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Abstract: In recent years, the interest in renewable fuels has increased mainly due to regulations
regulating the permissible limits of toxic components of exhaust gases emitted by reciprocating
engines. This paper presents the results of a comparison of the effects of fueling a compression-
ignition piston engine with a mixture of diesel fuel and n-butanol, as well as RME (Rapeseed Oil
Methyl Esters) biodiesel and n-butanol. The tests were carried out for a constant load and a wide
energetic share of fuels in the mixture. The main focus was on the assessment of combustion stability,
the uniqueness of the combustion stages, and the assessment of the fuel type influence on the CA50
angle. The tests show that RME offers the possibility of efficient combustion with n-butanol with
up to 80% energy share. The share of n-butanol has a positive effect on the engine’s efficiency and
very effectively reduces soot emissions. Without the influence on COVIMEP, the share of n-butanol
up to 40% in the mixture with diesel fuel and up to 80% in the mixture with RME was recorded.
Combustion of RME with n-butanol was more stable. The share of n-butanol in the mixture with
diesel fuel caused an increase in NOx emissions, and co-combustion with RME caused a decrease in
emissions.

Keywords: engine; n-butanol; combustion; emission; combustion stability

1. Introduction

The choice of the combustion system in a compression ignition engine is limited due
to the compromise required between NOx emissions and soot emissions. Carrying out the
combustion process at low temperature helps to reduce NOx emissions, while contributing
to an increase in the emission of soot, which is not oxidized [1]. On the other hand,
compression-ignition engines are characterized by high efficiency and durability. They
are still eagerly used to drive machines and devices where these properties of the engine
are required [2]. In order to reduce the negative environmental impact of a compression
ignition engine, alternative fuels to diesel fuel can be used. Both liquid fuels and all kinds
of alcohols [3,4] and gaseous fuels, such as CNG or hydrogen, are used here [5,6]. Liquid
fuels, if their physical properties allow it, are mixed with typical engine fuel and fed to
the engine using a typical injection engine [7]. Gaseous as well as liquid fuels can be
co-combusted in a dual-fuel engine, where alternative fuel is fed to the intake manifold and
direct injection is used to initiate ignition [4,8]. The simplest way of co-combusting fuels
is to create a stable mixture and bring it to the combustion chamber through the already
existing injection system.

Biofuels made from agricultural products not only offer benefits in terms of exhaust
gas emissions and environmental impact, but also provide the opportunity to diversify
energy carriers, reducing dependence on oil suppliers [9]. Another advantageous aspect
is the possibility of supporting the agricultural industry and thus greater energy security
of many countries. Among the biofuels for powering piston engines, bioalcohols and
vegetable oils or their derivatives in the form of biodiesel are considered [10,11]. The
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use of biofuels to power a reciprocating engine has been studied for many years and the
results of these studies encourage their wider use [4,12]. The most popular alcohols used
to power internal combustion engines are ethanol and methanol [13]. Ethanol, due to its
high octane number, is considered as a good fuel for spark ignition engines, and it is also
believed that, similarly to methanol, it can partially eliminate diesel fuel when fed to the
compression ignition engine [14]. Ethanol is a renewable fuel that can be produced by
the alcoholic fermentation of sugar contained in plant raw materials [15]. In the case of
compression ignition engines, the advantage of ethanol over methanol is mainly due to its
better miscibility with diesel fuel [14]. The use of both fuels to power a compression ignition
engine is caused by the desire to reduce the smoke opacity [3]. The use of most alcoholic
fuels in the CI (compression ignition) engine also has some disadvantages caused by poor
miscibility with diesel fuel. Thus, in order to obtain a stable mixture, additives ensuring the
solubility of these fuels should be used [16]. In addition, ethanol is a hygroscopic fuel and
tends to absorb water from the air. Another limiting feature of these fuels in the context
of engine fueling is their low viscosity, which may adversely affect the durability of the
injection system, including injectors and fuel pumps [17]. These fuels also have a much
lower calorific value in relation to diesel fuel as well as a low cetane number [18,19]. Their
participation in combustion contributes to the increase of the ignition delay time [15].

Compared to petrol engines, the disadvantage of compression-ignition engines pow-
ered by diesel fuel is the increased emission of soot particles and nitrogen oxides. Higher
alcohols, such as butanol, pentanol, hexanol, and octanol, have great potential in this
situation. Earlier work on using lower alcohols as a blend with diesel fuel in compression
ignition engines suggested a reduction in emissions. However, problems, such as phase
separation and increased fuel consumption, have also been encountered when using lower
alcohols, e.g., ethanol, in diesel engines. Higher alcohols can be used with diesel fuel to
obtain a homogeneous mixture without phase separation. They also contain molecular
oxygen, which improves combustion and reduces emissions [20].

Butanol can be a good alternative to ethanol and methanol to power a compression
ignition engine [21,22]. Butanol is a fuel with higher calorific value, higher cetane number,
and better miscibility with diesel fuel than ethanol. Like ethanol, butanol is a renewable
fuel obtained from the processing of biomass. Among other things, it is a by-product, like
glycerol, in the production of biodiesel [23].

When comparing the properties of fuels, such as alcohols and biodiesel, with diesel
fuel, it is necessary to point out the fundamental difference consisting in the different share
of oxygen in the molecular structure of these biofuels. Butanol has a 4-carbon structure
and is a more complex alcohol than ethanol. 1-Butanol, also known as n-butanol (normal
butanol), has a straight chain structure with a hydroxyl (-OH) group [24]. Diesel fuel can
be replaced with biodiesel, which creates stable mixtures with higher alcohols such as
butanol and pentanol [25]. Biodiesel and n-butanol are typical renewable biofuels and
are used as additives in diesel fuel in most of the existing research work on compression
ignition engines. Compared to ethanol, butanol has more favorable properties, its calorific
value (LHV) is about 30% higher than that of ethanol, it is not as corrosive as ethanol and
forms stable mixtures with diesel fuel or biodiesel [26]. In addition, the share of butanol in
the combustion process has a positive effect on the combustion itself as well as reducing
exhaust emissions.

Sahin et al. [27] conducted a comparative study of two technologies for co-combustion
of n-butanol and diesel fuel. The first one involved combusting a previously prepared
mixture of both fuels, while the second one involved co-combusting diesel fuel with n-
butanol injected into the collector. They found that combustion in a dual-fuel engine (with
n-butanol injection) is characterized by lower soot emissions than in the case of combustion
in the form of a mixture, but both methods favor the elimination of soot. Summarizing
their research, they found that combustion of a fuel mixture had a more favorable effect on
engine performance than combustion in a dual-fuel engine. Huang et al. [28] examined the
use of biodiesel/n-butanol blends in an agricultural diesel engine in terms of combustion
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parameters, efficiency, and emissions. The combustion of biodiesel and n-butanol blends
containing 10%, 20%, and 30% by weight of n-butanol and marked as BBu10 (10% by weight
of n-butanol + 90% by weight of biodiesel), BBu20 (20% by weight of n-butanol + 80% by
weight of biodiesel), and BBu30 (30% by weight of n-butanol + 70% by weight of biodiesel)
was tested. It was found that adding 30% n-butanol to biodiesel can reduce the viscosity
by 39.3% and increase the latent heat of vaporization by 57.3%. The engine test results
showed that when n-butanol was added to biodiesel, the maximum cylinder pressure and
temperature decreased slightly, and the peak pressure rate and heat release rate peaks
increased. In addition, fuel ignition was delayed and the combustion time reduced. BBu20
had ignition characteristics similar to diesel fuel. Both the thermal efficiency and specific
fuel consumption of the BBu30 increased by an average of 2.7% and 14.9%, while the NOx,
soot, and CO emissions of the BBu30 decreased by 17.6%, 34.1%, and 15%, respectively.
The above differences became more visible with the increase in the share of n-butanol [28].
Singh et al. [29] presented the results of combustion studies in an engine fueled with
biodiesel (eucalyptus oil) mixed with diesel fuel and butanol. Two-component mixtures
containing 20% biodiesel and 80% diesel fuel and three-component mixtures containing 20%
biodiesel, 65–75% diesel fuel, and 5–15% butanol were tested. It was found that the share of
butanol caused an increase in BSFC (brake specific fuel consumption) and a slight increase
in engine power, while at the same time there was a 10% decrease in CO emissions for the
share of butanol, a significant reduction in THC emissions by more than 40% and about a
20% reduction in NOx emissions. They concluded that a biodiesel/diesel/butanol blend
could be a good alternative to diesel. Divakar Shetty et al. [30] presented experimental
studies of combustion of three-component mixtures of butanol, biodiesel and diesel fuel
(BBD) in terms of combustion phases, performance and emission characteristics of a diesel
engine with direct injection (DI). The blends were prepared in various proportions of
butanol, biodiesel, and diesel fuel with different properties, such as calorific value, viscosity,
auto-ignition temperature, cloud point, and pour point. The engine test was carried out
at different speed and load. Based on the results obtained for the fuel properties, it can
be observed that the flash point, combustion point, and solidification point, as well as
viscosity and density, decrease with increasing percentage of butanol in BBD blends. It
was also observed that the operating parameters, such as thermal efficiency and exhaust
gas temperature, increased with an increase in the share of butanol in the BBD mixture.
However, the brake specific fuel consumption (BFSC) decreases as the proportion of butanol
in the BBD blend increases. The increase in butanol in BBD blends also increases the
emission of carbon monoxide (CO), hydrocarbons (HC), and nitrogen oxides (NOx) [30].
Xiao et al. [26,31] presented the results of the characteristics of the combustion process
of a mixture of biodiesel and butanol in a compression ignition engine at various loads.
They found that the addition of butanol improves the degree of fuel evaporation and
atomization, and thus has a positive effect on the combustion process itself. The increase
in the proportion of butanol resulted in an increase in the ignition delay and shortened
the combustion time. When assessing the exhaust emissions, they found an increase in
THC emissions for the entire analyzed load range and, at the same time, a reduction in
CO emissions. NOx emissions increased significantly. Another conclusion was that the
increase in the share of butanol causes an increase in PM emission in the range <10 µm
and a significant reduction in the emission of larger particles. Imtenan et al. [32] presented
the results of the impact of 5–10% of butanol in a mixture with Jatropha biodiesel on
the combustion process in a compression ignition engine. The influence of butanol on
the beginning of combustion was found, and the ignition delay increased. The fuel with
butanol participation generated higher pmax values due to the change in the cetane number
value of the mixture. The specific fuel consumption increased due to the lower calorific
value of butanol. As in the previously cited studies, decreased emissions of both CO and
soot were noted. Moreover, THC emissions were significantly reduced compared to the
engine running on diesel fuel alone.
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Siwale et al. [33] investigated the influence of n-butanol in a mixture with diesel fuel
in the range from 5 to 20% v/v on supercharged engine operation at various loads. They
confirmed that the share of n-butanol contributes to the reduction of exhaust emissions.
Moreover, it was noted that the share of n-butanol in the mixture causes the intensification
of the kinetic combustion phase along with increase in its share. Another important finding
was that combustion of the mixture with n-butanol improves the stability of the engine.
Mickevicius et al. [34] presented the results of combustion of the RME biodiesel mixture
with butanol in a naturally aspirated compression ignition engine. Three mixtures B5, B10
and B15 were tested, respectively 5%, 10 and 20% v/v of butanol in the mixture with RME.
Higher BSFCs have been reported for mixtures compared to RME alone, but this is obvious
as butanol has a lower calorific value. CO emissions have decreased. A slight reduction in
NOx emissions was also achieved with a simultaneous reduction in soot opacity, which is a
great advantage of using renewable fuels. Makarevičienė et al. [35] used a three-component
mixture of diesel fuel (D), biodiesel (RME), and butanol (B). It was found that such a mixture
meets the standards of summer fuels which are used in compression ignition engines. The
fuel filter plugging point for such ternary mixtures is below 5 ◦C. In the period with the
temperature below 30 ◦C, it is possible to use mixtures containing up to 14% RME.

