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Abstract 28 

The share of biofuels in the transportation sector is increasing. Previous studies revealed that 29 

the use of biofuels decreases the size of particles (which is linked to an increase in particulate 30 

toxicity). Current emission regulations do not consider small particles (sub-23 nm); however, 31 

there is a focus in future emissions regulations on small particles. These and the fact that 32 

within cold-start emissions are higher than during the warmed-up operation highlight the 33 

importance of a research that studies particulate matter emissions during cold-start. This 34 

research investigates the influence of biofuel on PN and PM concentration, size distribution, 35 

median diameter and cumulative share at different size ranges (including sub-23 nm and 36 

nucleation mode) during cold-start and warm-up operations using diesel and 10, 15 and 20% 37 

mixture (coconut biofuel blended with diesel). During cold-start, between 19 to 29% of total 38 

PN and less than 0.8% of total PM were related to the nucleation mode (sub-50 nm). Out of 39 

that, the share of sub-23 nm was up to 9% for PN while less than 0.02% for PM. By using 40 

biofuel, PN increased between 27 to 57% at cold-start; while, the increase was between 4 to 41 

19% during hot-operation. The median diameter also decreased at cold-start and the 42 

nucleation mode particles (including sub-23 nm particles) significantly increased. This is an 43 

important observation because using biofuel can have a more adverse impact within cold-44 

start period which is inevitable in most vehicles’ daily driving schedules. 45 

 46 

Keywords: Particle size distribution; PN; sub-23 nm; biofuel; cold-start.  47 

 48 

Word count: 7338 49 
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Abbreviations  

NOx Nitrogen oxides 

CO Carbon Monoxide 

HC Hydrocarbon 

PM Particle mass 

PN Particle number 

BSFC Brake Specific Fuel Consumption 

CMD Count median diameter 

ECU Engine control unit 

EU European Union 

VOCs Volatile organic compounds 

 50 

 51 

Highlights 52 

1. This study investigated engine-out particle emissions and size distribution 53 

2. Cold-start, hot-start, and two intermediate warm-up phases were studied  54 

3. Nucleation mode particles increased as the engine warmed up 55 

4. During cold-start, using biofuel decreased the size of particles 56 

5. Sub-23 nm fraction contributed up to 0.02% and 9% to cumulative PM and PN  57 

 58 

 59 

 60 

 61 
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1. Introduction 62 

The transportation sector has been undergoing a significant transformation with the 63 

utilisation of different strategies and technologies to reduce harmful emissions [1]. One of 64 

these strategies is related to fuel. The adverse effect of using fossil fuels in the transportation 65 

sector has created significant interest in renewable alternatives, such as biofuels. There have 66 

been incentives in place to increase the share of such renewable alternatives. For example, 67 

EC Directive 2003/30 was issued to increase the share of biofuel to 5.75% by 2010 and 68 

Directive 2009/28/EC targeted a share increase to 10% by 2020. One of the reasons for 69 

increasing the share of renewable fuel in the transportation sector can be the advantages it 70 

has on engine performance and exhaust emissions [2-4]. 71 

In terms of engine performance parameters, it has been reported that using biofuels (such as 72 

jatropha biodiesel) can improve the thermal efficiency of diesel engines when compared to 73 

diesel fuel; however, it depends on the type of biofuel [5-7]. Friction parameters were also 74 

reported to be lower with biodiesel owing to their better lubricity [8, 9]. However, fuel 75 

consumption parameters such as brake specific fuel consumption (BSFC) were reported to be 76 

higher and the engine power was reported to be lower with biofuel derived blends [10, 11]. 77 

The higher viscosity, higher density and lower calorific values of biofuels were reported to be 78 

primary reasons. In terms of emissions, lower hydrocarbon (HC) and carbon monoxide (CO) 79 

emissions were reported to be advantages of using biofuels [12-14]. However, it has been 80 

frequently reported that nitrogen oxides (NOx) emissions increase with biofuels (some 81 

articles claimed otherwise) [15-17]. Maybe the most highlighted advantage of using biofuel is 82 

the decrease in particulate matter emissions; however, some articles reported a different 83 

observation [18, 19]. It has been frequently reported that particulate matter emissions 84 

decrease significantly due to the oxygen content of the biofuel [18, 20, 21].  85 
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Particulate matter emissions can adversely affect our environment and are identified as a 86 

global risk factor as these emissions have been reported to be associated with 87 

cardiorespiratory health problems [22-24]. It was shown that prolonged exposure to 88 

particulate matter emissions is associated with an increase in free-radicals which adversely 89 

impact health [25-27]. Particulate matter emissions can be evaluated from two inter-90 

correlated perspectives. The first aspect is the particulate mass (PM) which reports the mass 91 

of particles. However, this measurement might not be able to provide sufficient information 92 

when it comes to the health hazards from particles, as those very small particles which are 93 

harmful have a lower contribution to PM [28]. However, the second perspective, particulate 94 

number (PN), is more informative and has gained a lot of attention, therefore it became 95 

mandated in the recent emissions regulations [29]. For passenger cars, reporting PN 96 

emissions became mandated from the Euro 5 emissions regulation [29], while there was no 97 

regulation on PN in Euro 1-4 [29]. The PN, which is the count of individual particles can include 98 

small particles even those with nearly zero weight and contribution to PM. 99 

Using biofuel has been reported to have different effects on PN emissions, some reported 100 

higher PN with biofuels and some reported lower [18, 30]. However, most of the reports in 101 

the literature showed that using biofuel decreases the size of particles [31, 32]. This is 102 

important as it has been reported that a decrease in particle size is associated with an increase 103 

in toxicity [33]. However, in the most recent emission regulations such as Euro 5 and 6 and 104 

