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ysical properties of three-
component lignocellulose derived advanced
biofuel blends using a design of experiments
approach†

Scott Wiseman, Christian A. Michelbach, Hu Li and Alison S. Tomlin

Acid-catalysed alcoholysis of lignocellulosic biomass produces a tailorable advanced biofuel blend, with the

primary products being an alkyl levulinate, a dialkyl ether, and alcohol. Varying process parameters during

production has the potential to produce differing quantities of the three components, affecting both

physical and combustion properties. Starting alcohols, ethanol, n-butanol, and n-pentanol were chosen

to investigate the effects of carbon chain length on the physical properties of model ethyl, butyl, and

pentyl-based blends, produced from alcoholysis. Blends were designed to contain $50 vol% alkyl

levulinate, with the remainder composed of the corresponding ether and alcohol. Existing fuel standards

set limits for different physical and chemical properties that should be met to enhance commercial

viability. In the present work, the flash point, density at 15 °C and kinematic viscosity at 40 °C (KV40)

were measured for a range of three-component blends. The study also investigated the impact of diesel

(EN 590 compliant) blending on these properties, at 0–95% volume diesel. A design of experiments

approach selected optimal blends for testing and was used to develop predictive physical properties

models based on polynomial fits. The predictive models for the properties of the three-component

blends had average absolute relative deviations <5%, indicating their utility for predicting generalised

blend properties. The models facilitated the determination of blend boundaries, within which the

formulations would meet existing fuel standards limits. Flash points ranged from 26–57 °C and 54–81 °C

for the butyl and pentyl-based blends without diesel, respectively. Densities at 15 °C ranged between

0.879–0.989 g cm−3, 0.874–0.957 g cm−3, and 0.878–0.949 g cm−3 for the ethyl, butyl and pentyl-

based blends without diesel, respectively. The KV40 ranged from 1.186–1.846 mm2 s−1 and 1.578–2.180

mm2 s−1 for butyl and pentyl-based blends without diesel, respectively. Butyl-based blends with diesel

were found to be the most practically suitable and met the BS 2869 density limits.
Introduction

In 2019, the transport sector was one of the largest contributors
to global greenhouse gas emissions. It accounted for 29% of the
total emissions in the United States, 23% of the total net
emissions (including international transport) for the European
Union, and 27% of the total emissions in the United Kingdom
(UK).1–5 Whilst new light-duty vehicles are likely to be electried
in the near future, the decarbonisation of the used vehicle
market may take considerably longer, given the prevalence of
road-worthy internal combustion engine vehicles. Signicant
challenges are also present in the development of alternative
powertrains for heavy-duty vehicles, indicating that their reli-
ance on liquid fuels (in most cases diesel) is also likely to
, University of Leeds, Leeds, LS2 9JT, UK

(ESI) available: Model coefficients and
g/10.1039/d3se00822c

f Chemistry 2023
continue. Therefore, in order to achieve decarbonisation targets
in these sectors, low-carbon ‘drop-in’ fuels are required as
alternatives to traditional fuels.1–3 Biofuels are one potential
solution, but the negative effects of land use change and food
crop competition have rightfully limited their production and
utilisation. European legislation, as part of the Revised
Renewable Energy Directive (RED II), limits the use of biofuels
produced from food and feed crops to 7% of total energy
consumption within the transport sector for a member state by
2030.6 RED II further promotes non-food crop advanced bio-
fuels, stipulating that advanced biofuels produced using
lignocellulosic Annex IX feedstocks should contribute at least
a 3.5% share of the energy consumption in the transport sector
by 2030.6

The conversion of lignocellulosic material into advanced
biofuels needs to be cost-effective and sustainable to ensure
their competitiveness with the fossil fuel they displace.7 To be
considered viable short-term alternatives, these fuels must be
Sustainable Energy Fuels, 2023, 7, 5283–5300 | 5283
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Table 1 Physical properties limits from EN 590, EN 14214, and BS
286911–13

Property EN 590 EN 14214 BS 2869

Flash point (°C) >55 >101 >55
Density at 15 °C (g cm−3) 0.820–0.845 0.860–0.900 >0.820
Kinematic viscosity
at 40 °C (KV40) (mm2 s−1)

2.0–4.5 3.5–5.0 2.0–5.0
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compatible with existing vehicles and fuel storage and delivery
infrastructure to be considered ‘drop-in’ fuels. Depending on
the production process used, a range of potential biofuel
blending components could be viable. However, assessing
a range of fuel properties will be required to contribute to the
assessment of their compatibility.

Alcoholysis of lignocellulosic biomass is a potentially
attractive advanced biofuel production method, which can
produce tailorable advanced biofuel blends. Each blend
consists of three main products: an alkyl levulinate ester from
the conversion of cellulose (where the alcohol used dictates the
ester formed), a dialkyl ether from the alcohol undergoing acid-
catalysed etherication, and the starting alcohol used.8–10 The
product blend may be tailored by utilising different reaction
conditions to favour dialkyl ether or alkyl levulinate produc-
tion.8,9 The production of a tailorable blend provides the
opportunity to produce fuel blends that could comply with
existing fuel standards. This could further enhance their
commercial and practical viability.

Fuels sold in the UK and Europe must meet a range of
physical property limits specied by various fuel standards.
Diesel must meet the requirements of EN 590, biodiesel (fatty
acid methyl ester (FAME)) must likewise meet EN 14214 speci-
cations, and BS 2869 gives limits for ‘A2—automotive distillate
fuel for non-road mobile machinery’, such as red diesel.11–13 Red
diesel can only be used in specic applications, such as the off-
road sectors of agriculture and construction, and off-grid power
generation.14 Not only are there differences in the physical
properties between an EN 590 diesel and a BS 2869 red diesel
due to the different limits, but there can also be chemical
differences between the two. For example, there are limits for
the polycyclic aromatic hydrocarbons (PAH) content in EN 590
of 8% by mass, whereas BS 2869 has no limits for PAH
content.12,13 This increased aromatic content can increase
particulate matter emissions, but it may also increase the
miscibility of polar blend components, such as oxygenated
biofuels like ethyl levulinate as Christensen et al.15 demon-
strated with the improved miscibility of ethyl levulinate in
diesel fuels with greater aromatic fractions.15,16

Production of advanced biofuel blends that meet the limits
of these fuel standards would allow advanced biofuels to be
developed and utilised without adapting current infrastructure.
However, currently, the addition of any of these advanced bio-
fuel components to a diesel base fuel will result in a fuel blend
that is non-compliant since EN 590 and BS 2869 state that the
only oxygenated biofuel species that can be added is FAME up to
7% volume.12,13 If it can be demonstrated that property limits,
other than biofuel content, can be met with advanced biofuel
blends with and without diesel, this would support the need to
adapt existing fuel standards to allow for the utilisation of
oxygenated advanced biofuels.