The use of alternative fuels very often adversely affects the stability of the engine. As
the test results show, in a reciprocating engine, each subsequent cycle of engine operation
differs from the previous one, which is a characteristic of that type of machine. This unique-
ness of successive cycles of engine operation significantly impacts the torque curve on the
engine shaft. As shown by the studies of the combustion chamber aerodynamics [36], in
the engine powered without a fuel supply, the velocity field is unique in subsequent cycles.

The difference in speed occurs not only in its maximum value but also in the angle
of the crankshaft position. As seen from the data in Figure 1, the speed peak value
occurs before the piston reaches TDC, i.e., within the CA range, which is essential for
developing the initial combustion phase. Many factors in the cylinder of a reciprocating
engine contribute to the uniqueness of its successive cycles. These factors affect the stability
of the combustion process. Combustion instability can be divided into several categories:

− Chamber instability is caused by the fact that combustion in the engine takes place in
a closed space, and additionally, this volume changes during the combustion process.
In this closed volume, the spreading combustion front is influenced by flow processes,
such as charge swirling, the so-called process of squeezing the charge from above
the piston crown to the center of the combustion chamber, and the turbulence of
the charge.

− Internal instability is controlled by the combustion kinetics. It is essential in the co-
combustion of fuels of different reactivity, as is the case with the combustion of fuel
mixtures and in a dual-fuel engine. Diffusion and hydrodynamic phenomena are also
of great importance here.

− System instability: This type of instability depends on the engine power system, the
interaction of the intake and exhaust manifolds during the overlap period, and the
operation of the internal EGR.

In the combustion chamber of internal combustion reciprocating engines, all types
of instability occur simultaneously and affect the engine’s operation, deteriorating its
operation (Figure 2).
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The effect of combustion instability, as shown in Figure 2, can cause the increased
emission of toxic exhaust gas components, the high uniqueness of the subsequent cycles
will reduce the engine’s efficiency, and thus the engine power will decrease. It follows that
the stable combustion process determines the stable operation of the engine. The paper
presents the results of the analysis of the parameters of a compression ignition engine
fueled by a mixture with a large share of n-butanol. The obtained results were related to
the areas of instability, showing what values can reach the engine performance parameters
in individual cycles of its operation.

The paper presents the results of comparative experimental tests of a compression
ignition engine powered by a mixture of diesel fuel/n-butanol and biodiesel/n-butanol,
where biodiesel is RME (Rapeseed Methyl Esters) produced based on rapeseed oil [37]. The
tests were carried out on the same engine for comparable working and load conditions.
The maximum acceptable engine proportion of butanol in the mixture was determined for
both primary fuels, diesel fuel and biodiesel.

Particular attention was paid to the assessment of combustion stability by analyzing
the stability of the combustion process based on the analysis of the unrepeatability coef-
ficient of the indicated mean effective pressure (COVIMEP), the spread of characteristic
combustion stages (CA10, CA50, and CA90), the distribution of the maximum pressure
pmax, maximum temperature Tmax, and IMEP as a function of the CA50 angle, and the
IMEP probability density function was analyzed. Reference is also made to changes in the
emission of toxic exhaust components depending on the share of co-combusted fuels.
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2. Materials and Methods
2.1. Research Engine and Apparatus

Experimental research was carried out on a stationary, industrial, compression-ignition
engine designed to drive various types of machines and devices, mainly in the agricultural
industry. It is a single cylinder, naturally aspirated, air-cooled, four-stroke engine with
a nominal power of 7 kW, working at maximum load (IMEP = 0.68 MPa) and constant
speed (1500 rpm). The tests were carried out for the nominal engine load. A dynamometer
with a DC generator was used to measure and stabilize the power, load and rotational
speed of the engine. The indicator system included: a piezoquartz pressure sensor (Kistler
6061), placed in the combustion chamber, a charge amplifier (Kistler 5011), a crank angle
marker (encoder), installed on the engine crankshaft and a digital data acquisition system
with an A/D card (Measurement Computing USB-1608HS), a PC and specialized software
(National Instruments LabVIEW). The encoder enabled detection of the top dead center
(TDC) signal and the angle of rotation of the crankshaft with a resolution of 1 deg CA
and its synchronization with the pressure signal. Measurement of air consumption was
carried out using a rotor flow meter (Common CGR-01) through a tank damping pulsations
in the intake manifold. Fuel consumption during engine operation was determined by
measuring the time of emptying an additional glass fuel tank of a known volume. The
system made it possible to correct the measured consumption with a dose of fuel returned
from the injection pump and the injector. For each operating point, the pressure was
recorded in 200 consecutive cycles, after the engine had been thermally stabilized. As
part of the research, engine exhaust emissions were also measured. Concentrations of NO,
THC, CO, and CO2 were recorded using a five-gas exhaust gas analyzer (Bosch BEA 350),
and the concentration of soot using an opacimeter (AVL Smokemeter 415SE). The method
of measuring HC, CO, and CO2 emissions was the technology of nondispersive infrared
(NDIR) spectrometry, while the measurement of NO emissions was based on the use of
electrochemical sensors. The smoke opacity was measured by the filter paper method on
the FSN (Filter Smoke Number) scale (according to ISO 10054), which enables the mapping
of the soot concentration in mg/m3. To ensure the correctness of the engine tests, each
measurement was repeated three times, and all the experiments were carried out in the
same ambient conditions with the same pressure and temperature. The engine test stand,
instrumentation, and data recording system are presented in Figure 3 and Table 1.
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Table 1. Technical specifications of the test devices.

Brand Parameter Measurement Range Precision

Kistler 6061 In-cylinder pressure sensor 0 ÷ 25 MPa ≤±0.5% FS
Kistler 5011 Charge amplifier For FS = 10 V <±3% FS

±10 ÷ ±999,000 pC
Measurement Computing

USB-1608HS Data logging module 10 V 16 bits resolution, sampling frequency
20 kHz

Common CGR-01
G40 DN50 Air flow 0.65 ÷ 65 m3/h Accuracy class 1

Graduated cylinder Fuel flow 0 ÷ 43 mL 0.23%
Crank angle encoder Speed 0 ÷ 3000 rpm 0.07%

Bosch BEA 350

CO 0 ÷ 5% vol. ±0.06% vol.
THC 0 ÷ 2000 ppm vol. ±12 ppm vol.
CO2 0 ÷ 16% vol. ±0.5% vol.
NO 0 ÷ 5000 ppm vol. ±25 ppm vol.

