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Abstract 

A commercially available fuel, E85, a blend of ~85% ethanol and 

~15% gasoline, can be a viable substitute for fossil fuels in internal 

combustion engines in order to achieve a reduction of the greenhouse 

gas (GHG) emissions. Ethanol is traditionally made of biomass, 

which makes it a part of the food-feed-fuel competition. New 

processes that reuse waste products from other industries have 

recently been developed, making ethanol a renewable and sustainable 

second-generation fuel. So far, work on E85 has focused on spark 

ignition (SI) concepts due to high octane rating of this fuel. There is 

very little research on its application in CI engines. Alcohols are 

known for low soot particle emissions, which gives them an 

advantage in the NOx–soot trade-off of the compression ignition (CI) 

concept. Therefore, the main objective of this research is to 

experimentally characterise the impact of E85 on performance and 

emissions of a heavy-duty (HD) direct ignition compression ignition 

(DICI) engine at mid-to-low load, and to identify possible challenges. 

To do so, a surface response method of the Box-Behnken type is 

implemented on a measurement campaign on a HD single cylinder CI 

engine. The effects of common rail pressure (Prail), λ and combustion 

timing (CA50) as control parameters on experimentally measured 

values of soot, regulated gaseous emissions (NOx, CO and THC) and 

gross indicated efficiency (GIE) of the engine are studied. Linear 

regression (LR) analysis indicates that the outputs of the NOx and 

soot models are affected by all three control parameters, whereas 

GIE, THC and CO models in this case exclude λ effects. E85 fuel 

shows potential to be a good candidate for highly efficient low 

temperature combustion (LTC) in DICI engines, with reduced NOx 

and soot levels compared to fossil diesel combustion. 

Introduction 

Long-term improvements and plans for solving challenges in 

transportation until year 2050 have been in focus of governments and 

policy makers world-wide. While trying to change our consumption 

and travelling habits and waiting for new discoveries to emerge, we 

have an obligation to improve the current state of the technology in 

such a way that the global warming and pollution from the internal 

combustion engines (ICEs) be reduced. A small increase in engine 

efficiency, a slight reduction of harmful emissions, and blending 

higher percentages of renewable fuels into fossil ones, can add up to 

a significant improvement. In order to achieve the reduction of the 

greenhouse gas (GHG) emissions, The European Union promotes the 

use of energy from renewable sources. [1]. 

Direct injection compression ignition (DICI) diesel engines are 

renowned for their high efficiency, durability and high torque output, 

and therefore are an element of the transportation that can keep its 

place in the changing technology. By combusting E85 instead of 

fossil-based diesel, DICI engines can reduce their climate impact. 

The challenge is to ignite E85 in a DICI engine due to its high 

research octane number (RON) and low cetane number (CN), which 

can be solved by emerging technologies [2][3]. 

E85 is a fuel consisting of up to 85% anhydrous ethanol by volume 

mixed with gasoline without aromatics; the composition is 85% 

ethanol and 15% gasoline during the summer time, and 75% ethanol 

and 25% gasoline during the winter time. It is commonly used in SI 

engines adapted for ethanol in so called flexible-fuel vehicles (FFVs). 

The new models of light vehicles running on E85 are being 

introduced to the European market. E85 fuel is commercially 

available in the USA, France, Sweden, and a few other European 

countries, since the infrastructure for production, delivery and sale of 

E85 is already developed there. In Sweden, the whole 65% of all gas 

stations offer E85 [4], while this number is lower in the USA at 

around 7% [5][6]. Nearly 8.3% of light vehicles in year 2019 were 

FFV in the USA [7][8]. Approximately 1% of all cars registered in 

Sweden since 2010 can be run on E85 [9]. This notable difference is 

due to the fact that FFVs are considered as alternative fuel vehicles 

(AFVs) in the USA [10]. With the uncertainty that EU tax exemption 

measure for biofuels expiring at the end of year 2022 creates, E85 is 

not a favourable fuel in Sweden currently, despite its availability 

[11]. 