The development of predictive models for a subset of
standardised physical properties and understanding how they
change with blend composition, was the focus of this study due
to their implications for fuel handling, storage, and engine
performance. There are many other physical properties that are
inuential on the performance of a fuel that can be readily
5284 | Sustainable Energy Fuels, 2023, 7, 5283–5300
calculated using linear blending laws, such as the lower heating
value and oxygen content, with examples for selected blends
shown in ESI S1.† However, these properties do not have stan-
dard limits for diesel applications.12,13 There are also other
properties that can be adjusted with additives to ensure the
standard limits are met, for example the pour point or total acid
number of the blend. This study however, focused on properties
that affect fuel spray, handling and safety and may not be
readily calculated using linear blending rules. Hence, the use of
a design of experiments (DoE) methodology for developing
predictive models for blend properties was tested. The chosen
properties were the ash point, the density (at 15 °C), and the
kinematic viscosity at 40 °C (KV40).17–22 An understanding of the
compositional effects on the ash points is needed for the safe
storage and handling of fuels, as it is the lowest temperature at
which a ammable vapour is formed.20,21Density and KV40 were
primarily of interest due to their impact on spray dynamics and
atomisation during fuel injection and the resultant inuences
on ignition delay times and emissions.17,23 The higher the
densities and viscosities, the larger the fuel droplets; potentially
resulting in rich regions in the cylinder that generate more
soot.17 Density limits are an additional measure to control the
PAH content, as PAHs are denser than alkanes. Controlling PAH
content contributes to reducing particulate matter emissions
from engines. However, using oxygenated biofuels would
reduce the total PAH content and therefore potentially reduce
particulate emissions relative to diesel.24 Tight density limits
could prevent the use of some potential advanced biofuel
components who's addition would not necessarily have a nega-
tive inuence on particulate emissions. The KV40 limit is in
place to ensure adequate fuel pump lubrication during engine
operation.17–19 The limits for these properties from the three
standards are summarised in Table 1.

Due to the nature of the alcoholysis process, the products
(and therefore the blend properties) depend on the starting
solvent and the product composition. To determine the effects
of carbon chain length on the fuel's physical properties, model
biofuel blends derived from three alcohol solvents of increasing
chain length were investigated in this work: ethanol, n-butanol,
and n-pentanol. The resultant three-component blends of
ethanol (EtOH), ethyl levulinate (EL), and diethyl ether (DEE)
will be termed the ethyl-based (Et) blends. Likewise, the butyl-
based (Bu) blends refer to n-butanol (nBuOH), n-butyl levuli-
nate (nBL), and di-n-butyl ether (DNBE) blends, while the pentyl-
based (Pe) blends refer to n-pentanol (nPeOH), n-pentyl levuli-
nate (nPL), and di-n-pentyl ether (DNPE). Fig. 1 shows the
skeletal structures for each of these compounds.
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Biofuel components. (a) Ethyl-based blends (Et). (b) Butyl-based blends (Bu). (c) Pentyl-based blends (Pe).
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Diesel has a typical carbon chain length range of 10 to 24.25–30

The use of longer carbon chain alcohols will result in alcohol-
ysis products that have carbon chain lengths closer to those of
typical diesel components, which is likely to favour the blending
of the resulting advanced biofuel blend with diesel.

Studies have shown that using longer carbon chain length
alcohols typically reduces the yield of the alkyl levulinate from
the alcoholysis of lignocellulosic biomass.31–34 Therefore, the
production of nPL would require increased use of pentanol
compared to ethanol for EL production, increased biomass
feedstock requirements, and increased energy usage to produce
large volumes.31–34 However, an increased yield of alkyl levuli-
nate indicates a more efficient conversion of biomass and
a greater fraction of the energy extracted from the feedstock.33

Furthermore, large-scale production of second-generation n-
pentanol from lignocellulosic biomass is not yet viable, result-
ing in the production of an advanced pentyl-based biofuel blend
still requiring fossil fuel derived feedstocks.35,36 In contrast, n-
butanol and ethanol can be produced through fermentation
methods, including the acetone-butanol-ethanol fermentation
method.37,38

The density of alkyl levulinates decreases as the carbon chain
length increases, as reported by Schuette and Cowley,39 whereas
Table 2 Summary of the properties of the fuel components used in this

Fuel component Purity Supplier
Flash
(°C)

Ultra-low sulphur
diesel (ULSD)

Crown oils 67

Ethanol (EtOH) >99% VWR 16d

n-Butanol (nBuOH) $99.9% Sigma Aldrich 35
n-Pentanol (nPeOH) >99% Sigma Aldrich 49
Diethyl ether (DEE)
containing 1 ppm butylated
hydroxytoluene

$99.7% Sigma Aldrich −40e

Di-n-butyl ether (DNBE) 99+% Fisher 25
Di-n-pentyl ether (DNPE) >98% VWR 57
Ethyl levulinate (EL) 99% Sigma Aldrich 94
n-Butyl levulinate (nBL) 98% Alfa Aesar 111
n-Pentyl levulinate (nPL) >95% AkoS 96

a Measured using Setaash Series 3 plus. b Measured using the Anton
e Obtained from ref. 43. f Obtained from ref. 39.

This journal is © The Royal Society of Chemistry 2023
the density of alcohols and ethers increases as the carbon chain
lengthens. Therefore, these effects should counteract each
other when the components are blended and may enable there
to be substantial fractions of the alkyl levulinate and dialkyl
ether within blends that meet fuel standard limits. The effects
of these interactions should be identied when generating the
predictive models, as the coefficients will indicate the contri-
bution of each component to the density. The ash points and
KV40 of all the components increase as the carbon chain length
increases.15 A summary of the properties of the fuel blend
components used in this work is provided in Table 2. Ther-
mogravimetric analysis of the diesel used is presented in
ESI (S1.2).†

Howard et al.8 determined the derived cetane number (DCN)
for a wide range of ethyl-based blends using an ignition quality
tester following the ASTM D6890 test method and produced
a predictive DCN blendingmodel. The model was dependent on
the DCN andmole fractions of each component, as well as three
coefficients (per component) determined through linear
regression.8 The use of linear regression demonstrated that this
methodology would be suitable to produce models for other
physical and chemical properties. Their work determined the
blend compositions that matched the DCN of typical diesel
work

pointa Density at 15b °C
(g cm−3)

Kinematic viscosity
at 40b °C (mm2 s−1)

Boiling
pointc (°C)

0.838 2.813

0.795 1.099 78
0.811 2.261 118
0.819 2.899 136
0.720 — 35

0.768 0.736 142
0.789 1.131 183
1.017 1.553 206
0.973 2.017 238
0.963 2.375 253f

Paar SVM3000. c Obtained from ref. 40–48. d Obtained from ref. 40.

Sustainable Energy Fuels, 2023, 7, 5283–5300 | 5285
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fuels, but they did not consider the physical properties of the
blends. Since the alcoholysis products depend on the alcohol
used, changing ethanol to a longer chain alcohol such as n-
butanol or n-pentanol may produce biofuel blends that are
more compatible with diesel, as properties of the individual
biofuel components are closer to the diesel standards limits.

Limited studies have been conducted using nBL, DNBE, and
nBuOH as a three-component biofuel blend. Antonetti et al.10

studied the alcoholysis of eucalyptus nitens to the utilisation of
a three-component model product blend (using the pure biofuel
components) in a 2-cylinder, 21 kW diesel engine without
physical properties testing. The blend composition used was
70 wt% nBuOH/20 wt% DNBE/10 wt% nBL and was blended
into diesel at 10, 20, and 30 vol%.10 The fractions of n-butanol
and DNBE used by Antonetti et al.10 are unlikely to produce
blends that comply with EN 590 or BS 2869 due to the impact of
n-butanol on ash points, as reported by Kuszewski,49 and the
properties of all three components illustrated in Table 2.10,12,49

Flash points of multi-component blends typically tend towards
that of the component with the lowest ash point, so the ash
points of any signicant blending components must be similar
to that of diesel.50,51 To reduce the need to test every possible
blend composition and to be able to predict rapidly the physical
properties of any blend composition, accurate, accessible, and
appropriate physical properties models need to be available.