AVL Smokemeter 415SE Soot 0 ÷ 10 FSN σ ≤ ±0.005 FSN + 3%

The obtained values of measurement uncertainties and errors were calculated on the
basis of the error analysis contained in the work [38].

2.2. Fuels Characteristics

As part of the research, the engine was powered by mixtures of diesel fuel and n-
butanol as well as RME and n-butanol. Fuel mixtures were prepared according to energy
shares every 10%. The properties of the base fuels are presented in Table 2. Diesel fuel is a
standard, commercially available fuel that meets the EN590 standard. Biodiesel RME is a
fuel that meets the EN 14214 standard, applicable to the markets of the European Union.

Table 2. Fuels specification.

Parameter Diesel RME n-Butanol

Chemical formula C14H30 CH3(CH2)Ncooh3 C4H10O
Molecular weight 198.4 296 74.12
Cetane number 51 54 17–25
Density at 1 atm and 15 ◦C, kg/m3 626 855 810
Lower heating value, MJ/kg 42.5 37.1 33.2
Heat of evaporation, Kj/kg 243 250 585
Auto-ignition temperature, ◦C 230 >101 343
Flash point, ◦C 70 91–135 35
Stoichiometric air-fuel ratio 14.6 12.5 11.2
Kinematic viscosity at 40 ◦C, mm2/s 2.86 4.51 2.63
Oxygen mass fraction, wt% 0 10.8 21.6
Hydrogen mass fraction 15 12.1 13.6
Carbon mass fraction 85 77.1 64.8

The RME biodiesel is a biofuel produced based on rapeseed oil, intended for diesel
engines. RME (Rapeseed Methyl Esters) are formed in the chemical process of transesterifi-
cation of vegetable oil, as a result of which triglycerides react with methanol in the presence
of a catalyst to form fatty acid methyl esters and glycerol. Transesterification involves the
exchange of chemically bound glycerol in the triacylglycerol molecule to the added methyl
alcohol in the presence of an alkaline catalyst. The catalyst for the reaction is the alkoxide
ions [39]. According to the manufacturer, RME contains min. 96.5% m/m fatty acid methyl
esters. Most biodiesel stocks consist of high viscosity methyl esters, for which rapeseed
methyl ester (RME) is often used as the model compound [40]. RME and conventional
diesel have similar physical and chemical characteristics. The offered biofuel has a benefi-
cial effect on the operation and durability of the engine, and thanks to its good lubricating
properties, it protects the engine’s injection apparatus against excessive wear. A very
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important advantage of RME is practically zero sulfur content, which is a beneficial feature
both for ecological reasons and due to corrosive wear of engine components. The higher
oxygen content in biodiesel than traditional diesel fuel ensures better combustion, and the
high cetane number contributes to trouble-free ignition initiation. Biodiesel is characterized
by a slightly lower calorific value than diesel fuel, adversely affecting the specific fuel
consumption and engine efficiency. The use of biodiesel protects the environment. It signif-
icantly reduces the emission of harmful substances and greenhouse gases during biofuel
production and its use. It is a fuel safe for human health and additionally biodegradable.

Butanol is a higher-order alcohol with a longer carbon chain, which, compared to
lower-order alcohols such as ethanol and methanol, is characterized by a much higher
cetane number, higher flame rate and calorific value, and is also an ecological fuel, possible
to be obtained from natural sources. Compared to ethanol, butanol shows better fuel
properties in terms of energy content, lubricity and corrosiveness of metal construction
materials (tank, cylinder wall). In addition, butanol forms a phase-stable mixture with
diesel fuel that does not require additional equipment and homogenizing agents, and
its lower corrosiveness and lower water absorption (hydrophobicity) can help reduce
corrosion problems in fuel delivery and injection systems. Butanol can be produced using
a variety of technologies and a wide variety of sources (e.g., fossil fuels). Currently, more
and more often, the raw material for the production of butanol are derived from natural
sources [41,42]. It can be produced, e.g., by plant fermentation from lignocellulosic biomass
and wood material.

Diesel fuel was selected as the reference fuel and the results obtained for RME and the
analyzed mixtures were related to this fuel.

Figure 4a,b show graphically the list of energy doses of fuels. These fuel doses in the
engine at the same injection start angle ensured the same load. For the engine powered by
a mixture of diesel fuel and n-butanol, for the entire range of fuel share, the energy dose
was lower than that required for the engine powered by the reference fuel, i.e., diesel fuel.
The lowest energy dose was recorded for the engine powered with 40% of n-butanol energy
and it was 907 J/cycle. For a larger share of n-butanol, the requirements for the energy
dose increased, which was caused by the deterioration of the combustion process and the
increasing uniqueness of cycles.
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Figure 4. The effect of the addition of n-butanol to diesel (a) and RME biodiesel (b) on the energy
dose of fuel delivered in each engine cycle.

For the engine powered by the RME-n-butanol mixture, it was found that with the
increase in the energy content of n-butanol, the required energy dose to power the engine,
in order to obtain the same engine power, decreased. The combustion of the BB90 mixture
was already very unstable. Therefore, 80% was considered the final share of n-butanol. For
the BB80, the required fuel energy dose was 865 J/cycle and was nearly 20% lower than for
the engine powered by RME.
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The tests were carried out with a constant load. Changing the fuel caused a different
course of the combustion process; the values of ignition delay and combustion duration
changed. An increase in engine efficiency was noted with an increase in alcohol content. A
higher efficiency value, while maintaining the same load, means lower fuel consumption
by the engine. Hence, a smaller dose of energy is contained in the fuel, ensuring the same
engine power.

2.3. Calculation Methodology

Engine operational indicators, such as indicated mean effective pressure (IMEP), were
constantly monitored for each cycle. This was ensured by the data acquisition software
(using a data acquisition software). The IMEP value was determined individually for each
subsequent cycle. The efficiency of the engine was determined on the basis of the knowledge
of the IMEP value, engine displacement volume and the dose of energy contained in the
fuel per engine operation cycle. The energy dose per cycle was determined based on the
measurement of fuel consumption. The heat release rate (HRR) was determined from the
pressure in the based on the first law of thermodynamics and the equation of state [43].

The basic parameter for the assessment of the uniqueness of the engine operation is
the COVIMEP index, as the ratio of the standard deviation of IMEP to the average value of
200 cycles [44]. The probability density distribution function was also used to assess the
stability of the combustion process [43].

In practice, experimental measurement of physical properties is typically connected
with a measurement error and uncertainty. Engine indication is a typical measurement that
depends to a different degree on measurement accuracy and uncertainty of the obtained
measurement. Therefore, the evaluation of the characteristic values for the engine based
on the indicator diagram must be connected with the analysis of measurement errors and
uncertainty of the experiments.

2.3.1. Indicated Mean Effective Pressure—IMEP

The indicated pressure is evaluated based on the recorded changes in the cylinder
pressure and represents one of the indices that characterize the operation of combustion
engines in terms of the opportunities to ensure high and expected functional performance.
Indicated mean effective pressure for an engine cycle:

IMEPi =
1

Vd

720∫
0

pdV, (1)

where p is in the cylinder pressure, V is cylinder volume, and Vd is cylinder displace-
ment volume.

IMEP =
1

200

i=200

∑
i=1

IMEPi, (2)

where i is the number of engine cycles.
Heat release rate profiles in the cylinder of the engine can also be derived from the

developed indicator diagram through the calculation of changes in internal energy and
indicated work of the medium. Heat release rate:

HRR =
κp
κ− 1

dV
dϕ

+
V

κ− 1
dp
dϕ

, (3)

where κ is the ratio of specific heats, V is cylinder volume, and p is in-cylinder pressure.
The character of compression-ignition engine operation is substantially affected by the

pressure rise rate. Pressure rise rate dp/dϕwas determined from:

dp
dϕ

=
pi − pi−1
ϕi −ϕi−1

, (4)
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where p is in cylinder pressure and ϕ is crank angle.

2.3.2. Measurement Error of IMEP

The error of indicated mean effective pressure (IMEP) and rate of heat release (HRR)
are affected by the error of in-cylinder pressure measurement and the error of measurement
of instantaneous displacement. The IMEP error can be determined from the equation:

δIMEP =
√
δp2 + δV2, (5)

where δp is measuring error of the in-cylinder pressure and δV is the measurement error of
instantaneous cylinder displacement.

The error of in-cylinder pressure measurement consists of the errors of pressure sensor,
charge amplifier, and the data acquisition from the data logging module:

δp =

√
δpt2 + δa2 + δ(A/D)2, (6)

where δpt is the error of pressure sensor, δa is the error of charge amplifier, and δ(A/D) is
the error of A/D data acquisition.

The measurement error of the instantaneous cylinder volume is affected by the errors
of crank angle encoder and data acquisition measurement:

δV =

√
δk2 + δ(A/D)2, (7)

where δk is the error of CA crank angle encoder and δ(A/D) is the error of A/D data acquisition.

2.3.3. The Uncertainty Designation of IMEP

The uncertainty designation of the indicated mean effective pressure is the dispersion
(spread) of the average calculation results of the IMEP in the individual cycles of the three
measurements containing 200 recorded engine cycles. It was assumed that the uncertainty
designation of the IMEP has a normal distribution, and it is calculated from the equation:

∆IMEP = ts STDIMEP, (8)

where ts is coefficient of the t-Student distribution for n − 1 degrees of freedom and for
the most commonly adopted technique in the 95% confidence level, STDIMEP is standard
deviation of the IMEP.

