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Biofuel Blends in a Compression Ignition Engine 

 

S. Wiseman, H. Li, A.S. Tomlin 

School of Chemical and Process Engineering, University of Leeds, Leeds, UK, LS2 9JT 

 

Abstract 

 
Low-carbon alternatives to diesel are needed to reduce the carbon 

intensity of the transport, agriculture, and off-grid power 

generation sectors, where compression ignition (CI) engines are 

commonly used. Acid-catalysed alcoholysis produces a potentially 

tailorable low-carbon advanced biofuel blend comprised of 

mixtures of an alkyl levulinate, a dialkyl ether, and the starting 

alcohol. In this study, model mixtures based on products expected 

from the use of n-butanol (butyl-based blends) as a starting alcohol, 

were blended with diesel and tested in a Yanmar L100V single-

cylinder CI engine. Blends were formulated to meet the flash point, 

density, and kinematic viscosity limits of fuel standards for diesel, 

the 2022 version of BS 2869 (off-road). No changes to the engine 

set-up were made, hence testing the biofuel blends for their 

potential as “drop-in” fuels. Changes in engine performance and 

emissions were determined for a range of diesel/biofuel blends and 

compared to a pure diesel baseline. The ratio of butyl-based biofuel 

components ranged between 65 – 90 vol% n-butyl levulinate, 5 – 

30 vol% di-n-butyl ether, and 5 – 10 vol% n-butanol. Formulating 

the blends to match physical property limits ensured that engine 

operation was not significantly influenced by changes in these 

selected properties. Emissions of CO, NOX, total hydrocarbons 

(THC), and PM2.5 and particle number (PN) size distributions were 

measured. Compared to the baseline diesel, ignition delays were 

longer. The brake-specific fuel consumption of some butyl-based 

blends at high loads was within 5% of the diesel baseline. Most 

blends caused a less than 3% reduction in peak in-cylinder pressure 

at high loads, which contributed to maintaining engine efficiency. 

PM2.5 and PN emissions were reduced significantly. CO and THC 

specific emissions increased relative to diesel for all blends, 

potentially due to their reduced derived cetane number. This 

however, resulted in increased premixed combustion favouring 

reductions in particulate emissions. The competing effects of 

changes in adiabatic flame temperatures and charge cooling 

effects, contributed to maintaining blend NOX emissions close to 

those of diesel. The results demonstrated the biofuel blends may 

have the potential to be low-carbon fuels used CI engines.  

 

Key Words: Advanced Biofuels; Engine Performance; 

Compression Ignition Engine; Ignition Delay; Fuel Consumption; 

Emissions; Particulate Matter  
 

1. Introduction 

 
Whilst electrification is increasingly being used to decarbonise 

light-duty vehicles, heavy-duty vehicles, such as those used in 

agriculture, haulage, and construction, are likely to rely on 

combustion engines, for the short to medium term [1]. In these 

sectors, compression ignition (CI) engines fuelled with diesel and 

other liquid fuels are commonly used. Whilst, in the long term, 

alternative strategies such as electrification or hydrogen usage may 

develop for such sectors, the challenges of the high power and 

energy density requirements of the machinery used in these 

sectors will need to be addressed. To facilitate rapid 

decarbonisation, suitable low-carbon alternatives to petroleum-

derived diesel are urgently required. Off-grid or backup power 

generation also still relies heavily on oil-derived fuels for use in 

generator sets (gensets). These are commonly CI engines fuelled 

with diesel of different qualities and specifications depending on 

where they are used. Ultra-low sulphur diesel for example is used 

for backup power generation in Europe, but in regions such as Sub-

Saharan Africa, where gensets could either be the only source of 

electricity, or could provide back up to solar power within a mini-

grid design, the fuel could be of lower quality [2]. In Europe, EN 590 

sets the limits for road diesel, and pre-2023, BS 2869 sets the limits 

for grade II diesel used in off-road applications, including off-grid 

power generation [3,4]. In America, ASTM D975 sets the standard 

for diesel [3-5]. Ideally, renewable or low-carbon fuels designed to 

displace fossil derived fuels for use in existing engines would be 

‘drop-in’ fuels, which meet existing standards and hence would 
require no modifications to existing engines or infrastructure. One 

set of potential candidates is advanced biofuels, which are liquid 

fuels derived from non-food-based feedstocks with a lifecycle 

reduction in greenhouse gas emissions of at least 50% compared 

with fossil fuels. Additional benefits of using advanced biofuels are 

that there would be no increased land use to produce the required 

feedstocks, resulting in there being no competition with food 

production. The use of advanced biofuels is mandated in the 

revised Renewable Energy Directive (RED II), which requires a 3.5% 

contribution to total energy use in the EU in the transport sector by 

2030, due to increase to 5.5% in RED III [6,7].  

 

Advanced biofuels produced from lignocellulosic materials defined 

in RED II Annex IX can be manufactured using a variety of methods 

[6]. Acid-catalysed alcoholysis of these feedstocks is a method that 

produces a tailorable product blend of advanced biofuel candidates 

[8-13]. The main products are an alkyl levulinate, dialkyl ether, and 

the alcohol used as the solvent [8-12]. The starting alcohol of 

interest in this study was n-butanol; resulting in butyl (Bu) based 

blends containing n-butyl levulinate (nBL, C9H16O3), di-n-butyl ether 

(DNBE, C8H18O), and n-butanol (nBuOH, C4H9OH). The nBuOH 

derived blends were of interest due to the possibility to meet 

selected physical property limits and hence to ensure the blends 

were miscible and stable when the butyl blends were blended with 

diesel [14].  

 

Studies have shown that blends of these as individual components, 

or multi-component mixtures, with diesel, have the potential to 

meet a selection of fuel standard property limits, such as the flash 

point and kinematic viscosity [14-16]. However, the impact of these 

fuel blends on the combustion and operational performance of CI 

engines is variable, with both improvements and detrimental 

changes relative to diesel found in previous studies [5,11,17-20]. 

Heat release rates (HRRs), in-cylinder pressures, ignition delays 

(IDs), brake specific fuel consumption (BSFC), and power output are 

some of the engine properties that change following the addition 

of advanced biofuels to diesel [11]. These changes are due to the 

physical and chemical properties of the fuel blend changing relative 

to diesel due to the biofuel components being added. Fuel 

standards have strict limits to ensure that, regardless of the 

supplier, due to consistent production, there will be safe, efficient, 

and reliable delivery and storage, and operation of engines. 

Physical properties with standard limits that influence engine 

performance include the density at 15 °C, kinematic viscosity at      

40 °C (KV40), and derived cetane number (DCN). Additional non-

standardised properties that influence engine performance include 

heat capacity, energy content, and lower heating value (LHV) 

[5,11,17-20]. These properties will influence the fuel spray and 
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vaporisation, which impact the BSFC and the ID, and thus the 

emissions [5,11,18-21]. 
Table 1. Fuel component properties and standard limits. 

ameasured by an Anton Paar SVM3000, bfrom [22], cfrom [23], dfrom [24], efrom [5,12,17,25,26], ffrom [27-30], gfrom [23,31-33], hat 420 K, iat 785 K, jfrom [23], 
kThese are typical diesel values.

 

The properties of the fuel components of interest and the 

applicable fuel standards’ limits are summarised in Table 1. Not all 

of the biofuel components would meet the physical property limits 

individually. However, by designing suitable blending strategies it is 

possible to design 3-component biofuel blends that meet the 

density and KV40 limits [14]. As shown in the table, DNBE has a 

significantly higher DCN than typical values for diesel, whereas 

those for nBL and nBuOH are lower. Hence, changing the relative 

fractions of these components would be expected to have a strong 

influence on the autoignition properties of the blends. The boiling 

point of each component is likely to influence the effectiveness of 

fuel delivery from the fuel tank to the cylinder and into the gas 

phase. High adiabatic flame temperatures could influence thermal 

nitrogen oxide (NOX=NO+NO2) production. High heat capacities and 

enthalpies of vaporisation would contribute towards charge 

cooling, reducing in-cylinder temperatures, and therefore are likely 

to reduce complete combustion and thermal NOX production. If the 

changes in these properties result in reductions in emissions whilst 

maintaining or improving engine performance and fuel 

consumption, it would make the butyl-based blends potentially 

attractive advanced biofuel blends to contribute to both RED II and 

decarbonisation targets [6]. 

 

Currently, the addition of oxygenated advanced biofuel 

components to diesel results in the final fuel being non-compliant 

with EN 590 or BS 2869, as both of these standards only allow for 

fatty acid methyl esters to be added as the oxygenated biofuel 

blend components [3-5]. Therefore, adding the nBL, DNBE, or 

nBuOH to the diesel would result in this criterion no longer being 

met. This however, could unnecessarily add to the challenges of 

developing advanced biofuel blending components, and it may be 

that blends containing other types of oxygenated components are 

able to meet physical property limits within the standards without 

serious impacts on engine performance. This work therefore aims 

to investigate the influence of advanced biofuel blending on the 

combustion, and heat release characteristics of a CI engine. 

 

In addition to decarbonisation targets, engine applications must 

comply with relevant tailpipe emissions standards. For HDVs the 

current emissions standard is Euro VI and for non-road mobile 

machinery (NRMM), such as gensets, the relevant standard is Euro 

Stage V in the EU [34-36]. For HDVs, the new Euro 7 emissions 

standard will come into force in the next few years [35,37]. The 

Euro 7 emissions limits for HDVs are stricter than those of Euro VI 

[34-36]. For example, the particle number (PN) limit will reduce 

from 8×1011 #/kWh to 6×1011 #/kWh for World Harmonised Test 

Cycles. In addition, there will be a limit introduced for a real driving 

emissions test of 9×1011 #/kWh, with the minimum particle 

diameter to be included in the PN count to be reduced from 23 nm 

to 10 nm [34-36]. The reduction in particle size could lead to an 

increased requirement for more effective exhaust after-treatment 

systems. However, the use of low-carbon alternative fuels such as 

oxygenated biofuels that inherently produce lower engine-out 

emissions could also be potentially useful technologies.  

 

1.1. Review of Combustion and Emissions of nBL, 

DNBE and nBuOH Mixtures with Diesel  

 
Blends of DNBE and nBL with diesel were studied by Frigo et al. [11] 

in a Kohler single-cylinder, four-stroke, 441 cm3 engine. The blends 

had a fixed DNBE fraction of 4 vol%, with increasing nBL fractions 

of 7, 11, and 13 vol%, and the remainder of the blend being diesel. 