WLTP (worldwide harmonised light vehicles test procedure), there is a guideline for PN 105 

measurement—PMP (particle measuring method)—which does not consider sub-23 nm 106 

particles [34-36]. PMP does specify the count efficiency of 50% (D50) at 23 nm and 90% (D90) 107 

at 41 nm, and it has been reported in the literature that decreasing D50 from 23 nm to smaller 108 

sizes such as 10 nm can significantly increase the PN emissions from vehicles [37, 38]. For 109 
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example, Leach et al. [38] reported that decreasing D50 and D90 to 10 nm and 23 nm leads to 110 

36% higher PN. This and the increasing share of biofuel in the transportation sector highlight 111 

the importance of studying PN emissions in more detail such as looking into the size of 112 

particles.    113 

PN emissions from an engine depend on different factors such as operating conditions [39]. 114 

For a high portion of vehicles, the cold-start operation is a norm which occurs mostly in the 115 

morning and afternoon when people start their vehicle after some hours of engine-off and 116 

drive between home and work. It has been reported that a significant number of trips 117 

between home and work start and finish during the cold-start period [40]. For example, a 118 

study of more than one thousand trips showed that more than 30% of the trips started and 119 

finished within the cold-start period [41]. Regulation (EU Directive 2012/46/EU) considers the 120 

cold-start period from engine start—after 12 hours soak (or 6 hours forced cooled)—either 121 

for the first 5 minutes or during the time that the temperature of engine coolant increases to 122 

70°C. Within this period, the engine temperature is sub-optimal affecting the combustion 123 

process [42]. Consequently, engine emissions and performance are different in comparison 124 

with hot-operation [43-45]. For example, fuel consumption and friction power were reported 125 

to be higher when the engine is cold [46]. This was reported to be because of the high viscosity 126 

of the engine oil at lower temperatures, which consequently leads to higher friction, therefore 127 

more fuel needs to be burnt to maintain power [40, 46]. Fuel evaporation and atomisation 128 

are also impacted by the lower temperature of the engine and fuel during cold-start which 129 

also impacts emission and performance parameters [18].  130 

It has been reported that during cold-start, emissions are higher than when the engine is fully 131 

warmed up [47, 48]. For example, a study used a custom driving cycle and showed that during 132 
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the cold-start period of the cycle, PN emissions with biofuel increased significantly compared 133 

to the hot-operation period [47]. Another study showed that around one-third of the emitted 134 

PM emissions were related to the first 12% of the total distance (Phase 1) of the LA92 Unified 135 

Driving Cycle [49]. It also reported that compared to Phase 3 of that cycle, in which the engine 136 

was fully warmed up, during Phase 1, which was cold-start, the PM emissions were 7.5 times 137 

higher. Some studies in the literature investigated other emissions such as CO, CO2 and NOx 138 

[40, 50, 51]. However, there are a few studies that investigated PN emissions and size 139 

distribution during cold-start in detail, when compared to other emissions [52]. Also, most of 140 

the cold-start experimental studies in the literature used driving cycles such as NEDC (New 141 

European Driving Cycle) or WLTC (worldwide harmonised light vehicles test cycle) which has 142 

abrupt load/speed changes. The results of such studies were shown with the averaged value. 143 

However, it is essential to study the influence of transient engine temperature while the 144 

engine is warming up on exhaust emissions such as PN. It will be seen in this current study 145 

that cold-start and engine warm-up have different stages and therefore different impacts on 146 

exhaust emissions.  147 

This research aims to study the influence of fuel and transient engine temperature at different 148 

stages of engine warm-up (including cold-start) on particulate matter emissions from 149 

different aspects including PN, PN and PM size distribution and median diameter, the share 150 

of particles at different sizes, nucleation mode particles and sub-23 nm particles. The 151 

increasing share of biofuels in the market, with the inherent decrease in particle size and the 152 

associated increase in toxicity, increased emissions during cold-start coupled to future 153 

emissions regulations on small particles, and the fact that the current emission regulations do 154 

not consider sub-23 nm particles, all highlight the importance of this study. By using and 155 

comparing different biofuel blending ratios (10, 15 and 20%), this study can be helpful to 156 
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engine researchers when it comes to nucleation mode and sub-23 nm particles the upcoming 157 

emissions regulations.  158 

2. Methodology 159 

The engine used in this study was a Cummins ISBe220 diesel engine (designed and 160 

manufactured by an American company) which is an in-line 6-cylinder, turbocharged, 161 

common-rail engine, as shown in Table 1. The maximum torque and power with this engine 162 

are 820 Nm (at 1500 rpm) and 162 kW (at 2500 rpm) and the engine was coupled to an in-163 

house hydraulic dynamometer (electronically-controlled). The experiments were done at 164 

QUT Biofuel Engine Research Facility (BERF) in Brisbane, Australia.  165 

 166 

Table 1 Engine specifications 167 

 168 

Figure 1 shows a schematic diagram of the experiment setup. Engine and dynamometer data 169 

were collected with Dynolog software. The in-cylinder data such as crank angle and injection 170 

signals were collected using a Kistler (6053CC60) transducer, Kistler type 2614 sensor and 171 

DT9832 A-to-D convertor, which all were connected to an in-house National Instruments 172 

Model Cummins ISBe220 31 

Aspiration Turbocharged 

Fuel injection Common rail 

Cylinders 6 in-line 

Capacity 5.9 L 

Bore × stroke 102 × 120 (mm) 

Maximum torque 820 @ 1500 (Nm @ rpm) 

Maximum power 162 @ 2500 (kW @ rpm) 

Compression ratio 17.3:1 
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LabView program [53, 54]. The accuracy of the measuring instruments are shown in Appendix 173 