2.3.4. Indicated Thermal Efficiency—ITE

A crucial parameter in evaluating energy transitions in a piston engine is indicated
by thermal efficiency (ITE), expressed in %. Thermal efficiency reflects engine thermal
characteristics and is defined as a ratio of indicated work to the amount of energy (heat)
supplied to the engine during one cycle.

The average value of the indicated thermal efficiency of the engine:

ITE =
IMEP ·Vd

Qe
100%, (9)

where IMEP is the indicated mean effective pressure, Vd is the displaced cylinder volume,
and Qe is the total heat in the fuel supplied to the engine.

2.3.5. Measurement Error of ITE

Indicated efficiency is the ratio of indicated work performed in an engine operating
cycle to the heat supplied to the engine in this cycle. During the experiment, measurement
of heat supplied in a single cycle was impossible since the amount of heat in the fuel
was measured in ca. 1 min (750 cycles). Indicated efficiency was defined as a ratio of
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the mean indicated work during the measurement of fuel consumption to mean heat.
Indicated work is the product of indicated pressure (IMEP) and cylinder displacement.
Therefore, the measurement error for the indicated mean efficiency represents the sum of
the measurement error of indicated mean pressure and the measurement error of total heat
supplied to the engine.

δITE =
√
δIMEP2 + δQe

2, (10)

where δIMEP is the error of indicated mean effective pressure and δQe is the error of total
heat supplied to the engine.

The heat in the fuel supplied to the engine:

Qe =
Ve·ρf·LHVf

0.5·n·t , (11)

where Ve is the volume of fuel supplied to the engine, ρf is density of the fuel, LHVf is
lower heating value, n is engine speed, and t is the time of consumption for the fuel in
engine cylinder.

The error of heat in the fuel supplied to the engine:

δQe =
√
δVe2 + δρf

2 + δLHVf
2 + δn2 + δt2, (12)

where δVe is measurement error of volume of fuel delivered to the engine, δρf is estimated
error of fuel density, δLHVf is estimated error of LHV for the fuel, δn is measurement error
of engine speed in rpm, and δt is measurement error of consumption time for the fuel
supplied to the engine.

2.3.6. The Uncertainty of ITE

The determination of indicated efficiency uncertainty is affected by the uncertainty
of determination of indicated pressure, rotational speed, and fuel consumption time in
the engine cylinder. Uncertainty of determination of indicated efficiency was determined
based on three measurements of engine speed, time of fuel consumption in the engine, and
three mean values of indicated pressure. Uncertainty of indicated efficiency was calculated
from the formula:

∆ITE =

√(
∂ITE

∂IMEP
∆IMEP

)2
+

(
∂ITE
∂n

∆n
)2

+

(
∂ITE

∂t
∆t
)2

, (13)

where ∆IMEP is uncertainty of indicated mean effective pressure, ∆n is uncertainty of
engine speed, and ∆t is uncertainty of time of consumption of fuel in the engine cylinder.

2.3.7. Coefficient of Variation in Indicated Mean Effective Pressure—COVIMEP

One of the essential criteria for evaluating the correct operation of combustion engines
is the non-repeatability of the work cycles. The coefficient of variation of indicated pressure
COVIMEP, expressed in percentages and calculated as a ratio of the standard deviation
of the engine indicated pressure to its mean value from three measurements containing
200 recorded engine operation cycles, was adopted as a measure of non-repeatability.

COVIMEP =
STDIMEP

IMEP
100%, (14)

where STDIMEP is the standard deviation of indicated mean effective pressure.

3. Results and Discussion

As part of the research, a comparative analysis of the combustion stability and exhaust
emissions of a compression-ignition piston engine powered by a mixture of diesel fuel
and n-butanol as well as RME biodiesel and n-butanol was carried out. The assessment
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of combustion stability was based on the results of recording changes in pressure in the
engine cylinder for the next 200 cycles for each analyzed measuring point. Stability was
assessed on the basis of the uniqueness of the mean indicated pressure, as well as on the
basis of the uniqueness of the characteristic combustion stages. Moreover, the influence of
the fuel type on the 50% heat release angle (CA50) was assessed.

3.1. Assessment of Combustion Stability

The assessment of the combustion process taking place in a reciprocating engine is
carried out on the basis of the recorded pressure courses in the engine cylinder. Indication
of a piston engine gives the most reliable diagnostic results. The engine operation indicators
determined on this basis are considered to be the closest to the real ones. In such a research
process, an averaged pressure course obtained from a set of several dozen consecutive
engine operation cycles is usually used.

Figures 5 and 6 show the results of a comparative analysis of the co-combustion of
diesel fuel and n-butanol (DB) and RME biodiesel/n-butanol (BB) for the full energy share
of n-butanol acceptable to the engine. The obtained results refer to the constant engine load
and the constant injection timing into the combustion chamber. This made it possible to
evaluate the influence of the type of fuel on the combustion process and then to assess the
combustion stability.
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Figure 5. Comparison of the combustion pressure courses for an engine powered by a mixture of
diesel fuel with n-butanol (DB) (a) and RME biodiesel with n-butanol (BB) (b).
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Figure 6. Comparison of the heat release rate for an engine powered by a mixture of diesel fuel with
n-butanol (DB) (a) and RME biodiesel with n-butanol (BB) (b).
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In the engine powered by DB, the highest energy share of n-butanol, at which the
engine could still be controlled, was 60%. For the engine powered by BB, the maximum
energy share of n-butanol was as much as 80%. Cycles with combustion as well as cycles
without combustion occurred with a higher share of n-butanol. The nature of the pressure
changes in the engine powered by DB shows the influence of n-butanol content on the
delay of self-ignition of the mixture, the effect of which is a significant difference in the
rate of heat release, the peak value of which increases with the ignition delay. Burning
becomes more violent [4]. For the engine powered by DB, the highest combustion pressure
was obtained for a 40% share of n-butanol and reached 7.25 MPa at 7 deg aTDC. On the
basis of tests in a constant-volume chamber, it was found that an increase in the share of
n-butanol in a mixture with diesel fuel causes an increase in the maximum combustion
pressure [16,19,22].

For the same proportion of n-butanol, the maximum HRR value was 142 J/deg and
was higher by 69 J/deg in relation to the diesel fuel combustion effect. Combustion in the
same engine powered by BB has a different character. Here, up to a 60% share of n-butanol
was recorded, practically only an increase in the maximum pressure value, which for the
mentioned share was 0.7 MPa and the maximum pressure was close to TDC. Exceeding
this share of n-butanol resulted in a visible delay in auto-ignition. This effect is also visible
on HRR traces. For the BB-powered engine, the HRR gain was only 25 J/deg. RME,
thanks to its properties and good miscibility with n-butanol, gives great possibilities for
co-combustion with alcohols, especially with higher alcohols [20,22,38]. In the work [28], a
similar effect of butanol share on the nature of heat release rate was observed. The increase
in the share of butanol resulted in an increase in the HRRmax value. An important aspect
of the assessment of the combustion process in a reciprocating engine is the analysis of
its characteristic stages: ignition delay (CA10) and duration of combustion (CA90), as
well as the assessment of the crank angle after the TDC for which 50% heat release (CA50)
occur. These characteristic combustion stages are determined on the basis of the normalized
heat release (Qnorm) [27,45]. The first stage of combustion is the ignition delay, defined as
the time (usually expressed in degrees of CA) from the start of injection to the moment
when 10% of heat is released. It is assumed that at this stage the flame front is already
so developed that it quickly penetrates into the combustion chamber. The ignition delay
time is Influenced by many factors, both physical and chemical [22,46]. Consequently, the
ignition delay period is often divided into physical and chemical retardation. Both steps
usually occur simultaneously. The physical delay is mainly influenced by the injection
process, namely the angle of the jet and its range in the combustion chamber, the ability of
the jet to atomize, vaporize the fuel, and mix with air within the flammability limits [22].
This feature can be indirectly observed in the course of the heat release rate. In the engine,
where this phenomenon occurs intensively, the HRR waveform shows a large share of the
kinetic combustion phase. The second stage of the ignition delay is the chemical delay,
the duration of which depends on the chemical properties of the fuel [45]. In the case
of co-combustion of fuels, with the increasing share of n-butanol, the physicochemical
properties of the fuel mixture will change, and this will affect the period of ignition delay,
both physically and chemically. Figure 7 shows the normalized heat release curves for the
DB and BB powered engine.
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Figure 7. Normalized heat release curves for the DB (a) and BB (b) powered engine.

The curves for the analyzed cases were obtained as the average of 200 consecutive
engine operation cycles. Characteristic stages of combustion are marked. From the nature
of the Qnorm run, it can be seen that the greatest differences for both fuel mixtures will be
noticeable for the initial combustion phase. Basic fuels, i.e., diesel fuel and RME biodiesel,
differ, inter alia, in the cetane number and thus in their ability to self-ignite [19].

Reciprocating engines powering working machines, especially those powering elec-
tricity generators, must meet the requirements for work stability. As reported in the
literature [45], the IMEP uniqueness index should not exceed 5%.

