the bonds forming the 
structure can arrange such that the internal angles are closest to that of 
methane compared to all other ring sizes. The increased ring strain 
experienced by 5-membered rings is attributed to a higher reactivity and 
heat of combustion. [42,43] The ring strain in lactones however present 
counter-intuitively to this as the ester functional group has different 
bonding angles to hydrocarbons. Instead, gamma lactones hold a slightly 
lower ring strain energy than delta lactones, but how this changes with 
an alkyl substituent has not been investigated. [44].

Fig. 4.6 shows the IMEP of the gamma lactones, delta lactones and 
the reference diesel, shown both against the lactone size and substituent 
alkyl chain length at constant injection duration. γOl, γDdl, δNl and δDdl 
were tested at both the constant injection and constant SOC test con
ditions. γOl experiences two-stage ignition and a second test was per
formed with the 2nd stage of ignition occurring at TDC with an injection 
timing of 11.7 CAD BTDC.

For both the gamma and delta lactones the IMEP increases with 
lactone size, with the trend becoming less apparent as the lactone size 
increases and the IMEP converges. The error for the reference diesel is 
0.09 bar and as shown in Table 3.2 this value is larger than the difference 
in IMEP exhibited between the undeca and dodeca lactones. Addition
ally, δNl and δDl both exhibit a higher IMEP than γNl and γDl respec
tively, whilst the larger lactones δUl and δDdl exhibit a lower IMEP than 
γUl and γDdl respectively. Prior to the convergence in IMEP exhibited by 
the lactones at carbon numbers greater than C10, it is clear that the delta 

Fig. 4.4. (a) In-cylinder pressure and (b) apparent net heat release rate of 
gamma octalactone, gamma dodecalactone, delta nonalactone, delta dodeca
lactone single component test fuels and reference fossil diesel variable injection 
timing for constant start of combustion at TDC, or for the second stage of γOl to 
occur at TDC.

Fig. 4.5. Variation of ignition delay with (a) lactone carbon number and (b) lactone alkyl chain length at constant injection timing.
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isomer exhibits a higher IMEP than the gamma isomer.
The convergence in IMEP exhibited by the lactones at first seems 

unintuitive, as increasing the carbon size, calorific value and length of 
straight alkyl chains in the single component fuels all increase the 
amount of available energy in the chamber during combustion. How
ever, when moving to the larger lactones and the carbon numbers in
crease, the proportional decrease in lactone oxygen becomes less 
pronounced. Moving from an octa to nona lactone changes the carbon to 
oxygen ratio more significantly than going from an undeca to dodeca 
lactone. Additionally, as shown in Table 3.1, as the lactone size increases 
in both the delta and gamma lactones, the density decreases and vis
cosity increases. The combustion tests were undertaken at a constant 
injection duration with no correction for fuel volume or mass. Under 
these conditions, a lower fuel density and a higher fuel viscosity would 
both reduce the mass of fuel entering the chamber each combustion 
cycle. Kim et al. (2019) investigated how fuel viscosity impacts fuel 
spray behaviour and found that increasing viscosity will reduce the 

injected mass of fuel. [45] In the case of the lactone single component 
fuels, it is feasible that the higher calorific value of the dodecalactones 
than the undecalactones is offset by lower mass of fuel and therefore 
energy available during combustion.

Finally, a trend observed at the constant SOC test conditions is the 
slight reduction in IMEP when γOl’s second-stage ignition occurred at 
TDC relative to the first stage occurring at TDC. Despite the same 
amount of energy available, if the first stage of ignition occurs prior to 
TDC then chemical energy is resisting the compression stroke instead of 
providing useful work in the expansion stroke. γDdl and δDdl ignited 
close to TDC under the constant injection timing condition, and the 
small change in injection timing necessary to ensure ignition at TDC was 
not sufficient to change the measured IMEP significantly (Fig. 4.6).

Fig. 4.7 shows the peak apparent heat release rate of the gamma 
lactones, delta lactones and the reference diesel. The trend apparent 
from both subfigures is that with the exception of γOl tested at the 
constant injection timing condition, increasing lactone size in both the 

Fig. 4.6. Indicated mean effective pressure (IMEP) of the lactone single component fuels and reference diesel, tested at constant injection timing and duration. 
Additionally, some data is shown at constant start of combustion at TDC (C-SOC) which required varying of injection timing. Note that data label 1 corresponds to γOl 
1st ignition at TDC, and 2 γOl 2nd ignition at TDC.