(Table A1). 174 

To better evaluate the pure effect of fuel properties and also the engine temperature, this 175 

study evaluated the engine-out emissions instead of tailpipe emissions (which are sampled 176 

before any after-treatment system). This way the emissions do not depend on the after-177 

treatment systems performance/type. Therefore, the fundamental study will not be limited 178 

and results can give more information about the real engine dependent emission [55]. In 179 

order to measure particulate matter emissions (such as particle number, mass, size 180 

distribution), this study used a TSI scanning mobility particle sizer (SMPS) consisting of a TSI 181 

3071A classifier (which preselects the particles in different sizes) and a TSI 3782 CPC (which 182 

grows the particles to make them detectable for the optic). SMPS is designed and 183 

manufactured by TSI which is an American company. SMPS has a size resolution capability of 184 

128 channels per decade, which results in 192 channels in total. The exhaust gas (which had 185 

a temperature of ~350 °C) was directed to the SMPS, but after being diluted (~20 times) with 186 

ambient air (~23 °C) which was passed through a HEPA filter in a constant volume dilution 187 

system (CVS). The CVS setup was followed by the European legislation (Commission 188 

Regulation (EU) 2017/2400). To calculate the dilution ratio, a CAI-600 and a SABLE CA-10 CO2 189 

analysers (designed and manufactured by American companies) were used before and after 190 

the dilution system measuring the CO2 emissions.  191 

The exhaust particles are made of solid particles, volatiles and liquid droplets. Usually, the 192 

PMP method uses a volatile particle remover (VPR) system including three stages of hot 193 

dilution (PND1), heated evaporative tube (ET) and cold dilution (PND2) to minimise the effect 194 

of volatiles and liquid droplets ensuring that the particle counter measures solid particles 195 
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(ECE/TRANS/WP.29/GRPE/2016/3 amended by GRPE-72-09-Rev.2) [56]. Regarding the 196 

difficulty of sub-23 nm measurement with current instruments in the market [36], it is worth 197 

mentioning that SMPS is capable to measure particles above 10 nm including solid particles 198 

and volatiles. 199 

This study reports PN and PM, and also PN and PM size distribution. Regarding the PN and 200 

PM size distribution, SMPS measures the number of concentration in a given channel (dN) 201 

and divides it by the geometric width of the size of channel, and reports the normalised 202 

number concentration (dN/dlogDp), where Dp is the geometric midpoint of the particle size 203 

channel. The conversion of PN to PM was done through the Aerosol Instrument Manager 204 

Software for SMPS Spectrometer using the formula dM = dN ⋅ (π/6)Dp
3 ρ, where ρ is density, 205 

and reporting the normalised mass concentration using the formula dM/dlogDp = dN/dlogDp 206 ⋅ (π/6) Dp
3 ρ [57]. In general, based on the size distribution, the measured ultrafine particles 207 

can be classified into two modes; nucleation mode and accumulation mode [28]. The 208 

nucleation mode particles are defined as particles with diameters less than 50 nm, and the 209 

size of accumulation mode particles is between 50-500 nanometres, and these definitions are 210 

used in this study to better interpret the data [28].  211 
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 212 

Figure 1 Test setup schematic diagram 213 

 214 

Given that this study intended to investigate particulate matter emissions based on the 215 

current and future emissions regulation requirements, the selection of the fuels was 216 

conducted in a way to cover past, current and future biofuel blending ratio in the market. 217 

Therefore, it used diesel, and then made three diesel/biofuel blends of 10, 15 and 20% (by 218 

volume) denoted as D90C10, D85C15 and D80C20 using coconut oil biofuel (this study is a 219 

part of a project which investigates the potential of using different biofuels in diesel engines 220 

in Marshal Islands which have a high resource of coconut). In the tested fuel names, D stands 221 

of diesel and the digits after that show the volume of diesel in the blend. And C stands for 222 

coconut biofuel and the two digits after C shows the blending ratio. These fuel blends will be 223 

evaluated against diesel (D100).  224 

Table 2 shows the tested fuel properties and Table 3 shows the chemical composition of fuels 225 

analysed by a GC/MS instrument (Trace 1310 Gas chromatograph, model ISQ, single 226 
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quadrupole MS). Diesel (D100) contained aromatic compounds (benzene and its derivates, 227 

naphthalene, xylene, phthalan, mesitylene) and aliphatic compounds (mainly alkanes with 7-228 

13 carbons, low concentrations of limonene). D90C10, D85C15, and D80C20 also contained 229 

cycloalkanes, cyclohexane and cyclooctane. With D100, the aromatic content was higher 230 

compared to other fuels. Compared to neat diesel, fuels with a lower blending ratio do not 231 

change the fuel properties significantly. For example, the density of the tested fuels, D100, 232 

D90C10, D85C15 and D80C20 were 0.84, 0.843, 0.845 and 0.846 g/cc. Also, the lower heating 233 

value of the tested fuels, D100, D90C10, D85C15 and D80C20 were 41.77, 41.31, 41.09 and 234 

40.86 MJ/kg, respectively. However, even small changes in fuel properties can affect engine 235 

performance and emissions. For example, the higher density and lower calorific value of 236 

biofuel blends can negatively impact engine power and also fuel consumption parameters 237 

such as BSFC [8]. The fuel oxygen content of biofuel is another property that distinguishes 238 

biofuel from diesel (which has no oxygen content). It has been frequently reported that fuel 239 

oxygen content is the primary driver for decreased PM emissions with biofuels [18, 19, 58].  240 