The density of multi-component mixtures can be predicted
accurately using linear-by-volume blending rules, but the same
is not true for ash points and viscosities.52–56 Many models are
available in the literature for predicting ash points.53,54

However, many of these were designed using vapour–liquid
equilibrium models such as the Liaw model or the Catoire
model.20,21,57 The Liaw and Catoire models require the use of
activity coefficients for each species in the blend, and the most
accurate models to determine the activity coefficients for
mixtures are not readily and freely available.20,21,57 The activity
coefficients are dependent upon the nature of, and the amount
of, different intermolecular interactions. As a result, they have
to be calculated for each specic blend composition using
models such as Universal Quasichemical Functional-group
Activity Coefficients (UNIFAC) and modied UNIFAC.57–61 The
additional requirements to model the ash point of ternary
advanced biofuel blends make the development and use of
simple polynomial equations more attractive. Liaw et al.62

demonstrated that the ash points of ternary mixtures depend
upon the molecular interactions between the blend compo-
nents, with more favourable interactions increasing the ash
points.57–61

The viscosity of multi-component blends also typically
displays a non-linear relationship with the change in the frac-
tions of constituents. Several models are available for predicting
the viscosity of binary blends, including the Grunberg–Nissan
equation, Bingham, and Latour equations.52 The Grunberg–
Nissan equation requires an interaction parameter to account
for intermolecular interactions and non-ideal mixture behav-
iour, such as those that arise for mixtures of alcohols with
diesel, and is entirely mixture dependent.17,63 Lapuerta et al.17

demonstrated that the Grunberg–Nissan equation can
5286 | Sustainable Energy Fuels, 2023, 7, 5283–5300
accurately predict viscosities for diesel and n-butanol mixtures
as their model tted experimental data with an R2 value of
0.9894. They used an interaction coefficient determined in their
previous work, where they also produced an empirical rela-
tionship for calculating the interaction coefficient of alcohol
and diesel blends based on the number of carbon atoms in the
alcohol.19 Mixtures with three or more components have inter-
actions that are more complex. The interaction parameters for
such mixtures also are not readily available in the literature and
can be difficult to obtain experimentally, making predicting the
viscosity accurately potentially difficult for novel fuel blends.
The viscosity models of the three-component mixtures studied
in this work were simple polynomial models and did not require
these interaction terms as they are tted to response surfaces.

Due to the complex nature of the intermolecular interactions
in ternary mixtures, there are no simplistic and easily accessible
physical properties models available, especially for ash point
and viscosity, where the effects of the intermolecular interac-
tions need to be accounted for. The development and utilisation
of accurate models would allow for the prediction of properties
for untested blends, enabling the rapid screening of different
blend compositions more efficiently without extensive experi-
mental measurements. This study, therefore, aims to produce
accurate polynomial models to predict the physical properties
of the different ternary advanced biofuel blends, to characterise
the effect of blend composition on densities at 15 °C, ash
points, and KV40, and to investigate the impact of carbon chain
length on these properties using a DoE approach. The devel-
opment of polynomial models is more efficient, cost-effective,
and sustainable through utilising a DoE approach as it deter-
mines the optimal blends to test for a given number of experi-
ments, thus reducing testing time, volumes of cleaning solvents
and biofuel components used. These models can then be used
to aid fuel formulation to produce blends that meet the limits
set in fuel standards. If accurate models can be produced for the
selected physical properties using the DoE approach, it could be
applied to produce models for other properties that fuel blends
are required to meet in comparison to relevant standards.
Methodology
Fuel blending

The studied biofuel mixtures were blended volumetrically and
were designed to contain at least 50% alkyl levulinate, with the
remaining volume fraction consisting of the associated alcohol
and dialkyl ether. The blends will be denoted by the prexes Et,
Bu, and Pe to distinguish the alcohol precursor for the ethyl,
butyl, and pentyl-based blends, respectively, followed by the
ratio of the alkyl levulinate : dialkyl ether : alcohol volume frac-
tions in vol%. For example, Bu-70 : 25 : 5 is a blend of 70 vol%
nBL, 25 vol%DNBE, and 5 vol% nBuOH, and D50Bu50 – 70 : 25 :
5 is the same three-component blend blended with 50 vol%
ULSD. Utilising high alkyl levulinate fractions could make the
alcoholysis process more economically viable, as it indicates
a greater conversion of the biomass, and upgrading of the
alcohol, producing more of the target product.64
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Blends tested in the design space. Black squares show MODDE
generated blends, grey squares represent additional blends added to
increase coverage, and magenta squares show blends used for final
model evaluation.
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When producing the sample blends, components were
blended in order of volatility (from least to most volatile),
stoppering the sample vial between each addition, and mixed
manually by shaking the vessel for one minute. The tolerance
for the production of the blends was ±5% of the required
volume of each component. To minimise the errors when
producing the blends, the sample vials were weighed aer the
addition of each component. The components used and their
properties are listed in Table 2. All blends were prepared the
previous day to ensure that mixtures were stable and completely
miscible, with immiscible blends discarded. The n-pentyl lev-
ulinate used in this study contained 1.8 vol% n-pentanol as an
impurity. Although it was a small fraction, the presence of n-
pentanol was expected to reduce the ash point of the nPL used
and the blends due to its lower ash point and its presence
decreasing the mean carbon chain length, following the trend
observed for the other biofuel components in Table 2. This
fraction of n-pentanol was accounted for during mixture
blending to ensure the compositions consisted of the correct
volume fractions.

Design of experiments approach

Model construction. For the production of the physical
properties models, a DoE approach was utilised using Sartorius
Stedim's MODDE (Modelling and Design).65 This approach and
soware were applied to determine the optimal biofuel blend
compositions within the experimental design space for testing,
to produce predictive polynomial models, and to determine
blend boundaries where the composition space of the biofuel
blends meets the property limits specied in the fuel standards.
The rst step was to conduct an initial screening to cover a large
area of the design space. This consisted of 10 blends and 12
runs, with two runs being duplicates. Aer the screening, there
was model optimisation to ensure the models generated were
accurate.

The polynomial models tted by MODDE are shown in eqn
(1) and (2), for the linear and quadratic forms, respectively.

y = C + b1x1 + b2x2 + b3x3, (1)

y = C + b1x1 + b2x2 + b3x3 + b12x1x2 + b13x1x3 + b23x2x3
+ b11x1

2 + b22x2
2 + b33x3

3, (2)

where y is the property of interest, C is a constant, biik are the
coefficients, including those accounting for interactions
between components, and x1, x2, and x3 are the volume frac-
tions of the alkyl levulinate, dialkyl ether, and alcohol, respec-
tively. The model coefficients were dened using a hierarchical
approach with the constant term being at the top of the hier-
archy, followed by the linear terms, and nally the quadratic
terms. This results in the coefficients being dened as relative
to the designated reference mixture, as opposed to a standard
approach wherein coefficients are dened based on the values
of pure components. The reference mixture was the centre point
of the blending space, as shown in Fig. 2.

Model optimisation. The DoE was optimised using a com-
plemented design and the D-optimal algorithm to improve the
This journal is © The Royal Society of Chemistry 2023
model t, conrm component interactions, or resolve non-
linearities.65,66 This takes the screening design space and
determines additional experiments which aid the model t,
enabling the quadratic and cubic models to be tted with lower
tting errors.65 The D-optimal algorithmmaximises the value of
the determinant of the model information matrix, which is
inversely proportional to the variance-covariance matrix.65–70

Hence, maximising the determinant of the information matrix
should reduce the variance in the calculations of the coeffi-
cients, as the greater the number of experiments, the easier it is
to obtain the largest determinant.65–70 The D-optimal algorithm
in MODDE nds the maximum determinant possible for the
number of runs stated.65,68

The quality of the model ts was assessed using the R2 value,
p-values of each coefficient, p-values of the model and lack of t
of the model, and the average absolute relative deviation (AARD
%) between the measured value and the predicted value,
calculated using eqn (3).