They found that, with higher nBL fractions, the heat release began 

around 1 CAD later, delaying ignition and reducing the peak in-

cylinder pressure by up to 2 bar relative to diesel, because ignition 

occurred further away from top dead centre (TDC) [11]. IDs were 

0.25, 0.40, and 0.55 CAD longer than for diesel for the blends with 

7, 11, and 13 vol% nBL, respectively. The longer IDs reduced the 

torque generated at all engine speeds, but at lower engine speeds, 

the engine efficiency was greater than that of diesel due to the 

longer IDs allowing for a longer air/fuel mixing time. The indicated 

mean effective pressure (IMEP) was unchanged, and engine 

operation was stable for all blends, as the coefficient of variation of 

the IMEP was below 1% for all the fuels tested [11]. Frigo et al. [11] 

showed that the addition of butyl-based blends reduced the fuel 

smoke number (FSN) relative to diesel, but increased CO and total 

hydrocarbon (THC) emissions, likely due to the longer IDs and 

reduced in-cylinder pressures [11,12]. Frigo et al. [11] reported 

small changes in NOX emissions relative to the diesel baseline for 

most of the blends tested with both increases and decreases 

depending on the nBL content. These differences highlight that 

there is competition between the positive and negative influences 

of the properties of the different biofuel components shown in 

Table 1 such as adiabatic flame temperatures, heat capacities and 

boiling points, which merit further study in order to evaluate their 

potential as low-carbon alternatives to diesel [3,4,11,27].  

 

Antonetti et al. [12] tested a blend that was representative of the 

product ratios from alcoholysis using nBuOH of Eucalyptus nitens. 

The three-component blend consisted of 70 wt% nBuOH, 20 wt% 

DNBE, and 10 wt% nBL, blended into diesel at 10, 20, and 30 vol% 

and tested in a two-cylinder Lombardini engine. They reported that 

the engine power did not deviate significantly from the diesel 

baseline. CO and soot emissions reduced significantly at the 

different engine speeds tested, with the reductions correlated to 

the biofuel fraction. However, the NOX and HC emissions remained 

consistent with the diesel baseline [12]. These results showed that 

the utilisation of high fractions of highly oxygenated low-cetane 

number fuel could improve emissions whilst maintaining engine 

performance. 

 

Raspolli Galletti et al. [20] tested blends of nBL, DNBE, and nBuOH 

with diesel in a two-cylinder, four-stroke Lombardini engine. The 

two three-component mixtures with fixed 10 wt% nBL and DNBE at 

60 or 20 %mass and nBuOH at 70 or 30 %mass blend respectively, 

were blended with diesel at 10 and 20 vol% biofuel [20]. They also 

Fuel Component Density at 15 °C 

(kg/m3)a 

KV40 

(mm2/s)a 

DCNb Heat Capacity 

(J/kg K)c 

LHV 

(MJ/kg)e 

Adiabatic Flame 

Temperaturef (K) 

Enthalpy of 

Vaporisationg (kJ/kg) 

Boiling Point 

(°C)j 

EN 590 Limits [3] 820 – 845 2.00 – 4.50 >51 None specified None 

specified 

None specified None specified None specified 

2022 BS 2869 

Limits [4] 

>820 2.00 – 5.00 >45 None specified None 

specified 

None specified None specified None specified 

Dieselk 838 2.813 51 - 42.7 2200 - 2250 250 - 358 160 - 360 

nBL 973 2.017 14 1962d 27.4 2860 325i 232 

DNBE 768 0.736 100 – 115 2135 38.3 2865 346 142 

nBuOH 811 2.261 12 - 16 2401 33.1 2450 702 117 
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tested a biofuel blend of 66.6 %mass nBL and 33.3 %mass DNBE. All 

blends tested produced less engine power due to lower LHVs 

compared to diesel, and no modifications were made to the fuel 

delivery system to account for this. The blend of 66.6 %mass 

nBL/33.3 %mass DNBE at 12 vol% in diesel, at 1500 rpm and full 

load, had a longer ID compared to diesel and a lower peak pressure. 

However, at 2500 rpm and full load, the ID and peak pressure were 

similar to those produced using diesel, albeit with reduced engine 

power [20]. Therefore, the volume of fuel injected and the fuel 

properties influenced engine performance. Raspolli Galletti et al. 

[20] reported reductions in CO for the three-component blends but 

an increase for the two-component blend relative to diesel. NOX 

emissions were similar to the diesel for all blends tested. Soot 

emissions reduced with increasing biofuel blend content, with the 

20 vol% blends reducing the particle emissions to around 50% of 

the diesel baseline [20]. Therefore, tailoring the blend of the three-

components could lead to favourable reductions on the soot 

emissions. 

 

The discussed engine tests did not formulate the blends to meet 

the different fuel standard physical property limits [5,11,12,17-20]. 

Creating advanced biofuel fuel blends that comply with the 

property limits may increase their commercial viability. The work 

presented here therefore aims to determine and quantify the 

influence of different butyl-based blends with diesel, on engine 

performance and emissions, where the blends were formulated to 

match selected physical property limits in the 2022 version of BS 

2869, [4,14].  

 

To achieve the above aim and to determine the influence of the 

different butyl-based blends, a range of butyl-based blends with 

diesel that met the property limits were selected [14]. They were 

tested in a single cylinder engine to determine the influence of the 

blend composition on the engine emissions and performance 

parameters typically used to assess the suitability of fuels. The 

emissions measured included CO, THC, NOX, PN, and particulate 

matter. The performance parameters determined included the fuel 

consumption, ignition delay, heat release rates (HRR), and peak in-

cylinder pressures. 

 

2. Experimental Methodology 
The formulation of the blends tested in this work was selected by 

determining blends of nBL, DNBE, and nBuOH with diesel that 

complied with the flash point, density, and KV40 limits of 2022 BS 

2869, as this is the fuel standard applicable for fuels used in gensets 

in the UK and Europe [4,14]. The blends were selected based on 

their physical properties, as well as their miscibility with diesel. 

These blends were tested on a small engine, under steady-state 

conditions, at a range of engine loads, to determine the influence 

of the biofuel blend composition on the combustion and 

operational performance of the engine. The fuel blending 

methodology, engine specification, and heat release rate analysis 

techniques are outlined in the subsequent sub-sections.  

 

2.1. Fuel Blending 
 

The fuel blends tested consisted of the butyl-based three-

component blends and an EN 590 compliant ultra-low sulphur 

diesel (ULSD) containing 7 vol% biodiesel from Crown Oils (UK), 

referred to as D100. The compositions and properties of the blends 

are shown in Table 2. LHVs of the blends were calculated using a 

linear-by-mass blending law based on the values for D100 and each 

biofuel component [14]. Fuel blends were blended on a volumetric 

basis and up to 25% biofuel fractions were tested with different 

vol% of the individual biofuel components. The components used 

were nBL (98%, Fisher), DNBE (99+%, Fisher), and nBuOH (99% 

extra pure, Fisher).  

 

The blend notation is formulated as in the following example: 

DXBuX-75:20:5, where DX is the diesel volume percentage, BuX is 

the biofuel blend volume percentage, and the three subsequent 

numbers are the volume fractions within the biofuel components 

in the order of alkyl levulinate (75 %), dialkyl ether (20 %), and then 

alcohol (5 %). 

 

2.2. Engine Testing Methodology 
 

A constant speed, single-cylinder, EU Stage V emission standard 

compliant Yanmar L100V engine was used for the engine testing. 

The engine parameters are summarised in Table 3. The engine was 

connected to an MG6000 SSY generator (MHM Plant, UK), using an 

E1C10M H alternator (Linz Electric, Italy), connected to a Hillstone 

HAC240-10 resistive loadbank through a 230 V 32 A socket. The 

engine power was calculated using the alternator efficiency at a 

given generated electrical power. No modifications were made to 

the engine operation or the fuel delivery system, including keeping 

the fuel injection timing and pressure constant, as the aim was to 

establish the potential of these fuel blends as drop-in fuels.  

 

Steady-state engine tests were conducted at the five loads as listed 

in Table 3 and were run in triplicate for each load. The load settings 

used (4%, 28%, 50%, 75%, 92%) were similar to those required in 

ISO 8178 (10%, 25%, 50%, 75%, 100%; constant speed, type D2). 

Emissions factors were calculated using the ISO 8178 methodology 

[38]. The steady state tests were conducted to replicate real world 

use of a genset. The main aim of this testing methodology was to 

determine the influence of the biofuel blend composition and to 

compare the performance and emissions to that of diesel.  

 
Table 3. Yanmar L100V engine specification. 

Property Value 

Number of Cylinders 1 

Cycle Four-Stroke 

Compression Ratio 21.2 

Cooling Air Cooled 

Injection Direct 

Injection Timing (CAD before TDC) 13.5 

Engine Speed (revolutions per minute 

(rpm)) 

3000 ± 100 

Maximum Displacement (cm3) 435 

Engine Power (kW) 0.26 – 5.7 

Engine Loads Tested (% of max) 4%, 28%, 50%, 75%, 92% 

Table 2. Blend compositions tested and their physical properties. 

Fuel Blend  Diesel 

(vol%) 

Biofuel 

(vol%) 

nBL:DNBE:nBuOH (vol%) Density at 15 °C 

(kg/m3) 

KV40 

(mm2/s) 

LHVa 

(MJ/kg) 

DCNb 

D100 100 0 0 838 2.813 42.5 – 42.9 51 

D90Bu10 – 65:30:5† 90 10 65:30:5 846 2.453 41.4 49.8 – 50.3 

D90Bu10 – 75:20:5 90 10 75:20:5 845 2.493 41.3 49.0 – 49.3  

D90Bu10 – 85:10:5† 90 10 85:10:5 850 2.513 41.1 48.1 – 48.3 

D90Bu10 – 85:5:10 90 10 85:5:10 851 2.524 41.1 47.7 – 47.8 

D90Bu10 – 90:5:5† 90 10 90:5:5 851 2.516 41.1 47.7 – 47.8 

D75Bu25 – 85:10:5† 75 25 85:10:5 866 2.294 38.8 42.7 – 42.1 

D75Bu25 – 90:5:5† 75 25 90:5:5 869 2.309 38.7 41.9 – 42.1 
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† indicates the blends that were used in the HRR analysis. aDetermined using a linear-by-volume blending law [14]. bDetermined using a linear-by-mole blending 

law for the three-component blends, combined with linear-by-volume when blended with diesel.  
In-cylinder pressure was measured using an AVL GH14D pressure 

transducer (19 pC/bar sensitivity) connected to an AVL FlexIFEM 

charge amplifier. Pressure-volume (PV) and pressure-crank angle 

(P-CA) traces were generated using an in-house LabVIEW 

programme and were used to determine the ID. When logging the 

in-cylinder pressure, data for 100 cycles was captured, enabling 

engine stability to be determined. IDs in the engine were defined 

as the difference between the timing of the start of injection and 

the start of combustion, defined as the maximum dP/dCA after 

TDC. The fuel tanks were on a balance, with a precision of 10 g, and 

the mass of fuel used per test was used to determine the BSFC for 

an individual test. The changes in performance parameters and 

emissions relative to the D100 baseline are represented using a Δ 
notation. 