A report by Swedish Energy Agency [12] which includes a well-to-

wheel analysis of different liquid fuels and electricity, shows that 

GHG emissions per energy content during the whole lifecycle of the 

fuel are reduced by 45% when E85 is used compared to gasoline, and 

36% compared to diesel. The ethanol used for E85 in Sweden is 81% 

of fossil-free origin. First-generation (1G) ethanol is traditionally 

made through biological processes, such as fermentation of biomass, 

usually from sugarcane, sugar beets, grains or corn. New production 

processes, including pre-treatment, enzymatic hydrolysis and 

fermentation, that reuse waste products from other industries, such as 

lignocellulose residues (pulp and paper), have been developed. Since 

this kind of renewable and sustainable ethanol fuel production does 

not compete with food industry for the natural resources, the product 

is called second-generation (2G) ethanol. In integrated bio-refineries, 

the total lignocellulosic biomass is valorised by producing valuable 

speciality chemicals alongside 2G ethanol. The energy platforms for 

burning lignocellulose residues in boilers for co-generation of heat 

and power (CHP) are already well-established and can be used in 2G 

ethanol production as well [13]. Further potential of E85 fuel lies in 

the possibility to additionally reduce the GHG emissions by 

exchanging a portion of gasoline with biogasoline, i.e. renewable 

gasoline that is a side product of making renewable diesel [14] or bio-

based gasoline, made of residuals from the forest industry, 

hemicellulose and cellulose based sugars. 



A combustion concept that can derive benefits from properties of 

ethanol and gasoline combustion in a DICI engine is partially 

premixed combustion (PPC), which can be classified as low 

temperature combustion (LTC) [15]. Fuel injected during the last 

quarter of the compression stroke creates sufficient premixing, 

avoiding fully premixed or fully heterogeneous conditions, and the 

auto-ignition occurs after a delay. The reduced fuel-air equivalence 

ratio and compression temperature lower than in conventional diesel 

combustion (CDC) enables avoiding the formation of soot and NOx 

simultaneously [16]. This is possible to achieve by boosting the 

intake air pressure and diluting the mixture with an excess of air, or 

by using EGR or water injection to add new gas ingredients and 

increase the heat capacity of the mixture [17][18][19]. Fuels 

appropriate for PPC have high enough autoignition resistance, i.e. 

high RON ratings [20][21][22]. 

Alcohol blends can be used in different ways in the ICEs, as 

summarised in [23]. The benefits of using low-sooting ethanol fuels 

in DICI engines were initially presented in [24]. E85 combines the 

properties of the two high RON fuels: ethanol [25] and gasoline [26], 

making it a good candidate for a DICI fuel [27][28]. Literature on 

using E85 in heavy-duty (HD) or DICI engines is scarce, since E85 is 

a fuel traditionally used in low-duty direct ignition spark ignited (LD 

DISI) engines [31][30] and more recently in a concept powertrain in 

medium-duty (MD) DISI trucks [31]. The observed benefits of lower 

soot levels, GHG, and other engine out emissions from DISI engines 

initiates the idea of testing E85 in DICI engines. 

ED95 is a fuel commercially used in HD CI engines [32][33]. It 

consists of 95% hydrous ethanol by volume, 5% by weight are 

ignition improver polyethylene glycol derivatives, and 2.8% by 

weight is corrosion inhibitor methyl tert-butyl ether and isobutyl 

alcohol. Since the ethanol in ED95 is hydrous, the fuel contains 6.4% 

water by weight. An ED95 engine is similar to a diesel engine with 

modified fuel system and considerably higher compression ratio (rc) 

of 28:1, making the engine bigger and more complex and its 

operation costly. Another drawback is that ED95 fuel is not readily 

available and that the technology is developed by only one engine 

manufacturer. The reported benefits are significantly reduced THC, 

CO and NOx tailpipe emissions, despite the aftertreatment systems 

not being optimized for the operating conditions [34].  

The reactivity-controlled compression ignition (RCCI), being another 

LTC concept, uses a port fuel injected (PFI) low reactivity fuel, with 

direct injection (DI) of a smaller amount of a high reactivity diesel 

fuel. Several studies were conducted on E85 in combination with 

diesel fuel as ignition improver in dual fuel LD [35] and HD [36][37] 

CI engines. RCCI is, however, limited by the complexity of the fuel 

storage and supply system. A study with only E85 in a HD CI engine 

is presented in [38], where PFI and DI were utilized simultaneously. 

Heavy-duty engines operating over low load duty cycles are typical 

for urban environments and vocational applications, such as delivery 

trucks and refuse pickup. Urban areas require large quantities of 

goods and services for commercial and domestic use. During the 

COVID-19 pandemic, only food delivery has more than doubled in 

the USA [39]. Around 90% of population in Europe is shopping 

online and has their orders delivered [40]. Therefore, the relevance of 

low load engine emissions is increasing beyond the emission 

regulations in force. Currently, 45% of HD engine tests in World 

Harmonized Stationary Cycle (WHSC) are performed at low load, i.e. 

at 25% of the full engine load [41]. 