AARD % ¼ 1

n

Xn

i¼1

��yexp � ypred
��

yexp
� 100% (3)

where yexp was the experimentally measured value, ypred is the
predicted value, and n is the number of experiments conducted.
This was used to ensure that any over-predictions did not negate
any under-predictions.

Ternary biofuel blends tested. The blend compositions
tested to produce the predictive models are shown in Fig. 2. In
this gure, the black squares represent the original blends
tested to produce a preliminary model: 10 screening blends and
5 optimisation blends with 6 replicates. The grey squares show
the second round of experiments conducted as validation of the
initial models, which were then incorporated into the model
tting due to poor predictability in some regions of the design
Sustainable Energy Fuels, 2023, 7, 5283–5300 | 5287
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space. Themagenta squares show blend compositions that were
used as nal model validation to test the regions of the design
space where blends were not tested.

Miscibility testing. To assess the long-term miscibility of the
fuel blends, 20 cm3 of the blends, with and without diesel, were
stored for 3 months in graduated test tubes at ambient
temperatures (18–21 °C) and refrigerated at 3 °C. Visual
inspections of the test tubes were conducted to detect any
separation and noticeable changes, such as deposit formation,
with the immiscible blends removed from further physical
properties testing. Any deposits that form could result in fuel
lter and fuel line blockages, as well as potentially changing the
injected fuel blend composition, resulting in changes to the
engine performance and emissions.

Flash point. Flash points were measured using a Stanhope
Seta Setaash Series 3 Plus, following EN ISO 3679.71 The
Setaash Series 3 Plus is a small-scale closed cup ash point
tester. Samples of 2 cm3 were injected into the sample cup and
heated at a rate of 2 °C min−1. A test ame was then dipped into
the vapour space every 1 °C until a ash is detected by the ash
detector. EN ISO 3679 has a repeatability limit of 0.0152(X +
110) °C, where X is the measured ash point.71 The main source
of error in the test was due to mixture preparation but the 5%
tolerance for the fuel blending and the weighing of blends
throughout their production reduced this error. Mixtures were
prepared the day before testing, to ensure mixture stability and
homogeneity, as determined by visual inspection, to ensure
repeatability of the measurements.

Kinematic viscosity at 40 °C. The KV40 was measured using
an Anton Paar SVM3000 Stabinger Viscometer, following BS EN
16896.72 A 5 cm3 sample was injected through the viscometer for
every three measurements of the KV40. The viscometer
measured dynamic viscosity and density at the set temperature,
which were used to calculate kinematic viscosity as the ratio of
dynamic viscosity to density. The SVM3000 has a repeatability of
0.09% for the KV40 measurements, and BS EN 16896 has
a repeatability limit of 0.0105–0.0003X mm2 s−1, where X is the
measured KV40.72 One of the sources of error was likely the
mixture preparation, although these were minimised using the
steps for fuel blending discussed previously. An additional
possible source of error could arise during the injection of the
sample into the viscometer, as there needed to be no air bubbles
in the syringe. To minimise this error, the syringe was inverted
and le to allow all the air bubbles to rise to the surface before
evacuating the air from the syringe and ensuring the tip was
lled with the sample.

Density at 15 °C. The density at 15 °C of the ethyl and butyl-
based three-component blends was measured following ISO
3838: a pycnometer method, using 5 cm3 capillary stopper
pycnometers.73 The density at 15 °C of the blends of diesel with
the butyl-based three-component blends and the pentyl-based
three-component blends were measured using an Anton Paar
SVM3000 Stabinger Viscometer following ISO 12185.74 As with
the measurement of KV40, 5 cm3 of the sample was injected
through the viscometer for every three measurements of the
mixture density. The difference between measured densities of
the same blends using both methods was <1%. The ISO 12185
5288 | Sustainable Energy Fuels, 2023, 7, 5283–5300
methodology was used as it required less sample and was more
time effective. The SVM3000 has a repeatability limit for density
measurements of 0.0001 g cm−3, which is lower than the ISO
12185 repeatability limit of 0.0002 g cm−3, and the ISO 3838
method has a repeatability limit of 0.0007 g cm−3.73,74
Results and discussion
Three-component blend properties

All ethyl, butyl, and pentyl-based three-component biofuel
mixtures were completely stable before and during the
measurement of the physical properties, and hence all required
tests could be completed. In contrast, blends with ULSD
exhibited different stability behaviours depending on the
carbon chain length of the biofuel components, and this is
discussed further in the Blends with diesel section. The model
parameters are presented in S2–S4 of the ESI.† All of the
experimental results and model predictions shown in the parity
plots, are presented in tabular form in ESI S5.† In S5,† experi-
mental errors are the standard deviations of three repeated
measurements, and errors reported for predicted values are the
model's 95% condence intervals.
Density at 15 °C of the three-component blends

Densities at 15 °C ranged between 0.879–0.989 g cm−3, 0.874–
0.957 g cm−3, and 0.878–0.949 g cm−3 for the ethyl, butyl, and
pentyl-based blends, respectively, as shown in Fig. 3. The
density of all the three-component blends was above the EN 590
maximum of 0.845 g cm−3, regardless of the blend composi-
tion.12 This is due to the high densities of the alkyl levulinates,
which were used with a 50% minimum volume fraction in this
study, and the expected linear blending laws for density. On the
other hand, the density limits of BS 2869 can be achieved for all
blends, as there is only a minimum limit of 0.820 g cm−3.13

Blends containing up to 57 vol% of EL, 60 vol% of nBL, and
62 vol% nPL are also within the EN 14214 density limits.11 Being
able to meet the limits in the other fuel standards indicates that
such biofuel blends may be viable as fuels for agricultural,
domestic, or industrial engines, but more information is
required on their physical and combustion properties before
such a conclusion can be stated denitively. Fig. 3 shows that
despite the change in the carbon chain length for the different
starting alcohols, the densities remain relatively similar when
the alkyl levulinate fraction is <65 vol%. However, the densities
of the blends with >80 vol% alkyl levulinate decrease as the
carbon chain length increases due to the reducing densities of
the alkyl levulinate (the largest fraction of the blend) as the
carbon chain length increases. This occurs even with the
increasing densities of the alcohol/ether as the carbon chain
length increases (Table 2).

