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Preface

The world today is facing an urgent need to transform its energy system. Global
energy consumption continues to grow—around 1–2% per year. Global energy
consumption will grow by just 1,3% in 2023, amid a slowing economy and high
energy prices. Global climate changes will determine implementation of newer,
stricter regulations, which will force companies to mitigate their impact on envi-
ronment. They will need to cut energy waste and even shift to alternative electricity
sources.

Energy sector development is also driven by changing customer demands.
Consumers have started asking for sustainable alternatives. In the energy sector,
alternative energy carriers are gaining great importance, in transport—Alternative
Motor Fuels (AMF), in aviation, in particular—Sustainable Aviation Fuels (SAF).

Modern technologies in the energy sector are necessary for a variety of reasons,
including climate change, increasing the availability of safe and affordable energy,
and the growing use of renewable energy sources. Transport is a unique sector of
the economy, not only contributing to socio-economic development but also gener-
ating external costs. The increasing number of vehicles used in road transport in
the world, depletion of fossil fuel resources, and environmental concerns have all
contributed to the search for alternative solutions to be implemented as innovative
energy technologies in road transport.

Many industries are implementing changes and focusing on creatingmore sustain-
able environments, from solar power, energy storage, electric vehicles to innovative
heat pumps, hydrogen technologies, smart electricity grids, and more alternatives for
coal, oil, and gas.

Providing a balance between three key aspects of energy trillem—energy safety,
acceccability, and environmental stability is themost important task during the devel-
opment of energy strategies. One of the effective methods of solving the trillem’s
tasks on the world’s scale is international collaboration and integration. They are
the key to revealing unused potential of energy resources, natural routes of energy
transfer, and possibilities for its storage, in particular in the transport sector.

Chemmotology became responsible for providing integrity in solving numerous
tasks of energy trillem. From the philosophical point of view,we can state that exactly
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vi Preface

this science plays consolidating function of systematic integrative communication
of scientists and practicians of energy, machine building, chemical engineering, oil
processing, and petrochemical industries along with exploitants of equipment for
solving evolution tasks of scientific-technical progress.

The book “Modern Technologies in Energy and Transport” selectively represents
the chemmotological aspects of the energy and transport sector development and
operation. It is devoted to the advances in the development of the transport and
energy sector, the relevant problems of rational use of conventional and alternative
fuels and lubricants, their quality control, and environmental aspects of the modern
transport and energy sector operation. Authors have systemated unique works by
scientists and practicians worldwide on questions of the rational use of AMF, SAF,
alternative energy in the energy sector and transport of economy.

This book comprises selected outstanding papers presented at the IX International
Scientific-Technical Conference, “Theory and Practice of RationalUse of Traditional
and Alternative Fuels and Lubricants.” This event was held in Kyiv, Ukraine, during
July 3–7, 2023. The Conference is a traditional event, which gathers researchers,
scientists, practicians, and academics in the fields of chemmotology, aviation, trans-
port engineering, environmental safety, recycling and utilization, chemical engi-
neering, energy saving and energy efficiency, and sustainable development from all
over the world. Traditionally, the main aim of the conference is meeting of qualified
specialists capable of solving tasks of any level of complexity in the field of chem-
motology, exchange of experience and information, discussion of issues and options
for their solution, development of intellectual potential for knowledge management
with the aim of turning it into intellectual capital, ensuring the most effective results
through a holistic and adequate approach to solving modern problems in the key
Conference’s fields, integration of the experience of the older generation and young
scientists, as well as the support of qualitative research and development of new tech-
nologies aimed at increasing the rational use of fuels & lubricants, technical liquids,
and additives.

The book is composed of 15 chapters in total. All chapters presented by the authors
(co-authors) are published in the author’s edition and aim to present an issue on how to
achieve more sustainable and more environmentally safe development of the modern
transport andenergysector.Thechaptersaregrouped into threeparts.Part I “Decisions
for Alternative Energy Sources Use inModern Transport” represents novel solutions
in alternative energy sources development and implementation in different spheres
of the modern transport sector. Part II “Solutions for Reducing Negative Impact of
Energy and Transport on Environment” is devoted to advances in technologies aimed
at reducing the impact of energy and transport sectors on environment and utilization
ofwaste. Part III of the book “Advance inAlternativeMotor Fuels Technology” repre-
sents recent developments in chemical technology of alternative fuel production and
aspects of modern fuel quality control.



Preface vii

This book will be interesting and useful for the professional career of operators of
air transport, jet fuels suppliers, professionals in the sphere of transport environmental
safety, alternative fuel manufacturers at oil processing plants, experts in chemical
technology, energy production and supply, producers of fuels, lubricants and fuel
additives, aviation fuel handling companies, etc. The book will be also interesting
for researchers at all stages of careers.

The contributions of the authors and reviewers and the assistance of conference
organizers in the preparation of this book are sincerely appreciated.

Kyiv, Ukraine
Kyiv, Ukraine
Košice, Slovakia
Kyiv, Ukraine
June 2023

Sergii Boichenko
Artur Zaporozhets
Anna Yakovlieva
Iryna Shkilniuk
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Decisions for Alternative Energy Sources 
Use in Modern Transport



Econometrics of the Functional 
Connection of the Price and Reliability 
of Hybrid Aircraft Technology 

Pavol Kurdel , Natália Gecejová , Marek Češkovič , 
and Mária Gamcová 

1 Introduction 

For many high-quality and innovative hybrid systems, the cost of implementation 
into the currently used aviation technology and practice is too high [1–3]. For this 
reason, it is crucial to streamline the quality of research into alternative flying devices 
and to look for research methods in dichotomous states of precise measurement of the 
elements of a given hybrid system. In research, this issue can be conceptually clas-
sified among intelligent transport systems in the group of polyergatic systems. The 
new direction and monitoring of the dependence between price and reliability must 
reflect the principles of targeted efficiency in the meta-principles that are the criteria 
for their development [4, 5]. These principles consider the individual econometric 
stages in implementing such an alternative element in hybrid air transport vehicles [6]. 
The solution is possible by exemplary development and modelling of econometric 
situations within the framework of intelligent technologies of hybrid air transport 
vehicles covering non-trivial physical platforms. In principle, the reciprocity of the 
distribution of artificial or natural targets is accepted, which is an information source 
for evaluating the quality of the given means of transport. This means that the intro-
duction of new elements of hybrid air transport means also includes the processes of 
managing the process itself. Together, they create a connection linked to the limits 
of comprehensive flight safety [1, 3]. 

Alternative air transport complexes still have a limited range of applicability in 
operation due to the aspects of flight safety and efficiency. In analyzing the effective-
ness and safety of ergative alternative elements in hybrid flying systems, significant
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Faculty of Aeronautics, Technical University of Košice, Košice, Slovakia 
e-mail: natalia.gecejova@tuke.sk 

M. Gamcová 
Faculty of Electrical Engineering and Informatics, Technical University of Košice, Košice, 
Slovakia 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2024 
S. Boichenko et al. (eds.), Modern Technologies in Energy and Transport, Studies 
in Systems, Decision and Control 510, https://doi.org/10.1007/978-3-031-44351-0_1 

3

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-44351-0_1&domain=pdf
http://orcid.org/0000-0002-5971-6367
http://orcid.org/0000-0001-8533-2458
http://orcid.org/0000-0001-8369-034X
http://orcid.org/0000-0003-2562-5544
mailto:natalia.gecejova@tuke.sk
https://doi.org/10.1007/978-3-031-44351-0_1


4 P. Kurdel et al.

concepts represent inputs to the operational use analysis itself. From the position of 
a systemic approach, it is a method characterized by complex polyergatic systems. 
Increasing the reliability of systems is conditioned by another monitored aspect, 
namely the growth of financial expenses. With a known volume of funds intended for 
designing reliable alternative systems, the price and reliability of individual elements 
can be predicted [6, 7]. It is also clear that prices and reliability are affected by the 
effects of random inputs. The conditions also limit price and reliability, time of use, 
and the progress of science and technology when the element was implemented in 
research. 

2 Methodical Ways of Evaluating the Reliability and Price 
of Hybrid Aircraft Technologies 

Ways of methodological procedures to the rating of alternative aircraft systems are 
determined by correlation with existing elements without the degree of replace-
ment by the alternative. Econometrics has been proven to make it possible to create 
marginal restrictions of financial and reliability indicators with the help of analyzes 
and evaluations [6–9]. For example, comparative analysis and evaluation of a partic-
ular used system for economic and physical indicators may not be sufficient to draw 
conclusions about the quality of an alternative element on an aircraft. In the evalua-
tion process, such an alternative aircraft system is considered, in which we will work 
with inputs and outputs, as shown in the following figure (Fig. 1). 

In the case defined in this way, the following methods can be used: 

• Economic efficiency–it is used to process economic information from observing 
the behaviour of an alternative element and belongs to the group of analysis 
methods of elimination. Elimination represents the exclusion of the influence of 
a whole range of factors except for one of them [8]. 

• The index method determines the influence of individual factors on synthetic 
indicators, which are made up of a combination of quantitative and qualitative 
indicators in air transport [8, 9].

Fig. 1 Graphical representation of inputs and outputs in the process of the research of alternative 
aircraft system 
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For example, the value index (lh) of the basic research price (1) can be expressed 
as the product of the price index (lc) and the physical volume index (lfo) spent on the 
research [7]: 

lh = l f olc (1) 

The change of value index elements can be calculated as (2):

Δlh = Δq1 · p1−Δq0 · po (2) 

where q0—represents a number of alternative elements hypothetically implemented 
on the aircraft; q1—represents a number of alternative elements really implemented 
on the aircraft; p0—average price per element in the hypothetical case; p1—average 
price per element in the real case. 

The given Eqs. (1) and (2) point out that a change in two factors causes any change 
in the synthetic indicator, in the given case, a change in the physical amount of system 
elements and the average price spent on operational-research implementation. 

This indicator indicates whether or not an alternative system element constitutes 
economic added value when the aircraft is put into service. Reliability indicators’ 
advantage is that they do not work with the cost item for basic and ongoing research. 
It is used in controlling cases where it is impossible to work with the amounts spent 
on experimentation [7]. The calculation is based on the fact that there is a correlation 
between value creation and the selected quantitative variables in Eq. (3): 

I N  = 
−0.017A 

C Z
+ 

4.573EB  I  T  

A
+ 

0.481V 

A 
+ 0.015A 

(K Z  + K F  V  ) 
, (3) 

where A—assets; CZ—foreign sources; EBIT—hybrid aircraft earnings are 
assumed; V—revenues from the hybrid aircraft; KZ—short-term liabilities to design 
offices; KFV—financial assistance (projects) for research and implementation of 
model structures. 

The resulting rating of the hybrid aircraft using the IN index is as follows: 

• IN ≥ 2.070—the hybrid aircraft create value; 
• 1.420 ≤ IN < 2.070—the hybrid aircraft rather creates value; 
• 1.089 ≤ IN < 1.420—cannot determine whether or not a hybrid aircraft creates 

value; 
• 0.684 ≤ IN < 1.089—the hybrid aircraft tend not to create value; 
• IN < 0.684—the hybrid aircraft does not create value. 

From the calculated values from the established alternative systems with multidi-
mensional statistics of the movement of their financial costs, a model will be created 
to classify new elements for alternative aircraft systems involved in this process. The 
system of influence and significance of the most important indicators of the final 
value of such a hybrid aircraft is checked using regression models:
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• Determining patterns of change and productivity on the volume of the money 
invested in alternative resource deployment research; 

• Identifying the area of effectiveness, considering the forecast estimation of the 
functioning of such aircraft in the future (time series analyse, Markov processes). 

Research into the functional effectiveness of alternative options usable in aviation 
refers to the investigation and evaluation of dependencies between two or more 
quantitative statistical features, which are problematic in the context of applying 
new technological systems to a hybrid aircraft. The essence of this research is a 
deeper penetration into the problems of the monitored elements and processes of 
the given alternative. Causal dependence occurs when the occurrence of a certain 
state causes the existence of another state of effectiveness. In economic and aviation 
practice, the problems are much more complicated when the occurrence of a certain 
condition is related to the occurrence of another, or rather it is related to the existence 
of a group of problematic conditions, which results in the onset of another condition 
and the like. 

There are two types of dependencies, the so-called fixed and free dependencies 
[8]. If the occurrence of one condition is clearly associated with the occurrence 
of another condition, we are talking about a fixed, i.e., functional dependence of 
research activities during the testing of an alternative system. From a probabilistic 
point of view, it is a relationship that will occur with certainty, i.e., with a probability 
of 1. In such a case, the value of another variable is assigned to each variable. In 
real practice, we often encounter the second type of dependence, the so-called free 
dependence, especially when researching an unknown phenomenon manifested in 
an alternative system introduced into a hybrid aircraft. If this dependence refers to 
quantitative statistical features, it is also referred to as statistical dependence. In 
these cases, a unit change in one variable causes a change in the other variable. 
The method of regression and correlation analysis or the correlation coefficient is 
used to recognize and mathematically describe the statistical dependence between 
quantitative statistical signs [6–8]. 

The linear regression line is thus defined as (4): 

Y = β0 + β1 X. (4) 

At the same time, the point of the estimation is (5): 

y j = b0 + b1x j , (5) 

where: b0—locate constant; b1—regression coefficient; yj—theoretical value of the 
dependent variable; xj—value of the independent variable. 

The locate constant can be expressed by an Eq. (6): 

b0 =
∑n 

i=1 x
2 
1

∑n 
i=1 y1 −

∑n 
i=1 x1

∑n 
i=1 xi yi 

n
∑n 

i=1 x
2 
i −

(∑n 
i=1 xi

)2 . (6)
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If the regression coefficient is known so (7): 

b0 =
∑n 

i=1 yi − bi
∑n 

i=1 xi 
n

= y − b1x . (7) 

While the regression coefficient can be expressed by an Eq. (8): 

b1 = 
n

∑n 
i=1 xi yi −

∑n 
i=1 xi

∑n 
i=1 yi

∑n 
i=1 x

2 
i −

(∑n 
i=1 xi

)2 . (8) 

The correlation index is expressed by an Eq. (9): 

iyx  =
/∑n 

i=1(yi − y)
∑n 

i=1(yi − y) 
. (9) 

And the determination index is expressed by an Eq. (10): 

i2 = 1 −
∑n 

i=1 (yi − y)2
∑n 

i=1 (yi − y)2 
. (10) 

3 Methodology of Solving the Issue of Linking 
the Reliability and Price of a Hybrid Aircraft Technology 

The problem described above can be solved using a suitable statistical method, thanks 
to which the link between price and reliability can be found. The solution is possible 
by accepting the conditions: 

• increasing the reliability of alternative systems conditions the growth of financial 
costs, thus increasing the price of the system and its elements; 

• functional reciprocity between price and reliability has a monotonous expression; 
• the mathematical connection of price and reliability accepts functional links in 

both its manifestations. 

The stated conditions are satisfied by Eq. (11), which defines the reciprocity of 
price and reliability of alternative systems: 

C = 
k1 
qk2 

= k1q−k2 (11) 

where C—total price of the system; q—probability of a system failure. 
The coefficients k1 and k2 are calculated using Eqs. (12) and (13):
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k1 = Cq1 k2; (12) 

k2 = 
log10(C2) − log10(C1) 

log10(q1) − q2 
, (13) 

where k1—price drop coefficient in case of failure of the alternative system; k2— 
coefficient of price growth in the event of a failure on one alternative system in 
independently separated functions or the event of a failure of two elements in an 
alternative system; C1, C2—conventional and real values of the prices of the two 
alternative systems; q1, q2—conventional or real values of the probability of failures 
of two alternative systems and their elements. 

For more systems (elements) than two, we consider the mean values. Consider a 
hybrid aircraft complex that has N = 12 new alternative elements. Probabilities of 
qi disturbances are known. The price of system C is known, as well as the price of 
the i-th element. The prices of the i-th elements will make it possible to calculate the 
coefficients k1i, k2i, i  = 1;2;…;12. 

The final task is the calculation of the maximum achievable reliability probability 
of the hybrid aircraft complex with the given parameters and their optimal distribu-
tion among the system elements in comparison with the price of the given hybrid 
aircraft technology. The Matlab environment was used for calculation, and statistical 
evaluation (Fig. 2), and the input data represented statistically collected data from 
the manufacturer of alternative hybrid systems.

The manufacturer did not grant permission for the presentation of specific values 
but allowed the reproduction of the results in graphic form after creating a statistical 
evaluation complex linking the price and reliability of hybrid technology with regard 
to the costs incurred for research, implementation and subsequent use of aircraft 
technology in flight conditions (Figs. 3, 4 and 5).

The difference between the desired and existing probability of failure represents 
a significant reduction. Such a development trend, however, requires a reasonable 
increase in investments, which in the model is a decrease in the Lagrange coefficient. 
In such a case (Fig. 5): 

4 Conclusions 

The character of the presented method applies a priori because it is practically impos-
sible to obtain absolute values of output characteristics from alternative elements. It 
allows the designers and technicians of hybrid aircraft or their subsequent end users 
to create an idea of the financial burden when switching to new technologies. Costs 
are often the limiting factor in optimizing the reliability and efficiency of electrical 
systems in aircraft. The presented method has no basis in legislation, and it is not 
covered by regulations. For this reason, the only criterion for its application is flight



Econometrics of the Functional Connection of the Price and Reliability … 9

Fig. 2 Example of a computing program for the analysis of the connection between price and 
reliability of hybrid aircraft technology in the Matlab environment

safety and protection, which increases with the rate of reduction in the failure rate 
of alternative elements of hybrid technology.
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Fig. 3 The estimated cost of research into alternative elements of hybrid aircraft technology 

Fig. 4 Graphical representation of the price distribution of components implemented in hybrid 
aircraft technology with a reduced failure rate
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Fig. 5 Reciprocity of the price and calculated failure probabilities of the hybrid aircraft technology
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1 Introduction 

Ships are considered one of the strongest sources of environmental pollution. Fuel 
oil which is the most popular fuel for ships contains on average 3,5% of sulfur 
compounds. For comparison, the content of sulfur impurities in gasoline and diesel 
of Euro-5 environmental class cannot exceed 0.001% of the total product weight. But 
IMO Sulfur 2020–the resolution adopted by the International Maritime Organization, 
which regulates the content of sulfur components in fuels for river and sea transport– 
not more than 0,5%, which fundamentally changes the situation on the market of oil 
products for the shipping industry. 

Thus works [1, 2] devoted to the analysis of cost competitiveness of alternative 
maritime fuels in the new regulatory framework and impact of alternative fuels on the 
optimal economic ship speed. In works [3–5] carbon–neutral maritime fuels produc-
tion, fueling options in the maritime sector and life cycle of greenhouse gas emission 
assessment reviewed. Marine fuel emissions tracking along with advances in research 
on alternative marine fuels and future trends reviewed in [2, 6–8]. In paper [9], energy 
consumption of a new re-liquefaction system integrated with the Fuel Supply System 
(FSS) for a liquefied natural gas carrier is analyzed in comparison with conventional 
systems. The concept of hydrogen as a marine fuel and the possibility of transferring 
LNG experience to hydrogen systems was investigated in [10]. In [11–13] appli-
cation of alternative maritime power port supply, knowledge gaps about offshore 
hybrid power plants based on fuel cells and alternative fuels as well as recent trends 
in the use of environmentally friendly ammonia as an energy carrier in the maritime
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industry considered. Potential alternative fuel pathways and the use of alternative 
fuels for maritime decarbonization researched in [14–16]. Issues related to effective 
safety of ship operation process in different conditions and under the influence of 
different factors are considered in [17–21, 23–26, 29]. Technical and operational 
measures to reduce greenhouse gas emissions and improve the environmental and 
energy efficiency of ships studied in [22]. Modeling the dynamics of the structure 
of the organization’s development project portfolio proposed in [27, 28]. Study of 
environmental efficiency of ship operation in terms of freight transportation effec-
tiveness provision and assessment of ship information security risks proposed in [30, 
31]. The model of organization of the container feeder line is focused on the nature 
and parameters of external container flows and the development of line shipping is 
studied in [32, 33]. The study of the stability of economic indicators of complex port 
equipment use and optimization of the structure of the seaport equipment park under 
unbalanced workload is proposed in [34, 35]. Additional questions about the future 
of marine fuels, comparison and perspective, and exploration of alternative fuels and 
technology for greener shipping are explored in [36–38]. 

Thus, due to the growing demands for the use of low-carbon energy sources, 
alternative fuels have become widespread. The new energy sources presented are 
also subject to the requirements of conventional fuels used and those on the energy 
market, namely quality, reliability and sustainability, and are of interest for further 
comprehensive study. 

2 Overview of Existing Alternative Fuels for the Marine 
Industry 

Maritime transport accounts for about 11% of the world’s total fuel consumption, or 
about 10 million barrels per day. It is an important fact that in the current situation 
of competition between alternative fuels, seagoing ships largely set the trend in 
favor of one fuel or another. Significant volumes of fuel consumption by maritime 
transport justify mass production of refined products, construction of fuel bases and 
infrastructure in general, setting the course for a certain type of fuel and betting on it 
in other segments of the market. Thus, after the ban on the use of heavy fuel oil from 
2024, only diesel oil will remain possible. This is an opportunity for the maritime 
transport industry to reconsider its position before that date and to take more active 
steps to adapt to the new standards, in the context of the review of alternatives, among 
others. Undoubtedly, for making a decision on choice of priority fuel for international 
shipping more accurate and thorough researches on estimation of ecological footprint 
from alternative fuels use, starting from raw materials extraction to emissions. A 
separate issue is the assessment of consequences from spills of alternative fuels, 
which requires laboratory and field studies of spills, especially at low temperatures, 
high wind speeds, etc. Of additional interest is the degree of long-term environmental
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Fig. 1 Main types of alternative marine fuels 

impact of blends of alternative fuels with the aquatic environment. Main types of 
alternative marine fuels presented in Fig. 1. 

To date, LNG and sulfur fuel oil have beaten all of their competitors on price, but 
that does not mean that LNG will remain the leader for long. The recent gas price 
hike will inevitably force shipowners to think about the feasibility of gas fuel rates. 
It should be noted that one of the problems, which has not been solved yet, is the 
bunkering of ships. At present, LNG production projects are already being success-
fully implemented, which can serve as a source of LNG bunkering for transport 
ships. Nowadays, LNG bunkering can be performed by both mobile and stationary 
bunkers. Onshore, truck-to-ship (TTS) bunkering is used for relatively small amounts 
of LNG, up to 200 cubic, while port-to-ship (PTS) bunkering is used for larger 
volumes. Specialized LNG bunkers are used for refueling ships of various sizes and 
can have a capacity of up to 20,000 cubic meters, including LNG fuel for very large 
container ships enroute between Asia and the European Union. LNG bunkering is 
currently available at more than 120 ports around the world, with more than 30 LNG 
bunkering vessels in operation. Advantages and disadvantages of LNG fuel presented 
in Table 1.

3 Analysis of the Environmental Impact and Cost 
of Alternative Fuels 

According to DNV GL, the use of LNG emits the least greenhouse gases the major 
ones are water vapor, carbon dioxide, methane, and ozone. However, unburned 
methane, which is the main component of LNG, creates emissions with 20 times 
more powerful greenhouse effect than carbon dioxide (carbon dioxide). 

Nevertheless, according to assurances of producers of dual-fuel engines, the 
amount of unburned methane in modern equipment is not so large, and their use 
gives a reduction of greenhouse gases in shipping by 10–20%. 

The carbon footprint (the amount of greenhouse gases caused by the activities 
of organizations, the actions of cargo transportation) from the use of methanol or 
hydrogen is much greater than with heavy fuel (HFO) and marine gasoil (MGO).
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Table 1 Advantages and disadvantages of LNG fuel 

Advantages of LNG fuel Disadvantage of LNG fuel 

The cleanest fuel is liquefied natural gas, as it 
produces the least amount of greenhouse gases 

LNG has a higher specific energy content than 
fuel oil, but the energy content per unit volume 
is only 43% that of high sulfur fuel oil. 
Therefore, fuel tanks take up 3–4 times more 
space compared to ships operating on 
conventional fuel 

LNG has been used as a fuel for ships since the 
early 2000s, so the technology is already quite 
mature and there are many suppliers on the 
market, which helps keep prices down 

Bunkering problems. The general reluctance to 
introduce LNG-fueled engines into the 
shipping industry has been due in part to 
logistical difficulties. Liquefied natural gas for 
marine engines can still only be found in a 
limited number of ports around the world, 
which does not suit most players 

Piston engines, gas turbines and their 
consumables, as well as special cryogenic fuel 
systems for LNG, are produced on an 
industrial scale and are freely available 

Often ships have long itineraries in which the 
next point is not predetermined, which means 
fuel must be available at any port. Therefore, 
companies often take a wait-and-see approach 
to new technology

With renewable energy and biofuels, the carbon footprint is smaller. The most 
environmentally friendly fuel is hydrogen, produced from renewable energy. Liquid 
hydrogen can be used in the future. However, it has a rather low volumetric energy 
density, which leads to the need for large storage sites. 

In terms of nitrogen emissions, Otto cycle internal combustion engines powered 
by LNG or hydrogen do not need exhaust treatment equipment to meet the Tier III 
standard. In most cases, dual-fuel diesel-cycle engines are not suitable to meet the 
standard. 

The Tier III standard refers to the limitation of nitrogen oxides (NOx) emissions 
for LNG or hydrogen-fueled ships to reduce the environmental impact of shipping. 
For internal combustion engines with an Otto cycle running on LNG or hydrogen, 
NOx emission limits are set at 3.4 g/kWh. 

To achieve the Tier III standard for Otto-cycle internal combustion engines fuelled 
by LNG or hydrogen, various technologies must be used to reduce NOx emissions, 
such as a catalytic converter, exhaust gas recirculation systems, high-temperature 
combustion systems, etc. In general, to achieve Tier III for Otto-cycle internal 
combustion engines running on LNG or hydrogen, many different technologies are 
required to reduce NOx emissions, which can make these engines less harmful to 
the environment. 

For example, the Tier III standard refers to the limitation of nitrogen oxides (NOx) 
emissions for ships using diesel internal combustion engines. This standard was 
introduced to reduce the environmental impact of shipping, in particular air pollution. 
To meet the Tier III standard, marine engines must use various technologies to reduce 
NOx emissions, such as water injection systems to reduce combustion temperatures, 
catalytic converters, exhaust gas recirculation systems, and others. For new vessels
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Fig. 2 Nitrogen emissions 
from different fuels Source: 
DNV GL 

built after January 1, 2016 and having engines with a capacity of more than 130 kW, 
Tier III compliance is mandatory. For ships built before January 1, 2016, the Tier 
III standard is optional, but may be applied on a voluntary basis. Data of nitrogen 
emissions from different fuels presented in Fig. 2. 

The price of implementation is not the main criterion for choosing a particular 
technology, but the price of fuel is. It depends on several factors, including the hard-
to-predict ones. For example, according to sources, the lowest price in the previous 
decade is observed on HFO. Only LNG and LPG can compete with it. The price 
of methanol produced from natural gas is higher than that of LNG. Biofuels are 
produced from biomass and are traditionally more expensive than Brent oil. These 
fuels are likely to compete with MGO in the future. Dispersion of prices for possible 
marine fuels given in Fig. 3.

Hydrogen is not considered here because it is much more expensive than other 
fuels. It is completely uncompetitive on the market in terms of price. It will have a 
chance only with significant subsidies or high taxes on conventional fuel. Speaking 
about fuel production, it is worth noting that all fuels except LNG would require 
significant investments if the decision is made to use one or the other on a mass 
scale. LNG production is much higher than the fuel needs of the global fleet, so 
switching to it is possible today. 

4 Conclusions 

Environmental concerns and rising fuel prices lead to the need to find new solutions 
for shipping. There are not many alternatives. At the same time the legislation has 
already determined the conditions for the use of LNG, followed by methanol and
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Fig. 3 Qualitative dispersion of prices for possible marine fuels (Source DNV GL, IEA)

biofuels. According to experts, development of IGF Code (International Code of 
Safety for Ships Using Gases) for LPG and hydrogen will take a little time. In order 
to comply with the IMO requirements by 2050 it will be necessary not only to convert 
the fleet to another, more environmentally friendly type of fuel, but also to develop 
new technologies to reduce greenhouse gas emissions from ships. One of the most 
promising technologies is the use of fuel cells, but it is still only in its infancy. Any 
ban is not only a limiting factor, but also creates a field of opportunities for qualitative 
development. Therefore, banning HFO can stimulate the development of the market 
for alternative marine fuels, such as LNG and methanol. This is especially important 
in light of the poorly understood environmental impact of new blends of petroleum 
fuels. The use of alternative fuels will allow ship owners to ensure the sustainability 
of operations over the long term with respect to atmospheric pollution. The conse-
quences of spills of new types of fuels, including low-sulfur petroleum fuels, are not 
well understood. However, for climatic conditions, the effects of marine water pollu-
tion from spills are a key factor. The use of distillate fuels will result in an immediate 
increase in operating costs, and installing a scrubber may not be the right investment 
when residual fuels are banned, and the investment in equipment will not have time 
to pay off. Shipowners have even greater risks when building new vessels that require 
high capital investments. By aggregate properties oil and petroleum products have 
no competitors on the world market. But regular informational throw-ups of “oil 
is running out” and carbon addiction stimulate attempts to find a replacement for 
oil as a fuel and raw material for the chemical industry, therefore the most obvious 
candidates for such a replacement are ethanol and methanol.
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1 Introduction 

Shipping is one of the largest sources of global greenhouse gas emissions, accounting 
for approximately 2.9% of total emissions. The International Maritime Organiza-
tion (IMO) has set ambitious targets to reduce these emissions, including a goal of 
reducing greenhouse gas emissions from shipping by at least 50% by 2050. Maritime 
transportation accounts for about 11% of global fuel consumption, or about 10 million 
barrels per day. It is important to note that in the current situation of competition 
between alternative fuels, ships largely set the trend in favor of one or another type of 
fuel. Significant volumes of fuel consumption by maritime transport justify the mass 
production of refined products, the construction of fuel bases and infrastructure in 
general, setting the course for a certain type of fuel and relying on it in other market 
segments. For example, after the ban on the use of marine fuel oil in 2024, only diesel 
fuel will remain. This provides an opportunity for the maritime transport industry 
to reconsider its position in the short term before this date and take steps that are 
more active to adapt to the new standards, including in the context of considering 
alternative options. 

Hydrogen is one of the alternative fuels being explored for use in shipping. As a 
fuel, hydrogen has a number of advantages over traditional fossil fuels such as diesel 
and fuel oil. One of the main advantages is that burning hydrogen produces only water 
as a by-product, making it a clean, emission-free fuel. However, the use of hydrogen 
as a fuel in shipping is fraught with challenges. One of the biggest challenges is the 
storage and transportation of hydrogen, which needs to be compressed or liquefied
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for storage on board. This requires specialized equipment and infrastructure, which 
are currently limited. Another challenge is the cost of hydrogen production, which is 
still relatively high compared to traditional fuels. However, as hydrogen production 
and storage technology improves and demand for clean energy grows, the cost of 
hydrogen is expected to decline. 

Thus, the competitiveness of alternative marine fuels in the new regulatory frame-
work is investigated in [1]. The marine fuels of the future and how alternative fuels 
affect the optimal economic speed of large container ships are studied in [2]. Research 
paper [3] proposes an assessment of life-cycle greenhouse gas emissions when using 
alternative marine fuels using the example of an oil tanker (VLCC). The article [4] 
explains the reasons for the unilateral abolition of indirect subsidies for marine fuels. 
Achievements in the field of alternative marine fuel research and future trends and 
application of alternative marine electricity (AME) in cruise ports are proposed in [5, 
6]. The gaps in knowledge about marine hybrid fuel cell power plants and alternative 
fuels and the role of cold ironing in maritime transport emissions are presented in 
[7, 8]. The use of alternative fuels for maritime decarbonization, taking into account 
the specifics of maritime environmental risks and solutions from the point of view 
of international law, is discussed in [9]. Ensuring the safety of navigation in terms 
of reducing environmental impact, technical and operational measures to reduce 
greenhouse gas emissions and increase the environmental and energy efficiency of 
ships [10, 11]. The principles of using hydrogen-powered engines on mixed navi-
gation vessels and other problems of port infrastructure and navigation safety are 
considered in [12, 13]. In [14, 15], the use of hydrogen-powered engines on mixed 
navigation vessels is analyzed. Different issues concerning the safety of ship oper-
ations and safety of marine environment considered in [14, 16–18]. Review of ship 
information security risks and safety of maritime transportation issues in [19]. Effi-
ciency of port operations and stability indicators examined in [20, 21]. Marine diesel 
engines operation performance research presented in [22, 23]. Alternative fuel and 
technologies and updates on potential of biofuels in shipping [24, 25]. 

In [26] authors investigated the effectiveness of using hydrogen fuel as an alterna-
tive to oil and gas fuels and concluded that the use of hydrogen fuel would reduce the 
environmental impact and improve energy efficiency. In [27] considered the advan-
tages and disadvantages of fuel cells in comparison with traditional energy sources on 
ships and conclude that fuel cells are a promising option for ship transport. Paper [28] 
considers issues of improving the energy efficiency of container ships using hydrogen 
fuel. In sources [29, 30] devoted to the technical and economic analysis of the possi-
bility of using hydrogen fuel on ferries in Indonesia and proposed review of research 
on hydrogen energy storage technology. Review of hydrogen fuel technology on 
ships and description of fuel cell systems developed for marine applications in [30]. 
This review [31] of articles and research examines the prospects for using hydrogen 
fuel cells on ships and analyzes the possibilities of introducing this technology into 
marine transportation. The paper [32] analyzes the possibility of using hydrogen 
energy in the marine industry and discusses the technological, economic, and envi-
ronmental aspects of hydrogen use on ships. The prospects of using hydrogen as a
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fuel for ship traffic and discuss technological and economic aspects of introducing 
this technology into maritime transport proposed in [33–35]. 

Thus, despite all these challenges, there are already examples of ships using 
hydrogen as fuel. In general, although hydrogen is a promising alternative fuel for 
shipping, there are still a number of technological, logistical and economic challenges 
that need to be addressed before it can be widely implemented as a mainstream fuel. 
Therefore, the purpose of the article is to explore the potential of using hydrogen 
fuel as an alternative to traditional fossil fuels in the maritime industry. The article 
discusses the current state of the industry, challenges and opportunities associated 
with the use of hydrogen fuel, as well as potential benefits from the introduction of 
this alternative energy source. 

2 Materials and Methods of the Study 

Undoubtedly, more accurate and thorough research is needed to assess the environ-
mental footprint of alternative fuels, from raw material extraction to environmental 
emissions, in order to make a decision on the choice of the preferred fuel for interna-
tional shipping. A separate issue is the assessment of the consequences of alternative 
fuels spills, which requires laboratory and experimental studies of spills, especially at 
low temperatures, high wind speeds, etc. Of additional interest is the degree of long-
term impact of alternative fuel blends on the aquatic environment. Environmental 
problems and rising fuel prices are leading to the need to find new solutions for ship-
ping. There are not many alternatives. At the same time, the legislation has already 
determined the conditions for the use of LNG (liquefied natural gas), followed by 
methanol and biofuels. 

According to experts, it will not take long to develop the IGF Code for LNG 
and hydrogen. In order to meet the requirements by 2050, it will be necessary not 
only to switch the fleet to another, environmentally friendly fuel, but also to develop 
new technologies to reduce greenhouse gas emissions from ships. Hydrogen fuel has 
also become a potential solution to achieve these goals, but its implementation is 
not without challenges. The full cycle of renewable hydrogen production is shown 
in Fig. 1.

One of the main advantages of hydrogen fuel is its zero emissions profile. When 
hydrogen is burned, the only byproduct is water vapor, making it a clean and renew-
able energy source. In addition, hydrogen fuel has a high energy density, which 
means it can provide more energy per unit weight than traditional fossil fuels. This 
could lead to smaller and more efficient marine engine systems. H2 is more than just 
another interesting alternative marine fuel option that is being actively considered 
for use on ships. Hydrogen is either liquefied (a cryogenic liquid with a temperature 
of −240 °C) and placed in compression tanks or stored as a chemical compound. 
Today, H2 is produced from natural gas and electrolysis. The latter can be carried out 
at solar and wind power plants simultaneously with electricity generation. Produced 
from renewable energy sources, hydrogen becomes one of the cleanest fuels, with
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Fig. 1 Production cycle of renewable hydrogen

zero greenhouse gas emissions. The most efficient energy generator for hydrogen is 
fuel cells. Both hydrogen and fuel cell production is well developed, but they still 
remain uncompetitive in terms of price compared to conventional marine engines. 

There are several ongoing projects and initiatives exploring the use of hydrogen 
fuel on ships. In 2020, the world’s first hydrogen fuel cell vessel was launched in 
France, and several other countries, including Japan, Norway, and South Korea, are 
already investing heavily in hydrogen fuel technology for shipping. However, the 
widespread adoption of hydrogen fuel on ships is still in its early stages and requires 
further technological progress and infrastructure development. 

Potentially, hydrogen can be used on a large scale as a fuel for ships. It is argued 
that a significant reduction in the cost of producing zero-carbon hydrogen is expected 
in the next 10–15 years due to the development of the global hydrogen economy. 
However, the direct use of hydrogen on large-tonnage vessels–in internal combustion 
engines or in fuel cells in combination with electric motors–poses problems due to 
its low volume density. For a long voyage, hydrogen storage would require too much 
physical volume. The use of hydrogen fuel on ships can be achieved through the 
following cycle consisting of production, storage, fuel cells, and actual movement 
(Fig. 2). 

Fig. 2 Hydrogen utilization 
cycle on ships PRODUCTION 

STORAGE 

FUEL ELEMENT 

MOTION 
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Hydrogen can be produced by various methods other than electrolysis through 
steam reforming of natural gas or biomass gasification. The hydrogen is stored on 
board the ship in high-pressure tanks, cryogenic tanks or in the form of metal hydrides. 
The stored hydrogen is fed into a fuel cell, which converts the chemical energy of 
hydrogen into electrical energy through an electrochemical process. The electrical 
energy generated by the fuel cell is used to power the ship’s electric motor, which 
essentially propels the ship forward. The hydrogen storage system is carried out in 
high-pressure cylinders (a 40-foot container with 25 MPa cylinders holds 794 kg of 
hydrogen, a 40-foot container with 50 MPa cylinders holds 1050 kg of hydrogen). 
In liquefied form at a temperature of −252 °C, a 40-foot container holds about 
2.478 kg of hydrogen using LOHC (Liquid Organic Hydrogen Carrier), which are 
organic compounds that can absorb and release hydrogen as a result of chemical 
reactions. 1 m3 of LOHC can produce 57 kg of hydrogen. A 40-foot container can 
hold about 3.200 kg of hydrogen, and given the need to store the “discharged” liquid, 
about 1.600 kg of hydrogen. 

The formula for optimizing a marine engine using hydrogen will depend on 
various factors, such as the type and size of the vessel, the specific design of the 
hydrogen engine, operating conditions, and performance goals. However, a general 
formula that can be used as a starting point is: 

P = (r QB) / γ (1) 

where P–the mass flow rate of hydrogen, the amount of hydrogen fuel consumed by 
the engine per unit of time (kg/s); r–higher heating value of hydrogen or the amount 
of thermal energy released during the complete combustion of one unit of hydrogen 
(MJ/kg); QB–engine efficiency, percentage of fuel energy converted by the engine 
into useful work; γ –specific gravity of hydrogen, i.e. the density of hydrogen gas 
relative to air. 

One of the most important factors in optimizing the operation of a vessel using 
hydrogen as fuel is to maximize the efficiency of the main engine. This can 
be achieved by various methods, including optimizing the fuel injection system, 
adjusting the ignition timing, and modifying the combustion chamber design. An 
example is the formula for optimizing the performance of a hydrogen-fueled ship’s 
engine: 

η = [(Pin  − Pout )/Pin] × Qin/HH2, (2) 

where η–engine efficiency, Pin–power consumption (kW), Pout–power output (kW), 
Qin–hydrogen fuel consumption (in kg/h), HH2–heating value of hydrogen (MJ/kg). 

The given formula takes into account the power input and output of the engine, as 
well as the consumption of hydrogen fuel and the heat of combustion of hydrogen. The 
difference between the power input and output is divided by the power consumption 
to determine the engine efficiency. The hydrogen fuel consumption is multiplied by 
the heating value of hydrogen to determine the energy consumed by the engine.
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Additional factors such as air-to-fuel ratio, compression ratio, and exhaust gas 
recirculation rate can be taken into account to further optimize engine performance. 
By carefully adjusting these factors, you can achieve the maximum possible effi-
ciency from the engine and minimize fuel consumption, emissions, and other envi-
ronmental impacts. Using the formula presented here, the output power of a hydrogen 
engine can be calculated, which can then be used to optimize the design and operation 
of the marine engine and the ship as a whole. Other factors such as propeller type 
and size, hull design, and operating conditions must also be considered to achieve 
the best performance and efficiency. 

The formula for optimizing a marine engine for hydrogen fuel may include the 
following elements: 

1. Calculation of engine efficiency that can be estimated using the engine’s coef-
ficient of performance (thermal efficiency), which determines the ratio of energy 
released during engine operation to energy input. Engine efficiency: 

η = Ẇ / Q̇u × 100% (3) 

where: Ẇ –useful power output by the engine; Q̇u–heat input to the engine. 
2. Selecting the optimal way to store hydrogen in various forms, such as liquid 

hydrogen, compressed hydrogen, or hydrogen absorbed on nanoparticles. The model 
can take into account the cost and energy efficiency of each storage method to select 
the best option. Mass energy density can be found as: 

H2 = Ẇ / m, (4) 

where m–mass of hydrogen stored in a certain form. 
3. Consideration of technical constraints. Hydrogen engines may require special 

technical requirements, such as a special fuel supply and storage system, as well 
as additional cooling systems. The model can take into account the costs of these 
additional systems and calculate their impact on engine efficiency. In order to take into 
account technical limitations: Engine power = (displacement x number of cylinders 
x number of revolutions per minute x mechanical efficiency factor) / (4 × stage): 

P = (Vb × nc × Nmax × ηm) / (4 × κ), (5) 

where Vb–engine capacity; nc–number of cylinders; Nmax–maximum engine speed; 
ηm–mechanical efficiency; κ–compression ratio. 

4. Determining the environmental impact: The model can calculate the emis-
sions of pollutants during the combustion of hydrogen and take into account the 
environmental impact of the engine: 

E = (
V f ×

(
CO  f / Cx

)×M×
)
/
(
Ve × ρ f

)
, (6)
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where Vf –volume of fuel burned per cycle; CO–the amount of carbon monoxide 
emitted during fuel combustion; Cx–carbon content in the fuel; Mx–carbon molar 
mass; Ve–volume of pollutant emissions; ρ f –fuel density. 

5. Cost calculation: the model can take into account the cost of developing and 
producing the engine, the cost of purchasing and storing hydrogen, and the cost of 
maintaining and repairing the engine: 

C = (Cr + Cm) / N , (7) 

where Cr–cost of research and development; Cm–production costs; N–number of 
engines manufactured. The cost of hydrogen: 

CH2 = C f/HLH  V  
, (8) 

where Cf –cost of fuel; HLHV –lower heating value of hydrogen. 
Again, this algorithm is only a general example and may vary significantly 

depending on the specific engine model and its parameters, as well as operating 
conditions. In order to calculate most accurately the optimal parameters of an engine 
for hydrogen fuel, it is necessary to conduct a detailed analysis of technical and 
economic parameters, as well as take into account factors that affect the efficiency 
of the engine, such as pressure, temperature, rotational speed, and others. Therefore, 
specialized personnel using appropriate software and equipment should carry out the 
calculation of the optimal parameters. Considering these elements can help develop 
an optimal formula for optimizing a marine engine for hydrogen fuel. 

Hydrogen is the most environmentally friendly fuel produced from renewable 
energy. Liquid hydrogen may be used in the future, but it has a rather low volumetric 
energy density, which leads to the need for large storage facilities. 