This study aims to fill the knowledge gap about DICI of E85 in a HD 

engine. Three parameters controlling the combustion processes in the 

engine are varied within a certain range in a Box-Behnken design 

(BBD) of experiment which gives 13 engine operation points in LTC 

combustion mode at mid-to-low load. The focus lies on identifying 

conditions for a high gross indicated efficiency (GIE) and low 

indicated specific (IS) gaseous emissions and soot levels. These 

emission levels are compared to the EURO VI emission standards for 

HD vehicles which is introduced in Europe in 2014 [42]. 

Method 

Experimental Setup 

Experiments were performed on a test rig based on a Scania D13 six-

cylinder HD DICI engine. Figure 1 shows the schematic diagram of 

the experimental engine and surrounding setup. One of the cylinders 

was active and the fuel was injected through an injector with 12 holes 

of 230 μm diameter and 120° umbrella angle connected to a common 

rail and a high-pressure injection (XPI) fuel pump. The fuel supply 

system on this engine was designed for a Scania ED95 ethanol engine 

suited for operation with alcohols. The existing equipment was used 

and therefore the engine piston was of the standard stepped bowl 

shape with geometrical rc of 17.3:1. Table 1 lists the specifications of 

the experimental engine. 

 

Figure 1. Schematic diagram of the experimental engine. Reprinted from [43] 
with permission. 

Table 1. Specifications of the experimental engine 

Cylinders originally six, operated on one  

(cylinder 6) 

Displacement volume 2124 [cm3] 

Stroke 160 [mm]  

Bore 130 [mm] 

Connecting rod length 255 [mm] 

Geometrical rc 17.3:1 

Number of valves 4 

 

An external compressor provided the oil-free dry air for the engine. 

In order to achieve a stable intake charge temperature, a 7.5 kW 

heater was placed in the intake pipe. The engine was connected to an 

electric motor that motored the engine during the start-up phase, and 

kept the engine at a constant rotational speed when fired. A water 

cooled Kistler pressure transducer measured the relative in-cylinder 

pressure. The cylinder pressure at the inlet bottom dead center (BDC) 

was considered equal to the intake manifold pressure when the 

absolute in-cylinder pressure was calculated for the heat release 

calculations. Also, the top dead center (TDC) offset between the 

CAD measured by the encoder signal and the calculated in-cylinder 

volume was compensated for by setting the peak of the motored in-

cylinder pressure at a fixed location, as explained in [44]. 

The value of lambda (λ) was measured in real time by an ETAS LA4 

meter. An AVL micro-soot sensor (MSS) was used to continuously 



measure the equivalent black carbon (eBC) mass concentration of 

soot in the engine-out exhaust stream [45][46]. A Horiba emission 

system (MEXA-7500DEGR) analysed the gaseous emission levels in 

the raw exhaust without using aftertreatment systems: THC, CO, 

NOx and O2. A flame ionization detector (FID) in the emission 

analyser was not optimal for measurement of exhaust from partially 

oxidized fuels, such as E85, since it underestimated the THC 

concentration. According to studies [47][48], the realistic THC values 

may be higher by 15–18% than the ones measured by FID. However, 

the suggested correction factors were not included in the results 

presented in this publication. 

The E85 fuel used throughout this study was a commercially 

available summer blend of 85 volume-% of bioethanol and 15 

volume-% of gasoline with properties shown in Table 2. In order to 

increase the lubricity of E85 and ensure flawless operation of the fuel 

delivery system, 200 ppm of Infineum R655 was added to the E85, 

and its effect on the results was considered negligible [49]. 

Table 2. E85 fuel specifications. *Provided by the manufacturer [50], other 
values from [51]. 

RON 101–104* 

H/C 2.703 

O/C 0.382 

QLHF 29.62 MJ/kg 

(A/F)S 9.85 

 

Experimental Design 

Since the response of an experiment can be affected by numerous 

factors, this experiment was limited to manipulating three chosen 

factors. A BBD with 13 operation points (OPs) limits the test points 

compared to a full factorial (27 points), and at the same time avoids 

extreme combinations of control values that could be obtained by a 

15 points central composite design (CCD) [52]. 