Exceeding the upper density limits specied by fuel stan-
dards can affect the fuel injection spray dynamics. Kim et al.23

showed that fuels with a higher density have a greater spray
penetration, which requires an increased mixing time to allow
for fuel vaporisation, increasing the ignition delay times. The
resultant presence of fuel rich zones may increase incomplete
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Density at 15 °C: experimental ternary diagrams for the three-component biofuel blends. (a) Ethyl-based blends. (b) Butyl-based blends.
(c) Pentyl-based blends. Black squares: MODDE generated blends, grey squares: additional blends added to increase coverage, and magenta
squares: blends used to test the models.
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combustion, resulting in elevated soot, hydrocarbon (HC), and
CO emissions. Poor mixing would also create lean zones in the
cylinder, which could increase nitrogen oxide (NOX=NO + NO2)
emissions.75 However, the most signicant implication of
a higher density is the resultant change in the mass of fuel
injected if the operational parameters of an engine are not
modied to compensate. Fuel injection is commonly performed
on a volumetric basis, hence the use of fuel with a higher
density will result in a greater mass of fuel injected.53 If the
molar mass of the biofuel blend is similar to that of standard
diesel, a signicant increase in density will also produce
a change in fuel/air stoichiometry towards richer combustion.
Therefore, to ensure the same engine performance and limit the
emissions of incomplete combustion products, the injection
parameters (such as volume) may need to be modied. Deter-
mining optimal engine and fuel injection parameters would
require a separate study, as modications based solely on
physical properties (such as density) may cause adverse
combustion effects. For example, a reduction in injected
volume to compensate for a higher density will also lower the
This journal is © The Royal Society of Chemistry 2023
energy available per cycle; a problem that will be exacerbated by
the lower energy density of oxygenated biofuel components.53

A linear density model provided the most accurate predic-
tions for all blending regimes investigated. R2 values of 0.996,
0.977, and 0.998 were obtained for the ethyl, butyl, and pentyl-
based blends, respectively. The AARD% for the ethyl, butyl, and
pentyl-based blends are 0.25%, 0.22%, and 0.05%, respectively,
indicating good agreement between the predicted and experi-
mental values. This is also shown by the concentration of data
around the y = x line in the parity plots shown in Fig. 4. All
terms in the density models are signicant, with p-values <0.05.
A full summary of the coefficients and their p-values can be
found in ESI S2.1–S2.3.†

Comparing the linear-by-volume blending law for density
and the tted MODDE linear models for the ethyl, butyl, and
pentyl-based blends displays a good agreement, with AARD%
being 0.47%, 0.32%, and 0.07%, respectively. Fig. 5 shows
a comparison between the predictions of the MODDE-generated
model and the linear blending rule. The ethyl-based blends
show a deviation at lower densities, which is representative of
Sustainable Energy Fuels, 2023, 7, 5283–5300 | 5289
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Fig. 4 Parity plots of the density at 15 °Cwith linearmodel predictions fromMODDE for (a) ethyl-based blends, (b) butyl-based blends, (c) pentyl-
based blends. Black squares: MODDE generated blends, grey squares: additional blends added to increase coverage, and magenta squares:
blends used to test the models.
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an increase in experimental error due to the high volatility of
DEE. This error increased for larger DEE fractions, as the
potential for evaporative losses during sample handling
produced higher compositional uncertainties. Overall, however,
the results support using both the linear-by-volume blending
rule and DoE models for predicting densities for mixtures of
this type. The benet of the DoE model is that it can be used in
MODDE simultaneously with the other properties models to
determine the blend boundaries for compliant blends.
Flash points of the three-component blends

The ash points of EtOH and DEE are below room temperature
at atmospheric pressure (Table 2), making it impossible to
collect ash point data for these using the Setaash Series 3
plus. When DEE and EtOH were each blended at small fractions
(<5% by volume) into ULSD, ash points were detected at room
temperature. However, due to higher blending volumes, it is
likely that blends with EtOH and DEE investigated in this study
were likely to have ash points below room temperature and
thus outside of the measurable regime. The ash point of the
5290 | Sustainable Energy Fuels, 2023, 7, 5283–5300
Et-90 : 5 : 5 blend was also at room temperature. Therefore, it
was unlikely that blends with increased fractions of DEE or
EtOH would produce measurable ash points.

Catoire et al.51 demonstrated that the ash point of a blend is
typically around the lowest individual ash point out of the
blend components. Therefore, it would be expected that the
ash points for the butyl-based blends would be approximately
25 °C (the ash point of DNBE) when there is a signicant
fraction of DNBE. For pentyl-based blends, the ash points
should be close to 49 °C due to the inuence of n-pentanol. The
ash points of the butyl-based three-component blends ranged
from 26–57 °C, with the ash point above 55 °C being attributed
to the Bu-90 : 5 : 5 blend, as shown in Fig. 6a. The butyl-based
blends would likely need to be blended with a high ash
point diesel to achieve theminimum ash point required for EN
590 and BS 2869. However, the fractions at which they would
still be compliant need to be determined.12,13 This is discussed
in the Blends with diesel section.

Flash points of the pentyl-based blends ranged from 54–81 °
C, as shown in Fig. 6b. To produce ash points above 55 °C, the
pentyl-based blends must contain $60 vol% nPL, with the
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Plots of the density at 15 °C based on linear models generated by MODDE vs. the density from the linear blending rule for (a) ethyl-based
blends, (b) butyl-based blends, (c) pentyl-based blends. Black squares: MODDE generated blends, grey squares: additional blends added to
increase coverage, and magenta squares: blends used to test the models.

Fig. 6 Flash point experimental ternary diagrams for the three-component biofuel blends. (a) Butyl-based blends, (b) pentyl-based blends. Black
squares: MODDE generated blends, grey squares: additional blends added to increase coverage, and magenta squares: blends used to test the
models.
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Fig. 7 Parity plots of the flash point quadratic models generated by MODDE for (a) butyl-based blends, (b) pentyl-based blends. Black squares:
MODDE generated blends, grey squares: additional blends added to increase coverage, and magenta squares: blends used to test the models.
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remaining fraction composed of any combination of DNPE and
nPeOH. The pentyl-blend ash point was extensively affected by
the fraction of the nPeOH present, as demonstrated in Fig. 6b,
where the lower ash points are in the regions of higher nPeOH
fractions. Unlike nBuOH in the butyl blends, nPeOH has the
lowest ash point of the three components, and thus this
reduction with the higher nPeOH fractions follows the obser-
vation of Catoire et al.51

The ash point of the blends increases as the carbon chain
length increases. Increasing the carbon chain length causes an
increase in boiling point for the investigated species, which
results in a decrease in volatility and a higher temperature
required to produce a ammable vapour. The resultant increase
in ash points produces pentyl-based blends that are capable of
meeting the EN 590 and BS 2869 fuel standard requirements for
the ash point.12,13 This implies that pentyl-based blend
handling and storage may be compliant with existing infra-
structure for this property. In regards to the required safety
standards for such liquids, blends with ash points above 60 °C
can be handled as a combustible liquid, in a similar manner to
diesel, and those below 60 °C must be handled as a ammable
liquid.76

Quadratic polynomial models were the most suitable for
predicting ash points of the butyl and pentyl-based blends,
with R2 values of 0.924 and 0.982, respectively, indicating good
agreement between predictions and experimental values
(Fig. 7). The choice of the quadratic model is further validated
when comparing the statistical parameters for all the tted
models, which are presented in ESI S3.1.† The AARD% between
experimental and calculated values are 3.50% and 1.18% for the
butyl and pentyl-based blends, respectively.

