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The article examines the physicochemical properties of fuels for internal combustion engines, focusing
on key aspects such as elemental composition, heat of combustion, density, viscosity, etc. The prerequisites
and stages of developing alternative fuels, particularly for compression ignition engines, are analyzed, with
biodiesel fuel taking a prominent place. Chemically, biodiesel consists of methyl esters of fatty acids (lipids)
and, due to its physicochemical properties, closely resembles conventional diesel fuel, allowing for mixing in
various proportions. The paper discusses the most well-known biodiesel production methods, including
transesterification (conventional, supercritical, enzymatic), pyrolysis, and hydrogenation (second-generation
biodiesel), providing an overview of the mechanisms involved. The classical transesterification process is
identified as the most promising for Ukraine. The study outlines the methods of classical transesterification
and presents a schematic of the process. The article also describes the nomenclature of equipment for biodiesel
production. It provides technical characteristics of some devices, including the BDD-200 biodiesel production
line used in the alternative energy laboratory of Vinnytsia National Agrarian University. Scientific research
on biodiesel production in Ukraine and key authors in this field are reviewed. Special attention is given to raw
material resources for biodiesel fuel production. The study elaborates on classical transesterification
technologies, including intermolecular and intramolecular transesterification, and alcoholysis, presenting
fundamental chemical reactions involving methanol or ethanol. The advantages and disadvantages of various
catalysts, such as potassium hydroxide and sodium hydroxide, are also discussed. This scientific paper
presents the results of the initiative research project 0122U002187.

Key words: physicochemical indicators, fuel, biodiesel fuel, transesterification, methods, processes,
chemical reaction, technological process.

Eq. 5. Fig. 2. Table. 1. Ref. 29.

1. Problem formulation

Current trends in the energy sector indicate the need to transition to sustainable and environmentally
friendly energy sources. The main volume of fuel used today is petroleum products, in particular diesel fuel,
which is widely used in transport, agriculture and industry. However, its use is accompanied by significant
emissions of greenhouse gases and harmful substances that contribute to the deterioration of the environmental
situation and accelerate the processes of climate change. In addition, there is a steady trend towards the depletion
of natural fossil resources, which makes the issue of finding alternative types of fuel extremely relevant.

Biodiesel fuel, produced from renewable raw materials — vegetable oils, animal fats and used edible
fats, is considered one of the most promising alternative energy sources. Due to its physicochemical properties,
biodiesel is close to traditional diesel fuel in a number of parameters, which makes it possible to use it without
significant changes in the design of engines.

Nevertheless, despite the environmental and technological advantages, the large-scale introduction of
biodiesel in the fuel and energy complex faces a number of significant problems. These include high production
costs, the need to modify engines, limited raw material base, potential competition with the food sector for
agricultural land, and insufficient regulatory support from the state.

Thus, the problem of the study is the need for a comprehensive analysis of modern biodiesel production
technologies, an assessment of its efficiency and environmental safety, as well as the development of practical
recommendations for optimizing production processes and introducing biofuels into the country's energy policy.
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2. Analysis of recent research and publications

The modern world faces an acute problem of depleting natural resources and increasing environmental
burdens due to the use of fossil fuels. Petroleum products, particularly diesel fuel, are key energy sources for
transportation, industry, and agriculture; however, their use leads to significant greenhouse gas emissions,
harmful substances, and environmental pollution.

Biodiesel production and usage are considered promising alternatives to traditional diesel fuel,
reducing dependence on imported energy resources and improving environmental conditions. Biodiesel is
derived from renewable sources such as vegetable oils, animal fats, and used cooking oils, making it a
sustainable energy resource.

Despite its significant potential, the large-scale adoption of biodiesel faces several challenges:

- economic barriers: High production costs compared to traditional diesel, especially in volatile oil
markets.

- technical limitations: The need to modify diesel engines and fuel systems for efficient biodiesel use.

- environmental risks: Large agricultural land requirements for raw material cultivation may
compete with food production.

- regulatory issues: Lack of clear government policies to support biodiesel production and the
biofuel industry.