A BBD was applied in this experiment in order to, with a limited 

number of measurement points, collect the data that can characterise 

a wide field of DICI operation with E85. The most important engine 

control parameters were used as design factors in order to catch and 

describe their effects on the engine performance, as well as to 

determine interactions between them which otherwise might not be 

possible to see. These control parameters are the fuel injection 

pressure (Prail), air-fuel ratio expressed as λ, and combustion phasing 

measured after top dead centre (ATDC) as the crank angle at which 

50% of the charge has been consumed (CA50). Each of them has 

three levels coded as -1, 0 and 1, responding to a low, middle and 

high level setting, respectively, as shown in Table 3. The BBD points 

are visually represented in Figure 2, and specified in Table A-1 in 

Appendix. The physical values of the factor settings were decided 

during the initial tests of the engine operation limits at a constant load 

of 8 bar gross indicated mean effective pressure (IMEP). A signal 

sent to the fuel injector directly controls Prail, and fine-tuning the start 

of injection (SOI) sets CA50 to a desired value. The value of λ is 

changed by adjusting the intake air throttle. Note that the middle level 

of λ was not possible to set to a mean between high and low level 

values due to the limitations in hardware controllability. The closet 

achievable value was chosen. Operational values of CA50 and λ were 

positioned with maximum ±0.27 CAD (2.85%) and ±0.1 (5.35%) of 

the nominal values, respectively. 

The in-cylinder pressure data used in this study were collected from 

the engine by sampling signals every 0.2 CAD and averaged from 

300 engine cycles measured under steady state engine operation 

conditions at the constant rotational speed of 1200 rpm, constant 

intake temperature (Tin) of 120°C and constant gross IMEP of 8 bar. 

The exhaust gas recirculation (EGR) valve was sealed to prevent any 

leakage and ensure there was no EGR. 

Figure 2. Engine operation points in a Box-Behnken design with three factors 

x1, x2 and x3 

Table 3. Coded and physical values of the BBD factors 

Coded units Prail [bar]  (x1) λ (x2) CA50 [CAD ATDC] (x3) 

-1 800 1.25 6 

0 1050 2.3 8 

1 1200 3 10 

 

Regression Model 

In order to mathematically describe and study the effects of the 

engine control parameters on the engine behaviour, five multiple 

linear regression (LR) models of engine GIE, IS THC, CO, NOx and 

soot were built. The purpose of the presented models is to provide a 

better understanding of the processes behind the engine behaviour 

with E85 fuel, and not to provide a predictive tool for an engine 

efficiency and emissions. 

The predicted response 𝑌 is represented in Equation 1 as a linear 

combination of calculated regressors 𝛽 with three predictors 𝑥1, 𝑥2 

and 𝑥3 which correspond to Prail [bar], λ and CA50 [CAD ATDC], 

respectively. Calculations are performed with the normalized coded 

units (Table 3), and therefore the effect of the physical units on the 

magnitude of the predictors is removed. 

𝑌 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽3𝑥3 + 𝛽12𝑥1𝑥2 + 𝛽13𝑥1𝑥3 + 

+𝛽23𝑥2𝑥3 + 𝛽11𝑥1
2 + 𝛽22𝑥2

2 + 𝛽33𝑥3
2 

                                                                                                           (1) 

The coefficient of determination R2 indicates the quality of a model 

fit to the measured data, where R2 = 0 means no fit at all, and R2 = 1 

means a perfect fit. In some cases, it is not possible to obtain great 

models with high R2. Introducing variable transformations may 

improve a model which, for example, predicts a physically 

impossible negative response. Predictors 𝑥1, 𝑥2 and 𝑥3 are in that 

case replaced with their logarithmical values log 𝑥1, log 𝑥2 and 

log 𝑥3, respectively, making a new model, and finally the physical 

response is computed as 10𝑌. 



Results 

Model Calculation 

Table 4 lists the R2 values showing that models could capture high 

percentage of the variations in response to the independent engine 

control parameters. A logarithmic regression model was needed for 

IS soot due to low measured values. The values of calculated 

regressors 𝛽 are listed in Table A-2 of Appendix. 

Table 4. Coefficients of determination for the LR models of GIE and IS 
emissions 

 GIE THCis COis NOxis Sootis (log) 

R2 0.89 0.97 0.89 0.88 0.98 

 

The modelled influence of the control parameters on the engine 

performance can be seen in Figure 3. The bars are sorted in declining 

order and represent the absolute values of the model regressors (the 

blue ones have positive and grey negative signs) with the standard 

error of the mean (SEM) lines. A higher magnitude of a regressor 

shows a stronger influence of the control parameter on the output. 

Red axis on the right-hand side shows the accumulated sum of the 

influence of each consecutive control parameter. Apart from showing 

which control parameters are important in controlling the engine 

behaviour, the models also reveal which control variables do not 

affect the measured outputs. 