Figure 8 presents the obtained results of the IMEP uniqueness assessment for the
engine powered by DB and BB. For both variants, a set of pressure cycles was also shown,
respectively. For the highest obtained COVIMEP values for DB, the maximum COVIMEP
value was 4% and for BB as much as 78%.
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Figure 8. Uniqueness of IMEP.

For both analyzed cases, up to 40% of the energy content of n-butanol, the COVIMEP
index was at the same level of approximately 2%, i.e., the engine performance was stable.
After exceeding this share for the DB mixture, the IMEP uniqueness began to increase,
reaching the value of 4% for DB60. This is not exceeding the permissible limit, but above
this proportion of n-butanol, the engine clearly had problems with the spontaneous com-
bustion of the mixture. In an engine powered by a mixture with RME biodiesel, up to 80%
of n-butanol content, the COVIMEP index remained constant below 2%, only exceeding this
limit of n-butanol content practically prevented the engine from working. The assessment
of the engine operation stability based only on COVIMEP does not provide full knowledge
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about this phenomenon [43,44,47]. In the assessment of the engine operation, character-
istic stages of the combustion process are determined, i.e., the ignition delay period, the
duration of combustion, and for optimization reasons, the angle after TDC of 50% of heat
is released [7,21,46]. These parameters are determined from the MFB or normalized heat
development determined for the averaged engine cycle. Figure 9 shows the nature of
changes in the characteristic combustion stages for both fuels.
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Figure 9. The stages of CA10, CA50 and CA90 combustion.

The first stage is the ignition time in the engine, marked as ID, calculated from the
injection start angle to the 10% heat release angle. The ignition delay time (ID) is defined
as the period from the start of fuel injection to the of 10% of heat released. Combustion
duration (CD) is also calculated by reading the time between the crank angle of 10% heat
release and 90% of heat release. It is clearly visible here that the combustion of DB is
characterized by an increase in the ignition delay with the increasing share of n-butanol. In
the engine fueled with the BB mixture, the increase in the ignition delay angle up to BB80 is
negligible (ID increase by 5 deg of CA in relation to RME biodiesel). In the DB-powered
engine, for a 60% share of n-butanol, the ID increment was 7 deg of CA. The increase
in ignition delay in an engine powered by DB was accompanied by a shortening of the
combustion time along with an increase in the share of n-butanol. The same character of the
influence of butanol content on the combustion stages is presented in [7,31]. The increase
in butanol content increased ignition delay. This is due to the fact that a long ignition delay
gives the fuel stream longer time to evaporate and thus more of the mixture burns in the
kinetic phase [7,19,22,26]. For DB60, the burning time was reduced from 51 to 22 deg of
CA, while for BB60 from 51 to 45 deg of CA, respectively. Analyzing the angle of 50%
heat release after TDC, which is important for optimization of the engine cycle, with up to
50% of n-butanol share, in both cases, there are no significant changes in this value [46].
After exceeding this share for DB, this CA50 value clearly lags behind GMP. In the engine
powered by BB, with up to an 80% share of n-butanol, the CA50 value is lower by 4 deg of
CA in relation to rape oil alone.

The heat release traces presented in Figure 7 represent an average value and the values
for individual cycles are important for engine control. Figure 10 presents four selected
cases for the traces of normalized heat release for engine fueled with DB, BB, DB60, and
BB60 mixtures. The spreads of conventional combustion stages are marked: ignition time
(sCA10), angle of 50% heat release (sCA50), and conventional end of combustion (sCA90).
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Figure 10. Spread the characteristic stages of combustion for DB, BB, and DB60 and BB60 fuel mixtures.

Comparing the data for the engine powered by DB and BB, it can be seen that the
spreads of the characteristic combustion stages are similar for both fuels, and for the engine
powered by RME biodiesel there is a slightly higher repeatability of the cycles. CA90 spread
was 5 deg smaller. Comparing the Qnorm waveforms for the engine powered with 60%
n-butanol content, the stability of the combustion stages has clearly shifted towards the
engine powered by RME biodiesel. Detailed results of the assessment of the uniqueness of
these combustion stages are presented in Figure 11.
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Figure 11. Spread the stages of combustion.

When analyzing the CA10 dispersion, it was found that up to 40% of the n-butanol
energy content, this stage is similar for both fuels, and the dispersion is within 1.5 deg CA.
The increase in the proportion of n-butanol causes an increase in the spread of CA10 and so
for the selected 60% share of n-butanol in the DB-powered engine this spread was close to
8 deg CA and for the BB engine only 2.5 deg CA. A significantly lower scattering of the
CA50 step was obtained for the engine powered by the mixture with RME biodiesel as
compared to the engine powered by the mixture with diesel fuel. For the 60% n-butanol
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share for DB, it was 11.5 deg CA, and for the BB engine it was 2.5 deg CA. The engine
powered by BB up to 80% of n-butanol content achieved a smaller CA50 spread than
the engine powered by DB60. When assessing the spread of the CA90 notional end-of-
combustion, it was found that in a comparable range of n-butanol share, the BB engine
shows a smaller end-of-combustion spread. In a BB powered engine, the uniqueness of all
combustion stages was no longer acceptable and they are shown for information purposes
only. Changing the combustion stages will affect the exhaust emissions [7,16,18,25]. Engine
operation cycles with a shorter combustion time will generate greater increases in pressure
and thus also in temperature, which will lead to an increase in NOx emissions. Cycles with
extended combustion time will run under lower temperature conditions, and thus may, in
effect, favor the emission of soot [28,31,48].

The correlation between the maximum pressure, maximum temperature, and IMEP
values in relation to the CA50 angle was analyzed in detail. Figure 12 shows the dependence
of the occurrence of the maximum pressure value as a function of the CA50 angle.
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Figure 12. Correlation of peak pressure and CA50 for DB (a) and BB (b).

For an engine powered by DB up to a 50% share of n-butanol, the angle CA50 is close
to the optimal limits for a reciprocating engine. It should be noted here that the tests were
carried out at a constant angle of the fuel injection start. After exceeding this share, the pmax
value is successively decreased and the CA angle is shifted towards higher values after
TDC. For the BB-powered engine up to 80% of n-butanol content, CA 50 is located near the
optimal values, and for the BB90, there is a decrease in pmax and a delay in the CA50 angle,
as was found for the DB60-fed engine. For the engine combusting BB90 fuel, many cycles
of pmax of about 3.8 MPa were obtained, and these are cycles in which combustion was lost.

Figure 13 shows the dependence of the maximum temperature as a function of the
CA50 angle. The temperature value is related to the combustion pressure in the combustion
chamber of the engine, while according to the data in Figure 8, the nature of the changes is
slightly different. In the DB combustion engine, the highest combustion temperature values
were obtained for the share of 50% n-butanol, which may be the cause of NOx emission. It
is known that an increase in combustion temperature with excess air causes an increase in
NOx emissions [45,47]. On the other hand, for DB60 combustion, there was no significant
increase in combustion temperature, but values were obtained approximately 10 deg (for
CA50) later after TDC. In the BB-powered engine, only for a 90% share of n-butanol, part of
the cycles with higher temperature compared to the reference fuel (B100) was achieved,
and these Tmax values were also for the delayed cycles. For the maximum proportion of
n-butanol, the ignition delay was so large that either there were cycles with a large increase
in pressure and temperature Tmax or cycles where combustion was not initiated. IMEP is
important for the evaluation of the operational properties of the engine, and the evaluation
of this parameter related to the CA50 angle is presented in Figure 14.
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Figure 13. Relationship of maximum temperature and CA50 for DB (a) and BB (b).
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Figure 14. Interdependence of IMEP and CA50 for DB (a) and BB (b).

The engine was tested under constant load and rotational speed, i.e., the IMEP value
should be constant at 0.68 MPa. It is known that optimal engine operation is related to
the CA50 angle, i.e., 50% heat release of approximately 8–10 deg aTDC. Analyzing the
obtained data, it can be seen that for both analyzed cases, for stable engine operation, the
IMEP values are concentrated within the CA50 range of 5–12 deg aTDC. For the DB60
powered engine, IMEP values were obtained for CA50 already within 20 deg aTDC. In the
BB90 powered engine, as already mentioned, there were cycles with a higher IMEP than
assumed and cycles that did not generate power. Figure 15 shows the relationship between
the maximum pressure and IMEP.
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Figure 15. Correlation of maximum pressure and IMEP for DB (a) and BB (b).

The IMEP value is closely related to the pressure in the engine cylinder. In the optimal
cycle of a piston engine, the maximum pressure is several degrees after the TDC [45]. The
change of the physicochemical properties of the fuel supplied to the engine, and each
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of the mixtures, is a different fuel. This affects the value of the maximum pressure and
the angle after TDC of its occurrence. The speed of flame propagation changes, and thus
the combustion time [47]. Figure 15 shows how the type of fuel (fuel mixture) affects the
value of the maximum pressure at nearly the same IMEP. For the DB-powered engine, the
increase in the proportion of n-butanol meant that the same IMEP was achieved at a higher
pmax than was the case for the D100-powered engine. Only for the DB60 can one see a
drop in pmax, but this was due to the high uniqueness of the cycles and there were clear
problems with maintaining a constant engine load. For the BB fed engine, there is a greater
focus around the set point. Similarly, for RME biodiesel, the share of n-butanol caused an
increase in pmax. For the BB90 fuel, a very large dispersion of the pmax value in relation
to the IMEP value can be seen, but it was already beyond the stable combustion range in
the engine.