Given these factors, the relevance of this study lies in the comprehensive analysis of biodiesel
production technologies, assessment of its advantages and disadvantages, and development of
recommendations for optimizing production and integrating biodiesel into the fuel and energy sector.

Research objectives:

- analysis of the current state of biodiesel production worldwide and in Ukraine.

- study of the physicochemical properties of biodiesel and its impact on diesel engine performance.

- examination of existing biodiesel production technologies and their efficiency.

- identification of key economic and environmental barriers to large-scale biodiesel adoption.

- development of recommendations for improving production technologies and state policies in the
biofuel energy sector.

3. The purpose of the article

The main goal of the study is to contribute to the development of the biodiesel industry, ensuring
energy independence and reducing the negative environmental impact of agricultural machinery.

To achieve this goal, the following objectives have been set:

- analysis of the global and Ukrainian biodiesel production landscape.

- investigation of biodiesel’s physicochemical properties and its effects on diesel engine operation.

- examination of existing biodiesel production technologies and their efficiency.

4. Results and discussion

When producing alternative fuels, it is essential to consider their quality indicators, particularly the
physicochemical properties of liquid fuels for diesel engines, which characterize traditional petroleum-based
fuels. These include the fuel's chemical elemental composition, the heat of combustion, stoichiometric
parameters, density, and viscosity (including dynamic, kinematic, and conditional viscosity). Other key factors
include the presence of mechanical impurities and water in the fuel, fuel stability (both physical and chemical),
the presence of resinous substances (both actual and potential resins), corrosion properties, the presence of
water-soluble acids and alkalis, organic acids, and sulfur compounds in fuels.

The elemental composition of the fuel is a crucial hematological indicator, determined by the formula [1]:

C"+H"+0"+N”"+S"+ A" +W" =100%, (1)
where C? ,H",0”,N*,S?, A? WP — ash, and moisture represent the working masses of the fuel
components in percentage terms: carbon, hydrogen, oxygen, nitrogen, sulfur, ash, and moisture.

Knowing the quantity of the first three components in equation (1), the lower heating value of the fuel
(kJ/kg) can be calculated using D.I. Mendeleev’s equation [2]:

25,14-9-H

Qu=339-C+1256-H - 1090 - ————, (2)

where C, H, S, O — are the respective chemical elements of the combustible part of the fuel, expressed
as a percentage by mass.
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The stoichiometric parameters of the fuel are crucial characteristics that determine the completeness
of fuel combustion. They are primarily characterized by the excess air ratio, which is calculated using the
following formula [1], kg/kg:

il )
Lt
where L, and L; are the actual amount of air entering the engine cylinder and the theoretically required

amount of air for the combustion of one kilogram of fuel, respectively.
The theoretically required amount of air is calculated using the following formula, kg:
Lt:2,67'c+8'H+S—O. (4)
30

As we can see, stoichiometric parameters also depend on the elemental composition of the fuel.

The following can be considered alternative fuels for compression ignition engines:

- the use of vegetable oil in diesel engines;

- operation of diesel engines on a mixture of vegetable oil and diesel fuel;

- biodiesel fuel;

- synthetic diesel fuel (GTL — Gas-to-Liquids);

- hydrogen;

- biomethane;

- water-diesel emulsions.

The use of vegetable oil was first proposed by Rudolf Diesel, and his initial engine prototypes operated
on vegetable oil. However, modern engines face significant challenges when running on oil due to its different
physicochemical properties compared to diesel fuel [3].

Therefore, when using vegetable oil in diesel engines, it is recommended to mix it with standard diesel
fuel. Straight Vegetable Oil (SVO) blends are typically prepared with a specific percentage of oil and diesel
fuel. The most common blend consists of 20% vegetable oil and 80% diesel fuel. However, SVO-diesel
mixtures tend to separate over time.

Biodiesel fuel, obtained through the transesterification of vegetable or animal fats, is the closest to
standard diesel fuel in terms of its physicochemical properties.

Synthetic diesel fuel (GTL — Gas-to-Liquids) is produced from natural gas or biomass using the
Fischer-Tropsch process. However, this technology is complex and expensive.

To use hydrogen in diesel engines, certain modifications are required. Hydrogen has a high heat of
combustion and does not produce CO: during combustion. However, the main drawback of hydrogen as a fuel
is its storage difficulty, making it hard to accumulate and requiring on-demand production and consumption.