The Tier III standard refers to the limitation of nitrogen oxides (NOx) emissions 
for ships running on LNG or hydrogen in order to reduce the environmental impact 
of shipping. For internal combustion engines with the Otto cycle running on LNG 
or hydrogen, NOx emission limits are set at 3.4 g/kWh. In order to achieve the Tier 
III standard for internal combustion engines with an Otto cycle running on LNG or 
hydrogen, it is necessary to use various technologies to reduce NOx emissions, such 
as the use of a catalytic converter, exhaust gas recirculation systems, high-temperature 
combustion systems, etc. 

Therefore, in order to achieve the Tier III standard for Otto-cycle internal combus-
tion engines running on LNG or hydrogen, many different NOx reduction technolo-
gies must be used to make these engines less harmful to the environment. In terms 
of nitrogen emissions, Otto-cycle internal combustion engines fired with LNG or 
hydrogen do not require exhaust gas after treatment equipment to meet the Tier III 
standard. In most cases, dual-fuel engines operating on a diesel cycle are not suitable 
for meeting the standard. Analytical data on the level of nitrogen emissions when 
using different types of fuel is presented in Fig. 3.
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Fig. 3 Nitrogen emissions from different fuels (Source: DNV GL) 

In fact, the cost of introducing alternative fuels on ships is not the main criterion 
for choosing a particular technology; it is the cost of fuel that determines this choice. 
It depends on several factors that are sometimes difficult to predict. According to 
sources, the lowest price is observed for HFO (marine fuel oil), and only LNG can 
compete with it. The price for methanol produced from natural gas is higher than 
for LNG. Biofuels are produced from biomass and are traditionally more expensive 
than Brent crude oil. These fuels are likely to compete with MGO (diesel fuel) in the 
future. 

As for hydrogen, it is not considered here because it is much more expensive than 
other fuels. It is absolutely not competitive in the market in terms of price, so it will 
only have a chance to become widespread if there are significant subsidies or high 
taxes on conventional fuels. 

Undoubtedly, the use of alternative fuels will help shipowners ensure the sustain-
ability of transportation operations in the long term in terms of air pollution. The 
consequences of spills of new types of fuels, in particular low-sulfur oil, are not well 
understood, but the effects of marine pollution from spills are a key factor in climate 
conditions. The use of distillate fuels will lead to an immediate increase in operating 
costs, and the installation of a scrubber may be a bad investment if a ban on the use of 
residual fuels is introduced, and the investment in equipment will not pay off in time. 
Shipowners face even greater risks when building new vessels, which require high 
capital investments. Oil and oil products have no competitors on the global market 
in terms of their properties, but regular information about oil reserves being depleted 
and growing demands stimulate attempts to find a replacement for oil as a fuel and 
raw material. 

Despite the advantages of hydrogen fuel, there are also a number of challenges that 
need to be addressed for its implementation on ships. One of the main challenges is 
the high cost of hydrogen production and storage. Although technological advances
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are reducing costs, it is still more expensive than traditional fossil fuels. In addition, 
hydrogen is flammable and requires special handling and safety measures, making 
it a potential safety hazard on board ships. However, hydrogen diesel engines can be 
developed on the basis of standard medium-speed marine diesel engines or can be 
modernized to run on hydrogen, so based on such data, it can be noted that the use of 
hydrogen as a fuel on ships is not a remote prospect from a technical point of view, 
but a fully realized action. 

Based on the study of the use of hydrogen fuel for marine engines, the following 
conclusions can be drawn: 

– Hydrogen fuel is one of the most promising alternative sources of energy for ship 
traffic, as it allows significantly reducing emissions of harmful substances and 
reducing dependence on petroleum products. 

– Development of a mathematical model to optimize the ship engine for hydrogen 
fuel can help improve engine efficiency, reduce fuel costs and improve the overall 
environmental friendliness of marine transport. 

– The introduction of hydrogen fuel in marine transport has become possible due 
to the development of technologies for its production and storage, as well as the 
creation of the appropriate infrastructure for fueling and transportation. 

The prospects for further development and use of hydrogen fuel in maritime 
transport are very encouraging. The need to reduce emissions of harmful substances 
and the dependence on petroleum products is growing every year and hydrogen fuel is 
one of the key elements in solving these problems. In addition, modern technologies 
for the production and storage of hydrogen fuel continue to improve, which could 
lead to lower costs and greater competitiveness compared to conventional fuels. 

3 Conclusions 

Hydrogen fuels have the potential to play a significant role in reducing greenhouse 
gas emissions from shipping, but their implementation is not without its challenges. 
Although the technology is still in its early stages of development, ongoing initia-
tives and projects are paving the way for a cleaner and more sustainable future for 
shipping. With continued research and development, hydrogen fuel could become 
a major solution for reducing emissions and mitigating climate change in the ship-
ping industry. The use of hydrogen as a fuel in ships has the potential to reduce 
greenhouse gas emissions and improve air quality, making it an attractive option for 
the shipping industry. However, there are still challenges that need to be overcome, 
including the cost of production and storage, as well as limited infrastructure for 
hydrogen bunkering of ships. Several sources [36–39] include a study on optimizing 
port equipment structure, an online discussion about future ship fuels, a summary on 
alternative fuels and technologies by DNV GL, and an update on biofuels potential 
in shipping from EMSA. The article discusses the environmental benefits of using 
hydrogen fuel, including the potential for significant reductions in greenhouse gas
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emissions and improved air quality. It also explores the technical challenges asso-
ciated with the use of hydrogen fuel, such as the need for storage and distribution 
infrastructure, as well as the potential costs and economic impacts of switching to 
this alternative energy source. 
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The Improvement of Fuel Efficiency 
and Environmental Characteristics 
of Diesel Engine by Using Biodiesel Fuels 

Maksym Pavlovskyi 

1 Introduction 

In order to generate energy with minimal fuel consumption, diesel engines are among 
the most efficient internal combustion engines. Due to their inherent high fuel and 
economic performance, diesel engines are widely used as vehicle powerplants. The 
maximum total capacity of diesel engines is concentrated in freight and passenger 
vehicles and self-propelled agricultural machinery; in addition, the share of passenger 
cars with diesel engines is steadily growing. A significant increase in the scale of 
production and the rate of dieselisation will lead to further growth in the use of diesel 
fuel, which is limited in terms of oil refining and does not exceed 15–20% [1]. In 
addition, Ukraine is facing an acute shortage of domestically produced oil resources, 
which makes it difficult to use diesel engines on a large scale. 

At the current stage of development of energy production for internal combustion 
engines (ICE), there is a need to reform the energy balance, namely, to transform 
it into one based on polyenergy, i.e. a system that uses several types of energy 
production sources [1, 2]. Among the aspects of energy use is the transition from 
using only traditional energy sources (light oil products) to alternative energy sources, 
which are obtained from sources with less limited raw materials or from renewable 
sources to expand the fuel base of wheeled vehicles. 

An analysis of studies on the use of biodiesel fuels for transport diesel engines has 
shown that biodiesel has a number of disadvantages, namely: low volatility, increased 
density and kinematic viscosity, lower calorific value, increased coking ability, high 
cloud point and solidification, and increased surface tension coefficient. The above 
parameters have a significant impact on the efficiency of biodiesel use and worsen the 
environmental performance of the engine (due to the increased content of nitrogen 
oxides in the EG). In most of the analysed studies, it is noted that these shortcomings
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are caused by the mismatch of physical and chemical properties of biodiesel fuels 
compared to diesel fuel. At the same time, the analysed studies note that the presence 
of oxygen in the biodiesel molecule and high cetane number contribute to higher 
combustion efficiency [2, 3]. 

Improving the environmental performance of cars with modern diesel engines 
equipped with an electronic control system, adjustable gas turbine supercharging, 
exhaust gas recirculation (EGR) system and electronic crankshaft speed control 
system is possible by ensuring compliance with the requirements of regulatory docu-
ments through a systematic, phased transition from powering diesel engines with 
regular fuel to powering them with alternative fuels, namely by adding methyl esters 
of rapeseed oil (MERO) to regular petroleum diesel fuel (DF). 

The use of blends of MERO and regular diesel fuel can improve the environmental 
performance of diesel and reduce mass emissions of harmful substances (HS) with 
exhaust gases. In view of this, it is important to study the impact of MERO additives 
to diesel fuel on the environmental, fuel and energy performance of modern vehicles. 

2 Use of Alternative Fuels from Renewable Sources 
in Diesel Engines 

Prerequisites for Using Fuels from Renewable Energy Sources 

The increasing energy needs of humanity lead to an increase in energy consumption, 
which leads to their depletion and environmental pollution. It is known that heat 
engines are the main source of energy for vehicles. Recently, the need to save natural 
resources and preserve the environment while increasing the production of energy 
required to meet the needs of mankind has become an acute issue [1, 3, 4]. 

The largest amount of energy is produced by internal combustion engines (ICEs), 
which simultaneously consume the bulk of oil refining products and are the main 
source of chemical, mechanical, thermal, noise and other types of harmful envi-
ronmental pollution. The most significant chemical pollution of the atmosphere is 
caused by harmful substances (HS) of exhaust gases (EG). 

In terms of energy production from a minimum amount of fuel, the most suitable 
internal combustion engine is the diesel engine. Due to their high fuel and economic 
performance, diesel engines are widely used as vehicle powerplants. The maximum 
total capacity of diesel engines is concentrated in freight and passenger vehicles and 
self-propelled agricultural machinery, and the number of passenger cars with diesel 
engines is growing steadily. 

The increased level of NOx and particulate matter (PM) emissions into the envi-
ronment is a disadvantage of diesel engines compared to spark ignition engines. The 
presence of the above-mentioned disadvantages of diesel engines makes it important 
to conduct research and implement measures aimed at reducing the concentration of
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NOx and particulate matter in exhaust gases while maintaining the existing level of 
fuel efficiency and, if possible, increasing it. 

In the energy complex of developed countries, about 80% of the energy produced 
by power plants is obtained from ICEs [1]. The main share of ICE capacities is 
concentrated in road transport–60% and in the agricultural sector–25% [2]. 

Along with the increase in the production of ICEs, the demand for petroleum 
fuels is growing. In Ukraine, ICEs used in road transport and the agricultural sector 
consume about 16 million tons of petroleum-based fuels annually, 30% of which are 
diesel fuel [3]. 

In addition, it is predicted that in the near future, diesels will partially replace 
spark-ignition engines in trucks, city and intercity buses, and about half of passenger 
cars will also be equipped with diesels [4]. 

The implementation of research, the introduction of modern technologies and 
measures to improve fuel efficiency has made it possible to reduce diesel fuel 
consumption by 5–7% over the past twenty years [5]. 

However, despite significant achievements in improving fuel efficiency, the 
increase in production and dieselization rates will lead to further growth in the use 
of diesel fuel (DF), which can be produced by oil refining in limited quantities 
and does not exceed 15–20% [6]. In addition, Ukraine is facing an acute shortage 
of domestically produced oil resources, which complicates the widespread use of 
diesel. Domestic of oil and gas condensate production used for diesel fuel does not 
exceed 4 million tons per year [3, 6]. Even if the volume of oil refining is further 
doubled, imports of oil or oil products will still amount to about 80–90%. 

The shortage of fuels derived from oil is causing increased interest in the use 
of new alternative fuels in ICEs, which are derived from sources with less limited 
resources or from renewable sources. 

In recent years, a large number of foreign research centres of engine-building 
companies have been conducting research aimed at solving the problems of fuel 
economy and replacing traditional liquid hydrocarbon oil fuels with alternative fuels 
of non-mineral origin. Alternative fuels can be classified according to the following 
criteria: 

• composition–alcohols, ethers, hydrogen fuels with additives; 
• by aggregate state–liquid, gaseous, solid; 
• in the volume of the main fuel, or as an additive to the regular fuel; 
• by sources of raw materials–from coal, peat, shale, biomass, etc. 

The most prospective alternative fuels are considered to be biofuels (BF) and 
plant-mineral mixtures (BF with mineral diesel) in different proportions. 

In 2001, the European Commission identified three prospective alternatives to 
motor fuels: natural gas, biofuels and hydrogen. Each of these fuels could reach a 
level above 5% of total mineral fuel production in the motor fuel market by 2020. 

The main factors that determine the need to replace petroleum motor fuels with 
fuels of biological (plant) origin are the following: environmental, economic and 
sanitary.
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Passenger cars and buses equipped with diesel engines account for more than 
9% of the emissions of the main HS [7]. More than 1000 different substances are 
present in the exhaust gases of ICEs, 200 of which have been identified [8]. On 
average, emissions from one diesel passenger car contain 2–4 g of toxic substances 
per kilometre travelled. The main feature of fuel combustion in a diesel engine is that 
this process occurs in a diffusion flow when liquid droplets enter it, which undoubt-
edly leads to the formation of a significant amount of soot (carbon) and polycyclic 
aromatic hydrocarbons due to the thermal decomposition of fuel molecules in a lack 
of oxygen. 

In a diffusion flow, the most intensive combustion develops in the stoichiometric 
zone (at α ≈ 1) at the maximum combustion temperature, resulting in the intensive 
formation of nitrogen oxides NOx. Therefore, one of the main harmful components 
of diesel EG is nitrogen oxides NOx, the share of which in the total toxicity index 
can be more than 90% [6–8]. 

In addition, diesel fuel contains sulphur, which in the process of combustion in 
diesel, with an excess of oxygen, turns into sulphur oxides SO2. 

The modern energy transport system is a mono-energy system based on the use 
of one dominant energy source—oil. At the current stage of development of energy 
production for ICEs, there is a need to reform the energy balance, namely to transform 
it into one based on polyenergy, i.e. a system that uses several sources for energy 
production. The basis of polyenergy is the transition from using only traditional 
energy sources (light oil products) to using alternative energy sources, which are 
obtained from sources with less limited raw materials or from renewable sources. 

These issues are most acute for the Ukrainian economy. Importing about 90% of 
oil in Ukraine not only reduces the production of motor petrol and diesel fuels, but 
also deteriorates their quality in the face of steadily rising fuel prices [4]. The constant 
increase in the cost of oil fuels leads to excessive costs for the main consumers of light 
oil products, and also has a negative effect on the economy of domestic agricultural 
producers. 

Today, the issue of fuel “environmental friendliness” has acquired an independent 
significance due to the tightening of sanitary requirements for both fuels and their 
combustion products. These requirements are declared in international documents, 
which Ukraine also follows. Table 1 shows the environmental standards that modern 
fuels must meet, and Table 2 shows the emission standards for diesel vehicles [9].

One of the ways to solve the problem of expanding the energy base for diesel 
engines and partially resolving environmental and sanitary problems is to use 
fuels from renewable energy sources—first-generation fuels of plant origin, which 
include biodiesel (BD) and plant oil. In the future, with the improvement of 
biomass fuel production technology and reduction of production costs, the use of 
second-generation plant-based fuels may be possible. 

Currently, fuels derived from renewable sources include plant oils (rapeseed, 
sunflower, peanut, soybean, etc.), esters, alcohols, biogas.
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Table 1 Main environmental indicators of diesel fuels 

Indicators UNECE regulations, 
fuel standard 
according to EN 
590–93 

Euro 2, fuel standard 
according to EN 
590–96 

Euro 3, fuel standard 
according to EN 
590–2000 

Cetane number, not 
less than 

45 49 51 

Mass fraction of 
sulphur, %, not more 
than 

0.3…0.5 0.050 0.035 

Content of polycyclic 
aromatic 
hydrocarbons, %, not 
more than 

Not regulated Not regulated 11 

Table 2 Maximum permissible emissions for passenger cars with diesel engines 

Normative 
document 

Year of 
introduction of 
requirements 

Maximum permissible emissions, g/km 

Europe Ukraine Carbon 
monoxide CO 

Nitrogen 
oxides NOx 

HC + NOx Particles PM 

Euro – 1 1992 – 2.72(3.16) – 0.97(1.13) 0.14(0.18) 

Euro – 2 1996 2006 1.0 – 0.7 0.08 

Euro – 3 2000 2013 0.64 0.50 0.56 0.05 

Euro – 4 2005 2014 0.50 0.25 0.30 0.025 

Euro – 5 2009 2016 0.500 0.180 0.230 0.005 

Euro – 6 2014 2018 0.500 0.080 0.170 0.005

Production, Physical and Chemical Properties and Standards 
for Plant Oils and Fuels Based on Them 

The first attempts to use plant oils as a motor fuel for diesel engines were made by 
Rudolf Diesel [4]. In 1900, at the World Exhibition in Paris, he demonstrated a diesel 
engine running on peanut oil. But as diesel engines were further developed, more 
attention was paid to fuels made from oil refining products. The depletion of mineral 
deposits and the need to replace exhaustible energy sources with renewable ones has 
led to a revival of interest in raw materials of plant and animal origin. The following 
can be used as raw materials for motor fuels: animal fat, wood and woodworking 
waste, agricultural and food processing waste, algae and other marine bioresources 
[10, 11]. 

Today, more than 30 countries produce liquid biofuels from various types of 
plant material. Among these biofuels are plant oils, their derivatives, bioethanol, 
biomethanol, biodimethyl ether, biomethyl tertiary butyl ether (bioMTBE), bioethyl
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Fig. 1 Average estimated 
energy yield of BF per 
hectare of land for different 
crops under EU conditions 
[33]: 1–sunflower; 
2–rapeseed; 3–wheat; 
4–potato; 5–sugar beet 

tertiary butyl ether (bioETBE), synthetic BF, biogas, and biohydrogen [12, 13]. It 
should be noted that under the same conditions of production of raw materials, alcohol 
fuels require less arable land than fuels based on plant oils (Fig. 1) [14]. 

At the same time, the physical and chemical properties of fuels derived from plant 
oils are closer to those of regular mineral diesel. Therefore, diesel engines are more 
suitable for use with plant oils and their derivatives. 

The source of plant oils is oily plants that contain fats in their seeds or fruits. 
There are several climatic zones where oilseeds are grown, which are the raw 

material for the production of oils and their esters. Rapeseed is grown in Western, 
Central and Eastern Europe, some parts of Asia (China, India), and Canada. The 
leading countries that grow soybeans are the United States, Brazil, Argentina and 
China. Sunflower is cultivated in Ukraine, Russia, Spain, Austria, the USA, and 
Canada. China, Japan, and Indonesia have significant raw material resources for 
producing peanut oil. Ukraine produces large volumes of sunflower and rapeseed. 

The following types of oils are of the greatest industrial importance: legume 
(soybean), rapeseed, sunflower, palm, corn, castor, hemp, sesame, linseed, poppy, 
cottonseed, and almond. The global production of plant oils has reached 80 million 
tons per year [14]. The production of only four of them–soybean, rapeseed, sunflower 
and palm oils–amounted to 39.6 million tons per year [15]. 

A typical representative of plant oils is rapeseed oil (RO), which is obtained 
from rapeseed. Rapeseed is an annual plant of the cruciferous family. There are two 
varieties of rapeseed: spring and winter. For Ukraine, it is more expedient to produce 
RO from winter rapeseed. The scheme of rapeseed processing and production of fuel 
oil and motor fuels based on it is shown in Fig. 2 [16].

Methyl ester of rapeseed oil (MERO) is obtained as a result of direct esterification 
of fatty acids of RO with methyl alcohol (methanol) at a temperature of 80–90 °C 
in the presence of a catalyst, most often potassium hydroxide. The esterification of 
1040 kg of RO and 144 kg of methanol produces 1 tonne of RO methyl ester and 
about 200 kg of glycerol (Table 3) [17].
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Fig. 2 Scheme of rapeseed processing and production of rapeseed oil and fuels

Table 3 Feedstock and 
products obtained in the 
production of one tonne of 
rapeseed oil methyl ester 

Feedstock and processed products Consumption, kg 

Rapeseed seeds 3050 

Rapeseed oil 1040 

Methanol 144 

Potassium hydroxide 19 

Filter component 6 

Pressed oilcake 1952 

Glycerin 200 

Plant oils are fats from the seeds or fruits of various plants, which are obtained by 
pressing or extraction using solvents. Plant oils generally consist (95–97%) of tria-
cylglycerols, which are organic compounds, esters of glycerol, and mono- and diacyl-
glycerols. Acylglycerols, in turn, contain molecules of various fatty acids bound to 
the glycerol molecule C3H5(OH)3 [18, 19]. 

In terms of their chemical structure, fatty acid molecules differ from each other 
only in the content of hydrocarbon atoms and the level of saturation of the fatty acid, 
so the properties of plant oils are determined mainly by the content and composition 
of fatty acids that form triacylglycerols. Usually, these are saturated and unsaturated 
(with one to three double bonds) fatty acids with an even number of carbon atoms 
(mainly C16–C18). In addition, small amounts of fatty acids with an odd number of 
carbon atoms are present in plant oils (C15–C23). 

Plant oils under normal conditions can be in a solid state, but more often they are 
oily liquids with increased density (usually ρ = 900–1000 kg/m3) and viscosity (ν 
= 60–100 mm2/s at t = 20 °C, and ν = 30–40 mm2/s at t = 40 °C) and a relatively 
low auto-ignition temperature (Table 4) [13, 19–21]. Liquid plant oils, in turn, are
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divided into those that dry out (linseed, hemp, tung), those that partially dry out 
(poppy, cottonseed, sunflower, rapeseed) and those that do not dry out (castor). 

Fatty acids, which are the main component of plant oils, are high molecular weight 
oxygen-containing compounds with a hydrocarbon backbone. Therefore, all plant 
oils can be used as motor fuels. The low volatility and high viscosity of plant oils 
makes it impossible to use them in petrol engines. However, they can be successfully 
used as motor fuels for diesel engines [21–24].

Table 4 Physical and chemical properties of plant oils [21] 

Physical and 
chemical 
properties 

Oils 

Rapeseed Peanut Sunflower Soybean Palm Olive Cotton Castor 

Density at 20 
°C, kg/m3 

916 917 923 924 918 914 919 1069 

Kinematic viscosity, mm2/s at: 

20 °C 75.0 81.5 65.2 – – – – – 

40 °C 36.0 36.5 30.7 32.0 – – – – 

100 °C 8.1 8.3 7.4 7.7 8.6 8.4 7.7 19.9 

Cetane number 36 37 33 50 49 – – – 

Amount of air 
required for 
the combustion 
of 1 kg of 
substance, kg 

12.6 11.2 11.1 – – – – – 

Heat of 
combustion, 
MJ/kg 

37.3 37.0 37.0 36–39 37.1 – – – 

Auto-ignition 
point, oC 

318 – 320 318 315 285 316 296 

Freezing point, 
oC 

–20 – –16 –12 + 30 –12 –18 –27 

Sulphur 
content, % 

0.002 – – – – – – – 

Content %, by weight: 

C 78.0 78.0 – – – – – – 

H 10.0 12.3 – – – – – – 

O 12.0 9.4 – – – – – – 

Acidity, mg 
KOH/100 ml 
of fuel 

4.66 – 2.14 0.03 0.17 5.90 0.23 0.19 

Coking point 
of 10% 
residue, %, not 
more than 

0.40 – 0.51 0.44 – 0.20 0.23 – 
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A special feature of plant oils is the presence of a fairly large amount of oxygen 
(8–12%) in their composition. This leads to a decrease in their calorific value. Thus, 
the lower calorific value of plant oils is 36–39 MJ/kg compared to 42–43 MJ/kg 
of diesel fuels, which contain almost no oxygen in their composition. The presence 
of oxygen in the molecule of plant oils reduces their combustion temperature and 
significantly improves diesel efficiency and environmental performance. In many 
studies of diesel engines running on plant oils, a decrease in the smoke content of 
the EG and the content of products of incomplete combustion was observed [17]. 

The possibility of using plant oils as the main fuel for diesel engines is limited by 
increased soot formation–the deposition of coke on injector nozzles and other parts 
of the cylinder-piston group. Significant soot formation is caused by the presence of 
resinous substances and their increased ability to coke. While DF, according to the 
current DSTU, have a coking ability of 10% residue, not exceeding 0.3%, the coking 
ability of plant oils is 0.4–0.5%. 

In addition, the disadvantage of plant oils used as fuel for diesel engines is the 
relatively high temperature of their clouding and solidification, caused mainly by the 
presence of unsaturated fatty acids in their composition (Table 5) [25, 26]. Plant oil 
fuels are characterized by their ability to biodegrade relatively quickly. Once they get 
into natural water bodies or soil, they are almost completely decomposed within a 
few weeks. In addition, plant oils differ from mineral diesel fuels in their low content 
of sulphur and polycyclic aromatic hydrocarbons [15, 26, 27]. 

A typical example of plant oils is RO, an oily brown liquid that turns light yellow 
after refining. Rapeseed oil is a mixture of mono-, di-, and triacylglycerols. It contains 
both saturated fatty acids—palmitic and stearic, and unsaturated fatty acids—oleic, 
linolenic, linolenic, eicosenic, and erucic (Table 5). 

Table 4 shows the physical and chemical properties of average RO. The density of 
the RO is ρ = 900–920 kg/m3, the kinematic viscosity at 20 °C is ν = 70–90 mm2/s. 

The above data indicate that plant oils have physical and chemical properties 
that differ significantly from those of DF. Therefore, it is desirable to use refined 
products of plant oils in diesel engines—their refined products, ethyl and methyl 
esters of these oils. Physical and chemical properties of some of them are given in 
Table 6 [25, 27–29].

Table 5 Fatty acid content of 
average rapeseed oil [25] Fatty acid Chemical formula Content, % (by weight) 

Palmitic C16H32O2 4.8 

Stearic C18H36O2 1.7 

Oleic C18H34O2 43.7 

Linoleic C18H32O2 20.9 

Linolenic C18H30O2 8.5 

Eicosenic C20H38O2 4.8 

Erucic C22H42O2 15.6 
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Table 6 Physical and chemical properties of fuels derived from plant oils [27] 

Physical and 
chemical 
properties 

Oil-based fuels 

Sunflower 
oil refined 

Soybean 
refined oil 

Rapeseed 
methyl ester 

Rapeseed 
ethyl ester 

Soybean 
methyl 
ester 

Palm oil 
methyl 
ester 

Density at 20 
°C, kg/m3 

920 923 877 895 884 870 

Kinematic viscosity, mm2/s at: 

20 °C – – 9.8 * – – 

40 °C 34.4 31.2 5.2 * 4.1 4.5 

Cetane number 40 27 51 – 46 62 

The amount of 
air required for 
the combustion 
of 1 kg of a 
substance, kg 

– – 12.6 12.6 – – 

Heat of 
combustion, 
Hu, MJ/kg  

– – 37.8 36.8 – 40.1 

Auto-ignition 
point, oC 

202 220 230 – 141 174 

Freezing point, 
oC 

–20 –12 –21 – –1 – 

Sulphur 
content, % (by 
weight) 

0.007 0.005– 
0.01 

0.002 – 0.005 
– 
0.01 

– 

Content %, by weight: 

C – – 77.5 77.6 – – 

H – – 12.0 12.0 – – 

O – – 10.5 10.4 – – 

Coking ability 
of 10% 
residue, %, not 
more than 

– – 0.3 0.3 – – 

Notes “–” properties were not determined 

The difference between the physical and chemical properties of plant oils and 
fuels based on them and those of mineral diesel fuels has an impact on the course of 
diesel engine operations. This primarily concerns the processes of fuel supply and 
the dynamics of mixture formation. These processes largely determine such physical 
properties of the fuel as density, viscosity, compressibility, surface tension. 

Compared to diesel fuel, plant oils (rapeseed oil) have a higher density. Thus, 
while diesel fuel (DSTU 4840:2007) at a temperature of t = 20 °C has a density 
of ρ = 820–840 kg/m3, RO has a density of ρ = 910 kg/m3 [27]. RO almost does
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Fig. 3 Dependence of 
density change on 
temperature: 1–RO; 
2–MERO; 3–DF 

not differ from DF in the dependence of density change on temperature (Fig. 3) 
[28]. Esters produced on their basis have a lower density compared to plant oils. In 
particular, at a temperature of t = 20 °C, the density of RO (Fig. 3) is  ρ = 910 kg/ 
m3, and that of MERO is ρ = 886 kg/m3. 

Plant oils are characterized by high kinematic viscosity, which exceeds the 
kinematic viscosity of standard diesel fuels by an order of magnitude. Under normal 
atmospheric conditions, the kinematic viscosity of DF “S” (summer) (ν = 3.5–4 
mm2/s) is one level lower than the kinematic viscosity of RO. Thus, in accordance 
with characteristic 1 (Fig. 4) [29], at t = 20 °C, the viscosity of the RO is ν = 75 
mm2/s [29]. At the same time, at higher temperatures, which are typical for fuel 
supply systems of transport diesel engines (at an ambient temperature of t = 20 °C, 
the fuel temperature in the fuel supply system is t = 40–60 °C [30]), the viscosity of 
the RO decreases sharply and at t = 40 °C is approximately ν = 37 mm2/s (Fig. 4).

However, such kinematic viscosity values are too high, which makes it difficult 
to pump them through the fuel lines of the fuel supply system, organise the process 
of supplying and spraying plant oil in the diesel combustion chamber. 

The list of biofuels with lower viscosity compared to RO includes products 
of their processing, namely MERO. In the production of plant oil esters, their 
esterification removes glycerol residues from acylglyceride molecules, which leads 
to a decrease in the kinematic viscosity of the resulting fuels. In particular, at a 
temperature of t = 20 °C, the kinematic viscosity of MERO is approximately ν = 
10 mm2/s (Fig. 4). This is significantly lower than the kinematic viscosity of plant 
oils, but two times higher than the kinematic viscosity of petroleum diesel fuels. An 
acceptable value of kinematic viscosity can be obtained by mixing MERO with a 
less viscous component, such as kerosene, diesel fuel. 

The surface tension coefficient σ has a significant impact on the dynamics of fuel 
blending. Plant oils have a higher surface tension than diesel fuel. Under normal
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Fig. 4 Dependence of 
viscosity change on 
temperature: 1–RO; 
2–MERO; 3–DF

atmospheric conditions (t = 20 °C, p = 0.1 MPa), the surface tension coefficient of 
DF is σ = 27.1 mN/m, RO σ = 33.2 mN/m, MERO σ = 30.7 mN/m (Fig. 5) [31]. 
According to the dependences shown in Fig. 5, it can be seen that the surface tension 
coefficient of the presented fuels insignificantly depends on the temperature. 

Fig. 5 Dependence of the 
change in the surface tension 
coefficient on temperature: 
1–RO; 2–MERO; 3–DF
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These features of the physical properties of plant oils and fuels based on them 
have a significant impact on the parameters of the fuel supply process, and, as a 
result, change the characteristics of the injection and spraying of these fuels, and, 
consequently, the processes of mixture formation and combustion [28–32]. The high 
values of density, kinematic viscosity, and surface tension coefficient of these fuels, 
which are fed into the combustion chamber by the standard diesel fuel supply system, 
cause an increase in their cycle supply and hourly consumption compared to diesel 
fuels in accordance with DSTU 4840:2007 [29]. 

The increased density of plant oils and fuels based on them causes a long-range 
fuel jet [33]. An increase in the length of the fuel jet worsens self-ignition (due to 
an increase in the ignition delay period) [33]. As a result, during the ignition delay 
period, the plant oil jet reaches the walls of the combustion chamber, part of the fuel 
that hits the walls does not burn completely, volumetric mixing is disturbed, piston 
rings lose mobility and engine oil dilution occurs. 

At high kinematic viscosity and surface tension coefficient, the fuel plume opening 
angle decreases and the spray atomisation and fineness deteriorate, with an increase 
in the average droplet diameter. In addition, the increased surface tension of plant 
oils increases the heterogeneity of their spray. Higher values of density and kine-
matic viscosity of these fuels lead to an increase in the maximum injection pressure. 
The actual moment of injection start shifts towards an increase in the fuel injection 
advance angle. The above factors indicate the expediency of implementing measures 
that will improve the quality of fuel supply, spraying and mixture formation processes 
when a diesel engine runs on plant oils and fuels based on them. 

One of the main conditions for normal operation of the engine when running on BF 
is its compliance with the standard. The standard for BF abroad is EN 14,214:2008 
[34], and in Ukraine, DSTU 6081:2009 [35]. A comparison of these standards is 
given in Table 7.

Plant-based fuels, like oil, have different characteristics [36]. Whereas the physical 
and chemical properties of oil depend on the place of extraction, the characteristics 
of fuels of plant origin depend on geographical and climatic conditions, as well as 
on the variety and agronomic measures used in growing. 

Despite the differences between the physical and chemical properties of plant oils 
and fuels based on them and those of diesel fuel, they are considered to be promising 
non-traditional fuels. This is due to the high environmental properties of fuels from 
plant oils and the renewability of raw materials for the production of these fuels. 
Therefore, research is being conducted on the adaptation of diesel engines when 
powered by the above fuels [36–38]. 

However, this approach to solving this issue requires significant changes to the 
design and regulation of diesel fuel supply system elements, which is unacceptable 
for diesel engines in operation. 

The differences between the physical and chemical properties of MERO and the 
physical and chemical properties of regular diesel fuel have a significant impact on 
the energy, environmental and fuel economy performance of engines. 

Taking into account the small volumes of biodiesel production, it is more appro-
priate and necessary for WV with diesel engines to adapt not diesel engines to
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Table 7 Standards for biodiesel in Ukraine and Europe [35, 36] 

Name of the indicator DSTU 6081:2009 EN 14214:2003 Presented sample 

Mass fraction of ethers, %, not less 
than 

96.5 96.5 96.5 

Density at 15 °C, kg/m3, within 860–900 860–900 887.5 

Kinematic viscosity at 40 °C, mm2/s, 
in a range 

3.5–5.0 3.5–5.0 5.5 

Flash point, °C 120 101 183 

Sulphur contents, mg/kg, not more 
than 

10 10 110 

Coking ability of 10% of the 
distillation residue, %, not more than 

0.30 0.30 0.1 

Cetane number, not less than 51 51 51 

Ash content, % (mas.) not more than 0.02 0.02 0.005 

Mass fraction of water: 
mg/kg, not more than 
%, not more than 

500 
0.05 

500 1200 
0.12 

Content of mechanical impurities: 
mg/kg, not more than 

24 24 80 

Test on a copper plate (3 h at 50 °C) Class 1 Class 1 Class 1 

Oxidative stability at 110 °C, h, not 
less than 

6.0 6.0 – 

Acid number, mg KOH/100g, not 
more than 

0.50 0.50 0.6 

Iodine number, g of iodine /100 g, 
not more than 

120 120 52.5 

Mass fraction of linolenic acid 
methyl ester, %, not more than 

12.0 12.0 – 

Mass fraction of polyunsaturated 
methyl esters, %, not more than 

1 1 – 

Mass fraction of methanol, %, not 
more than 

0.20 0.20 0.14 

Mass fraction of monoglycerides, %, 
not more than 

0.80 0.80 1.4 

Mass fraction of diglycerides, %, not 
more than 

0.20 0.20 0.6 

Mass fraction of triglycerides, %, not 
more than 

0.20 0.20 0.3 

Mass fraction of free glycerol, %, not 
more than 

0.02 0.02 0.01 

Mass fraction of total glycerol, %, 
not more than 

0.25 0.25 –

(continued)
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Table 7 (continued)

Name of the indicator DSTU 6081:2009 EN 14214:2003 Presented sample

Mass fraction of alkali metals: 

(Na + K), mg/kg, not more than 5.0 5.0 4.5 

(Ca + Mg), mg/kg, not more than 5.0 5.0 4.5 

Mass fraction of phosphorus, mg/kg, 
not more than 

10 4 7.0

biodiesel fuels, but to prepare blended biodiesel fuels with the following physical 
and chemical properties that do not differ significantly from the physical and chemical 
properties of regular diesel fuel. 

When using MERO as an additive to regular DF (hereinafter referred to as two-
component biodiesel fuels), the kinematic viscosity increases with the increase in 
the volume fraction of MERO in the mixture. To prevent an increase in the kinematic 
viscosity of two-component biodiesel fuels, a component with a lower viscosity 
should be added (hereinafter referred to as three-component biodiesel). In this case, 
it is possible to expand the fuel base for diesel engines in operation. 

The environmental performance of a diesel engine significantly depends on the 
physical properties of the fuel, which primarily include its density and viscosity [33]. 

Fuel viscosity is a direct factor influencing the operation of fuel delivery equip-
ment, determining the internal friction of the fuel flow and thus hydraulic energy 
losses in the fuel delivery system. The degree of fuel throttling in the filling and 
cut-off holes of the fuel pump plunger sleeve, as well as in the nozzle channels, 
partly depends on the viscosity. With increasing viscosity, throttling increases when 
the plunger closes the filling hole of the sleeve, which causes an earlier start of fuel 
supply, and when it opens, it causes a later end of fuel supply, which leads to an 
increase in the cycle fuel supply. Due to the throttling of fuel in the storage and cut-
off holes, the actual duration of the supply usually exceeds the geometric duration 
calculated by the moments when the holes are closed by the plunger edges. However, 
the main factor affecting the viscosity of the fuel supply cycle is the leakage (loss) 
of fuel through the gaps of the precision pairs of fuel supply equipment. Wear and 
tear of precision pairs of fuel delivery equipment also depends on the fuel viscosity. 
The lower limit of viscosity at which the lubricating ability of the fuel is ensured 
depends on the design features of the fuel equipment and its operating conditions. 
The higher the viscosity and density, the larger the droplets formed during spraying, 
and the longer the range of the fuel jet. At the same time, the quality of fuel spraying 
and evaporation deteriorates. Spray deterioration is also observed when injecting fuel 
with excessively low viscosity and density. In this case, a shortened fuel plume is 
formed, which does not cover the entire space of the combustion chamber, and not 
all the air charge is involved in the process of fuel oxidation. 

The data under consideration indicate that the amount of fuel injected into the 
diesel combustion chamber depends on the fractional and group hydrocarbon compo-
sition of the fuels. With an increase in the boiling point of a fuel fraction, its density
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and viscosity increase, while its compressibility decreases. High-boiling aromatic 
hydrocarbons are characterized by higher density and viscosity values. For example, 
diesel fuel of paraffinic naphthenic base (composition) obtained from West Siberian 
oil has a viscosity of ν20 = 3.5–4.0 mm2/s, and the same fractional composition 
of naphthenic aromatic base (composition) fuel from Sakhalin oil has a viscosity 
of ν20 = 5.5–6.0 mm2/s [36]. Changes in these properties also occur as a result of 
changes in fuel temperature. Due to the weighting of the fuel used, these three prop-
erties, complementing each other, lead to an increase in the cycle fuel supply and 
corresponding changes in the toxicity of the EG. 

When studying the operation of the Detroit Diesel 60 series diesel engine in 
transient modes, it was noted that an increase in the density of the fuel used from 820 
to 845 kg/m3 is accompanied by an increase in soot emissions from 0.40 to 0.425 g/ 
(kWh), i.e. by 8% [31]. This is due to the fact that an increase in fuel density leads 
to an increase in the mass cycle fuel supply, a decrease in the excess air coefficient 
α, an increase in diesel power, and a significant increase in specific soot emissions. 

Other physical properties of fuels include their low-temperature properties, which 
are characterized by their pour point and cloud point, as well as their viscosity-
temperature characteristics. Lowering the fuel temperature is accompanied by an 
increase in the cycle fuel supply and, as mentioned above, a corresponding change 
in the environmental performance of the diesel engine. 

In general, the following patterns of influence of the physicochemical properties 
of fuels on the toxicity of EG diesel engines with direct injection and split combus-
tion chambers can be noted [33]. Low NOx emissions are observed at low content 
of aromatic hydrocarbons in the fuel, which is characterised by lower density and 
viscosity, as well as a low boiling point of 96% of the fuel. Insignificant emissions 
of CmHn are observed when using fuels with higher values of density, viscosity, CN 
and 96% boiling point. CO emissions and smokiness of EG increase with increasing 
aromatic hydrocarbon content, fuel distillation end temperature and decreasing EG. 

Optimal values of the cetane number in the range of 55–60 and above are consid-
ered to be the best in terms of the total toxicity of EG. The highest (maximum) CNs 
are for fractions that boil in the range of 200–350 °C, those containing a high content 
of alkane hydrocarbons and a low content of aromatic hydrocarbons. An increase in 
the boiling point above 350 °C leads to a slight decrease of the CN, which is mainly 
due to the increased content of polycyclic aromatic hydrocarbons in these fractions. 

Thus, it should be noted that optimisation of the physical and chemical properties 
of the fuels used is one of the effective ways to reduce the toxicity of EG. This is 
achieved both by improving the fuel parameters and narrowing their limits of change. 
Therefore, fuel producers need, on the one hand, to ensure that fuel specifications 
are in line with current standards, and, on the other hand, to improve fuel parameters 
that determine its quality and narrow the limits of their possible change. 

The analysis of the influence of fuel properties on the toxicity of EG was carried out 
for diesel engines operating on standard diesel fuels. However, engines for transport 
and motor tractors can also be operated on fuels of other, non-mineral (petroleum) 
origin. Therefore, when choosing a fuel and adapting it for specific engine types, 
environmental performance can be significantly improved.
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3 Assessment of Fuel Efficiency and Environmental 
Performance of the Vehicle in the European Driving 
Cycle Modes, When Running on Regular and Mixed 
Biodiesel Fuels 

Automobile engines are mobile sources of environmental pollution operating in a 
wide range of load and speed modes that determine the conditions of vehicle move-
ment in traffic. The main operating modes are: acceleration (deceleration), steady-
state movement, engine braking (forced idling) and active idling. Thus, automotive 
engines operate, as a rule, in unsteady-state modes during vehicle operation, with 
successive cyclic transitions from one mode to another. 

Therefore, the most accurate results, which fully take into account transient 
processes and individual characteristics of the engine and the vehicle as a whole, 
can be obtained by testing the vehicle on a simulator roller stand according to certain 
driving cycles. 

To determine the level of emissions of harmful substances from the EG as accu-
rately as possible, the vehicle must be tested under conditions that are as close as 
possible to real-world operating conditions. In contrast to road tests, tests on a roller 
simulator can be carried out in precise accordance with time-sensitive speeds, without 
the need to take into account actual traffic conditions. In this way reproducible and 
comparable vehicle test results can be obtained. 

The aim of the modelling roller bench test is to determine the influence of the 
physical–chemical properties of mixed biodiesel fuels (two- and three-component) in 
order to optimize them to improve the fuel-economic and environmental performance 
of a diesel vehicle in operation equipped with an adjustable gas turbine supercharger, 
an EG recirculation system and an electronic crankshaft speed regulator. 

Research Programme and Methodology 

The programme of the study of conditional movement of a car on a simulating 
roller stand according to the European driving cycle includes the determination and 
comparative analysis of fuel consumption and the determination of mass emissions 
of harmful substances (carbon monoxide CO, hydrocarbons CmHn, nitrogen oxides 
NOx, and particulate matter) during operation on the studied fuels: 

– regular diesel fuel; 
– two-component biodiesel fuel with a MERO content of 20%; 
– three-component biodiesel fuel with a MERO content of 20%. 

The following parameters were continuously recorded during the vehicle tests on 
the simulator: car speed VC , instantaneous and total fuel consumption Gf, concen-
trations of carbon monoxide CCO, hydrocarbons CCmHn, nitrogen oxides CNOx in
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diluted EG and in diluted air. The mass of polluting particles GPM was determined 
by gravimetric analysis. 

The calculation method was used to determine the following: mass emissions per 
cycle of carbon monoxide GCO, carbon dioxide GCO2, hydrocarbons GCmHn, nitrogen 
oxides GNOx and particles GPM. 

The research was carried out in accordance with the methodology of the current 
standard DSTU UN/ECE R 83–05:2009 “Unified technical requirements for the 
approval of wheeled vehicles with regard to pollutant emissions depending on the 
fuel required for engines” [38]. The EU and EEC (European Economic Commission) 
test cycle—also called the European Driving Cycle—is carried out according to the 
programme shown in Fig. 6, which closely simulates the movement of cars in cities 
Urban Driving Cycle (UDC). In 1993, the cycle was supplemented by a suburban 
cycle with a speed of up to 120 km/h Extra Urban Driving Cycle (EUDC). Consisting 
of urban and suburban cycles, the new cycle is called NEDC (New Urban Driving 
Cycle). 