In the quadratic model for the butyl-based blends, the linear
term in nBuOH was statistically insignicant, with a p-value of
0.11. However, it is clear from Fig. 6a that there is an inuence
of nBuOH on measured ash points but that the extent of its
inuence depends on the fractions of the other components.
For example, for low fractions of DNBE and high fractions of
5292 | Sustainable Energy Fuels, 2023, 7, 5283–5300
nBL, the ashpoint decreases rapidly as nBuOH increases up to
10% but thereaer attens off as nBuOH increases further. At
higher fractions of DNBE, its effect on the ash point is stronger
compared to the other components. This is likely due to nBL
and DNBE having the extremes of the ash points, so they
dominate the blend's ash point, and the inuence of nBuOH is
suppressed. Hence, the nBuOH linear term was kept in the
model, as it could not be removed due to the model hierarchy.
Interaction terms involving nBuOH and DNBE/nBL are shown to
be signicant in Table S3.1.2† which reects these nonlinear
responses. All the model terms in the ash point model for the
pentyl-based blends were statistically signicant, with p-values
<0.05. A full summary of the p-values of themodel terms is given
in ESI S3.2.†
Kinematic viscosity at 40 °C of the three-component blends

Due to the relatively low boiling point of DEE (35 °C), the KV40
of the ethyl-based three-component blends cannot be measured
as DEE would boil and evaporate, resulting in the loss of DEE
and a binary biofuel blend of ethanol and EL being formed. This
further indicates that the ethyl-based blends are unlikely to be
suitable drop-in diesel alternatives, given the requirements of
diesel fuel standards.11,12

The KV40s for the butyl-based blends range from 1.186–
1.846mm2 s−1 (Fig. 8a), while the KV40s for pentyl-based blends
range from 1.578–2.180 mm2 s−1 (Fig. 8b). All of the butyl-based
blends investigated in this study are below the 2.00 mm2 s−1

minimum in EN 590 and BS 2869 and the EN 14214 minimum
of 3.5 mm2 s−1, regardless of the blend composition, as shown
in Fig. 8a.11–13 Therefore, the fraction of biofuel that can be
blended with diesel and still comply with the fuel standards will
depend on the viscosity of the diesel used.12,13 Viscosities below
the standard requirements will have implications for fuel
delivery systems, particularly the lubrication of fuel pumps,
potentially leading to increased wear and friction of the fuel
delivery system.17–19 Kim et al.23 found that decreased fuel
viscosity decreases the droplet Sauter mean diameter by
This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Kinematic viscosity at 40 °C: experimental ternary diagrams for the three-component biofuel blends. (a) Butyl-based blends, (b) pentyl-
based blends. Black squares: MODDE generated blends, grey squares: additional blends added to increase coverage, and magenta squares:
blends used to test the models.

Fig. 9 Parity plots of the KV40 quadratic models generated by MODDE for (a) butyl-based blends, (b) pentyl-based blends. Black squares:
MODDE generated blends, grey squares: additional blends added to increase coverage, and magenta squares: blends used to test the models.
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conducting a sensitivity analysis perturbing different liquid
properties. A smaller Sauter mean diameter indicates that
smaller fuel droplets would form, improving the vaporisation of
the fuel. The smaller droplets could have a positive impact on
the combustion and, ultimately, the engine performance and
emissions. However, a large reduction in the KV40 could affect
the fuel injection causing fuel leakage, reducing the power
output and increasing HC emissions from unburnt fuel.77 For
the pentyl-based biofuel blends, the viscosity limits of EN 590
and BS 2869 were satised by blends consisting of $75 vol%
nPL,$5 vol% DNPE, and#20 vol% nPeOH.12 Due to the higher
viscosities compared to the butyl-based blends, a wider range of
compositions of the pentyl-based blends would be suitable to
blend with diesel whilst keeping the fuel blend compliant with
viscosity limits.

Quadratic models were found to be the most suitable for
predicting KV40s of the butyl and pentyl-based blends with R2
This journal is © The Royal Society of Chemistry 2023
values of 0.975 and 0.998, respectively (Fig. 9). For the butyl-
based blends, all model terms were statistically signicant
except for the DNBE2 term with a p-value of 0.25. However, due
to the hierarchical nature of the t, the DNBE2 term is retained
to preserve overall accuracy. For the pentyl-based blends, all
model terms are statistically signicant with p-values <0.05 (see
S4.1 and S4.2†). The butyl and pentyl-based blends KV40
predictions have an AARD% from the measured value of 1.20%
and 0.26%, respectively, indicating the quadratic equations can
accurately model the KV40 for the three-component blends.
Blend boundaries for the three-component blends

MODDE was used to determine blend boundaries where
different three-component blend compositions meet the limits
for the three physical properties tested. There were no
compliant blends that met the ash point, density, and KV40
limits of EN 590, BS 2869, or EN 14214 at the same time for any
Sustainable Energy Fuels, 2023, 7, 5283–5300 | 5293
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Table 3 Room temperature miscibility limits for the ethyl-based blends with ULSD

Fraction of ULSD
(vol%)

Fraction of total biofuel
blend (vol%)

EL miscible fractions
(vol%)

EtOH miscible
fractions (vol%)

DEE miscible
fraction (vol%)

20 80 50–75 5–20 20–45
30 70 50–75 5–20 20–45
50 50 50–75 5–20 20–45
75 25 50–75 5–20 20–45
90 10 50–90 5–20 5–45
95 5 50–90 5–20 5–45

Table 4 3 °C miscibility limits for the ethyl-based blends with ULSD

Fraction of ULSD
(vol%)

Fraction of total biofuel
blend (vol%)

EL miscible fractions
(vol%)

EtOH miscible
fractions (vol%)

DEE miscible
fraction (vol%)

20 80 50–75 5–20 20–45
30 70 50–75 5–20 20–45
50 50 50–75 5–20 20–45
75 25 50–75 5–20 20–45
90 10 50–90 5–20 5–45
95 5 50–90 5–20 5–45

Table 5 Room temperature miscibility limits for the butyl-based blends with ULSD

Fraction of ULSD
(vol%)

Fraction of total biofuel
blend (vol%)

nBL miscible fractions
(vol%)

nBuOH
miscible fractions (vol%)

DNBE miscible
fraction (vol%)

20 80 50–90 5–45 5–45
30 70 50–90 5–45 5–45
50 50 50–90 5–45 5–45
75 25 50–90 5–45 5–45
90 10 50–90 5–45 5–45
95 5 50–90 5–45 5–45

Table 6 3 °C miscibility limits for the butyl-based blends with ULSD

Fraction of ULSD
(vol%)

Fraction of total biofuel
blend (vol%)

nBL miscible fractions
(vol%)

nBuOH
miscible fractions (vol%)

DNBE miscible
fraction (vol%)

20 80 50–75 5–40 10–45
30 70 50–80 5–45 5–45
50 50 50–90 5–45 5– 45
75 25 50–90 5–45 5–45
90 10 50–90 5–45 5–45
95 5 50–90 5–45 5–45
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of the ethyl and butyl-based blends.11,13 The blend of 90 vol%
nBL/5 vol% DNBE/5 vol% nBuOH has a ash point that meets
the 55 °C minimum of EN 590 and BS 2869, but it does not meet
the density limits of EN 590 or EN 14214 and the KV40 limits of
all three standards.11–13 For the pentyl-based blends,
a compliant set of blends could be found when using the BS
2869 properties limits, giving boundaries of $75 vol% nPL,
$5 vol% DNPE, and #20 vol% nPeOH. The functionality of
MODDE made determining these blend boundaries more time
effective and reliable since it used the predictive models
5294 | Sustainable Energy Fuels, 2023, 7, 5283–5300
generated from the experimentally measured physical proper-
ties. The results indicate that the production of the blends
needs to ensure a low content of the starting alcohol, which,
during the production process, could be recycled for further
biomass alcoholysis, improving economic favourability.10,78 To
be able to utilise higher volumetric blends of three-component
biofuel compositions, such as those tested here within
commercial fuels, it may require changes to standard limits for
physical properties. However, the ash point limit carries
implications for safe fuel handling and storage, so lowering this
This journal is © The Royal Society of Chemistry 2023
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limit would be unlikely and inadvisable. Since the density limits
of biodiesel and off-road diesel are higher, the shi towards
higher densities may be more feasible, as the aromatic content
of the fuel would inherently reduce.

