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Abstract: This article presents the results of a study of energy and ecological indicators at different
engine loads (BMEP) adjusting the Start of Injection (SOI) of a Compression Ignition Engine fuelled
with blends of diesel (D), rapeseed methyl ester (RME)-based biodiesel and isopropanol (P). Fuel blends
mixed at D50RME45P5, D50RME40P10 and D50RME30P20 proportions were used. Alcohol-based
fuels, such as isopropanol, were chosen because they can be made from different biomass-based
feedstocks and used as additives with diesel fuel in diesel engines. Diesel fuel and its blend with
10% alcohol have almost the same thermal efficiency (BTE). In further examination of energy and
ecological indicators, combustion parameters were analysed at SOI 6 CAD BTDC using AVL BOOST
software (BURN subprogram). Increasing alcohol content in fuel blends led to a reduced cetane
number, which prolonged the ignition delay phase and intensified heat release in the premixed
combustion phase. Higher combustion temperatures and oxygen content in the fuel blends increased
NOx emissions. Lower C/H ratios and higher O2 levels affected by RME and isopropanol reduced
smoke emissions.

Keywords: compression ignition (CI) engine; biodiesel; isopropanol; combustion; energy indicators;
ecological indicators

1. Introduction

The rising demand for fossil fuels and the environmental issues concerning their use are the
biggest challenges that people face today. The transportation sector alone contributes up to 30% of
the world’s harmful emissions [1]. As the demand for fossil fuels continues to rise faster than its
supply, fossil fuels deplete, which in turn drives the price of such fuels as diesel and petrol up [2–4].
The absence of a replacement for vehicles that run on liquid fuels, and a high price of electric vehicles
made the automotive industry devote its resources to finding alternative fuels as a replacement and to
decreasing the emissions concerned with environmental problems [5–7]. Recent studies revealed that
greenhouse gases and harmful combustion chamber emissions can be significantly reduced by using
fuels, such as alcohol and biodiesel, as primary alternatives [8–16].

In order to beat the fossil fuel deficiency and control the increasing demand of natural gas,
opportunities for using alternative fuels in internal combustion engines have been searched [17].
The ease of handling and storing alcohol and biodiesel makes them promising substitutes for fossil
fuels [9,18–21].
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Modern biofuel production technologies are sufficiently developed and focused on the production
of alcohols, which are very widely used as fuel additives [22]. Mostly ethanol is produced, the production
technologies of which have been well known since ancient times. As a fuel additive ethanol has
many disadvantages, the most important of which is its corrosivity [23]. Therefore, the selection of
an alternative fuel blend for these studies focused on propanol, which is less corrosive and is close
to petroleum diesel in its properties and calorific value [24]. In addition, when blended with diesel
(10% v/v), propanol performs better in terms of emissions and noise than ethanol [25]. This choice was
also based on its cheapness compared to other higher order alcohols like butanol and pentanol [26].

The use of alternative fuels in standard internal combustion engines most often requires modifying
such engines. Our proposed three-component fuel mixture allows the replacement of conventional
fuels (diesel) with alternative analogues, the use of biodiesel must take into account many operational
aspects, such as e.g., CFPP, and alcohol propanol allows one to partially solve this problem. Therefore,
the chosen three-component diesel-biodiesel-propanol blend allows us to solve the difficult task of
using alternative fuels without engine modifications. The three-component mixtures mentioned
are rarely found in the literature and are usually defined by a narrow analysis of fuel consumption
and some exhaust parameters, and a more detailed analysis of heat release and other parameters is
postponed for further research [27].

The performance of the diesel engine with the blend of n-propanol at different proportions
like 10% by volume is attainable [28]. Diesel engines can use propanol-diesel blends containing
10 to 20% propanol without significantly affecting engine performance. It is further concluded that
10–20% of propanol-diesel blends are beneficial in reducing harmful fumes and NOx emissions [29].
n-Propanol/diesel blends higher than 30% showed lower soot density due to the predominant effect of
increasing spontaneous oxygen content in n-propanol/diesel mixtures [30].