In addition, the Euro 3 standard (2000) cancelled the preheating of the engine 
for 40 s before the start of the EG measurement (this cycle is called MNEDC—i.e. 
modified NEDC). 

The city cycle consists of four identical parts, each lasting 195 s, which are 
completed without pauses. The stage is 4.052 km long, with a resulting average 
speed of 18.7 km/h. The maximum speed is 50 km/h.

Fig. 6 Modified EU/ECC test cycle for cars and light trucks 
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Fig. 7 General view of the test setup 

The country cycle is performed directly after the city cycle. The part of the country 
cycle lasts 400 s and the length of this stage is 6.955 km. 

During the test, the EG is analyzed continuously or sampled into elastic containers 
using the Constant Volume Sampling (CVS) method. The mass emissions of CmHn 

are calculated based on the average values of concentrations of harmful substances in 
the EG, obtained either as a result of processing the data set of instantaneous values 
of concentrations of harmful substances in the EG, or on the average value of CmHn 

concentrations in diluted exhaust gases taken into an elastic container. 
Tests to determine fuel and economic performance and mass emissions of harmful 

substances from the EG on a simulation roller stand in accordance with UNECE 
Regulation No. 83 were carried out on a production car Škoda Octavia 1.9Tdi 
(Fig. 7) (VIN TMBDG41U48B012562) equipped with a VAG ASV 1.9Tdi engine 
with adjustable gas turbine supercharging, an EG recirculation system, and an elec-
tronic crankshaft speed regulator. The technical characteristics of the Škoda Octavia 
1.9Tdi are shown in Table 8.

Instruments and Equipment of the Research 

A general view of the test setup with the Škoda Octavia 1.9Tdi is shown in Fig. 7. 
The test vehicle is mounted with the drive wheels on rollers 3 (Fig. 8). In order to 

obtain the results of emissions of harmful substances from the EG on the simulation 
roller stand that correspond to road conditions, it is necessary to reproduce the forces 
of resistance, forces of change of inertial moment, rolling force and air resistance 
acting on the vehicle, which are reproduced on the rollers of the stand using an 
asynchronous DC motor. Braking devices provide the rollers with the necessary 
resistance, which depends on speed and load. Electric motors brake the rollers, and 
this force is overcome by the driving wheels of the vehicle. To simulate inertial mass, 
the test bench uses an electric flywheel mass simulator.

The change in braking load with speed and the required inertial moment reduced 
to the flywheel were determined with an accuracy of 0.4%.
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Table 8 Brief technical 
characteristics of the Škoda 
Octavia 1.9Tdi 

Option Value 

Unladen weight of the vehicle, kg 1300 

Cargo weight, kg 100 

The motor’s moment of inertia, 0.15 

The moment of inertia of the wheel 0.7 

Dynamic wheel radius, m 0.317 

Gear ratios of the transmission: 

–1 gear 3.778 

–2 gear 2.063 

–3 gear 1.348 

–4 gear 0.967 

–5 gear 0.769 

–main gear 3.3389 

Transmission efficiency 0.9

Fan 1, installed at a distance of 1 m from the car, simulated the oncoming air flow, 
while providing cooling of the engine radiator. 

Gas sampling by the CVS method is carried out as follows: The vehicle exhaust 
gas in the tunnel 13 is diluted with air coming from the environment 12 through the 
filters 7 in a certain ratio, depending on the type of engine. The volumetric flow rate 
of the diluted EG must be the same, so the excess is pumped out by pump 8. This 
means that the addition of air is determined by the instantaneous flow rate of the EG. 
A constant amount of EG diluted with air was proportionally sampled throughout 
the test and collected in several elastic containers 5. 

After completion of the driving cycle, the concentration of harmful substances in 
the tanks corresponds to the average concentration of the entire mixture of air and 
EG that was sampled. Based on the average concentrations of harmful substances 
in the EG and the volume of the diluted EG mixture, mass emissions of harmful 
substances were calculated. 

It should be noted that dilution of the EG with air prevents condensation of water 
vapour contained in the EG, which significantly reduces the concentration of nitrogen 
oxides in the EG sampling tanks. In addition, dilution with air significantly minimizes 
the mutual reactions of EG components, primarily hydrocarbons. 

The CVS method is characterized by the fact that in the course of the test: 

• accounting for the actual volume of gas during testing; 
• recording of all stationary and non-stationary operating modes; 
• elimination of water vapour condensation. 

Testing vehicles equipped with diesel engines. Since 1975, vehicles equipped with 
diesel engines have been tested using the CVS method. The CVS method was slightly
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Fig. 8 Schematic of the test setup: 1–fan; 2–monitor for displaying the progress of the driving 
cycle; 3–rollers; 4–air sampling tanks; 5–LPG sampling tanks; 6–EG outlet; 7–filter; 8–vacuum 
pump; 9–heater; 10–valve for supplying the tare mixture; 11–valve for supplying “zero” (neutral) 
gas; 12–air supply; 13–tunnel for dilution of the gas; 14–heat exchanger/heater; 15–heated pipeline; 
16–gas analysers; 17–filter; 18–venturi nozzles; 19–gas flow meter for particle detection; 20–air 
flow meter; 21–centrifugal vacuum pump; 22–computer for processing results

modified to test vehicles with diesel engines. Firstly, to avoid condensation of high-
boiling hydrocarbons from the gas sample or to evaporate condensed hydrocarbons, 
the entire gas sampling system was heated to +190 °C. 

In addition, the CVS method was modified to determine the particle content in the 
EG. For this purpose, a tunnel 13 (Fig. 7) was integrated into the measuring complex 
to crush the flow of gases with high internal turbulence (Reynolds number >40,000), 
which is equipped with appropriate filters 17 for particle selection. 

The principle of measuring the concentration of harmful substances. In countries 
where the use of the CVS method has been incorporated into EG legislation, unified 
measurement methods are used to analyse EG components and harmful substances: 

• measurement of CO and CO2 concentrations by NDIR non-dispersive infrared 
analysers; 

• measurement of NOx concentration by CLD chemiluminescent instruments; 
• determination of the mass of particles in the EG (by weighing the filters before 

and after sampling);



56 M. Pavlovskyi

• measuring the concentration of total hydrocarbons CmHn by the flame ionisation 
method FID. 

The AVL-Zollner roller simulator (Fig. 7) type RPL1220/12C23M17/APM150 
(serial No. R1305) is designed to provide the required traction force and speed 
during the test, as provided for in the driving cycle programme. The main technical 
characteristics of the stand are shown in Table 9. 

The fuel consumption during the test was determined by a dynamic liquid mass 
meter AVL LIST GmbH type 733S.18, which is designed to measure the mass of 
fuel consumed by a car engine (petrol, diesel fuel) in the range of mass flow rates 
from 0 to 150 kg/h with the largest mass of liquid passage of 1800 g, the maximum 
value of the relative error of measuring the mass of liquid in the weighing range from 
50 to 1800 g according to the results of metrological studies does not exceed 0.4%. 

The air flow rate measurement system was used as part of the universal particle 
emission analysis system “MT-010” (Fig. 9) with the limits of permissible relative 
error ±1.5% in the range of volume flow rate from 11.3 dm3/min to 51.6 dm3/min 
(total flow), and ± 2.5% in the range of volume flow rate from 0.4 dm3/min to 25.8 
dm3/min (sample flow). Channels for measuring the air volume flow rate of the CVS 
system “EMMS-CVS-010” (Fig. 10) with the limits of permissible relative error 
±2%.

Measurements of the volume content of carbon monoxide CO, carbon dioxide 
CO2, hydrocarbons CmHn, methane CH4, nitrogen oxides NOx and oxygen O2 in 
the EG were carried out by the gas analytical complex MEXA-7400DEGR manu-
factured by Horiba Ltd (Japan) (Fig. 11), which includes gas analysers AIA-721 CO 
(order No. 6423004), AIA-722 CO/CO2 (order No. 06420007), MRA-720 O2 (order

Table 9 Technical 
specifications of the 
AVL-Zollner roller simulator 

Parameter Value 

Maximum speed, km/h 200 

Maximum pulling force, N 10,096 

Weight of rotating parts, kg 1184 

Minimum configurable weight of rotating parts, kg 454 

Maximum adjustable weight of rotating parts, kg 5400 

Drum diameter, mm 1219.2 

Error in power measurement, % <0.10 

Error in speed measurement, % <0.01 

Acceleration measurement error, % <1 

Error in measuring mechanical losses, N <5 

Error in determining the time, ms 10 

Error when setting a constant speed, % <0.05 

Error in setting the steady-state traction force, % <0.2 

Error when setting load simulation, % <2 

Error when setting the simulated moment of inertia, % <1 
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Fig. 9 Emission analysis 
system of particles 
«MT-010» 

Fig. 10 Air volume flow 
measurement system CVS 
«EMMS-CVS-010»
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Fig. 11 Gas analysing complex MEXA-7400DEGR 

No. 29416005), and the OVN-728A unit (order No. 430148001), which houses gas 
analysers FIA-725 A.H.THC, CLA-755 A, H.NO/NOx, and FIA-712HA. H.THC/ 
CH4. 

The principle of operation of the devices for determining the concentrations of 
harmful substances in the EG is as follows: carbon monoxide CO and carbon dioxide 
CO2—non-dispersive gas analyser with infrared absorption (NDIR); hydrocarbons 
CmHn—flame ionisation gas analyser calibrated by propane; nitrogen oxides NOx— 
chemiluminescent gas analyser (CLA) with NOx/NO converter. 

The main metrological characteristics of the gas analytical complex are shown in 
Table 10.

The particle content was determined by the gravimetric method. The particles are 
captured by two step filters installed on the analysed gas flow line. The surface of the 
filters is made of a hydrophobic material that is chemically inert to the components of 
the gas (polytetrafluoroethylene). Before testing, the particulate filters are subjected 
to special treatment (temperature, humidity) in a dustproof chamber for 24 h (Fig. 11), 
and then weighed. After the test, the filters are subjected to a second special treatment 
and re-weighed. The weighing is carried out in a special chamber on a Sartorius SE2-F 
electronic balance (Fig. 12) with a maximum weighing limit of 2.1 g and a resolution 
of 0.0001 mg.
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Table 10 Main metrological characteristics 

Indicator to be 
determined (designation 
of the gas analyser) 

Measuring range 
for volumetric 
content (%) 

Measuring range 
interval 

Permissible error 

Absolute Relative 

CO 
(AIA-721 CO) 

0–0.5 0–0.2% 
over 0.2% 

±0.01% 
– 

– 
±5% 

CO 
(AIA-722 O/CO2) 

0–12 0–0.6% 
over 0.6% 

±0.03% 
– 

– 
±5% 

CO2 
(AIA-722 O/CO2) 

0–20 0–10% 
over 10% 

±0.5% 
– 

– 
±5% 

CmHn 
(FIA-725 A.H.THC) 

0–5% 0–0.02% 
over 0.02% 

±0.001% 
– 

– 
±5% 

CH4 (FIA-712 
HA.H.THC/CH4) 

0–0.25 0–0.02% 
over 0.02% 

±0.001% 
– 

– 
±5% 

NOx 
(CLA-755 A, H.NO/ 
NOx) 

0–0.5 0–0.04% 
over 0.04% 

±0.002% 
– 

– 
±5% 

O2 
(MPA-720 O2) 

0–0.5 0–0.04% 
over 0.04% 

±0.002% 
– 

– 
±5%

Fig. 12 Particle weighing chamber 

Methodology for Calculating the Total Mass of Pollutant 
(Harmful) Substances Emitted 

The determination of the mass of the i-th pollutant in grams per test is performed in 
accordance with the current standard [37]. 

The total mass of emissions of harmful substances is calculated by Eq. 1:
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Mi = 
Vmi x · Qi · kH · Ci · 10−6 

d 
, (1) 

where Mi–emitted mass of the i-th pollutant, g/test; Vmix–reduced to standard condi-
tions (273.2 K and 101.33 kPa) volume of diluted EG, l/test; Qi–density of the i-th 
pollutant, reduced to standard conditions (273.2 K and 101.33 kPa), g/l; kH–coeffi-
cient that takes into account the effect of moisture. It is used only for calculating the 
mass of nitrogen oxides NOx in EG; Ci–average value of the concentration of the 
i-th pollutant in diluted EGs, adjusted for the amount of the i-th pollutant contained 
in the air for dilution, mln−1; d–distance conditionally travelled by the vehicle per 
cycle, km. 

Bringing the volume of diluted EG to normal conditions. The volume of diluted 
EG is determined by the following relationship 

Vmi x = V · k1 · pb − pi 
TP 

, (2) 

k1 = 
273.2 

101.33 
= 2.6961 K · kPa−1 , (3) 

where V–is the volume of diluted EG (before adjustment), l/test; k1–constant factor; 
pb–barometric pressure in the test chamber, kPa; pi–vacuum at the level of the air 
intake of the discharge pump, kPa; Tp–average temperature of diluted EG, K. 

Calculation of the actual adjusted concentration of pollutants in the sampling 
chamber: 

Ci = Ce − Cd

(
1 − 

1 

DF

)
, (4) 

where Ci–adjusted concentration of the i-th pollutant in diluted EG, mln−1; Ce– 
measured concentration of the i-th pollutant in diluted EG, mln−1; Cd–concentration 
of the i-th pollutant in the air to be diluted, mln−1; DF–dilution coefficient. 

The dilution factor is calculated according to the following formula: 

DF  = 13.4 

CCO2 + (CCm Hn  + CCO  ) · 10−4 
, (5) 

where CCO2–CO2 concentration in diluted EG contained in the sampling chamber, 
%; CCmHn–CmHn concentration of in diluted EG contained in the sampling chamber, 
mln−1; CCO–CO concentration in diluted EG contained in the sampling chamber, 
mln−1. 

The total mass of nitrogen oxides CNOx in diluted EG is determined by formula 
(1). To correct the effect of moisture on the CNOx, the following relationship was 
used:
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kH = 1 

1 − 0.0329(H − 10.71) 
, (6) 

where H–absolute moisture, g (water)/kg (air); 

H = 6.211 · Ra · pd 
(PB − Pd ) · Ra · 10−2 

, (7) 

where Ra–relative moisture content of the ambient air, %; pd–saturated water vapour 
pressure at ambient air temperature, kPa; pB–atmospheric pressure in the room, kPa. 

Features of determining the concentration of hydrocarbons CmHn. For vehicles 
equipped with diesel engines, the concentration of total hydrocarbons CmHn is deter-
mined as an average value during continuous analysis of diluted EG. When calcu-
lating the mass of hydrocarbons CmHn for diesel engines, the average integrated 
concentration value Ce is determined by the following dependence: 

Ce = 

t2∫
t1 

CCm Hn  · dt  
t2 − t1 

, (8) 

where CCm Hn  · dt–integral of the dataset of instantaneous concentration values in 
the heated dilute EG during the test (t2–t1); Ce–average integrated value of the 
concentration of hydrocarbons CmHn in diluted EG, mln−1; 

Determination of particle mass. Particle emissions Mp are calculated according 
to the following relationship (in our case, gas samples are taken outside the channel), 
g/km 

Mp =
(
Vmi x + Vep

) · Pe 
Vep · d , (9) 

where Vmix–volume of diluted EG under standard conditions (273.2 K and 
101.33 kPa), l/test; Vep–volume of EG that has passed through the particle trap-
ping filters under normal conditions, l/test; Pe–mass of particles, g; d–distance 
conditionally travelled by the vehicle per cycle, km. 

Test Results of the Škoda Octavia 1.9Tdi 

The study of fuel efficiency and environmental performance of a car engine is carried 
out according to the MNEDC. The normalised parameters for the test cycle are: mass 
fuel consumption per cycle, g/km; mass emissions of harmful substances from the 
engine: carbon monoxide, hydrocarbons, nitrogen oxides, and particles, g/km [37]. 

Figure 13 shows the programme for changing the speed V = f(t) in the modified 
European driving cycle and the actual change in the speed Vy = f(t) of the car on the
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simulation roller stand. Figures 14, 15, 16, 17 and 18 show examples of instantaneous 
values of fuel consumption Gf = f(t) and concentration of harmful substances: carbon 
monoxide CCO; hydrocarbons CCmHn; nitrogen oxides CNOx carbon dioxide CCO2 in 
diluted EG when performing the European driving cycle by a car running on regular 
fuel [38]. The results of tests with different types of fuels are summarised in Tables 11 
and 12. 

The consumption of regular diesel fuel during the test of the car on the modelling 
roller stand is 484.781 g/cycle, and according to the data obtained during the calcu-
lation on the mathematical model–481.68 g/cycle, which once again confirms the 
adequacy of the calculation of fuel consumption on the mathematical model. 

As previously noted, the incommensurability of the quantitative results of mass 
emissions of HS with exhaust gases obtained by direct analysis and in diluted EG 
makes it possible only to qualitatively compare the results of their change. 

Table 13 shows a comparison of the qualitative change (%) in mass emissions 
of HS with exhaust gases when operating on three-component biodiesel fuel (20% 
MERO) when calculated on a mathematical model and when testing a car on a 
simulation roller stand.

Table 13 shows that the pattern of change in mass emissions of carbon oxides, 
hydrocarbons, nitrogen oxides, particulate matter and total toxicity obtained from 
the results of the calculation on the mathematical model is practically the same as 
the pattern of change in mass emissions obtained during the test of the car on the 
simulation roller stand (Figs. 13, 14, 15, 16, 17 and 18).

Fig. 13 Modified European Driving Cycle programme and actual change in vehicle speed
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Fig. 14 Instantaneous fuel consumption of a car 

Fig. 15 Instantaneous concentration of carbon monoxide in dilute exhaust gases CCmHn, mln−1

The analysis of the results of car tests on a modelling roller stand under the condi-
tions of the modified European driving cycle when running on regular and mixed 
biodiesel fuels shows that when the engine runs on biodiesel fuels, the consump-
tion (g/cycle) increases by 4.6% when running on two-component biodiesel, and by 
1.8% when running on three-component biodiesel. The fuels used in the research
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Fig. 16 Instantaneous hydrocarbon concentration in dilute exhaust gases 

Fig. 17 Instantaneous concentration of nitrogen oxides CNOx in diluted exhaust gases

have different lower heating values, so the quality of their heat use is assessed by 
the heat consumption (MJ/cycle) to perform equivalent work. Table 10 shows that 
when the engine runs on two-component biodiesel, there is a 2.12% increase in heat 
consumption compared to the heat consumed when running on regular diesel fuel 
to perform work in the driving cycle. When the engine runs on three-component
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Fig. 18 Instantaneous concentration of carbon monoxide CCO2 in dilute exhaust gases 

Table 11 Fuel consumption during testing of a car on a simulation roller bench in modified 
European driving cycle driving modes 

Fuel g/cycle g/km Change, %a MJ/cycle MJ/km Change, %a 

Regular diesel fuel 484.781 44.043 – 20.615 1.8729 – 

2-component 
BF (20% MERO) 

507.125 46.073 +4.6% 21.051 1.9125 +2.12% 

3-component 
BF (20% MERO) 

493.718 44.855 +1.8% 20.544 1.8674 −0.34% 

a Change, %: + increase in fuel consumption or heat consumption; − decrease in fuel consumption 
or heat consumption

biodiesel fuel, there is a slight decrease in heat consumption (by 0.68%) to perform 
the same work. 

Mass emissions of products of incomplete combustion: carbon monoxide GCO, 
hydrocarbons GCmHn and particles Gc. At the same time, mass emissions of nitrogen 
oxides GNOx from the EG when the engine runs on two-component fuel (the kinematic 
viscosity of which is slightly higher) increase by 5.3% compared to mass emissions 
of nitrogen oxides GNOx from the EG when the engine runs on regular DF. Mass 
emissions of nitrogen oxides GNOx during operation on three-component biodiesel 
fuel are reduced by 6.2% (the kinematic viscosity of three-component fuels is equal 
to the kinematic viscosity of regular DF). 

According to the test results, it was found that the total mass emissions of harmful 
substances from EG, reduced to CO, in the modified European driving cycle when
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Table 12 Mass emissions of harmful substances during testing of a car on a simulator roller bench 
in modified European driving cycle driving modes 

Mass of emissions of 
harmful substances 

Fuel 

Regular DF 2-comp. BF (20% MERO) 3-comp. BF (20% MERO) 

GCO, g/km 0.3568 0.2893 0.2808 

−18.9%a −21.3%a 

GCO2 
b, g/km 133.26 124.07 118.47 

−6.9%a −11.1%a 

GCmHn, g/km 0.0854 0.0697 0.0687 

−18.4%a −19.6%a 

GNOx , g/km 0.6095 0.6418 0.5717 

+5.3%a −6.2%a 

GC , g/km 0.0421 0.0372 0.0365 

−11.8%a −13.2%a 

G�CO  , conv. g/kg 34.096 34.326 31.294 

+0.68%a −8.22%a 

a change, %: + increase in emissions; − decrease in emissions 
b CO2 is a non-toxic substance

Table 13 Relative change in emissions of harmful substances when testing a car on a simulation 
roller bench and calculating on a mathematical model when running on three-component biodiesel 
fuel (20% rapeseed oil methyl ester) 

Type of research Change in emissions compared to standard diesel fuel, %.* 

CO (%) CmHn (%) NOx (%) Particulate matter (%) G�CO  (%) 

Calculation based on a 
mathematical model 

−20.1 −21 −11.5 −8.8 −10.93 

Tests on a simulated 
roller stand 

−21.3 −19.6 −6.2 −13.2 −8.22

operating on two-component biodiesel fuel increase by 0.68%, and when operating 
on three-component fuel—decrease by 8.22% compared to standard diesel fuel. 

4 Conclusions 

1. The tests of the car on the modelling roller stand according to the modified 
European driving cycle, when running on two- and three-component biodiesel 
fuels, indicate that the mass emissions of incomplete combustion products are 
reduced: carbon monoxide GCO; hydrocarbons GCmHn; particles GC . At the  same  
time, the mass emissions of nitrogen oxides GNOx rom the EG when the engine
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runs on two-component fuel increase by 5.3% compared to the mass emissions of 
nitrogen oxides GNOx from the EG when the engine runs on regular diesel fuel, and 
the mass emissions of nitrogen oxides GNOx when running on three-component 
biodiesel fuel decrease by 6.2%. 

2. Tests of a modern diesel car equipped with a regulated gas turbine supercharger, 
a EG recirculation system and an electronic crankshaft speed regulator showed 
that when the engine runs on three-component biodiesel fuel, mass emissions 
of the main harmful substances are reduced: carbon monoxide GCO by 21,3%; 
total hydrocarbons GCmHn by 19,6%; nitrogen oxides GNOx by 6,2%; particles 
GC by 13,2%; Improved efficiency of biodiesel use, reduced heat consumption 
by 2.46% to perform equivalent work compared to two-component biodiesel. 

3. According to the test results, it was found that the mass emissions reduced 
to carbon monoxide in the modified European driving cycle when running 
on two-component biodiesel fuel increase by 0.68%, and when running on 
three-component fuel–decrease by 8.22% compared to regular diesel fuel. 
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Absorption Technologies for Biomethane 
Production from Biogas to Replace 
Natural Gas in Gas Distribution 
Networks and Use as Motor Fuel 

Hennadiy Zhuk , Yuriy Ivanov , Liliya Onopa , Serhii Krushnevych , 
and Mehrzad Soltanibereshne 

1 The Current State of Biogas and Biomethane Production 
in the EU Countries and Ukraine 

Ukraine is a significant consumer of natural gas (NG). It is mined in Ukraine, but 
the volume of mining does not always ensure its consumption. Significant part of the 
demand is met through imports. 

The volumes of use and import of natural gas in Ukraine from 1991 to 2019 [1] 
is shown in Fig. 1. For the period from 1991 to 2011, the imported gas share was 
~80%, with the exception of 2009. From 2012 to 2019, the natural gas consumption in 
Ukraine gradually decreased from 54.8 to 29.8 billion cubic meters, and the imported 
gas share decreased from 32.9 to 14.3 billion cubic meters. 

In 2020, the supply of imported natural gas to Ukraine increased by 12% compared 
to 2019–up to 15.9 billion m3.

Natural gas production and consumption in 2014–2021 are given in Table 1 
Ukraine’s domestic gas production for eight years, from 2014 to 2021, remained prac-
tically at the same level of ~ 20 billion cubic meters per year. A trend of decreasing 
of natural gas consumption volumes has been observed in recent years. In 2014, 
the consumption was 42.6 billion m3, and in 2021-26.8 billion m3, i.e. a 1.6-fold 
decrease, which led to increase in the share of domestic natural gas production from 
48 to 71% of the total consumed natural gas.

Thus, in recent years, gas supply of domestic production is about 65 ÷ 70%, and 
it is obvious that the replacement of imported gas, including biogas and biomethane, 
is a particularly urgent task. 

Over the past decades, there has been a significant depletion of traditional fossil 
fuel deposits, therefore it is important to search for and use alternative sources of
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Fig. 1 Statistics of natural gas consumption and import in Ukraine, billion m3/year [1]: gas 

consumption; gas import

Table 1 Natural gas production and consumption in Ukraine from 2014 to 2021 

NG production and consumption [1–4] 2014 2015 2016 2017 2018 2019 2020 2021 

Gas production, bln.m3 20.5 19.9 20.1 20.5 21 20.7 20.2 19.8 

Gas consumption bln.m3 42.6 33.8 33.2 32 32.3 29.8 30.9 26.8 

Gas production/Gas consumption, % 48 59 61 64 65 69 65 74

energy, such as biogas, which, as a fuel, is obtained from biological raw materials-
biomass. Organic waste from the light and food industry, municipal sewage and 
solid household waste (MSW) can be the biogas source. The first three types of 
waste are processed in special devices for the production of biogas according to a 
strictly regulated technology [5]. MSW is a significantly wider class of waste, and in 
Ukraine alone, about 12 million tons of such waste are generated annually, which are 
buried in special landfills. Biogas from landfills consists mainly of methane (CH4) 
and carbon dioxide (CO2). As a result of natural processes of anaerobic fermentation, 
each ton of household waste releases 120–200 m3 of biogas [6]. 

The main use of biogas is the production of electricity with its supply to the 
electrical network. Germany is the leader in the development of biogas technologies 
in Europe. At the end of 2019 in Germany, about 9.500 biogas plants with a total 
capacity of about 5.000 MW of electricity were operating [7]. In 2021, the number of 
biogas plants in Germany was 9,770, and their installed capacity increased to 5,860 
MW [8].
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Fig. 2 Growth in the number of biogas plants in Europe in 2009–2019 [11]: existing plants; 
new plants 

According to the statistical report of the European Biogas Association (EBA), at 
the end of 2017, 17.783 biogas plants were operating in all EU countries. The total 
installed electrical capacity of biogas plants reached 10.532 MW, and the production 
of electrical energy was 65.179 GWh [9]. 

In 2018, the number of biogas plants in Europe increased by 419 plants compared 
to 2017 and amounted to 18.202 [10]. The largest number of biogas plants operates 
in Germany–about 9.400, Italy has about 1700 plants, France has 837, Great Britain 
has 715, and Switzerland has 634 biogas plants. The total installed power generation 
from biogas complexes increased by 5% in 2018 and reached 11.082 MW. At the end 
of 2019, there were 18.943 biogas plants in Europe with a total biogas production of 
15.8 billion m3. 

Biogas plants number growth in Europe in 2009–2019 is shown in Fig. 2 [11]. 
To date, mainly in the EU countries, biomethane is produced and. 

– supplied to NG distribution networks with subsequent production of electric and/ 
or thermal energy; 

– used at gas filling stations as motor fuel, including in a mixture with natural gas. 

The number of biomethane stations in the European Union increased from 187 
to 510 from 2011 to 2016, while biomethane production increased from 0.08 
to 1.7 billion m3 per year, i.e. 21 times [12]. According to [9], in 2017, about 
540 biomethane stations operated in Europe, which produced 1.94 billion m3 
of biomethane. The EBA 2020 statistical report data [11] on the growth rate of 
biomethane plants in Europe in the 2011–2019 is shown in Fig. 3.

The leaders of the European biomethane market are: Germany–200 biomethane 
plants, Great Britain–93 biomethane plants, France–76 biometh ne plants, Sweden– 
72 biomethane plants. Totally in 2018, 22.877 GW·h or 2.28 billion m3 of biomethane 
was produced in Europe [13].
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Fig. 3 Growth of the number of biomethane plants in Europe in 2011–2019 [11]: existing plants; 

new plants

By 2020, the number of biomethane plants in Europe was 729.232 biomethane 
plants were operating in Germany, 131 in France, and 80 in Great Britain [14]. 

In Ukraine, there are about six thousand legal landfills and landfills with a total 
area of more than 10 thousand hectares [15]. The total amount of solid household 
waste exceeds 12 billion tons. About 12 million tons of MSW are generated annually, 
and the share of household waste processing in Ukraine, for example, in 2019 does 
not exceed 3–4% [16], which opens a perspective niche for increasing the share of 
processing into biogas waste. 

The development of municipal solid waste (MSW) management in Ukraine in 
2014–2018 is shown in Fig. 4. Figure 4 illustrates that from 2014 to 2018 the specific 
weight of incinerated for the purpose of obtaining energy and recycled of MSW is 
generally insignificant compared to the volume of generated MSW (1.4% in 2014 
and 1.87% in 2018). That points to the huge possibilities of using waste as a raw 
material for the generation of biogas and energy, and at the same time, to a significant 
reduction of the negative impact on the environment.

Solid domestic waste is, on the one hand, a significant resource for biogas extrac-
tion and biomethane production, on the other hand, landfills are a real environmental 
problem. The above volume of solid waste (~12 million tons/year) in the process of 
anaerobic processing emits approximately 700–800 thousand tons of CH4 and 1800 
thousand tons of CO2 per year. Since methane has a 21 times greater greenhouse 
effect than carbon dioxide, this amount is equivalent to 15 million tons of carbon 
dioxide. Collecting at least part of the produced biogas will make a significant contri-
bution to the fight against the greenhouse effect. In addition, control over the emission
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Fig. 4 Municipal solid 
waste management in 
Ukraine in 2014–2018 [17]: 
formed MSW, thousand 

tons; removed to landfills; 
burned for energy; 

reworked MSW

of methane will practically exclude spontaneous combustion of landfills, in which 
especially toxic substances–dioxin and furan–are released into the atmosphere. 

Unlike other types of renewable energy sources, biogas power plants do not depend 
on sunny weather, gusts of wind, etc., but are uninterrupted alternative energy sources 
with access to stable supplies of raw materials. This fact is important for the stability 
of the power system as a whole when the biogas power plant is connected to the grid 
and for the operation on the balancing capacity market. Ukraine has a sufficiently 
high biomass potential for biofuels, in particular, the potential for biogas production 
of various origins, according to estimates [18], can be up to 30–40 billion m3. 

In Fig. 5 the dynamics of the biogas capacities growth in Ukraine, namely, 
the number of biogas plants and their installed capacity in 2012–2019 are given, 
according to the data of the State Energy Efficiency Agency [19]. 

Fig. 5 Dynamics of biogas capacities growth in Ukraine operating under the green tariff [19]: 
biogas from agriculture; biogas from solid waste landfills
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As of the end of 2019, 49 biogas plants were installed, 28 of which operate at 
solid household waste landfills. The total capacity of the installations was 86 MW, 
which is almost 2 times more than in 2018 (46 MW). In 2020, 68 biogas plants with 
a total installed electrical capacity of about 105 MW were commissioned in Ukraine 
[20]. 

The potential for biomethane production in Ukraine is estimated at about 8 billion 
m3 per year, which is more than 50% of natural gas imports (~14 billion m3/year) 
and more than 25% of the total volume (~30 billion m3/year) of NG consumption 
[21]. 

In Fig. 6 the projected structure of biofuels uses in Ukraine until 2050 according 
to the types of energy obtained during the recent production of thermal and electrical 
energy from solid biofuels, biogas and biomethane, as well as the production of 
motor biofuels (biomethane, biodiesel, bioethanol) is shown [22]. 

In December 2020, at a joint meeting of the Bioenergy Association of Ukraine, the 
Ministry of Energy, the State Energy Efficiency Agency, Gas Transmission System 
Operator of Ukraine LCC, a draft Law of Ukraine “On Amendments to the Law 
of Ukraine “On Alternative Energy Sources” regarding the development of elec-
tricity production from biomethane” was developed. The draft law provides for the 
introduction of the biomethane market in Ukraine. 

By stimulating the production of electric energy from biogas, the production of 
biomethane to replace natural gas in gas distribution networks and use as motor fuel, 
the state also increases the level of environmental safety on the territory of Ukraine,

Fig. 6 The projected structure of biofuels use in Ukraine until 2050 by types of energy sources 
[22]: solid biofuels (heat); solid biofuel (electricity); liquid biofuels of the Ist generation; 
liquid biofuels of the IIst generation; biogas; biomethane 
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since waste from agriculture, communal services, food and processing industries 
negatively affects the state of air and soil, groundwater and, as a result, pose a threat 
to the health of the population. 

2 Analysis of Biogas Purification Methods from Acidic 
Components for the Purpose of Biomethane Production 

It is known that in the process of biogas production, the final phase of anaerobic 
biodestruction of waste is methanogenesis, i.e. synthesis of biogas. The methanogenic 
phase of anaerobic decomposition includes two stages: active and stable. In the 
active stage, the enzymatic decomposition of the acids formed in the acetogenic 
phase takes place, which is accompanied by a significant release of gases (methane, 
carbon dioxide, mercaptans, ammonia, etc.). The concentration of methane in biogas 
increases to 40–60%. The maximum release of biogas occurs after a two-year aging of 
the waste in the layer of the landfill and stabilization of the decomposition processes. 

A stable stage of methanogenesis limits the overall rate of organic substances 
decomposition in the body of the landfill. A characteristic sign of the onset of this 
phase is the presence of more than 50% methane in biogas. If the conditions of solid 
waste storage are not violated, the process of anaerobic decomposition of waste is 
stabilized with an almost constant volume and composition of biogas. 

At the temperature of the fermentation process of 30–40 °C, biogas is released in 
a water-saturated state and contains, along with methane and carbon dioxide, signifi-
cant amounts of hydrogen sulfide (up to 3%). In order to protect the gas treatment units 
from severe wear and tear and to meet the requirements of the following purification 
stages, water vapor, hydrogen sulfide, and carbon dioxide must be removed from 
the biogas. Moreover, if biogas is used in heating systems and internal combustion 
engines, pre-treatment and purification of biogas from harmful and ballast impurities 
is mandatory. 

Currently, the most common technologies for biogas enrichment to biomethane 
are the following: 

– membrane method of purification; 
– method of short-cycle adsorption; 
– physical absorption; 
– chemisorption processes of CO2 and H2S extraction. 

Membrane Purification Method 

The diagram of the membrane method for extracting acidic components from gas 
mixtures is shown in Fig. 7 and its essence is as follows. Biogas moving along 
the separation membrane loses separated particles (CO2, H2S and others) that pass
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Fig. 7 Scheme of the biogas 
membrane separation 
process [23] 

through the porous separation membrane. At the same time, the concentration of 
CH4 gas (biomethane), which remains in the flow, increases. 

Due to the hydrostatic pressure gradient 2, the concentration of ballast gases 
passing through membrane 3 increases in filter 4, and the gases of the initial mixture 
form gas concentrate 5. The separation process takes place under the condition that 
the smallest particles pass through the pores of the separation membrane, and large 
particles remain in initial gas flow. The degree of separation and productivity of the 
process depends on the properties of the membrane (material, structure), the design 
of the devices, and so on. 

The effectiveness of membrane separation depends on the pressure, which is 
significant–up to 2–3 MPa and requires preliminary treatment of the gas mixture 
before submitting it for separation, namely: removal of solid particles (dust, resin, 
ash), removal of light hydrocarbons, removal of water vapor. This leads to an 
increase in the cost of installations, a sagas dehydration unit, separator, and filter 
are additionally required. 

Method of Pressure Swing Adsorption (PSA) 

The development of the technological process of pressure swing adsorption uses 
the fact that gas adsorption by the adsorbent is a function of pressure. Therefore, the 
specific adsorption process is built in such a way that a mixture of gases is fed into the
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Fig. 8 Schematic diagram of PSA 

adsorber at elevated pressure and temperature of the external environment, and in the 
process, easily adsorbing components of the mixture are absorbed by the adsorbent, 
while weakly adsorbing or non-adsorbing ones pass through the apparatus, due to 
which the gas mixture is separated. The principal diagram of PSA is given in Fig. 8. 

The PSA process is carried out at high pressure (up to 3 MPa and above), which 
requires additional energy consumption for gas flow compression. Other disadvan-
tages of most adsorption plants are the periodicity of the process and the associated 
low intensity of the reactors, the high cost of periodic regeneration of adsorbents. The 
use of uninterrupted methods of purification in a moving and fluidized bed of adsor-
bent partially eliminates these disadvantages, but requires high-strength industrial 
sorbents, the development of which for most processes has not yet been completed. 
But it should be noted that improving the quality of biogas with the help of adsorption 
processes is a promising direction in biogas utilization technologies. 

Physical Absorption 

Absorption processes with the use of physical, chemical absorbents and their combi-
nation have become the most widespread for cleaning of process gases from acidic 
components [24, 25]. During physical absorption, the extraction of carbon dioxide 
occurs at increased pressure due to its physical solubility in organic: methanol
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Fig. 9 Illustration of water scrubber technology 

(“Rectisol” process), N-methylpyrrolidone (“Purizol” process), propylene carbonate 
(“Fluor” process) and inorganic-water absorbents. The cleaning method is based on 
the different solubility of carbon dioxide, hydrogen sulfide and other gases in the 
absorbent. Complex purification from CO2 and organic sulfur compounds is also 
carried out with the help of processes using chemical and physical absorbents in the 
“Sulfinol” and “Amizol” processes. In Fig. 9 the process of biogas enrichment to 
biomethane using water scrubber technology is shown schematically. 

Physical absorbents have a number of limitations: 

– increased solubility of hydrocarbons (for example, biogas methane) in the 
absorbent, which leads to its loss and worsens the quality of the obtained acid 
gases, for example, the production of commercial liquid carbon dioxide or dry 
ice; 

– difficulty in achieving a deep level of cleaning; 
– high cost compared to ethanolamine’s. 

Chemosorption Processes of CO2 and H2S Extraction 

Chemosorption processes are devoid of the disadvantages of physical absorption. 
They are based on the chemical interaction of CO2 and H2S with the active part of 
the absorbent. 

Amine absorption processes of biogas purification use ethanol amine sorbents. 
Most often, CO2 and H2S absorption processes are used with aqueous solutions of 
monoethanolamine (MEA), the strongest base among ethanolamines. The process 
of absorption of carbon dioxide and hydrogen sulfide is accompanied by the release
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of heat, and the process of the absorbent solution regeneration is accompanied by 
the absorption of heat. 

The absorbing properties of MEA increase with decreasing temperature and 
increasing pressure. With an increase in temperature and a decrease in pressure, 
the equilibrium of chemical reactions shifts to the left. This is the basis for the regen-
eration of the MEA solution saturated with acid gases during absorption. When a 
saturated solution is heated, chemical compounds decompose and acid gases are 
desorbed from the solution. 

In the MEA process of gas purification from CO2, side reactions occur, which 
lead to an irreversible change in the composition of the absorbent (oxidation and 
thermal decomposition), a decrease in the absorption capacity, as well as serious 
corrosion of the equipment. Therefore, the recommended degree of saturation of the 
absorbent with carbon dioxide is limited to 0.30–0.35 mol CO2/mol MEA at the 
usual its concentration in a solution with water of 15–20% by mass. 

In recent decades, a more effective absorbent based on methyldiethanolamine 
(MDEA) has been used. Table 2 characterizes the effectiveness of CO2 extraction 
methods from gases using amine absorbers.

The advantage of MDEA compared to MEA: 

– the partial pressure is lower and the boiling temperature is significantly higher, 
which reduces absorbent losses during its regeneration; 

– the heat of reaction with CO2 is 1.43 times less, which leads to a decrease in the 
heat load of the desorber boiler and allows deeper regeneration of the sorbent; 

– the corrosion activity is lower and therefore a more concentrated solution (up 
to 50% by weight) and a higher degree of carbonation (0.55–0.6 mol CO2/mol 
MDEA) is used, which allows to reduce the amount of circulating absorbent; 

– significantly reduced thermochemical degradation of the absorbent and, as a result, 
there are practically no deposits on the internal surfaces of the equipment, which 
increases the efficiency of heat exchange and reduces energy costs; 

– low toxicity and significantly lower degree of biodegradability of the absorbing 
solution; 

– reduced foaming. 

However, MDEA, like a tertiary amine, does not have a mobile H+ atom in the 
amine group (N), so the direct carbonate-type reaction (as in the case of MEA) is 
slow. This deficiency is compensated by the introduction of activating additives such 
as piperazine, ethylenediamine, monoethanolamine, diethanolamine and others. 

Methyldiethanolamine with the addition of piperazine (PZ) has a lower desorption 
energy compared to MEA, which allows saving up to 10% of energy for solution 
regeneration, while the evaporation losses for MDEA and PZ are significantly lower 
than for MEA [27, 28]. Aminomethylpropanol (AMP) is a promising solvent for 
CO2 removal due to its absorption properties: absorption rate, selectivity and resis-
tance to decomposition [29]. Studies have shown that AMP effectively affects the 
solubility of CO2 in MDEA solution, the rate of absorption increases with increasing 
concentration of AMP in MDEA aqueous solution [30]. The authors [31] suggest
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using a mixture of MDEA/MEA with a concentration of each component of 20% 
(by weight) as an absorbent. 

Activated additives have, as a rule, higher values of saturated vapor pressures than 
MDEA and are volatile components, which can lead to instability of the absorbent 
composition. It is obvious that while preserving the activating properties of these 
additives, their concentrations in MDEA solutions should be minimized. 

Today, the MDEA process is the most widespread method of gas purification. 

3 Modeling of Aqueous and Amine Processes of Acidic 
Components Extraction from Biogas and Production 
of Biomethane 

The Code of the Gas Transportation System of Ukraine [32] establishes that the 
heat of combustion (lower) of natural gas supplied to the gas transportation system 
should not be lower than 32.66 MJ/m3 (7800 kcal/m3). According to NJSC “Naftogaz 
Ukraine”, the lower calorific value of natural gas on the territory of Ukraine varies 
between 8000–8250 kcal/m3, i.e. higher (better for the consumer) than prescribed by 
the norm. The concentration of carbon dioxide and hydrogen sulfide in natural gas 
should be no more than 2% (vol.) and 0.006 g/m3, respectively. 

When using natural gas as motor fuel in transport, according to the Interstate 
Standard for Internal Combustion Engines [33], the concentration of hydrogen sulfide 
should not exceed–0.02 g/m3. 

The most widespread technologies of biogas enrichment to biomethane in EU 
countries are water scrubber technology and amine absorption. Therefore, it is rele-
vant to carry out evaluation comparative calculations of energy indicators of aqueous 
and amine processes of extraction of acidic components from biogas. 

Modeling of Water Absorption 

The project of biomethane production and use it at CNG stations is under considera-
tion [34]. It is proposed to enrich 20 nm3/h of biogas composition: CH4–63%, CO2– 
34% (vol.) to biomethane (CH4 ≈ 90% and higher) using water scrubber technology. 
Schematically, the water scrubber technology is shown in Fig. 10.

The solubility of CO2 and CH4 in water is directly proportional to pressure. 
High operating pressure complicates the selection and manufacture of equipment 
and requires higher electricity costs for gas compression. Very low pressure leads to 
excessive water consumption and, as a result, to an increase in the size of the column. 
Thus, the optimal value of the working pressure was chosen–1.0 MPa. To extract CO2 

from 20 nm3/h of biogas, an absorbent - water in the amount of 4 m3/h is fed into
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Fig. 10 Water absorption of CO2 from biogas [34]: IPC–intermediate compressor; HPC–high 
pressure compressor; PCS–pressure control system; FCS–flow control system; LCS–level control 
system; GDM–gas distribution mechanism; WP–water pump; PR–pressure regulator

the absorber with a diameter of 0.15 m and a height of 3 m. The total energy costs in 
this case are 5.25 kW, and taking into account the supply to CNG stations–8.25 kW. 