 

HRRs were calculated using a modified model based on that of 

Olanrewaju et al. [39] to provide a representation of the Yanmar 

L100V engine. The model modifications included the L100V engine 

geometry and the use of a single fuel injection. The first law of 

thermodynamics was used in the derivation of the model. It 

assumes the charge is an ideal gas in a single zone and is zero-

dimensional. The model has terms to account for blow-by losses, 

evaporative losses, and heat losses to the wall. A second-order 

Savitzky-Golay filter was applied with a five-point window to reduce 

the noise in the P-CA traces [40]. 

 

The emissions analysed and the appropriate sampling methods are 

summarised in Table 4. Here we measured PM2.5, defined as the 

mass of particulate matter (PM) per unit volume of air passing a 

size-selective inlet with a 50% cut point efficiency at 2.5 µm 

aerodynamic diameter. The PM2.5 was measured using a direct 

sampling methodology without dilution to ensure that within the 

short tests enough PM2.5 was collected such that the masses could 

be determined reliably and accurately. Total PN and particle 

number size distributions (PNSDs) for particles with diameters 

between 4 – 1000 nm were measured using a Cambustion DMS500 

held at 55 °C. The specific emissions for each fuel were calculated 

using ISO 8178 weighting factors and were compared to the Euro 

Stage V limits [37,38]. Where there was no data at the required 

loads for calculating the emissions factors, values were calculated 

from fitting the measured data and then used in the ISO 8178 

calculation [38].  

 
Table 4. Emissions analysis techniques and analysers. 

Emission Detection Technique Analyser Analyser Sensitivity 

CO Non-Dispersive 

Infrared 

MEXA 7100D 1 ppm for low range, 

0.01 vol% for high 

range 

THC Flame Ionisation 

Detection 

1 ppm 

NOX Chemiluminescence 1 ppm 

PM2.5 Particulate 

separating cyclone 

and glass fibre filter 

papers 

Modified 

Single Stage 

Andersen 

Sampler  

Balance Accuracy: 

0.01 mg 

Cyclone 50% cut 

point efficiency 

PN Electrical Mobility Cambustion 

DMS500 

Detection limit of 

2×104 #/cm3 

Volatile 

Organic 

Compounds 

Fourier Transform 

Infrared 

Spectroscopy 

Gasmet 

DX4000 

Calibration ranges: 

Formaldehyde:  

0 – 200 ppm. 

Acetaldehyde:  

0 – 100 ppm.  

3. Results and Discussion 

3.1. Influence of Butyl-Based Blends on Engine 

Performance  

3.1.1. Influence of Blend Composition on Ignition 

Delays 
 

IDs in the engine are not only influenced by the chemical 

autoignition of the fuel, but also by the physical processes of fuel 

vaporisation and turbulent mixing which are influenced by changes 

in the fuel’s physical properties [21]. At all loads tested, the IDs 

increased relative to the ULSD baseline. The IDs were up to 2.5 CAD 

longer than diesel, as shown in Fig. 1. IDTs were up to 12% longer 

(Appendices A1.1), depending on the blend composition.  

 

 
Figure 1. Ignition delays in CAD for the butyl-based blends and diesel. 

 
We might expect IDs to increase in-line with the nBL fraction in the 

blends, since it has the lowest DCN of all the fuel components 

(Table 1), and is present in the highest blend fractions. However, 

this is not an obvious feature of the data across all engine loads 

above 4%. IDs may also be influenced by competing effects related 

to the high DCN of DNBE (increasing reactivity), and the charge 

cooling effects of DNBE and nBuOH (reducing reactivity). Fig. 1 

shows that the blend with the highest nBL fraction (D90Bu10 – 

90:5:5) actually has the shortest ID out of the 10 vol% blends 

despite having the lowest blend DCN (Table 2) [22]. Kim et al. [21] 

demonstrated that density can influence the ID of a fuel. However, 

the densities of all Bu10 blends are within 1% of each other (Table 

2), and are therefore an unlikely influence in this case. The longest 

ID at high loads out of the 10 vol% blends occurs for the D90Bu10 – 

75:20:5 blend i.e. one with a substantial amount of DNBE. Also, 

when comparing the 10 and 25 vol% blends of the same 

composition, the changes in the IDs of the 25 vol% blends were not 

2.5 times greater than those of the 10 vol% blends at all loads, as 

would be predicted by a linear response to the biofuel fraction 

relative to diesel (Appendices A1.1 and Table A1.1.3). Therefore, 

the results show a non-linear relationship between the biofuel 

fraction and ID, which may be related to changes in the non-

standardised physical and chemical properties such as enthalpy of 

vaporisation and specific heat capacity. In particular, charge cooling 

effects of the highly volatile DNBE may play a significant role [21]. 

Hence, blends with the lowest DCN due to the high nBL fraction did 

not show proportional increases in IDs in the engine, due to the 

influence of other physical properties [21,22]. 

 

The longer IDs of the biofuel blends will influence engine 

performance and emissions when compared to the diesel baseline. 

The engine performance parameters influenced by ID include peak 
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in-cylinder pressure, which will then affect power output, thermal 

efficiencies, and thus BSFC. Longer IDs will also affect fuel/air 

mixing times, potentially leading to fewer in-cylinder rich zones 

where PM is typically produced [41]. On the other hand, longer IDs 

reduce residence times required for the oxidation of particulates 

and their precursors as well as potentially increasing CO and THC 

emissions formed from incomplete combustion [41-43]. These 

features will be discussed in the following sections.  

 

3.1.2. Influence of Blend Composition on In-Cylinder 

Peak Pressures 

 
The butyl-based blends led to smaller changes in peak in-cylinder 

pressures compared to diesel as the engine load increased (Fig. 2). 

Some blends could match the peak pressure produced with diesel 

at higher loads. The higher loads are the typical operational window 

of a genset, so maintaining peak pressure at these loads should 

contribute to maintaining engine performance when using the 

biofuel blends. Some butyl-based blends produced in-cylinder peak 

pressures that were within one standard error of the diesel peak 

pressure, namely: D90Bu10 – 65:30:5, 75:20:5, and 85:10:5. These 

blends had the shortest IDs of the butyl-based blends and hence 

the combustion occurred earlier in the piston cycle, closer to the 

timing of D100, at a higher in-cylinder pressure. Lower pressures 

could reduce NOX emissions, as in-cylinder temperatures would 

also be reduced [41,44,45]. However, lower temperatures may 

increase CO, HC, and PM emissions due to less complete 

combustion. Additionally, lower in-cylinder pressures could reduce 

engine power output (e.g. IMEP) and engine efficiency, thus 

increasing fuel consumption. The influence of the biofuel blends on 

the fuel consumption is discussed in the next section. 

 

 

 
Figure 2. a – Peak pressures for the butyl-based blends and D100. b – 

Changes in the peak pressure for the butyl-based blends relative to D100. 

 

The peak pressure reductions may be alleviated if modifications 

such as advanced injection timing or a cetane number enhancer, 

such as 2-ethylhexyl nitrate, were made to overcome the longer IDs 

[5]. These could be potentially cost-effective solutions that may 

increase the possibility of utilising these fuel blends. However, the 

influence of such changes would require further study. 

 

3.1.3. Influence of the Biofuel Blends on Brake 

Specific Fuel Consumption 
 

One of the main concerns for end users when changing fuel, 

particularly with oxygenated advanced biofuels, is the potential for 

increased fuel consumption. Therefore, the BSFC of the biofuel 

blends needs to closely match that of diesel. The Yanmar L100V fuel 

delivery system operates on a volumetric basis. Therefore, any 

changes in fuel density change the mass of fuel injected, which 

results in the stoichiometry changing [46,47]. Changes in the 

elemental composition, energy content, and fuel density were not 

accounted for in the engine operation, as the aim was to establish 

if the biofuel blends could be used without any engine 

modifications. At higher engine loads, more fuel is consumed on a 

mass basis compared to lower loads, but the BSFC reduces since 

thermal efficiency is increased at higher loads.  

 

The BSFC increased with increasing nBL fraction (Fig. 3) due to 

decreasing LHVs (Table 2). For the 10 vol% blends, the increases in 

BSFC were within one standard error of the diesel baseline, 

demonstrating that there was no statistically significant penalty for 

fuel consumption when running with these blends. The increase in 

the BSFC for the 25 vol% blends was not 2.5 times greater than 

those of the corresponding 10 vol% blends. The increase in BSFC 

was greater than the reduction in LHVs for both 25 vol% blends, as 

the reduction in LHV was 9%, yet the BSFC increased by more than 

10% at all loads. This larger increase indicates that the increased 

density, longer IDs, higher enthalpy of vaporisation, and lower LHVs 

produced less power, increasing the BSFC. One possible reason for 

this disproportionate increase is an extended diffusion combustion 

phase due to the lower LHVs and longer IDs. Therefore, the 10 vol% 

blends could be more favourable in terms of maintaining fuel 

economy in engines similar to the Yanmar L100V. They would 

however, offer lower potential CO2 savings. Of the two 25% biofuel 

blends, that with the higher DNBE fraction compared to nBuOH 

(D75Bu25 – 85:10:5), offered the best fuel efficiency.  

 

Whilst the aim of this work was to assess the fuel blends as drop-in 

fuel, there are several operational parameters that could be 

optimised to overcome the increase in BSFC. One of which changing 

the fuel injection timing. The injection timing would need to be 

earlier to account for the longer ID. On the Yanmar L100V engine 

this requires manually adjusting the flywheel. In an engine with an 

engine control unit (ECU) this would require the ECU to be recoded 

to change the injection timing. A second parameter would be to 

increase the fuel injection pressure to improve the atomisation of 

the fuel, creating smaller droplets that would more readily 

vaporise, and thus ignite with shorter IDs. Optimising either of 

these parameters would ensure the peak pressures are not reduced 

(Fig 2), and the power generated by the engine when running with 

the biofuels is maintained at the same level as the diesel. 
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Figure 3. a – BSFC for the butyl-based blends and D100. b – Changes in the 

BSFC for the butyl-based blends relative to D100. 

 

3.1.4. Influence of the Biofuel Blends on Heat 

Release Rates 
 

Derived HRRs for selected blends from Table 2 at 50% and 92% load 

are shown in Figs. 4 and 5. The 92% load tests were chosen as the 

engine would typically run at this load in a real world setting, and 

the 50% load was chosen as a lower load with a higher engine 

speed. HRRs are influenced by IDs, energy content, specific heat 

capacity, and other fuel properties. Therefore, we would expect 

competing effects following the addition of the three-component 

biofuel blends with differing component fractions when mixed with 

diesel. 