Biomethane is a renewable gaseous fuel obtained through the anaerobic digestion of agricultural or food
industry waste. It can be stored in compressed (CNG) or liquefied (LNG) form. Biomethane can only be used in
diesel engines in dual-fuel mode (gas-diesel cycle), which requires modifications to the engine’s fuel system. A
key disadvantage of biomethane production is that a non-combustible byproduct (CO-) is produced during the
fermentation process, sometimes reaching up to 50% concentration, requiring purification before use.

Water-diesel emulsions are another type of alternative fuel. Adding water to diesel fuel in the form of
an emulsion can reduce harmful emissions and improve combustion efficiency. Water-diesel emulsions are
created by mixing diesel fuel with water and an emulsifier, which stabilizes the mixture. This process can be
performed in real time before injection. The main disadvantage of emulsions is the need for additional
equipment to produce the emulsion continuously.

Thus, biodiesel fuel is considered the most promising alternative fuel.

Biodiesel fuel can be produced using various methods, with the main ones being: transesterification of
fats, including classical, supercritical, enzymatic, microwave-assisted, and cavitation-assisted methods;
pyrolysis; hydrotreatment.

Classical Transesterification. The most common method of biodiesel production is classical
transesterification, which involves a chemical reaction between vegetable oil and alcohol. This process
replaces glycerine in triglycerides with alcohol molecules, forming fatty acid esters (biodiesel fuel) and a by-
product — glycerine, which later precipitates. Methanol or ethanol is used as the alcohol, while potassium
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hydroxide (KOH) or sodium hydroxide (NaOH) serves as the catalyst. Technological parameters: the mixture
of reactants is heated to 60-70°C and stirred for 1-2 hours.

Supercritical Transesterification. This method is chemically identical to classical transesterification
but differs in technological parameters. The alcohol used in the reaction is brought to a supercritical state,
where it fills the entire volume like a gas but retains liquid properties, making it an excellent solvent and
accelerating the transesterification process. For methanol, this supercritical state is reached at a temperature of
about 240°C and a pressure of about 8 MPa. Main disadvantage: Requires complex equipment and high energy
consumption.

Enzymatic Transesterification — an Innovative Biodiesel Production Method. Enzymatic
transesterification is an innovative method of biodiesel production that utilizes enzymes, primarily lipases,
instead of traditional chemical catalysts. This process is gaining popularity due to its environmental
friendliness, energy efficiency, and the ability to use a variety of raw materials. Lipases are added to the raw
material along with alcohol. They can be dissolved in liquid or immobilized on a solid substrate (such as special
resins or gels), allowing for multiple uses. The technological parameters of this process differ from classical
transesterification. The reaction is carried out at a relatively moderate temperature (30-60°C) in a neutral or
slightly acidic environment. Lipases catalyze the breakdown of triglycerides, replacing glycerol with ethyl or
methy| esters. The main disadvantage of this process is its longer duration, which can significantly slow down
production, especially on a large scale.

Pyrolysis — a Distinct Technology. Pyrolysis is fundamentally different from transesterification and
involves the thermal decomposition of organic raw materials (such as vegetable oil) at high temperatures
without oxygen, resulting in a biofuel product that serves as a primary component of biodiesel fuel. The
technological features include heating the raw material to temperatures between 400°C and 800°C in a
specialized reactor while eliminating oxygen. The main drawback of this process is its complexity and the
need for further processing.

Hydrotreatment — advanced Fuel Production. Hydrotreatment allows for the production of not only
biodiesel but also green crude oil, aviation fuel, and other types of fuel. Biodiesel fuel obtained through
hydrotreatment (hydration) in the presence of hydrogen is classified as second-generation biodiesel, which
boasts high-quality indicators and meets stricter environmental standards.

Microwave and Cavitation Technologies. These are transesterification processes that use microwave
or cavitation treatment to enhance reaction intensity.

Each of these technologies has its advantages and disadvantages and can be chosen based on the type
of raw material, production scale, economic conditions, and environmental requirements. In Ukraine,
transesterification and pyrolysis appear to be the most promising, as they allow for the use of readily available
raw materials and have already been applied to some extent.