The software system GazCondOil (GCO) was used to model the process of water 
absorption of CO2 and H2S [35–40]. Testing of the methods for calculating phase 
balances of the main components of biogas with H2O, i.e. CO2-H2O and CH4-H2O 
systems, laid down in GCO, is shown in Table 3. The results of calculations of 
solubility of CH4 and CO2 in H2O based on GCO and their comparison with data 
[41] show their almost complete coincidence. 

The technological scheme water absorption of CO2 from biogas, biomethane 
production and its supply to CNG stations is presented in Fig. 11.

Table 3 Results of calculations of the solubility of CH4 and CO2 in H2O 

Temperature, °C Solubility of CH4 and CO2 in H2O, g/kg_H2O 

Data [41] Software GCO 

CH4 CO2 CH4 CO2 

0 0.04 3.3 0.045 3.1 

20 0.023 1.7 0.024 1.6 

40 0.016 0.95 0.016 0.97 
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Fig. 11 The technological scheme of water-based CO2 absorption from biogas: A–absorber; S-
1–separator; CO-1, CO-2–compressors; TO-1, TO-2–recuperative heat exchangers; F–filter; Mix– 
mixer; P-1, P-2–pumps 

Biogas (stream 1) in the amount of 20 nm3/h with a concentration of CH4–63%, 
CO2–34% at P = 0.1 MPa and T = 30 °C is compressed in the CO-1 compressor to 
1.0 MPa, cooled in the recuperative heat exchanger TO-1 by water flow 18 and enters 
theabsorberA.Theabsorber is irrigatedwithwaterflow22atT=25°C.In theabsorber 
column, the CO2 concentration in biogas decreases to ~ 2% (vol.). Residual water is 
removed from purified biogas-biomethane (stream 9), then biomethane (stream 16) is 
compressed in the CO-2 compressor to 20 MPa, cooled in the TO-2 recuperative heat 
exchanger by water flow 15 and directed (stream 3) to the consumer-CNG stations. 
The CO2-saturated aqueous solution (stream 4) is throttled in DR-2 to a pressure of 
0.1 MPa and then enters the S separator, where the gas phase (stream 5) and water 
(stream 12) are separated from it. Flow 12 is divided into three flows, two of which 
enter the recuperative heat exchangers TO-1 and TO-2, and then they are mixed in the 
Mix mixerand the flow 23–2-22 is fed to the upper part of the absorber A by pump P-1. 

The estimated total energy consumption, taking into account the control valves 
and sensors, was 8.05 kW, which differs from the data of the water scrubber project– 
8.25 kW by 2.5%. 

Modeling the Process of Amine Absorption 

It is known that up to 80% of the capital investment for an amine CO2 absorption plant 
from biogas is related to the amount of circulating amine solution, which determines
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the size of the absorber, desorber, heat exchange equipment, etc. 70% of the operating 
costs consist of energy costs for the regeneration of the saturated amine solution, i.e., 
they are largely dependent on the efficiency of the absorbents used and the optimal 
parameters of the absorption/desorption processes, such as pressure, temperature, 
and the extent of CO2 extraction from the saturated absorbent during its regeneration 
in the desorber. 

In Fig. 12 the basic technological scheme of amine purification of biogas, produc-
tion of biomethane and gaseous carbon dioxide is presented. Process modeling was 
carried out using the HYSYS software. 

Biogas (stream 1) at P= 0.26 MPa and T = 40 °C enters absorber A-1. The absorber 
is irrigated with an aqueous solution of the chemosorbent at T= 45 °C (stream 9). In the 
absorber column, the concentration of carbon dioxide in the biogas decreases to ~2% 
(vol.). Purified biogas (stream 2) is sent to the consumer. The saturated chemosorbent 
solution (stream 3) enters the recuperative heat exchanger TO-1, where it is heated to 
a temperature of ~100 °C by the hot return flow 7 of the regenerated sorbent solution, 
which comes from the desorber D-1. The heated saturated sorbent solution (stream 
4) enters the upper part of the D-1 desorber, where the absorbed carbon dioxide is 
vaporized to the required concentration. The regeneration process is carried out at the 
chemosorbent boiling temperature of 114–118 °C. The steam-gas mixture that leaves 
the upper part of the desorber is cooled in the condenser to 25–30 °C, while water vapor 
condenses and enters the desorber as irrigation (phlegma) in its upper part, and the gas 
leaves the condenser (stream 5) and contains, in mainly carbon dioxide (~98% vol.). 
The regenerated chemosorbent solution (stream 6) is fed by the H-1 pump to the TO-1 
recuperativeheat exchanger (stream 7), then to the OH-1 cooler (stream 8). After the 
OH-1 cooler, it enters (stream 9) in the upper part of the absorber A-1.

Fig. 12 The basic technological scheme of amine purification of biogas: A-1–absorber; D-
1–desorber; Def–dephlegmator; Reb–reboiler; TO-1–recuperative heat exchanger; OH-1–heat 
exchanger (cooler); H-1–pump 
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Determination of the Amine Absorbent Effective Composition 

In the Table 4 comparative indicators of the CO2 extraction process from biogas with 
amine sorbents of different compositions are given. In order to provide an objective 
evaluation of the tests, absorbents of unchanged composition were used, that is, the 
calculations were performed for an open cycle of the technological scheme. 

In further calculations, the results obtained for the open cycle provided good 
starting values for modeling the closed cycle using regenerated absorbent. 

The MDEAmod absorbent was the most effective-an aqueous solution of 
methyldiethanolamine (40% MDEA) and monoethanolamine (10% MEA), the use 
of which reduces the heat load of the desorber reboiler by 1.3 ÷ 2.5 times compared 
to the use of traditional solutions of monoethanolamine [42–44]. 

In the Table 5 calculations of the energy indicators of the CO2 extraction process 
from 600 st.m3/h of biogas are given when using: absorbent of unchanged composi-
tion (A) = MDEAmod and regenerated absorbent-(B) /= MDEAmod. Calculations 
show that for the extraction degree of CO2 from the saturated chemosorbent 1= 0.7 
when absorbent (B) is used, the thermal loads of the desorber reboiler increase by up 
to 35% due to carbon dioxide contamination of the absorbent compared to absorbent 
(A). When the degree of CO2 extraction increases to 1= 0.9, the thermal loads for 
compositions (A) and (B) increase by ~ 3 times, but the difference between the latter 
significantly decreases (to ~10%) due to the reduction of the content of CO2 in the 
regenerated sorbent and, thus, bringing the latter closer to the initial composition.

Table 4 Comparison of the main indicators of the CO2 extraction process from biogas with amine 
absorbentsa 

Indicators Biogas 
Composition, % (vol.): CH4-50, CO2-45, N2-3, H2O-2 
G = 360 st. m3/h, T = 40 °C, Pabs. = 0.26 MPa, Pdes. = 0.16 MPa 
CO2 concentration in biomethane-2% (vol.) 

Absorbent composition, % (wt.) 

15%MEA 18%MEA 20%MEA 7%MEA + 
30%MDEA 

8%MEA + 
40%MDEA 

MDEAmod 

Absorbent 
consumption, 
kg/h 

4800 4215 3940 4380 3730 3120 

Thermal load of the 
desorber reboiler, 
kW 

375 400,0 425 200 180 160 

aCalculations with non-regenerated absorbent 
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Table 5 Comparison of calculated energy indicators of the CO2 extraction from biogas using 
MDEAmod absorbent: unchanged composition (A) and regenerated (B) 

Biogas Composition, % (vol.): CH4-50, 
CO2-45, N2-3, H2O-2 
G = 600 st.m3/h 

Flow 
absorbent, 
kg/h 

Power 
pump, 
kW 

Heat load, kW 

Reboiler 
desorber 

Deflegmator 
desorber 

CO2 extraction degree = 0.7 
(A) 
(B) 
δ, [(B)−(A)/(A)]*100% 

5200 
6890 
32.5% 

0,20 
0,26 
30,0% 

281.0 
380,0 
35.2% 

146.5 
191.3 
30,6% 

CO2 extraction degree = 0,8 
(A) 
(B) 
δ, [(B)−(A)/(A)]*100% 

5200 
6690 
28.7% 

0,20 
0,25 
25.0% 

365.0 
453.3 
24.2% 

202.5 
255.4 
26.1% 

CO2 extraction degree = 0,9 
(A) 
(B) 
δ, [(B)−(A)/(A)]*100% 

5200 
5830 
12.1% 

0,20 
0,22 
10,0% 

606.4 
670,0 
10,5% 

418.5 
460,4 
10,0% 

Determination of the Amine Absorption Process Optimal 
Parameters 

When determining the optimal temperature and pressure in the absorber and desorber 
in calculations [45, 46] biogas in the amount of 600 st.m3/h and composition: CH4– 
48% (vol.), CO2–45% (vol.), H2S–2% (vol.), N2–3% (vol.) and H2O–2% (vol.) 
biogas was adopted. MDEAmod was used as an absorbent. The temperature in the 
absorber varied from 35 to 55 °C at a pressure of 0.26, 0.28 MPa. The pressure 
in the desorber varied from 0.14 to 0.2 MPa with an interval of 0.02 MPa. In the 
Table 6 the calculated absorbent consumption, CO2 and H2S concentrations at the 
absorber outlet are shown. At the maximum permissible concentration of H2S in  
biomethane–5 mg/st.m3, the optimal temperature at which the aqueous solution of 
the chemosorbent is supplied to the absorber is determined to be T = 45 °C. 

Table 6 Calculated absorbent consumption, concentrations of CO2 and H2S at the absorber outlet 

Pressure, MPa Temperature, °C Absorbent flowrate, 
kg/h 

Concentration of the components 
at the absorber outlet 

CO2, % (vol.) H2S, mg/st.m3 

0,26 
0,26 
0,26 

35 
45 
55 

6720 
6720 
6720 

2.0 
1.1 
0,65 

3.5 
4.5 
7.0 

0,28 
0,28 
0,28 

35 
45 
55 

6260 
6260 
6260 

2.0 
1.1 
0,7 

3.6 
4.8 
8.9
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The Table 7 shows the calculated energy indicators of the CO2 and H2S extraction 
from biogas when using the MDEAmod absorbent. The pressure in the absorber 
varied from P = 0.24 to 0.3 MPa, in the desorber–from P = 0.14 to 0.2 MPa with 
an interval of 0.02 MPa. Permissible concentration at the absorber outlet: CO2–1% 
(vol.), H2S–5 mg/st.m3. 

Figure 13 illustrates the dependence of the heat load of the desorber reboiler on 
the pressure at carbon dioxide extraction degree from a saturated amine solution ε = 
0.7 and 0.8. The heat load of the desorber reboiler at the CO2 extraction degree 1= 
0.7 is on average 30% less than at 1= 0.8. 

The dependence of the desorber reboiler heat load on the residual concentration 
of CO2 in biomethane at P = 0.16 and 0.18 MPa and 1= 0.7 and 0.8 is shown in 
Fig. 14. It can be seen that the load decreases when the CO2 content in biomethane 
increases to 2.5%. A further increase in CO2 concentration has practically no effect 
on the reboiler load. Obviously, the optimal degree of CO2 extraction from a saturated 
amine solution is 1≤ 0.7.

When the pressure in the desorber is P = 0.14 MPa, the heat loads of the reboiler 
and dephlegmator, as well as the absorbent consumption, are the highest for all CO2 

extraction degrees. The lowest indicators are at P = 0.2 MPa. At the same time, the 
equilibriumsolubilityofcarbondioxidedependsonthegaspressureandtheconcentra-
tion of the amine solution. Since MDEAmod absorbent uses 10% MEA as an activating 
additive, carbonates and bicarbonates are formed as a result of chemisorption, which 
decompose in the desorber when the flow is heated above 120 °C [47]. The complete-
ness of hydrogen sulfide extraction from biogas also depends on the concentration of 
the amine used for this purpose, the quantitative ratio of the amine to the gas being 
purified, the temperature, and the completeness of the regeneration of its solution. It 
is necessary that the content of sulfides in the regenerated solution is minimal and the

Table 7 Estimated energy indicators of extracting CO2 and H2S from 600 st.m3/h biogasa 

Pressure, MPa Absorbent 
flow rate, 
kg/h 

Power pump, 
kW 

Heat load, kW 

Absorber Desorber Reboiler 
desorber 

Deflegmator 
desorber 

Heat 
exchanger/ 
cooler 

CO2 extraction degree 1= 0.7 
0.24 
0.26 
0.28 
0.30 

0.14 
0.16 
0.18 
0.20 

7790 
6720 
6260 
5955 

0,30 
0,26 
0,24 
0,23 

509 
372 
323 
296 

349 
219 
183 
166 

217 
211 
199 
189 

CO2 extraction degree 1= 0.8 
0.24 
0.26 
0.28 
0.30 

0.14 
0.16 
0.18 
0.20 

7790 
6720 
6260 
5955 

0,30 
0,26 
0,24 
0,23 

830 
510 
413 
370 

647 
332 
245 
209 

221 
217 
208 
201 

a–Calculations with admissible concentration at the absorber outlet: CO2–1% (vol.), H2S–5 mg/ 
st.m3 
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Fig. 13 Dependence of the heat load of the desorber reboiler on the pressure in the desorber with 
CO2 extraction degree from the saturated amine solution 1= 0.7 and 0.8 

Fig. 14 Dependence of the desorber reboiler thermal load on the residual concentration of CO2 in 
biomethane at P = 0.16; 0.18 MPa and 1= 0.7; 0.8

temperature of the bottom of the desorber is not higher than 120 °C, since at a higher 
temperature MEA partially decomposes [48]. The temperature of the bottom of the 
desorber varies depending on the pressure from 113 °C at P= 0.14 MPa to 121 °C at P 
= 0.2 MPa, which is higher than the permissible 120 °C, therefore the pressure range 
P = 0.16–0.18 MPa is considered optimal.
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Combined Water-Amine Absorption Processes of CO2 
Extraction from Biogas 

As noted, water and amine absorption are fairly common technologies for obtaining 
biomethane from biogas in EU countries. Calculation comparisons of water and 
amine absorption processes of CO2 extraction from biogas are given in publications 
[49, 50]. 

In work [51], it is proposed to use a combined water-amine method for cleaning 
biogas from CO2, in which the preliminary CO2 extraction from biogas occurs with 
the help of water absorption at a pressure close to atmospheric or increased to 0.2– 
0.3 MPa. For the final purification of biogas to biomethane, amine absorption is 
used. 

Obviously, it is relevant to carry out comparative calculations of water, amine and 
combined water-amine absorption processes for a wide range of CO2 concentrations 
in biogas. Such calculations were carried out [52, 53], the results and comparison 
are given below. 

Figure 15 shows a two-stage technological scheme of water purification of 250 
nm3/h of biogas from CO2 using two options. When using variant A (Var A), the 
obtained aeration gas is mixed with the input biogas in order to increase the yield of 
methane in the purified gas. According to option B (Var B), degassing gas (aeration 
gas) with a relatively high concentration of CH4 (≥30%) in it can be used as fuel gas. 
Below is a brief description of the technological process of preliminary purification 
of biogas from CO2. 

Biogas enters absorber A-1 at a pressure of 0.26 MPa. Absorbent–fresh water– 
is supplied to the absorber in the counterflow of the gas. In this process, carbon 
dioxide dissolves in water, and enriched methane gas leaves the absorber for further 
amine purification at a pressure of 0.26 MPa. Water saturated with CO2 leaves the 
absorber and enters the A-2 evaporation column, where it is blown with air under 
a pressure of 0.12–0.15 MPa, while the dissolved methane is almost completely 
removed from H2O. The aeration gas leaving column A-2 can be mixed with the 
biogas flow fed to absorber A-1 (Var A) or used as fuel gas (Var B). In column A-3 
at close to atmospheric pressure the aqueous solution in the countercurrent is blown 
with aeration air, while CO2 is almost completely removed from the absorbent – H2O, 
which then enters the absorber A-1 again. 

Modeling of absorption water processes was carried out using the GasCondOill 
program. The description of the technological scheme of amine absorption of carbon 
dioxide from biogas was considered in the subsection “Modeling of water absorption” 
(Fig. 12).
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Fig. 15 The basic two-stage technological scheme of water absorption purification of biogas from 
CO2: A-1, A-2, A-3–absorbers; KO-1–biogas compressor; H-1–water pump 

Results of Comparative Calculations of Water, Amine 
and Combined Water-Amine Absorption Processes 

The results of simulation of CO2 absorption/desorption processes with 250 nm3/h 
of biogas of different composition are presented in Table 8. The concentration of 
CO2 in BG varied from 32 to 42% (vol.). Such concentrations of CO2 are the most 
common for biogas, in particular, biogas from solid household waste landfills (~30 
÷ 40%). 

The specific energy consumption of the water process compared to amine absorp-
tion is lower, on average, by ~2.0 times, but the total losses of CH4 during water 
absorption amounted to 7.1 ÷ 7.6% with practically zero losses of CH4 when using 
amine technology. It should also be noted that during the water absorption of CO2 

at P = 1.0 MPa, the methane contained at the outlet of the evaporation column A-2 
due to its low concentration (10.7–15.6%) can be used as fuel only with the help of 
an auxiliary combustion system, therefore it is considered as losses. 

According to the Var A scheme (Fig. 15), where the degassing gas of the evap-
oration column A-2 is mixed with biogas in order to increase the potential content 
of CH4 in obtained biomethane and is fed to the input of the KO-1 compressor, the 
combined water-amine absorption has an excess of energy costs by ~ 50% compared 
to water, and methane losses are insignificant and amount to −0.14–0.24%. 

When using Var B (Fig. 15) in the aeration gas–degassing gas of column A-2, the 
concentration of CH4 is, on average, about 30–35% and this gas can be used as a fuel 
for the production of both electricity and heat and, to a large extent, to compensate 
for the energy costs of the biogas compressor during the previous water absorption 
of CO2 or heat costs for the regeneration of a saturated amine solution. Thus, in case 
compensating the compressor power when compressing biogas to 0.26 MPa, the 
specific energy consumption amounted to an average of 0.42 kWh/nm3_CH4, which 
is 1.2 times higher than the energy consumption of traditional water absorption at P = 
1.0 MPa. For the option of compensation of heat consumption of the amine desorber
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reboiler, the specific energy consumption was, on average, 0.29 kWh/ nm3_CH4, 
which is 20% less than the water technology. Methane losses for both variants of the 
water-amine process with compensation of energy consumption are the same and 
range from 2 to 2.8%. 

Figure 16 illustrates the specific energy consumption in the biomethane produc-
tion from 250 nm3/h of biogas of different composition using water, amine and 
water-amine absorption processes. It can be seen that with a decrease in CO2 concen-
tration in BG there is a sharp decrease in specific energy consumption in the amine 
process, while water and water-amine absorption has an almost insignificant decrease 
in energy consumption for all BG compositions. 

Figure 17 shows losses (%, vol.) of methane in the obtained biomethane in the 
considered processes. The most significant losses occur during water absorption, 
which is associated with increased solubility of CH4 in H2O. The content of CH4 

in biomethane when applying the technology of amine and water-amine absorption 
practically corresponds to its potential content in biogas.

Technological schemes of the most common processes of amine and water extrac-
tion of CO2 and H2S from biogas were developed using computer modeling. For 
the amine process, an effective absorbent is proposed–MDEAmod, the use of which 
reduces the load of the desorber reboiler by 1.5–2.5 times compared to the use of 
traditional aqueous solutions of MEA. The optimal parameters of amine absorption/ 
desorption processes were determined: the temperature of the absorbent in the inlet to 
the absorber is −45 °C at a pressure of 0.26 ÷ 0.28 MPa, the pressure in the desorber 
is 0.16 ÷ 0.18 MPa, the degree of extraction of carbon dioxide in the desorber is 1≤ 
0.7. 

Energy consumption when using amine absorption of CO2 from biogas is ~ 2 
times higher compared to water absorption, but the output of biomethane is 7–8% 
higher due to the absence of methane losses, as in the case of its dissolution in 
H2O. This biomethane difference can be used to compensate for the energy costs of 
regenerating the circulating amine absorbent. 

The energy efficiency of combined water-amine absorption is commensurate with 
the energy consumption when using water absorption due to a significant reduction 
in the work of biogas compression during the initial water absorption of CO2 from 
biogas and a reduction in heat costs for the regeneration of saturated amine absorbent, 
since part of CO2 has already been previously removed from biogas. 

4 Extraction of Carbon Dioxide from Process Gases Using 
MDEAmod Absorbent 

In Ukraine, until now, the energy costs per unit of manufactured products, and there-
fore, the resource intensity, are 2–3 times higher than in similar productions of indus-
trially developed countries of the West. Therefore, by reducing energy consump-
tion during modernization or when developing new technological processes, several
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Table 8 Results of simulation of water, amine and water-amine CO2 absorption processes from 
250 nm3/h of biogas 

Indicators CH4/CO2 concentration in biogas, % (vol.) 

55/42 60/37 65/32 

CH4 content in biogas, nm3 137.5 150 162.5 

Water Pabs = 1.0 MPa (Var B) 139 151 

CH4 content in biomethane, nm3 127 12.9 15.6 

CH4 concentr. in degassing gas, % (vol.) 10.7 47.7 47.7 

Energy consumption, kWh 47.7 0.34 0.32 

Energy consumption, kWh/nm3_CH4 0.38 7.3 7.1 

CH4 losses,% 7.6 

Amine Pabs = 0.26 MPa 

CH4 content in biomethane, nm3 137.5 150 162.5 

Energy consumption, kWh 119 110 101 

Energy consumption, kWh/nm3_CH4 0.86 0.73 0.62 

CH4 losses,% – – – 

Water–Amine Pabs = 0.26 MPa (Var A) 

CH4 content in biomethane, nm3 137.3 149.7 162 

Energy consumption, kWh 72.8 76.3 79.5 

Energy consumption, kWh/nm3_CH4 0.53 0.51 0.48 

CH4 losses,% 0.15 0.2 0.3 

Water–Amine Pabs = 0.26 MPa (Var B)a 

CH4 content in biomethane, nm3 133.7 146.5 159.2 

CH4 concentr. in degassing gas, % (vol.) 33.7 33.9 35.6 

Energy consumption, kWh 57.8 62.5 67.5 

Energy consumption, kWh/nm3_CH4 0.43 0.43 0.42 

CH4 losses,% 2.8 2.3 2.0 

Water–Amine Pabs = 0.26 MPa (Var B)b 

CH4 content in biomethane, nm3 133.7 146.5 159.2 

CH4 concentr. in degassing gas, % (vol.) 33.7 33.9 35.6 

Energy consumption, kWh 36 42 48.5 

Energy consumption, kWh/nm3_CH4 0.27 0.29 0.3 

CH4 losses, % 2.8 2.3 2.0 

aCombined water-amine CO2 absorption from biogas using potential energy of degassing gas (CH4 
> 30%) to compensate for power consumption of biogas compressor during preliminary water 
absorption 
bCombined water-amine CO2 absorption from biogas using potential energy of degassing gas (CH4 
> 30%) to compensate for heat costs for regeneration of saturated amine absorbent
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Fig. 16 Specific energy consumption in the production of biomethane from 250 nm3/h biogas of 
different composition using water, amine, water-amine and combined water-amine absorption using 
potential energy of degassing gas (CH4 > 30%) to compensate for the power consumption of biogas 
compressor during preliminary water absorption (*) and heat costs for regeneration saturated amine 
absorbent (**) 

Fig. 17 CH4 losses during production of biomethane from 250 nm3/h of biogas of different compo-
sition using water, amine, water-amine and combined water-amine absorption (*_**) using potential 
degassing gas energy (CH4 > 30%)

problems are simultaneously solved: reducing the use of resources, increasing the 
economic efficiency of production, reducing harmful effects on nature. 

One of the energy-intensive processes is the technology of extracting carbon 
dioxide from process gases. Moreover, CO2 can be the object of both targeted allo-
cations, for example, in the production of urea, and ballast or a “polluting” admixture 
in process gases, which is a poison at later stages, for example, in the production 
of some types of mineral fertilizers. The main raw material for the production of 
nitrogen-containing fertilizers is ammonia, the production of which includes the
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stage of absorption purification of synthesis gas from carbon dioxide, the costs of 
which make up to 30% of the cost price of ammonia. 

A reduction in resource intensity can also be achieved in technologies where CO2 

affects the overall efficiency of the process. For example, it is known that in the 
blast furnace process, the utilization degree of the coke carbon reducing potential is 
less than 50%. Iron reduction reactions stop when the carbon dioxide concentration 
increases to the thermodynamically equilibrium one. Removing CO2 from the blast 
furnace gas allows unused carbon monoxide to be returned to the blast furnace. The 
consumption of coke in this case will decrease in proportion to the increase in the 
degree of use of its regenerative potential, i.e., more than twice. The number of 
harmful emissions will decrease proportionally. 

The gas obtained during the gasification of hard coal with oxygen and water vapor 
should first be freed from the main part of CO2, and only then the gas, consisting 
mainly of CO and H2, should be subjected to methanation. 

Synthesis gas from hydrocarbon gases (natural, associated gas, gases of processing 
of other fuels) is currently the main source of ammonia production. Oxygen-
containing compounds are poisons for ammonia and methanol synthesis catalysts. 
CO2 impurities in synthesis gas have a negative effect on the ammonia synthesis cata-
lyst, reducing its productivity, and therefore it is necessary to reduce their content in 
the nitrogen–hydrogen mixture sent to ammonia synthesis as much as possible. 

The authors conducted calculation studies on CO2 extraction from flue gases [54] 
using MDEAmod absorbent. But the simulation of CO2 extraction from biogas and 
flue gases was carried out at a sufficiently low pressure–up to 0.3 MPa. Therefore, 
it is important to carry out calculation studies on the use of MDEAmod absorbent 
at elevated pressure and for the carbon dioxide extraction from other gases, such as 
synthesis gas, generator gas. 

The process of CO2 extraction from the following process gases is considered 
below [55, 56]: 

– flue gas, combustion products at α = 1 of natural gas; 
– generator gas, brown coal gasification process; 
– synthesis gas, gas purification from CO2 in the AM-70/76 unit; 
– biogas, purification of biogas from landfill No. 5 (Pidgircy village, Kyiv region). 

The principle technological scheme of CO2 extraction from process gases by 
amine absorbents is shown in Fig. 12. The composition of process gases is given in 
Table 9. For comparison, aqueous solutions of amines of the composition: MDEAmod 

and 18% MEA were used as absorbents (Table 10).
Figure 18 shows the relative difference δ (%) of the thermal loads of the reboiler, 

the desorber dephlegmator and the heat exchanger-cooler for the two absorbents-18% 
of MEA (I) and MDEAmod(II). õ = 100% *(I-II) / II.

As can be seen from the figure, the thermal load of the circuit elements in the 
scheme above for all types of gas in the case of an 18% MEA absorbent. In this case, 
the relative difference δ reaches 220%, that means, the thermal load I exceeds II in 
3 times.
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Table 9 Composition of process gases 

Components Concentration, % (vol.) 

Flue gas Generator gas Synthesis gas Biogas 

Hydrogen – 25.0 60.0 – 

Nitrogen 72.0 6.0 20.0 3.0 

Carbon monoxide – 48.0 0.5 – 

Carbon dioxide 9.3 15.9 19.0 45.0 

Methane – 5.0 0.5 50.0 

Water 18.7 0.1 – 2.0

5 Experimental Biomethane Production 

For the practical study of the separation process of the biogas into CH4 and CO2, a  
project of a laboratory installation using the amine process of CO2 absorption was 
developed at the Gas Institute of the National Academy of Sciences of Ukraine. The 
installation scheme includes an absorbent regeneration system, which allows you to 
heat the saturated absorbent to the temperature at which intensive release of carbon 
dioxide from the saturated absorbent begins. During these experiments, the process 
of CO2 absorption and absorbent regeneration was studied. 

Output data: 

– absorber diameter (internal)–76 mm; 
– diameter of the desorber (internal)–129 mm; 
– the temperature of the saturated absorbent at the inlet to the desorber is 80–100 °C; 
– the temperature of the regenerated absorbent at the outlet from the desorber is 

100–120 °C; 
– the maximum load of the desorber reboiler is 2 kW; 
– biogas consumption 0.5–2 nm3/h; 
– absorbent consumption–0.2–1.2 l/min. 

The base scheme for extracting CO2 and H2S from biogas using aqueous amine 
solutions is shown in Fig. 12. 

The laboratory installation scheme for the separation of biogas into biomethane 
and carbon dioxideis presented in Fig. 19.

The filling of the laboratory installation with the amine solution is carried out 
through the upper fitting of the absorber, after which, due to the operation of the 
circulation pump, it also enters the desorber. After filling both columns with a solution 
of amines, the filling fitting is closed and the heating of the lower part of the desorber 
is turned on. The circulation pump works constantly, and due to the presence of the 
flowmeter F, a constant flow of the amine solution in the system is maintained by 
adjusting the number of revolutions of the pump. To reduce energy consumption 
for heating the saturated solution in the desorber, a recuperative heat exchanger is 
installed in the laboratory unit. Post-cooling of the regenerated solution after the
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Table 10 Comparison of the main indicators of the absorption process of CO2 recovery from 
process gases by absorbentsa : MDEAmod/18% MEA 

Indicators Flue 
gas 

Generator 
gas 

Synthesis 
gas 

Biogas 

Absorption unit 

Gas consumption, m3/h 1470 46,000 100,000 600 

Pressure, MPa 0.12 0.5 2.5 0.26 

Inlet gas temperature, ºC 40 30 30 40 

Absorbent temperature at the inlet, ºC 45 35 35 45 

Concentration of CO2 at the inlet, % (vol.) 9.3 15.9 19.0 45.0 

Absorbent consumption, kg/h 2710/ 
3170 

156,700/ 
181,400 

301,600/ 
396,200 

5200/ 
6930 

Absorbent temperature at the outlet, ºC 62/59 64/63 73/68 77/74 

Concentration of CO2 at the outlet, % (vol.) 0.03/ 
0.03 

0.19/0.19 0.2/0.19 2.0/2.0 

Desorption unit 

Pressure, MPa 0.16 0.2 0.2 0.16 

The temperature of the saturated solution at the 
inlet, ºC 

101/98 107/104 100/101 100/100 

The temperature of the regenerated solution at 
the outlet, ºC 

116/ 
114 

123/121 121/120 116/114 

The content of CO2 in a saturated solution, mol 
CO2/mol solution 

0.42/ 
0.61 

0.38/0.56 0.52/0.67 0.42/ 
0.54 

The content of CO2 in the regenerated solution, 
mol CO2/mol solution 

0.08/ 
0.12 

0.08/0.11 0.1/0.13 0.08/ 
0.11 

Concentration of CO2 at the outlet from the 
reflux condenser, % (vol.) 

98 98 98 98 

Thermal load, kW 

Reboiler desorber 196/ 
488 

9625/ 
13,150 

18,850/ 
13,150 

365/675 

Desorber’s reflux condenser 118/ 
384 

4831/ 
7132 

7702/ 
12,420 

203/470 

Heat exchanger-cooler of the regenerated 
adsorbent 

58/70 5648/ 
7170 

13,960/ 
17,020 

203/257 

aThe calculation was carried out using the software system of technological modeling HYSYS, the 
composition of absorbents was adopted unchanged

recuperative heat exchanger, before it enters the absorber, is performed in an air-
cooled heat exchanger. The desorber is equipped with: a heater and a level sensor, 
which automatically turns off the heater when the level drops below the critical level, 
as well as a dephlegmator–a reflux condenser in the upper part of the column.
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Fig. 18 Comparative evaluation of the thermal loads of the reboiler, desorber dephlegmator and 
heat exchanger-cooler of the regenerated absorbent for various gases: 1–flue gas; 2–generator gas; 
3–synthesis gas; 4–biogas

Fig. 19 Scheme of the laboratory installation

To control the process, a special controller of technological processes was devel-
oped, which allows to monitor all temperatures, consumption of the amine solution 
and pump control.
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Comparison of Indicators of CO2 Extraction by Aqueous 
Amine Solutions from Biogas by Computer Simulation 
and Those Obtained on a Laboratory Setup 

During the testing of the laboratory installation for the CO2 extraction from biogas, 
it was planned to use amine absorbents MDEAmod and 20% MEA. But since it 
is currently impossible to purchase officially methyldiethanolamine in Ukraine, 
testing was carried out using 20% monoethanolamine. A number of biogas compo-
sition samples were taken from the Kamianets-Podilskyi landfill and the average 
composition of biogas was obtained with the content of CH4–62% (vol.), CO2–37% 
(vol.). 

Comparison of indicators of calculations and those obtained on a laboratory setup 
is given in Table 11. The maximum deviation of the calculated from the experimen-
tally obtained concentration of CH4 in biomethane at the pressure in the absorber 
Pabs = 0.12–0.2 MPa is 2.8%. The content of CO2 in the obtained biomethane at 
the laboratory installation is within the range of 3.3–6.6% (vol.), which exceeds 
the maximum permissible 2%, therefore, further work is planned to improve the 
laboratory installation.

The results of the above calculations and experimental studies can be used for the 
design, creation and testing of amine absorption technologies for the CO2 extraction 
from biogas and the production of biomethane and carbon dioxide. 

Design of Pilot Plant for Extraction of Target Fractions 
of Biomethane and Carbon Dioxide from Biogas 

Today, the biogas market has significant development among countries that are 
actively implementing programs for the transition to alternative energy sources and 
systematically support initiatives aimed at introducing new technologies. 

The production of biomethane from biogas and its use for partial direct replace-
ment of natural gas in distribution networks, as well as the use of biomethane as 
motor fuel at gas filling stations, is relevant both from an energy point of view and 
from an environmental point of view. Ozone-destroying carbon dioxide extracted 
from biogas can also be a commercial product that is used: for the production of 
fertilizers, in the food industry as a preservative, in welding as a protective medium, 
as a coolant and working fluid in thermal power plants, etc. 

Therefore, at the Institute of Gas of the National Academy of Sciences of Ukraine, 
work was carried out on the design of a research and industrial installation for the 
extraction of target fractions of biomethane and carbon dioxide from biogas using 
amine absorbents. The results of this work are presented below. 

The basic technological scheme of cleaning 250 nm3/h of biogas by 20% MEA and 
MDEAmod, obtaining biomethane and gaseous carbon dioxide is shown in Fig. 12.
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Table 11 Comparison of calculated and laboratory indicators of the amine process of CO2 
extraction from biogas 

Absorption/desorption process indicators 
Absorbent–20%MEA 

Biogas 
G = 1.0 nm3/h. Content, % 
(vol.): 
CH4-62, CO2-37 

Pressure in the absorber Pabs, 
MPa 

0,12 0,16 0,2 

exp/calc exp/calc exp/calc 

Absorbent consumption, kg/h 18/19 15/15 14/13 

The temperature of the regenerated absorbent at the inlet to the 
absorber, °C 

39/39 52/55 53/55 

The temperature of the saturated absorbent at the outlet of the 
absorber, °C 

47/52 76/71 76/73 

Temperature of the saturated absorbent at the inlet to the 
desorber, °C 

83/83 92/92 98/98 

The temperature of the regenerated absorbent at the outlet from 
the desorber, °C 

97/100 113/112 117/118 

Concentration in biomethane, % (vol.)a: 

CH4 
CO2 

95.5/ 
95.4 
3.3/4.3 

93.8/ 
95.7 
5.5/4.0 

92.6/ 
95.2 
6.6/4.6 

Thermal load of the reboiler desorber, kW 1.5 2.0 2.0 

aConcentrations of components in biomethane are given taking into account drying to the 
temperature of the dew point according to humidity minus 8 (−8) °C (at P = 3.92 MPa)

The main results of calculations of the technological scheme of the CO2 extraction 
process from biogas and biomethane production are summarized in Table 12.

The results of the calculations show that the energy consumption when using 
MDEAmod is 1.5 times lower than when using 20% MEA, therefore, the properties 
of the absorbent MDEAmod were used in the design of pilot plant for the extraction 
of target fractions of biomethane and carbon dioxide from biogas. 

According to the Table 12 and with the application of the methodology [57], 
the working documentation of the project of an experimental-industrial plant for 
extracting target fractions of biomethane and carbon dioxide from biogas was 
developed. 

The technological scheme of the research and industrial plant for biogas separation 
is presented in Fig. 20.

The technological scheme of the experimental-industrial plant of amine-based CO2 

recovery absorption from biogas and production of biomethane from 250 nm3/h of 
biogas has been developed. Technological and structural calculations of the devices
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Table 12 The main indicators of biogas purification from CO2 

Indicators 
Pabs = 0.26 MPa, Tabs = 45 °C 
Absorber Pdes = 0.16 MPa 

250 nm3/h of biogas, 
composition % (vol.): 
CH4–50, CO2–45, N2–3, 
H2O–2 

Absorber 20% MEA MDEAmod 

Absorbent outlet temperature, °C 62 61 

Absorbent consumption, kg/h 
saturated 
regenerated 

5044 
4827 

5095 
4876 

Absorbent density, kg/m3 

saturated 
regenerated 

1045 
1018 

1052 
1039 

Output of biomethane, nm3/h 140 140 

CH4 concentration at the outlet, % (vol.) 90 90 

CO2 concentration at the outlet, % (vol.) 1.6 1.7 

Desorber 

Absorbent inlet temperature, °C 100 105 

Absorbent outlet temperature, °C 114 115 

The degree of carbonation of the absorbent, mol CO2/mol amine 
saturated 
regenerated 

0,54 
0,19 

0,32 
0,11 

CO2 output, nm3/h 114 113 

CO2 concentration at the inlet from dephlegmator, % (vol.) 98 98 

Load, kW 
reboiler 
dephlegmator 

350 
226 

235 
141

of the process unit were carried out. The working documentation of the pilot plant 
project and drawings of the main devices of the technological process unit were devel-
oped: absorber, desorber and recuperative heat exchanger for heating saturated amine 
absorbent. 

6 Enrichment of Biogas with High Air Content 

With intensive pumping of landfill gas, the concentration of methane can drop to 30% 
or less. At the same time, the critical CH4 content in fuel for gas piston engines is 28%. 
To solve the problem, biogas enrichment (through CO2 extraction) with increased air 
content was investigated. The results of calculations of CO2 extraction process from 
biogas of different composition with increased air content (N2 = 20–40%) are given 
in Table 13. The concentration of methane increased by 1.2–1.4 times, and the heat 
of release of 1 kg of CO2 was 1.0 kW for the entire spectrum of biogas compositions.
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Fig. 20 Technological scheme of the pilot biogas separation plant

Table 13 Indicators of the CO2 extraction process from 250 nm3/hour of biogas of different 
composition with increased air content (N2 = 20 ÷ 40%) 

Indexes Composition of biogas, % 
(vol.): 

CH4-50 
CO2-30 
N2-20 

CH4-45 
CO2-25 
N2-30 

CH4-40 
CO2-20 
N2-40 

Consumption of MDEAmod absorbent, kg/h 2318 1733 1346 

Content in methane gas, % (vol.): 

CH4 68.3 57.3 47.8 

CO2 1.2 1.2 1.1 

CO2 concentration at the desorber outlet, % (vol.) 98 98 98 

Output of gaseous CO2, kg/h 143 118 92 

Thermal load of reboiler desorber, kW 159 118 93 

Specific consumption when obtaining gaseous CO2, kW/kg_CO2 1.1 1.0 1.0 

7 Study of Landfill Biogas 

The first stage of industrial utilization of biogas was the study of landfills. Employees 
of the Gas Institute drilled test wells at 17 landfills of solid waste of Ukraine with 
different terms of waste disposal. Experimental wells were drilled, an imitation of
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industrial gas extraction from a well with the help of a special device developed for 
these purposes, was performed (Fig. 21) and gas samples were taken. 

The obtained gas samples were analyzed in the Institute’s laboratory using an 
Agilent 6890N gas chromatograph. The methane content in biogas in all samples 
exceeded 50%, so it can be fed directly into internal combustion engines. Biogas 
also contains 20–40% carbon dioxide and less than 6.5% nitrogen (Fig. 22). 

Fig. 21 Study of the debitage and chemical composition of the well. Drilling test wells (a), flaring 
biogas (b) 

Fig. 22 Results of chemical analysis of biogas from different landfills (average data)
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Fig. 23 Landfill gas to power generator on the base of a Caterpillar G3508 engine with electric 
power 500 kW 

The first implementation of biogas collection and use technology at a power plant 
with a 1 MW  engine was carried out at the municipal landfill near Kyiv in 2012. In 
2015, the installed capacity here was increased to 2 MW. 

At one of the landfills equipped with the participation of the Gas Institute in 
the city of Kamianets-Podilskyi (operating company LLC “International Center of 
Gas Technologies”) with a Caterpillar G3508 engine with a capacity of 500 kW, 
(Fig. 23) parameters were measured over the past 2 years. This made it possible 
to execute a statistical analysis of changes in various parameters, including specific 
fuel consumption due to changes in methane concentration. The data show the power 
generated by the machine and its effectiveness rising at a constant biogas consumption 
(300 nm3/h) with methane concentration rising (Fig. 24).
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Fig. 24 The influence of methane concentration on the specific consumption of biogas (blue points), 
the approximate value of the specific consumption (dotted curve) and the production of electricity 
with a constant consumption of biogas in the volume of 300 m3/h (red solid curve) 
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Oleksandr Teslenko , and Artur Zaporozhets 

1 Introduction 

The petroleum products supply is great importance for the country’s economy, since 
so far the transport and agricultural machinery of any country consume mainly gaso-
line, diesel fuel, kerosene, liquefied gas (i.e. petroleum products). During the cold 
winter season, boilers and thermal power plants (TPPs and CHPs) can use fuel oil or 
diesel fuel as back-up fuel in the case of a shortage of natural gas. Fuel oil is also used 
as an additional high-calorie fuel at the start-up of coal-fired boilers. The application 
area for petroleum products is therefore transport, agriculture, energy and industrial 
energy. 

In Ukraine, during 2014–2020, the consumption of gasoline (taking into account 
sales through petrol-gas stations) decreased from 3.1 to 1.8 million tons and fuel 
oil from 0.1 to 0.09 million tons [1]. However, during 2017–2020, the consumption 
of diesel fuel (including sales through petrol-gas stations) increased from 5.4 to 6.1 
million tons and liquefied gas (including sales through petrol-gas stations) from 0.9 
to 1.3 million tons [1]. This is clearly the result of high fuel prices and the availability 
of low-cost second-hand diesel cars from Europe. 

According to the data of the State Statistics Service of Ukraine, the total consump-
tion of petroleum products in Ukraine has increased, while the consumption of crude 
oil for petroleum processing has significantly decreased (Fig. 1) [2].

The export of oil refining products from Ukraine in January–June 2021 increased 
to 203 thousand tons (a 1.8-fold increase compared to the same period in 2020), 
including 126.1 thousand tons of fuel oil [3]. The share of oil exports of the
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Fig. 1 Total supply of crude oil and petroleum products to Ukraine in 2007–2020 [2]

Kremenchug oil refinery was 114.7 thousand tons, and that of the state-owned corpo-
ration “Ukrgazvydobuvannya” was 11.4 thousand tons. In June 2021, exports of 
petroleum refining products from Ukraine amounted to 34.5 thousand tons, which 
is three times more than in June 2020. At the same time, as a result of large-scale 
military operations, total exports of goods from Ukraine have been reduced by half 
[4]. 

In 2021, 5 million tons of petroleum products were sold at Ukrainian petrol-gas 
stations, which is 12% more than in 2020 (4.46 million tons of all types of fuels) 
[5]. In 2021, sales of A-95 gasoline saw the greatest growth from 1.76 (2020) to 2.1 
million tons (23%). The sale of A-92 gasoline increased by 10% (from 0.60 to 0.66 
million tons (data on the sale of A-98 gasoline stopped being published as of the end 
of 2019) [3]. The sale of diesel fuel increased significantly by 19% (from 1.76 to 2.1 
million tons). However, the sale of liquefied gas decreased for the first time in seven 
years: in 2021, its sales were 3% less than in 2020 [3]. 