 
For all of the butyl-based blends, there was an increase in peak HRR 

at 92% load, whereas, at 50% load, there was a reduction. At both 

load conditions, the timing of peak HRR was delayed, with a greater 

delay at the lower load. The changes in the peak HRRs at 92% load 

follow the same pattern as those for the IDs for these fuel blends, 

i.e. longer IDs lead to higher peak HRRs. These changes are likely to 

also be caused by competing effects of changes to different fuel 

properties of the fuel blend components. The longer IDs are likely 

to have increased mixing time, and therefore also the proportion of 

the fuel undergoing ignition under premixed conditions, leading to 

a greater peak HRR [22,48]. Increases in peak HRR have also been 

reported for fuel blends with longer IDs in the study of Jamrozik 

[48] for diesel and ethanol blends, where increasing the ethanol 

fraction increased peak HRRs. This increase was also suggested to 

be due to the increase in premixed combustion due to the lower 

DCN of ethanol, resulting in longer IDs [22,48].  

 

Increasing the biofuel fraction to 25 vol% also caused the premixed 

combustion phase to be broader, as shown in Fig. 5. This 

broadening was likely due to the high enthalpy of vaporisation and 

high boiling point of nBL since it is present in large fractions of the 

total fuel blend. Increases in the proportion of fuel combusted 

under premixed conditions is expected to have a beneficial impact 

on PM emissions, which will be explored in the next section. It will 

also be important to explore the impact of these changes on NOX 

emissions as increasing peak HRR, whilst being beneficial for power 

output, could also increase in-cylinder temperatures, potentially 

leading to increased NOX emissions [41,44,45].  

 

 

 
Figure 4. a – changes in peak HRR for the butyl-based blends relative to 

D100. b – Changes in the timing of peak HRR for the butyl-based blends 

relative to D100. 
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Figure 5. HRR curves for the selected butyl-based blends with 10 and 25 vol% blends, where a & b are at 92% load for butyl-three component blends 

85:10:5 and 90:5:5, respectively, and c & d are at 50% load for butyl-three component blends 85:10:5 and 90:5:5, respectively. Vertical line in each 

figure indicates the start of mixing controlled combustion for D100. 

3.2. Influence of Butyl-Based Blends on Engine Out 

Emissions 

3.2.1. Influence of the Biofuel Blends on Regulated 

Gaseous Emissions  
 

Emissions of THC and CO in g/kWh for the different fuel blends, at 

different engine loads,  are shown in Figs 6a,b and 7a,b respectively, 

with differences relative to D100 (ΔTHC and ΔCO) shown in Figs. 6c 

and 7c. The ΔTHC decreased as engine load increased to become 
negative at 92% load (Fig. 6c), indicating a reduction in THC 

emissions compared to diesel. At <50% load, there was a 

correlation between the increase in THC emissions and the 

increasing nBL fraction (Fig. 6c). The reduction in THC emissions at 

the higher loads is a positive outcome for the butyl-based blends as 

the high combustion temperatures, due to nBL’s high adiabatic 

flame temperature, mitigates the effects at high load of the lower 

DCNs compared to ULSD due to nBL’s low DCN [22]. Additionally, 

gensets typically operate at >50% load, and a reduction in THC 

emissions could improve local air quality in regions where gensets 

are used for power generation. 

 

Fig. 7c shows the changes in CO emissions due to the addition of 

the butyl-based blends. They show the same trend as THC 

emissions, where the increase in CO emissions reduced as the 

engine load increased, with one blend even showing a reduction at 

the highest load. There was a correlation between both the total 

biofuel fraction, and the nBL fraction in the blend, and the increase 

in CO emissions. Lower nBL and higher DNBE led to the most 

favourable changes in ΔCO. This was likely due to the high DCN of 

DNBE promoting complete combustion.  

 

Since NOX emissions are temperature dependent, the peak HRR and 

its timing will affect the in-cylinder temperature and thus NOX 

emissions [41]. NOX emissions were reduced at loads <92% for the 

blends with high DNBE fractions, as shown in Fig. 8. At 92% load, 

D90Bu10- 65:30:5 showed a reduction in NOX emissions. A possible 

explanation for this may be that the large DNBE fraction had a 

greater charge cooling effect due to its high volatility compared to 

the other butyl-based components (Table 1) [21]. Additionally, the 

low nBL fraction would have contributed to maintaining low NOX 

emissions, as the combustion temperatures would be lower than 

for the high nBL blends. 

 

The increase in NOX emissions with D75Bu25 – 90:5:5 (Fig. 8b) may 

be due to a combination of the greater peak HRR, and nBL’s high 
adiabatic flame temperature compared to the other components 

(Table 1), increasing thermal NOX relative to ULSD and blends with 

low nBL fractions [41]. Although the increases were small, if such 

fuels were used in transport vehicles, tests would need to be 

conducted to establish whether exhaust after-treatment systems 

would be sufficiently effective to control tailpipe NOX emissions 

[36,41,49].  
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Figure 6.a – THC emissions at all engine loads tested for all fuels tested. b – 

THC emissions at engine loads above 4% for all fuels tested. c – Change in 

THC emissions relative to D100 baseline. 

 

 

 

 
Figure 7. a – CO emissions at all engine loads tested for all fuels tested. b – 

CO emissions at engine loads above 4% for all fuels tested. c – Change in 

CO emissions relative to D100 baseline. 
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Figure 8. a – NOX emissions at all engine loads tested for all fuels tested. b 

– Change in NOX emissions relative to D100 baseline. 

 

3.2.2. Influence of the Biofuel Blends on Non-

Regulated Gaseous Emissions  
 

Non-regulated emissions from CI engines (such as aldehydes for 

example) can also have negative impacts on air quality and public 

health due to, for example, their ozone formation potential and 

carcinogenicity [50-52]. The concentrations of these species in 

exhaust gases are commonly reported to increase when using 

oxygenated biofuels including for the butyl-based blend 

components tested here [50,53-56]. In addition, there is the 

possibility that formaldehyde will be included in the Euro 7 vehicle 

exhaust emission standards as the standard states [36]: 

 

‘By 31 December 2027, the Commission shall conduct a review on 

the appropriateness of setting out a specific limit for formaldehyde 

emissions in respect of vehicles of categories M2, M3, N2 and N3 
based on the expected use of fuels that would lead to an increase in 

formaldehyde emissions’.  
 

The vehicle categories mentioned above relate to larger vehicles 

such as busses, lorries, and other heavy-duty road going vehicles 

which typically use diesel fuels. Therefore, it is important to 

understand the potential impact of new potential fuel blend 

characteristics on formaldehyde emissions.  

 

Fig. 9 shows exhaust concentrations of formaldehyde and 

acetaldehyde for five engine loads across the different fuel blends. 

As the engine load increased, concentrations of formaldehyde 

decreased (Fig. 9a), whereas, acetaldehyde concentrations 

remained similar for loads above 4%. The addition of the butyl-

based blends increased both aldehyde concentrations at low load, 

correlating with increasing nBL fraction in the blend. The increased 

formation at low load is due to the lower in-cylinder pressures (Fig. 

2a) and resultant lower in-cylinder temperatures. Formaldehyde is 

a stable oxidation product from both high and low temperature 

combustion of nBuOH [57]. These results also indicate that nBL 

combustion results in formaldehyde production, as the nBuOH 

content in most blends is fixed and the formaldehyde emissions 

correlate with the nBL fraction of the blend. At 92% load, the 

formaldehyde concentrations are similar to the diesel baseline 

value, with a slight reduction for the Bu10 blend with 65% nBL, and 

slight increases for the Bu25 blends. However, they were all within 

on standard deviation of the diesel baseline. Since the genset would 

normally operate at maximum load, the use of the butyl-based 

blends is not expected to increase formaldehyde emissions. For 

transport applications, after-treatment systems, such as diesel 

oxidation catalysts (DOCs), should oxidise and remove 

formaldehyde but careful design of exhaust aftertreatment 

systems is needed for avoiding detrimental impacts on air quality 

as exhaust temperatures are relatively low at low load.  

 

 

 
Figure 9. Average concentrations in exhaust gas for all fuels tested for a – 

formaldehyde and b – acetaldehyde. 

 

Acetaldehyde concentrations (Fig. 9b) show a similar trend to those 

of formaldehyde, although above 50% engine load the biofuel 

blends show similar concentrations to diesel, and in some cases 

lower. Lower concentrations occur for fuels with only 5 vol% DNBE 

in the three-component blends. The possibility to maintain, or even 

reduce acetaldehyde emissions at high load relative to diesel, is 

potentially beneficial in terms of air quality impacts.   
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3.2.3. Influence of the Biofuel Blends on the 

Particulate Emissions  

 

 

 

 
Figure 10. a – PM2.5 emissions at all loads tested for all fuels tested. b – 

PM2.5 emissions at engine loads above 4% for all fuels tested. c –Change in 

PM2.5 emissions relative to D100 baseline. 

 

Use of the butyl-based blends caused a substantial reduction in 

PM2.5 emissions of up to 70% relative to diesel. This reduction was 

correlated with the nBL fraction in the biofuel blend (Figs. 10a-c) 

and thus shows the opposite trend to gaseous emissions, which 

reduced with increasing DNBE fraction. The reduction in PM2.5 

relative to diesel follows trends commonly observed for the 

utilisation of oxygenated biofuel blends, such as the reduction in 

FSN, observed by Antonetti et al. [12] and Frigo et al. [11] when 

testing butyl-based blends. At higher loads, more total PM2.5 was 

generated throughout the test compared to lower loads due to 

more fuel being consumed. 

 

The addition of the butyl-based blends resulted in a consistent 

reduction in particle number (PN) as well as mass emissions for 

most blends at all powers (Figs. 11b&c). The PN reduction at all 

loads, with D75Bu25 – 90:5:5 was less than for the other blends. 

Since the PN measured was the total PN, there is the potential that 

with high nBL fractions there were droplets of condensed unburnt 

fuel and semi-volatile particles being measured, as the boiling point 

of nBL is 237 °C and the DMS500 was held at 55 °C. The reductions 

in PN were higher than those for the mass based PM2.5 measure, 

indicating the potential additional effect of agglomeration 

processes. 

 

 

 

 
Figure 11. a – PN emissions at all engine loads tested for all fuels tested. b 

– PN emissions at engine loads above 4% for all fuels tested. c – Change in 

PN emissions relative to D100 baseline. 
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Figure 12. PNSDs for the different fuel blends at a – 50% load and b – 92% 

load. 

 
Fig. 12 shows the particle number size distributions (PNSDs) for the 

different biofuel blends. Several peaks in the curves demonstrate a 

multi-modal distribution, with peaks present below 10 nm, around 

18 nm and around 60 nm (the largest peak) for the D100 baseline. 

The area under the PNSD curve represents the total PN and reduces 

on addition of the biofuel blends in line with the data shown in Fig. 