Nevertheless, the most widespread method of biofuel production remains classical transesterification.
Its chemical-technological aspects are not yet fully explored and can be the subject of scientific research.

Equipment for Biodiesel Production. The equipment available on the market for biodiesel production
is listed in Table 1.

Table 1
Comparative Characteristics of Biodiesel EQuipment
Requireme Requirem
' nts of SOU ents of MZDP- W-400 LVBD- Karpaty-50 | UEO-200
Indicators 94.14-37- EN 1LLC | Porcelak- | ECO-BIO- | JSC "Emal- JSC
o 14214:20 | "Eleron" Invest NULESU Karpaty" |"Agromash"
561:2007 03
IF;[]Od“C“V'ty' : : 100 400 220 50 200
Installed
Power, kW - - 44,09 29 55 25 64,8
Characteristi
cs of
Biodiesel
Fuel:
- Flash Point, | notlessthan | not less
oC 120 than 120 175 160 175 155 153
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- Kinematic
Viscosity, 3,550 3,5-5,0 50 74 435 4,64 6,68
mm?/s
- Density,
kg/m? 860-900 860-900 883 883 884 882 897
- Mass
C&Zfélr?n of ?ﬁ;r:ngorg ?ﬁ;ﬂ?org absent 0,005 absent absent absent
mg/kg
- Mass
Fraction of
Sulfur, 10 10 absent 0,001 0,02 absent absent
mg/kg, not
more than
- Content of
Mechanical
Impuirities, absent 24 absent absent absent absent absent
mg/kg, not
more than
- Number of
Personnel for
Maintenance, - - 2 1 1 1 1
persons
- Specific
Energy - - 0,24 0,055 0,024 013 0,20
Consumption,
kWh/I
- Labor
Costs, man- - - 0,025 0,016 0,008 0,002 0,005
hours
Raw Oilseed | Oilseed Oilseed Oilseed Vegetable
Materials i i Crops Crops Crops Crops Qils
Purification Oil Oil Oil Biodiesel Biodiesel
System purificati| purification purification fuel fuel
on using using using frame | purification | purification
frame frame | fabric filters. using a using a
fabric fabric Biodiesel filter. filter and
filters. filters. fuel settling in &
i i Four- | Biodiesel | purification tank
stage fuel using a
biodiesel| purification special self-
fuel by settling| cleaning
purificati| in atank. filter.
on.

The MZDP-1 mini-plant for biodiesel production, offered by LLC "Eleron," has a capacity of 100 I/h.
The technological line is shown in Figure 1. This technological scheme includes the processing of oilseed
crops into biodiesel. The set includes an oil press (7) and a filter press (6) for oil purification. In addition to
the reactor (1), where the primary transesterification process takes place, and the methanol mixing tank (2)
with KOH, the equipment also includes a rectification column (3) and an adsorber (4) to remove methanol
from the obtained biodiesel, as well as water tanks (12) and a water heater (11) for water used in purifying
biodiesel from by-products (soap). The separation of methyl esters and glycerin occurs in a special separator
(13).
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Fig. 1. General Diagram of Equipment for the MZDP-1 Mini-Plant for Biodiesel Production [5]:
1 — reactor; 2 — tank for methanol and KOH mixture; 3 — rectification apparatus; 4 — adsorber;
5 —vacuum pump; 6 — filter press; 7 — oil press; 8 — oil storage tank; 9 — settling tank; 10 — control cabinet;
11 — water heater; 12 — water tank; 13 — separator.

The BDD-200 biodiesel unit, manufactured by a Dnipro-based company, is shown in Figure 2. It has
a capacity of 200 I/h. This type of production line is installed in the Alternative Energy Laboratory of Vinnytsia
National Agrarian University. A key feature of this line is the ability to operate two reactors (1) simultaneously
(in parallel) and two settling tanks, which increases productivity or allows for two parallel transesterifications
and settling processes with different parameters at the same time. Additionally, the unit has a methanol counter
(4), simplifying reagent dosing for the reaction. This type of production line is suitable for small farms with
up to 1000 hectares of arable land.