According to Ukraine’s product balance sheets [6], the consumption structure of 
petroleum products has changed with increasing fuel prices. Higher gasoline prices 
have stimulated the import of diesel vehicles into Ukraine and the upgrading of 
gasoline engines for the use of liquefied gas. 

Taking into account the difficulty of forecasting price changes for certain types of 
fuel, this article first analyzes the total consumption of petroleum products in Ukraine 
and by types of economic activity. Then the trends of changes in the structure of 
consumption of types of petroleum products are determined. The forecast structure 
of consumption of petroleum products was evaluated, taking into account the military 
actions in Ukraine and the post-war recovery of the country. Expected changes in the 
structure of the country’s economy and small amounts of energy savings are taken 
into account. Energy saving involves reducing the specific consumption of fuel oil for 
the production of electricity at TPPs and CHPs, and the loss of petroleum products 
during their transportation and distribution.
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Table 1 Actual and forecast consumptions for petroleum products in Ukraine for 2020 relative to 
2015, million toe [6, 7] 

Indicators 2020 
actual 

2020 
forecast 

Ukraine (total) 10.019 11.5–11.7 

Agriculture, forestry and fishing 1.016 1.490 

Mining and quarrying 0.127 0.305 

Manufacturing industry 1.580 1.423 

Supply of electricity, gas, steam and air conditioning; water supply; 
sewerage, waste management 

0.154 0.577 

Transport, warehousing, postal and courier activities 6.842 7.652 

Other types of economic activity 0.159 0.286 

The previous forecast of petroleum products was carried out in 2015 and is given 
in the publication [7]. A comparison of the accuracy of forecasts with actual data 
is considered using the example of 2020 (the latest available statistical data on the 
country’s energy balance on the website of the State Statistics Service of Ukraine 
[6]). The results of the comparison of the forecast and actual data for 2020 are given 
in the Table 1. 

As can be seen from the Table 1, the sections “Manufacturing industry” (up to 
10%), “Transport” (11.8%), by country (14.8–16.8%) have a satisfactory forecasting 
error. Other sections of the economy have a significant difference. It is clear that the 
COVID pandemic has significantly affected economic indicators around the world, 
so there is an obvious expediency in reviewing forecasts made more than 5 years 
ago. 

After February 24, 2022, the war in Ukraine made significant adjustments to the 
volumes of consumption of petroleum products according to the directions of their 
use, but there is still no state statistical reporting on these issues. 

2 The Purpose of the Study and Methods 

The aim of the study was to update petroleum product forecast (2015) for further 
balance forming, clarification of methodological approaches to obtaining activity 
data and projecting petroleum product demand in the energy sector under the 
destruction of energy facilities in the wake of Russian economic activity against 
Ukraine. 

Many scientists have studied the problems of forecasting the consumption of fuel 
and energy resources, in particular Kulyk, Piriashvili, Rozen, Kasyanova, Podolets, 
Lear, Nechaeva, Leshchenko and others [8–20]. 

At the global level, research on the oil products market is presented in the analyt-
ical materials of international organizations (for example, the Organization of the
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Petroleum Exporting Countries (OPEC), the International Monetary Fund (IMF), 
the International Energy Agency (IEA), the Organization for Economic Cooperation 
and Development (OECD)). At the same time, significant attention of scientists is 
given to the problems of evaluating monopolization, consideration of the structure 
of the world oil market, issues of pricing on the world oil market, the manifestation 
of crisis phenomena in this market and their consequences for Ukraine, analysis of 
global trends in energy, opportunities for the development of the oil refining industry 
in Ukraine, etc. However, in their research there is no calculation of the volumes 
of current consumption of oil and oil products in the sections of the economy of 
Ukraine and in the country as a whole, corresponding forecast volumes of consump-
tion that depend on structural and technological changes (structural and technological 
potentials of energy saving), since for the formation of the price factor forecasts are 
decisive in the economy of Ukraine. 

In the General Energy Institute of the National Academy of Sciences of Ukraine, 
Kulyk developed a complex method of forecasting energy resource consumption 
[8, 21, 22]. This method is also called two-stage, as it involves forecasting energy 
consumption by known methods at the same time on two hierarchical levels of the 
economy (TOP-level and DOWN-level) with further matching of the obtained fore-
casts by Kulyk’s vector iterative-free method [21]. The two-stage method usually 
uses the traditional regulatory method or the direct account method. In this study, 
the traditional normative method was used to forecast petroleum products. Fore-
casts obtained at two levels were subsequently agreed using the Kulyk’s method of 
forecasting decisions. The need for coordination arises when there is a significant 
discrepancy in statistical data by country and by type of economic activity. Since 
statistical reporting on types of economic activity in 2020 has not been published 
by the State Statistics Service of Ukraine, the initial data for economic sectors was 
formed from the Energy Balance of Ukraine in 2020. It should be noted that the 
energy balance of the country and the product balance of oil products have differ-
ences in the given data; therefore the initial data for the country and for the sectors of 
the economy were obtained from the same source—the Energy Balance of Ukraine 
in 2020. 

3 Mathematical Model of Forecasting the Petroleum 
Products Consumption 

In the paper [7], a comprehensive method [21] based on a two-stage method of 
forecasting the consumption of energy resources was used to forecast consumption 
of petroleum products (base year—2015). According to this method, two forecasts 
are made at the DOWN (types of economic activity) and at the TOP (country) levels 
of the economy with subsequent reconciliation using Kulyk’s vector method [8, 21]. 

Two approaches can be used to determine the forecasted consumption of 
petroleum products. The first approach: separately determine the consumption of
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each type of petroleum product, and then sum them up in the same units, as in the 
energy balance according to the Eurostat format. ‘The second approach: immediately 
determine the consumption of petroleum products together, since the total volume of 
consumption of petroleum products is a fairly constant value, and only the structure 
of consumption changes, which is mainly affected by the price of fuel. The structure 
of petroleum product consumption for the future can be determined by the scenario 
method. The second approach is used in this paper. 

For each economy section i (according to the classifier of types of economic 
activity) with the consumption of petroleum products for transport (in internal 
combustion engines) without conversion into other types of energy (electricity, heat), 
the forecast of the consumption of the each petroleum product type j is determined 
by formula: 

Et 
i, j =

Σ

i 

eb GV  Ai  j  V 
t 
GV  Ai  ∓

Σ

i

Δeb−t 
GV  Ai  j  V 

t 
GV  Ai  −

Σ

i

Δet GV  Ai  j  V 
t 
GV  Ai  ± Et 

subt  j  , 

(1) 

where eb GV  Ai  j  —the energy intensity of GVA (Gross Value Added) of the energy 
resource type j of the economy section i in the base year b, MJ/UAH; V t GV  Ai— 
forecasted GVA of the economy section i in year t at constant prices (adjusted to the 
prices of the base year b according to [21–23], thousand UAH;

Σ
i Δeb−t 

GV  Ai  j  V 
t 
GV  Ai— 

total decrease or increase in energy consumption of the energy resource type j in 
year t due to changes in the structure of the economy and the structure of its sectors 
[21–26], MJ/UAH;

Σ
i Δet GV  Ai  j  V 

t 
GV  Ai—decrease in consumption of energy resource 

type j in year t due to technological changes, MJ/UAH [21, 26]; Et 
subs j  —volumes of 

substitution of energy resource of type j in year t, GJ [21]. 
The energy saving potential due to structural changes when determining the fore-

cast consumption for all types of petroleum products was calculated based on the 
change in the structure of the economy in the forecast years. The calculation of the 
technological potential of energy saving for each consolidated type of economic 
activity takes into account the reduction in the consumption of petroleum prod-
ucts due to the reduction of losses during storage, transportation and distribution of 
petroleum products. 

For the economy section i, which mainly use petroleum products for conver-
sion into other types of energy in power plants: section D “Supply of electricity, 
gas, steam and air conditioning”, section C “Manufacturing industry”, partly other 
sections, forecast levels of consumption of the petroleum product type j are deter-
mined depending on the forecast structure of electricity and heat generation sources 
and the forecast consumption of electricity and heat energy by the economy [7, 21]: 

Et 
conv j =

Σ

j

(
nΣ

i=1 

Bt 
w f  j  + 

nΣ

m=1 

Bt 
qm j  + Bt 

eoth j

)
= k f j  W t f b

t 
w j  + kmj  Q

t 
mb

t 
q j  

+
Σ

koth B
t 
oth j , (2)
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where Bt 
w f  j  —consumption of petroleum products type j (diesel fuel, fuel petroleum) 

for electricity generation of type f (thermal power plant, thermal power plant, other 
electricity generators on petroleum fuel) in forecast year t; Bt 

qm j  —consumption of 
petroleum products type j for heat generation of type m (CHP, thermal power plants, 
other petroleum-fueled heat generators) in forecast year t; Bt 

eoth j —other needs of 
petroleum products type j in sections; kfj—share of electricity produced by power 
generation facilities using petroleum products type j; W t f —the amount of electricity 
(gross) produced by power generation capacities of type f in year t; bt w j  —specific 
consumption of petroleum products type j for the production of electricity in the 
power system in year t; kmj—share of heat energy produced by heat generating 
facilities using petroleum products type j; Qt 

m—amount of thermal energy produced 
by heat-generating capacities of the type m in year t; bt q j  —specific consumption of 
petroleum products type j for the production of thermal energy in the centralized heat 
supply system in year t; koth—share of petroleum products type j used in sections for 
other needs (lubricants, solvents, etc.); Bt 

oth j —consumption of petroleum products 
type j for other needs in sections in year t. 

Only petroleum products (fuel petroleum, petroleum refinery gas) burned in 
heating furnaces of petroleum refineries are taken into account in the production 
of “Petroleum Refining”. The volumes of crude oil processing should be taken into 
account when determining the need for petroleum. This is a separate forecast. 

The total consumption of petroleum products at the DOWN-level (consolidated 
sections of the economy) includes the sum of consumption according to Eqs. (1) and 
(2): 

Et =
Σ

i 
E t 
i, j + Et 

conv j . (3) 

It is necessary to note about the formation of the forecast of the consumption 
of petroleum products for the energy sector. To determine the forecast trend, the 
volumes of consumption of petroleum products were analyzed in separate directions 
according to the energy balances of Ukraine for 2015–2020 (Table 2). 

Table 2 Consumption of petroleum products for conversion in the energy sector for the retrospec-
tive period, thous. toe 

Conversion enterprises 2015 2017 2018 2019 2020 Average 
over 5 years 

TPP 127 64 132 119 27 94 

CHP 158 471 156 37 57 176 

Boilers 141 46 37 32 34 58 

Other conversion 
enterprises 

3 120 118 135 10 77 

Total for 
conversion 

429 701 443 323 128 346.6
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As can be seen from Table 2, petroleum products were used as a fuel substitute 
in the past period, especially this is evident from the dynamics of consumption of 
petroleum products at TPPs. Taking into account the uncertainty with the volumes 
of imported gas supplies, and we can expect an increase in the consumption of 
petroleum products in the energy sector in 2025. In any case, it is desirable to have 
a reserve. Therefore, in the forecast of the consumption of petroleum products for 
conversion at TPPs, CHPs, boiler rooms and other enterprises, the average value of 
the consumption of petroleum products for 5 years with a further decrease in their 
consumption to the level of 2020 was adopted for 2025. 

The results of calculations by types of economic activity and by DOWN-level 
(country) according to the given model are shown in Table 3 [26].

The forecasted consumption of petroleum products for the country level 
(DOWN—level) is calculated according to the forecast indicators of the energy 
intensity of the country’s GVA and the volume of the country’s GVA: 

Et 
Tj 

= eb GV  ATj 
V t GV  ATs ± Δeb−t 

GV  Ai j  
V t GV  ATs − 

IΣ

i=1

Δet GV  ATs j  
V t GV  ATis  ±

Σ
Et 
subj  , (4) 

where eb GV  ATj 
—the GVA energy intensity of petroleum products type j at the country 

level in the base year b; V t GV  ATs 
—the forecast of GVA volumes of the country, created 

with the forecast economy structure s in year t; Δeb−t 
GV  Ai j  

—change in the country’s 
GVA energy intensity of petroleum products type j in the forecast year t under 
the structural chancing of the economy relative to the structure of the base year 
b; Δet GV  ATs j  

—change in the country’s GVA energy intensity of petroleum products 
type j in the forecast year t under the technological restructuring of the economy; 
Et 
subj  —volumes of substitution of petroleum products type j with other types of fuel 

due to its shortage or high price. 
To the Eq. (4) for the selection of the forecast structure, a restriction on the 

country’s GVA energy intensity is added et GV  ATj 
≤ eb GV  ATj 

. 
The impact of structural changes on the country’s energy consumption level is 

determined by the second component of formula (4), which can have a “+” sign in 
the case of overspending of the economy under a certain structure or “−” in the case 
of fuel and energy savings. Technological potential (component 3) and replacement 
volumes are determined only by individual technologies and are summed up. Table 4 
includes forecasted petroleum products consumption (low level) taking into account 
structural and technological energy saving potentials.

Forecasts obtained by the normative method at the upper and lower levels have 
minor differences of 1.41% in 2020 and 1.13% in 2040. Such minor differences can 
be ignored and not reconciled. The reason for the small difference is that since the 
State Statistics Service did not provide the form of statistical reporting by types of 
economic activity for 2020, the initial data for sectors of the economy were formed 
from the Energy Balance of Ukraine for 2020. Therefore, the received forecasts have 
a convergence of about 1% and do not need to be reconciled.
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Table 4 Forecast of consumption of petroleum products by types of economic activity until 2040 
based on the updated forecast of GDP in 2016 prices and for structural and technological changes, 
thousand toe 

Indicators 2015* 
actually 

2020 
actually 

2025 2030 2035 2040 

Agriculture, forestry and 
fisheries 

1278.0 1016.0 1197.5 1691.9 2222.9 2490.4 

Mining and quarrying 321.0 127.0 156.4 160.2 161.7 134.1 

Manufacturing industry 1358.0 1570.0 1451.0 1597.5 1649.5 1638.2 

Supply of electricity, gas, steam 
and air conditioning; water 
supply; sewerage, waste 
management 

550.0 164.0 467.3 430.2 317.8 232.2 

Transport, warehousing, 
postal and courier activities 

6302.0 6842.0 10,034.3 14,212.0 17,878.1 19,661.8 

Other types of economic 
activity 

253.0 159.0 193.9 246.3 296.5 340.6 

Together for types of economic 
activity 
(DOWN-level)—Et 

Down 

10,062.0 9878.0 13,500.4 18,338.1 22,526.4 24,497.3 

Ukraine—(TOP-level)—Et 
T s 10,062.0 10,019.0 13,504.3 18,441.7 22,704.7 24,777.0 

* GVA for 2015 is given in 2015 prices

Table 5 includes the estimation of the emissions of greenhouse gases (GHG) from 
the forecasted petroleum products (gasoline, diesel, fuel oil, and propane-butane) 
consumption in 2040 of for the perspective of 2040 based on averaged indicators for. 
GHG emissions were determined according to the recommendations of the US Envi-
ronmental Protection Agency [27, 28], Directive 2009/28/EC [29] and the method-
ological manual of the International Energy Agency [30] and the WRI/WBCSD 
manual [31, 32]. 

Table 5 Actual and forecasted GHG emissions from petroleum products consumption 

Year Petroleum 
products 
consumption, 
thous. toe 

CO2 
emissions, 
thous. t 

CH4 emissions, 
thous. t 

N2O emissions, 
thous. t 

GHG emissions, 
thous 
t CO2  eq  

2015 10,062 30,493 1.3197429 0.277841 30,608.8 

2020 10,019 30,362.7 1.3141029 0.276653 30,478 

2025 13,504.3 40,924.9 1.7712387 0.372892 41,080.3 

2030 18,441.7 55,887.8 2.4188334 0.509228 56,100 

2035 22,704.7 68,806.8 2.9779732 0.626942 69,068.1 

2040 24,777 75,087 3.2497783 0.684164 75,372.1



Forecasted Petroleum Products Consumption in Ukraine and Estimated … 127

Determining directions for reducing the consumption of petroleum products and 
corresponding greenhouse gas emissions requires further additional research when 
forecasting the structure of consumption of petroleum products by individual species. 

For forecasting petroleum products consumption by their types, it is necessary to 
analyze the consumption structure during the last years (Table 6). 

Table 6 Petroleum products consumption by their types in 2015–2020 [33–38] 

Petroleum product 2015 [33] 2016 [34] 2017 [35] 2018 [36] 2019 [37] 2020 [38] 

Gasoline, thous. t 2360.8 2229.4 1985.9 1767.2 1711.6 1767.7 

thous. toe*** 2455.2 2318.6 2065.3 1837.9 1780.1 1838.4 

Fraction in end  
use—β1 

0.26 0.24 0.21 0.17 0.17 0.19 

Diesel fuel, thous. t 4770.9 4968.6 5148.6 5366.1 5791.7 5173.9 

Thous. toe 4866.3 5068.0 5251.6 5473.4 5907.5 5277.4 

Fraction in end  
use—β2 

0.51 0.53 0.52 0.52 0.56 0.54 

Heavy fuel oil, 
thous. t 

367.3 669.3 584.8 244.4 86.7 98.2 

Thous. toe 374.6 682.7 596.5 249.3 88.4 100.2 

Fraction in end  
use—β3 

0.04 0.07 0.06 0.02 0.008 0.01 

Liquefied propane 
and butane, thous. t 

675.8 778.4 896.1 1014.1 1184.9 1384.1 

Thous. toe 743.4 856.2 985.7 1115.5 1303.4 1522.5 

Fraction in end  
use—β4 

0.08 0.09 0.1 0.1 0.12 0.16 

Total petroleum 
products, thous. toe 

8439.6 8925.5 8899.1 8676.1 9079.4 8738.5 

Fraction in end  
use—Σβj 

0.89 0.93 0.89 0.81 0.858 0.9 

End use* 
consumption of 
petroleum products 
according to Energy 
Balance—ΣEkj 

9455.0 9630.0 10,060.0 10,599.0 10,613.0 9695.0 

Fraction in end  use  
**—α 

0.94 – – – – 0.97 

* End use does not include non-energy consumption, losses and consumption by energy sector for 
own 
** Consumption is evaluated as the difference between resources (import + domestic production) 
and conversion to other fuel and energy types 
*** Conversion factors from t to toe are as follows: gasoline—1.04, diesel and heavy oil—1.02, 
liquefied propane and butane—1.1 according to [39]
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As can be seen from the Table 6, the final consumption of petroleum products, the 
sum of the consumption of the main types of petroleum products and their share of the 
final consumption are values that change slowly. Over 5 years, the final consumption 
of petroleum products increased by 2.5%. The amount of the main types of petroleum 
products increased during the same period by 3.5%, mainly due to the increase in 
the consumption of diesel fuel and propane-butane mixture. Most likely, such trends 
will persist for the next 5 years and stabilize by 2030. In the future, after the end 
of the war and post-war recovery, we can expect a decrease in diesel consumption 
and some growth of gas mixture and gasoline. Currently, it is difficult to predict the 
replacement of petroleum motor fuel with electricity, since the electric power system 
was destroyed during the war, and the term of its restoration can be up to 10 years. 

It is possible to consider only forecast scenarios of the final consumption of the 
main types of petroleum products. At the same time, it should be noted that during 
the war, military equipment consumes diesel, and trucks, which are needed for post-
war revival, mostly also consume diesel. Therefore, according to the basic scenario, 
it is assumed that until 2030 the volume of diesel consumption will be maintained 
at β2 = 0.55, or even increase until 2025. After 2030, with the stabilization of the 
country’s economy, the country’s environmental policy will return to compliance 
with environmental requirements, i.e. a reduction consumption of heavy motor fuel— 
diesel to the volume of β2 = 0.44 and stabilization of the final consumption of fuel 
oil β3 = 0.01. The volume of gasoline may increase after 2030 to the volume of 
2015: β1 = 0.25. Propane-butane will also increase slightly to the fraction β4 = 0.2. 

Forecasted petroleum product consumption by country, except for formula (4), 
can be estimated as follows [40]: 

Et 
T s  =

Σ

j 

E t 
k j  + Et 

oth j , (5) 

where
Σ

j E
t 
kj—total final petroleum product consumption; Et 

othj—other petroleum 
product consumption, non-energy, own consumption and distribution losses. 

Accordingly for forecasting petroleum products by fuel type, you the following 
dependence can be used:

Σ

j 

E t 
k j  =∝ Et 

T s, (6) 

where ∝—end use fraction from total consumption; according to energy balances 
∝= 0.94 . . .  0.97. 

Therefore, the final consumption of the jth petroleum product will be determined 
by the dependence: 

Et 
k j  = β j

Σ

j 

E t 
k j  , (7)
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where βj—the fraction of the j-th petroleum product from the final consumption 
according to energy balances; j = 1—gasoline, j = 2—diesel, j = 3—heavy oil, j = 
4—propane and butane mixture for road transportation. The calculated factors are 
given in Table 6. 

The forecast of the main types of petroleum product consumption is given in 
Table 7. 

The forecasted greenhouse gas emissions (GHG) up to were determined in accor-
dance with the recommendations of the Intergovernmental Panel on Climate Change 
[41], the US Environmental Protection Agency [28], Directive 2009/28/EC [29] and 
the WRI/WBCSD manual [31]. The results of calculations of GHG emissions in 
thousand tons of CO2 eq./year for the main types of petroleum products are shown 
at Figs. 2, 3, 4 and 5.

As can be seen from the Figs. 2, 3, 4 and 5, the largest emissions of greenhouse 
gases in thousand tons of CO2-eq. provides diesel fuel, the emissions of which are 
almost twice as high as the emissions from gasoline consumption and greater than 
the total emissions from the consumption of gasoline and liquefied propane-butane 
together. To restore the war-damaged industry and infrastructure of Ukraine, diesel 
fuel will definitely be needed for transportation, but after the recovery of the economy, 
the volume of diesel fuel should be reduced and replaced by more environmentally 
friendly fuels.

Table 7 The forecast of the main types of petroleum product consumption in 2030–2040 

Petroleum product type 2030 2035 2040 

Gasoline, thous. t 3268.1 4658.8 5777.3 

Thous. toe 3398.8 4845.2 6008.4 

Fraction in end use—β1 0.19 0.22 0.25 

Diesel fuel, thous. t 9470.3 10,579.9 10,367.5 

Thous. toe 9659.7 10,791.5 10,574.8 

Fraction in end use—β2 0.54 0.49 0.44 

Heavy fuel oil, thous. t 175.4 215.9 235.6 

Thous. toe 178.9 220.2 240.3 

Fraction in end use—β3 0.01 0.01 0.01 

Liquefied propane and butane, thous. t 2602.0 3603.8 4369.7 

Thous. toe 2862.2 3964.2 4806.7 

Fraction in end use—β4 0.16 0.18 0.2 

Total petroleum products, thous. toe 16,099.7 19,821.1 21,630.0 

Fraction in end use—Σβj 0.9 0.9 0.9 

End use consumption of petroleum products according to 
Energy Balance, thous. toe—ΣEkj 

17,888.5 22,023.5 24,033.7 

Fraction in end use from total—α 0.97 0.97 0.97 
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Fig. 2 Propane and butane consumption as well as GHG emissions in 2015–2020 and forecast in 
2030–2040 

Fig. 3 Gasoline consumption as well as GHG emissions in 2015–2020 and forecast in 2030–2040

4 Results 

The Table 4 contains the results of the calculation of forecasted consumption of 
petroleum products until 2040 by consumer groups (country, types of economic 
activity), adjusted relative to the actual consumption of petroleum products in 2020 
(according to the energy balance).
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Fig. 4 Diesel fuel consumption as well as GHG emissions in 2015–2020 and forecast in 2030–2040 

Fig. 5 Heavy fuel oil consumption as well as GHG emissions in 2015–2020 and forecast in 2030– 
2040

The 2019–2020 was marked by the COVID pandemic, which led to a drop in 
macroeconomic indicators almost all over the world. In this regard, the Institute 
of General Energy of the National Academy of Sciences of Ukraine has adjusted 
macroeconomic indicators, presented in the publication [42] on the base of analysis of 
the forecasts of the world’s leading financial institutions (the International Monetary 
Fund, the World Bank, etc.).
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The peculiarity of the forecast presented in the article is an increase in the 
consumption of petroleum products in the future in the energy sector of Ukraine, 
since more than 30% of the energy infrastructure facilities in Ukraine have been 
destroyed as a result of military operations in Ukraine, and the government must 
have a reserve of the necessary fuel. These volumes were estimated according to 
petroleum products consumption trends in the transformation sector of the energy 
balances of Ukraine transformation sector for 2015–2020 (Table 3). Since the energy 
infrastructure is being destroyed by the aggressor every day, the forecasts of the struc-
ture of electricity and heat generating capacities [18] made earlier at the Institute of 
General Energy of the National Academy of Sciences of Ukraine are not applicable 
now. They should be revised after the end of the war. 

In the sections of the economy, a moderate technological potential of energy saving 
is assumed, because in wartime it is impossible to invest money in the reconstruction 
of enterprises. Based on the results of the forecasted petroleum products consump-
tion, the total emissions of greenhouse gases were determined (Table 5), which are 
adjusted with the increase in the consumption of petroleum products. A methodical 
approach to determining the forecast structure of consumption of petroleum products 
by types of petroleum fuel is presented, and the forecast structure of consumption 
of petroleum products by individual types is determined, taking into account trends 
in their consumption that have developed in the retrospective period. The task of 
replacing oil fuel with other low-carbon fuels and electricity to reduce greenhouse 
gas emissions, especially from the consumption of diesel fuel, which produces the 
largest amount of these emissions, is also relevant. 

5 Conclusions 

The forecasted demand for petroleum products at the TOP and DOWN levels were 
carried out using the normative method and taking into account a separate algo-
rithm for forecasting the demand for petroleum products in the section “Supply of 
electricity, etc.”, in which the need for the conversion to other energy types is calcu-
lated according to the trend of consumption over the last five years. This is due to 
the impossibility of using the existing forecasts of structures of energy generating 
capacities as a result of military operations, damage and destruction of energy facil-
ities. The forecasts obtained at the two levels have very close values with an error of 
about 1%, which can to some extent justify their reliability. Estimated overspending 
of oil products as a result of structural changes, which should ensure the development 
of key sectors of the economy: agriculture, industry, transport sector, will allow to 
restore the economy after the war and increase its energy efficiency. The forecasted 
greenhouse gas emissions are determined and the directions for their reduction are 
outlined.
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Adsorption of Oil Products by Natural 
Sorbents 

Vira Sabadash 

1 Introduction 

Used oils are dangerous sources of environmental pollution. According to the Exxon-
Mobil corporation, one litre of used oil can contaminate a million litres of drinking 
water. Ukraine consumes more than 1 million tons/per year of fresh oil. Without 
collection standards, it officially collects about 500,000 t/year of spent oil products; 
that is, it has a natural raw material resource approximately equal to Germany’s 
similar resource of 660,000 t/year. However, in our country, 90% of the volume of 
this raw material is dumped into the environment or used unqualifiedly, which has 
a detrimental effect on all environmental objects—atmosphere, soil and water. The 
constant introduction of an increasing number of multifunctional additives to improve 
the operational characteristics and increase the service life of lubricating oils leads 
to the accumulation of compounds toxic to the environment in used motor oils (spent 
engine oils). More than 140 types of carcinogenic polycyclic hydrocarbons (PCHs) 
have been identified in spent engine oils. The amount of these compounds increases 
with the increase in the service life of the oils. Thus, for carbureted passenger cars, the 
average increase in the amount of KPV with 4–7 rings is 26.8 mg/kg per 1000 km 
of mileage. After 10,000 to 15,000 km of mileage, used oil contains from 270 to 
400 mg/kg of CPV, formed from oil combustion and their entry into the oil from the 
fuel. 

The purpose of the study is to develop a complex of legal, organizational and 
technological measures to prevent pollution of the natural environment by using 
motor oils. 

To achieve this goal, it was necessary to solve the following tasks:
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• to establish the degree of pollution of used motor oils by determining the primary 
pollutants and the level of their concentrations in oils; 

• propose a strategy for the collection and disposal of used motor oils; 
• perform a comparative analysis of modern methods of cleaning used motor oils; 
• to develop an ecologically safe, resource-saving complex technology for the 

regeneration of used oil; 
• to establish optimal conditions for spent engine oils regeneration. 

Pollution of the Environment with Used Oils 

The most crucial factor of atmospheric pollution is the evaporation of lubricants. 
The tendency to evaporation depends on the chemical and fractional composition of 
oils and the operating temperature of the object being lubricated. An increase in the 
content of low-boiling fractions in the oil and the operating temperature increases 
oil losses from evaporation. This is also facilitated by the design features of the 
lubrication system of machines and mechanisms (lubrication with oil mist, spraying) 
[1, 2]. 

The burning of HMOs for their destruction, as well as the disposal of boiler and 
furnace fuel, leads to significant atmospheric pollution. Unwanted emissions arising 
from the burning of oils can be divided into the following groups: 

• Lead and other metals usually in used oils, along with several oil-soluble lead 
halides from lead gasoline; 

• other elements found in used oils: are sulfur, nitrogen, phosphorus, chlorine, and 
bromine; they can be present in the composition of both organic and inorganic 
compounds; 

• polycyclic arenes present in all heavy fossil fuels and other polycyclic organics 
that can be released when waste oils are burned. In the literature, no information 
was found on the discrepancy between PAs released during the burning of fresh 
fuels and used oils; 

• polychlorinated biphenyls (PCBs) are usually not present in used oils, but contam-
ination with them is possible, especially in the case of possible mixing with trans-
former oils. If the combustion process achieves effective PCB decomposition, the 
expected end product is hydrogen chloride; 

• other organic compounds, such as halogen-free solvents, glycolysis and gasoline, 
are usually explosive. Some impurities, such as gasoline, increase the volatility, 
saturated vapour pressure, and flash point of used oil, which requires special 
storage conditions. 

If air pollution is affected by motor oils, oil mist and some industrial oils, other 
lubricants enter the biosphere mainly during spills and leaks. Falls of any volume is 
primarily related to accidents and cultural levels of exploitation. The compatibility 
of oils and lubricants with seal materials causes leaks.
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Significant losses due to leakage are observed in the process of draining and filling 
operations, when refuelling equipment, changing the oil and collecting used products. 
Spent engine oils spilt on the water surface form dilutions, then emulsify films, as a 
result of which agglomerates are formed, which slowly biodegrade, thereby polluting 
the aquatic environment. Later, these films settle to the bottom of reservoirs. The entry 
of pollution into the body of fish leads to the destruction of gill and intestine tissues, 
mucus secretion, impaired breathing, and water and salt metabolism [3]. 

With a qualified oil change, only a small amount enters the environment. However, 
the share of complete services is relatively high: 10–15% abroad. Many motorists do 
not hand over spent engine oils to collection points but instead throw it into city dump-
sters and down the drain. This waste accumulates mainly in parking lots, garages, and 
road ditches. Compared to oil and fuels, spent engine oils have low volatility and are 
much less prone to biodegradation in soil and water. Their pollution occurs mainly 
when they are absorbed into the ground and get into surface and groundwater during 
spills, leakage and evaporation with subsequent condensation. The primary pollution 
of the environment occurs along rivers. With rainwater, oils containing PA get into 
drains, reservoirs, and bottom sediments (the latter—especially in river mouths) [4]. 

Environmental pollution of the spent engine oils also applies to groundwater, 
which is the primary source of drinking water supply. Pollution of groundwater by 
oil products is observed in many cities of Ukraine (Kherson, Kremenchuk, Poltava, 
Lutsk) and other settlements. More than 120 water intakes with total reserves of 
3.8 million m 3 /day (more than 25% of the volume of explored resources) are 
located in the areas of influence of sources of petrochemical pollution. At 54 water 
intakes, where the aquifers are covered by relatively permeable sand-clay rocks and 
are practically poorly protected from the surface, it is possible to foresee “hidden” 
pollution by oil products, that is, formally unrecorded penetration of oil products 
into the underground environment and their migration in the direction of water intake 
wells, as a result of contamination of water intakes is assumed. 

The Main Types of Impurities in Used Motor Oils 

In operation, oils are contaminated with products of the thermal decomposition of 
oils and their additives, solid particles, and water. Additionally, spent engine oils are 
contaminated with water and solid particles during collection and storage. Therefore, 
we considered the properties and methods of cleaning complex polyphase systems 
formed in spent engine oils due to operation. 

Let’s start with the fact that during the operation of motor oils in internal combus-
tion engines, oxidation products are formed in them in the form of asphalt-tar 
compounds, carbon deposits, and varnishes. To prevent precipitation of the above 
compounds in the oil, detergent-dispersing additives from the class of surface-active 
substances (surfactants) are introduced into the oil, which keeps the oxidation prod-
ucts of the motor oil in a colloidal state. When the additives in the free form are 
practically exhausted, oxidation products precipitate, causing engine wear.
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During operation in engines, petroleum oils come into contact with metals. They 
are exposed to various environmental factors: temperature, pressure, electric field, 
light and other factors, under the influence of which the properties of the oil change 
over time: oxidation, polymerization, condensation of hydrocarbons, carbonization 
(incomplete combustion), contamination with mechanical impurities and waterlog-
ging. As a result, asphalt-resinous compounds, colloidal particles, coke and soot, 
various salts, acids, metal shavings and dust, fibrous substances and water accumu-
late in the oil. This whole complex process of changing the physical and chemical 
properties of the oil is called it’s aging [5]. 

Used oil submitted for regeneration must be pre-analyzed (using standard 
methods) under the defined norms according to its classification. 

The analysis of operating conditions determined the most typical pollution: 

• water is dissolved or in the form of an emulsion; 
• products of thermal decomposition; 
• primary and secondary oxidation products; 
• mechanical impurities; 
• dilution of oil with fuel. 

Water penetrates the oil from the environment, from fuel combustion products, 
or due to leaks in the seals of the engine cooling channels. It is found in oil in a 
dissolved state and the form of emulsions; depending on temperature conditions, 
water can partially change from one state to another. 

As a result of oil contact with heated engine parts, thermal decomposition 
(cracking) takes place, resulting in the formation of volatile and heavy products. In 
addition, oils are subject to significant local overheating and sometimes partially burn. 
Some metals (copper, zinc and others), which have a catalytic effect, significantly 
reduce the decomposition of hydrocarbons. 

Diluting the oil with fuel causes a decrease in the viscosity of the working oil and 
the need to use oil with a sufficient reserve of viscosity. The content in gasoline oil is 
permissible within the limits of up to 10%, and in aviation oils—up to 3%. Depending 
on the fuel content, the flash point changes: the higher the flash point, the longer 
the oil retains its initial properties. Therefore, for the process of oil regeneration 
at modern installations, the combustible components that dilute the oil are almost 
entirely removed. The stage of fuel distillation is especially relevant for motor oils. 
Separation is possible by both one-time and gradual evaporation, and watered oils are 
regenerated according to the method, which consists in restoring the initial properties 
and qualities and obtaining the base oil. It is possible to prepare special technical 
conditions for permissible deviations of quality indicators for regenerated oils [6]. 

The presence of additives is primarily reflected in the methods of spent engine 
oils regeneration. Detergent additives, after short-term use of oil in the engine, cause 
it to darken due to the fact that they disperse, forming impurities in the oil that settle 
on the surfaces of the parts. Used motor oils drained from engines are practically 
not cleaned in sumps even for a long time at a temperature of 80 °C. Therefore, such 
used oils are classified as “non-filterable” and are difficult to regenerate.
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2 Measuring Errors in Distribution of Integrated Heat 
Flux in the Thermal Conductivity Study 

Methods of Disposal of Spent Engine Oils 

The rational and economical use of lubricants and the problem of environmental 
protection provided for the secondary use of spent engine oils. 

The main methods of rational disposal are as follows: 

• combustion to obtain an additional source of energy; 
• use for various technological needs; 
• carrying out thermal decomposition, as a result of which light fractions are 

obtained—components of gasoline and diesel fuel, as well as bituminous materials 
used for arranging road surfaces; 

• cleaning, regeneration and recycling. 

One of the most promising ways of disposal of spent engine oils is their regener-
ation for reuse. Oil regeneration is an economically justified technology that allows 
reducing the ecological burden on the environment due to the reduction of the amount 
of oil that needs to be disposed of. From an economic and environmental point of 
view, the regeneration of oil is a more promising method than the utilization of oils 
by thermal decomposition. The regeneration process allows you to save valuable 
oil raw materials for obtaining oils, and the negative impact of the process on the 
environment is less than in the case of thermal cracking [7]. 

We will highlight two main areas of regeneration: 

– restoration of original properties and qualities; 
– production of base oils. 

The first direction provides for the restoration of indicators to the established 
(standard), and it is possible to prepare special technical conditions for permissible 
deviations of quality indicators for regenerated oils. The second option is reduced to 
cleaning from impurities by removing additives. 

Regeneration methods can be divided into the following groups [8]: 

• Physical methods: settling, filtering, fuel distillation, rectification, washing with 
water; 

• Physical and chemical methods: coagulation, adsorption. Using coagulants 
contributes to the increase and precipitation of asphalt-resinous substances, 
which are in the oil in a dispersed state, close to colloid. Adsorption cleaning 
methods are based on the ability of selective absorption of organic and inorganic 
substances found in petroleum. This method can remove asphalt-resinous and 
acidic substances, emulsified and dissolved water from the oil;
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• chemical methods: sulfuric acid cleaning, alkaline cleaning. The use of this 
method allows you to clean the oil from asphalt-resinous, acidic, and some hetero-
genic substances, as well as from water, but at the same time, waste is formed that 
isn’t easy to dispose of; 

• combined methods. 

Among the industrial methods of secondary processing, the following main forms 
of oil purification from products obtained during operation should be highlighted: 

– vitriolic; 
– adsorption; 
– hydro cleaning; 
– extractive; 
– thin film evaporation; 
– “PROP”—using a chemical method with demetallization of used oils; 
– “Recycled”—use of dispersed metallic sodium. 

In most countries, it is recognized as the most reasonable to collect used oils 
separately by brand, which ensures more qualified regeneration and processing with 
the production of high-quality products and less waste. The first place in the world 
regarding the number of installations and the volume of purification of raw materials 
belongs to the sulfuric acid method. If the world volume of secondary processing 
of used oils exceeds 1.5 million tons/year, then sulfuric acid treatment accounts for 
1.2–1.3 million tons/year [8, 9]. 

The world volume of spent engine oils processing using sulfuric acid is about 80%. 
The disadvantage of this method is the formation of the most dangerous waste— 
acid tars, which are not subject to further use in the production sphere. Thus its 
accumulation creates an ecological threat to the environment. 

The main methods of this type of regeneration are: 

– acid contact cleaning; 
– acid-contact cleaning with atmospheric-vacuum distillation; 
– the “French Institute of Petroleum” (IFP) process; 
– process of “Mattus/Garap” firms (France); 
– operation with the stage of heat treatment of raw materials; 
– process of the company “Meinken” (Germany). 

The second place in the volume of industrial applications is occupied by processes 
using adsorption cleaning [9]. US companies most often use this technology. Distil-
lation of water and fuel fractions is envisaged, followed by contact method cleaning. 
Activated clays are often used as sorbents since their raw material base in the USA 
is large enough. 

Alternatives to adsorption purification are hydrogenation processes, but in this 
case, sorbents are necessary to protect hydro-purification catalysts from premature 
poisoning by tarry compounds and heavy metals. The hydrotreating process is the 
separation of molecules of unwanted sulphur-, nitrogen-, acid- and metal-containing 
radicals from hydrocarbons and the addition of atomic hydrogen in their place, which
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takes place at temperatures of 380–400 °C and pressure of 50–70 kg/cm2 in the 
presence of aluminium-cobalt catalysts. This is a relatively complex and dangerous 
production process, requiring a high level of training, appropriate qualifications and 
education for service personnel [10]. 

Thin-film evaporation is a reasonably good process for the secondary purification 
of oils. The most common rotary thin-film evaporators are Luwa (Switzerland) and 
Enviroupur (USA). These devices allow you to distil up to 90% of used oil with 
minimal energy consumption. Ageing products (up to 10%) turn into bitumen, later 
used as a roofing or road material for construction [11]. 

Therefore, analyzing the existing methods at present, it is difficult to unambigu-
ously choose the optimal and effective way of secondary processing since each has 
both advantages and disadvantages. Therefore, in each specific case, it is necessary 
to investigate the types of pollution, and their amount, and analyze the most effective 
and newest cleaning methods for these pollutants. 

Statistical reporting, which existed until 1998 in Ukraine (was cancelled), allowed 
us to assess the main directions of the use of spent engine oils as follows: most of 
it, namely up to 30%, was regenerated at large enterprises with the aim of their 
further recycling, up to 15% was burned there as a boiler or furnace fuel, and other 
enterprises used 55%. 

Physical–Chemical Properties of Used Oil 

Depending on the intended purpose, three groups of used oils are established: used 
motor oils, used industrial lubricants, and mixed petroleum products [7]. 

The most important properties and qualitative characteristics of oils are viscosity, 
density, flash point, freezing point, ash content, presence of water, presence of 
mechanical impurities, and coking are presented in Table 1. 

Table 1 Requirements for used motor oils submitted for regeneration 

No Indicators Norm 

1 Conditional viscosity at 20 °C, p Above 40 

2 Kinematic viscosity at 50 °C, mm2/s (CST) Above 35 

3 The flash point, which is determined in an open crucible, °C, is not lower 100 

4 The mass fraction of mechanical impurities, %, no more 1 

5 Mass fraction of water, %, no more 2 

6 The content of impurities Missing 

7 Solidification temperature of fractions, which boil above 340 °C, °C, not higher −10 

8 Density at 20 °C, kg/m3, no more 905
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Determination of density 

The density was determined by the pycnometric method according to the method 
described in common standard formula determined the density of the studied 
petroleum product: 

ρ = 
m3 − m1 

m 
(1) 

where: m3—mass of the pycnometer with oil product in g; m1—the mass of the 
empty pycnometer in g; m—water number of the pycnometer in g. 

The difference between parallel experiments did not exceed 0.0004. 

Study of the viscosity of the spent engine oils emulsion 

The viscosity of oil products can be influenced by two factors—temperature and 
the addition of a substance that is mutually soluble with the dispersion medium and 
has a lower viscosity. However, it turned out to be impossible to directly measure 
the kinematic viscosity of the spent engine oils emulsion since the product is highly 
dispersed, and even under conditions of dilution with solvents and high temperatures, 
none of the level marks was visible in the viscometers used to measure the viscosity. 
Therefore, it was decided to measure the relative viscosity for the studied mixtures, 
and according to the formula for converting the conditional viscosity into kinematic 
viscosity, there is a dependence, which is expressed as a dependence of V t = 7.41 · 
BVt , we will calculate the kinematic viscosity (Fig. 1). 

The method of determining the toxicity of oil 

We burn the porcelain crucible for 2 h and cool it for 1 h in a desiccator, after which 
we weigh it with an error of no more than 0.0002 g. we place it in the outer one, 
on the bottom of which sand is poured. We cover both steel crucibles with lids. In

Fig. 1 Dependence of conditional and kinematic viscosity of petroleum products on temperature 
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the outer crucible, the top should not be tightly closed to ensure easy evaporation 
of steam. We put the entire system of crucibles inside the muffle. We put the whole 
device under the hood. 

We put a burner under the bottom of the crucible and heat it for 13 min until smoke 
appears. The burning period is complete when no blue smoke is visible above the 
cap. Roast the crucible for another 7 min. Then set aside and cool for 20–40 min in a 
desiccator. We weigh the crucible with the experimental oil to the nearest 0.0002 g. 

Coxivity (Cox) in percent, calculated by the formula: 

Cox  = 
Gk × 100 

G 
, (2) 

where Gk—mass of coke, g; G—weight of the crucible with oil, g. 