There is a fairly good correlation between experimental and modelled 

results for GIE, with R2 at 0.89. Figure 3 shows that the GIE is 

mainly influenced by λ and an interaction between Prail and λ. The 

SEM of Prail regressor is considerably higher than the magnitude, 

therefore a direct influence of Prail on of GIE cannot be confirmed. Of 

these three factors, IS THC emissions depend on λ and λ2, as well as 

Prail, and R2 of this model is high at 0.97. IS CO model, with R2 of 

0.89, in a similar manner includes the strongest influence of λ and λ2. 

As in the case of GIE, the effect of Prail on IS CO is not conclusive, 

but still visible in the interaction between Prail and λ. The logarithmic 

IS soot model is reliable with R2 at 0.98, with all three control 

parameters having a considerable influence on the output. Similarly, 

the IS NOx emission model shows that all predictors affect the 

output. The effect of CA50 is not statistically significant, however it 

is included through its squared term. A logarithmic variable 

transformation would not increase R2 of the IS NOx model, so the 

original model with R2 of 0.88 was studied. 

 

Figure 3. Ranking of the absolute values of control parameters by their influence on GIE, IS THC, IS CO, IS NOx, and IS soot 

 

Figure 4. Normal plot of residuals for the LR models of GIE, IS emissions and soot 



The normality of residuals from the obtained regression models is 

validated by plotting them against Z-score. Figure 4 shows that the 

points have fairly symmetric distribution around a straight line of a 

normal plot with no major outliers for all five modelled responses, 

which indicates that the normality assumption of the measurements is 

satisfied. 

Engine Performance and Emissions 

Two examples of the rate of heat release (RoHR), in-cylinder 

pressure and injector current within a relevant window of crank 

angles for OP4 (Prail at the low setting, λ at the high setting, and 

CA50 at the medium value) and OP7 (the central BBD point) are 

shown in Figure 5. The injector current represented by a black line is 

only an indication of the actual SOI and end of injection (EOI). The 

EOI is clearly separated from the start of combustion defined as CA5, 

which gives a positive mixing period (MP). For all 13 OPs, the MP is 

positive in the range from 2.8 to 5.1 CAD, indicating that the 

combustion mode is LTC, PPC in particular [53], with very short 

combustion durations (11–22 CAD), which is one of the factors 

contributing to high efficiency (see Figure 7a). Throughout the 

experiments, the combustion was stable with the coefficients of 

variation (COV) of net IMEP in the range between 1.7 and 2.8%. 

The predicted model responses for the efficiency and emissions are 

compared to the measured values and presented in the two following 

sections. The trends of emissions are also discussed in comparison 

with typical emission levels with diesel fuel available in literature and 

with respect to the stationary EURO VI emission standards for HD 

vehicles given in Table A-3 in Appendix. 

The dashed lines in Figures 8, 9, 10, 12 and 13 are model outputs for 

the coded value –1 of a control parameter in the corresponding 

legend (low level). Likewise, the solid lines represent model outputs 

for the coded value +1 of a control parameter in the legend (high 

level). In both cases, the other control parameter (not present in the 

legend) is set to the middle level (coded as 0). Experimental 

measurements in the graphs are represented as o for a low control 

parameter setting and x for a high setting. 

Efficiency 

The majority of OPs lies in a GIE range right below 45%, see Figure 

7a. The four OPs with lowest GIE (OPs: 1, 5, 6 and 10) are the cases 

with λ at 1.25, having the highest maximum average in-cylinder 

temperature (see Figure 7c) resulting in higher heat losses, but low 

THC emissions due to high temperatures, see Figure 6. Higher CO 

emissions (also in Figure 6) result in their combustion efficiency (𝜂𝑐), 

shown in Figure 7b, being slightly lower than of the other OPs. This 

implies that THC and CO emission behaviour depends strongly on λ 

(confirmed by models in the following two subsections); with λ of 

1.25, a dependency close to linear between THC and CO has a 

steeper slope, whereas the dependency slope is less steep for the other 

two λ values (2.3 and 3).  

Despite its 𝜂𝑐  being close to the aforementioned group of OPs, OP4, 

with Prail at the low setting, λ at the high setting, and CA50 at the 

medium value, has the highest achieved GIE of 50.23%. OP4 has, 

though, emissions completely opposite to the previous OPs group, 

with high THC and low CO emission levels. 

Figure 5. RoHR, in-cylinder pressure, and injector current for OP4 (a) and 
OP7 (b). For OP nomenclature see Table A-1 in Appendix. 