Ukraine’s Potential for Scientific Support in Biodiesel Production. The issue of manufacturing and
using alternative fuels has been highlighted in the works of Semenov V.G. [6, 7, 8]. The operation of machine-
tractor units (MTUSs) on alternative fuels, including biodiesel-diesel fuel blends, and their impact on the
technical and economic performance of MTUs, has been examined in the studies [9, 10, 11, 12].

Fig. 2 — Biodiesel Production Line BDD-200:
1 — reactor-mixers; 2 — settling tanks; 3 — methanol tank for mixing KOH with methyl alcohol;
4 — methyl alcohol meter.

The prospects for alternative fuel production, the development of biodiesel manufacturing
technologies, and their application have been explored by researchers from the National University of Life and
Environmental Sciences, including Dubrovin V.O., Holub H.A., and Chuba V.V. [13, 14, 15].
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Scientists from Lviv Polytechnic National University, including Chaikovskyi T.V., Nikitishyn Ye.Yu.,
Ivasiv V.V., and Sarabun O.Ya., have studied the application of catalysts in the esterification process of
vegetable oil [16]. The purification of oil as a raw material for biofuel production has been investigated by
Professor Topilin H.Ye. [17, 18].

The use of biodiesel fuels in automotive transport has been examined in scientific works [8, 19, 20,
21, 22, 23].

One of the first people to raise awareness about alternative energy in Ukraine was [24], President of
VNAU, Doctor of Economic Sciences, Professor, and Academician of the NAASU. Kaletnik H.M. conducted
extensive scientific research on biodiesel fuel production and usage, particularly in his works [13, 26, 27, 28].

A review of the mentioned literature sources and other works dedicated to biodiesel fuel, as well as an analysis
of the technical characteristics of equipment for its production, provides a basis to assert that Ukraine has established
the scientific and technical prerequisites for the development of biodiesel production, as noted in article [29].

For biodiesel production in Ukraine, it is most rational to use rapeseed, sunflower, and soybean seeds,
given the country's vast potential for these crops. With the appropriate cultivation technology, rapeseed yields
per hectare include 20 tons of green fodder, 20 tons of green fertilizers, 3—-3.5 tons of seeds, 13 centners of oil,
16 centners of oilcake (press residue), 100 kg of honey, and 500 kg of paper.

The most commonly used reaction for biodiesel fuel production is alcoholysis. Methyl alcohol
(CHsOH), the simplest monohydric alcohol, is most frequently used for transesterification. The general
equation for transesterification is presented below [30]:

CH,0C = OR, CH5CO0 — R,
CHOC = OR, + 3CH;0H — (CH,0H),CH — OH + CH3C00 — R, (5)
CH,COOR, CH3CO = 0 — R,

where R1, Rz, R; — are long chains of carbon and hydrogen atoms.
Additionally, transesterification reactions can also occur with ethyl alcohol (C;HsOH). Potassium
hydroxide (KOH) and sodium hydroxide (NaOH) can be used as catalysts.

5. Conclusion

The main physicochemical properties of fuels affecting the operation of compression ignition engines
were reviewed. It was established that one of the key parameters is the elemental chemical composition of the
fuel and its heat of combustion.

The primary types of alternative fuels used in diesel engines were presented. It was determined that
biodiesel fuel is the closest to standard diesel fuel in terms of physicochemical properties and mixes well with it.

The main methods and techniques for biodiesel production were analyzed. It was determined that the
most straightforward and accessible technology is the classical transesterification process, which can be
implemented in agricultural enterprises.

Available biodiesel production equipment on the Ukrainian market was reviewed. It was found that the
most well-known and suitable for agricultural producers are the MZDP-1 mini-plant and the BDD-200
production line.

A review of literature sources was conducted, examining the scientific, technical, and technological
aspects of biodiesel production and use. Based on the analysis, it was concluded that Ukraine has the scientific
and technical potential to establish biodiesel production.

The chemical equation for methanolysis was presented as the most well-known description of the
classical transesterification process of vegetable oils.