Methodology for determination of ash content 

A de-ashed paper filter is placed in a crucible, brought to a constant mass and weighed 
with an accuracy of 0.01 g. We weigh 25 g of the tested oil and pour it into the crucible. 
Then the weight is melted. The second filter, twisted in the form of a cone, is lowered 
with the base of the cone into the oil, covering its surface. We use a paper filter as a 
wick during oil burning. 

We place the crucible on the electric stove, and next to it, we place the second 
crucible with dehydrated oil, in which a thermometer is immersed to control the 
temperature of the oil. We heat it to a temperature of 100–120 oC and hold it for a 
few minutes until the foam disappears. When the paper filter is saturated with oil, 
it is ignited, and the burning is observed until a carbon residue is formed. Next, the 
crucible is transferred to a muffle and calcined at a temperature of 650 oC for  2 h,  
then to a constant mass. 

The formula calculates the ash content (Ac) in percent: 

AC = 
G1 − G2 − G3 

G
× 100, (3) 

where G1—mass of the crucible with ash, g; G2—mass of the crucible, g; G3—mass 
of ash of paper filters, g; G—mass of the tested oil, g. 

Determination of the content of mechanical impurities 

A smooth paper ashless filter of the “Red Ribbon” brand with a diameter of 10– 
11 mm was placed in a weighing glass and dried to a constant weight in a thermostat 
at a temperature of 105–110 °C. 

The lid of the glass was half open during the drying process. The filter, dried and 
cooled in a desiccator, was weighed together with a weighing glass with a closed lid 
on an analytical balance with an accuracy of 0.0002 g. 

Drying and weighing were carried out until the difference between two consec-
utive weightings was no more than 0.0004 g. Repeated drying was carried out for 
30 min.
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Filters for analyses in which alcohol is used as a solvent were pre-treated in a 
filter funnel with 50 ml of hot alcohol. 

The sample of the studied petroleum product was thoroughly mixed for 5 min and 
weighed into a tall beaker with a spout or a conical flask with a wide neck with a 
capacity of 500–800 ml on technical and chemical scales (with an accuracy of 0.1 g) 
100 g of the product if its viscosity is 100 °C did not exceed 20 cSt, and 25 g for 
higher viscosity. 

For the determination of mechanical impurities, toluene was used as a solvent, 
which is used for further washing. An alcohol-toluene mixture (1:4) was used to 
form a precipitate insoluble in toluene. 

The mixture of the product and the solvent was thoroughly mixed and filtered. 
To determine the content of mechanical impurities in slowly filtered products, the 
solution was filtered under a vacuum. 

If the studied product contained water, which made filtering difficult, then after 
dissolving the sample, the solution was allowed to stand for 20–30 min, after which it 
was filtered, carefully draining it. Settled water with residual toluene was diluted with 
6–10 times the alcohol-ether mixture (4:1) passed through a filter. The residue in the 
flask was washed onto the filter with an alcohol-ether mixture. The filter was washed 
with the same mixture and hot toluene. After washing, the filter in a similar weighing 
glass was dried in a thermostat with a temperature of 105–10 °C to a constant mass. 
Before each weighing, the beaker with the filter was cooled in a desiccator to room 
temperature and tightly covered with a lid. The weighing accuracy was 0.0002 g. 

The mass of the bux expressed the mass content of mechanical impurities in 100 g 
of the studied product. If the weight of the oil was less than or more than 100 g, the 
percentage of impurities Im was calculated according to the formula: 

Im = 100 
a 

A 
, (4) 

where a—mass of mechanical impurities, g; A—weight of the product, g. 
The content of mechanical impurities was determined as the arithmetic mean of 

the results of two parallel experiments. 

Determination of water content in oil emulsion 

There are many methods for determining the content of the dispersion phase in 
emulsions. However, the most straightforward and sufficiently accurate is the Dean-
Stark method, which was used in the dissertation research; its essence consists of the 
simultaneous distillation of oil from a weight of water and a solvent. Straight-run 
gasoline (TU 38.401-67-108-92) is used as a solvent. 

The water content in the spent engine oils was calculated according to the formula: 

W = 
V · ρ ̈a 

C 
· 100 (5)



Adsorption of Oil Products by Natural Sorbents 147

Table 2 Physico-chemical properties of used oil 

No Indicators Value 

1 Conditional viscosity at 20 °C, p 13 

2 Density at 20 °C, kg/m3, no more 925 

3 Kinematic viscosity at 50 °C, mm2/s (CST) 22 

4 Ash content, % 0.29 

5 The mass fraction of mechanical impurities, %, no more 2.7 

6 Mass fraction of water, %, 15.6 

7 Colour on the CNT colourimeter, CNT units, no more 6.0 

where W—water content, mass %; V—volume of water in the catcher, ml; ρä— 
density of dispersed phase, g/ml; C—weight of oil taken for determination, g. 

We have established that due to non-compliance with the conditions of collection, 
storage and transportation of spent engine oils, its quality indicators do not meet the 
established standards of Ukraine, namely GOST 21,046-86. Since the water content 
exceeds the normalised indicators, it was impossible to research such indicators as 
the solidification temperature and flash point. The Table 2 shows the indicators of 
the studied spent engine oils. According to the given physicochemical properties, the 
spent engine oils studied by us does not meet the standard indicators; the mass fraction 
of water is 15.6%, the content of mechanical impurities is 2.7%, and the density and 
ash content exceeds the collection norm. Therefore, it is almost impossible to choose 
a method of regeneration of the spent engine oils according to known methods. 

Development of a Set of Measures for the Introduction 
of the Spent Engine Oils Collection System 

The conducted environmental protection calculation showed that if only 10% of all 
spent engine oils, annually formed in Ukraine, get into the soil and pollute 100 ha of 
land with these spent engine oils, the environment will be damaged, the compensation 
of which requires UAH 5.8 million. 

To reduce the damage caused to the environment by a large amount of used oils, 
it is necessary to dispose of them, but currently, there is no plant or factory for the 
disposal of oils in Ukraine. This measure can ensure the annual production of about 
500,000 tons of the target product and significantly reduce emissions of harmful 
substances into the environment. 

Environmentally friendly processes of processing used lubricants must also be 
economically profitable, which is connected with many factors, including the cost of 
raw materials and measures of state support (subsidies and subsidies), since ensuring 
the ecological safety of the environment is a social problem that must be solved at 
the state level.
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To ensure the functioning of an effective system of protection of the natural 
environment from spent engine oils, it is necessary to solve three tasks [1, 2]: 

• Create an effective spent engine oils classification and collection system. 
• To develop a complex technology for the purification of spent engine oils, which 

would consider wide fluctuations in the concentrations of spent engine oils 
pollutants (water content varies from 0.8 to 20%). 

• Create many installations that would provide the necessary processing volume of 
the collected spent engine oils. 

A significant part of these dissertation studies [8] is devoted to developing a 
complex technology that would allow the processing of spent engine oils with 
different water content and various pollutants. 

The first priority should still be the introduction of the spent engine oils collection 
system. And the collected valuable raw materials, provided there are no processing 
facilities, can be initially sold to foreign countries, where these production facilities 
function successfully and many of which are not working at full capacity. Since such 
activity is economically beneficial, many Ukrainian spent engine oils processors 
will appear in a short time. Then it is necessary to take many legislative measures 
to protect the domestic producer, which will allow the organising a system of spent 
engine oils processing in Ukraine. 

It should be noted that despite the presence of a perfect legislative framework 
in Ukraine, which allows for establishing the functioning of the spent engine oils 
collection system, there are no legally approved norms for the collection of spent 
engine oils. Therefore, there is no fundamental primary accounting of spent engine 
oils by regional environmental protection departments. Development and approval 
of such standards is the first necessary measure. 

The second necessary measure is creating a permit system for handling spent 
engine oils as hazardous waste. In our opinion, every enterprise that will receive 
more than 100 L of spent engine oils per year should be registered with the regional 
Department of Environmental Protection as a producer of highly toxic waste and 
obtain a permit for handling this waste (a similar mechanism is adopted in most 
European countries). 

The third necessary measure is the creation of a system of economic stimulation 
of activity in the field of collecting spent engine oils. A fee should be established for 
the removal and identification of spent engine oils, which should be collected from 
the organisation of the storage of spent engine oils. 

The fourth necessary measure is the creation and operation of a system of fines 
for violating the norms of handling spent engine oils as hazardous waste and wide 
publicity in the mass media of examples of the application of this system to specific 
violators.
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3 Patterns of Adsorption Processes on Synthesized 
Sorbents Based on TPP Fly Ash. Characteristics 
of Synthetic Zeolite Based on Fly Ash of the Dobrotvirska 
Heat Power Plant 

The surface morphology and chemical composition of the obtained samples were 
studied by electron microscopic analysis according to the method presented in Sect. 2. 
The diameter of the electron beam was 1 µm, and the acceleration potential was 15 kV. 
The elemental analysis of the zeolite surface was performed for different sections 
of samples with an area of 100 µm2 [11] by scanning with an electronic probe. 
Data on the chemical composition of the synthesized samples were derived from 
the averaged results. The adsorbents obtained by the method of sintering (fusing) 
TPP fly ash with sodium hydroxide and the hydrothermal method according to the 
methodology presented in Sect. 2 contained zeolites X, Na-P1 and fayalite in the 
crystal structure. 

The image of the surface of the particles of the original material (ash) and the 
synthesized zeolites is presented in Fig. 2. The images were obtained using a scanning 
electron microscope in the secondary electron mode, which ensures the appropriate 
resolution and informativeness of the results. 

Points marked with numbers corresponding to spectrum numbers. The mass 
fractions of samples (Fig. 2) are given in the Table 3.

The spectrumn presented at Fig. 3 shows the presence of iron and manganese 
atoms in the sample, which allows these samples to be used for catalysis.

The chemical composition of this sample (Fig. 4) is typical for zeolites. It contains 
a significant amount of aluminium, which is typical for ion exchangers.

The spectruun presented at Fig. 5 shows the lack of calcium athoms atoms in the 
sample.

In Fig. 6, carbon atoms were identified. The chemical composition of the zeolite at 
this point provides for the possibility of ion exchange due to the presence of sodium

Fig. 2 Image of the surface 
of the synthesised samples 
obtained using SEM 
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Table 3 Mass fractions of components, mass % 

Spectrum 
No 

C O Na Mg Al Si P S K Mn Fe 

1 27.8 34.3 1.06 4.20 1.54 0.95 29.7 

2 38.6 39.7 0.43 0.33 7.55 10.4 0.05 0.12 1.35 1.63 

3 35.5 43.0 0.53 0.31 6.86 9.77 1.50 2.02 

4 88.2 9.63 0.15 0.11 0.27 0.30 0.42 0.35 

5 99.8 0.19 

6 95.6 3.79 0.08 0.10 0.13 0.15

Fig. 3 The spectrum of the sample (Fig. 2) at point 1

Fig. 4 The spectrum of the sample (Fig. 2) at point 2
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Fig. 5 The spectrum of the sample (Fig. 2) at point 3

and magnesium atoms and the adsorption of non-polar substances due to the presence 
of carbon atoms in the zeolite structure. 

In Fig. 7, sulfur and carbon atoms are identified. This is explained by the inho-
mogeneity of the ash composition, which is a product of burning hard coal, and 
unburned particles can be found in it. Carbon atoms make it possible to adsorb such 
non-polar substances as petroleum products.

In Fig. 8. we can observe a high concentration of carbon atoms and trace concen-
trations of aluminium, magnesium, silicon, sulphur and calcium atoms, presumably 
in the form of oxides.

The data of Figs. 3, 4, 5, 6, 7 and 8 regarding the chemical composition of the 
synthesized zeolites are presented in the Table 4. As can be seen from the results, 
the chemical composition of the zeolite differs in the studied points, which can be 
explained by the heterogeneous chemical composition of fly ash, which is the raw 
material for this zeolite. However, the acceptable aluminium content in the studied

Fig. 6 The spectrum of the sample (Fig. 2) at point 4 
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Fig. 7 The spectrum of the sample (Fig. 2) at point 5

Fig. 8 The spectrum of the sample (Fig. 2) at point 6

samples should be noted. The ratio of aluminium to silicon was from 5:3 to 2:3 
against the recommended 1:4. 

Table 4 Concentration of atoms, at, % 

Spectrum 
no 

C O Na Mg Al Si P S K Fe 

1 43.91 40.69 – 0.83 2.95 1.04 – – – 10.09 

2 49.44 38.79 0.29 0.21 4.37 5.58 0.02 0.06 0.54 0.45 

3 46.44 42.23 0.36 0.20 3.99 5.46 – – 0.60 0.57 

4 91.67 7.51 0.08 0.06 0.12 0.13 – 0.16 – 0.08 

5 99.93 – – – – – – 0.07 – – 

6 96.90 2.88 – 0.04 0.04 0.06 – 0.06 – –
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The obtained synthetic adsorbent proved to be an effective sorbent for organic 
and inorganic substances. 

Static activity a* belongs to one of the essential characteristics of adsorbents. It 
is represented by the adsorption isotherm and is a function of the concentration C or 
the partial pressure of the component in the gas mixture P: 

a∗ = f (C, P). (6) 

Taking into account the different mechanisms of adsorption and, accordingly, 
other forms of isotherms, various mathematical models of isotherms have been 
proposed [12]. 

Sorption of Petroleum Products on Synthesised Zeolites 

Synthetic zeolites based on TPP fly ash contain carbon in their composition. This 
makes it possible to use them for the adsorption of organic compounds, particularly 
oil products. 

The sorption isotherm of diesel fuel with ash modified by the sintering method is 
typical for microporous sorbents, and the sorption isotherm for ash modified by the 
hydrothermal method is specific for mesoporous sorbents (Fig. 9). According to the 
Giles classification [1, 13], these isotherms belong to the L-type. 

For example, isotherms of diesel fuel adsorption on synthesised sorbents, the basis 
of which is fly ash (Fig. 9), which can be described by the Langmuir isotherm and the 
Freundlich isotherm [14]. Sorption isotherms from Fig. 9 for fly ash, ash modified by

Fig. 9 Sorption isotherms of diesel fuel by modified sorbents 
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Fig. 10 Linearized Langmuir isotherm for the adsorption of diesel fuel by synthesised zeolites 
based on fly ash  

the sintering method and the hydrothermal method [15], processed by the Langmuir 
model, are presented in Fig. 10. 

Langmuir isotherm for ash: 

a∗ = 24.5 
0.007C 

1 + 0.007C 
. (7) 

Langmuir isotherm for ash modified by the hydrothermal method: 

a∗ = 312.5 
6.84 · 10−4C 

1 + 6.84 · 10−4C 
. (8) 

Langmuir isotherm for ash modified by the sintering method: 

a∗ = 116.28 
0.0056C 

1 + 0.0056C 
. (9) 

Sorption isotherms for fly ash, ash modified by the sintering method and the 
hydrothermal method (Fig. 9), processed by the Freundlich model, are presented in 
Fig. 11.

The graphical dependence according to Fig. 11 can be represented by the following 
equations: 

Freundlich isotherm for ash: 

a∗ = 5.67C1/0.9 . (10)
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Fig. 11 Linearized Freundlich isotherm for the adsorption of diesel fuel by synthesised fly ash-
based zeolites

Freundlich isotherm for ash modified by the hydrothermal method: 

a∗ = 4.68C1/0.99 . (11) 

Freundlich isotherm for ash modified by the sintering method: 

a∗ = 1.53C1/0.96 . (12) 

The value of the correlation coefficients indicates that in the given range of 
concentrations, both isotherms describe the adsorption statics well. 

The use of zeolites for adsorption made it possible to establish that not only 
physical adsorption takes place but also ion exchange because the structure of the 
zeolite contains Na+, K+, Ca2+, Mg2+ ions, which are able to exchange for cations 
that are in solution (e.g., heavy metal ions). 

Technological Aspects of Regeneration of Used MOTOR Oils 
and Their Application 

Based on the data analysis of the conducted experiments, we have proposed a block 
diagram of the complex process of spent engine oils regeneration, which allows you 
to implement renewal for spent engine oils with different initial water content, as 
well as under the conditions of the range of additives. Complex treatment of spent 
engine oils includes the selection and processing of all waste or environmentally 
hazardous substances that are recommended for use in other industries.
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The scheme proposed by us includes the following stages: 

1. coagulation; 
2. adsorption cleaning; 
3. advocacy; 
4. centrifugation; 
5. fuel diversion. 

For the coagulation process, we use the most effective demulsifier Sot for this oil. 
The solvent is used to reduce the viscosity of spent engine oils, as well as to reduce 
the heating temperature, which significantly speeds up the dehydration process and 
also reduces energy costs. 

The first stage of purification includes: coagulation, centrifugation and settling. 
As a result, we will get a purified spent engine oils with a water content of 0.8%. The 
second stage of regeneration includes adsorptive cleaning, where the spent engine oils 
is simultaneously purified from water up to 0.1%, as well as mechanical impurities, 
resins and asphaltenes. 

The stage of adsorption purification is mandatory for the regeneration of all types 
of spent engine oils. The use of adsorption purification is proposed to increase the 
yield of high-quality oil, and from the point of view of ecology, the purity of the 
process. 

For spent engine oils with a water content of 0.8%, regeneration begins with 
the second stage, which includes adsorption cleaning, where water is removed and 
cleaned from asphaltenes and, resins, mechanical impurities. The spent engine oils 
centrifugation process includes cleaning from mechanical impurities that got into 
them during operation, as well as from the adsorbent, which is still in the spent 
engine oils at this time. The residual amount of water adsorbed on bentonite and 
mechanical impurities is also removed. 

After centrifugation, the spent sorbent separated from the spent engine oils is sent 
for disposal. At the final stage of the regeneration process, we use the distillation 
of fuel fractions. The rectification column provides for the distillation of fuel from 
regenerated motor oil: in this case, we obtain a gasoline fraction that boils in the range 
of 50–215 °C and a diesel fraction at a temperature of 180–350 °C. This method 
makes it possible to obtain a better quality of regenerated oil. So, using the block 
diagram proposed, we will get regenerated oil for which the technical requirements 
of TU U 23.2-22340203-044:2011 have been developed. As a result of the conducted 
experimental studies on used motor oil, taking into account the proposed complex 
technological scheme, the following parameters of regenerated oil were obtained, 
which are presented in Table 5.
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Table 5 Parameters of regenerated oil 

No Name Indicators 

1 Density at 20 °C, kg/m3, no more 900 

2 Kinematic viscosity at 40 °C, mm2/s 
Kinematic viscosity at 100 °C, mm2/s 

36.06 
5.6 

3 The flash point is determined in an open crucible, not lower than °C 180 

4 Colour on the CNT colourimeter, CNT units, no more 3 

5 Mass fraction of water, %, no more 0.1 

6 Viscosity index 90 

7 Acid number, mg of KOH per 1 g, no more 0.05 

8 Ash content, mass % 0.05 

9 Optical density 0.24 

10 The mass fraction of mechanical impurities, %, no more 0.009 

4 Conclusions 

A complex of legal, organisational and technological measures has been developed 
to prevent pollution of the natural environment by using motor oils. The estimated 
damage caused to the environment under conditions of 10% of all spent engine oilss 
that are annually formed in Ukraine enters the soil. The pollution of 100 ha of land 
and the environment by these spent engine oilss causes damage, which requires 5.8 
million hryvnias for compensation. A complex of organisational measures for the 
collection of spent engine oils has been developed. The results of experimental studies 
of the statics of oil product adsorption by zeolite are presented, and their adsorption 
capacity is established. The process of static patterns of sorption on a synthesised 
sorbent based on fly ash, which is formed during the burning of hard coal at thermal 
power stations, was studied. The sorption isotherms for the hydrothermal and thermal 
modification methods were determined. A complex technology for the regeneration 
of fuel oil has been developed, which includes the stages of dehydration, adsorption 
purification, centrifugation and distillation of fuel and allows the regeneration of fuel 
oil with different initial water content. The regenerated crude, according to the studied 
parameters, can be reused in machines and mechanisms of industrial equipment as 
a component of base oil for the manufacture of motor and industrial oils. 
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Removal of Contaminants 
from an Aqueous Solution by a Magnetic 
Field Using the Effect of Focusing Ionic 
Impurities 

Oleh Terentiev , Anatoliy Kryuchkov , Mykola Sergienko , 
Viktor Rozen , and Artur Jaworski 

1 Introduction 

The relevance of the problem of water purification is noted in the UN materials “Man-
agement of water resources in conditions of uncertainty and risk”. As a result, the 
High Level Panel on Water (HLPW) was convened in April 2016 to ensure availability 
and sustainable water consumption for all countries. In relation to Ukraine, the rele-
vance is confirmed by the Law of Ukraine “On the Nationwide Program” “Drinking 
Water of Ukraine for 2016–2030” dated March 3, 2015 No. 2455-IV. Water shortage 
is associated with population growth and rapid urbanization of human activities. 
Therefore, water purification and processing was, is and will be an urgent problem 
all over the world. 

The use of traditional chemical and mechanical methods is associated with the 
use of expensive reagents and complex equipment, moreover, they are not always 
effective and safe. Therefore, more and more emphasis is placed on physical cleaning 
methods. 

Physical methods of water purification are more effective and cheaper. Water 
purification by physical methods is carried out by external force fields, without
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adding chemicals to the working volume. Therefore, such studies should be consid-
ered relevant, aimed at further improvement and development of water reuse tech-
nology. However, in this direction of research, the conditions for the influence of the 
electromagnetic field on the impurities contaminating the liquid are insufficiently 
substantiated. 

2 Analysis of Literary Studies and Statement 
of the Problem 

In work [1], a review and analysis of wastewater disinfection was carried out. Known 
methods of wastewater disinfection, such as combining with domestic wastewater, 
recycling, aerobic and anaerobic processes have both advantages and disadvantages. 
Disadvantages include frequent cleaning of the filters themselves, and the need 
to have a reserve of special reagents for their restoration, coagulation, formation 
of lumps, chemical precipitation, adsorption, dismantling of ammonium, chemical 
oxidation, ion exchange. The advantages include the simplicity of the design, the 
availability of replaceable filters that can be quickly replaced, and the formation of 
sediment on the filter elements, and not on the working surfaces of the device. Modern 
technologies: membrane filtration, microfiltration, ultrafiltration, nanofiltration and 
reverse osmosis are science-intensive and expensive. 

Research has established that the mentioned possibilities of increasing the effi-
ciency of membrane methods by electromagnetic influences on impurities are 
becoming more and more widespread. In works [2–10], the effect of electromag-
netic field (EMF) on the control of membrane fouling and scale formation is studied. 
Due to the installation of reverse osmosis (RO reverse osmosis), desalination of 
brackish groundwater was achieved. EMF reduced membrane scaling and improved 
RO performance by 38.3%. Despite all the advantages of reverse osmosis instal-
lations, they also have disadvantages—the structural complexity of manufacturing 
filter elements with nano-sized cells, high cost, etc. 

Scale and biofouling are two main problems in the operation of reverse osmosis 
(RO) membranes [11]. This is a fairly new technology. From literature it is clear 
that the scientific basis of its supposed effectiveness has not yet been established. 
Systematic scientific research is needed to confirm the application and commercial-
ization of EMF technologies. The application of EMF is a pretreatment for fouling 
control in RO membrane systems. 

The investigated [11] determined the quantitative value of the electrical properties 
of RO membranes during the processes of pollution and cleaning using electrical 
impedance spectroscopy. “Process condition” monitoring is particularly useful for 
pollution control in the RO industry. Monitoring of the fouling process of single 
and binary pollutants on the RO membrane was carried out. Different forms of the 
Nyquist graph were obtained for different types of pollution. However, it should be 
noted that this paper does not provide quantitative values of the electrical properties
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of RO membranes. The growth of a layer of pollution on the surface of the membrane 
is also considered a disadvantage. 

Ultrasonic treatment was introduced into the membrane distillation process [12, 
13] and the effect of ultrasonic irradiation on the control of silica fouling was inves-
tigated. A hollow fiber membrane can retain its mechanical properties and initial 
pore size distribution in the presence of ultrasonic irradiation. The disadvantage 
is that increasing the concentration factor had almost no effect on the liquid flow. 
A large amount of silica settled on the surface of the membrane. To overcome this 
problem in operation, the surface of the membrane should be kept clean. Under ultra-
sonic irradiation, the permeate flow remained stable and increased by approximately 
43%. Ultrasonic irradiation can effectively control silica fouling during membrane 
distillation. 

Good results were achieved when using water purification with direct and reverse 
osmosis [14]. Engineers of the University of California in Riverside (USA) have 
developed a new method of restoring drinking water from highly concentrated salt 
solutions with almost 100% yield. In the work, considerable attention is paid to the 
modes of recovery of drinking water from highly concentrated salt solutions. It is 
not entirely clear how and under what conditions almost 100% yield was achieved. 
In our opinion, additional research in this direction is necessary. 

Modern studies [3] are focused on a review of the rapid growth in the use of 
magnetized water in various fields of science. The work illuminates the circulation 
of water for 24 h. in electromagnetic fields of intensity 500, 1000, 1500 and 2000 G. 
The advantages of magnetization and the use of magnetized water are the improve-
ment of the geotechnical properties of the soil due to the precipitation of calcite. 
It increases the bond between soil particles and subsequently the strength of the 
soil. But improving the geotechnical properties of the soil due to the precipitation of 
calcite is not always beneficial for the natural environment. 

The operation of vacuum-plasma and power electronics devices is based on the 
use of electromagnetic control of the shape and direction of the electron flow of 
charges [4]. The magnetic field in induction devices is created using HF inductors. 
This technology improves the vaporization of materials with subsequent ionization. 

In the study [5], the efficiency of CaCO3 crystallization caused by a different 
combination of treatment with an alternating electromagnetic field (AEMF alter-
nating electromagnetic field) and ultrasonic (ultrasonic (US) treatment). 

The disadvantage is that the results improve only with the correct addition of Mg2+ 

ions. A combination with AEMF+US or US+AEMF can significantly improve the 
physical effectiveness of anti-scaling. But the work does not define the concept of 
correct addition of Mg2+ ions. This can cause difficulties associated with the choice 
of modes of operation of the alternating electromagnetic field and processing of the 
flow with ultrasound. 

Experiments conducted in order to assess the impact of sediment before and after 
treatment of the working surfaces of the equipment with an electromagnetic field 
were conducted in work [6]. The scale of the brine consisted mainly of calcium 
bicarbonate ions. The reported results were obtained using a Dynamic Scale Loop 
system with brine exposed to a magnetic field generated by a 6480 Gauss class N45SH
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magnet in a diametrical orientation for 2.5 s. The disadvantage of such a solution 
is the complexity of managing the magnetic treatment of the working surface. This 
circumstance is related to the fact that the scale of brine is not placed evenly on the 
work surface. This significantly changes the stability and uniformity of the treatment 
of the working surfaces of the equipment by the electromagnetic field. 

Various methods are used for water purification, such as ultraviolet irradiation, 
heat treatment, addition of disinfectants, such as chlorine, etc. Using these methods 
of water purification reduces turbidity, improves taste and removes microbes. Studies 
[7] evaluated water purification using Phyllanthus embolic wood. As a result, color, 
aroma, turbidity, conductivity, solids, alkalinity, calcium, iron, chloride and nitrate 
levels are increased in the test container. The following were reduced: pH, total 
hardness, sulfate and magnesium levels. The level of Escherichia coli, total coliforms 
and fecal coliforms was reduced. Despite the practical significance of such results, 
water purification using Phyllanthus embolic wood is not sufficiently considered in 
the paper. 

The study [8] provides information on the positive aspects of magnetism and 
magnetic materials for water purification. These cleaning methods can ensure that 
the water complies with the standards. Magnetic separation is one of these cleaning 
methods. It is used in the mining and oil industry. It provides not only water purifi-
cation, but also cleaning of pipes from the sticking of impurities on the inner wall. 
Under the influence of a magnetic field, the energy of the ion state of impurities in 
the liquid increases. This leads to the ionization of impurities, which increases the 
efficiency of the electromagnetic system. Due to the difference in the concentration 
of cations and anions in the liquid, electric fields arise, caused by the electric charge 
of the total volume of ions. The effect of the magnetic field on the liquid affects the 
trajectory of the charged particle. Overcoming the problem of managing the trajec-
tory of particle movement is associated with the difficulty of determining the neces-
sary factors for optimal indicators of the cleaning process. In [9], a new membrane 
electrocoagulation reactor (electrocoagulation membrane reactor ECMR) is given, 
in which ultrafiltration (UF) membrane modules are placed between the electrodes. 
Its use improves the quality of wastewater and reduces membrane fouling. Higher 
current density and slightly acidic pH in EMCR promoted faster formation of large 
follicles. The disadvantage is structural complexity, contamination and blocking of 
membrane pores, the formation of a polarized cake layer was controlled by current 
density and voltage. 

The influence of the electromagnetic field during salt and water transport and 
carbonate recovery was investigated [13, 14]. The deposition of salts during reverse 
osmosis desalination is interesting. The electromagnetic field was created by an 
alternating current. Current flows through a solenoid wound around the membrane 
separation module. Current strength and frequency were 25 A and 50 Hz, respectively. 
Experiments were carried out using CaCO3 solution at a concentration of 5.5 mmol/l. 
For comparison, membrane desalination was carried out in the presence and absence 
of an electromagnetic field. Powder-like elements were formed under the influence 
of an electromagnetic field. They had a lower density than precipitation formed in 
the case of non-use of an electromagnetic field. Powder-like elements almost did
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not react to the electromagnetic field. This is due to the difficulty of determining the 
operating parameters for choosing their cleaning modes. 

Mathematical models of ocean eddies (whirlpool) are presented in [15]. Attention 
is drawn to the mathematical model of oceanic eddies [16]—the complexity of the 
processes operating in eddies requires complex mathematical apparatus for their 
description [17]. The given models do not allow to describe complex processes in 
eddies. 

The studies analyzed definitely have positive results. Therefore, such research 
should be considered relevant, aimed at further improvement and development of 
water purification technology for its reuse [18, 19]. 

However, in the considered studies, the conditions and results of the influence of 
the electromagnetic field on the trajectory of impurities contaminating the liquid are 
insufficiently substantiated. Also, there are undiscovered possibilities of accumula-
tion of impurities due to the action of Lorentz forces in the paraboloid of rotation, 
and the possibility of separating purified water from impurities that contaminate it 
during the creation of a vortex in the working focusing chamber [20, 21]. 

Thus, there are reasons to assert: 

– about the possibility of controlling the trajectory of the movement of impurities; 
– and the Lorentz forces contribute to the focusing of the paraboloid of rotation; 
– directional regulation of the processes of focusing of impurities by the magnetic 

influence unit in the working focusing chamber. 

This determines the need for more in-depth research in this direction. The analysis 
of water purification methods made it possible to formulate the following research 
idea. 

In the flow of water contaminated with ionic impurities, it is necessary to form a 
magnetic field with a structure that should ensure focusing in the cross section of the 
liquid flow the maximum concentration of ionic impurities, which will lead to the 
distribution in space and time of the total contamination of the flow into two flows: 

– purified main flow by volume with a low concentration of impurities; 
– the second axial flow with a much smaller volume and with a high concentration 

of ionic impurities, which makes it quite easy to remove it from the volume of the 
purified flow. 

3 The Purpose of the Study 

To develop a method and a means of removing ionic impurities from an aqueous 
solution by a magnetic field using the effect of focusing ions into a paraboloid of 
rotation with a small flow volume and a high concentration of ionic impurities, which 
greatly facilitates the spatial distribution of purified and contaminated flows and the 
effective removal of the flow with impurities from the environment to the tank of 
purified water. 

To achieve the set goal, the following tasks were solved:
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1. Investigate on a physical and mathematical model the process of focusing ionic 
impurities into a paraboloid of rotation under the action of a magnetic field during 
the purification of a flow of a contaminated aqueous solution. 

2. To develop and investigate the principle scheme of the research stand in accor-
dance with the physical–mathematical model of focusing the flow of ionic 
impurities into a paraboloid of rotation. 

3. To justify the mathematical model of the formation of the necessary structure of 
the magnetic field for focusing the flow of ionic impurities into the paraboloid of 
rotation and to simulate the process on the created virtual device using the Lab 
VIEW software environment. 

4. To conduct a comprehensive study of the operating parameters of the process 
of cleaning an aqueous solution from ionic impurities by a structured magnetic 
field with the combined use of: 

– a physical-mathematical model of the process of focusing ionic impurities 
into a paraboloid of rotation under the action of a magnetic field; 

– a virtual device using the Lab VIEW software environment; 
– an experimental laboratory stand for researching the possibilities of control-

ling real trajectories of ion movement under the influence of a magnetic 
field. 

4 Physico-Mathematical Model of Focusing of Ionic 
Impurities by an Electromagnetic Field in a Liquid Flow 

Many substances that get into water are ionized. Therefore, in water we have a mixture 
of metal ions, acid residues and other substances that for one reason or another must 
be removed from the solution. A number of technologies using an electromagnetic 
field have been developed to purify water from ionic impurities. 

The Lorentz force acts on a particle of mass m and charge q in a contaminated 
aqueous solution from the side of the electromagnetic field. 

−→
F = q−→

E + q(
−→
V × −→B ), (1) 

where: 
−→
E —electric field strength, 

−→
B —magnetic field induction, 

−→
V —velocity of a 

particle with a charge q. 
The force 

−→
F = q ·−→E is the force acting on the charge from the side of the electric 

component of the field, and can have an arbitrary direction relative to the speed of 
the particle of matter. The work of this electric force can be positive, negative and 
zero depending on the angle between the direction of velocity 

−→
V and the intensity 

of the electric field 
−→
E . 

The second force acting on the charged particle is the magnetic force and is 
directed perpendicular to the velocity of the particle 

−→
F m  = q(

−→
V × −→B ), this force
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does no work. The magnetic force does not change the kinetic energy of a particle 

with a charge (q), does not change the velocity module
∣
∣
∣
−→
V

∣
∣
∣ and only changes the 

direction of the velocity. 
When considering the motion of a particle with mass m and charge q in a magnetic 

field, the velocity of the particle can be written as the sum of the velocity parallel to 
the magnetic field 

−→
V ‖ and perpendicular to it 

−→
V ⊥: 

−→
V = (−→V ‖ + −→V ⊥). (2) 

In this case, the Lorentz force acting on the charge of the particle will be equal to: 

−→
F = e−→V ⊥ · −→B , (3) 

where e—electron charge. 
The component of the Lorentz forces along the magnetic field is zero. Then the 

equations of motion for the parallel and perpendicular components of velocity have 
the form: 

m(d
−→
V ‖/dt) = 0; (4) 

m(d
−→
V ⊥/dt) = e−→V ⊥ × −→B . (5) 

The modules of the vectors 
−→
V ⊥ and 

−→
B do not change. The force in the right-hand 

side of expression (5) is perpendicular to the velocity and is constant in magnitude. 
This equation describes the motion of a particle with a constant acceleration directed 
all the time perpendicular to the velocity, i.e., we have motion in a circle. The left 
part of Eq. (5) is the product of the mass by the centripetal acceleration 

−→
V ⊥/ r, so it 

can be written: 

mv2 /r = |q|/(v⊥ · B), (6) 

where r—radius of the circle. 
This equation fully characterizes the movement of a charged particle in a circle 

in a plane that is perpendicular to a uniform magnetic field. The direction of rotation 
depends on the sign of the charge q and is set by the rules of left or right screws. 

From Eq. (6), we can find expressions for the angular frequency of rotation in a 
circle 

ω = v⊥/r = ∣
∣−→q ∣

∣B/m, (7) 

as well as for the radius of the orbit 

r = v⊥/ω = mv⊥/|q|B. (8)
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Fig. 1 Lorentz force 
generation by a 
current-carrying coil 

The complete movement of a charged particle of a contaminated substance in a 
homogeneous, constant magnetic field consists of uniform movement along the field 
and rotation in a plane perpendicular to the field. That is, the particle moves in a 
spiral with a step: 

l = v‖ · 2π/ω. (9) 

Consider a magnetic field whose induction lines are parallel to each other, and the 
magnitude of the field varies in the direction perpendicular to the field (Fig. 1). If the 
field is uniform, then the charged particle moves in a circle [17]. However, taking 
into account the heterogeneity of the field, the radius of curvature of the trajectory 
changes during movement: where the field is larger, the radius is smaller and vice 
versa. That is, in fact, the particle behaves as in a transverse electromagnetic field, 
but the radius of curvature of the trajectory changes not due to energy, but due to the 
magnitude of the magnetic field in different points of space. 

In this case, particle drift occurs due to the inhomogeneity of the magnetic field in 
a direction that is perpendicular both to the magnetic field itself and to the direction 
in which the magnetic field is inhomogeneous. 

The system of equations in this case has the form: 

m

(
d2x 

dt2

)

= 0; (10) 

m

(
d2 y 

dt2

)

= qvz B; (11) 

m

(
d2z 

dt2

)

= −qvy B. (12)
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The analysis and solution of this system of equations, taking into account the 
fact that vy is much smaller than vz under appropriate initial conditions, showed that 
Eq. (11) for the y coordinate can be written in the form: 

d2 y 

dz2 
= 

q 

mv 
B(z), (13) 

that is, taking into account the change in magnetic induction in the direction of the 
(Z ) coordinate, the solution of Eq. (13) has the form: 

y =
[ q 

mv

]

b, (14) 

where b = ∫ z0 
0 (Z0 − η)B(η)dη is a constant that depends on the configuration of 

the electromagnetic field and is found by calculation or experimentally (η) is the 
integration variable. 

The exact analytical solution of this problem is rather complicated, so the drift 
speed can be set with some approximation [2] in the form: 

vd =
(
mv2 

qB2

)

· dB  

dy  
. (15) 

In this case, the drift is perpendicular to the magnetic induction vector 
−→
B and to 

the direction of maximum change of the magnetic induction module. In vector form, 
Eq. (15) has the form: 

vd = mv2 /2qB2[[−→b × grad
∣
∣
∣
−→
B

∣
∣
∣] (16) 

where 
−→
b = −→B /B—unit vector along the magnetic field; grad

∣
∣
∣
−→
B

∣
∣
∣—vector which 

is directed to the maximum growth of the modulus of the vector 
−→
B 

In nature, in general, the induction lines of a non-uniform magnetic field are not 
straight. They are curved lines, at each point of which it is possible to indicate their 
curvature. At the same time, the charged particle rotates around the conducting center, 
which is located on the line and moves along it. The trajectory of the particle. There 
is a spiral that winds up on the line of magnetic induction. In the coordinate system 
associated with the conducting center, the particle is acted upon by the centrifugal 
force of inertia 

−→
F c f  , equivalent to the action of the electric field with the intensity−→

E c f  = −→F c f  /q. Thus, the particle moves under conditions equivalent to a transverse 
electromagnetic field. The particle will drift in a direction perpendicular to both the 
magnetic induction 

−→
B of the field and the force 

−→
F c f  perpendicular to the plane. In 

this case, the movement in a circle relative to the center is carried out with the drift 
speed 

−→
V d . To find it, you need to write down the equation of motion:
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m

(

d
−→
V 

dt

)

= q−→
E + q−→

V × −→B , (17) 

and find its solution in the form [1], 

vd = B−2 (
−→
E c f  × −→B ) = Ecf  /B, (18) 

or the expression for the drift speed caused by the curvature of the magnetic force 
line in the  form:  

νd = mv2
‖/qB  R, (19) 

where v‖—projection of the particle velocity onto the direction of the magnetic field. 
For the general picture, this drift is added to the drift associated with the 

inhomogeneity of the magnetic field (16). 
The conducted analysis showed that the movement of a charged particle with mass 

m and charge q has three components: 

– rotation of the particle around the line of force of the magnetic field; 
– movement of the conducting center along the magnetic line of force; 
– the drift of the conducting center in the direction perpendicular to the vector 

−→
B 

of the magnetic field and the gradient of the magnetic induction module. 

To further clarify the geometric, kinematic, force and energy parameters of the 
focusing volume of ionic impurities, it is necessary to introduce the concept of 
magnetic moment into the analysis. In many practical cases, the magnetic field 
changes little over a distance of the order of the radius of the trajectory of the charged 
particle. By analogy with the magnetic orbital moment of elementary particles, we 
can talk about the magnetic moment of a macro particle moving in a magnetic field. 
The feasibility of introducing such a concept makes sense in the fact that in slowly 
changing magnetic fields this magnetic moment retains its value and its use greatly 
simplifies the analysis of the movement of a charged particle under the action of 
a magnetic field. In this case, the magnetic moment of the charged particle during 
circular motion along the trajectory will be written in the form: 

pm = SI, (20) 

where S—the area covered by the electric current; I =−→q 
T —electric circuit current; 

T is the period of rotation along a circular path. 
Taking into account the size and shape of the movement trajectory, we obtain: 

pm =
(−→q 

T

)

π R2 = 
1 

2 
mv2 /B. (21)
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When introducing the concept of magnetic moment during the movement of a 
charged particle under the action of an electromagnetic field, it is also appropriate 
to introduce the concept of an adiabatic invariant of magnetic moment. Adiabatic 
invariance of the magnetic moment means its conservation in electromagnetic fields 
that change slowly in space or time. It is shown [3] that when the magnetic field 
changes in time dpm/dt  = 0, then the magnetic moment also does not change, 
pm = const [3]. 

Thus, we assume that the magnetic moment pm (19) does not change during the 
movement of a charged particle in the case of slow changes in the electromagnetic 
field in space and time. 

And this, in turn, means that charged particles move along the surface of a magnetic 
tube, that is, a tube whose surface is created by lines of force of magnetic induction. 
This statement follows from the fact that the magnetic flux through the cross-section 
of the tube does not change along it. Then the magnetic flux through the cross section 
of the tube can be written as: 

φ = π R2 B = 
2
−→
V m  

qe 
· pm = const · pm . (22) 

It can be seen from this expression that the preservation of the magnetic flux 
along the magnetic tube is equivalent to the preservation of the magnetic moment of 
a particle that moves along a trajectory located on the surface of the tube, that is, it 
is really seen that the particle moves along the surface of the power tube. 

To fully characterize the movement of a particle, it is necessary to take into account 
its drift (16) and (19). As a result of its drift, the particle moves from one power tube 
to another in such a way that the magnetic flux contained in these tubes is the same. 

5 Mathematical Model of the Formation of the Structure 
of the Electromagnetic Field to Control the Trajectory 
of the Movement of Ionic Impurities in the Volume 
of the Working Chamber 

Given that charged particles move in a hydraulic flow under the action of a non-
uniform magnetic field along the surface of a magnetic tube, which is created in 
three-dimensional space by the lines of force of magnetic induction 

−→
B , for  the  

mathematical description of this surface a conical helical surface is chosen, which, 
in accordance with the physics of the process, allows to simulate the movement charge 
q with mass m in the three-dimensional space of the working magnetic chamber.



170 O. Terentiev et al.

In this regard, the Ulysses Dini equation [17] was used to describe the ion focusing 
process. 

x = a · cos(u) · sin(v); 

y = a · sin(u) · sin(v); (23) 

z = b · u + a ·
(

cos(v) + log
(

tan
(v 
2

)))

. 

The range of changing the parameters of the equation: 0 < = u <  = 4π; 0.01 <  = 
v <  = 1; a = 1, b = 0.2 

In the general conical form, this equation has the form: 

(x − x0)2 

a2
+ 

(y − y0)2 

b2
− 

(z − z0)2 

c2
= 0, (24) 

where the constants a and c are determined by the ratios c/a. 
Thus, the lateral surface of a right circular cone (conical surface) is a second-order 

surface. The transition of the particle trajectory due to drift from one surface of the 
magnetic field to another is taken into account. In parametric notation, it has the form 
of a conical helix: 

X = C · emt cost; 

Y = C · emt sint; (25) 

Z = C · emt ctgα, 

where t—arc length of the curved trajectory; α—angle between the axis of the cone 
and its origin; ϕ—angle between the tangent to the helical line and the generating 
cone; m—sin α/tg ϕ. 

A virtual device has been developed to simulate the focusing modes of impurities 
polluting the fluid flow. The simulation results confirm the shape and dimensions of 
the conical helix of the charged particle trajectory in an inhomogeneous magnetic 
field of the corresponding configuration. The projection of a conical helix on a plane 
perpendicular to the axis of the cone is a logarithmic spiral with a pole in the projection 
of the cone apex (Fig. 2) [17].