Fig. 4.7. Peak apparent heat release rate of single component gamma and delta lactone test fuels and reference diesel, tested at constant injection timing and 
duration. Additionally, some data is shown at constant start of combustion at TDC (C-SOC) which required varying of injection timing. Note that data label 1 
corresponds to γOl 1st ignition at TDC, and 2 γOl 2nd ignition at TDC.
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gamma and delta lactones decreases the magnitude of APHRR observed. 
The sensitivity to the injection timing for γOl implies that bringing 
forward the injection timing and bringing ignition closer to TDC is 
necessary for clarifying how γOl should behave in trend with larger 
lactones. It is shown in Fig. 4.7a that for each lactone size the gamma 
lactone exhibits a lower APHRR than the delta lactone, in agreement 
with the observed longer ignition delay of the equivalent carbon number 
delta lactones (Fig. 4.5a). As the duration of ignition delay directly 
impacts the APHRR, as longer durations allow for greater air–fuel 
mixing to occur prior to combustion, thus increasing the extent of the 
premixed burn fraction. [46,47].

It is interesting to note however that the APHRR exhibited by γOl at 
constant injection timing does not correlate with the observed rela
tionship between APHRR and the duration of ignition delay. As shown in 
Fig. 4.1, γOl exhibited two-stage ignition, with two distinct periods of 
change in the rate of heat release. It has previously been suggested that 
single component fuels exhibiting two-stage ignition strongly facilitate 
chain propagation over chain branching reactions during the low tem
perature period of combustion. [48] Chain propagation reactions 
maintain a constant number of radicals within the system, whereas 
chain branching increase the number of radicals. The cool combustion 
time period between the first and second ignition delay will partially 
oxidise the fuel. [49] Partial fuel oxidation would reduce the potential 
for energy release during the second ignition stage, a possible cause for 
the observed peak heat release rate of γOl being lower than γNl despite a 
longer ignition delay.

Bringing forward the injection timing of γOl so that either the 1st or 
2nd stage of ignition occurs at TDC significantly increases the APHRR, at 
constant SOC timing γOl displays the longest duration of ignition delay 
and highest peak heat release rate. The 1st or 2nd stage of ignition 
occurring at TDC does not significantly change the APHRR any further, 
additionally changing the injection timing of δNl also does not signifi
cantly impact the APHRR. This implies that the low APHRR observed 
during combustion of γOl at constant injection timing could instead be 
caused by the geometry of the combustion chamber during this time and 
not the chemical properties of the fuel. At the time of autoignition, the 
piston will have moved away from TDC, exposing more of the cylinder 
walls, providing more surface area for the transfer of heat away from the 
air fuel mixture. γOl auto-ignites 3.9 CAD after TDC during which the in- 
cylinder pressure and temperature have both decreased, leading to less 
efficient combustion.

Fig. 4.8 shows the calculated duration of combustion of the gamma 
lactones, delta lactones and the reference diesel, defined as the period 

between the start of combustion and the first appearance of a negative 
heat release rate following the occurrence of APHRR. The trend 
apparent is that increasing lactone size increases the duration of com
bustion. Previously shown in Fig. 4.1 and Fig. 4.2 were the heat release 
plots during combustion of the lactone single component fuels. As pre
viously mentioned, increasing lactone size reduced the duration of 
ignition delay, so less time was available for air fuel mixing prior to 
autoignition. Increasing lactone size therefore leads to a smaller pre
mixed burn phase and increase in the less rapid mixing-controlled phase 
of combustion. Further, apparent is lack of difference in combustion 
duration between the delta and gamma deca, undeca and dodeca
lactones, indicating that gamma / delta ring size isomerism does not 
impact duration of combustion once a total carbon number has been 
surpassed. For lactones with the same alkyl chain length, the delta lac
tones have a slightly longer duration, clearly indicating that the total 
carbon to oxygen ratio has a bigger impact on duration of combustion 
than gamma / delta lactone isomerism as for equivalent chain lengths 
the delta lactones larger ring size will always result in a higher carbon to 
oxygen ratio.

A further observation is that bringing forward the injection timing 
reduces the duration of combustion of δNl and γOl with both injection 
timings.