11. The shape of the curve also changes on the addition of the 

biofuel blends however, showing an increase in the peak particle 

size, particularly at the higher load (Fig. 11b). At 92% engine load, 

the peak diameter increased to around 100 nm for the biofuel 

blends compared with 60 nm for the D100 baseline. Again, this is 

indicative that agglomeration or enhanced condensation processes 

have occurred for the biofuel blends shifting the main particle 

diameter peak towards larger diameters. The larger diameter 

particles would be formed when higher numbers of smaller 

particles agglomerate or there is increased condensation of particle 

precursors to form the larger particles.  
 

3.2.4. Causes for the Change in Emissions 
 

The longer IDs from addition of the butyl-based blends (Fig. 1) 

result in ignition occurring further away from top dead centre, 

reducing maximum in-cylinder pressures (Fig. 2) and thus likely also 

temperatures. Longer IDs also reduce the time available for 

combustion to complete, leading to increased CO and THC 

emissions. It was expected that there would be an increase in 

particulate emissions due to less complete combustion. However, 

it is likely that there was increased premixed combustion due to the 

longer IDs, as shown by the increased peak HRR (Figs. 4 and 5). This 

potentially reduced the number of rich zones within the cylinder, 

where particles are typically produced [11]. The longer IDs also 

contributed to maintaining NOX emissions reasonably close to the 

diesel baseline, by reducing the influence of the high adiabatic 

flame temperature of nBL (Table 1). Longer IDs typically reduce 

local equivalence ratios, reducing particle formation, but this 

usually has the trade-off of increasing local temperature, thus 

increasing NOX formation. However, this is not what was observed 

when using the butyl-based blends [58,59]. Therefore, the 

synergistic effect of high enthalpies of vaporisation and longer IDs, 

potentially countered the higher adiabatic flame temperatures thus 

contributing to the control of NOX emissions. 

 

In addition to increased premixed combustion, the oxygen fraction 

in the fuel blend increases upon the addition of the biofuel blends. 

For the butyl-based blends, the O/C ratios for the 10 vol% biofuel 

blends ranged from 0.044 to 0.049 as the nBL content increased. 

This increase in the O/C ratio caused the reduction in PN to be 

greater for the blends with higher nBL fractions. The addition of the 

biofuel blends also reduced the aromatic content of the blend 

relative to ULSD, likely reducing the production of soot precursors.  

 

3.2.5. Specific Emissions  
 

The emissions standard applicable in this work is Euro Stage V, with 

the limits displayed in Table 5 [37]. 

 
Table 5. Euro Stage V CI genset emissions limits [37]. PM is particulate 

matter. 

Engine 

Power (kW) 

CO 

(g/kWh) 

NOX+THC 

(g/kWh) 

PM 

(g/kWh) 

PN 

(#/kWh) 

0<P<8 8.0 7.5 0.6 - 

 

Table 6 shows the calculated specific emissions for the butyl-based 

blends with the EU Stage V emissions standard, where PM 

emissions are represented by PM2.5 measured using the non-

standard method described in Section 2.2. Since the testing 

methodology used was non-compliant with ISO 8178, the 

comparison to the EU Stage V limits is to highlight the influence of 

the biofuel blends on the emissions [37,38]. The emissions factors 

were determined using the analysis techniques summarised in 

Table 4. The errors presented in Table 6 were calculated by 

propagating the errors of the specific emissions at each load 

required for the calculation of the overall specific emission 

according to ISO 8178 [38]. It shows that the engine was compliant 

for PM, but not for CO and NOX+THC for all fuel blends, including 

diesel, demonstrating that the limits derived from standard test 

procedures do not necessarily reflect real world operation. 

 
Table 6. Specific emissions for the butyl-based blends 

Blend CO 

(g/kWh) 

NOX+THC 

(g/kWh) 

PM2.5 

(g/kWh) 

PN (#/kWh) 

Stage V limits 8.0 7.5 0.6 (PM Limit) - 

D100 8.2 ± 0.5 11.6 ± 0.8 0.49 ± 0.09 (2.5 ±0.4)×108 

D90Bu10 – 65:30:5 9.4 ± 1.0 11.1 ± 1.5 0.34 ± 0.08 (6.9 ±1.0)×107 

D90Bu10 – 75:20:5 10.1 ± 0.6 11.7 ± 1.0 0.29 ± 0.06 (6.5 ±1.3)×107 

D90Bu10 – 85:10:5 11.3 ± 0.8 12.7 ± 1.1 0.30 ± 0.07 (6.4 ±1.1)×107 

D90Bu10 – 85:5:10 10.9 ± 0.7 12.4 ± 1.1 0.23 ± 0.06 (5.9 ±0.9)×107 

D90Bu10 – 90:5:5 11.1 ± 0.7 12.9 ± 1.0 0.25 ± 0.08 (6.0 ±0.8)×107 

D75Bu25 – 85:10:5 14.7 ± 1.3 13.5 ± 1.0 0.18 ± 0.05 (3.8 ±1.5)×107 

D75Bu25 – 90:5:5 15.6 ± 1.7 13.0 ± 1.3 0.19 ± 0.07 (1.1 ±0.2)×108 

 

Due to the weighting factors used in ISO 8178, all of the biofuel fuel 

blends tested resulted in non-compliant CO and NOX+THC 

emissions, even though there were reductions in THC and CO 

emissions for some blends at higher loads [38]. The main 

contributor to the increases in the NOX+THC specific emissions 

were the increases in THC emissions at low loads. To control the 

increases in CO and THC several strategies are possible such as i) 

the optimisation of the engine operation, through for example, 

advanced injection timing to compensate for the longer IDT, ii) the 
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addition of an additive to enhance the DCN of the blend, iii) 

installation of a DOC to control exhaust emissions [60]. The use of 

gensets is a major contribution to air pollution in many cities 

worldwide and the use of exhaust after-treatment systems for all 

fuels would reduce this impact. However, it is also worth noting 

that real world operation is usually at high loads where the THC in 

fact reduced relative to diesel. In addition, the use of biofuel blends 

could limit the need for after-treatment to gaseous emissions only, 

due to the large reductions in PM compared to diesel. 

 

4. Conclusions 
Seven different butyl-based tertiary biofuel blends that meet the 

density, kinematic viscosity and flash point requirements of the 

existing fuel standards, were tested for engine combustion 

performance and emissions to investigate their suitability as low-

carbon alternatives to diesel. All blends showed stable operation 

within the test engine and demonstrated the potential for minimal 

changes in emissions if the fuel blend was tailored to standard 

property limits. The relative changes in the engine performance for 

the different blends indicate that the butyl-based blends have the 

potential to be suitable low-carbon alternatives to diesel. The key 

findings are summarised as follows: 

• Efficiency penalties, which are typically associated with 

using fuels with high oxygen fractions, were not found to be too 

severe when using the biofuel blends. At high engine load, the BSFC 

did not increase significantly compared to D100 when running the 

10 vol% butyl-based blends. The changes in BSFC and peak pressure 

for the Bu10 blends were within one standard deviation of the 

diesel baseline. These changes may be an acceptable tolerance for 

the users of similar engines. This close match in performance for 

the butyl-based blends with diesel indicates that these biofuels can 

be used as drop-in fuels without adverse impacts on an engine’s 
operational performance. 

• Ignition delays increased following the addition of the 

butyl-based blends. IDs would expect to be influenced by changes 

to the DCN of the blends but did not follow a linear increase when 

increasing the biofuel fraction from 10 vol% to 25 vol% indicating 

the influence of other non-standardised physical properties such as 

enthalpy of vaporisation and specific heat capacity. Charge cooling 

effects of DNBE are thought to be significant. Changes in ignition 

delays influenced engine-out emissions due to the resulting 

changes in peak HRR and pressure as well as increased mixing time 

of the fuel air mixture.  

• Addition of the butyl-based blends caused increases in CO 

and THC emissions, particularly at lower loads, which are consistent 

with previous studies using high nBL fractions blended with diesel. 

NOX emissions were maintained relative to diesel when using the 

butyl-based blends except for at high engine loads with a high nBL 

fraction in the fuel blend. 

• All butyl-based biofuel blends showed significant 

reductions in PM2.5 and PN emissions relative to D100. This was 

likely to be due to an increased premixed combustion phase along 

with the reduction in the aromatic content in the final fuel blends 

as well as increases in the fuel oxygen fraction. Changes in the 

particle size were also seen, corresponding to an increase in larger 

agglomerates resulting in larger reductions in particle number 

emissions compared to mass based emissions for the biofuel blends 

relative to diesel. 

• The presence of DNBE was beneficial for the performance 

and engine-out emissions of the butyl-based blends due to its 

higher DCN than the other biofuel components. The blends with 

higher DNBE fractions showed lower increases in CO and THC 

across all load settings, with some reductions at the highest load. 

These blends also showed reductions in NOX emissions. Reductions 

in PN and NOX could facilitate meeting future lower emissions 

standard limits, without reliance on exhaust after-treatment 

systems – or at least limit those to gaseous emissions. 

 

Overall, the butyl-based blends showed promise as low-carbon 

alternatives to diesel, and thus could have the potential to displace 

fossil-based diesel within gensets. They may also have wider 

applications within the transport sector and thus contribute to the 

RED II target. However, they would have to be produced using 

feedstocks that comply with Annex IX of RED II, such that they 

would contribute towards the 3.5% advanced biofuel blending 

target for transport fuels. This could be possible using acid 

catalysed alcoholysis methods using lignocellulosic feedstocks [13]. 

Being able to use high fractions of nBL in the butyl-based blends 

would enable the contribution to match, if not exceed, the 3.5% 

target [6]. Testing the use of these fuels in transient operation, 

under varying loads, will also be required to determine their 

suitability for use in vehicles as a low-carbon diesel alternative. 

Additionally, optimisation of engine operation for use with 

different blend formulations, or the use of exhaust after-treatment 

systems, may be required to ensure all existing/future emissions 

limits are met for the particular engine type studied here. 
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Appendices 

 
A1.1 Ignition Delay 

 
Table A1.1.1. Ignition delay in CAD for each butyl-based blend at the five engine loads tested. The uncertainty is 0.5 CAD, as this is the error in the accuracy of 

the timing of the pressure transducer, which is larger than the standard deviations. 

Fuel 4% Load (CAD) 28% Load (CAD) 50% Load (CAD) 75% Load (CAD) 92% Load (CAD) 

D100 22.0 21.6 21.3 21.2 21.6 

D90Bu10 – 65:30:5 22.7 22.0 22.3 21.9 22.1 

D90Bu10 – 75:20:5 22.9 22.7 22.4 22.3 22.6 

D90Bu10 – 85:10:5 23.1 22.7 22.5 22.2 22.4 

D90Bu10 – 85:5:10 23.3 22.5 22.0 21.9 22.3 

D90Bu10 – 90:5:5 23.3 22.5 22.0 21.9 22.0 

D75Bu25 – 85:10:5 24.1 24.1 23.3 23.1 23.4 

D75Bu25 – 90:5:5 24.5 24.0 23.6 23.5 23.6 

 

Table A1.1.2. Ignition delay in ms for each butyl-based blend at the five engine loads tested. The uncertainty is 0.3 ms as this is equivalent to 0.5 CAD, which is 

the error in the accuracy of the timing of the pressure transducer, which is larger than the standard deviations. 