The simulation results confirm the shape and dimensions of the conical helical 
line of the trajectory of the charged particle in a non-uniform magnetic field of the 
corresponding configuration.
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Fig. 2 Ulysses Dini cone 
surface model

6 Laboratory Stand for Cleaning an Aqueous Solution 
with a Non-uniform Magnetic Field Using the Effect 
of Focusing Ionic Impurities 

The hydraulic scheme of the stand for electromagnetic focusing of liquid contami-
nation (Fig. 3) has a tank 1 of contaminated liquid, an initial pipeline with a coarse 
filter 2. The filter used is an Irritec disc filter with a connection diameter of 1 inch.

Pump 3 JEX500 has electrical power from a two-phase motor with a voltage of 
220 V and a frequency of 50 Hz. The working fluid through the hydraulic line through 
the tee is directed into the line with the safety valve 4. In the event of excess pressure 
in the hydraulic system of the stand, thanks to the safety valve 4, there will be no 
emergency pressure increase in the system due to the pumping of part of the working 
fluid back to the tank 1. 

Further, the working fluid through the working condition regulator 5 is directed 
to the focus input of the working chamber 6 of impurities (WCF). Several (from 
2 to 4) “snail” inlet channels are placed at the entrance of the WCF for the initial 
mechanical spiral twisting of the contaminated liquid. On the outer wall of the WCF, 
several coils are placed in series with an interval of 7. Moreover, each subsequent 
coil has a larger number of turns of wire (n1….n5), which provides a Larmor which 
ensures the Larmor precession of the movement of impurity particles, an increase 
in electromagnetic induction and a decrease in the radius of rotation of pollution 
particles.
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Fig. 3 Scheme of the stand 
for electromagnetic focusing 
of liquid contaminants

Thus, in the WCF, under the action of the Lorentz force in a magnetic field, 
impurities are focused around the WCF axis into a paraboloid of spiral rotation. Its 
top is directed to the central hole of the insert. To remove impurities from the WCF, 
a special insert is installed in its final part (Fig. 4). 

Insert 8 (Fig. 4) in the end part of the WCF for separating the liquid flow has 
one central hole 1 to remove impurities from the contamination of the liquid flow, 
through the sampling valve 9, into the tank 13 of the liquid with impurities and, for

Fig. 4 Insert 8 at the end of 
the WCF to remove focused 
impurities from the fluid 
flow: 1—central hole for 
removing contaminants; 
2—holes for removing the 
purified liquid 
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example, 8 peripheral holes 2 to remove the purified liquids. liquid, through the valve 
12 sampling, into the tank 11—purified liquid. 

7 Research Program and Results 

For planning and conducting the research, the ranges of changes of the main factors 
are established, by changing which it is possible to regulate the process of ion focusing 
both in space and in time (Table 1). 

The main parameter of the focusing magnetic system, as well as the entire instal-
lation as a whole, is the value of the magnetic induction 

−→
B and the structure of the 

magnetic field. From a constructive point of view, the main geometric parameter is 
the Larmor parameter the radius of the particle trajectory in the magnetic field: 

R = mU⊥l/(|q|μ0μI n), (26) 

where m—mass of the charged particle; q—particle charge; U⊥—velocity of the 
particle perpendicular to the magnetic field lines; l—length of the focusing coil; 
μ0—magnetic constant; μ—magnetic permeability; I—current of the magnetization 
loop; n—number of coil turns. 

It is possible to regulate the cleaning process by changing three parameters: the 
rate of the fraction V⊥; magnetizing circuit current I; the total length of the focus 
coils l. This is done by regulating the current I (Fig. 5), while changing the magnetic 
induction B, within the established limits (Table 2).

The magnetic field can be changed due to the total length of the magnetization 
coils l (Fig. 6), as well as by changing the number of turns n of the wire on the WCF 
coils.

Checking the results of modeling the trajectories of charged particles in an aqueous 
solution on a laboratory bench confirmed the possibility of using a method for 
cleaning a polluted water flow from ionic impurities magnetic field using the focusing 
effect (Table 2). 

Such a dual approach in modeling the process of focusing of ionic impurities in 
a stream of polluted water under the action of a non-uniform magnetic field, as well 
as experiments conducted on a laboratory bench, allow:

Table 1 Factor regulation ranges 

Factor Levels Variation interval 

Lower Average Upper 

Q—fluid flow, × 10–2, m3/sec 1.40 2.75 4.10 1.35 
−→
B —magnetic field induction, × 10–5, Tl 2.244 4.488 6.732 2.244 

Number of coils 1 2 3 1 
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Fig. 5 Influence of the 
magnetization current on the 
Larmor radius: a—idle 
mode; b—mode of operation 

Table 2 Maximum and minimum focusing radii of ions at a current in the focusing coils of 1.0 A 
and 8.0 A, respectively 

Pollutants ion 
impurities 

Coil current, Imin, A  Radius larmor, 
Rmax, m  

Coil current, 
Imax, A  

Radius larmor, 
Rmin, m  

Anions 

Sulfate, SO4 
2 1 0.0978 8 0.0123 

Hydrocarbonate, 
HCO3 

1 0.0318 8 0.0048 

Chloride, Cl 1 0.0221 8 0.0028 

Cations 

Iron, Fe3+ 1 0.0348 8 0.0044 

Calcium, Ca2+ 1 0.0255 8 0.0032 

Potassium, K+ 1 0.0224 8 0.0030 

Magnesium, Mg2+ 1 0.0152 8 0.0019 

Sodium, Na+ 1 0.0143 8 0.0018 

Ammonium, NH4 
+ 1 0.0109 8 0.0014

– to confirm the shape of the trajectory of ion movement in a magnetic field, which 
is adequately modeled by a curvilinear conical surface using the equation Ulissa 
Dani; 

– to establish a connection between the parameters of the trajectory of the ions 
during focusing with the working dimensions of the magnetic chamber and the 
experimental laboratory stand;
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Fig. 6 Dependence of the 
radius (R) of impurities on 
the length of the focusing 
coils

– to set the parameters of the focusing process, which allow you to control its course 
both in the three-dimensional space of the working magnetic camera and in time. 

8 Discussion of the Results of the Study of the Effect 
of a Non-uniform Magnetic Field on the Purification 
of an Aqueous Solution Using the Effect of Focusing 
by Ionic Impurities 

The study of the process of interaction of pollution ions with a magnetic field using 
a physical and mathematical model basically confirmed the idea of the possibility 
of focusing ionic impurities in a water stream under the influence of a non-uniform 
magnetic field. The relationship between the intensity of the magnetic field and the 
geometric and kinematic constructive ones is established parameters of the magnetic 
camera. 

Model laboratory stand using a virtual environment allowed us to choose a conical 
spiral line according to the Ulysses Dini equation as the trajectory of the movement 
of a charged particle in a water stream under the influence of a non-uniform magnetic 
field, as a three-dimensional geographical image of the particle’s movement in space. 
When modeling the process of cleaning the water flow using the LabVIEW package, 
the mass of particles, their charges, speed, as well as the hydrodynamic resistance of 
the liquid and the design features of the magnetic coils, which are associated with 
giving the field the necessary structure, are taken into account. 

This approach greatly simplified both the development of the hydraulic scheme 
of the stand (Fig. 3) and the design and manufacture of the research laboratory stand.
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In accordance with the developed methodology and research program, the laws 
of the effect on charged impurities in the water flow of a non-uniform magnetic field 
were established on the laboratory bench, which led to the focusing of ions in the 
volume of the paraboloid of rotation. and the formation of an internal flow with a 
high concentration of impurities and reduced to a given cross section of the Larmor 
radius. 

It was established that the process of formation of an internal axial flow with a 
high concentration of impurities should be regulated by changing three parameters: 

– total length l of magnetic coils (due to the length of each coil li and the number 
of turns of wire on each coil ni); 

– velocity of charged particles V⊥ in the flow of polluted water (due to regulation 
of the total flow of liquid through the working focusing chamber); 

– the magnitude of the magnetic induction 
−→
B along the trajectory of the particle in 

space (due to the change in the current I in the working focusing coils). 

It was established that the size of the Larmor radius R at the beginning of the 
trajectory is mainly influenced by the value of the current I (and through it the value 
of the initial magnetic induction 

−→
B 1 and the size of the internal flux R2 at the exit 

from the magnetic coils is significantly influenced by the value of the magnetic field 
itself 

−→
B 2 so and its gradient ∂ B2 

∂ y . 
The obtained dependence of the Larmor radius on the current of the magnetic coils 

R = f(I), (Fig. 5). It was found that for current values I < 0.125 A, the focusing mode 
is not set. The operating mode starts at a current of I ≥ 0.25 A, which corresponds 
to a trajectory with a radius of curvature R ≤ 0.075 m. 

Thus, it is confirmed that the effective influence on the trajectory of the movement 
of impurities is possible not only due to an increase in the magnitude of the magnetic 
induction field 

−→
B , but also due to the gradient of the field in the axial direction in 

accordance with expression (16) when changing the number of turns n and the total 
length of the magnetic coils l (Fig. 6). 

In general, at a given maximum concentration of impurities in the purified stream, 
the most effective purification mode is established with simultaneous adjustment of 
at least three parameters (I, U⊥, l) both with manual and automated control. 

9 Conclusions 

1. The proven idea of using the effect of focusing by an inhomogeneous magnetic 
field of ionic impurities in a stream of polluted water is based on the fundamental 
laws of Ampere, Lorentz, and Larmor. The essence of the idea is the ability to 
realize the trajectory of the movement of ionic impurities in the liquid flow with a 
non-uniform magnetic field due to a purposeful dynamic change in its structure.
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2. The process of focusing charged particles by a non-uniform magnetic field 
using an analytical physical–mathematical model of the field, the constructive 
shape and dimensions of the magnetic chamber is substantiated dimensions and 
working focusing camera. 

3. Simulation modeling of the magnetic field using a working impurity focusing 
camera and a trajectory model in virtual space confirmed the previous results of 
analytical modeling and made it possible to specify the shape and parameters of 
the impurity trajectory using the Ulysses Dini equation, as a three-dimensional 
geometric representation of the trajectory in the form of a conical spiral line. 
Based on the simulation results, a hydraulic scheme of the cleaning system and 
a schematic diagram of the experimental laboratory stand were developed. 

4. The development and use of an experimental laboratory stand made it possible 
to confirm in practice the possibility of regulating the real trajectory of the move-
ment of charged particles in a water stream under the action of a non-uniform 
magnetic field and to make the necessary corrections in the mathematical models 
of the liquid purification process. 

5. The conducted set of theoretical and experimental studies showed the reality and 
effectiveness of the method of cleaning a polluted water flow with a non-uniform 
magnetic field using the effect of focusing ionic impurities with their subsequent 
removal from the cleaned flow. 
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1 Introduction 

It is truism nowadays to recognize that pollution associated problems are a major 
concern of society. Environmental laws are given general applicability and their 
enforcement has been increasingly stricter. So, in terms of health, environment and 
economy, the fight against pollution has become a major issue. Today, although the 
strategic importance of fresh water is universally recognized more than ever before, 
and although issues concerning sustainable water management can be found almost 
in every scientific, social, or political agenda all over the world, water resources seem 
to face severe quantitative and qualitative threats. The pollution increase, industri-
alization and rapid economic development, impose severe risks to availability and 
quality of water resources, in many areas worldwide [1]. 

A major report by the World Health Organization (WHO) has recently been 
released, according to which a polluted environment is one of the leading causes 
of high mortality in the world. According to the organization, almost a quarter of the 
world’s population dies due to poor environmental conditions: environmental risks 
cause more than 100 of the most dangerous diseases, and every year they kill 12.6 
million people, which is 23% of all deaths in the World [2].
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2 Analysis of Literature Data and Problem Statement 

Water resources of any country are a source of drinking water for the population, 
and therefore require their rational use and protection from pollution. One of the 
biggest problems of river pollution is the poor quality of wastewater treatment. In 
many regions there is no complete set of treatment facilities and sanitary protection 
zones at all. 

Due to the high rate of urban development there is an increase in wastewater. 
This situation leads to the fact that existing treatment systems become inefficient, 
and the quality of treated wastewater often does not meet the required standards [3]. 
Discharge of insufficiently treated wastewater from nutrients into water bodies is 
one of the most common causes of eutrophication. Aquatic ecosystems respond to 
nutrient enrichment primarily by the intensive development of cyanobacteria. Their 
rapid reproduction causes “blooming” of water, which leads to oxygen deficiency 
and mass death of fish and other aquatic organisms. Favorable conditions are created 
for the development of pathogenic microflora and pathogens [4]. This problem is 
especially relevant for small rivers and lakes. “Water blooming”, makes impossible 
to use water for recreation, fishing and domestic needs. The phytoplankton toxins 
can cause health problems through exposure to the human body after contact with 
the skin or the use of contaminated water for drinking. Therefore, there is a problem 
of more efficient wastewater treatment from nutrients because these compounds are 
removed in low amounts which usually do not exceed 10% [5]. 

The main goal of this paper is to study the metabolism of Euglena gracilis in 
relation to nitrogen and phosphorus compounds that enter wastewater due to human 
activity. 

The supply of nutrients to surface waters occurs as due to natural factors (leaching 
from the layer of soil, precipitation, intra-reservoir processes), and also because of 
anthropogenic (receipts from industrial and economic domestic wastewater, agricul-
tural land runoff and animal complexes). The most surface water bodies in Ukraine 
are classified as polluted or much polluted. This condition significantly increases 
environmental risks. It is the use of water that does not meet quality requirements 
that causes and spreads many infectious and non-infectious diseases [6]. The conse-
quences of water pollution by nutrients are regularly described in national reports 
on drinking water quality in Ukraine. Watercourses receive pollution from many 
different sources, which vary both in strength and volume. As known the main 
sources of water pollution are: wastewater, farms, oil spills, solid municipal waste, 
agriculture, atmospheric precipitations etc. The composition of wastewater is a reflec-
tion of the life styles and technologies practiced in the producing society. It is a 
complex mixture of natural organic and inorganic materials as well as man-made 
compounds. Three quarters of organic carbon in sewage are present as carbohy-
drates, fats, proteins, amino acids, and volatile acids. The inorganic constituents 
include large concentrations of sodium, calcium, potassium, magnesium, chlorine, 
sulphur, phosphate, nitrates, bicarbonate, ammonium salts and heavy metals [7].
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Total nitrogen represents the sum of organic and inorganic nitrogen compounds. 
For wastewater Kjeldahl-nitrogen is generally applied as a measure. The Total Kjel-
dahl Nitrogen value (TKN) represents a total nitrogen concentration, which is the 
sum of organic nitrogen compounds and ammonium nitrogen (TKN = org–N + 
NH4−N [mg/L]). Nitrogen mainly occurs in wastewater in this form. After biological 
wastewater treatment, it mainly occurs as oxidized nitrite [8]. 

Municipal wastewaters may contain from 5 to 20 mg/L of total phosphorous, 
of which 1–5 mg/l is organic and the rest in inorganic. The individual contribution 
tends to increase, because phosphorous is one of the main constituent of synthetic 
detergents. The individual phosphorous contribution varies between 0.65 and 4.80 g/ 
inhabitant per day with an average of about 2.18 g. The usual forms of phosphorous 
found in aqueous solutions include:

• Orthophosphates: available for biological metabolism without further breakdown.
• Polyphosphates: molecules with 2 or more phosphorous atoms, oxygen and in 

some cases hydrogen atoms combine in a complex molecule. Usually polyphos-
phates undergo hydrolysis and revert to the orthophosphate forms. This process 
is usually quite slow. 

Normally secondary treatment can only remove 1–2 mg/L, so a large excess 
of phosphorous is discharged in the final effluent, causing eutrophication in surface 
waters. New legislation requires a maximum concentration of P discharges into sensi-
tive water of 2 mg/L [9]. Figure 1 demonstrates phosphorous compounds presented 
in wastewater. 

Diehard wastewater engineers understand the value of wastewater, which they 
view as an asset rather than a waste. That’s why some of them call it “used water” 
instead, and refer to what most people call wastewater treatment plants as water 
resource recovery facilities. 

In fact, wastewater can contain more than three times the amount of energy needed 
to treat it. One simple and mature technique for recovering part of this energy is 
anaerobic digestion, a natural process in which microorganisms feed on grease and 
other organic materials in wastewater and produce biogas, just as yeast can eat up 
barley and spit out beer. Biogas contains roughly 50% methane, which can be used 
as a renewable fuel for boilers, furnaces and heating systems or to turn turbines and 
generate electricity [10]. 

More advanced techniques, such as hydrothermal processes, take sewage sludge— 
the solids removed from wastewater during treatment—and convert it into biobased

Fig. 1 The main phosphate compounds in wastewater 
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fuels that can be used to replace gasoline and diesel fuel. This process is currently 
at the demonstration stage. 

In additional to sewage sludge, many researchers—including us—are very inter-
ested in microalgae. Microalgae are promising feedstock for biofuels, and some of 
them can grow in wastewater. 

Researches of scientists in many countries of the world are focused on the prob-
lems of wastewater treatment. There are many methods and technologies to purify 
waste water. Biological wastewater treatment, with application of microalgae, orig-
inating from a variety of industries has been regarded as an economically and 
technologically justified process. 

Microalgae constitute a diversified group of eukaryotic photosynthetic microor-
ganisms which colonize both the marine and freshwater environments. Microalgae 
are among the fastest developing photosynthetic organisms. Their photosynthetic 
mechanism is similar to that of terrestrial plants. Microalgae do not compete for 
cultivated land. With access to water, carbon dioxide and biogenic compounds such 
as nitrogen and phosphorus, offer higher biomass yields than terrestrial plants. Algae 
have the ability to produce 50 times more biomass than higher plants [11, 12]. 
Different varieties of algae are able to develop in a wide variety of environments, 
even in degraded or contaminated areas [13]. Such cultures bring a positive effect to 
the natural environment because algae may be produced using communal, agricul-
tural or industrial waste-water containing carbon dioxide which is required for their 
growth CO2 [14]. The molar ratio of the algae biomass main components proposed 
by Grobbelaar [15] is as follows: CO–0.48; H–1.83; N–0.11; P–0.01. In the course 
of microalgae population development, four following phases can be distinguished: 
adaptation phase, growth phase, stationary phase and decline phase [16, 17]. The 
importance and interest in algae has been increasing with time. 

Thus, the scientists from Uttaranchal University (India), have developed a method 
for purifying wastewater using microalgae and successfully tested it on the waters of 
the Indian Bindal River [18]. As part of the first phase of the experiment, scientists 
used several tens of liters of contaminated water by placing microalgae in it. The 
result was a significant reduction in total bacteria and E. coli (by 90%), organic and 
inorganic compounds (by 90%) and total organic carbon, as well as a decrease in 
alkalinity and water hardness (by 70%). The content of heavy metals in water also 
significantly decreased: for example, the content of zinc, lead, copper, iron, nickel 
and other metals decreased by about 90%. Biodiesel was obtained from algal biomass 
used to purify polluted water. 

It is not the first year that there have been discussions around the topic of banning 
the use of phosphates in detergents. And at a time when the countries of the world 
legally limited or completely banned the use of phosphates in detergents back in the 
80s and 90s of the last century, outdated technical regulations continue to operate in 
Ukraine. 

But so far we have disappointing statistics regarding phosphate discharges into 
surface water bodies with wastewater. For example, the analysis of data from the 
state water use accounting for 2019 shows that last year almost 6 thousand tons of
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phosphates were dumped into the water bodies of Ukraine. The largest polluter of 
water bodies is the housing and communal economy—5354 tons [19]. 

In order to solve this global world problem, in the 1970s, under the auspices of the 
UN, an international agreement on the protection of the world’s oceans and freshwater 
resources was concluded. It defines the main areas of activity to reduce pollution. And 
the first of them is the reduction and complete cessation of pollution of water resources 
by biogenic substances, especially phosphorus. However, experiments conducted in 
some countries have shown that phosphate fertilizers are slow-moving compounds 
and remain in the soil for up to 5–8 years. The share of contamination of water bodies 
with mineral phosphate fertilizers is from 10 to 30% of the total input of phosphorus. 
More than 60% of phosphates enter water bodies due to the use of phosphate washing 
powders. 

In the early 1970s, some US states began to restrict and ban the use of phos-
phates in laundry detergents. In 1994, they were banned throughout the country. In 
July 2010, 17 states also banned the use of phosphates in dishwasher detergents. In 
1976, the use of phosphates in washing powders was stopped in Japan. In 2011, the 
European Parliament banned phosphates in laundry detergents from June 2013 and in 
dishwasher detergents from January 2017. Manufacturers of washing powders began 
to replace phosphates with substances that are biodegradable. At the same time, in 
many countries of the world, the construction of special treatment facilities for the 
removal of phosphorus and nitrogen from wastewater began. As scientists explain, 
the optimal concentration of phosphates in washing powder should not exceed five 
percent. In this case, the use of detergent is not harmful to humans. Moreover, at such 
a concentration, phosphates are completely rinsed from the fabric with water [20]. 

After washing with dirty water, tripolyphosphate directly enters the soil, and from 
there into rivers and lakes. Its quantity accumulates, and then it begins to act as a 
fertilizer. That is, the water system of rivers and lakes is being increasingly fed with 
harmful discharges from cities and industrial waste. Such feeding of water first causes 
rapid flowering, and then the inevitable aging of the reservoir. In places where the 
dangerous substance accumulates on the surface of the water, a “harvest” of blue-
green algae is observed, which has the ability to reproduce with terrible force: 1 g of 
sodium tripolyphosphate stimulates the formation of 5–10 kg of algae, which, when 
decomposed, poison water and fish. More than 220.000 tons of washing powders 
are sold in Ukraine every year, most of which contain sodium tripolyphosphate. 
Thus, more than 25 thousand tons of this dangerous compound are dumped into 
the water, which can lead to a large-scale environmental disaster. Phosphates are 
not only produced by algae. Plankton is also actively growing. And the more any 
kind of suspension is in the water, the less opportunity there is to use rivers and 
reservoirs as sources of drinking water. But since we have no other water, we have 
to use this poisoned water. The circle closed. We began to poison the environment 
in which we live with phosphates—we get back through food and drink all that we 
poisoned ourselves. An excess of phosphorus initiates the following chain: rapid 
growth of plants—death of plants—decay—impoverishment of water bodies with 
oxygen—deterioration of the life of organisms [21].
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There is a hypothesis that the main supplier of phosphates into the environment is 
the use of household chemicals. Studies of leading brands of detergents have shown 
that the vast majority of them contain a large amount of phosphates. We present the 
research data in Table 1. 

An excessive number of microorganisms poisons the water with waste products, 
higher animals (fish, crayfish, etc.) begin to die due to a lack of oxygen in the water. 
In addition, blue-green algae not only reduce the level of oxygen in the water but 
also accumulate toxic substances. When they decompose, these accumulations enter 
the environment. 

Together with water, phosphates enter the human body. A person comes into 
contact with all the toxic components of washing powders through the skin because 
it is almost impossible to rinse them from linen and clothes. 

Phosphates contribute to increased degreasing of the skin, active destruction of 
cell membranes, sharply reduce the barrier function of the skin, and can also cause 
manifestations of various types of allergic reactions. 

An excess of sodium phosphate can be perceived by the body as a laxative, and an 
excess of potassium phosphate can cause a disturbance of the intestinal microflora. 
In addition, phosphates can lead to the development of allergies, negatively affect 
the work of the kidneys and liver [23]. 

The association ‘Ukrvodokanalekologia’ has submitted a petition to the Presi-
dent of Ukraine to submit to the Verkhovna Rada for consideration a draft law on 
a complete ban on the production, import, sale and use of phosphate-containing 
detergents in Ukraine. Phosphates entering water bodies due to the use of synthetic 
detergents are one of the main sources of their pollution and the development of such 
negative processes as water bloom (eutrophication). 

According to the data of the state record of water use, in the last four years, the 
total content of phosphates in waste water of water supply and sewerage and, to a 
lesser extent, other enterprises of the Mykolaiv region has increased 3 times. 

As stated in the petition, the problem of removing phosphorus compounds from 
wastewater does not have an optimal solution. Since the existing biological methods 
do not allow to achieve the necessary degree of purification of waste water from 
phosphorus compounds, and physical and chemical methods require significant costs 
and additionally create the problem of the need to treat sediments formed during 
reagent treatment.

Table 1 Content of PO4 
3− in powders [22] 

The name of the  powder Optical 
density 

Content of PO4 
3− 

(mg/100 g of powder) 
Phosphate content (mg/L of 
water at laundry) 

Persil 0.3 387 34 

Tide 0.29 374 32.9 

Ariel 0.29 374 32.9 

Gala 0.19 245 21.56 

Amway 0.15 193 16.99 
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Most of the world’s countries have long since abandoned the use of phosphate-
based detergents in order not to pollute their water bodies with them. The European 
Union has adopted a number of legislative acts on reducing the negative impact of 
detergents on human health and the environment [24]. 

Foam separation, chemical precipitation in the form of sparingly soluble 
compounds and destructive destruction are used to reduce the concentration of 
surfactants, and ion exchange and sorption are used to further purify water. The 
processing of information on methods of purification of wastewater from surfactants 
and phosphates makes it possible to highlight a number of the latest methods of 
purification. 

In recent years, data on the issue of reduction of nitrogen and phosphorus in 
wastewater discharged into open water. These publications mainly advertise the 
own developments of private firms, but the theoretical foundations and mecha-
nism of biological processes of nitrification–denitrification and dephosphorization 
of wastewater remain unresolved. So far, there are no reliable and theoretically sound 
methods of technological calculations of aeration tanks, which carry out anaerobic 
and aerobic processes of deep wastewater treatment from nitrogen and phosphorus. 
Researches of authors [25, 26] indicate that the growth of microhydrogen rates is a 
superior and effective biological method for purifying waste water from nitrogen and 
phosphorus. As a matter of fact, micro-hydrophilic growths are used to regulate their 
metabolism, to reduce their concentration in water [25]. Besides, micro-hydrophilic 
growth is a byproduct of photosynthesis, which can be used as aerobic bacteria for 
biological distribution of organic bacteria present in cold waters. The purification 
of waste water from the microwells is recognized ecologically without baking, and 
there are no examples of secondary flows, such as the use of an active mule, which 
requires disposal [1]. Most often for the purification of sewage waters, nitrogen and 
phosphorus are used to produce green micro-growth, sprouts are representatives of 
the genus Chlorella, Scenedesmus and Chlamydomonas. Protein, it appears [27]. 

Scientific references [28] provide many examples of algae-based systems in 
wastewater treatment used algae cultures of Botryococcus braunii species as the 
third phase of wastewater treatment in closed systems. Such a technological solu-
tion allowed for efficient removal of both nitrogen and phosphorus from communal 
wastewater discharged from activated sludge reservoirs. The use of wastewater 
resulted in algae biomass production with a high concentration of carbohydrates. 
Authors [27] presented data and a detailed description of the application of varied 
waste-water in Chlorella sp. algae culture. They distinguish three main wastewater 
sources: communal, agricultural and industrial, containing a wide variety of compo-
nents. Researchers indicate that nutrients such as nitrogen and phosphorus contained 
in wastewater may successfully be used as a culture medium for an intensive biomass 
culture. 

Wastewater rich in organic carbon, nitrogen and phosphorus may serve as a conve-
nient source of carbon and nutrients for a year-long microalgae production [29].



186 I. Nezbrytska et al.

Scientific reports indicate that some single-cell microalgae such as Chlorella and 
Scenedesmus are highly tolerant to wastewater environments and efficiently remove 
biogenic compounds [30]. 

It follows from the literature that to deepen the wastewater from nitrogen and 
phosphorus in existing treatment plants must primarily use biological agents and 
techniques, rather than chemicals, which greatly impair operating costs and may 
create additional difficulties with the disposal of sewage sludge. 

3 Research Methodology 

Strain Euglena gracilis Klebs HPDP-114 was obtained from the collection of 
microalgae cultures of the Institute of Hydrobiology of the National Academy of 
Sciences of Ukraine. Euglena are characterized by an elongated cell (15–500 µm 
[1 µm = 10−6 m], or 0.0006–0.02 inch) with one nucleus, numerous chlorophyll-
containing chloroplasts (cell organelles that are the site of photosynthesis), a contrac-
tile vacuole (organelle that regulates the cytoplasm), an eyespot, and one or two 
flagella. Unlike plant cells, Euglena lacks a rigid cellulose wall and has a flexible 
pellicle (envelope) that allows them to change shape. Though they are photosyn-
thetic, most species can also feed heterotrophically (on other organisms) and absorb 
food directly through the cell surface via phagocytosis (in which the cell membrane 
entraps food particles in a vacuole for digestion). Food is often stored as a specialized 
complex carbohydrate known as paramylon, which enables the organisms to survive 
in low-light conditions. Euglena reproduces asexually by means of longitudinal cell 
division, in which they divide down their length, and several species produce dormant 
cysts that can withstand drying. 

The experiments used synthetic domestic wastewater, which was prepared by 
adding to the culture medium different concentrations of ammonium nitrogen (N– 
NH4+) and phosphorus phosphates (P–PO4 

3−) (Table 2). NH4Cl was used as a source 
of N–NH4+, KH2PO4– as a source of P–PO4 

3−. Algae were kept at a temperature of 
24 ± 2 °C and illumination of 3500 lx (with alternating light and dark periods 16:8). 
The duration of cultivation of Euglena gracilis in wastewater was 7 days. Materials 
for analysis were selected on 0 and 7 days of the experiment. 

The concentration of ammonium nitrogen and phosphorus phosphates in wastew-
ater was investigated by conventional methods in hydrochemistry.

Table 2 Composition of 
domestic wastewaters No of the experiment Concentration, mg L−1 

N–NH4+ P–PO4 
3− 

1 30.00 ± 1.12 7.00 ± 0.18 
2 50.00 ± 2.25 14.00 ± 0.56 
3 90.00 ± 2.68 26.00 ± 0.67 
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Dry mass of the culture was determined by weight [31, 32]. The algal cell suspen-
sion was filtered through a pre-dried and weighed membrane filter (pore diameter 
0.45 µm). Filters with precipitated algae were dried in a thermostat at a temperature 
of 105 °C to constant weight. 

Biomass productivity was calculated by the formula: 

BP  = N − N0 

T 
(1) 

where N—the dry matter content at the end of cultivation, (mg L−1 day−1); N0— 
dry matter content at the beginning of cultivation, (mg L−1 day−1); T—duration of 
cultivation (7 days). 

The content of chlorophyll a and the sum of carotenoids was determined by 
extract-spectrophotometric method [31]. For extraction, the algae filter was placed 
in a porcelain mortar and thoroughly ground with the addition of quartz sand and 
90% acetone. The obtained extract was separated by centrifugation during 15 min 
at 5000 thousand rpm. Spectrophotometry was performed at wavelengths of 664, 
647 and 480 nm, corresponding to the maxima of light absorption in 90% acetone, 
respectively, chlorophyll a, b and carotenoids. Non-specific absorption of the light 
extract at a wavelength of 750 nm was also measured. 

The chlorophyll a content was calculated by the formula [33, 34]: 

Chlorophylla = (11.93E644 − 1.93E647) · V1 

V2 
, (2) 

where V 1—extract volume, cm3; V 2—the volume of the filtered sample, dm3; E 
664 and E 647—experimentally determined the optical densities of the extract at 
wavelengths 664 and 647 nm. 

The total carotenoid content was calculated by the formula [34, 35]: 

Cartenoids = 10 · (E480 − 3E750) · V1 

V2 
· 1 (3)  

where V 1—extract volume, cm3; V 2—the volume of the filtered sample, dm3; 1—the  
thickness of the spectrophotometric cell, sm; and E 480 and E 750—optical densities 
of the extract at wavelengths 480 and 750 nm. 

The content of photosynthetic pigments was expressed in terms of dry weight of 
algae. 

All measurements were performed in triplicate. Statistical processing of the results 
was performed using IBM SPSS Statistics Base v.22.
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4 Results and Disscusion 

Typical forms of phosphorus in munitipal sewage waters are the next. 

– Orthophosphates—salts of phosphoric acids, in particular orthophosphoric acid 
H3PO4, with one phosphorus atom, for example sodium orthophosphate Na3PO4. 
They are simple molecules that are suitable for using in biological metabolism 
without prior decomposition. 

– Polyphosphates—polymethyl phosphates with the general formula M–O– 
[P(OM)(O)–O]n–M, where M is any metal. Their chains pass between other 
chemical groups, for example, sodium-3-phosphate (Na5P3O10)n. They are  
complex molecules with two or more phosphorus atoms, which before assim-
ilation by organisms require preliminary hydrolysis with decomposition into 
orthophosphates. It takes a long time; 

– Organic phosphates—orthophosphoric acid esters with the general formula 
(RO)nP(O)(OH)3-n, where RO is a hydrocarbon radical, for example, methyl 
phosphate (methylphosphoric acid (CH3O)P(O)(OH)2). 

According to [36], municipal sewage waters can contain from 5 to 20 mg/dm3 of 
total phosphorus (in terms of phosphates for PO4, it is from 15.7 to 62.7 mg/dm3). 
Organic compounds make up from 1 to 5 mg/dm3 (3.1 … 15.7 mg/dm3) out of it. 
All the rest are inorganic compounds. The individual contribution of phosphorus to 
the sewage network from one inhabitant of a residential area is estimated from 0.65 
to 4.80 g/day. The average value is 2.18 g/day. This contribution tends to increase 
due to the increased use of detergents. 

According to [37], municipal sewage waters can contain from 4 to 16 mg/dm3 of 
total phosphorus (12.5–50.1 g/m3 of phosphates). According to [38], these waters 
may contain 10 mg/dm3 of total phosphorus (31.3 g/m3 of phosphates). 

Secondary (biological) treatment of sewage waters, as a rule, reduces the content 
of phosphates by 1 … 2 g/m3. It’s not enough. 

According to the data from the Bortnytska Aeration Station [39], the content 
of phosphates in the sewage waters of Kyiv city is 26 g/m3 at the standard level 
of 8 g/m3. That is, there is an excess of more than three times. In terms of total 
phosphorus, this value can be 8.48 g/m3. With a phosphorus removal efficiency of 
0.2 at traditional sewage treatment plants, its residual concentration in treated sewage 
waters is 6.78 g/m3. The plant discharges about 0.6 × 106 m3 of treated sewage into 
the Dnipro river. Under such conditions, 4,068 tons of phosphorus is supplied to 
the Dnipro with municipal sewage waters. It is known that each gram of phosphate 
compounds, under the remaining favorable conditions, causes an increase of 5 … 
10 kg of cyanobacteria in the water body. 

The typical forms of nitrogen in municipal sewage waters are the next.

• Nitrogen nitrites—salts of nitric acid (HNO2), for example, NaNO2.
• Ammonium nitrogen (general formula NH4 

+).
• Nitrogen nitrates—salts of nitric acid (HNO3), for example, 2NaNO3.
• Nitrogen in organic compounds.
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The most toxic among these compounds are nitrites, and the least toxic are nitrates. 
Ammonium nitrogen occupies an intermediate position. 

According to the results of the studies, Euglena gracilis for 7 days almost 
completely removes ammonium nitrogen and phosphorus phosphates from the 
studied wastewater (Table 3). It has been shown [25] that the ability of microalgae to 
remove nitrogen and phosphorus compounds from the aquatic environment is deter-
mined primarily by the physiological characteristics of species, including metabolic 
rate and the need for nutrients to maintain their viability. In the process of biore-
mediation of microalgae, a large amount of nitrogen and phosphorus is used for 
the synthesis of proteins, nucleic acids, phospholipids and other important organic 
compounds. 

The growth intensity of Euglena gracilis was assessed by the accumulation of 
dry mass (Table 4). At concentrations of N–NH4 

+ 30 mg L−1 and P–PO4 
3− 7 mg  

L−1 the increase in biomass was 120 mg L−1 day−1, at concentrations of ammonium 
nitrogen 50–90 mg L−1 and phosphorus phosphate 14–26 mg L−1 it was 151–156 mg 
L−1 day−1, which indicates a positive dynamics of dry mass accumulation during the 
experiment. Researches [26] obtained similar results on Euglena sp. During short-
term cultivation of this alga in domestic wastewater, 98% removal of N–NH4 

+ (initial 
concentration 25 mg L−1) and 85% removal P–PO4 

3− (initial concentration 16 mg 
L−1) was achieved, the biomass productivity index was 132 mg L−1 day−1. 

The photosynthetic activity of Euglena gracilis under the conditions of the exper-
iment was evaluated by the change in the content of pigments—chlorophyll and the 
sum of carotenoids (Table 5). During the cultivation of Euglena gracilis in wastew-
ater with a concentration of N–NH4 

+ and P–PO4 
3− 30 and 7 mg L−1, respectively, 

the content of chlorophyll in the biomass doubled. At the concentration of ammo-
nium nitrogen 50–90 mg L−1 and phosphorus phosphate 14–26 mg L−1 at the end 
of the experiment, the content of basic photosynthetic was 2.5 times higher than 
the initial values. A similar trend was observed in the case of carotenoids, their

Table 3 Changes in the concentration of nutrients in wastewater, M ± m, n = 3 
No of the experiment Initial concentration (0 days), mg 

L−1 
Final concentration (7 days), mg 
L−1 

N–NH4 
+ P–PO4 

3− N–NH4 
+ P–PO4 

3− 

1 30.00 ± 1.12 7.00 ± 0.18 Traces Traces 

2 50.00 ± 2.25 14.00 ± 0.56 Traces Traces 

3 90.00 ± 2.68 26.00 ± 0.67 0.44 ± 0.01 0.05 ± 0.02 

Table 4 Dry weight of Euglena gracilis (mg L−1), M ± m, n = 3 
No of the experiment 0 days 7 days  

1 70.00 ± 3.56 909.00 ± 32.68 
2 70.00 ± 3.56 1127.00 ± 51.25 
3 70.00 ± 3.56 1162.00 ± 51.90 
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Table 5 Changes in the content of photosynthetic pigments in Euglena gracilis, M ± m, n = 3 
No of the experiment Chlorophyll a, mg/g DW Carotenoids, mg/g DW 

0 days 7 days 0 days 7 days  

1 3.84 ± 0.14 8.12 ± 0.36 0.89 ± 0.03 2.15 ± 0.06 
2 3.84 ± 0.14 9.53 ± 0.44 0.89 ± 0.03 2.47 ± 0.11 
3 3.84 ± 0.14 9.69 ± 0.60 0.89 ± 0.03 2.53 ± 0.15 

content increased more than 2 times, indicating high photosynthetic activity of algae. 
However, it should be noted that the dry weight changed to a greater extent than the 
content of photosynthetic pigments. During seven days of cultivation, the dry weight 
increased 13–16 times. According to [26], an important feature that allows Euglena 
algae to develop intensively in wastewater is the ability to mixotrophic type of food. 

Biomass Euglena gracilis is considered a promising raw material for biofuel 
production, as it is characterized by a high content of lipids [40]. Cultivation of 
Euglena gracilis in domestic wastewater can provide not only an environmentally 
friendly way to extract nutrients from them, but also a cost-effective way to obtain 
biomass of microalgae for biodiesel production. 

5 Conclusions 

The efficiency of microalgae application in the processes of contaminated wastewater 
treatment is analyzed. It is established that the use of microalgae is a reliable and 
effective biological method of wastewater treatment from nitrogen and phosphorus 
compounds. It is known that microalgae absorb these substances to maintain their 
metabolism, thereby reducing their concentration in water. In addition, microalgae 
produce oxygen as a by-product of photosynthesis that can be used by aerobic bacteria 
to biodegrade organic pollutants present in wastewater. 

Wastewater treatment using microalgae is recognized as environmentally friendly 
because it does not generate secondary waste, such as spent activated sludge, which 
requires disposal. Eugene algae is most often used to treat wastewater from nitrogen 
and phosphorus compounds. 

The peculiarities of Euglena gracilis metabolism, which are characterized by 
resistance to high concentrations of nitrogen and phosphorus, have been studied. 

Experimental studies have been performed and the ability of Euglena gracilis 
to reduce the concentration of nutrients in wastewater has been established. Due 
to experimental sessions we can conclude that after 7 days ammonium nitrogen and 
phosphorus phosphates from the studied wastewater was almost completely removed. 

It is shown that the ability of microalgae to remove nitrogen and phosphorus 
compounds from the aquatic environment is determined primarily by the physiolog-
ical characteristics of the species, in particular the intensity of metabolism and the 
need for nutrients to maintain their vital functions. In the process of bioremediation
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of microalgae, a large amount of nitrogen and phosphorus is used for the synthesis 
of proteins, nucleic acids, phospholipids and other important organic compounds. 

It is established that the biomass of Euglena gracilis is considered a promising 
raw material for biofuel production, as it is characterized by a high content of lipids. 
Cultivation of Euglena gracilis in domestic wastewater can provide not only an 
environmentally friendly method of extracting nutrients from them, but also a cost-
effective way to obtain biomass of microalgae for biodiesel production. 
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The Use of Biocomponents and Additives 
to Improve the Quality and Safety 
of Diesel Fuels 

Maria Michela Dell’Anna , Valentyna Tkachuk , Oxana Rechun , 
and Galina Golodyuk 

1 Introduction 

In recent years there was information that European countries, such as Italy, Denmark, 
Spain, the United Kingdom had annual productions of waste cooking oil (WCO) 
between 0.1 Mt and 0.5 Mt [1]. The other EU countries annually produced below 0.1 
Mt. Analyzing the same data on a per capita basis, Several EU countries, Portugal 
for example are major producers (up to 6.5 kg/capita/year) [2]. Environmental and 
sustainability experts agree: The world needs to take quick action on climate change 
and accelerate our transition to clean energy. And with rising costs and fuel shortages, 
in part driven by the war in Ukraine, the urgency around securing a reliable, affordable 
energy source is of the utmost importance to all planet now. 

2 Methodology 

Achievements of the tasks outlined in the article are realized with the use of standard, 
generally accepted in the oil refining industry, as well as special physical, physico-
chemical and other methods. Standard methods are based on current national stan-
dards (DSTU), harmonized with international (ISO) and European (EN). The basis 
of experimental studies of performance indicators is based on known standardized 
techniques using modern devices.
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3 Literature Overview 

As there is a large amount of produced WCO, it is crucial to recycle this waste and 
transform it into a economically valuable “new product”. One of the ways to recycle 
this waste is to transform it into biofuel [3–5]. 

Since biodiesel can be synthetized from fresh vegetable oils (rapeseed, sunflower, 
soybean oil) as well as from used cooking oils, the global production of biodiesel fuel 
is expected to definitely grow. However, there are certain problems with the use of 
biodiesel, such as increased viscosity and insufficient purification from by-products 
of transesterification [6]. 

In addition, a high-quality biodiesel should contain monounsaturated fatty acid 
methyl ester as the main component. On the whole, the biodiesel produced by the most 
common method of transesterification contains a large amount of polyunsaturated 
fatty acids methyl ether (FAMEs). This way of production harms product quality [7]. 
Therefore, the use of additives to biodiesel fuel, optimization of its composition is 
an crucial task for further research. 

Comparing to diesel biodiesel has exceptional environmental advantages. The 
study performed by the United States National Biodiesel Council admits that burning 
biodiesel emits, on average, 48% less carbon monoxide, 47% less particulate matter, 
and 67% less hydrocarbon comparing to diesel from petroleum [8]. 

Therefore, research into the properties of various types of biodiesel continues to 
be relevant. 

Diesel biofuels have become progressively widespread abroad in the latest years. 
A number of Western European countries are experiencing an increase in production 
of diesel fuel from vegetable raw materials. It is observed in Germany, France, as well 
as in the United States, Brazil, and Malaysia [9]. The European countries focus on 
production of diesel biofuels from rapeseed oil, encompassing from rapeseed grown 
in Ukraine. In the United States and Brazil the production of biodiesel from soybean 
oil is promoted. The Southeast Asian countries prefer production from palm oil [10]. 