 

Figure 6. IS CO versus IS THC for the 13 OPs, and EURO VI emission 

standard limits. For OP nomenclature see Table A-1 in Appendix. 

(a) 

(b) 



Figure 7. GIE (a) and 𝜂𝑐 (b) and maximum in-cylinder temperature (c) for the 

13 OPs. For OP nomenclature see Table A-1 in Appendix. 

OP4 is a candidate for the most favourable operation condition within 

the range tested in this experimental study. The reason for the high 

GIE may be that λ at 3 is better for thermodynamic efficiency, and 

that CA50 at the middle setting (8 CAD ATDC) is nearest to the 

optimal. The maximal in-cylinder temperature of OP4 is similar to 

those of OP2 and OP3, and it is reached at similar CAD, but the 

average in-cylinder temperature drops faster for OP4 due to its 

shorter burn duration than for OP2 and OP3. Lower Prail of 800 bar in 

combination with the previously mentioned settings gives the 

operation conditions of this engine configuration that can be a 

starting point for a further investigation, due to a big step up in GIE 

compared to the other OPs. 

The GIE model shown here is able to capture the trends of the 

experimentally measured physical values. The increase in Prail (see 

Figure 8b) in richer combustion conditions increases the air 

entrainment and promotes mixing, which results in higher efficiency, 

whereas GIE decreases due to the excess air at the highest λ value. It 

corresponds well to the steeper increase in GIE for lower Prail when λ 

changes from the low to high setting, as it can be seen in Figure 8a. 

This may indicate that the local maxima of the efficiency are outside 

of the range tested here, when GIE values will start decreasing again 

for even leaner mixtures. 

Figure 8. The effect of the control parameters on GIE, (a) λ, (b) Prail 

(a) 

(b) 

(a) 

(b)

(c) 



Indicated Specific THC 

The effects of λ and Prail on IS THC are shown in Figure 9. THC 

emerging during expansion and exhaust strokes is not further 

oxidized in OPs with higher λ and lower exhaust temperatures. In 

case where Prail is increased for the low λ setting, the model is not 

able to predict a slight increase in IS THC emissions, whereas it 

follows the trends for the leaner mixture. 

A previous study (see [46]) with the same experimental setup and 

operation conditions similar to OP11, showed 25% lower IS THC 

emissions with diesel fuel compared to E85 in this study. Since the 

injectors used here were not targeted for E85 fuel, this would be a 

possible degree of freedom for lowering THC emissions. In general, 

it is expected that THC emissions will be higher due to higher latent 

heat of vaporization of ethanol compared to diesel. 

Figure 9. The effect of the control parameters on IS THC, (a) λ, (b) Prail 

Indicated Specific CO 

IS CO emissions in this study are lower than the EURO VI standard, 

except for the OPs with low λ settings, see Figure 10. More air 

available for the combustion provides the conditions for complete 

oxidation to CO2. One exception to this is OP3 (see Figure 6) where λ 

is at the medium level: the IS CO emission is slightly increased, 

possibly due to the retarded combustion, leaving less time for 

oxidation after combustion. 

The trends of the measured values are captured by this model. 

However, the modelled output values at the high setting of Prail 

underestimate IS CO values. 

Figure 10. The effect of the control parameters on IS CO, (a) λ, (b) Prail 

Indicated Specific NOx 

The regression model of IS NOx in Figure 11 includes an almost 

equally strong influence of all three control variables, describing the 

NOx trends well; however, it is not able to capture the steeper 

increase of the emissions for higher levels of Prail as well as for the 

retarded combustion phasing. The NOx formation rate has an 

exponential dependency on combustion temperature, as explained in 

[54]. The LR model in this study includes quadratic terms of Prail and 

CA50 in an attempt to mimic the non-linearity. 

The experimental measurement presented in Figure 12 show that the 

high λ value, with more oxygen available for the combustion, results 

in higher NOx emissions. OP 4 is the only exception to this, since the 

NOx level there is comparable to the OPs with the low λ values. The 

peak cylinder temperatures with leaner mixtures are considerably 

lower than for the OPs with lower λ values, as shown in Figure 7c, 

but still their NOx emissions are high. This difference may be due to 

higher latent heat of vaporization of ethanol compared to diesel, and 

its cooling effect which decreases NOx formation when the mixture 

is richer. 

(a) 

(b) 

(a) 

(b) 



Higher Prail increases the air entrainment and promotes mixing of 

fuel, causing a faster combustion with shorter burn durations, and 

therefore higher peak in-cylinder temperatures and higher NOx 

emissions. Earlier combustion in combination with the Prail increase 

gives higher increase in NOx emissions than later combustion when 

Prail increases. 