4.4. Exhaust emissions

Fig. 4.9 shows the measured NOx emissions during combustion of the 
delta lactones, gamma lactones and the reference diesel at constant in
jection timing conditions; a subset of the fuels were further tested at 
constant ignition timings, requiring injection timing to be varied.

Immediately apparent is the significant increase in NOx emissions 
resultant from γOl and δNl relative to both diesel and the other lactones 
tested. Given the low global equivalence ratio and lean combustion 
environment of a diesel engine, it could be expected that γOl and δNl 
would instead exhibit lower NOx emissions than the remaining lactones 
which have a more pronounced diffusion controlled combustion phase 
(Fig. 4.3), during which the majority of NOx is typically produced as 
global in-cylinder temperatures rise. [47] The observed higher NOx 
emissions displayed by γOl and δNl can instead be attributed to higher 
peak combustion temperatures associated with the long ignition delays 
exhibited by each (Fig. 4.5). Longer ignition delay allows for greater air 
fuel mixing prior to autoignition, leading to combustion dominated by 
the premixed burn fraction and a short duration of combustion. [50] The 
extent of heat release during this phase (Fig. 4.7) and the resulting 

Fig. 4.8. Calculated duration of combustion of single component gamma and delta lactone test fuels and reference diesel, tested at constant injection timing and 
duration. Additionally, some data is shown at constant start of combustion at TDC (C-SOC) which required varying of injection timing. Note that data label 1 
corresponds to γOl 1st ignition at TDC, and 2 γOl 2nd ignition at TDC.
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higher peak in-cylinder temperatures lead to exponential rise in NOx 
formation rate and is more significant than the duration of mixing 
controlled combustion in determining exhaust levels of NOx at the 
conditions tested (Section 3).

NOx production is highly time dependent, as the thermochemistry 
kinetics will ‘freeze’ during the expansion stroke as the in-cylinder 
temperature and pressure both decrease during gas expansion. 
[51–55] Changing the injection timing to facilitate combustion of γOl at 
TDC causes an intense, short premixed flame to dominate the combus
tion process which quickly consumes all the fuel as shown by the short 
duration of combustion (Fig. 4.8). Reaching a higher temperature and 
completing combustion 6 – 7 CAD faster than γDl and γNl allows more 
time for the hot gaseous combustion products to remain at high tem
perature prior to freezing of NOx kinetics. [55].

Apparent is the lower NOx emissions detected during combustion of 
the single component test fuels compared to the reference diesel at the 
constant injection timing test condition. NOx production also relies on 
the residence time of gases at high temperature and pressure, close to 

stoichiometric ratios, with high production typically occurring during 
the mixing-controlled combustion phase for fossil diesel. Thermal pro
duction of NOx at high rates requires temperatures above about 1600 K 
and while each of the lactone test fuels displayed average temperatures 
of 1700–1800 K (previously shown in Table 3.2), the reference diesel 
exhibits a significantly higher temperature of 1900 K, higher IMEP and 
longer duration of combustion, so therefore the lower NOx emissions of 
the lactones are to be expected as the hot gaseous combustion products 
are held above 1600 K for a longer period of time. [56].

Fig. 4.10 shows the unburnt hydrocarbon emissions of the two 
groups of lactone single component fuels and the reference diesel at 
constant injection conditions and subset of the fuels tested at constant 
SOC at TDC (varied ignition timings).

Immediately apparent is the significantly high THC value of γOl 
which can be attributed to the observed long ignition delay and resultant 
premixed burn faction dominating combustion. A long duration of 
ignition delay allows for greater air fuel mixing, creating areas of over- 
diluted fuel spray within the chamber which are too lean to auto-ignite 

Fig. 4.9. Exhaust gas NOx emissions of the delta lactone and gamma lactone single component fuels and reference diesel vs lactone structure, tested at constant 
injection timing and duration. Additionally, some data is shown at constant start of combustion at TDC (C-SOC) which required varying of injection timing. Note that 
data label 1 corresponds to γOl 1st ignition at TDC, and 2 γOl 2nd ignition at TDC.