 241 

Table 2 Fuel properties 242 

  D100 C100 D90C10 D85C15 D80C20 

Density at 15 ºC (g/cc) 0.84 0.87 0.84 0.84 0.85 

Kinematic viscosity at 40 °C (mm2/s) 2.64 4.82 2.86 2.97 3.08 

Cetane number 53.30 58.60 53.83 54.10 54.36 

Lower heating value (MJ/kg) 41.77 37.20 41.31 41.08 40.86 

Higher heating value (MJ/kg) 44.79 39.90 44.30 44.06 43.81 

 243 

 244 
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Table 3 Fuel analysis using GC/MS (Model ISQ, single quadrupole MS, Trace 1310 Gas 245 

chromatograph). 246 

  

  

Area % 

aromatic aliphatic cyclic hydrocarbons hydrazide oxygenated 

hydrocarbons 

D90C10 0.0879-0.169 0.0866-0.367 0.119-1.12 1.09-2.62 0.192-0.305 

D80C20 0.0433-0.0968 0.0398-0.741 0.0394-0.222   0.0416-0.076 

D100 1.43-5.66 1-12.24       

 247 

The fuels used in this study were tested under constant load (25%) and speed (1500 rpm). 248 

The rationale for using a constant load and speed was to facilitate the fundamental 249 

investigation into the influence of fuel type & engine temperature under cold-start and during 250 

engine warm-up. Most of the studies on cold-start in the literature used a drive cycle such as 251 

NEDC or WLTC and compared the first part of the cycle with the rest and made the conclusion 252 

about cold-start contribution. However, these driving cycles consist of frequent load and 253 

speed changes which add more variables to the analysis, complicating and limiting the 254 

investigation about the pure influence of fuel type and engine temperature on emissions 255 

within cold-start period. Therefore, this experimental investigation used a constant speed and 256 

engine load to limit the number of influential factors that can potentially aid a better 257 

judgment on the effects of engine temperature and fuel properties.  258 

Experiments were done every morning with at least 12-hours of engine-off period at the 259 

ambient temperature on consecutive days in an engine laboratory. Before starting each test, 260 

coolant temperature and lubricating oil temperature were checked to be the same as ambient 261 

temperature, as per the regulation (EU Directive 2012/46/EU). Given that the engine room 262 

had an air-conditioning system, the ambient temperature during the test stayed constant 263 

(23±5 °C).  For each test, the engine was started and ran under a quarter load (25%) at the 264 
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speed of 1500 rpm for more than 30 min to stabilise. The statistical analysis of the test 265 

repeatability is shown in Appendix.  266 

In diesel engines, the formation of particulate matter emissions depends on a number of 267 

variables such as engine operating condition and fuel properties [18]. During cold-start 268 

operation, the engine temperature and fuel properties are significantly influential factors. 269 

Figure 2 shows how the engine coolant temperature increases during cold-start operation 270 

with the tested engine for one of the tests. According to the regulation, (EU Directive 271 

2012/46/EU), the cold-start period is defined from when the engine starts after 12 hours soak 272 

(or 6 hours forced cooled soak) at the ambient condition either for the first 5 minutes or 273 

during the time that the temperature of engine coolant increases to 70°C. However, after this 274 

period, the coolant temperature still has an increasing trend indicating the sub-optimal 275 

engine temperature (Figure 2). Also, it can be seen that there is a lag between the engine 276 

lubricating oil temperature and coolant temperature. Compared to the coolant temperature, 277 

the engine lubricating oil temperature remains sub-optimal for a longer period). The sub-278 

optimal temperature period outside the formal cold-start boundaries can affect the engine 279 

performance and exhaust emissions [59, 60]. Figure 2 also shows that for the tested engine, 280 

even within the formal cold-start period, when the engine temperature reaches to 65°C, the 281 

start of injection is changed by the injection strategy commanded by the ECU of the tested 282 

engine, and this injection strategy change affects the exhaust emissions and engine 283 

performance parameters. It is worth mentioning that while the start of injection changed, the 284 

injection period (therefore, the injection mass) remained constant, as the injection was 285 

controlled by the ECU and, the injection period was independent of the start of injection. Also, 286 

there was no modification to the engine ECU/calibration for different fuel blends. Therefore 287 

the start of injection timing stayed the same for all the tests.  288 
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As discussed, it can be seen that from the engine start until the stable operation, there are 289 

some periods with different characteristics and variables. Therefore, in order to better 290 

analyse the influence of fuel properties and engine temperature, this research divides the 291 

engine warm-up period into four phases to minimise the number of variables in each phase. 292 

• Phase 1: Formal engine cold-start, constant start of injection, coolant and oil 293 

temperatures are less than 65°C.  294 

• Phase 2: Start of injection is increasing, coolant and oil temperatures above 65°C and 295 

still increasing. 296 

• Phase 3: Constant start of injection, optimal coolant temperature, sub-optimal oil 297 

temperatures. 298 

• Phase 4: Engine hot-operation, start of injection is constant, coolant and oil 299 

temperatures are optimal. 300 

This study used an SMPS analyser with a 2 min sampling time. The first two samples were 301 

measured within Phase 1, the third sample was measured in Phase 2, the fourth and fifth 302 

samples fell into Phase 3, and the last two samples were measured within Phase 4.  303 
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 304 

 305 

Figure 2 Engine coolant temperature, engine oil temperature and start of injection during the test 306 

with diesel 307 

 308 

3. Result and discussion 309 

This section analyses the PN concentration and evaluates the particle number and mass size 310 

distribution. It also investigates the median diameter and the share of PN and PM at different 311 

sizes including accumulation mode, nucleation mode and sub-23 nm particles.  312 

Figure 3 presents the PN concentration at the four different phases. It shows that for each 313 

fuel the PN concentration in Phase 1 was lower than the other phases. Given that the engine 314 

load and speed were constant within all phases, the engine temperature can be identified as 315 

an influential factor, as shown in the literature [61]. Looking at each phase, it can be seen that 316 

the use of biofuel increased PN emissions in all of the phases. This expected result shows that 317 

fuel properties are influential, as reported before in the literature [62, 63].  318 