Figure 11. The effect of the control parameters on IS NOx, (a) λ, (b) Prail, (c) 

CA50 

 

Figure 12. NOx – soot trade-off for the 13 OPs, and EURO VI emission 

standard limits. For OP nomenclature see Table A-1 in Appendix. 

Due to the PPC-type combustion of E85, where most of the 

combustion takes place in the premixed mode, NOx emissions are 

significantly lower relative to CDC observed in [46]. Still, the NOx 

levels are higher than the EURO VI standard, and a reduction would 

be possible by utilizing EGR [27]. 

Indicated Specific Soot 

A power law model of soot emissions from diesel combustion, where 

soot depends on CA50, τ (half life of heat release after end of 

injection), IMEP and intake oxygen concentration, was previously 

described in [55]. The last two variables are constant in this study, 

whereas the first two are changing: CA50 and τ (CADs needed for 

the RoHR to diminish by half from the peak, indicating the efficiency 

of the late cycle oxidation). Despite the soot formation and oxidation 

processes being non-linear, there is a possibility to represent the 

engine-out soot emissions by a LR model, which in this study 

includes λ, showing the availability of oxygen and directly affecting 

the rate of soot oxidation, Prail, indicating the mixing rate, and CA50, 

a measure of the time available for oxidation before opening of the 

exhaust port. 

The regression model of soot is capturing the measured values well, 

see Figure 13. A higher Prail promotes mixing rate by better fuel 

atomization and penetration, avoiding local rich zones, which results 

in lower soot levels. An advanced CA50 allows for longer time 

available for soot oxidation, also reducing the soot levels. At the high 

λ setting, soot emissions are low, since more air is available for the 

oxidation. 

All operation points except for OP1 showed soot levels under the 

current emission regulations. The models rely on the average IS soot 

value for all 300 observed engine cycles, however, COVs of the 

measurements from MSS in three OPs with lowest soot levels are 

over 20%, even though the sensitivity of MSS is such that it should 

be able to catch these low soot levels. Therefore, it can be argued that 

measured soot levels from E85 combustion in this study do not fall 

under measurement or experimental uncertainty, but that the actual 

soot levels in certain OPs have high cycle-to-cycle variations. High 

COV values for cycle-resolved soot measurements are common, as 

[56] shows it in detail. 

For the studied OPs, Figure 12 shows that the NOx–soot trade-off can 

be better handled in combustion with E85 fuel due to its very low 

soot values and lower NOx values compared to similar low load 

conditions with diesel fuel previously studied in [46] and gasoline, 

methanol and ethanol used with a lower rc in [57]. 

(a) 

(b) 

(c) 



Figure 13. The effect of the control parameters on IS soot, (a) λ, (b) Prail, (c) 
CA50 

Conclusion 

Introducing a new fuel and a new engine combustion concept 

simultaneously in order to combat the climate change can be a 

challenging and time-consuming task. On the other hand, E85 fuel, 

being already available on several markets, gives a viable and a 

relatively fast opportunity to reduce GHG emissions from the HD 

transport sector. Moreover, it can be used in engines based on the 

current DICI technology with certain adaptations. The need for high 

intake air temperature can be removed by by-passing the engine 

intercooler in order to gain more compression heat [2], or by 

insulating combustion chamber to reduce heat losses [3]. A difficulty 

is that a lubricity additive is necessary to protect the high-pressure 

injection system from ethanol, so an additional tank for that would be 

needed. 

As a part of this study, commercially available E85 was directly 

injected into a HD CI engine with one active cylinder achieving PPC 

at mid-to-low load, and the resulting efficiency and emissions were 

studied. 

A BBD of response surface methodology was used to investigate the 

effects of three control parameters (Prail, λ and CA50) on the E85 

combustion. Mathematical models of five experimentally measured 

and calculated variables (GIE, IS THC, IS CO, IS NOx and IS soot) 

were then build using linear regression. The simple LR models could 

describe the behaviour of the engine well, showing that λ and Prail had 

the influence on the efficiency and all emissions, whereas CA50 

affected only NOx and soot. 

GIE of the majority of OPs lies right below 45%. The low λ setting is 

negatively affecting GIE. At Prail of 800 bar, λ of 3 and CA50 of 8 

CAD ATDC, GIE reached the highest value of 50.23%. The potential 

of this OP with high efficiency needs to be further investigated and 

can be a starting point for future studies. 