The last considered stability assessment criterion in this paper is the IMEP probability
density function, presented in Figure 16.
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Figure 16. Probability density function of IMEP for DB (a) and BB (b).

The Φ(IMEP) distribution shows that the engine powered by diesel fuel is character-
ized by a greater repeatability of IMEP compared to the engine powered by RME biodiesel.
For the engine powered by D100, the value of Φ(IMEP) is 32 and for the engine powered by
B100 it is equal to 25. The increase in the proportion of n-butanol in the mixture with diesel
fuel adversely affects the combustion stability, determined by the Φ(IMEP) function. The
situation is different for the engine fueled with a mixture with B100. Here, an improvement
in stability can be seen up to 80% of n-butanol. The highest value of the Φ(IMEP) function
was obtained for a 50% share of n-butanol and was 43. It can also be seen that, for an engine
powered by a mixture with B100, the range of IMEP variability is in a narrower range than
it was for the engine powered by the mixture with D100. The presented parameters for
assessing combustion stability have a direct impact on the engine’s performance, such as
its efficiency or fuel consumption, as shown in Figure 17.

The engine powered by the DB mixture for the entire range of n-butanol content was
more efficient than the engine powered by the reference fuel (D100). The engine achieved
the highest efficiency for the DB40, 41%, and was 5% more efficient than the D100. For
larger proportions of n-butanol, the efficiency began to decline due to increased combustion
instability. In the BB-powered engine, up to 80% of the n-butanol energy content, an
increase in efficiency was noted. For the BB80, the efficiency was close to 43% and was
higher by 7.5% in relation to the engine powered by the reference fuel (B100). The benefits
of using n-butanol in a mixture with other engine fuels can be seen on the BSEC, where
practically for the entire range of n-butanol use (except BB90), a favorable trend of reducing
the engine’s energy demand for fuel can be seen. It should also be noted that the fuels
used, i.e., diesel fuel, biodiesel, and n-butanol, differ in density and viscosity to create
the mixtures. In addition, the values of these two parameters significantly depend on the
temperature. As research [49] shows, each of the fuels used has a different characteristic of
lightness as a function of temperature, and in the analyzed cases, for different proportions
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of fuels, it is an even more complex process. Diesel fuel and n-butanol have similar viscosity,
while biodiesel (RME) is more than 1.7 times more viscous than n-butanol. The viscosity
and density of the base fuels and their mixtures affect the injection process, the range
of the fuel stream, its distribution in the combustion chamber, as well as atomization
and evaporation.
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Figure 17. Engine indicated efficiency (a) and specific energy consumption (b).

3.2. Emission

Diesel engines burn mainly heterogeneous mixtures and are characterized by increased
HC and soot emissions [42]. In addition, compression-ignition engines operating with
large excess air can also contribute to increased NOx emissions. Alcoholic fuels, due to the
high latent heat of vaporization and high auto-ignition temperature, significantly delay
fuel ignition and extend the premix period needed to create a homogeneous mixture. In
addition, alcohols as oxygenated fuels contribute to a significant increase in the amount of
active chemical oxygen in the cylinder of an internal combustion engine, helping to oxidize
the fuel and burn off unoxidized exhaust components. As a result, they can contribute to
the improvement of the ecological properties of the engine by reducing the emission of
hydrocarbons, carbon monoxide, and soot [27]. As part of the research, the exhaust gas
composition of a compression ignition engine powered by diesel/n-butanol (DB) and RME
biodiesel/n-butanol (BB) mixtures was analyzed. The concentrations of nitrogen oxides
(NOx), hydrocarbons (THC), carbon oxides (CO), carbon dioxide (CO2), and soot in the
engine exhaust were measured.

3.2.1. NOx Emission

Nitrogen oxides (NOx) and soot are the most important components of a compression-
ignition engine exhaust gas, which need to be reduced in order to meet modern, constantly
stringent emission standards. NOx and soot are related to each other. Therefore, their
simultaneous reduction requires, on the one hand, precise combustion control, and, on
the other hand, the use of fuels with appropriate properties [50]. During the combustion
of fuel in the cylinder of a piston engine, reactions take place that allow the formation of
nitrogen oxide (NO), which, when discharged with the exhaust gases, undergoes additional
oxidation to form nitrogen oxides (NOx). The formation of NO occurs mainly according to
the Zeldovich thermal mechanism and the Fenimore prompt mechanism and depends on
the oxygen concentration (excess air ratio), the temperature in the cylinder, and the resi-
dence time of the gas mixture in high temperature zones [31,32,51]. At temperatures above
1300 ◦C, nitrogen becomes highly reactive, which results in higher NOx emissions [29].
Figure 18a shows the NOx emissions of the engine fueled with mixtures of diesel fuel and
n-butanol and mixtures of RME biodiesel and n-butanol related to the emissions of diesel
fuel (D100) as the reference fuel (724 ppm). The literature presents a different effect of
biodiesel on the emission of nitrogen oxides from a compression ignition engine. Some
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studies have reported significant reductions in NOx emissions from biodiesel [52], while
other studies have shown an increase in NOx emissions with an increase in the percentage
of this biofuel [26,53,54]. This inconsistency in the literature may result from different types
of tested engines and their operational parameters, different types of biodiesel and different
operating conditions [52]. The results of the research in this study showed that biodiesel
has a beneficial effect on the emission of nitrogen oxides in a dual-fuel engine. Combustion
of biodiesel alone was associated with lower emission by over 200 ppm (28%) compared
to the combustion of diesel fuel. Moreover, the co-combustion of biodiesel and n-butanol,
compared to the co-combustion of diesel fuel and n-butanol, was characterized by lower
NOx emissions. Increasing the share of n-butanol for both diesel fuel/n-butanol (DB) and
RME biodiesel/n-butanol (BB) mixtures resulted in an increase in NOx emissions [55]. In
the case of co-combustion of diesel fuel and n-butanol, the highest emissions were recorded
at DB40 and DB50 and they were higher than the emissions for D100 by over 300 ppm
(41%). In the case of co-combustion of biodiesel and n-butanol, the highest concentration
of NOx was obtained at BB80. It was over 100 ppm (14%) higher than the concentration
obtained for the reference fuel. At DB60 and BB90, the NOx concentration in the exhaust
gas decreased. Feeding the engine with biodiesel by increasing the amount of oxygen in
the cylinder should improve the conditions for the formation of nitrogen oxides. How-
ever, thanks to the high CN, biodiesel did not retard ignition, limited the time to create
a homogeneous combustible mixture, and contributed to the reduction of the maximum
values of the heat release rate and the increase of maximum temperatures. As a result, the
conditions necessary for NOx formation were not present in the cylinder. In Figure 6, it can
be seen that the peak HRR values and thus the maximum temperatures (Figure 13) were
much lower when combusting biodiesel blends. The increase in NOx emissions accompa-
nying the increase in the share of n-butanol in the DB and BB mixtures was due to two
reasons. First, alcohol, with a high latent heat of vaporization, increased the ignition delay,
favoring the formation of a homogeneous combustible mixture which, after self-ignition,
burned rapidly, mainly in the kinetic phase, with high HRR, ensuring a sufficiently high
temperature in the cylinder for formation of nitrogen oxides [51]. Secondly, together with
n-butanol, additional active oxygen was supplied to the cylinder, promoting the formation
of NOx [32]. According to [50], in the case of high engine loads, the supply of alcoholic
fuel, i.e., n-butanol, to the compression-ignition engine causes an increase in NOx emission
caused by an increased share of the combustion phase of the pre-mixed charge, which
results in a higher temperature in the cylinder. The decrease in nitrogen oxide emissions for
the largest shares of n-butanol (DB60 and BB90) resulted from a significant delay in ignition,
deterioration of combustion, and the shifting of this process to the expansion stroke, where
low temperature prevented the formation of NOx.
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Figure 18. Emission of NOx (a) and THC (b) for test engine powered by diesel/n-butanol and RME
biodiesel/n-butanol blends.
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3.2.2. THC Emission