 319 
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 320 

Figure 3 PN concentration at different phases with all the tested fuels 321 

 322 

When it comes to the potential health impact of particles, PN can also be analysed in more 323 

detail by looking into the size distribution of particles [28, 33]. Reported hypotheses 324 

mentioned that when compared to bigger particles, small particles penetrate in lungs deeper 325 

and their relatively larger surface area increases the reaction with lung cells; a decrease in the 326 

size of particles is also associated with an increase in toxicity [33]. Figure 4 shows the median 327 

diameter of the particles with all the tested fuels at different phases. It can be seen that the 328 

size of the particles changes as the engine warms up. From Phase 2 to Phase 4, it can be seen 329 

that as the engine warms up, the size of particles slightly decreases [64].  330 

 331 

0

1

2

3

4

Phase 1 Phase 2 Phase 3 Phase 4

P
N

 c
o

n
ce

n
tr

a
ti

o
n

 (
#

/c
m

^
3

)

D100 D90C10 D85C15 D80C20
x107



18 

 

 332 

Figure 4 PN median diameter at different phases with all the tested fuels 333 

 334 

As discussed, cold-start operation and fuel properties are two factors that can significantly 335 

affect the PN concentration and particle size, shown in the literature as well [47]. Therefore, 336 

the following analysis is divided into two parts. It first analyses the data from the engine 337 

temperature and cold-start perspective and then discusses the influence of fuel properties. 338 

3.1 Influence of engine temperature  339 

Figure 5 shows the variation of PN concentration at the different phases as compared to Phase 340 

1 (cold-start). It can be seen that the PN concentration was higher at other phases when 341 

compared to Phase 1. As a constant engine load/speed was maintained through all of the 342 

phases, the engine temperature can be considered as the driving factor for any change [52]. 343 

In Figure 5, the exhaust temperature is used as an indicator of the engine temperature at the 344 

different phases. It can be seen that the exhaust temperature increased from Phase 1 to 345 

Phase 4, however, the change between Phases 3 and 4 was not as significant as between 346 

Phases 1 and 2. The reason for using the exhaust temperature as an indicator instead of 347 
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coolant temperature, was that when the coolant temperature reaches to an optimum level, 348 

the engine is still warming up.  349 

Phase 1, which had the lowest PN, falls into the cold-start period. As per the regulation, EU 350 

Directive 2012/46/EU, the cold-start period can last 5 min from the engine start or until the 351 

engine coolant temperature reaches 70°C. During Phase 1, the engine coolant temperature 352 

was less than 70°C. Also, during this phase, the start of injection did not change as the engine 353 

coolant temperature was less than 65°C, which is the threshold for the injection strategy of 354 

the tested Cummins engine.  355 

During Phase 2, the PN concentration was significantly higher than Phase 1. This increase was 356 

between 27 to 39%. For example, with neat diesel, D100, the PN concentration increased by 357 

31%, with D80C20 the PN concentration increased by 39%. The significant change between 358 

Phases 1 and 2 is a combination of the increase in engine temperature and the injection 359 

strategy change, with the latter being assumed as the dominant driver. During this unsteady 360 

phase, coolant temperature increased to 65°C and the start of injection changed significantly 361 

as by the ECU. This significant increase in the start of injection can be seen in Figure 2. Phase 362 

2 cannot be considered as cold-start because the engine temperature within this phase 363 

increased to higher than 70°C. In this phase, both the engine coolant and oil temperatures 364 

were sub-optimal and still increasing.  365 

Phase 3 had higher PN compared to Phase 1. The increase was between 11 to 55% with 366 

different fuels. For example, with D80C20, the PN concentration increased by 11%, with D100, 367 

PN increased by 55%. Within this phase, the engine coolant temperature was optimal. 368 

However, this phase cannot be considered as hot-operation (stable operation) given that 369 

within this phase the engine oil temperature was sub-optimal and still increasing. Comparing 370 
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this to Phase 2, within this phase, the start of injection stayed constant and did not change 371 

until the end of the test. 372 

Phase 4 can be considered as hot-operation given that within this phase, the engine 373 

load/speed and the start of injection stayed constant, and also the engine oil and coolant 374 

temperatures were optimal. Phase 4 shows that the PN concentration during this hot-375 

operation phase was higher than cold-start (Phase 1). The range of increase with different 376 

fuels was from 10 to 52%. For example, with D100, the PN concertation was 52% higher than 377 

Phase 1, with D80C20, the PN concentration was 11% higher. It can also be seen that, for all 378 

of the fuels, the PN concentration in Phase 3 is slightly higher than Phase 4 (~2%). The 379 

difference between Phase 3 and Phase 4 shows the effect of sub-optimal oil temperature 380 

when the coolant temperature is optimal.  381 

 382 

Phase 1 (X) Phase 2 (○) Phase 3 (◊) Phase 4 (Δ) 

 383 

Figure 5 PN variation compared to Phase 1 vs. exhaust gas temperature at different phases with all 384 

the tested fuels 385 

0

10

20

30

40

50

60

290 300 310 320 330 340 350 360 370

P
N

 v
a

ri
a

ti
o

n
 c

o
m

p
a

re
d

 t
o

 P
h

a
se

 1
 (

%
)

Exhaust temperature (°C)

D100 D90C10 D85C15 D80C20



21 

 