Fuel 4% Load (ms) 28% Load (ms) 50% Load (ms) 75% Load (ms) 92% Load (ms) 

D100 1.17 1.16 1.15 1.15 1.18 

D90Bu10 – 65:30:5 1.21 1.19 1.20 1.19 1.21 

D90Bu10 – 75:20:5 1.22 1.22 1.21 1.21 1.24 

D90Bu10 – 85:10:5 1.23 1.22 1.22 1.20 1.23 

D90Bu10 – 85:5:10 1.24 1.21 1.19 1.19 1.22 

D90Bu10 – 90:5:5 1.24 1.21 1.19 1.19 1.21 

D75Bu25 – 85:10:5 1.28 1.30 1.26 1.26 1.28 

D75Bu25 – 90:5:5 1.32 1.29 1.28 1.28 1.30 

 

Table A1.1.3. Changes in IDT for each butyl-based blend relative to diesel (D100) at the five engine loads tested. The uncertainties were determined using error 

propagation of the diesel and biofuel blends. 

Fuel 
Relative Change at 

4% Load (%) 

Relative Change at 

28% Load (%) 

Relative Change at 

50% Load (%) 

Relative Change at 

75% Load (%) 

Relative Change at 

92% Load (%) 

D90Bu10 – 65:30:5 3.59 ± 3.28 2.20 ± 3.31 4.83 ± 4.09 3.47 ± 3.40 2.24 ± 3.31 

D90Bu10 – 75:20:5 4.28 ± 2.37 5.09 ± 3.36 5.43 ± 3.41 5.24 ± 3.43 4.86 ± 3.36 

D90Bu10 – 85:10:5 5.06 ± 3.30 5.35 ± 3.36 5.89 ± 3.42 4.68 ± 3.42 3.85 ± 3.34 

D90Bu10 – 85:5:10 6.19 ± 3.32 4.66 ± 3.36 3.53 ± 3.38 3.77 ± 3.41 3.28 ± 3.33 

D90Bu10 – 90:5:5 5.72 ± 3.31 4.33 ± 3.35 3.56 ± 2.35 3.51 ± 3.40 2.10 ± 3.31 

D75Bu25 – 85:10:5 9.61 ± 3.38 11.72 ± 3.47 9.68 ± 3.49 9.51 ± 3.51 8.36 ± 3.42 

D75Bu25 – 90:5:5 12.29 ± 3.43 11.44 ± 3.47 11.18 ± 2.61 11.23 ± 3.54 10.03 ± 3.45 

 

 
Figure A1.1.1. Relative percentage changes in the IDT in milliseconds relative to D100. 
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A1.2 In-cylinder Peak Pressure 
 

Table A1.2.1. In-cylinder pressure for each butyl-based blend at the five engine loads tested. The uncertainties are the standard deviations from the three 

repeats. 

Fuel 4% Load (bar) 28% Load (bar) 50% Load (bar) 75% Load (bar) 92% Load (bar) 

D100 59.1 ± 0.2 62.7 ± 0.4 64.4 ± 1.0 66.6 ± 0.4 69.3 ± 0.7 

D90Bu10 – 65:30:5 57.7 ± 0.9 61.6 ± 0.2 64.4 ± 0.3 66.1 ± 0.3 68.6 ± 0.2 

D90Bu10 – 75:20:5 58.7 ± 0.3 61.9 ± 0.2 64.7 ± 0.5 66.8 ± 0.6 69.3 ± 0.2 

D90Bu10 – 85:10:5 58.5 ± 0.5 62.1 ± 0.4 64.6 ± 0.1 66.9 ± 0.1 69.7 ± 0.01 

D90Bu10 – 85:5:10 55.6 ± 0.5 60.1 ± 0.5 62.5 ± 0.5 65.1 ± 0.7 67.5 ± 0.5 

D90Bu10 – 90:5:5 55.7 ± 0.3 60.3 ± 0.5 62.8 ± 0.9 64.9 ± 0.7 67.2 ± 0.2 

D75Bu25 – 85:10:5 56.1 ± 0.4 59.9 ± 0.2 62.7 ± 0.1 65.9 ± 0.6 69.0 ± 0.3 

D75Bu25 – 90:5:5 56.6 ± 0.6 60.2 ± 1.1 64.5 ± 0.1 65.8 ± 0.8 69.5 ± 1.1 

 

Table A1.2.2. Changes in in-cylinder pressure for each butyl-based blend relative to diesel (D100) at the five engine loads tested. The uncertainties were 

determined using error propagation of the standard deviations of the diesel and biofuel blends. 

Fuel 
Relative Change at 

4% Load (%) 

Relative Change at 

28% Load (%) 

Relative Change at 

50% Load (%) 

Relative Change at 

75% Load (%) 

Relative Change at 

92% Load (%) 

D90Bu10 – 65:30:5 -2.29 ± 1.28 -1.77 ± 0.84 0.01 ± 1.73 -0.79 ± 0.90 -1.08 ± 1.15 

D90Bu10 – 75:20:5 -0.64 ± 0.80 -1.37 ± 0.87 0.41 ± 1.82 0.25 ± 1.19 -0.05 ± 1.17 

D90Bu10 – 85:10:5 -0.95 ± 0.96 -0.99 ± 1.05 0.23 ± 1.63 0.47 ± 0.72 0.61 ± 1.04 

D90Bu10 – 85:5:10 -5.91 ± 1.02 -4.21 ± 1.08 -2.89 ± 1.76 -2.26 ± 1.18 -2.58 ± 1.30 

D90Bu10 – 90:5:5 -5.76 ± 0.78 -3.91 ± 1.09 -2.57 ± 1.94 -2.59 ± 1.19 -3.00 ± 1.10 

D75Bu25 – 85:10:5 -5.09 ± 0.94 -4.56 ± 0.80 -2.67 ± 1.57 -1.03 ± 1.13 -0.45 ± 1.23 

D75Bu25 – 90:5:5 -4.00 ± 0.94 -4.13 ± 1.49 0.07 ± 1.64 -1.15 ± 1.30 0.34 ± 1.63 

 

A1.3 Brake Specific Fuel Consumption 

 
Table A1.3.1. BSFC for each butyl-based blend at the five engine loads tested. The uncertainties are the standard deviations from the three repeats. 

Fuel 4% Load (g/kWh) 28% Load (g/kWh) 50% Load (g/kWh) 75% Load (g/kWh) 92% Load (g/kWh) 

D100 1945 ± 8.01 395 ± 18.1 292 ± 6.39 260 ± 4.26 272 ± 3.44 

D90Bu10 – 65:30:5 2003 ± 42.3 396 ± 46.7 294 ± 7.00 267 ± 6.84 270 ± 5.08 

D90Bu10 – 75:20:5 1995 ± 51.2 414 ± 0.37 293 ± 4.81 269 ± 10.8 271 ± 3.71 

D90Bu10 – 85:10:5 1967 ± 89.3 414 ± 0.33 301 ± 0.11 259 ± 5.52 273 ± 3.53 

D90Bu10 – 85:5:10 1974 ± 2.08 404 ± 16.4 300 ± 6.18 268 ± 2.99 278  3.80 

D90Bu10 – 90:5:5 2054 ± 68.1 420 ± 4.52 298 ± 6.83 266 ± 1.18 275 ± 0.75 

D75Bu25 – 85:10:5 2160 ± 66.2 440 ± 11.6 319 ± 12.0 280 ± 4.42 293 ± 3.73 

D75Bu25 – 90:5:5 2286 ± 60.8 455 ± 14.9 314 ± 7.99 290 ± 1.01 302 ± 5.50 

 

Table A1.3.2. Changes in BSFC for each butyl-based blend relative to diesel (D100) at the five engine loads tested. The uncertainties were determined using error 

propagation of the standard deviations of the diesel and biofuel blends. 

Fuel 
Relative Change at 

4% Load (%) 

Relative Change at 

28% Load (%) 

Relative Change at 

50% Load (%) 

Relative Change at 

75% Load (%) 

Relative Change at 

92% Load (%) 

D90Bu10 – 65:30:5 3.00 ± 2.22 0.41 ± 12.7 0.58 ± 3.25 2.53 ± 3.12 -0.97 ± 2.24 

D90Bu10 – 75:20:5 2.57 ± 2.67 4.83 ± 4.82 0.36 ± 2.74 3.46 ± 4.49 -0.38 ± 1.85 

D90Bu10 – 85:10:5 1.17 ± 4.61 4.77 ± 4.81 2.86 ± 2.25 -0.27 ± 2.77 0.33 ± 1.81 

D90Bu10 – 85:5:10 1.50 ± 0.43 2.32 ± 6.27 2.55 ± 3.08 2.85 ± 2.04 1.97 ± 1.90 

D90Bu10 – 90:5:5 5.60 ± 3.53 6.51 ± 5.02 1.82 ± 3.23 2.30 ± 1.74 1.09 ± 1.30 

D75Bu25 – 85:10:5 11.08 ± 3.43 11.37 ± 5.90 9.25 ± 4.76 7.73 ± 2.45 7.60 ± 1.93 

D75Bu25 – 90:5:5 17.53 ± 2015 15.35 ± 6.51 7.40 ± 3.60 11.66 ± 1.87 10.27 ± 2.45 

 

A1.4 Heat Release Rates 

 
Table A1.4.1. Peak heat release rates (HRRs) for each butyl-based blend at the selected engine loads.  

Fuel 50% Load (J/CAD) 92% Load (J/CAD) 

D100 36.58 38.95 

D90Bu10 – 65:30:5 34.99 39.82 

D90Bu10 – 85:10:5 35.82 45.38 

D90Bu10 – 90:5:5 32.66 41.80 

D75Bu25 – 85:10:5 35.52 45.18 

D75Bu25 – 90:5:5 38.69 49.20 

 

Table S1.4.2. Changes in peak HRR for each butyl-based blend relative to diesel (D100) at the selected engine loads.  

Fuel Relative Change at 50% Load (%) Relative Change at 92% Load (%) 

D90Bu10 – 65:30:5 -4.36 2.24 

D90Bu10 – 85:10:5 -2.08 16.52 

D90Bu10 – 90:5:5 -10.7 7.32 

D75Bu25 – 85:10:5 -2.90 16.0 

D75Bu25 – 90:5:5 5.77 26.3 
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Table S1.4.3. Timing of peak HRR and change in timing for each butyl-based blend at the selected engine loads. The uncertainties are 0.5 CAD, the uncertainty in 

the pressure transducer timing. 