THC is a product of the incomplete combustion of hydrocarbon fuel. There are many
reasons for excessive THC emissions from a compression ignition engine. The heterogeneity
of the air-fuel mixture, its excessive thickening (or excessive dilution) and low temperature
cause an increase in THC emissions [42]. Incomplete fuel evaporation, accumulation of fuel
in the crevices of the combustion chamber and deposition of the fuel layer on the walls of
the chamber due to excessive and misdirected injection are also mentioned as important
factors contributing to the formation of THC [32]. In addition, the fuel properties, such
as cetane number, heat of vaporization, viscosity, and fuel composition (C/H2 and C/O2
ratio), also have an impact on the total THC emissions. Fuels with a lower cetane number
favor the formation of hydrocarbon pollutants [26]. Under conditions of lower engine load,
the emission of THC is higher than at full load because combustion takes place at a lower
temperature, which is accompanied by a low temperature of the cylinder walls [29,53]. At
high load, the rate of heat release is high and intense. Hence, the temperature in the cylinder
is high and the emission of THC is low [51]. Figure 18b shows the THC emissions of the
engine powered by mixtures of diesel fuel with n-butanol and mixtures of RME biodiesel
with n-butanol related to the emissions of diesel fuel (D100) as the reference fuel (116 ppm).
Comparing the emissions for diesel fuel alone and for biodiesel, a similar tendency of
both fuels to create unburned hydrocarbons can be seen. Only after adding n-butanol,
significant differences in the emission of this compound were recorded. The THC emitted
from the combustion of biodiesel blends has a higher concentration in the exhaust gas
than the THC from the combustion of diesel blends. In the available literature, one can
often find studies indicating a different effect of biodiesel co-combusted with alcohols on
the emissions of unburned hydrocarbons [26,32,54]. In the presented research, a slight
increase in the proportion of alcohol in a mixture with diesel fuel, up to 20%, resulted in an
increase in THC emissions compared to diesel fuel, by 56 ppm (48%). Further increasing
the amount of n-butanol resulted in the reduction of hydrocarbon emissions to the values
obtained for diesel fuel alone. Another increase in THC emissions was achieved for the
highest share of n-butanol (DB60). The increase in the share of alcohol in the mixture with
biodiesel, up to 60%, resulted in an increase in THC emissions, compared to diesel fuel,
by 128 ppm (110%). Further increasing the amount of n-butanol, up to 70%, resulted in a
reduction of hydrocarbon emissions, up to 88 ppm over diesel emissions. For BB80 and
BB90, another increase in the concentration of hydrocarbons was observed, up to nine times
(up to 1092 ppm in relation to D100). The higher THC emissions obtained for the RME
biodiesel/n-butanol mixtures compared to the diesel/n-butanol mixtures were mainly
due to the lower temperature in the cylinder during combustion, represented by lower
maximum values of the heat release rate (HRRmax) (Figure 6). The initial increase in the
share of n-butanol in mixtures of diesel fuel/n-butanol and biodiesel RME/n-butanol,
increasing the ignition delay, extended the time of formation of the premixed mixture
and increased the temperature in the engine cylinder, which should reduce the THC
concentration in the exhaust gas [56]. However, under these conditions, other factors that
caused the increase in THC emissions were of greater importance. These were slower
evaporation of alcohol-containing mixtures, and thus slower and worse mixing of fuel with
air due to the high latent heat of vaporization of n-butanol, as well as increased aerosol
penetration of the fuel mixture (due to lower viscosity and lower density of n-butanol)
causing an undesirable impact of the fuel against the walls of the chamber (and thus
extinguishing the flame) [48,51]. The high heat of vaporization of n-butanol increased the
probability of deposition of unburned charge on the walls and inside the crevices of the
combustion chamber, contributing to an increase in THC emissions [42]. Although the
content of molecular oxygen in mixtures with n-butanol was higher than in diesel fuel or
biodiesel, its effect on the reduction of THC impurities was negligible [26]. The decrease
in THC emission during the further increase in the share of n-butanol, above 20% for DB
and 60% for BB, resulted from the dominant influence of the temperature increase in the
cylinder caused by the combustion of a homogeneous mixture in the presence of active
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chemical oxygen. In addition, the additional oxygen improved combustion by diluting
the mixture and eliminating fuel-rich zones in the engine cylinder. The re-increase in THC
emissions for DB60 and BB90 was caused by a decrease in temperature and heat release
rate in the engine cylinder due to too much delay in ignition and shift of combustion to the
expansion stroke. Under these conditions, an intense process of extinguishing the flame
in the combustion chamber took place, which led to an increase in HC emissions [26,57].
Moreover, the excess of oxygen in mixtures with such a high alcohol content led to excessive
depletion of the combustible mixture and incomplete combustion [53].

3.2.3. CO Emission

Carbon monoxide (CO) is a toxic compound produced as a result of incomplete
combustion of hydrocarbon fuel [29,57]. Excessive CO emissions arise for two reasons.
Firstly, it can be due to oxygen deficiency in fuel-rich areas in the engine combustion
chamber, caused by too much enrichment of the fuel mixture [26]. In the case of too rich
mixtures, the fuel cannot mix with enough air to oxidize it. Secondly, it can be due to the
excessive depletion of the fuel mixture and the lowering of the combustion temperature in
the cylinder, which causes a cooling effect [53]. Under these conditions, the flame cannot
effectively propagate in the engine cylinder, the fuel is decomposed and its partial oxidation
to CO [32]. Fuel properties, such as viscosity, volatility, or density, are also important factors
influencing CO emissions [29]. Figure 19a shows the CO emissions of the engine fueled
with mixtures of diesel fuel and n-butanol as well as mixtures of RME biodiesel and n-
butanol related to the emissions of diesel fuel (D100) as the reference fuel (0.53%). It can
be seen that the combustion of biodiesel alone, compared to the combustion of diesel fuel
alone, resulted in an increased CO emission of 0.12% (23%). Adding n-butanol to diesel and
biodiesel further made the difference in CO emissions in favor of DB blends. Analyzing the
effect of increasing the share of butyl alcohol co-combusted with diesel fuel, it can be seen
that the addition of alcohol had a positive effect on the concentration of carbon monoxide in
the engine exhaust [48]. The lowest emissions were recorded for DB50 and DB60 and were
approximately 0.4% (75%) lower than the emissions for D100. When analyzing the impact of
increasing the share of butyl alcohol co-combusted with biodiesel, it can be seen that a small
addition of alcohol increased CO emissions to 20%. Only after exceeding the 20% share of
n-butanol was there a decrease in the concentration of carbon monoxide by approximately
0.35% (66%) for BB80, compared to the value obtained for diesel fuel. For BB90, another
increase in CO concentration in the exhaust gas was observed. The higher CO emissions
achieved by the co-combustion of RME biodiesel/n-butanol blends can be explained by
the lower combustion temperature (lower HRRmax) and higher fuel mass injected into
the cylinder due to the lower calorific value of biodiesel compared to diesel [26]. Under
these conditions, the combustion temperature in the cylinder was of greater importance
than the additional oxygen supplied in the biodiesel. The decrease in CO emissions along
with the increase in the share of n-butanol in the DB and BB mixture was influenced by:
the increasing combustion temperature in the cylinder and the availability of chemically
active oxygen supplied in the alcohol fuel, which promoted the oxidation of CO to CO2 and
eliminated fuel-rich zones in the combustion chamber of the engine [31,57]. The increased
ignition retardation also increased the time to homogenize the combustible mixture in
which oxygen had sufficient time to reach each fuel particle. Not without significance is
also the fact that, along with the increasing share of n-butanol, there was a decrease in
the carbon content in the mixture, reflected in the decreasing C/H2 ratio (Figure 20a). For
higher shares of n-butanol, there was a reduction in carbon monoxide concentration caused
by a positive and dominant influence of a large amount of oxygen and a decrease in C/O2
and C/H2 (Figure 20) [29]. For BB90, there was a rapid increase in CO emissions, caused
by a decrease in temperature, and heat release rate in the engine cylinder, caused by too
much delay in ignition and a shift in combustion on the expansion stroke [54].



Energies 2023, 16, 1717 24 of 29

Energies 2023, 16, x FOR PEER REVIEW 24 of 30 
 

 

can be seen that the addition of alcohol had a positive effect on the concentration of carbon 

monoxide in the engine exhaust [48]. The lowest emissions were recorded for DB50 and 

DB60 and were approximately 0.4% (75%) lower than the emissions for D100. When ana-

lyzing the impact of increasing the share of butyl alcohol co-combusted with biodiesel, it 

can be seen that a small addition of alcohol increased CO emissions to 20%. Only after 

exceeding the 20% share of n-butanol was there a decrease in the concentration of carbon 

monoxide by approximately 0.35% (66%) for BB80, compared to the value obtained for 

diesel fuel. For BB90, another increase in CO concentration in the exhaust gas was ob-

served. The higher CO emissions achieved by the co-combustion of RME biodiesel/n-bu-

tanol blends can be explained by the lower combustion temperature (lower HRRmax) and 

higher fuel mass injected into the cylinder due to the lower calorific value of biodiesel 

compared to diesel [26]. Under these conditions, the combustion temperature in the cyl-

inder was of greater importance than the additional oxygen supplied in the biodiesel. The 

decrease in CO emissions along with the increase in the share of n-butanol in the DB and 

BB mixture was influenced by: the increasing combustion temperature in the cylinder and 

the availability of chemically active oxygen supplied in the alcohol fuel, which promoted 

the oxidation of CO to CO2 and eliminated fuel-rich zones in the combustion chamber of 

the engine [31,57]. The increased ignition retardation also increased the time to homoge-

nize the combustible mixture in which oxygen had sufficient time to reach each fuel par-

ticle. Not without significance is also the fact that, along with the increasing share of n-

butanol, there was a decrease in the carbon content in the mixture, reflected in the de-

creasing C/H2 ratio (Figure 20a). For higher shares of n-butanol, there was a reduction in 

carbon monoxide concentration caused by a positive and dominant influence of a large 

amount of oxygen and a decrease in C/O2 and C/H2 (Figure 20) [29]. For BB90, there was 

a rapid increase in CO emissions, caused by a decrease in temperature, and heat release 

rate in the engine cylinder, caused by too much delay in ignition and a shift in combustion 

on the expansion stroke [54]. 

