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Abstract

This study investigates the suitability of bioethanol-butanol blends as alternative fuels for internal com-
bustion engines, focusing on their calorific value and combustion residue mass. Fuel samples with va-
rying ethanol-to-butanol weight ratios (100:0, 70:30, 50:50, 30:70, and 0:100) were prepared from high-
purity components and tested using a KL-Mn 12 calorimeter. Results showed that blends produced
higher combustion residue masses than pure components, with the 50:50 mixture yielding the highest
value. Calorific value increased proportionally with butanol content, from 27.43 MJ-kg™! for pure etha-
nol to 34.71 MJ-kg! for pure butanol. Statistical analysis confirmed significant differences between
compositions. The findings suggest that ethanol-butanol blends, despite increased residue formation,
have favorable energy characteristics and potential for use in spark-ignition engines, warranting further
studies on engine performance, octane ratings, and exhaust emissions.
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INTRODUCTION

Despite the increasing use of electric propulsion systems in vehicles, internal combustion engines still
remain the predominant source of energy in machines and vehicles. The search for solutions that would
reduce emissions generated by their operation while maintaining high functional performance prompts
efforts to find various means of continuing their use. These efforts are being realized in several direc-
tions: modifications in engine design to improve efficiency and reduce fuel consumption (and conse-
quently reduce harmful emissions), the implementation of hybrid propulsion systems, and also the ex-
ploration of alternative fuels, whose use may result in lower fossil fuel consumption or improved exhaust
gas composition. Various fuels—both gaseous and liquid—are known to be used as alternatives. Among
gaseous fuels with practical applications, LPG (a mixture of propane and butane) and CNG (compressed
natural gas) are the most commonly used. Less popular but still applied in practice are biogas and wood
gas (holzgas). This solution was especially prevalent in times of limited access to crude oil (Zakrzewski,
2016). 1t is used for powering both stationary engines and vehicles. Gaseous fuels are mainly used in
spark-ignition engines, but also in compression-ignition engines, with the use of diesel injection to ini-
tiate combustion. LPG is the most widely used, while CNG is used to a lesser extent. Current European
regulations require the use of bio-components in fuel blends in quantities of at least 7% for diesel fuels
and at least 10% for gasoline.

The primary liquid fuel for spark-ignition engines is gasoline, composed of aliphatic, aromatic, and
unsaturated hydrocarbons. Until the mid-1980s, leaded gasoline was commonly used, which released
toxic lead oxide during combustion. Currently, unleaded gasoline marked as 95 and 98 is used, with the
numbers referring to the octane rating of the fuel (VMC, 2024). Bio-components that can also serve as
standalone fuels for spark-ignition engines include ethanol, methanol, and butanol. Selected properties
of these alcohols compared with gasoline are presented in Table 1. Noteworthy are their high octane
numbers, low calorific value—especially in the case of bioethanol—and high heat of vaporization.
These properties significantly influence combustion processes in such engines, although they are not the
subject of this study.

The most commonly used additive to gasoline in the European Union is bioethanol. Currently, its inclu-
sion in fuel is mandated by Directive 2009/30/EC (European Parliament and Council, 2009).
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Tab. 1 Selected properties of fuels for spark-ignition engines

Parameters / Density at Research Motor Boiling point Calorific va- Heat of
Fuel 15°C Octane Octane [°C] lue vaporization
[kg-m] Number Number [MJ-kg™'] [kJ-kg™]
Methanol 795.6 107 91 64.7 19.9 1100
Bioethanol 793.2 108 92 78.3 26.8 910
Butanol 810 105.1 96 [15] 117 35.69 683
Gasoline 95 720-775 95 min. 85 215 410 380

Bioethanol is considered a renewable fuel, most commonly produced through the process of alcoholic
fermentation from plant-based raw materials such as corn, sugar beets, grains, or sugarcane (Smuga,
2011; Bedyk & Oleksiak, 2002). This technology is well established and widely accessible. However,
concerns have been raised about the use of food-grade crops for biofuel production, as it may contribute
to global food shortages. Therefore, increasing attention is being given to the production of so-called
second-generation bioethanol from waste materials, including wood (especially from fast-growing
trees), straw, cellulose industry residues, and even municipal waste. Nevertheless, second-generation
bioethanol still represents a small share of overall production (Smuga, 2011).