It was observed that when the isopropanol concentration exceeds 15%, the combustion temperature
and BTE performance starts to increase in biodiesel [31], especially in biodiesel-diesel-isopropanol
blends (80%/10%/10%) [27]. Isopropanol improves the cold-flow limit in blends with both diesel and
biodiesel, cooling it when operating at low temperatures [32]. 15% Isopropanol content in diesel
allows for improved engine performance, lower smoke and NOx emissions (at low to medium loads),
but increases brake specific fuel consumption (BSFC) due to its lower calorific value [33]. Increasing
the isopropanol content to 55% compared to diesel led to an increase in nitrogen oxide emissions
(by an average of 139%), a reduction in carbon monoxide emissions (45%) and an increase in CO2

emissions (by an average of 17%). However, no significant change in unburnt hydrocarbon emissions
was observed [34].

Mixing different alcohols (ethanol-isopropanol and butanol) (EPB) with diesel at the ratio of 20 and
40% did not demonstrate a significant increase in heat release and combustion pressure compared to
that of diesel. They have been found to have a lower molecular weight flux permeability than diesel,
and the flame light index was lower with the use of the aforementioned additives in diesel, which
contributed to lower soot emissions [35]. On the other hand, this led to a shorter initial combustion
duration (ICD) and major combustion duration (MCD) conditions [11]. Changing injection strategies
for EPB blends revealed that pilot injection reduces the heat release rate and the peak pressure, while
dual injection improves fuel economy, reduces NOx emissions, at the same time increasing soot [35].

The blend of 30% EPB alcohols with gasoline improves BTE and slightly increases CO
(4.2%), hydrocarbon (HC) (18.9%) and NOx emissions (5.5%) compared to mineral gasoline [36].
Correspondingly, adding 1% of water to EPB blends (10% EPB and 90% mineral gasoline) resulted in an
even better ecological effect—a decrease in CO of up to 7.5% and in NOx of up to 12.4%, respectively [12].
The emulsion blend of fuel and water reduces local areas where the maximum temperature is reached,
resulting in decreased nitrogen activity and NOx concentration [37]. However, using isopropanol
additive in gasoline alone significantly increases HC emissions at low inlet air temperatures with
increasing isopropanol concentration in isopropanol-gasoline blends [38].
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When using 25% isopropanol in petrol blends with combustion control, there is a direct relationship
between octane number and combustion parameters of isopropanol. Start of combustion (SOC) is
delayed by increasing isopropanol content in the blend because isopropanol is more resistant to jerky
engine operation [39]. By reducing spark time in a petrol engine, isopropanol-gasoline blends (with
isopropanol content up to 30%) had lower NOx emissions than those found at the initial spark time [40].

Oxygen content is the key parameter that differs in fossil fuels and biodiesel [41–43]. Environmentally
friendly biodiesel produces clean and renewable energy, thus making it the alternative hope [44–46].
A study found that rapeseed methyl ester (RME) produced lower CO2 emissions due to a lower
carbon-to-hydrogen ratio as compared to diesel [47]. Methanol, ethanol are most commonly used
in fuel blends with biodiesel, and currently the second ACB wave will make butanol cheaper [48].
The use of proponol in fuel blends with biodiesel is a rare case, determined by the greater development
of other alcohol production technologies [20,49]. Lower heating values for B90Pr10 (90% biodiesel
and 10% propanol fuel mixtures) and cetane number increased BSFC and fuel gas temperatures while
reducing BTE [50]. Table 1 lists the properties of pure diesel, RME and isopropanol [51].

Table 1. Properties of 100% pure diesel, rapeseed methyl ester and isopropanol.

Properties Diesel Rapeseed Methyl Ester Isopropanol

Density (kg/m3) 843 877 785.1
Mass Fraction (% mass): Carbon 86.3 77.5 60

Hydrogen 13.7 12 13.4
Oxygen 0 10.5 26.6

Stoichiometric AFR 14.3 12.5 10.4
Lower Heating Value (LHV)(MJ/kg) 42.3 37.8 32.8

Cetane number 51 48 12
Auto-ignition temperature (◦C) 250 240 399

The aim of the research is to reveal the performance, combustion and emission characteristics of
IC engines using pure diesel and fuel blends with different proportions of diesel, rapeseed methyl
ester-based biodiesel and isopropanol.

2. Materials and Methods

2.1. Engine Testing Equipment

The engine used for testing is a 1.9 Turbocharged Direct Injection (TDI) diesel engine with a
VP37 (BOSCH, Stuttgart, Germany) electronic controlled distribution type fuel pump. The start of
the injection (SOI) was controlled by the Engine Electronic Control Unit (ECU) and it was a single
injection strategy. Figure 1 presents a detailed image of the tested engine and its parts, while research
conducted by other authors [52–55] and Table 2 lists the test engine parameters.