Fuel 50% Load (CAD) 
Change in Timing at 

50% Load (CAD) 
92% Load (CAD) 

Change in Timing at 

92% Load (CAD) 

D100 7.5  8.5  

D90Bu10 – 65:30:5 9.0 1.5 9.0 0.5 

D90Bu10 – 85:10:5 9.5 2.0 9.5 1.0 

D90Bu10 – 90:5:5 9.0 1.5 9 0.5 

D75Bu25 – 85:10:5 10.5 3.0 10.5 2.0 

D75Bu25 – 90:5:5 11.5 4.0 10.5 2.0 

 

A2 Gaseous Emissions Data  

A2.1 CO Emissions Data 

 
Table A2.1.1. Specific CO emissions for each biofuel blend at the five engine loads tested. The uncertainties are the standard deviations from the three repeats. 

Fuel 
4% Load 

(g/kWh) 

28% Load 

(g/kWh) 

50% Load 

(g/kWh) 

75% Load 

(g/kWh) 

92% Load 

(g/kWh) 

D100 61.8 ± 1.1 9.6 ± 0.6 5.0 ± 0.3 2.8 ± 0.1 2.2 ± 0.1 

D90Bu10 – 65:30:5 76.3 ± 10.6 10.3 ± 1.0 6.4 ± 0.04 3.1 ± 0.2 2.0 ± 0.03 

D90Bu10 – 75:20:5 79.5 ± 3.3 11.5 ± 0.6 6.3 ± 0.3 3.6 ± 0.1 2.2 ± 0.1 

D90Bu10 – 85:10:5 88.1 ± 1.2 13.4 ± 0.9 6.8 ± 0.1 3.3 ± 0.1 2.4 ± 0.2 

D90Bu10 – 85:5:10 90.3 ± 3.3 13.0 ± 0.6 6.5 ± 0.3 3.4 ± 0.1 2.4 ± 0.1 

D90Bu10 – 90:5:5 92.3 1.2 13.5 ± 0.2 6.6 ± 0.1 3.3 ± 0.1 2.3 ± 0.1 

D75Bu25 – 85:10:5 124.4 ± 8.1 17.8 ± 0.4 8.2 ± 0.5 4.1 ± 0.1 2.6 ± 0.04 

D75Bu25 – 90:5:5 134.8 ± 6.2 19.2 ± 0.7 9.5 ± 0.4 4.8 ± 0.1 2.9 ± 0.3 

 

Table A2.1.2. Changes in CO emissions for each biofuel blend relative to diesel (D100) at the five engine loads tested. The uncertainties were determined using 

error propagation of the standard deviations of the diesel and biofuel blends.  

Fuel 
Relative Change at 

4% Load (%) 

Relative Change at 

28% Load (%) 

Relative Change at 

50% Load (%) 

Relative Change at 

75% Load (%) 

Relative Change at 

92% Load (%) 

D90Bu10 – 65:30:5 23.6 ± 17.3 7.0 ± 12.5 28.0 ± 8.2 10.7 ± 5.7 -8.1 ± 3.0 

D90Bu10 – 75:20:5 28.7 ± 5.7 19.0 ± 9.7 27.0 ± 9.7 26.2 ± 5.1 -0.4 ± 7.5 

D90Bu10 – 85:10:5 42.6 ± 3.2 38.6 ± 12.8 36.2 ± 9.1 18.4 ± 3.8 9.1 ± 7.7 

D90Bu10 – 85:5:10 46.2 ± 5.9 34.3 ± 10.2 29.8 ± 9.9 20.7 ± 5.2 9.8 ± 5.5 

D90Bu10 – 90:5:5 49.4 ± 3.3 39.7 ± 9.1 31.2 ± 8.5 17.1 ± 3.0 6.4 ± 4.6 

D75Bu25 – 85:10:5 101.4 ± 13.6 84.8 ± 12.4 63.2 ± 13.8 44.3 ± 3.3 22.0 ± 3.9 

D75Bu25 – 90:5:5 118.2 ± 10.7 99.4 ± 14.4 90.0 ± 14.8 71.3 ± 4.7 34.1 ± 12.6 

 

A2.2 Total Hydrocarbon Emissions Data 

 
Table A2.2.1. Specific total hydrocarbon emissions for each biofuel blend at the five engine loads tested. The uncertainties are the standard deviations from the 

three repeats. 

Fuel 
4% Load 

(g/kWh) 

28% Load 

(g/kWh) 

50% Load 

(g/kWh) 

75% Load 

(g/kWh) 

92% Load 

(g/kWh) 

D100 25.4 ± 2.9 3.93 ± 0.31 1.80 ± 0.11 0.86 ± 0.07 0.81 ± 0.06 

D90Bu10 – 65:30:5 28.8 ± 4.9 3.87 ± 0.31 2.05 ± 0.16 0.89 ± 0.12 0.58 ± 0.07 

D90Bu10 – 75:20:5 29.7 ± 0.6 4.21 ± 0.32 2.19 ± 0.03 1.15 ± 0.18 0.75 ± 0.12 

D90Bu10 – 85:10:5 34.5 ± 2.5 4.64 ± 0.13 2.19 ± 0.01 0.92 ± 0.04 0.82 ± 0.06 

D90Bu10 – 85:5:10 41.5 ± 6.2 4.52 ± 0.19 2.21 ± 0.15 0.92 ± 0.09 0.81 ± 0.08 

D90Bu10 – 90:5:5 40.6 ± 2.8 4.52 ± 0.21 2.15 ± 0.13 0.83 ± 0.08 0.75 ± 0.06 

D75Bu25 – 85:10:5 46.13 ± 4.0 5.90 ± 0.17 2.44 ± 0.14 1.01 ± 0.07 0.84 ± 0.07 

D75Bu25 – 90:5:5 43.3 ± 3.3 4.80 ± 0.14 2.34 ± 0.01 0.93 ± 0.8 0.68 ± 0.02 

 
Table A2.2.2. Changes in total hydrocarbon emissions for each biofuel blend relative to diesel (D100) at the five engine loads tested. The uncertainties were 

determined using error propagation of the standard deviations of the diesel and biofuel blends. 

Fuel 
Relative Change at 

4% Load (%) 

Relative Change at 

28% Load (%) 

Relative Change at 

50% Load (%) 

Relative Change at 

75% Load (%) 

Relative Change at 

92% Load (%) 

D90Bu10 – 65:30:5 13.3 ± 23.3 -1.4 ± 11.1 13.9 ± 11.3 2.6 ± 16.3 -28.3 ± 10.5 

D90Bu10 – 75:20:5 16.7 ± 13.5 7.1 ± 11.8 21.6 ± 7.7 33.0 ± 23.5 -7.0 ± 16.8 

D90Bu10 – 85:10:5 35.7 ± 18.3 18.1 ± 9.9  21.6 ± 7.6 6.3 ± 9.9 1.2 ± 10.9 

D90Bu10 – 85:5:10 63.2 ± 30.6 15.1 ± 10.4 22.6 ± 11.4 6.6 ± 13.8 -0.5 ± 12.4 

D90Bu10 – 90:5:5 59.7 ± 21.3 15.0 ± 10.6 19.1 ± 10.5 -4.6 ± 12.2 -7.5 ± 10.4 

D75Bu25 – 85:10:5 81.5 ± 25.9 50.2 ± 12.7 35.5 ± 12.5 16.3 ± 12.4 3.9 ± 12.0 

D75Bu25 – 90:5:5 70.5 ± 23.3 22.1 ± 10.4 29.4 ± 8.0 7.3 ± 12.6 -15.5 ± 7.1 
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A2.3 Nitrogen Oxides (NOX) Emissions Data 

 
Table A2.3.1. Specific nitrogen oxides (NOx) emissions for each biofuel blend at the five engine loads tested. The uncertainties are the standard deviations from 

the three repeats. 

Fuel 
4% Load 

(g/kWh) 

28% Load 

(g/kWh) 

50% Load 

(g/kWh) 

75% Load 

(g/kWh) 

92% Load 

(g/kWh) 

D100 31.6 ± 0.6 7.3 ± 0.4 5.5 ± 0.05 5.3 ± 0.1 5.9 ± 0.8 

D90Bu10 – 65:30:5 28.9 ± 2.6 6.6 ± 0.7 5.4 ± 0.3 4.9 ± 0.3 5.3 ± 0.2 

D90Bu10 – 75:20:5 29.6 ± 1.7 6.9 ± 0.5 5.4 ± 0.4 5.3 ± 0.5 5.6 ± 0.2 

D90Bu10 – 85:10:5 31.0 ± 1.8 7.4 ± 0.2 5.8 ± 0.1 5.4 ± 0.04 6.1 ± 0.04 

D90Bu10 – 85:5:10 28.6 ± 0.2 7.2 ± 0.4 5.7 ± 0.2 5.6 ± 0.1 6.2 ± 0.3 

D90Bu10 – 90:5:5 31.7 ± 1.5 7.8 ± 0.2 5.8 ± 0.3 5.7 ± 0.1 6.4 ± 0.1 

D75Bu25 – 85:10:5 28.1 ± 0.5 7.0 ± 0.3 5.6 ± 0.2 5.4 ± 0.1 6.3 ± 0.1 

D75Bu25 – 90:5:5 31.5 ± 0.7 7.5 ± 0.2 5.8 ± 0.3 5.5 ± 0.1 6.8 ± 0.2 

 

Table A2.3.2. Changes in nitrogen oxides (NOx) emissions for each biofuel blend relative to diesel (D100) at the five engine loads tested. The uncertainties were 

determined using error propagation of the standard deviations of the diesel and biofuel blends. 

Fuel 
Relative Change at 

4% Load (%) 

Relative Change at 

28% Load (%) 

Relative Change at 

50% Load (%) 

Relative Change at 

75% Load (%) 

Relative Change at 

92% Load (%) 

D90Bu10 – 65:30:5 -8.6 ± 8.5 -9.2 ± 10.3 -2.0 ± 6.1 -6.7 ± 5.5 -9.7 ± 3.9 

D90Bu10 – 75:20:5 -6.3 ± 5.8 -4.6 ± 8.2 -2.0 ± 6.9 -0.8 ± 10.0 -5.1 ± 3.8 

D90Bu10 – 85:10:5 -1.9 ± 6.0 1.6 ± 6.0 5.8 ± 2.6 2.6 ± 2.8 4.6 ± 1.6 

D90Bu10 – 85:5:10 -9.3 ± 1.9 -1.3 ± 7.9 2.6 ± 3.1 5.2 ± 3.4 5.2 ± 4.8 

D90Bu10 – 90:5:5 0.3 ± 5.1 6.9 ± 6.3 5.7 ± 5.1 6.9 ± 3.6 8.1 ± 2.0 

D75Bu25 – 85:10:5 -11.1 ± 2.4 -3.5 ± 6.1 0.6 ± 3.6 1.3 ± 2.8 6.9 ± 1.8 

D75Bu25 – 90:5:5 -0.1 ± 3.8 2.5 ± 3.8 4.8 ± 5.6 3.4 ± 5.9 16.1 ± 2.9 

 

A2.4 Aldehyde Emissions Data 

 
Table A2.4.1. Average formaldehyde concentrations for each biofuel blend at the five engine loads tested. The uncertainties are the standard deviations from 

the three repeats. 