Although various transesterification reactions involving different alcohols and catalysts have been
described in the literature, there are no clear recommendations on which process and under what conditions are
optimal for biodiesel production as a substitute for diesel fuel. Further research in this area is required.
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HNEPCIIEKTHUBU I IPOBJEMU BUPOBHUILITBA BIOAU3EJBHOI'O ITAJIUBA

B cmammi posenanymi ¢hizuxo-ximiuni enacmusocmi nanug 0iis 08U2YHI6 6HYMPIUIHLO2O 320PAHHS, Cepeo
OCHOBHUX, 5K 30CTY208YI0Mb Y8AlU € eleMeHMHULL CKIa0 NAAU8d, menioma Uo2o 320PaHHs, 2YCMUHA, 8 A3KICIb
ma iH. Pozensmymi nepedymosu ma emanu po3gumky albMEPHAMUGHUX NAIUS, 30KpemMa 0151 OBUSYHIB 13
3anAnO8AHHAM 8I0 CIMUCKY, cepeo SIKUX NOCIOAE HilbHe Micye MaK 36ane Oi00u3enbHe NAIUG0, Wo 3 XiMIUHOT MOUKU
30py € MemunosuMy eq@ipamu JHCUpHUX Kuciom (Hinioig) i 3a ceoiMu QI3UKO-XIMIMHUMU 61ACTNUBOCMAMU
HauOinbuie Habaudcene 00 CMAHOAPMHO20 OU3ETLHO20 NATUBA | 2APHO 3MIUYEMbCA 3 HUM ) DISHUX NPONOPYISX.
Pozensanymi nanbinbw 6ioomi cnocobu eupobHuymea OioOu3eIbHO20 NAAUSA, MAKUX AK mMpancemepugixayis,
30KpeMa CYyNepKpUMUYHA, eH3UMHA, WLIAXOM NIpONi3y, wiaxom 2iopamayii (mak 36aue 0OioOuseiibHe NAmUGo
0py2020 NOKONHHA), MA iH. I KOPOMKO PO32NAHYMI MEXAHIZMU KONMCHO20 3 HUX. Busnaueno npoyec xnacuunoi
mpancemepugpixayii K HauoOibwl nepcnekmusHull 6 Yxpaiui. Busnaweno memoou npoeedenHs KIacuyHoi
mpancemepughixayii, HageOeHo NPUHYUNOBY CXeMy Ybo2o npoyecy. Pozenanyma nomenxnamypa obnaonanms ona
BUPOOHUYMEA bionanusa ma tio2o KOPOmKi mexuiyni xapaxkmepucmuku. Hageoewna ninis 3 supobHuymea bionaiusa
BI/I-200, wo suxopucmosyemvcs 6 aabopamopii anbmepramusHoi enepeemuxu BHAY. Posensawymi naykosi
pobomu npucesiueri supobruymesy dionanuea ¢ Ykpaini ma ix asmopis. IIpudineno yeazy cuposuHHUM pecypcam
ona 8UpOOHUYMBA 0IOOU3ETbHO20 NANUEA. [lemanbHO pO32IAHYMI MEeXHONO02I KIACUuHOi nepeemepugixayii,
B0KpeMa MINCMOACKVISIPHA NepeemepugpiKayis, GHympiuHbOMONEKYIAPHA Nepeemepu@ikayis, ankoeonis ma
ayuooniz, npedcmasieHo 0a306i XIMiuHi peakyii, wjo 6i00YsarOmMbCst 8 npoyeci nepeemepuixayii, 30Kkpema 3
BUKOPUCIMAHHAM MEMAHOLy abo emanony y akocmi cnupmy. Pozenanymi nepesazu ii HeOONiKU GUKOPUCAHHSL
PI3HUX Kamanizamopie — 2iopookcudy Kauito ma 2iopooxcudy Hampir. B Oamitl Haykosill npayi npedcmaeieni
pe3yibmamu 6UKOHAHHsL IHIYiamueHoi Haykoeo-oocuionoi pooomu 0122U002187.

Knrouoei cnoea: izuxo-ximiuni noxkasHuxu, naiugo, 0ioduzenvHe NAIUB0, mpaucemepuixayis,
Memoou, cnocoou, XiMiyHa peaxyis, MmexHoI02iuHUll npoyec.
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