The brake torque MB (Nm) was determined on a load bench with a measurement error of ±1.2 Nm.
Hourly fuel consumption Bf (kg/h) was found using electronic scales SK-5000 with a 0.5% measurement
error. The pressure in the cylinder was measured using a piezoelectric sensor GG2-1569 mounted
on a glow plug with a sensitivity of 15.8 ± 0.09 pC/bar. Cylinder pressure values were recorded
using the LabView Real software at an interval of 0.176 CAD. The pressure in the engine intake
manifold was measured using an OHM HD 2304.0 pressure gauge (Delta, Padova, Italy) with a
measurement error of ± 0.0002 MPa. The intake air and the exhaust gas temperature were measured
using K-type thermocouples IR 8839 accurate to± 1.5 ◦C. The exhaust gas concentration was determined
using a DiCom 4000 gas analyzer (AVL, Graz, Austria). CO2 measurement accuracy was 0.1% vol.,
CO—0.01% vol., HC—1 ppm, NOx—1 ppm, and smoke absorption coefficient—0.01 m−1.
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Figure 1. Image of the test engine: (a) test bench scheme; (b) test rig. 
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No. of cylinders 4 

Compression ratio 19.5 

Power (kW) 66 (4000 rpm) 

Torque (Nm) 180 (2000–25,000 rpm) 

Bore (mm) 79.5 

Stroke (mm) 95.5 
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Intake valve closing at 25 CAD after BDC 

Exhaust valve opening at 28 CAD before BDC 

Exhaust valve closing at 19 CAD after TDC 

Fuel injection Direct injection (single) 

Fuel injection-pump design Axial-piston distributor injection pump 
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Nozzle and holder assembly Two-spring 

Nozzle opening pressure (bar) 200 

Figure 1. Image of the test engine: (a) test bench scheme; (b) test rig.

Table 2. Main parameters of the 1.9 TDI diesel engine.

Parameter Value

Displacement (cm3) 1896
No. of cylinders 4

Compression ratio 19.5
Power (kW) 66 (4000 rpm)
Torque (Nm) 180 (2000–25,000 rpm)

Bore (mm) 79.5
Stroke (mm) 95.5

Intake valve opening at 13 CAD before TDC
Intake valve closing at 25 CAD after BDC

Exhaust valve opening at 28 CAD before BDC
Exhaust valve closing at 19 CAD after TDC

Fuel injection Direct injection (single)
Fuel injection-pump design Axial-piston distributor injection pump

Nozzle type Hole-type
Nozzle and holder assembly Two-spring

Nozzle opening pressure (bar) 200
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Statistical calculations of type A uncertainties were used to measure exhaust. Type A uncertainties
were used to determine the standard deviation for repeated measurements, where u(x) is uncertainty,
n—repeatability of measurements, and s(x)—reliability [55,56]:

u(x) = s(x) =
s(x)
√

n
(1)

where x is the mean repeated value; s(x) is a standard deviation; s(x) is a standard deviation of the mean.
Uncertainty ranges u(x) of exhaust components are presented in Table 3.

Table 3. Uncertainty ranges u(x) of exhaust components.

Exhaust Component Number of Cycles ¯
x Standard Uncertainly u(x)

CO (g/kWh) 4 830 0.0036
CO2 (g/kWh) 4 895 0.0041
HC (g/kWh) 4 0.07 0.0005

NOx (g/kWh) 4 13.5 0.0079
Smoke (m−1) 4 7.3 0.0026

2.2. Fuels and Test Conditions

Tests were conducted using 100% pure diesel fuel and fuel blends prepared using different
proportions of diesel (D), rapeseed methyl ester (RME)-based biodiesel and isopropanol (P). The first
blend contained 50% diesel, 30% rapeseed methyl ester and 20% isopropanol (D50RME30P20), the second
blend had 50% diesel, 40% rapeseed methyl ester and 10% isopropanol (D50RME40P10), and the third one
50% diesel, 45% rapeseed methyl ester and 5% isopropanol (D50RME45P5). The properties like density,
mass fraction and lower heating value of the blends were calculated using the following formula:

properties of fuel blends =
∑

[(percentage of fuel blend × property)] (2)

Table 3 presents a comparison of the calculated properties of the fuel blends with the standard
diesel fuel. Uncertainties were calculated according to the model B [55]. Standard uncertainties were
calculated according to the formula:

uc =

√
u2

c ( f ) (3)

where uc
2(f) is the total uncertainty dispersion.