With E85 fuel, the emitted soot levels were very low, and therefore 

the NOx–soot trade-off, which is typical for diesel combustion, 

disappeared. NOx emissions can be further reduced by introducing 

EGR in future experiments. CO emissions were lower than the 

EURO VI standard, except for the OPs with low λ settings, and THC 

emissions were above the emission standard limits, also with the 

exception of the same group of OPs. This, however, can be solved by 

an oxidation catalyst [58], with lower conversion efficiencies for 

LTC and low load, and higher conversion for mid and high loads 

with higher exhaust gas temperatures. 

Since the combustion system was not optimised for E85 fuel, it is 

likely that the local conditions drive emissions formation. Future 

CFD studies could suggest a proper spray targeting with an optimized 

injection strategy, and with injectors and piston bowl shape for 

ethanol, which would result in more optimal operation conditions and 

lower emissions. 

The next step is to conduct experimental studies in order to describe 

the behaviour of E85 within a wider engine load range with 

appropriate EGR levels. 
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1G first-generation 

2G second-generation 

AFV alternative fuel vehicle 

ATDC after top dead centre 

BBD Box-Behnken design 

CA5 The crank angle at which 5% 
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consumed, start of 

combustion. 

CA50 The crank angle at which 

50% of the charge has been 

consumed. 

CAD crank angle degrees 
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CDC conventional diesel 

combustion 

CFD computational fluid 

dynamics 

CHP co-generation of heat and 

power 

CN cetane number 

COV coefficient of variation, 

standard deviation divided 

by the mean 

DI direct injection 

DICI direct injection compression 

ignition 

DISI direct ignition spark ignited 

eBC equivalent black carbon 

EOI end of injection 

FAME fatty acid methyl ester 

FFV flexible-fuel vehicles 

FID flame ionization detector 

GHG greenhouse gas 

GIE gross indicated efficiency 

HD heavy-duty 

HVO hydrotreated vegetable oil 

ICE internal combustion engine 

IMEP indicated mean effective 

pressure 

IS indicated specific 

LD low-duty 

LR linear regression 

LTC low temperature combustion 

MD medium-duty 

MP mixing period 

MSS micro soot sensor 

NOx nitrogen oxides 

OP operation point 

PFI port fuel injection 

PPC partially premixed 

combustion 

QLHF lower heating value 

rc geometrical compression 

ratio 

RCCI reactivity controlled 

compression ignition 

RoHR rate of heat release 

RON research octane number 

SEM standard error of the mean 

SOI start of injection 

THC total hydrocarbons 

WHSC World Harmonized 

Stationary Cycle 

WHTC World Harmonized Transient 

Cycle 

XPI high-pressure injection 

ηc combustion efficiency 

λ lambda, the ratio between 

the air-fuel ratio and the 

stoichiometric air-fuel ratio 

for the given fuel, (
𝐴

𝐹
) (

𝐴

𝐹
)
𝑆

⁄  

τ half life of heat release after 

end of injection 

  



Appendix 

Table A-1. The BBD of the engine operation points 

OP x1 (Prail) x2 (λ) x3 (CA50) 

1 -1 -1 0 

2 -1 0 -1 

3 -1 0 1 

4 -1 1 0 

5 0 -1 -1 

6 0 -1 1 

7 0 0 0 

8 0 1 -1 

9 0 1 1 

10 1 -1 0 

11 1 0 -1 

12 1 0 1 

13 1 1 0 

 

Table A-2. Calculated regressors for the LR models of GIE, IS emissions and soot 

Regressors GIE THCis COis NOxis Sootis (log) 

β0 41.93 0.21 1.2 0.56 -3.54 

β1 0.14 -0.02 -0.15 0.21 -0.4 

β2 4.39 0.12 -1.44 0.27 -0.62 

β3 0 0 0 -0.02 0.18 

β12 -2.1 0 -0.6 0 -0.15 

β13 0 0 0 0 0 

β23 0 0 0 0 0 

β11 0 0 0 0.24 0 

β22 0 -0.06 1.22 0 0.64 

β33 0 0 0 0.24 0 

 

Table A-3. European (indicated specific) emissions standard Euro VI for heavy-duty diesel engines in stationary (WHSC) and transient (WHTC) test cycles 

 WHSC WHTC 

CO [g/kWh] 1.5 4.0 

HC [g/kWh] 0.13 0.16 

NOx [g/kWh] 0.4 0.46 

NH3 [ppm] 10 10 

PM [g/kWh] 0.01 0.01 

PN [#/kWh] 8×1011 6×1011 

 