Fig. 4.10. Exhaust gas unburnt hydrocarbon emissions of the gamma lactones, delta lactones and reference diesel, vs lactone size & substituent alkyl chain length, 
tested at constant injection timing and duration. Additionally, some data is shown at constant start of combustion at TDC (C-SOC) which required varying of injection 
timing. Note that data label 1 corresponds to γOl 1st ignition at TDC, and 2 γOl 2nd ignition at TDC. (Note logarithmic vertical scales).
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or support a self-propagating flame, increasing the amount of un-reacted 
fuel. Bringing forward the injection timing such that the 1st or 2nd stage 
of ignition occurs at TDC significantly reduced the THC measured during 
combustion. As previously mentioned, the significantly delayed SOC of 
γOl under the constant injection testing condition resulted in combus
tion occurring at a lower pressure and temperature, lowering the overall 
efficiency of the combustion process.

Further apparent is the lower levels of THC emissions resultant from 
the delta deca, undeca and dodeca lactones than the gamma lactones. 
This is unexpected as THC arising from over lean mixtures resultant from 
long durations of ignition delay are assumed to be the most important 
contributor to THC formation, but for each equivalent lactone the delta 
isomer exhibits a longer ignition delay (Fig. 4.5). [50] The delta lactones 
all exhibit a higher viscosity than the equivalent gamma isomers and 
unburnt hydrocarbons typically result from air fuel mixture too lean or 
too rich to sustain combustion. The slightly lower viscosity of the 
gamma lactones versus their equivalent delta isomer may have caused 
some fuel droplets to penetrate and spread further into the chamber 
prior to autoignition and become too lean to ignite. [57] It is also 
interesting to note that the relatively high viscosities of the larger lac
tones (Table 3.1) does not appear to worsen combustion or result in 
higher THC emissions, as might be expected from higher viscosities 
limiting air fuel mixing, resulting in incomplete combustion.

Fig. 4.11 shows the CO emissions during combustion of the delta 
lactones, gamma lactones and reference diesel at constant injection 
conditions and subset of the fuels tested at constant SOC (varied injec
tion timings).

Strikingly apparent is the significantly higher emissions resulting 
from combustion of γOl at each injection timing and δNl. The measured 
CO from both γOl and δNl significantly reduces as the injection timing is 
brought forwards. CO is a product from incomplete combustion and the 
significant duration of ignition delay exhibited by γOl and δNl leads to 
autoignition and premixed combustion occurring further into the 
expansion stroke than the remaining lactones. Bringing forward the time 
of injection timing ensures that autoignition occurs closer to TDC, which 
is the point of highest pressure and heat in the combustion chamber 
during the four-stroke cycle. Additionally, the long ignition delays of γOl 
and δNl (Fig. 4.5) resulted in a large premixed burn fraction, during 
which there was more time for fuel at the leading edge of the spray to 
diffuse away from the flame fronts formed during autoignition and thus 
experienced incomplete combustion. As the carbon number increased 
and ignition delay decreased, the combustion profile of the lactones was 

more dominated by a mixing-controlled flame (Fig. 4.3), resulting in 
more complete combustion.

Further apparent is the reduction in CO emissions as lactone size 
increases and the higher CO emissions detected during combustion of 
the delta lactones over their equivalent gamma isomer. This trend 
matches the trend observed in ignition delay and the premixed burn 
fraction of combustion. As mentioned above, longer duration of ignition 
delay allows for greater air fuel mixing and the formation of over-lean 
mixture in the chamber which may not auto ignite or fail to sustain a 
self-propagating flame, resulting in incomplete combustion. [58] The 
previous observed trend in ignition delay (Fig. 4.5) was that of the alkyl 
chain length having greatest influence on the duration of delay, whilst 
the total lactone size had greater influence on the CO results which also 
reflect the differences in boiling point between the lactones (Table 3.1).

Fig. 4.12 shows the particle number size distribution of γOl, γDdl, 
δNl, δDdl and the reference diesel tested at the constant SOC at TDC test 
condition.

Fig. 4.11. Exhaust gas CO emissions of the delta lactones, gamma lactones and reference diesel vs lactone size, tested at constant injection timing and duration. 
Additionally, some data is shown at constant start of combustion at TDC (C-SOC) which required varying of injection timing. Note that data label 1 corresponds to γOl 
1st ignition at TDC, and 2 γOl 2nd ignition at TDC. (Note logarithmic vertical scales).