The uncertainty calculations for each fuel blend are presented in Table 4.

Table 4. Comparison of fuel properties of different fuel blends used and uncertainty ranges uc of each
fuel blend parameter.

D100 D50RME45P5 D50RME40P10 D50RME30P20

Density (kg/m3) 843 855.4 850.8 844.4
uc of Density (kg/m3) 0.008 0.0037 0.0032 0.0026

Mass Fraction (%): Carbon 86.3 81.025 80.15 78.4
uc of Carbon (%) 0.00333 0.00322 0.00215 0.00203

Hydrogen 13.7 12.92 12.99 13.13
uc of Hydrogen 0.00064 0.00058 0.00047 0.00044

Oxygen 0 6.055 6.86 8.47
uc of Oxygen 0 0.00008 0.00009 0.00012

Lower Heating Value (MJ/kg) 42.3 39.8 39.55 39.05
uc of Lower Heating Value (MJ/kg) 0.00814 0.00726 0.00633 0.00589

Cetane Number (-) 51 34.49 31.84 27.94
uc of Cetane Number (-) 0.0255 0.0344 0.0467 0.0592
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Engine tests were carried out at the engine speed of n = 2000 rpm and engine brake torque MB
was 30, 60 and 90 Nm, which corresponds to the Brake Mean Effective Pressure (BMEP) 0.2 MPa,
0.4 MPa and 0.6 MPa in the first experimental tests step. These are the loads of a city car running
of the ≈ 50 km/h, ≈ 80 km/h and ≈ 100 km/h speeds. During load-changing tests, fuel Start or
Injection Timing (SOI ≈ 2 CAD BTDC) was controlled by the engine electronic control unit. There were
(BMEP = 0.3 MPa) injection timing was adjusted (SOI = 0 . . . 16 CAD BTDC) by modulating the SOI
control signal in the second experimental test step. Injection timing was adjusted to determine the
variation of engine performance using fuel mixtures of different properties under different combustion
conditions. The Energy Indicators (Hourly Fuel Consumption Bf, Brake Specific Fuel Consumption
BSFC, Brake Thermal Efficiency (BTE)) and Ecological Indicators (emission of carbon monoxide
CO, carbon dioxide CO2, nitrogen oxides NOx, hydrocarbons CH, and smoke) were measured and
calculated at different engine loads and by adjusting start of injection. The results of all the tested fuel
blends will be analysed comparing them with results of diesel fuel. Experimental tests were performed
to ensure repeatability of the experiments. Several experiment design parameters were singled out,
such as fuel type used, engine rotation speed, engine load torque, and fuel injection angle.

The density difference between the fuels was found to decrease with increasing alcohol concentration
as seen in Table 4. Since the molecular mass of alcohols is lower than that of diesel and biodiesel [57–60],
with the alcohol content increasing from 5% to 10%, the density was found to decrease by 1.45%, and with
an additional increase from 10% to 20%, the density decreased by nearly 0.17%. When compared to
diesel, fuel blends with a 5 and 10% alcohol content tended to be denser, and the D50RME30P20 blend
tended to have a lower density compared to conventional fuel as calculated and presented in Table 4.

A lower heat value was found to differ less with an increase in the alcohol percentage share as seen
in Table 4. The lower heat value difference increased to 6.5% when increasing the fuel concentration
from 5% to 10%, and a further change of the concentration from 10% to 20% led to the difference
increasing by nearly 7.7%. The lower heat value highly depends on carbon and hydrogen content in
fuel [61–63]. So, with a relatively higher carbon and hydrogen content in diesel compared to their
content in other fuel blends, the lower heat value of conventional fuel was found to be higher than that
of other fuel blends, which declined with increasing alcohol content as seen in Table 4.