Blends with diesel

When the ethyl, butyl, and pentyl-based three-component
mixtures were blended with ULSD, there were different limita-
tions for each of the three-component biofuel blends. Most of
the ethyl-based blends were immiscible with diesel, and the
miscible blends had signicant fractions of DEE, resulting in
blends that could not have their ash points or KV40s tested. A
limiting factor for utilising nPL is that the longer chain alcohol
results in lower yields of alkyl levulinate during biomass
alcoholysis.31–34 Bio-derived n-pentanol is also scarce, and its
production routes are still in development.79 This makes the
alcoholysis using n-pentanol less attractive compared to using
ethanol or n-butanol, especially if fossil-derived n-pentanol was
used. Hence, with the limitations of the ethyl and pentyl-based
blends, butyl-based blends appear to be the most promising
candidates for further investigation on blending behaviour with
diesel. Therefore, they were investigated to determine the
miscibility of the blends with ULSD and the resulting changes
in physical properties at different volume fractions. The misci-
bility of the ethyl and butyl-based three-component blends with
ULSD at room temperature and 3 °C are summarised in Tables
3–6. Due to the duration of the storage tests, the miscibility of
the ethyl-based blends with diesel were conducted alongside
the physical properties testing, and hence their results are
presented here.

The room temperature storage of the ethyl-based blends with
ULSD demonstrated that there needed to be at least 20 vol% of
DEE but no more than 25 vol% of ethanol in the three-
component blend to avoid separation when blended at signi-
cant fractions into ULSD. The separation of diesel/biofuel
blends without these compositions of the ethyl-based biofuel
blend occurred within minutes of blending. At room
Fig. 10 Example of the white suspensions formed when the some fuel
blends are stored at 3 °C. Fuel blend above is D20Bu80 – 85 : 15 : 5.

This journal is © The Royal Society of Chemistry 2023
temperature, all the butyl-based blends with ULSD were
miscible, regardless of the ULSD fraction. Due to the complex
nature of miscibility and its dependence on intermolecular
interactions between all of the components, predictive models
would require extensive development and hence have not been
attempted in this work. The complexity further increases when
there are mixtures of hydrocarbons and oxygenated compo-
nents, such as those investigated in this study. A model for
a multi-component blend with a base fuel could become
extremely complex due to all the possible interactions and
intermolecular forces. This is highlighted by the need for high
DEE fractions to ensure EL and EtOH also remained miscible
with the ULSD, as shown in Table 3.

When blended with low fractions of ULSD and stored at 3 °C,
both the ethyl and butyl-based blends formed solid white
suspensions, with an example shown in Fig. 10. For the ethyl-
based blends, this occurred regardless of the EL fraction,
whereas, for butyl-based blends, this suspension only formed
with a biofuel fraction $70 vol%. When the nBL fraction was
>75 vol%, the suspension would form regardless of the nBuOH
and DNBE fractions. If the BuOH fraction was greater than the
DNBE fraction, then this suspension formed with lower nBL
fractions, as it formed for the blend D20Bu80-50 : 5 : 45. The
formation of the suspension indicates that these fuel blends
would not be suitable for utilisation in cold temperatures, as
these deposits may pose a blockage risk for fuel pumps and
lters. The suspensions formed would melt within minutes of
the test tubes being at room temperature. Hence, it was not
possible to isolate these solids for further analysis to determine
their composition.
Butyl-based blends with diesel

Aer identifying that, the butyl-based blends were the most
suitable biofuel mixture to blend with diesel, the ash points,
KV40s, and densities at 15 °C, when blended at different volume
fractions, were measured. Tables of the data presented in
Fig. 11 can be seen in S5.4.†

The ash points of the butyl-based blends with ULSD ranged
between 38–57 °C for the different ULSD volume fractions. The
blends with higher biofuel fractions had a greater reduction
from the 65 °C ash point of the ULSD. As the nBL fraction
within the three-component blend decreased, the ash point
decreased when the diesel fraction was constant. This reduction
was expected as the ash point of the pure butyl-based three-
component blend reduced as the nBL fraction decreased.
When blended with ULSD, the butyl-based biofuel blends with
higher n-butanol fractions have lower ash points, despite n-
butanol having a higher ash point than DNBE, as shown by the
crossover at higher diesel fractions with the higher DNBE
fraction blends in Fig. 11a. This crossover could be due to more
favourable molecular interactions between DNBE and the
hydrocarbons in ULSD since DNBE is effectively an eight-carbon
long chain, albeit with oxygen in the centre, which is
approaching the chain length of molecules typically found in
ULSD.25–30 In contrast, n-butanol has a four-carbon long chain
and is more polar than DNBE. This leads to less favourable
Sustainable Energy Fuels, 2023, 7, 5283–5300 | 5295
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Fig. 11 (a) Flash point. (b) Kinematic viscosity at 40 °C. (c) Density at 15 °C for butyl three component blends with diesel. (d) Legend for all three
plots. The blue lines indicate any EN 590 and BS 2869 minimums and the red lines indicate EN 590 maximums. EN 590 and BS 2869 compliant
regions are indicated for each property.
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molecular interactions with ULSD, causing the n-butanol to
readily evaporate, producing a ammable vapour.80 There were
a small number of blends that had a ash point >55 °C.12,13

These contained >70 vol% nBL, DNBE volume fractions greater
than those of nBuOH, and >75% ULSD by volume. However,
these ash points ranged between 55–62 °C and may not be
sufficiently above the 55 °C limits of EN 590 and BS 2869 since
the ash points of different commercial diesel are usually
around 65 °C to allow sufficient margin to account for experi-
mental errors that can occur with ash point testing.12,13 The
increase in ash point with diesel fraction was non-linear,
having two distinct regions: high diesel fractions where the
biofuel content decreases the ash point rapidly, and low diesel
fractions where the ash point is close to that of the three-
component biofuel blend.
5296 | Sustainable Energy Fuels, 2023, 7, 5283–5300
The KV40 of the butyl-based blends with diesel depends
upon the KV40 of the diesel used. For the diesel used in this
study, up to 25 vol% of the butyl-based biofuel blends could be
blended with the ULSD and produce compliant blends, as seen
in Fig. 11b, since the KV40 did not drop below 2.0 mm2 s−1.12,13

If the viscosity of ULSD was higher, then higher fractions of the
butyl-based blends could be added, and the fuel would remain
compliant and within the viscosity limits. The lower viscosity of
the fuel blends could lead to reduced lubrication in the fuel
injection system.17 The butyl-based blends that had lower
viscosities (low nBL fractions with high DNBE fractions) caused
a greater reduction in the KV40 for any given fraction of ULSD.
The KV40 of the blends with ULSD had a non-linear dependence
on the volume fraction of the ULSD fraction, albeit less
pronounced than that which the ash points displayed. The
This journal is © The Royal Society of Chemistry 2023
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gradient of the change in KV40 is much greater when the frac-
tion of ULSD is above 75 vol% than when the ULSD fraction is
less than 75 vol%.