Fuel 4% Load (ppm) 28% Load (ppm) 50% Load (ppm) 75% Load (ppm) 92% Load (ppm) 

D100 13.75 ± 0.81 12.43 ± 0.81 8.68 ± 1.82 4.84 ± 0.52 4.81 ± 0.98 

D90Bu10 – 65:30:5 20.55 ± 3.47 14.19 ± 0.75 14.48 ± 1.54 7.18 ± 1.08 4.15 ± 0.17 

D90Bu10 – 75:20:5 22.37 ± 2.85 15.82 ± 1.87 13.16 ± 0.69 7.73 ± 1.49 5.00 ± 0.66 

D90Bu10 – 85:10:5 26.08 ± 0.90 19.73 ± 2.17 14.16 ± 0.36 7.74 ± 0.52 4.46 ± 0.44 

D90Bu10 – 85:5:10 29.58 ± 2.64 19.06 ±1.05 13.46 ± 0.97 7.70 ± 1.22 5.91 ± 0.61 

D90Bu10 – 90:5:5 28.71 ± 1.89 18.43 ± 0.91 13.39 ± 0.30 6.67 ± 0.15 5.40 ± 0.73 

D75Bu25 – 85:10:5 39.48 ± 1.86 28.11 ± 0.67 17.90 ± 0.73 9.08 ± 0.47 5.49 ± 0.32 

D75Bu25 – 90:5:5 35.83 ± 2.05 24.61 ± 0.32 18.32 ± 0.84 9.81 ± 0.50 5.79 ± 0.72 

 

Table A2.4.2. Average acetaldehyde concentrations for each biofuel blend at the five engine loads tested. The uncertainties are the standard deviations from the 

three repeats. 

Fuel 4% Load (ppm) 28% Load (ppm) 50% Load (ppm) 75% Load (ppm) 92% Load (ppm) 

D100 5.62 ± 1.05 4.25 ± 0.64 5.21 ± 1.68 5.98 ± 2.09 6.80 ± 1.04 

D90Bu10 – 65:30:5 8.46 ± 1.83 5.18 ± 1.55 5.43± 1.86 5.00 ± 0.68 6.06 ± 1.76 

D90Bu10 – 75:20:5 8.71 ± 0.68 5.93 ± 1.00 7.88 ± 0.22 5.99 ± 1.73 7.78 ± 0.70 

D90Bu10 – 85:10:5 11.11 ± 0.34 8.17 ± 0.88 5.00 ± 2.11 5.13 ± 1.45 6.95 ± 1.98 

D90Bu10 – 85:5:10 11.43 ± 0.75 6.46 ± 1.11 4.25 ± 0.36 4.23 ± 0.60 5.34 ± 0.64 

D90Bu10 – 90:5:5 11.34 ± 0.90 6.96 ± 1.63 5.14 ± 1.95 3.99 ± 1.61 4.70 ± 1.38 

D75Bu25 – 85:10:5 13.92 ± 0.10 9.33 ± 0.44 6.22 ± 0.68 4.90 ± 0.85 6.02 ± 0.20 

D75Bu25 – 90:5:5 10.35 ± 0.19 6.71 ± 0.43 6.14 ± 0.30 4.84 ± 1.39 6.11 ± 1.38 

 

A3 Particulate Matter Emissions Data 

A3.1 PM2.5 Data 

 
Table A3.1.1. Specific PM2.5 emissions for each biofuel blend at the five engine loads tested. The uncertainties are the standard deviations from the three 

repeats. 

Fuel 4% Load (g/kWh) 28% Load (g/kWh) 50% Load (g/kWh) 75% Load (g/kWh) 92% Load (g/kWh) 

D100 7.99 ± 0.33 0.25 ± 0.05 0.09 ± 0.01 0.051 ± 0.001 0.055 ± 0.005 

D90Bu10 – 65:30:5 5.08 ± 1.18 0.189 ± 0.04 0.065 ± 0.01 0.041 ± 0.004 0.043 ± 0.01 

D90Bu10 – 75:20:5 4.55 ± 0.64 0.15 ± 0.01 0.065 ± 0.02 0.04 ± 0.01 0.04 ± 0.01 

D90Bu10 – 85:10:5 4.58 ± 0.62 0.15 ± 0.03 0.06 ± 0.01 0.029 ± 0.002 0.0541 ± 0.0003 

D90Bu10 – 85:5:10 3.71 ± 0.86 0.13 ± 0.02 0.05 ± 0.01 0.03 ± 0.01 0.04 ± 0.01 

D90Bu10 – 90:5:5 3.98 ± 1.26 0.14 ± 0.04 0.05 ± 0.02 0.03 ± 0.01 0.04  0.01 

D75Bu25 – 85:10:5 2.37 ± 0.62 0.12 ± 0.03 0.044 ± 0.01 0.0214 ± 0.0004 0.032 ± 0.003 

D75Bu25 – 90:5:5 2.88 ± 0.047 0.11 ± 0.01 0.06 ± 0.01 0.021 ± 0.001 0.03 ± 0.01 
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Table A3.1.2. Changes in PM2.5 emissions for each biofuel blend relative to diesel (D100) at the five engine loads tested. The uncertainties were determined using 

error propagation of the standard deviations of the diesel and biofuel blends. 

Fuel 
Relative Change at 

4% Load (%) 

Relative Change at 

28% Load (%) 

Relative Change at 

50% Load (%) 

Relative Change at 

75% Load (%) 

Relative Change at 

92% Load (%) 

D90Bu10 – 65:30:5 -36.4 ± 15.1 -24.2 ± 17.5 -27.0 ± 15.8 -19.8 ± 8.6 -21.8 ± 13.6  

D90Bu10 – 75:20:5 -43.0 ± 8.4 -41.4 ± 11.4 -26.9 ± 19.1 -26.0 ± 25.2 -19.2 ± 13.4 

D90Bu10 – 85:10:5 -42.7 ± 8.2 -38.8 ± 16.8 -36.5 ± 7.6 -43.3 ± 3.4 -1.0 ± 6.7 

D90Bu10 – 85:5:10 -53.6 ± 10.9 -49.0 ± 11.1  -49.6 ± 8.2 -45.0 ± 11.4 -22.4 ± 26.6 

D90Bu10 – 90:5:5 -50.2 ± 15.9 -43.3 ± 18.1 -44.9 ± 15.4 -39.2 ± 21.7 -25.3 ± 15.5 

D75Bu25 – 85:10:5 -70.4 ± 5.8 -53.4 ± 14.5 -50.4 ± 11.1 -58.0 ± 1.4 -40.3 ± 7.4 

D75Bu25 – 90:5:5 -64.0 ± 6.1 -55.3 ± 9.0 -34.1 ± 10.1 -59.7 ± 1.8 -40.2 ± 20.7 

 

A3.2 Particle Number Data 

 
Table A3.2.1. Specific particle number (PN) emissions for each biofuel blend at the five engine loads tested. The uncertainties are the standard deviations from 

the three repeats. 

Fuel 
4% Load 

((#/cc)/kWh) ×108 

28% Load 

((#/cc)/kWh) ×108 

50% Load 

((#/cc)/kWh) ×108 

75% Load 

((#/cc)/kWh) ×108 

92% Load 

((#/cc)/kWh) ×108 

D100 12.9 ± 0.2 2.27 ± 0.08 1.79 ± 0.03 1.54 ± 0.06 1.32 ± 0.01 

D90Bu10 – 65:30:5 3.18 ± 0.36 0.67 ± 0.04 0.42 ± 0.05 0.47 ± 0.01 0.454 ± 0.003 

D90Bu10 – 75:20:5 2.98 ± 0.46 0.62 ± 0.08 0.417 ± 0.003 0.42 ± 0.01 0.48 ± 0.01 

D90Bu10 – 85:10:5 2.89 ± 0.21 0.62 ± 0.05 0.43 ± 0.03 0.37 ± 0.08 0.45 ± 0.03 

D90Bu10 – 85:5:10 2.75 ± 0.16 0.56 ± 0.06 0.38 ± 0.01 0.373 ± 0.004 0.44 ± 0.03 

D90Bu10 – 90:5:5 2.67 ± 0.10 0.59 ± 0.08 0.39 ± 0.01 0.38 ± 0.01 0.43 ± 0.01 

D75Bu25 – 85:10:5 1.57 ± 0.12 0.35 ± 0.05 0.30 ± 0.02 0.29 ± 0.02 0.35 ± 0.01 

D75Bu25 – 90:5:5 4.72 ± 0.23 1.03 ± 0.16 0.78 ± 0.10 0.72 ± 0.03 0.82 ± 0.04 

 

Table A3.2.2. Changes in PN emissions for each biofuel blend relative to diesel (D100) at the five engine loads tested. The uncertainties were determined using 

error propagation of the standard deviations of the diesel and biofuel blends. 

Fuel 
Relative Change at 

4% Load (%) 

Relative Change at 

28% Load (%) 

Relative Change at 

50% Load (%) 

Relative Change at 

75% Load (%) 

Relative Change at 

92% Load (%) 

D90Bu10 – 65:30:5 -75.4 ± 2.8 -70.7 ± 1.9 -76.7 ± 2.9 -69.3 ± 1.3 -65.6 ± 0.3 

D90Bu10 – 75:20:5 -77.0 ± 3.5 -72.8 ± 3.7 -76.7 ± 0.4 -73.0 ± 1.1 -63.8 ± 0.6 

D90Bu10 – 85:10:5 -77.7 ± 1.6 -72.9 ± 2.6 -76.0 ± 1.9 -76.2 ± 5.3 -66.2 ± 2.5 

D90Bu10 – 85:5:10 -78.8 ± 1.3 -75.4 ± 2.7 -78.5 ± 0.4 -75.8 ± 0.9 -66.5 ± 1.9 

D90Bu10 – 90:5:5 -79.3 ± 0.8 -74.1 ± 3.5 -78.1 ± 0.5 -75.0 ± 1.2 -67.3 ± 1.1 

D75Bu25 – 85:10:5 -87.9 ± 1.0 -84.7 ± 2.1 -83.5 ± 1.0 -81.1 ± 1.4 -73.6 ± 0.6 

D75Bu25 – 90:5:5 -63.5 ± 1.9 -54.9 ± 7.1 -56.5 ± 5.4 -53.0 ± 2.4 -37.8 ± 3.2 

 

A3.3 Particle Number Size Distributions 

 
Figure A3.1. Particle number size distributions for the butyl-based blends at 4% load. 
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Figure A3.2. Particle number size distributions for the butyl-based blends at 28% load. 

 

 
Figure A3.3. Particle number size distributions for the butyl-based blends at 75% load. 
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