The difference in the cetane number decreased with increasing alcohol content as seen in Table 4.
The conventional diesel fuel is known for being rich in paraffin, which helps it achieve a higher cetane
number compared to other fuel blends [64]. When increasing the alcohol content from 5% to 10%,
the difference was found to increase to 37.5%, and a further increase in alcohol content to 20% led to an
increase in the difference of nearly 45%. As seen in Table 4, the cetane number steadily decreased with
alcohol content compared to that of the conventional fuel. The fuel stability was ensured by producing
fuel blends right before testing and feeding them to the engine.

2.3. Tools for Numerical Analysis of the Combustion Process

Due to a significant change in the cetane number in diesel and other prepared fuel blends, analysing
changes in performance of the engine by calculating combustion characteristics and comparing them
with those of diesel is necessary. AVL BOOST software was used in calculating the combustion
characteristics with the help of BURN subprogram. BURN analysis was conducted having created a
digital model of the 1.9 TDI diesel engine used in the experiment as seen in Figure 2. The digital model
of the engine was constructed by selecting the required elements from a displayed element catalogue
in AVL BOOST. The analysis of combustion requires general data on engine parameters, fuel and data
describing the operating point.
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Figure 2. Digital Engine Model used in AVL BOOST.

Engine parameters and experiment results were uploaded in the BURN subprogram and run to
get the combustion characteristics. Changes in the in-cylinder pressure and temperature, heat release
rate (ROHR) and the mass fraction burnt (MFB) were calculated in this research:

ROHR =
dx
dα

=
6.908
αCD

·(mv + 1)·
(
α−αSOC
αCD

)mv

·e−6.908·(
α−αSOC
αCD

)
(mv+1)

(4)

dx =
dQ
Q

(5)

MFB =

α∫
αSOC

dQ
dα·Q(α)

·dα = 1− e−6.908·(
α−αSOC

αCD
)
(mv+1)

, α > αSOC (6)

where Q—total fuel heat input; α—crank angle; mv—combustion shape parameter; αSOC—start of
combustion; αCD —combustion duration.

3. Results and Discussion

The experimental tests were carried out in two steps: (a) changing the engine load BMEP (0.2; 0.4
and 0.6 MPa); (b) changing SOI (0 . . . 16 CAD BTDC), and BMEP = 0.3 MPa. After plotting the graphs
from the (b) experiment results, a polynomial curve was drawn with a degree of 2 for all the energy
and ecological parameters to get a change trend.

3.1. Energy Indicators

Brake Specific Fuel consumption (BSFC) of diesel fuel was low at all loads compared to other
fuel blends, as observed in Figure 3a. When increasing alcohol content, fuel consumption tended
to increase with D50RME30P20 being at the maximum. Having replaced 50% of diesel by a blend
of biodiesel and propanol and increased the concentration of propanol up to 20% (D50RME30P20),
BSFC increased ~9% due to a 7.7% reduction in LHV (Table 4) and a change in combustion process.
With BMEP = 0.3 MPa, the analysis of BSFC from the perspective of injection timing revealed a higher
consumption of all the fuel blends (7–10%), and with advancing angle, the value tended to decrease
and further increase after 8–12 CAD BTDC as seen in Figure 3b.
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Figure 3. Dependence of Brake Specific Fuel Consumption and Brake Thermal Efficiency on different:
(a) loads; (b) injection timing.

At 8 CAD BTDC, D100 fuel was at its lowest on average. The lowest consumption of D-RME-P
blends was achieved with injection timing of 10...12 CAD BTDC, as the cetane number of this fuel
decreased to 23.06.

BTE of D50RME45P5 and D50RME40P10 fuel blends at BMEP 0.2 and 0.4 MPa was close to that
of diesel, and BTE of D50RME30P20 was 3.5% (at BMEP 0.2 MPa) to 1.8% (at BMEP 0.4 MPa) lower
as seen in Figure 3a. With a BMEP = 0.6 MPa, BTE of all fuels was slightly different and reached up
to 0.35%.

Observing the dependence curve of efficiency on injection timing in Figure 3b, at BMEP = 0.3 MPa,
BTE of the D50RME30P20 fuel blend was ~1.8% lower than that of diesel. BTE of fuel blends with 5% and
10% isopropanol content was lower (2.5 . . . 1.2%) at SOI = 0 . . . 6 CAD BTDC, but at SOI = 8 . . . 12 CAD
BTDC, BTE of D50RME45P5 and D50RME40P10 was the same as BTE of D100.