As previously discussed, the density of butyl-based blends
was over the maximum limits specied in the EN 590 stan-
dard.12 The addition of more than 5 vol% of any butyl-based
blend to diesel produced biofuel/diesel blends that exceeded
this maximum, as shown in Fig. 11c. Density increased linearly
with increasing biofuel blend fraction when blending with
ULSD, with the greater increases in the density being from the
butyl-based blends with the higher density (those with the
higher nBL fractions). If the ULSD used had a lower density,
a higher fraction of the biofuel blends could be added and still
meet the EN 590 limits.12

As the narrow EN 590 density limits inhibit large fractions of
the butyl-based blends being added to diesel, compatibility with
the BS 2869 density limits was also investigated. For 10 vol%
biofuel in ULSD, the butyl-based blends could consist of
$60 vol% nBL, #35 vol% DNBE, and #10 vol% nBuOH and
remain compliant with BS 2869.13 For 25 vol% biofuel the butyl-
based blends could consist of $80 vol% nBL, #15 vol% DNBE,
and #5 vol% nBuOH and remain within the limits. The low
fractions of nBuOH in the compliant blends was due to its
impact on the reduction in ash point of the blends with diesel.

Discussion of future fuel standards

As previously mentioned, EN 590 and BS 2869 do not allow the
addition of oxygenated advanced biofuel components.12

However, since RED II requires at least 3.5% of the energy in the
transport sector to be sourced from advanced biofuels by 2030,
the relaxation ormodication of fuel standardsmay be necessary
to facilitate the utilisation of oxygenated advanced biofuels from
cheaper, less carbon-intensive fuel production methods.6 The
use of oxygenated fuels could potentially have benets for engine
emissions, but could also reduce the energy density of the fuel.
However, this has not inhibited the use of oxygenated fuels
within gasoline blends which now contain bioethanol. The use of
oxygenated advanced biofuels other than ethanol is not allowed
in the low-carbon fuel standards adopted by several states in the
United States of America or the EU. However, in the EU, there are
targets for the increased use of advanced biofuels, but Annex III
of RED II does not list alkyl levulinates and dialkyl ethers as
potential biofuel options, nor are any oxygenated fuels other
than FAME allowed to be blended with diesel.6,11–13 The uti-
lisation of oxygenated advanced biofuel blends that meet phys-
ical, chemical, and combustion property limits in existing fuel
standards will be inhibited until a wider range of oxygenated
species are permitted. Therefore, a global change to the fuel
standards is required to enable the use of oxygenated fuels that
could contribute towards the low-carbon fuel options for the
decarbonisation targets to be more easily met.81–83 In this study
we have shown that the selected properties can be met by certain
blends, but there are additional physical property limits that
must be met for a fuel to be certied. These include oxidative
stability, copper corrosion, and lubricity.12,13 A review of the
density limits could also be useful, as in EN 590 they are set as an
This journal is © The Royal Society of Chemistry 2023
additional control measure to limit the PAH content of the fuel.
This measure has likely contributed to the control of particulate
emissions. However, many studies have shown that particulate
emissions reduce when oxygenated biofuels are blended with
diesel, even when density limits are exceeded.10,15,78 Therefore, if
the engine performance is maintained, or improved, and emis-
sions limits can be met upon utilisation of fuel blends that
exceed the current density limits, then the maximum density
limits could potentially be relaxed. To make progress in the
utilisation of these advanced biofuel blends, there either needs
to be amendments to existing fuel standards or the development
of separate fuel standards for oxygenated advanced biofuels, in
a similar manner to the EN 14214 standard for biodiesels.11

Conclusions

In this study, the ash point, KV40, and density at 15 °C were
tested, where applicable, for model three-component biofuel
blends with increasing carbon chain lengths, with and without
diesel. The DoE methodology enabled the production of simple
and accurate predictive models for the selected physical prop-
erties of the three-component blends. Therefore, it is likely, that
this methodology could be used to develop predictive models
for other physical properties. It also allowed a more efficient
testing regime to be used. The inuence of the carbon chain
length could be observed from the testing conducted, not only
on the physical properties, but also on the biofuel miscibility
with ULSD. The immiscibility of the ethyl-based blends with
diesel when the ethanol fraction was higher than the DEE
fraction highlights that the presence of high quantities of the
polar short carbon chain length alcohol would cause separa-
tion, whereas this did not occur for the butyl-based blends.

Increasing carbon chain length increased the ash point and
KV40 of the three-component blends. As the carbon chain length
increased, the density of the three-component blends remained
similar for the blends with <65 vol% alkyl levulinate. In contrast,
the blends with >70 vol% of the alkyl levulinate had lower
densities, as the carbon chain length increased due to the
reduction in the density of the alkyl levulinate, even though the
density of the alcohol and the dialkyl ether increased with carbon
chain length. The dialkyl ethers and alkyl levulinates became
closer to the chain lengths of components typically found in
diesel as the chain length of the starting alcohol increased.

Predicting the ash points and KV40s of the pure biofuel
blends investigated in this study, required nonlinear blending
rules that were able to account for the interaction effects
observed. Blends with diesel would require nonlinear blending
rules to be generated, given the nature of the behaviours
observed in Fig. 11a and b. Flash points and KV40 of the butyl
and pentyl-based blends could be accurately predicted using
quadratic models with high R2 values and an AARD% of less
than 5% between measured and predicted values for each of the
properties. The models had statistically signicant coefficients
for second-order interaction terms. The density of the blends
could bemodelled using a linear model as developed here using
MODDE, or with the commonly used linear blending law.
Whilst the developed models are limited to the blends tested
Sustainable Energy Fuels, 2023, 7, 5283–5300 | 5297
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here, the DoE methodology makes the model production an
efficient process that may be applied to other fuel blends.

Flash points of the butyl and pentyl-based three-component
blends are highly dependent upon the fraction of the compo-
nent with the lowest ash point, DNBE and nPeOH, respectively,
with higher fractions of these components giving a greater
reduction. However, when the butyl-based blends were blended
with diesel, there was a greater reduction in ash points for
blends with high alcohol fractions. For example, for the blends
of 75 vol% ULSD/25 vol% biofuel with 70 vol% nBL, there was
a reduction of 25% relative to diesel for the blend which con-
tained 25 vol% nBuOH compared to that of the blend with
5 vol% nBuOH. nBuOH has the shortest carbon chain length of
the butyl-based three components and is the most polar
component, resulting in reduced favourable molecular inter-
actions with ULSD. However, these results indicate DNBE has
favourable intermolecular interactions with the compounds in
ULSD. This was evident since nBuOH has a higher ash point
than DNBE. Removing nBuOH from the biofuel blend could
increase the ash points of the blends with ULSD to over the
limits in the fuel standards. Additionally, economically, it could
be benecial to remove or vastly reduce nBuOH within the
product blend, as it could be recycled for further biomass
alcoholysis.10,64,78

Existing fuel standard limits for the ash point and KV40 can
bemet with increasing carbon chain length in oxygenated blends,
as shown in this study by increasing from C2 to C5 alcohols and
their corresponding alkyl levulinates and ethers, whereas the
density limits are difficult to meet, as the limits are very narrow.
Since the alkyl levulinate is the largest fraction of the blends, the
decreasing density with increasing carbon chain length will
dictate if the limits of the fuel standards are met. The densities of
these components aremuch greater than the current limits in EN
590 and EN 14214.11,12 Therefore, to enable a wider range of
oxygenated biofuel components to be utilised, density limits in
existing fuel standards would need to be extended. Other changes
to the existing fuel standards would also be required, such as
allowing the addition of other non-FAME oxygenated bio-derived
fuels for diesel blending, where they are shown to maintain or
improve engine performance and emissions relative to diesel.
This could facilitate meeting the RED II advanced biofuel and
decarbonisation targets. In addition to meeting physical property
limits, materials compatibility and suitability for engine use also
need to be determined for such blends, and are currently being
addressed in parallel work by the authors.
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