Butanol can be produced by three main methods: fermentation (using grains, resulting in a mixture of
ethanol, butanol, and acetone, which is then distilled), carbonyl synthesis (via gasification of coke and
subsequent reaction of carbon monoxide and hydrogen), and aldol condensation followed by hydrogena-
tion—both chemical methods require the use of catalysts (HaoFei Chemical, 2024). Butyl alcohol is a
colorless liquid with a specific odor, a lower density compared to water, and is highly flammable and
explosive. In recent years, there has been growing interest in the use of biobutanol and bioethanol as
alternative fuels for internal combustion engines. Research indicates that due to its physicochemical
properties, biobutanol can be a beneficial additive to diesel fuel; however, careful selection of blend
proportions is necessary due to its impact on fuel parameters (Honig et al., 2015). Literature reviews
concerning higher alcohols, such as propanol and butanol, emphasize their superior combustion perfor-
mance and lower emissions compared to methanol and ethanol, making them promising candidates for
engine applications (Sharma et al, 2019). The application of bioethanol in spark-ignition engines has
been thoroughly examined with respect to CO and HC emissions—studies have shown that ethanol-
gasoline blends can significantly reduce these pollutants (lodice & Cardone 2021). Other studies have
focused on the influence of bioethanol on combustion parameters such as cylinder pressure, thermal
efficiency, and emission of harmful compounds—these effects are generally positive, although depend-
ent on blend ratios (Thangavelu et al, 2016). Alcohols from the first three families (methanol, ethanol,
butanol) have been analyzed in terms of efficiency, combustion, and emissions in SI engines—with
butanol showing the most favorable properties (Abdullah et al 2023). Reviews of higher alcohols and
biodiesel usage have confirmed their potential for reducing NOx, CO, and HC emissions (Erdiwansyah
et al, 2019). More recent research supports the viability of bioalcohols as low-emission fuels in CI en-
gines, highlighting their positive effects on combustion and emissions (Tanwar et al 2023). Butanol is
characterized by better miscibility with diesel fuel compared to ethanol and methanol, making it more
practical for diesel blending (Kumar et al, 2013). The literature also indicates growing interest in RCCI
and PCCI engine technologies utilizing higher alcohols, which may simultaneously improve efficiency
and reduce particulate matter and NOx emissions (Hua, 2024). Comparative studies show that primary
alcohols (methanol, ethanol, n-butanol) positively affect soot and CO emissions in dual-fuel modes
(Ning et al, 2020). Computer simulations demonstrate that alcohol-gasoline blends reduce CO and HC
emissions, although engine power may decrease (/liev, 2021). Studies involving tall oil and alcohol
blends (including n-butanol) have shown reductions in CO emissions and smoke opacity, accompanied
by increases in HC and NOx emissions (Ozer, 2020). Further research has revealed that the addition of
n-butanol to natural gas in dual-fuel engines improves combustion dynamics and enables reductions in
THC and NOx emissions (Chen et al, 2019). The topic of the possibility of using a mixture of traditional
petrol and bioethanol in terms of selected parameters and performance of compression-ignition engines
was also discussed (Zastempowski 2025), and in particular the need for monitoring of the growth of
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pollutants and the changes that occur in the case of additives (Michalides et al, 2023) also from the point
of view of the atomic emission spectrometer (Hujo et al, 2022). The variety of research procedures and
experimental conditions makes it difficult to directly compare the obtained results, a phenomenon also
observed in other fields of engineering (4/leksandrowicz, 2020). Finally, n-butanol has been recognized
as a competitive second-generation biofuel—its combustion characteristics, engine performance impact,
and emissions profile make it a superior alternative to conventional biofuels (Jin et al 2011).

MATERIALS AND METHODS

Mixtures of ethyl and butyl alcohol in varying proportions were used in the study. These mixtures can
serve as alternative fuels for internal combustion engines, based on renewable sources. The evaluation
focused on mixtures with different butanol and ethanol ratios, assessing their average calorific value and
the mass of residue remaining after combustion, with the goal of identifying the most favorable blend
composition.

The research hypothesis assumed that mixtures of ethyl and butyl alcohol could represent a viable alter-
native to conventional fuels, under the assumption that each blend would have a distinct calorific value.
The objective was to identify the mixture that achieved the best results in the conducted experiments.
The study utilized samples of ethyl and butyl alcohol mixtures. The proportion of individual alcohols
was expressed in weight ratios. The tested alcohols had a purity grade classified as “pure,” containing
99.00-99.9% of the pure component. Both the stock and prepared samples were stored in tightly sealed
bottles at a temperature not exceeding 8°C. After preparing the mixtures, bulk density was measured by
weighing a volume of 190-250 cm®. Each measurement was repeated five times.

The types of mixtures (percentage composition by weight) and the results of bulk density measurements
are presented in Table 2.

Tab. 2 Bulk density of the tested bioethanol-butanol mixtures

Fuel composition Component ratio Bulk density [kg-m™]
Bioethanol 100% 782.00
Bioethanol + Butanol 70 +30% 791.05
Bioethanol + Butanol 50 +50% 789.01
Bioethanol + Butanol 30 + 70% 790.53
Butanol 100% 802.00

The KLMn 12 calorimeter was used for the study. The test setup is shown in Figure 1.

7d \Ja  \1 6 8 9

Fig. 1 Diagram of the test setup: 1 — calorimeter bomb, 2 — calorimeter lid, 3 — temperature sensor,
4 — 1id holder with integrated drive for the mechanical stirrer, 5 — mechanical stirrer, 6 — calorimetric
vessel, 7 — calorimeter jacket consisting of: 7a — inner wall, 7b — outer wall, 7c — coil, 7d — manual
stirrer, 8 — calorimeter control unit, 9 — computer, 10 — printer, 11 — computer monitor, 12 — calorimeter
table, 13 — power strip with switch [9].