3.2. Ecological Indicators

Carbon dioxide comparative emissions (g/kWh) were found to decrease for all the fuels with increasing
load as seen in Figure 4a as BTE increased and BSFC decreased. At a low load (BMEP = 0.2 MPa),
CO2 emissions of the blends containing isopropanol were 0.8 . . . 1.9% higher compared to diesel but
increasing the load to BMEP = 0.6 MPa resulted in ~0.8% lower CO2 emissions for the D50RME40P10
fuel blend.
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This was due to a 2.1% decrease in the C/H ratio (Table 4) and the fact that at higher loads the BTE
of all fuels was similar. Checking the dependence of emissions on injection timing revealed that all the
fuels showed a gradual decrease in emissions with advancing injection timing as seen in Figure 4b,
BTE increased, and smoke emissions decreased (Figure 5b). Diesel was found to have similar CO2

emissions compared to emissions of other fuel blends. CO2 emissions of the D50RME40P10 fuel blend
at various SOIs were only ~0.2% lower than emissions of D100. Even though RME and C/H ratio of
isopropanol is lower, increased fuel consumption increases CO2 emissions.

Hydrocarbon emissions of all the fuels were found to decrease with increasing load as seen in
Figure 4a, as the combustion temperature increased [65,66]. Having the lowest emissions as compared to
all the other fuels, diesel also tended to have a steady decrease pattern of ~38%, ~45% and ~60% (compared
to the D50RME45P5, D50RME40P10 and D50RME30P20 fuel blends in hydrocarbon emissions). When
increasing the alcohol content, fuel blends tended to have higher hydrocarbon emissions due to
increasing alcohol base of the fuel, however, HC emissions were low compared to petrol engine [52].
The observation of the dependence of hydrocarbon emissions on injection timing revealed that with
an increase in alcohol content, emissions tended to increase as seen in Figure 4b. HC emissions of
D50RME45P5, D50RME40P10 and D50RME30P20 increased by ~15%, ~28% and ~58% compared to
D100 at SOI ≈ 6 CAD BTDC. With the engine running on all the fuels, hydrocarbon emissions showed
a slight growth trend when injection timing was advanced more than 6 CAD BTDC.
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Nitrogen oxide emissions for D50RME45P5, D50RME40P10, D50RME30P20 at a low load
(BMEP = 0.2 MPa) were ~10%, ~12%, and ~21% higher compared to those of D100 fuel as seen
in Figure 5a. This was mainly due to the increased ignition delay due to a low cetane number of
isopropanol (see the Dependence of the rate of heat release and the mass burnt fraction on the crank
angle degree figure bellow.) and the increased oxygen concentration in the fuel blend (Table 4).

With an increase in the load (BMEP = 0.6 MPa), the difference in NOx emissions was reduced to
~4%, ~7% and ~10% as the effect of ignition delay on different fuels was reduced. While analysing the
dependence of nitrogen oxide emissions on the injection timing, emissions were found to rise steadily
with increasing injection timing as seen in Figure 5b, because combustion occurred at a lower volume
and higher temperatures [67]. All the fuels were found to follow a similar pattern, but after a more
careful analysis, diesel emissions were found to be lower (1 . . . 4%) compared to emissions of other
fuel blends. An earlier injection timing reduced the difference between NOx emissions of diesel and
fuel blends [68–70].

The smoke level of fuels tended to increase with increasing load as seen in Figure 5a, as fuel mass
increases per cycle and the air-to-fuel ratio decreases. Increasing the isopropanol concentration in fuel
blends reduces smoke level, and this effect is more intense with an increasing engine load [71]. At a low
load (BMEP = 0.2 MPa), the D50RME45P5, D50RME40P10 and D50RME30P20 fuel smoke emissions
decreased by ~6%, ~10% and ~14%, respectively, in comparison to pure diesel. Higher oxygen
concentrations and lower C/H ratios resulted in lower D50RME30P20 smoke emissions. Increasing the
load to BMEP = 0.6 MPa increased the smoke reduction effect to ~12%, ~16%.
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The analysis of the dependence of smoke levels on injection timing revealed that the levels tended
to decrease with advancing the injection timing as seen in Figure 5b. Interestingly, throughout the
SOI study range (0...16 CAD BTDC), the combustion performance resulted in the largest reduction
in diesel smoke emissions from ~7.25 m−1 to ~4.25 m−1 (~40%), while the D50RME30P20 smoke
emissions decreased from ~5.7 to ~5 m−1 (~12%). Therefore, at SOI = 0...8 CAD BTDC (low advanced
injection timing), D50RME30P20 had the lowest smoke emissions, and at SOI = 10...16 CAD BTDC
(high advanced injection timing), smoke emissions of D100 fuel were the lowest.