The main contributors to PN emissions are nanoparticles [28]. Figure 6 shows that for each 386 

fuel, compared to Phase 1, the median diameter increased significantly in Phase 2 and then 387 

decreased in Phases 3 and 4. It is reported in the literature that increased exhaust gas 388 

temperature is associated with an increase in nanoparticles [65]. This can be seen in Figure 7, 389 

where for each fuel from Phase 2 to Phase 4 the increased exhaust temperature is associated 390 

with a decreased median diameter. This can also be seen in Figure 7 where moving from Phase 391 

2 to Phase 4 is associated with an increased number of nanoparticles.  392 

 393 

Phase 1 (X) Phase 2 (○) Phase 3 (◊) Phase 4 (Δ) 

 394 

Figure 6 Median diameter variation compared to Phase 1 vs. exhaust gas temperature at different 395 

phases with all the tested fuels 396 

 397 
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dilution and sampling—and also metal compounds and solid carbons—formed during the 402 

combustion process [28]. In Figure 7, comparing the PN and PM size distribution graphs for 403 

each fuel at each phase, which are shown with the same colour but two different shapes (○ 404 

and Δ) in each sub-figure, shows that for the size range of 5 to 50 nm in which the number of 405 

particles was significantly high, the mass of particles was low. This can be better observed in 406 

Figure 8 where the cumulative share of PN and PM at different size ranges is presented. As 407 

can be seen, for all of the fuels at all the phases, the cumulative share of sub-50 nm particles 408 

was between 0.3 to 0.9% of the total mass, while depending on the phase/fuel 11 to 29% of 409 

the total PN were related to sub-50 nm. Also, depending on phase/fuel, for the sub-30 and 410 

sub-23 nm particles, the PM cumulative share were up to 0.06 and 0.02%; while, their 411 

cumulative PN share were 13 and 9%, respectively. Therefore, excluding sub-23 nm particles 412 

in the current regulation means neglecting a significantly high number of small and toxic 413 

particles, considering the number of vehicles in cities and the PN limit in the emissions 414 

standards (e.g. 6x10^11 #/km in Euro 6 and WLTP).    415 

  416 
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Figure 7 PN and PM size distribution at different phases with all the tested fuels 417 
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The main contributor to the accumulation mode particles are carbonaceous agglomerates 418 

and adsorb materials [28]. The agglomeration of particles in the nucleation mode by the 419 

condensation of volatile materials can also form some particles in the accumulation mode 420 

[28]. Figure 8 shows that sub-100 nm particles contributed to 53-67% of PN while only to 8-421 

14% of PM. 92-96% of PN was related to sub-200 nm, while only 50-66% of the total mass was 422 

related to these particles. It can be seen that in the accumulation mode, the share of PN 423 

decreased as the share of PM increased. Comparing PN and PM size distribution graphs in 424 

Figure 7 shows that the contribution of particles above 50 nm to PM was significant. This is 425 

more significant for the sizes above 100 nm where the share of PN was decreasing. This can 426 

be better explained by comparing Figure 9, which shows the PM median diameter, with Figure 427 

4, which shows the PN median diameter. It can be seen that the PM median diameter was 428 

between 173 to 213 nm, while for PN the median diameter changed between 79 to 100 nm. 429 

This can clearly show that accumulation particles have a major contribution to PM. The PN 430 

and PM size distribution in each phase are different and need to be further investigated.   431 

  432 
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Figure 8 Cumulative PN and PM share at different phases with all of the tested fuels 433 
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 434 

Figure 9 PM median diameter at different phases with all of the tested fuels 435 
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cooling process, the volatile materials can nucleate homogeneously into particles [66]. The 451 

reason for this is that a decrease in the exhaust gas temperature increases the saturation 452 

vapour pressure and saturation ratio of the volatile materials, which can lead to nucleation 453 

and condensation of volatile materials [67]. It is reported that VOCs during cold-start are 454 

higher than hot-start [68], therefore there is a high chance of nucleation. This is more 455 

significant with biofuel blends owing to their higher VOCs compared to diesel [69].   456 

Figure 7 shows that in Phase 2, the particle size distribution graph tends toward higher PN 457 

and also bigger particles when compared to Phase 1. This can be better seen in Figure 6 where 458 

the median diameter of particles increased from Phase 1 to Phase 2. As an example, the PN 459 

median diameter increased from 86 nm to 99 nm with D100. The increase in median diameter 460 

from Phase 1 to Phase 2 was between 7 to 15%. Moving toward bigger particles in Phase 2 461 

can also be seen by comparing the red colour to the blue colour in Figure 7 and in Figure 8 462 

where the cumulative share of PN in the nucleation mode decreased significantly in Phase 2 463 

compared to Phase 1. For example, with D100, the share of nucleation mode particles 464 

decreased from 20% to 12%, with D85C15 the decrease was from 30 to 20%. The share of 465 

sub-23 nm particles also decreased in Phase 2. The reason for this move toward bigger 466 

particles can be due to the injection strategy change within this unsteady warm-up phase in 467 

which the start of injection increased significantly and led to decreased ignition delay 468 

adversely affecting fuel atomisation and premixed combustion. The other variable between 469 

Phases 1 and 2 was the engine temperature, however, this parameter might not be the reason 470 

for the increased diameter size. The observed trend in Figure 6 showed that increasing the 471 

engine temperature can lead to a decrease in the size of particles. The decreasing trend of 472 

median diameter between Phase 2 to Phase 4 in Figure 6 can show that.  473 
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In Phase 3, particles were smaller than Phase 2, however, they are still bigger than Phase 1 474 

(with most of the fuels). This can be seen in Figure 6 and Figure 7. In this phase, the median 475 

diameter of the particles with different fuels was mostly between 82 to 88 nm (Figure 4). In 476 

this phase, the start of injection stayed constant, however, the engine temperature—477 

presented by exhaust temperature—was still increasing. Comparing Phase 3 to Phase 2, 478 