Fig. 4.12. Particle emissions of γOl, γDdl, δNl, δDdl and reference diesel at 
constant start of combustion at TDC. Ref. Diesel start is the first test performed 
before the lactone tests and Ref. Diesel end is the final test performed after the 
set of lactones were tested. Both are included to show the influence a full day of 
combustion tests has on the reference diesel’s particulate formation.
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Apparent is that all fuels showed a similar peak in the number of 
particles in the nucleation size range (Dp ≤ 50 nm). The gamma lactones 
then emit very similar or a lower number of accumulation mode parti
cles (50 ≤ Dp ≤ 500 nm) than the delta lactones. Compared to the 
reference fossil diesel all the lactones emit fewer particles at particle 
sizes larger than 15 nm, which differs from the previous investigation by 
Frost et al. which found that lactone and diesel fuel blends emitted a 
higher number of nucleation mode particulates than fossil diesel.

Fig. 4.13a shows the total particulate count and Fig. 4.13b shows the 
total particulate mass measured during combustion of γOl, γDdl, δNl, 
δDdl and reference fossil diesel, at constant start of combustion.

Apparent is the reduction in total particulate count as lactone size 
increases. γDdl exhibits a lower total count than δDdl, implying the 
gamma lactones typically emit fewer particles than their delta lactone 
counterparts, but particulate measurements from further lactone pairs 
would be required to confirm this. From the data available, it appears 
ignition delay is the determinant factor on total particulate count, as the 
dodecalactones which exhibited short durations of ignition delay 
emitted a lower particulate count. Despite being an oxygenated species, 
γOl emits a relatively higher total particular mass than the other lac
tones, attributable to its longer duration of ignition delay and short 
duration of combustion, leaving little time for continued oxidation of 
any particulate species formed prior to opening of the exhaust valves.

Of final note, there is a slight increase in total mass emitted by the 
delta lactones as lactone size increases, implying that despite the 
reduction in particulate count, δDdl does not see a reduction in partic
ulate precursors during combustion.

5. Conclusions

In addition to all of the scientific detail from the results, this work is 
the first to discuss heavy-duty compression ignition engine tests 
designed to investigate the potential differences in combustion caused 
by delta / gamma lactone isomerism and effects caused by increasing the 
length of a substituent alkyl chain. 

• A series of gamma and delta lactones with an alkyl chain substituent 
were tested as single component test fuels and were found to ignite 
and undergo stable combustion in a heavy-duty diesel engine.

• Increasing the length of the alkyl substituent chain on both lactone 
isomers (increasing their total carbon count) was found to reduce the 
duration of ignition delay, increase the duration of combustion, and 
decrease the measured emissions of nitrogen oxides, unburnt hy
drocarbons, carbon monoxide and particulates.

• Gamma Undecalactone exhibits a shorter ignition delay than all the 
gamma lactones with a smaller carbon count, as would be expected, 
but it further exhibits a shorter ignition delay than delta lactones 
with a higher carbon count indicating that gamma lactones may 
directly shorten the duration of ignition delay.

• Gamma lactones with an increasing substituent alkyl chain with a 
total carbon count of 8 to 12 exhibit shorter ignition delays than their 
delta isomers, likely resulting from a higher reactivity derived from 
their ring strain.

The slight reduction in unburnt hydrocarbons and increase in carbon 
monoxide in delta lactones could be attributed to their slightly longer 
duration of ignition delay compared to the gamma lactones.

Further studies could be performed to investigate the particulate 
emissions from the full set of lactones as time constraints prevented a full 
investigation.

In this study of lactone isomerism, it was observed that gamma- 
undecalactone exhibited a lower duration of ignition delay than all of 
the tested delta lactones. The observed trend of shorter ignition delays 
with a longer alkyl chain in both lactone isomers was clearly becoming 
less pronounced as the lactones became larger, and so it would be 
interesting in future work to see if the ignition delay of gamma- 
undecalactone is shorter than delta-tridecalactone. It would also be of 
interest to test if after a certain carbon chain length, the ignition delay of 
both isomers no longer reduces and whether the two isomers converge 
or the gamma lactones will always exhibit a shorter duration of ignition 
delay than the delta lactones. It should be noted that whilst the lactones 
tested in this work can be easily sourced from biomass, larger lactones 
become increasingly rare and unlikely to be sourced in any meaningful 
quantity, so the suggestions here for further work would strictly be for 
academic interest.
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