3.3. Combustion Characteristics

The analysis of combustion characteristics was conducted with the engine operating at
BMEP = 0.3 MPa (n = 2000 rpm). Changing SOI (0 . . . 16 CAD BTDC) allowed comparing energy and
ecological performance of the engine running on different fuels (Figures 3b, 4b and 5b) and concluding
that with ignition timing being 6 CAD BTDC engine efficiency is close to the maximum, and smoke and
NOx emissions are relatively low. The pressure values of all the fuels at SOI = 6 CAD BTDC obtained
during the experiment as seen in Figure 6 were uploaded in the AVL BOOST (BURN subprogram)
to get the combustion characteristics. Since the result at SOI = 6 CAD BTDC was relatively good,
the combustion characteristics of fuel blends, such as in-cylinder pressure, pressure rise, rate of heat
release (ROHR) and mass fraction burned (MFB), were analysed and compared to those of pure diesel
at that particular degree of ignition timing.
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Conventional diesel fuel (D100) showed the maximum pressure of ~7.32 MPa at 367 CAD, while
the maximum pressures of D50RME45P5, D50RME40P10 and D50RME30P20 were ~1.0%, ~1.1% and
~1.7% higher as seen in Figure 6. There was also a delayed burning with isopropanol.

A combustion-driven pressure starts to increase the earliest with the engine running on diesel.
The maximum pressure rise of ~0.40 MPa/CAD was observed at 361 CAD as seen in Figure 6.
The maximum pressure rise increases with an increase in alcohol percentage. ~7.5% (361.5 CAD),
~17% (362 CAD) and ~29% (363 CAD) was the maximum increase for D50RME45P5, D50RME40P10
and D50RME30P20.

The maximum rate of heat release of diesel fuel was lower at 32.0 J/deg than that of other fuel
blends as seen in Figure 7. The maximum rate of 34.8 J/deg (~8% higher) was observed with the
D50RME4P5 fuel blend, while the maximum rate of D50RME40P10 was 38.1 J/deg (~19% higher) and
that of D50RME30P20—46.4 J/deg (~44% higher). Isopropanol reduces the cetane number (Table 4),
prolongs the ignition delay phase and significantly increases the maximum ROHR during the premixed
combustion phase [58]. The LHV of isopropanol is lower, but this is offset by the higher fuel content
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(Figure 7), and the diffusion combustion phase produces a similar amount of heat for all fuels. Higher
maximum temperatures during premixed combustion phase increase the formation of nitrogen oxides,
but allows for a better combustion of soot at the end of the combustion process [69–71].
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The mass burn fraction diagram in Figure 7 confirms the prolongation of the ignition delay phase in
fuel blends with a higher alcohol content. Ignition delay for D100 was ~5 CAD, D50RME45P5—~6 CAD,
D50RME40P10—~7 CAD and D50RME30P20—~8 CAD.

Although ignition delay is longer for blends with isopropanol [72], oxygen concentration in blends
significantly increases due to RME and isopropanol. This significantly accelerates the combustion
process during the premixed combustion phase, and 0.5 MBF of all fuels is available at ~7.5 CAD ATDC.
The diffusion combustion phase MBF intensity is similar for all fuels, although the fuel consumption
of D50RME30P20 increased by ~9% (Figure 3), which was offset by increased injection rate due
to a lower isopropanol viscosity and faster combustion driven by a higher oxygen concentration.
99% of the D100 fuel mass ends up burning ~410 CAD ATDC, D50RME45P5—~412 CAD ATDC,
D50RME40P10—~413 CAD ATDC and D50RME30P20—~414 CAD ATDC.

4. Conclusions

The analysis of the energy, ecological and combustion parameters of diesel 100, D50RME45P5,
D50RME40P10 and D50RME30P20 in a turbocharged direct injection diesel engine at the speed (n) of
2000 rpm and under various loads and injection timings allows making the following conclusions:

(1) RME and isopropanol reduce LHV and the cetane number of fuel blends, but increase the oxygen
concentration in the blend and lower the C/H ratio.