  

Figure 19. Emission of CO (a) and CO2 (b) for test engine powered by diesel/n-butanol and RME 

biodiesel/n-butanol blends. 

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0 10 20 30 40 50 60 70 80 90


C

O
, %

n-butanol energy fraction, %

DB
BB

Reference to D100 (0.53%)
a)

-2

-1.6

-1.2

-0.8

-0.4

0

0.4

0 10 20 30 40 50 60 70 80 90


C

O
2
, %

n-butanol energy fraction, %

DB
BB

Reference to D100 (7.46%)

b)

Figure 19. Emission of CO (a) and CO2 (b) for test engine powered by diesel/n-butanol and RME
biodiesel/n-butanol blends.
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Figure 20. C/H2 (a) and C/O2 (b) ratio for test engine powered by diesel/n-butanol and RME
biodiesel/n-butanol blends.

3.2.4. CO2 Emission

Carbon dioxide (CO2) is the end product of combustion of any fuel that contains a
carbon molecule in its atomic structure. In a compression-ignition engine, carbon dioxide is
formed as a result of the complete combustion of fuel under high temperature and excess
oxygen conditions. The availability of sufficient oxygen for complete combustion increases
carbon dioxide emissions. With adequate oxygen availability, the hydroxyl radical OH
(one of the main oxidants) converts CO into CO2 [53]. Figure 19b shows the CO2 emissions
of the engine fueled with mixtures of diesel fuel and n-butanol as well as mixtures of
RME biodiesel and n-butanol related to the emissions of diesel fuel alone (D100) as the
reference fuel (7.46%). It can be seen that the addition and increase of n-butanol in the
mixture of DB and BB reduced the concentration of carbon dioxide in the exhaust gas of a
dual-fuel engine. The engine powered by the diesel/n-butanol mixture was characterized
by a greater reduction in emissions. The lowest concentrations were recorded for DB60 and
BB90 and they were respectively 1.14% (15%) and 1.43% (19%) below the concentration
value obtained for the reference fuel. The decrease in CO2 emissions resulted mainly from
the decrease in the amount of carbon supplied to the cylinder in mixtures with alcohol
fuel, mapped by a decrease in the C/H2 ratio (Figure 20a). This factor turned out to have a
greater effect on reducing the concentration of carbon dioxide in the exhaust gas than the
additional amount of oxygen supplied in n-butanol (C/O2 in Figure 20b).

3.2.5. Soot Emission

Soot is one of the main components of particulate matter and indicates the propensity
of the engine to form and emit them [32]. In compression-ignition engines, soot is formed
due to excess fuel that creates fuel-rich zones in the combustion chamber that are not
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completely combusted in the engine cylinder. Soot particles are mainly formed in the
initial stage of diffusion combustion as a result of fuel dissociation under high temperature
and excess fuel conditions (low air excess ratio). Under the operating conditions of a
compression ignition engine, part of the soot formed in the first stage of the combustion
process is eliminated in subsequent stages of the cycle due to oxidation in the oxygen-rich
areas of the combustion chamber [42]. In addition to the excess air ratio, the soot emissions
are also influenced by: temperature and pressure in the engine cylinder, the degree of
fuel-air mixing, fuel injection time and its orientation, and the composition of the fuel itself
(C/H2 and C/O2 ratio) [53]. Figure 21 shows the soot emissions of the engine fueled with
mixtures of diesel fuel and n-butanol and mixtures of RME biodiesel and n-butanol related
to the emissions of diesel fuel alone (D100) as the reference fuel (519 mg/m3). It can be
seen that the combustion of biodiesel alone, compared to the combustion of diesel fuel,
was associated with an increased emission of soot, by approximately 73 mg/m3 (14%).
Similarly, the combustion of BB mixtures, compared to the combustion of DB mixtures, was
characterized by a higher concentration of soot in the exhaust gas. Analyzing the effect
of increasing the share of butyl alcohol co-combusted with diesel fuel, it can be seen that
the addition of alcohol had a positive effect on soot emissions. The lowest emissions were
recorded for DB50 and DB60 and they were approximately 500 mg/m3 (96%) lower than
the reference fuel emissions. When analyzing the impact of increasing the share of butyl
alcohol co-combusted with biodiesel, it can be seen that a small addition of alcohol up
to 10% increased soot emissions. Only after exceeding the 10% share of n-butanol was
there a decrease in the soot concentration by approximately 490 mg/m3 (94%) for BB80,
compared to the value obtained for diesel fuel. For BB90, soot emissions increased again,
but still lower, by approximately 390 mg/m3 (75%), compared to D100. The higher soot
emissions associated with the combustion of biodiesel and BB blends alone compared to
diesel fuel and DB blends resulted from lower combustion temperatures (lower HRRmax in
Figure 6). The reduction of soot emissions as a result of adding alcoholic fuel to diesel and
biodiesel was due to the limitation of the possibility of the formation of fuel-rich regions in
the engine cylinder due to the delayed ignition and increased time for the formation of a
homogeneous combustible mixture [51]. Additionally, the pre-prepared mixture burned at
a higher temperature, contributing to complete combustion and soot burning [32]. Other
significant factors influencing the reduction of soot emissions were the increased amount
of chemically active oxygen supplied in n-butanol, which favored the burning of the soot
(decrease in the C/O2 ratio in Figure 20b) and the decreased share of carbon in the DB and
BB mixtures (decrease in the C/H2 ratio) in Figure 20a) [48,52].
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The above analyses show that increasing the share of n-butanol for biodiesel/n-butanol
(BB) mixtures increased NOx emissions. A different effect was observed in the case of
soot emissions, where the butanol concentration in BB significantly decreased with the
increase in the share of butanol in the exhaust gas. Thus, a decrease in soot emissions is
accompanied by an increase in NOx emissions, which confirms the trade-off between soot
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and NOx. Only for BB90, there is a decrease in the NOx concentration and a slight increase
in the soot concentration in the exhaust gas, which resulted from a significant ignition delay,
deterioration of combustion, and shifting of this process to the expansion stroke, where the
low temperature prevented the formation of NOx.

4. Conclusions

The paper presents the results of a comparative analysis of diesel engine fueling with
a mixture of diesel fuel and n-butanol as well as RME and n-butanol. The influence of
the type of fuel on the engine performance, stability of the combustion process, and the
emission of toxic exhaust components was assessed. The tests were carried out for the
constant engine load, rotational speed, and the injection timing. Based on the obtained
results, the following conclusions were formulated:

− The maximum energy share of n-butanol in a mixture with diesel fuel, allowing for
stable operation, is 50%, and with RME 80%.

− For both analyzed cases, with up to 40% of the energy content of n-butanol, the
COVIMEP index was at the same level of approximately 2%. In the engine powered
by a mixture with RME, with up to 80% of the n-butanol content, the COVIMEP index
was constant below 2%.

− In the engine fueled with the BB mixture, the ignition delay time (ID) for the BB80
increased by 5 deg of CA in relation to RME. For the DB supply, for DB60, the ID
increment was 7 deg of CA.

− For DB60, the combustion time was shortened from 51 to 22 deg of CA, whereas for
BB60 from 51 to 45 deg of CA, respectively.

− For the engine fueled with DB mixture up to 50% of n-butanol share, there was a
high repeatability of the CA10 combustion start and CA50 angle, whereas in the
BB-powered engine up to 70% of n-butanol was achieved.

− The spread of the conventional CA90 combustion end in an engine powered by DB
increased with an increase in the share of n-butanol to 50%. In an engine powered
by BB with up to 80% of the share of n-butanol, the repeatability of CA90 was higher
than for the reference fuel.

− The analysis of the uniqueness of pmax, the angle pmax, and CA50 showed that the
engine powered by the BB mixture is characterized by greater combustion stability for
the range of up to 80% of the energy share of n-butanol.

− The share of n-butanol in the combusted mixture contributed to the increase in engine
efficiency. A greater increase in efficiency was obtained for the engine powered by
DB40 mixture and amounted to 5% in relation to the reference fuel supply.

− Relating the NOx emission to the values obtained for the engine powered by diesel
fuel, the increase in NOx emission was obtained for DB mixtures. The highest increase
was for DB40, by over 300 ppm. For feeding BB, with up to 60% share of n-butanol,
the achieved NOx emission was lower than for the reference fuel.

− THC emission for both DB and BB was higher than for the reference fuel. The increase
was small for DB supply, and for BB supply. The highest increase was for BB60 and
amounted to 120 ppm.

− Summing up the CO emission, it can be said that the share of n-butanol has a positive
effect on the emission of CO, and the CO2 emission for the entire range of n-butanol
share was lower than for the reference fuel.

− The share of n-butanol has a positive effect on the reduction of soot emissions. Only for
B100 and BB10 was the emission of soot higher by approximately 70 mg/m3 compared
to the diesel fuel supply. The greatest soot reduction was recorded for the DB60 fuel
by over 500 mg/m3.

The supply of a compression-ignition piston engine with a mixture of the basic fuel,
i.e., diesel fuel or biodiesel with the participation of n-butanol, gives satisfactory results in
terms of both the improvement of engine operating parameters, combustion stability, as
well as in terms of exhaust emissions.
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