The bulk density of butanol is slightly higher; the variations follow an irregular pattern.
The calorific value was tested for all fuel types with five repetitions. The tested samples were stored at
a temperature of approximately 8°C.
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Fuel samples (approximately 1 g) were placed in quartz crucibles, which were weighed before each
measurement. To avoid contamination from residues, each crucible was used only once. The ignition
wire was also weighed. The crucible containing the fuel was immediately placed in the calorimetric
bomb, and a fragment of the wire was immersed in the fuel. The bomb was then tightly sealed and filled
with oxygen at a pressure of 500 hPa. The bomb was placed in a water bath, and the ignition leads were
connected. After the bomb was connected, the control software was launched, containing the mass of
each sample, bomb number, and the sample identification with repetition number. Once the temperatures
of the calorimetric bomb and the water bath stabilized, fuel ignition occurred. The temperature change
over time was recorded automatically, and after the combustion process and the subsequent heat transfer
had ended, the system registered the total heat released. At the end of each cycle, the bomb was opened
and the crucible with the remaining ash was weighed. The tests were repeated five times for each type
of fuel. The average values obtained are presented in Table 3.

Tab. 3 Average calorific values and residue mass

Fuel Average calorific value Average residue mass
[kI-kg'] [gke']

Biocethanol 100% 274253 0.089

Bioethanol + Butanol 70 +30%  29866.3 0.271

Bioethanol + Butanol 50 + 50%  32009.7 0.489

Bioethanol + Butanol 30 +70%  33301.3 0.454

Butanol 100% 34712.3 0.154

The obtained results were subjected to statistical analysis using the STATISTICA software.
RESULTS AND DISCUSSION

As aresult of the conducted research, it was found that the mass of residue remaining after the combus-
tion of fuel samples in an oxygen atmosphere varies. The highest residue mass was recorded for the fuel
containing 50% bioethanol and 50% butanol. The lowest residue mass was obtained from the combus-
tion of 100% bioethanol. In the case of 100% butanol, the residue mass was also very low, although
higher than that of bioethanol. The results indicate that mixing alcohols leads to an increase in residue
mass. This may be caused by disturbances in the combustion process of the mixture. The differences in
residue mass values were statistically significant (p = 0.05).
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Fig. 2 Residue mass depending on fuel composition

The calorific value of the fuels changed linearly, increasing with the rising proportion of butanol in the
fuel.
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Calorific value [kJ/kg] depending on fuel composition
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Fig. 3 Calorific value depending on fuel composition

CONCLUSIONS

Based on the conducted research on the suitability of ethyl and butyl alcohol blends, it can be concluded
that the search for alternatives to conventional fuels is progressing in the right direction. Alcohol-based
fuels can be produced in a significantly more environmentally friendly manner, and the exhaust emis-
sions from such fuels are much less harmful to the environment compared to, for example, gasoline.
Alcohol blends could potentially be used in spark-ignition engines.

1. Alcohols possess characteristics that allow their use as fuels for spark-ignition engines. Their
calorific values are comparable to those of fossil fuels.

2. Based on the analysis of combustion residues, it can be observed that the use of fuels with
varying alcohol ratios is more advantageous, as these mixtures produce lower ash content.

3. To obtain a complete picture of the suitability of alcohols for engine fueling, further research is
necessary—particularly in determining octane numbers and conducting engine tests to assess
combustion behavior.

4. 1t is also recommended to carry out exhaust gas composition analysis in engines powered by
alcohol blends.

The research conducted by the authors confirms that bioethanol-biobutanol blends can represent a prom-
ising alternative to conventional fuels used in spark-ignition internal combustion engines. It was demon-
strated that increasing the proportion of butanol in the blend leads to a linear increase in calorific value—
from 27.43 MJ kg™ for pure bioethanol to 34.71 MJ-kg™* for pure biobutanol-while simultaneously in-
creasing the combustion residue mass, particularly for the 50:50 blend. These results are consistent with
trends reported in the literature, indicating the favorable energy characteristics of higher alcohols
(Sharma et al., 2019; Abdullah et al., 2013; Tanwar et al., 2023), although they do not always fully
align with the values reported by other researchers.

For pure ethanol, the obtained calorific value (27.42 MJ-kg™") was close to the value reported by Haynes
(~27.00 MJ-kg™) (Haynes, 2015), but notably lower than the 29.7 MJ-kg™* reported by Martinka et al.
(2019). Similar discrepancies were observed for butanol-the result of 34.71 MJ-kg™ differed slightly
from the values of 35.6 MJ-kg! and 34.92 MJ-kg ™ obtained by Antoni et al. (2007). It should be em-
phasized, however, that direct comparison of results from different studies is subject to significant un-
certainty due to variations in experimental procedures, types of equipment, purity of the tested samples,
as well as differing environmental conditions during measurements.
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