(2) D50RME30P20 brake specific fuel consumption increased by ~9% compared to D100 and BTE
decreased by ~1.8% due to a 7.7% reduction in LHV and a change in the combustion process.
The maximum BTE of the D50RME40P10 fuel blend was equal to D100 efficiency having advanced
the injection timing of the fuel blend ~2 CAD. This offset the increase in the ignition delay due to
a low propanol cetane number (~12).

(3) Carbon dioxide emissions of all fuels are similar, but the best carbon dioxide effect was obtained
with the D50RME40P10 fuel blend. At medium loads, CO2 emissions of this blend declined by
~0.2% compared to diesel, though fuel consumption increased by ~6%, as the C/H ratio of the
fuel blend was 2.1% lower. A more advanced injection timing (SOI = 8 . . . 10 CAD BTDC) at the
minimum fuel consumption allows achieving lower CO2 emissions.

(4) Isopropanol has a greater impact on nitrogen oxide emissions at low loads. NOx emissions of
D50RME45P5, D50RME40P10 and D50RME30P20 increased by ~10%, ~12% and ~21% due to a
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higher oxygen concentration in the blends and a higher combustion temperature. With increasing
load, an increase in NOx emissions was lower (~4%, ~7% and ~10%) as a low isopropanol cetane
number had a lesser effect on the ignition delay phase and the heat release rate during the
premixed combustion phase. With an early injection timing, NOx emissions increased, but the
impact of alcohol was lower.

(5) Having replaced diesel with fuel blends at a low load resulted in a ~6%, ~10% and ~14% reduction
in smoke and an average load reduction of ~12%, ~16% and ~28%. Smoke was reduced by lower
C/H ratios and increased oxygen content in the fuels. As the load increased, the BTE of the
fuel blends increased more intensively, which further reduced smoke emissions. In the case of
early injection timing (SOI = 8 . . . 16 CAD BTDC), smoke emissions of the fuel blends changed
(decreased) less intensively due to changed fuel characteristics compared to pure diesel.

(6) At a low engine load (BMEP = 0.3 MPa), the average rotation speed (n = 2000 rpm), the fixed
injection timing (SOI = 6 CAD BTDC) and the replacement of diesel by fuel blends with a
higher alcohol content (5%, 10% and 20%) resulted in ignition delay changing from ~5 CAD to
~6 CAD, ~7 CAD and ~8 CAD. A greater ignition delay (accumulates more fuel) and a higher
oxygen content in fuel during the premixed combustion phase increased the heat release intensity
by ~8%, ~19% and ~44%, which in turn increased the pressure rise by ~8%, ~17% and ~29%
in the thermodynamic load of the crank mechanism. During the diffusion combustion phase,
the combustion heat release of all the fuels examined was similar.

(7) The authors plan to continue research of these three-component blends by increasing the share
of alternative fuels in the blends and assessing the impact of the EGR system when using
these blends.
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Abbreviations and Nomenclature

ACB Acetoneb—utanol producing process
ATDC After Top Dead Centre (CAD)
AVL Anstalt für Verbrennungskraftmaschinen List
BDC Bottom Dead Center
Bf Fuel mass consumption (kg/h)
BMEP Brake Mean Effective Pressure (MPa)
BSFC Brake Specific Fuel Consumption (g/kWh)
BTDC Before Top Dead Center (CAD)
BTE Brake Thermal Efficiency
CA Crank Angle (degree)
CFPP Cold filter plugging point
CO Carbon monoxide
CO2 Carbon dioxide
CN Cetane Number
CV Calorific Value
D Diesel fuel
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ECU Electronic Control Unit
EPB Ethanol-Propanol and butanol fuel blend
HC Hydrocarbons
IC Internal combustion
ICD Initial combustion duration (CAD)
LHV Lower Heating Value (MJ/kg)
MB Brake torque (Nm)
MFB Mass fraction burned
MCD Major combustion duration (CAD)
n Rotational speed of the crankshaft (rpm)
NOx Nitrogen Oxide
O2 Oxygen
P Isopropanol
ROHR Rate of heat release (J/deg)
RME Rapeseed Methyl Ester
SOI Start of Injection (CAD)
TDC Top Dead Center
TDI Turbocharged Direct Injection
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