Figure 6 shows that the increasing trend of exhaust temperature is associated with a decrease 479 

in median diameter. This can also be seen in Figure 8 where the share of nucleation mode 480 

particles increased compared to Phase 2. For example, with D100, the sub-50 nm particle 481 

share increased from 12 to 18% and from 14 to 17% with D85C15. Also, in this phase, the 482 

share of sub-23 nm particles increased.  483 

Comparing Phase 4 to Phase 3 and Phase 2 shows that the increased exhaust temperature is 484 

associated with a decrease in particle size. This decreasing trend between the median 485 

diameter and exhaust temperature can be seen in Figure 6. It can also be seen in Figure 8 that 486 

the share of nucleation mode particles in Phase 4 was higher than Phase 3. This can be due 487 

to the effect of sub-optimal engine oil temperature. However, the change was small with most 488 

of the fuels. For example, with D80C20, the nucleation mode particles increased from 17 to 489 

18%. Comparing Phase 4 to Phase 1 shows a different trend with different fuels, which means 490 

that the fuel properties are likely to be the driving factor. 491 

3.2 Effect of fuel 492 

Figure 3 showed that the PN concentration increased in all of the phases when the fuel blends 493 

were used instead of diesel. For example, using D90C10 increased PN by 27, 36, 15 and 15% 494 

from Phase 1 to 4, respectively. The reason for this can be the higher volatile organic 495 

compounds (VOCs) of biofuels when compared to diesel [69]. It was also observed in Figure 5 496 
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that compared to D100, these fuels showed less difference between cold-start and hot-497 

operation. Comparing Phase 3 and 4 to Phase 1, in Figure 5, shows that the PN variation 498 

decreased by increasing the share of biofuel in the blend. For example, with D100, D90C10, 499 

D85C15 and D80C20, PN during Phase 4 was 52, 38, 15 and 10% higher than Phase 1. 500 

However, this can be misleading, and the data can be evaluated from another aspect. Figure 501 

10 shows how the PN concentration changed with different fuels compared to D100. It can 502 

be seen that using D90C10, D85C15 and D80C20, instead of D100, increased the PN 503 

concentration in all of the phases. However, the increase was more significant during cold-504 

start. For example, in Phase 1, which is cold-start, using these fuels instead of D100 increased 505 

PN between 27 to 57%; while, during hot-operation the increase range was between 4 to 19%. 506 

This is an important observation because using these fuels has more adverse impacts within 507 

the cold-start period, which is an inevitable part of daily driving for most vehicles. This analysis 508 

shows that the evaluation of using such fuels needs to be done not only during hot-operation, 509 

but also cold-start. A reason for the increased PN with the fuel blends during cold-start could 510 

be the higher viscosity of biofuels, which adversely affects fuel atomisation and evaporation 511 

[70]. Another reason could be the increased number of small particles. The higher oxygen 512 

content of biofuels can also result in higher PN. In biofuels, there is more oxygen available in 513 

the center of the diffusion flame (where usually the concentration of HC is higher). This could 514 

result in smaller primary particle diameters and an increase of smaller size particles. 515 

The adverse effect of using biofuels can be further highlighted in Figure 11, where the PN 516 

median diameter with these fuels during the first two phases is smaller than D100 (in most of 517 

the cases); while during Phase 4, D100 has the lowest median diameter. This means that these 518 

fuels emit smaller particles during cold-start. This is important as a decrease in particle size 519 

has been shown to be associated with an increase in toxicity [33].  520 
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Phase 1 (X) Phase 2 (○) Phase 3 (◊) Phase 4 (Δ) 

 521 

Figure 10 PN variation compared to D100 vs. exhaust gas temperature at different phases with all of 522 

the tested fuels 523 

 524 

Phase 1 (X) Phase 2 (○) Phase 3 (◊) Phase 4 (Δ) 
 

   

 525 

Figure 11 Median diameter variation compared to D100 vs. exhaust gas temperature at different 526 

phases  527 

 528 

The increase in smaller particles is shown in Figure 12 which shows the cumulative share of 529 

nucleation mode particles at different phases. Figure 12 shows that during cold-start the 530 
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share of nucleation mode particles increased significantly when D100 was replaced by the 531 

fuel blends. For example, the share of sub-50 nm particles with D100, D90C10, D85C15 and 532 

D80C20 were 20, 20, 29 and 23% in Phase 1, and 12, 12, 20 and 14% in Phase 2, respectively. 533 

A similar trend was also observed for sub-23 nm particles. For example, the share of these 534 

particles in Phase 1 increased from 1 to 9% when D100 was replaced with D85C15.   535 

It was mentioned that nucleation mode particles (sub-50 nm) are mainly volatile organic 536 

compounds (VOCs), sulfur compounds, metal compounds and solid carbons [28]. It is known 537 

that biofuels have higher VOCs compared to diesel [69], therefore the higher VOCs of the 538 

tested fuels compared to D100 could be the reason for the increased share of nucleation 539 

mode particles and therefore the total PN. A greater amount of VOCs with biofuel was also 540 

reported by Hedayat et al. [71], which used the same type of engine as this study, under a 541 

stationary cycle.   542 

  543 
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Figure 12 Cumulative PN share at different phases with all of the tested fuels 544 
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3.3 Practical implications of this study 545 

Due to the high price and adverse health effects of fossil fuels, there is a focus to increase the 546 

use of biofuels and measures have been in place. However, vehicle emissions are still an issue 547 

and governments and authorities are trying to limit the amount of emission by tightening the 548 

emissions levels from vehicles in the emission regulations. This research is related to the 549 

future emissions regulations (Euro 7) and introduces important knowledge about regulated 550 

and currently-unregulated particulate number emissions during cold-start and engine warm-551 

up, which is an emerging area in the literature. This study shows that when it comes to very 552 

small particles (which are more toxic), the current market trend (increasing the share of 553 

biofuel) can have a more adverse impact (because of more small particles) within the cold-554 

start period—which is inevitable in most vehicles’ daily driving schedule. But, even the latest 555 

emission regulations, such as WLTP, only consider particles with a size above 23 nm. Most 556 

cold-start operations occur in residential areas, and this study shows that a significant portion 557 

of emitted particles are smaller than 23 nm during cold-start, and also the current fuel market 558 

leads to an even higher number of these small particles. And the current regulations do not 559 

include a practical enough measure to limit such emissions. Including sub-23 nm particles in 560 

regulations (through PMP) increases the number of particles measured during the 561 

homologation tests, and this might lead many vehicles to fail to comply with the PN limit in 562 

emissions certification tests. However, passing or failing the certification test does not change 563 

the fact that these days many certified vehicles on the street are emitting a huge number of 564 

small particles affecting people’s health and still the emission regulations are unable to stop 565 

them. This study emphasizes the importance of including smaller (sub-23 nm) particles in 566 

future regulations, or even in the new amendments of the current regulations.  567 
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4. Conclusions 568 

Using a diesel engine fueled by diesel and biofuels, this research evaluated PN, PN and PM 569 

median diameter, PN and PM size distribution, the share of particles at different sizes 570 

including nucleation mode and sub-23 nm particles. This research divided the engine warm-571 

up period into four phases of cold-start (Phase 1) to hot-operation (Phase 4) and two 572 

intermediate unsteady warm-up phases which could be counted neither as cold-start (defined 573 

in the regulations) nor as hot-operation.  574 

Results showed that for all of the fuels, compared to Phase 1, PN increased by 27-39% in 575 

Phase 2, 11-55% in Phase 3 and 10-52% in Phase 4. In the cold-start phase, between 19 to 576 

29% of the total PN and less than 0.8% of the total PM were related to particles in the 577 

nucleation mode (sub-50 nm). Out of that, the share of sub-23 nm was between 1 to 9% for 578 

PN and less than 0.02% for PM. By using biofuel blends instead of diesel, PN increased 579 

between 27 to 57% during cold-start; while, during hot-operation, the increase in PN ranged 580 

between 4 to 19%. Also, the PN median diameter decreased during the first two phases and 581 

nucleation mode particles increased significantly. For all of the fuels at the different phases, 582 

the PM median diameter was between 173 to 213 nm, while for PN the median diameter was 583 

between 79 to 100 nm. The cumulative share of sub-50 nm particles was 0.3-0.9% of the total 584 

mass, while 11-29% of the total PN. For the sub-30 and sub-23 nm particles, the PM 585 

cumulative share was up to 0.06 and 0.02%; while, their PN cumulative share was 13 and 9%, 586 

respectively. The contribution of particles above 50 nm to PM was significantly high. This was 587 

more significant for the sizes above 100 nm where the share of PN was decreasing. Sub-100 588 

nm particles contributed to 53-67% of PN while only to 8-14% of PM. 92-96% of PN was 589 

related to sub-200 nm, while only 50-66% of the total mass was related to this size range. In 590 

the accumulation mode, the share of PN decreased as the share of PM increased.  591 
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7. Appendix A 857 

Table A1 shows the accuracy of the measuring instruments. 858 

Table A1 Instrument accuracy  859 

 860 

Table A2 shows the statistical analysis of the test repeatability for cold-start and warm-start 861 

tests with diesel using average and coefficient of variation (CoV) of engine speed and torque. 862 

As can be seen, the difference between the tests is indicating the repeatability of the 863 

experiment. In addition to these two important parameters, Table A3 shows the CO2 864 

repeatability. This experimental study used a non-dispersive infrared CAI-600 CO2 gas 865 

analyser which is a piece of high-tech quality equipment in the market used by different car 866 

industries and research groups to check the CO2 emission and confirm the test repeatability. 867 

It is worth to mention that using a correlation car/engine and measuring CO2 in the repeated 868 

tests and then calculating the variation between the correlation tests is a very common and 869 

trustworthy method of uncertainty measurement and test repeatability check in emissions 870 

laboratories of the automotive industries. 871 

 872 

 873 

 874 

Instrument Accuracy  

Kistler 6053CC60 piezoelectric transducer ≈ -20 pC/bar 

Kistler type 2614 0.5 crank angle degrees 

CAI-600 NDIR CO2 analyser Linearity > 0.5% and repeatability > 1% of full scale 

SABLE CA-10 Carbon CO2 gas analyser 1% of reading within the range of 0-10% 

Dynamometer ±0.5% 
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Table A2 Test repeatability: statistical analysis  875 

 
Engine speed (rpm) Engine torque (Nm) 

Mean CoV (%) Mean CoV (%) 

Warm-start Test I 1499.49 0.14 242.02 1.00 

 Test II 1498.94 0.15 238.28 1.34 

 Difference 0.04% 1.5% 

Cold-start Test I 1499.19 0.13 227.20 5.42 

 Test II 1498.87 0.15 225.28 3.74 

 Difference 0.02% 0.82% 

 876 

Table A3 Test repeatability: CO2 correlation test  877 

 Mean CoV (%) 

Warm-start Test I 6.64 0.36 

 Test II 6.47 0.51 

 Difference 0.17% 

Cold-start Test I 6.51 2.27 

 Test II 6.36 0.97 

 Difference 0.12% 

 878 