A mixture of complex methyl esters obtained from rapeseed oil (MERO) is used 
as 100% diesel fuel in tractors operating in Austria. In France, they used a mixture 
of diesel fuel with 5% MERO. The soybean oil-based methyl esters are used as a 
100% non-fuel or as a 20% addition to petroleum fuel in the USA. Regtettably, this 
problem is more theoretical in nature in Ukraine because of the absence of data about 
results of a study of the mass use of bio-components for diesel fuel. 

In our previous research, we optimized the composition of mixed fuel based on 
petroleum diesel fuel, as well as biocomponents such as isobutyl ester and methyl 
ester of rapeseed oil, and we also analyzed their indicators of performance properties 
[11] The advantages of using such mixed fuels with respect to fossil fuel were: 

1. raise of cetane number (when this indicator is higher, the level of noise and smoke 
during engine operation is lower); 

2. possibility of tuning values of density and viscosity, while ensuring the pumping 
of fuel through the car’s fuel system and its anti-wear properties;
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3. improvement of lubricating features of the fuel, thus preserving car engine from 
consumption; 

4. decreasing of the sulfur content in the obtained fuels with biocomponents, 
therefore improving their environmental properties; 

5. modifying the flash point. in a closed crucible, lowering the limit temperature of 
filterability. 

Another advantage of fuel modification of adding rape oil methyl and isopropyl esters 
is the improvement of the value indicator of washing ability. 

In another work [12], the properties of biodiesel fuel based on sunflower 
and soybean oil, their chemical composition, have been investigated. In addition, 
vegetable oil based-biodiesel such as sunflower and soybean oil has better fluidity in 
cold temperature regions comparing to animal fat-based biodiesel. This may be the 
result of the high amount of polyunsaturated FAMEs compositions in feedstock. 

A number of research works [13, 14] are devoted to the improvement of oxida-
tive stability and cold fluidity by the partial hydrogenation of biodiesel method. In 
addition, hydrogenation can lead to an increase in cetane number. It is a crucial 
fuel property corresponding to the ignition quality. After moderate hydrogenation 
of unsaturated FAMEs, we can raise the ignition performance of fuel to a more 
satisfactory level. 

A recent review paper summarizes the improvements in terms of the production, 
cold flow properties, oxidation stability as well as catalytic material for the hydro-
genation process, and feedstock for the production concerning the ways to reduce 
trans-isomers in hydrogenated biodiesel [15]. 

Some investigations have been devoted to the inspection of the technologies and 
biofuel types produced [16, 17]. Current state of execution shows a predominance 
of studies for biodiesel production through transesterification. 

After all, some studies make use of different technologies with other types of 
biofuels produced through the valorization of WCO. These technologies are as 
following the production of hydrogen-rich syngas in gasification and bio-oils through 
various types of pyrolysis as well as biokerosene. 

4 Materials and Methods of the Study 

Evaluation of parameters of operational properties for fuels is made using standard 
methods of investigation of physical and chemical properties of fuels. These methods 
are standard for both oil and alternative fuels. 

Density, kinematic viscosity, cetane number, solidification temperature, sulphur 
content, heat of combustion were resolved in biodiesel fuel that was used for research. 
All the indicators were figured by standard methods according to EN 14214. 

Gas chromatography analyses was performed using an HP 6890 instrument 
equipped with a flame ionization detector (FID) and an HP-1 (Cross linked Methyl 
Siloxane) and capillary column (60.0 m × 0.25 mm × 1.0 µm). All research objects
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were taken from commercial sources and operated as such. Received Soybean oil 
and WCO were got from the food market and consumer spending. FAMEs were 
prepared from SO and WCO through a transesterification reaction according to the 
procedure described in [18]. First, 50 g of vegetable oil was heated at 60 °C. Then, a 
solution of methanol (16.9 g) and potassium hydroxide (0.5 g) in a MeOH/oil molar 
ratio equal to 9:1 was added to the heated oil. It was left under stirring at 600 rpm 
for 2 hundred refluxing conditions. 

After that the mixture was poured into a separating funnel and left standing 
overnight. That was made to separate the FAMEs from the glycerol. Once sepa-
rated, the FAMEs phase was washed several times with distilled water at 60 °C 
and dried over Na2SO4. The average molar weights of the SO and WCO FAMEs 
mixtures were calculated basing on their composition. 

5 Results and Discussion 

The consumption of fossil petroleum products in the EU is gradually mixing, if in 
2000 it amounted to 396.72 million tons, then in 2020–310.31 million tons (Fig. 1). 

In 2020, the final consumption of oil and petroleum products for energy and non-
energy purposes in the EU Member States fell 8.9% to 384.0 (Mtoe) In almost one 
year it reached the lowest level ever recorded in the 31-year time series. It definitely 
showed the effects of the COVID restrictions for most EU Member States that started 
in the first few months of 2020.

Fig. 1 Consumption of oil and oil products in EU, million tons 
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The consumption declined from the peak of 2001 (499 Mtoe) to a low point in 
2014 (409 Mtoe). Before the shock of the pandemic restrictions it was increasing. 

In 2020, the disruption of the pandemic-related restrictive measures had influence 
on the consumption in the Member States to different degrees affected the most 
Luxemburg (−21.4%), Malta (−15.7%) and Greece, Spain, Sweden, Slovenia and 
Italy (all between −14 and −15%) (Table 1). 

Member States have different energy and non-energy consumption patterns of 
oil and petroleum products. It is affected by the size and structure of countries’ 
economies. In 2020, Germany continued to lead with a 22.5% share of the total final

Table 1 Consumtion of oil and petroleum products in 2020 (equivalent of million tons of oil) 

Country 2020 Change from 2019 (%) 2020 share (%) 

Germany 88.54 −5.48 22.53 

France 59.79 −12.15 15.57 

Italy 37.77 −14.10 9.83 

Spain 37.19 −14.72 9.68 

Poland 27.82 −4.46 7.25 

Netherlands 22.96 −0.84 5.98 

Belgium 17.70 −7.62 4.61 

Austria 10.17 −9.26 2.65 

Romania 9.01 −2.43 2.35 

Czech Republic 8.44 −8.72 2.20 

Sweden 7.56 −14.65 1.97 

Greece 7.49 −14.82 1.95 

Portugal 7.44 −11.37 1.94 

Finland 7.02 0.44 1.83 

Hungary 6.97 −6.87 1.81 

Ireland 5.66 −8.28 1.47 

Denmark 5.04 −7.16 1.31 

Bulgaria 3.74 −3.43 0.97 

Slovakia 3.36 0.37 0.88 

Croatia 2.59 −10.50 0.67 

Lithuania 2.39 −1.88 0.62 

Slovenia 1.99 −14.64 0.52 

Luxembourg 1.85 −21.38 0.48 

Latvia 1.36 −1.27 0.35 

Estonia 1.02 −2.01 0.26 

Cyprus 0.92 −9.21 0.24 

Malta 0.27 −15.70 0.07 
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EU consumption. It was followed by France (15.6%), Italy (9.8%) and Spain (9.7%) 
[19]. 

Over the past three years, exports of spent raw materials to European oil companies 
have grown by 40%, and demand is forecast to triple by 2030. 

Due to a large amount of produced WCO, it is important to recycle this waste to 
transform it into an economically valuable “new product”. One of the methods to 
recycle this waste is to transform it into biofuel. 

That’s why samples of biodiesel fuel based on soybean oil and waste cooking oil 
were selected as objects of research in this article. 

The main physical and chemical parameters are listed in Table 2. As we can see, 
the cetane number needs to be increased, the density decreased, and the solidification 
temperature decreased. 

Figure 2 reports the analyses of Commercial soybean oil (SO) and waste cooking 
oil (WCO) after their transesterification in methanol. As well the resulting FAMEs 
compositions are presented there.

SO and WCO have a similar FAMEs composition (Fig. 2).  They  are rich in  
polyunsaturated methyl esters, such as C18:2 (methyl linoleate, 48.2–46.9%) and 
C18:3 (methyl linolenate, 4.8–5.8%). These esters should be converted into the more 
valuable monounsaturated C18:1 product. The further formation of C18:0 methyl 
stearate which is present in raw SO and WCO FAMEs in a low amount (5.8–6.8%)

Table 2 Physical and chemical parameters of biodiesel samples 

Indicator Soybean biodiesel (SO) Waste cooking oil (WCO) 

Saturated fatty acid, % 15.900 18.000 

Mono unsaturated fatty acid, 17.70% −7.6230.100 29.300 

Poly unsaturated fatty acid, % 54.000 52.700 

Degree of unsaturation 138.100 134.700 

Saponification value, mg/g 200.958 201.132 

Iodine value 130.249 126.249 

Cetane number 44.124 45.030 

Long chain saturated factor 4.180 4.790 

Cold filter plugging point, ºC −3.345 −1.428 

Cloud point, ºC 0.163 0.741 

Pour point, ºC −6.644 −6.016 

Allylic equivalent 138.100 134.700 

Bis-Allylic position equivalent 60.400 58.100 

Oxidation stability 4.774 4.828 

Higher heating value 39.450 39.454 

Kinematic viscosity, mm2/s 3.649 3.670 

Density. g/cm3 0.881 0.880 
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Fig. 2 SO and WCO FAMEs composition (%wt)

should be avoided with exception of methyl palmitate (C16:0, 9.8–10.9%) and a 
negligible quantity of methyl arachidate (C20:0, 0.3%). 

The biodiesel upgrading focuses on converting C18:3 and C18:2 starting esters 
into C18:1 methyl oleate (cis configuration), preventing the formation of methyl 
elaidate (C18:1, trans configuration), which has a melting point higher than its cis 
isomer, having detrimental effects on the cold flow properties of the whole mixture. 
Though, enriched with the trans-C18:1 biodiesel isomer demonstrated better lubricity 
features than FAMEs mixture containing C18:1 species in only a cis configuration 
[19]. 

As an outcome of the research, biodiesel fuel is obtained from waste oil, which 
has a low cetane number, increased viscosity and a somewhat high solidification 
temperature. Improvement of these indicators of operational properties is possible 
with the use of applications, biocomponents and additives. 

Optimizing the composition of such mixed fuel will allow to produce it taking 
into account the desired quality indicators and economic efficiency. 

Considering the situation with the import dependence of most countries on oil fuel, 
serious geopolitical changes and war in Central Europe, climate change, constant 
environmental pollution due to the increase in the car fleet in the world, the produc-
tion of biodiesel fuel from waste, namely used cooking oil, is extremely necessary. 
Optimizing the composition of such fuel with the provision of high operational prop-
erties is a huge potential for replacing fossil fuel, reducing the significant share of 
its use. 

In Ukraine, temperatures are quite low for 3–4 months, so the problem of 
improving the low-temperature properties of diesel fuels is relevant and econom-
ically important. For quite a long time, the solidification temperature of diesel fuels 
was reduced by reducing the boiling point. This direction turned out to be economi-
cally unjustified, since some of the valuable fractions of diesel fuel were converted to 
fuel oil, the price of which was significantly lower. Another direction for improving 
the low-temperature properties of diesel fuel is catalytic processes.



204 M. M. Dell’Anna et al.

At a temperature of 350–400 °C, hydroisomerization of n-alkanes occurs on the 
catalyst in the presence of hydrogen-containing gas, while the maximum filterability 
temperature of the fuel decreases by 20–30 °C. The process requires significant 
capital expenditures, amounting to tens of millions of dollars. 

The most economically justified and technologically simple is the use of depressor 
additives, when added in small quantities (0.05–0.1% by weight) a significant reduc-
tion in the solidification temperature and the maximum filterability temperature is 
achieved. 

As the analysis showed, the most effective are ethylene copolymers with 
vinyl acetate, ethylene copolymers with alkyl methacrylates, polyolefins (branched 
polyethylene, ethylene copolymers with propylene, chlorinated polyethylene), alkyl 
methacrylate polymers, polymers of maleic and fumaric acid derivatives, as well as 
others. 

In recent years, there has been a widespread trend towards the development of 
composite depressor additives, which consist of two or more components of the 
active substance, which are characterized by greater efficiency due to the synergy of 
the components. 

However, the effectiveness of the same depressor can vary significantly depending 
on the chemical composition of diesel fuel and its fractional composition. For a 
particular diesel fuel, it is necessary to try out depressors from several manufacturers 
and choose the best one based on efficiency and price. A special feature of depressor 
applications is also their composition, which is a trade secret of manufacturers. 

Three depressors of foreign companies were studied: Clariant, Basf and Diesel-u 
depressor, developed at the Petroleum Institute (Poland), since there is no production 
of depressor additives in Ukraine. Depressors have different effects on road accidents 
derived from different oils, at different plants, using different technologies, and when 
using biocomponents. Therefore, the determination of the optimal concentration of 
deperesoroids in DPA with bio components is relevant. Diesel fuel (sample 1) and 
diesel fuel with the addition of rapeseed oil ethyl ester (sample 2) were taken as raw 
materials for the research. The characteristics of depressors are shown in Table 3. 

The chemical structure of the selected substances was studied by infrared 
spectroscopy, shown in Figs. 3, 4 and 5.

Table 3 Characteristics of depressors 

Indicators Depressors 

Dodiflow clariant Keroflux basf Diesol-u 
oil institute poland 

Density, kg/m3 890–920 875–915 870–900 

Viscosity at 50 °C, mm2/s 100–150 40–80 2–4 

Flash point, °C >50 >64 >45 

Solidification temperature °C < +25 < +25 < –30 

Solidification temperature °C Absent 
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Fig. 3 IR spectrum dodiflow 4273 (clariant) 

Fig. 4 IR spectrum keroflux 6312 basf 

Analysis of the IR spectra of Dodiflow3905-2 (Clariant) confirms the presence 
of methyl groups in the frequency range: 1470, 2930 cm−1, methylene groups in the 
Alkane and alkene chains in the frequency range 725 cm−1, 1400 cm−1, 1470, 2860, 
2930 cm−1, ethyl (–CH2–CH2–) groups in the frequency range 1060, 1470 cm−1, 
carboxylic acid radicals in the frequency range: 1310, 1400, 2930 cm−1, etheny-
lene groups in the frequency range 1310, 1640, 3010 cm−1, h-propyl groups in the
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frequency range 1470 cm−1, primary alcohol groups in the frequency range: 1310, 
1400, 3310 cm−1, secondary alcohol groups in the frequency range: 1310, 1400, 
3310 cm−1. Analysis of the IR spectra of Keroflux 6312 (Basf) confirms the presence 
of a methyl group in alkane chains in the frequency range: 1370, 1470, 2860 cm−1, 
methylene groups in Alkane chains in the frequency range 725, 948, 2930, 3090 cm−1, 
ethylene groups in alkenes in the frequency range: 608, 1650, 3010 cm−1, primary  
alcohol groups in the frequency range: 1080, 1130, 1470, 3320 cm−1, h-propyl group 
in the frequency range of 1470 cm−1. 

Analysis of the Diesol-u IR spectra of the Petroleum Institute (Poland) confirms 
the presence of methylene groups in the frequency range: 728, 1460, 2860, 
2930 cm−1, primary alcohol groups in the frequency range: 1080, 1130, 1470, 
3320 cm−1. 

The distribution of functional groups is shown in Table 4. establishing the presence 
of certain functional groups in depressors makes it possible to explain the greater or 
lesser effect of different depressors.

The results of studies of the effect of depressor additives on the low-temperature 
property are shown in Table 5.

As can be seen from the table below, BASF products for both petroleum diesel 
fuel and fuel with bio-components showed the highest depressor effect with minimal 
consumption to achieve a filterability temperature of −20 °C. 

The Polish-made Diesol-u depressor has the lowest price, however, to achieve a 
filterability temperature of −20 °C, its consumption is 150% higher [20]. 

Thus, the addition of a depressor additive will make it possible to obtain a winter 
grade of diesel fuel, which has a significant reduction in the solidification temperature

Fig. 5 IR spectrum diesol-u 
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Table 4 Functional groups of the studied substances and their absorption frequencies (cm−1) 

Functional group Absorption frequencies, cm −1 

Dodiflow 3905–2 Keroflux 6312 Diesol-u 

Carboxylic acid 
radicals 

1310, 1400, 2930 – – 

Methyl group 1470, 2930 1370, 1470, 2860 – 

Methylene groups 725, 1400, 1470, 
2860, 2930 

725, 948, 2930, 3090 728, 1460, 2930, 2860 

Ethyl groups 1060, 1470 

Ethenylene group 1310, 1640, 3010 608, 1650, 3010 

H-profile group 1470 1470 

Primary alcohol groups 1310, 1400, 3310 1080, 1130, 1470, 
3320 

1080, 1130, 1470, 
3320 

Secondary alcohol 
groups 

1310, 1400, 3310 – –

and the maximum filterability temperature of −20 °C, which allows it to be used in 
winter at very low ambient temperatures. 

Since the cetane number determines the start of the engine, determines the rate 
of pressure growth, fuel consumption and smoke content of exhaust gases, then 
according to the norms of foreign countries, the cetane number should not be lower 
than 53. Therefore, for all imported passenger cars running on diesel fuels, it is 
desirable to increase the cetane number to the norms of European standards. Ignition 
promoters are used to improve the ignition of diesel fuels in the combustion chamber. 

The principle of operation of ignition promoters is explained by the slight decay 
of their molecules (most often nitrates or peroxides) along O–O and O–N bonds with 
a low (about 150 kJ/mol) activation energy. The resulting free radicals initiate fuel 
ignition. Additives of this type act only at the initial stages of the combustion process, 
which is why they are called ignition promoters or cetane-boosting additives. 

As previous studies have shown, the cetane number of basic diesel fuel and diesel 
fuel with esters meets the requirements of SSTU [21], but is lower than the require-
ments of the World Fuel Charter, which approved the cetane number indicator at the 
level of 53 [22]. 

The effect of the cetane-boosting additive Nitrocet-50, developed by the Petroleum 
Institute (Krakow, Poland), was studied. The characteristics of this additive are shown 
in Table 6.

The cetane-boosting additive Nitrocet-50 was introduced into diesel fuel as a 50% 
solution in a solvent. 

The raw materials for the research were L-grade diesel fuel (sample 1) and diesel 
fuel with the addition of rapeseed oil ethyl ester (sample 2). The dependence of the 
cetane number on the additive content is shown in Fig. 6.

Analyzing Fig. 6, it can be argued that to increase the cetane number of diesel fuel 
of Petroleum Origin (sample 1) to 53 units, it is necessary to add the cetane boosting
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Table 5 Results of studies of the effect of depressor additives to achieve the maximum filtration 
temperature −20 °C 

Depressor Depressor concentration, % by 
weight 

Maximum filterability 
temperature, °C 

Sample 1 Sample 2 

1 2 3 4 

Output diesel fuel 0 –7 –8 

Dodiflow 4273 (4800 e/t) 0.005 –14 –13 

0.010 –17 –16 

0.020 –19 –18 

0.030 –21 –20 

Dodiflow 3905–2 (4860 e/t) 0.005 –14 –12 

0.010 –18 –16 

0.020 –20 –19 

0.030 –22 –21 

Dodiflow 5416 (4910 e/t) 0.005 –15 –14 

0.010 –19 –18 

0.020 –21 –20 

0.020 –22 –21 

Keroflux ES 6100 (4720 e/t) 0.005 –15 –14 

0.010 –17 –16 

0.015 –19 –18 

0.020 –22 –20 

0.030 26 –23 

Keroflux ES 6211 (4825 e/t) 0.005 –16 –15 

0.010 –18 –17 

0.015 –20 –19 

0.020 –23 –20 

0.030 –27 –23 

Keroflux ES 6312 (4890 e/t) 0.005 –16 –15 

0.010 –18 –17 

0.010 –20 –18 

0.020 –24 –18 

0.020 –28 –22 

Diesol-u (4100 e/t) 0.005 –12 –13 

0.010 –14 –15 

0.020 –17 –18 

0.030 –20 –20
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Table 6 Quality indicators of 
cetane boosting additive 
Nitrocet-50 

Indicator Value 

Density at 20 °C, kg / m3 900–920 

Flash Point, °C Higher 45 

Freezing temperature, °C Lower −35 

Sulfur content, % by weight Absence

Fig. 6 Dependence of the cetane number of diesel fuel on the content of cetane boosting additive

additive Nitrocet-50 in the amount of 0.08% by weight, to increase the cetane number 
of diesel fuel with the addition of methyl ester of rapeseed oil (sample 2) to 53 units, 
it is necessary to add the cetane boosting additive Nitrocet-50 in the amount of 0.1% 
by weight. 

The physical and chemical properties of fuel with the addition of 7% MERO and 
Cetane boosting additive Nitrocet-50 and conventional diesel fuel of the L Brand, 
which are shown in Table 7, were studied.

The data in this table show that when biocomponents and a cetane-boosting 
additive were added to petroleum fuel, the cetane number increased by 4 units. 

The density and viscosity due to biocomponents have slightly increased. Studies 
have shown that in terms of physical and chemical parameters, biofuels meet the 
requirements of the regulatory document [21], in particular, they have a lower flash 
point in a closed Crucible by 4 °C, a lower sulfur content by 2.9 mg/kg. 

In terms of sulfur content, ash content and mass fraction of polycyclic aromatic 
hydrocarbons, the new fuel has significantly better performance compared to 
petroleum, which improves its environmental properties. Another advantage is that 
fuel with the addition of rapeseed oil methyl esters has improved cleaning proper-
ties. The solidification temperature due to the use of depressors decreased to −20 °C. 
other indicators meet the requirements of DSTU 7688:2015.
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Table 7 Physical and chemical parameters of diesel fuel with biocomponents 

Indicator Test 
methods 

According to DSTU 
7688:2015 for LG 
brand 3 

Actual data 

DF + 7% 
rapeseed oil 
methyl ester 

DF 
brand L 

Cetane number, not less than DSTU ISO 
5165 

51 53 49 

Density at t = 15 °C, kg/m3, 
within 

DSTU 
ENISO 
3675 

820–845 846 835 

Mass fraction of polycyclic 
aromatic hydrocarbons, %, 
max 

DSTU EN 
12,916 

8 7 7 

Sulfur content, mg/kg, no 
more than 

DSTU 
ENISO 
20884 

10 7,1 8 

Flash point, °C, not lower than DSTU ISO 
2719 

55 59 58 

Ash content, % (weight), no 
more than 

DSTU 
ENISO 
6245 

0.005 0.004 0.004 

Lubricity: diameter of wear 
fields at t = 60 °C, microns, 
not more than 

DSTU ISO 
12156 

460 430 450 

Kinematic viscosity at t = 
40 °C, mm2/ s, within  

DSTU 
GOST 33 

2.00–4.50 3.9 3.7 

Maximum filterability 
temperature, °C, not higher 
than 

DSTU EN 
116 

–20 –20 –7

A complex of physical and chemical properties and quality parameters of diesel 
fuel of petroleum origin and fuel with the addition of rapeseed oil esters were 
studied. As a result, it is noted that the characteristics of biocomponents are some-
what different from those of petroleum diesel fuel, and a number of environmental 
indicators are better than those of fuel of petroleum origin. 

When bio-components are added to petroleum diesel fuel in the amount of 7%, 
first of all, environmental indicators are improved: sulfur content, mass fraction 
of aromatic hydrocarbons, ash content. Also, when a cetane-boosting additive is 
added, the cetane number increases and the lubricity is significantly improved, which 
increases the service life of the car’s engine. Depressor additives reduce the solidifi-
cation temperature. In addition, biodiesel saves fuel costs because it is cheaper than 
petroleum diesel fuel. 

The influence of multifunctional additives of European manufacturers on the phys-
ical–chemical parameters and reduction of harmful emissions of the developed diesel 
fuel using a biocomponent was tested and determined [21].
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Keropur® Energy DP additives manufactured by Basf (Germany) and Chimec 
EP-D plus additives manufactured by Chimec (Italy) were used to improve the phys-
ical and chemical parameters (increase the environmental friendliness of fuels). 
The composition of keropur® Energy DP additive included: combustion modi-
fiers—barium alkylphenolates and nitrogen—containing dispersing additive, deter-
gent additive—surfactant and oxygen—containing solvent, demulsifier—copoly-
mers of ethylene and propylene oxides, defoamer-polyorganosiloxanes, antioxidant-
substances based on dialkyl-n-phenyldiamines. 

Due to the conducted studies, the following indicators were determined: efficiency 
of maintaining the purity of detergent additives, corrosion inhibition, anti-foam 
efficiency, water separation efficiency test, stability to oxidation (Fig. 7). 

When determining the effectiveness of additives in maintaining purity, the initial 
fuel without adding additives was first investigated. The obtained value of the flow 
restriction, which characterizes the tendency of diesel fuel to carbon formation on 
the nozzle, for the base fuel was 79.4%. This value is at the level of the results of 
typical fuels that comply with the European standard EN 590 [23]. 

When Keropur® DP ENERGY additive is added to fuel in the amount of 150 mg/ 
kg after 10 h. the flow restriction test was 58.4% (Table 8). Reducing the flow limit 
by more than 20% means good efficiency of the additive in this fuel in maintaining 
the cleanliness of the injection system (Keep Clean effect).

A comparison of the results obtained and data for the most common diesel fuels 
on the European market shows that the developed fuel with Keropur® DP ENERGY 
additive in a dosage of 150 mg/kg can be attributed to the segment of branded brands 
of leading international companies, such as Esso, Shell, etc. When adding Chimec

Fig. 7 Sequence of 
assessment of physical and 
chemical quality indicators 
of STS with biocomponents 
and additives Keropur ® 
Energy and Chimec EP-d 
plus 
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Table 8 Fuel efficiency with a bio component for maintaining cleanliness (Keep Clean) and 
cleaning (clean-up) injectors 

Products Dosage, ppm 0.1 mm nozzle needle lift Average value 

F. 1 F. 2 F. 3 F. 4 Flow restriction, % 

Flow restriction, % 

DP 0 79,6 78,4 83,6 76,1 79,4 

Keropur DP ENERGY 150 59,6 54,7 64,6 54,7 58,4 

Keropur DP 4510 150 67,7 68,8 66,0 70,2 68,2 

Chimec EP-D plus 190 – – – – 52,0

with EPD plus e additive of 190 mg/kg after 10 h. the flow restriction test was 52%, 
which is also a high result. 

Additionally, the effectiveness of the additive for cleaning was tested. At the same 
time, contaminated injectors are installed in the engine after running on basic diesel 
fuel and determining the flow limit without cleaning the resulting carbon deposits. 
Then the engine was run on a standard cycle already on the tested fuel with a keropur 
DP ENERGY additive package in a dosage of 150 mg/kg. In this case, the flow limit 
is reduced from 79.4% (basic diesel fuel) to 68.2%, i.e. more than half of the resulting 
deposits are removed in just one run within 10 h (Table 9). This result of this test is 
considered acceptable for European fuels. 

When determining the corrosion effect of diesel fuel with the addition of additive 
packages, it was found that the base diesel fuel exhibits relatively high corrosion 
activity according to the ASTM D 665 a standard, and in variant B (with seawater) the 
corrosion area is more than 75%. Corrosion, however, can be completely inhibited by 
adding the Keropur® DP ENERGY multifunctional package at a dosage of 150 mg/ 
kg (method A) to the fuel. In a much more rigid version of the study, there is a 
significant inhibition of corrosion processes. The addition of 190 ppm Chimec EP-
D plus e additive also significantly reduces the corrosion effect of diesel fuel. The 
results are shown in Fig. 8.

The complete absence of steel corrosion in the ASTM D 665 a variant is considered 
generally accepted for the branded diesel fuel segment (with distilled water) and 
limited corrosion activity is allowed in variant B with seawater. Diesel fuel with the

Table 9 Results of the study of corrosion of diesel fuel with a bio component when adding additives 

Additive Dosage, mg/kg Rating on the scale NACE 

DP brand L (method A) 0 B 

Keropur DP ENERGY (method A) 150 A 

DP brand L (method B) 0 E 

Keropur DP ENERGY (method B) 150 C 

Chimec EPD plus (method B) 190 B++/A class
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Table 10 Results of testing of diesel fuel with a bio component for the efficiency of water separation 
when adding additives 

Additive Quantity, 
mg/kg 

Time, 
min 

Phase 
separation 
limit, score 

Diesel phase, 
point 

Water phase, 
point 

Water loss, l 

DP 0 5 4 2 3 1 

Keropur DP 
ENERGY 

150 5 3 2 1 0 

Diesel fuel 0 240 3 2 1 0 

Keropur® DP 
ENERGY 

150 240 2 1,5 1 0 

Chimec EP-D 
plus 

190 5 2 3 1 0 

Chimec EP-D 
plus 

190 240 1 2 1 0

Fig. 8 Results of diesel fuel antigenicity tests using additives

Keropur ® DP ENERGY Package at a dosage of 150 mg/kg and Chimec with EPD 
plus at a dosage of 190 mg/kg fully meets these requirements. 

Conducting tests to determine the anti-foam properties showed that the use of 
Keropur® DP ENERGY additive package in diesel fuel at a concentration of 150 mg/ 
kg reduces the volume of foam formed by 64% from 110 to 40 ml and reduces the 
foam deposition time by 4 times from 40 to 10 s (Table 8). The use of the chemical 
EP-d plus additive package in diesel fuel at a dosage of 190 mg/kg reduces the volume
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of foam formed by 55% from 110 to 50 ml and reduces the foam deposition time by 
6.7 times from 40 to 6 s. 

Thus, according to these indicators, fuel with additives significantly exceeds the 
generally accepted recommendations of the World Fuel Charter. 

During the study to determine the efficiency of water separation, it was found that 
the base fuel shows a noticeable emulsification of water in this study. The addition of 
150 mg/kg of Keropur® EP ENERGY and chemical EP-d plus additives in a dosage 
of 190 mg/kg effectively improves the behavior of L-grade DP when separating 
water both after 5 min and after 4 h of exposure. Table 8 shows the experimental data 
obtained. 

When determining oxidative stability, it was found that the base fuel has high 
oxidative stability with a significant margin compared to the normalized level. With 
the introduction of 150 mg/kg of Keropur® DP ENERGY or Chimec additive with 
EPD plus at an amount of 190 mg/kg, this indicator is further reduced by 44% 
(Table 10). 

The use of multifunctional additive packages for diesel fuel allows you to maintain 
the cleanliness of the engine fuel injection system at the required technical level. 
Consequently, the optimal composition of the fuel–air mixture is ensured and the 
most complete and efficient combustion is guaranteed [24]. 

At the same time, the level of emissions of harmful substances in exhaust gases— 
soot (PM), unburned hydrocarbons (UH), carbon monoxide (CO) and nitrogen oxides 
(NOx) is significantly reduced, as well as the consumption of diesel fuel and, accord-
ingly, the release of carbon dioxide CO2 (“greenhouse gas”) is reduced by 2–5%. 
Statistical data from field tests to reduce the emission of harmful substances from 
cars are shown in Table 11. 

The optimal consumption of keropur DP ENERGY and Chimec additives with 
EPD plus is 150 per 190 g/t, respectively. At the market price of Keropur® DP 
ENERGY additive 3200 e/t and chemical EP-d plus 3350e/t, the cost of diesel fuel 
will increase by 0.480 e/t when using Keropur® DP ENERGY additive and 0.637 
e/t when using chemical EP-d plus additive. Thus, when purchasing additives from 
2 different manufacturers, it is necessary to take into account, in addition to the cost 
of the additive, the delivery scheme, payment terms, the volume of one-time batches, 
and the technological ease of mixing diesel fuel with the additive.

Table 11 The influence of Keropur DP ENERGY and Chimes EP-D plus additives on the reduction 
of harmful emissions in diesel fuel with a biocomponent 

Harmful substance Emission reduction, % 

Keropur® DP ENERGY Chimec EP-D plus 

Hydrocarbons that are not burned 15.0 20.0 

CO 10.0 9.0 

NOx 2.0 10.7 

PM 10.0 5.7 

CO2 4.0 1.8 
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So, the developed fuel with Keropur® DP ENERGY additive in a dosage of 
already 150 mg/kg can be attributed to the segment of branded brands of leading 
international companies, such as Esso, Shell, etc. the flow restriction test was 52%, 
which is a high result. 

Generally accepted for the branded diesel fuel segment is the complete absence 
of steel corrosion in the ASTM D 665 a variant (with distilled water) and limited 
corrosion activity in the B variant with seawater. Diesel fuel with the Keropur® DP 
ENERGY package at a dosage of 150 mg/kg and Chimec EPD plus at a dosage of 
190 mg/kg fully meets these requirements. 

The use of the Chimec EP-D plus additive package in diesel fuel at a dosage of 
190 mg/kg allows you to reduce the volume of foam formed by 55% from 110 to 
50 ml and reduce the time of foam deposition by 6.7 times from 40 to 6 s. When 
determining the oxidative stability, it was established that the base fuel has a high 
oxidative stability with a significant margin compared to the standardized level. With 
the introduction of 150 mg/kg of Keropur® DP ENERGY or Chimes EP-D plus in 
the amount of 190 mg/kg, this indicator is additionally reduced by 44%. 

6 Conclusions 

The use of multifunctional additive packages for diesel fuel allows you to maintain 
the cleanliness of the engine fuel injection system at the required technical level. 
At the same time, the level of emissions of harmful substances in exhaust gases— 
soot, unburned hydrocarbons, carbon monoxide and nitrogen oxides is significantly 
reduced, as well as diesel fuel consumption and, accordingly, the release of carbon 
dioxide are reduced by 2–5%. According to the results of the conducted studies, the 
high efficiency of both additives was established. 
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The Study of Intermolecular Interactions 
in Bio-Jet Fuel and Substantiation of Its 
Influence on Fuel Properties 

Anna Yakovlieva , Sergii Boichenko , Peter Korba , and Pavol Kurdel 

1 Introduction 

Modern aviation is one of the main consumers of non-renewable hydrocarbon feed-
stock in the form of aviation gasoline and jet fuels. Due to the rapid development 
of the aviation industry, it is important to improve the energy efficiency of fuel and 
reduce aircraft emissions [1]. Today, in accordance with the state policy of the leading 
countries of the world in the fuel and energy industry, the organization of alternative 
motor fuels use, in particular aviation fuel, from renewable feedstock is one of the 
priority tasks. 

It is well known that the aviation industry causes significant damage to the environ-
ment because the products of fuel combustion are a source of atmospheric pollution. 
In addition, the emission of CO2 and other greenhouse gases makes a significant 
contribution to global climate change [2]. A set of guiding documents of leading 
world organizations is devoted to the problem of aircraft emissions. They establish 
the requirements for continual reduction of CO2 emissions by 1.5% per year on 
average with the aim to reduce carbon emissions by 50% by 2050 in comparison 
with 2005 [1–3]. 

Among the existing today variety of alternative aviation fuels, preference is given 
to those derived wholly or partially from renewable feedstock—biofuels. The use 
of fuels from renewable feedstock has a number of advantages, in particular their 
natural origin, provision of the closed carbon cycle during the production and use 
and, therefore, the reduction of CO2 emissions into the atmosphere, the ease of 
fuel biodegradation in the environment, availability of the feedstock in different
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regions, and minimizing the adverse impact on environment during fuel storage and 
transportation [2, 3]. 

One of the types of aviation biofuels, which are actively studied today, is a bio-jet 
fuel that is a blend of conventional jet fuel and bio-additives produced from plant 
oils [3, 4]. According to studies by [5, 6] there is a variety of oil feedstock, which can 
be used for bio-additives production: rapeseed, sunflower, camelina oil, jatropha, 
used cooking oil, animal fats in the form of food industry waste, etc. The choice 
of feedstock usually depends on its availability in the certain region or country 
and physical–chemical properties of oil. Supply of the feedstock for bio-jet fuels 
production shouldn’t compete with the needs of food industry. Bio-additives are 
usually produced through the process of esterification of oils with various alcohols 
(methanol, ethanol, butanol, etc.) and further vacuum distillation. These processes 
are well-described in works [1, 6]. 

During the previous studies [3, 6–8] the authors fulfilled a series of experimental 
researches aimed on analysis of the basic physical–chemical properties of the bio-
jet fuels Within these studies the bio-jet fuels based on methyl and ethyl esters of 
rapeseed and camelina oils were analyzed by the parameters of density, viscosity, 
fractional composition and freezing point of the fuel [6, 7]. The results have shown 
a good level of compatibility of conventional jet fuel and bio-additives, satisfactory 
physical–chemical properties of bio-jet fuels, which correspond to requirements of 
standard specifications and improvement of certain operation properties. The results 
have also shown a need in further studies, which should be devoted to optimization of 
some physical–chemical properties of bio-jet fuels [7, 8]. Another important issue, 
is possibility to use new type of feedstock—including both, oils and alcohols. Using 
of new types of renewable feedstock for bio-additives production may contribute 
to improvement of physical–chemical and operation properties of bio-jet fuels and 
provide more of feedstock availability. 

This article is presented as a continuation of previously fulfilled studies. The main 
purpose of the work is to determine the nature and role of intermolecular interaction 
in the system “hydrocarbon jet fuel—fatty acid esters” to explain the mechanism 
of interaction and substantiate the influence of bio-additives on the physical–chem-
ical properties of bio-jet fuels. Within this study the following bio-additives were 
analyzed: rapeseed oil fatty acid methyl esters (RO FAME), rapeseed oil fatty acid 
ethyl esters (RO FAEE), camelina oil fatty acid ethyl esters (CamO FAEE), palm-
kernel oil fatty acid ethyl esters (PKO FAEE) and coconut oil fatty acid ethyl esters 
(CocO FAEE).
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2 Analysis of Hydrocarbon Composition of Conventional 
Jet Fuel and Fatty Acid Composition of Bio-Additives 

From the studies by [1, 4] and other researchers it is known that conventional jet 
fuels are derived from crude oil by straight-run distillation. They are kerosene-gasoil 
fraction, which boils in a range 140–250 (280) °C and is composed mainly of paraf-
finic, naphthenic and some amount of aromatic hydrocarbons C5–C16 [1, 5], which 
is explained by the natural composition of crude oil which is used for production. 
Depending on the origin of crude oil the ratio of hydrocarbons in fuel may vary in 
some range. 

Fatty Acid Composition of Bio-Additives 

Based on the results of the previous authors’ researches the comparative analysis of 
chemical composition (fatty acids composition) of bio-additives used for bio-jet fuel 
production was developed (Table 1) [6–8].

Data in Table 1 show the content (%, mas.) of each individual fatty acid found in 
samples of bio-additives. Fatty acid composition of RO FAME, RO FAEE, and CamO 
FAEE were determined and studied during the previous researches [6–8]. At the same 
time fatty acid composition of CocO FABE and PKO FAiBE were analyzed for the 
first time and are also presented in the table for the comparative analysis. The table 
also contains data about the heat of evaporation (ΔHevap.) of each of the compounds. 
Values of the heat of evaporation are individual for each of the compounds and are 
taken from certain reference literature [9]. Values of ΔHevap. will be used for further 
analysis of intermolecular interactions in the bio-jet fuel. 

3 Theoretical Fundamentals of Intermolecular 
Interactions, Which Can Occur Between Hydrocarbons 
and Fatty Acids Esters in Bio-Jet Fuel 

To study and establish the regularities of the influence of the bio-additives obtained 
from different plant oils on the physical–chemical properties of petroleum jet fuel, 
it is necessary to carry out a detailed analysis of the mechanisms of compounding 
(blending) of jet fuels and bio-additives, as well as the nature of the intermolecular 
interaction in the system “hydrocarbon fuel—fatty acid esters”. Today there is a 
number of studies is devoted to the questions of fatty acid esters production, analysis, 
and influence on fuel properties. However, the issue of intermolecular processes and 
interactions, which take place in blended petroleum fuel, and jet fuel in particular, is 
insufficiently covered in the modern scientific literature.
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Thus, the works [10, 11] provide data on the solubility of triacylglycerides of 
vegetable oils in some polar solvents. The works of scientists [12, 13] provide data on 
the solubility of biodiesel and diesel fuels in various organic solvents. However, infor-
mation on the mutual solubility of fatty acids esters and hydrocarbons of kerosene-
gasoil fractions of oil refining (jet fuels) is not presented in the modern literature. 
Accordingly, this issue requires study, analysis, and substantiation. 

Samples of bio-jet fuels can be considered at the macro level as a two-component 
system, in which each of the components (petroleum jet fuel and bio-additives) are 
in the liquid state under normal conditions. At the same time, at the micro level 
the bio-jet fuel is a multicomponent system, which includes paraffinic, naphthenic, 
aromatic hydrocarbons, saturated and unsaturated fatty acid esters [14]. 

In order to study and analyze the processes of compounding (blending) of hydro-
carbon fuels and fatty acid esters the fundamentals of physical chemistry: the 
processes of intermolecular interaction, colloidal chemistry and solution theory were 
applied [11]. 

It is well-known that dissolution is a complex physical and chemical process [10, 
14]. According to physical theory [14, 15], dissolution is the uniform distribution 
of dissolved substance particles throughout the solvent volume. According to the 
chemical theory [14, 15], solutions are systems formed by particles of the solvent, 
dissolved substance, and unstable chemical compounds formed between them by 
hydrogen bonds or electrostatic forces of interaction. The modern theory of solutions 
considers the dissolution process as an interaction between particles of different 
polarity [15]. 

It is known from the works [12–14] that the dissolution (mixing) of substances is 
based on the solvation process—the interaction of solvent particles with the particles 
of the dissolved substance. In the dissolution process, part of the energy is released 
as a result of breaking the bonds between the molecules of the dissolved substance, 
and part is absorbed during the formation of new bonds between the molecules of the 
solvent and the dissolved substance. That is, the dissolution process is determined 
by intermolecular interaction of the system components. Van der Waals forces and 
hydrogen bonds belong to intermolecular interactions [15]. 

To analyze the process of dissolution of the fatty acid esters in the hydrocarbon 
fuel it is necessary to establish the presence and role of these forces between the 
molecules of the esters. As it is known, ester molecule is a fatty acid radical with 
carbonyl group -C = O, conjugated by hydroxyl oxygen atom with alcohol radical 
(Fig. 1) [6]. 

The presence of oxygen atoms indicates the ability of molecules to form hydrogen 
bonds. Thus, these molecules can be hydrogen bond acceptors. At the same time, 
hydrogen atoms in ester molecules are bound by strong covalent bonds with carbon 
atoms in acid and alcohol radicals and can’t be hydrogen bond donors [15]. It follows

Fig. 1 Molecule of the 
typical fatty acid ester 
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Fig. 2 Intermolecular 
interaction of esters 
molecules with low carbon 
number with water (a) and  
alcohol (b) via hydrogen 
bonds 

Fig. 3 Induction effect and 
shift in atoms’ charges in 
a—FAME and b—FAEE 

that hydrogen bonds are not formed between the fatty acid esters molecules, and the 
molecules are not capable of mutual association through hydrogen bonds. 

Ester molecules can form hydrogen bonds only with other molecules, being accep-
tors of such bonds. This explains the solubility of esters with the number of carbon 
atoms in acyl residues up to 5 in water and alcohols, in polar molecules in which 
hydrogen atoms interact with electronegative oxygen atoms (Fig. 2). However, as the 
length of the hydrocarbon chain increases, the solubility of esters in polar solvents 
decreases. 

Hydrogen bonding is a particular case of dipole–dipole or orientational Van der 
Waals interaction. The basis of the orientational interaction (Kizome forces) is the 
ability to orient one molecule relative to another with charges opposite in sign [15]. 

The electronegativity of oxygen atoms (3.5) in a molecule is greater than the elec-
tronegativity of carbon (2.5). Undivided pairs of oxygen electrons shift the electron 
density of neighboring carbon atoms, acquiring partially negative charge (induction 
effect). In turn, the carbonyl carbon atom acquires a partially positive charge (Fig. 3). 

As a result, the ester molecule becomes polar and has a constant electric dipole 
moment. This peculiarity of the structure of the fatty acid ester molecules explains 
their ability to orientation interaction. 

An ester molecule consists of two parts: a polar hydrophilic part and a non-
polar hydrophobic one. Accordingly, the hydrophilic part of the molecule has the 
ability to orientation interaction [14]. At the same time, acyl radicals are nonpolar 
(hydrophobic) and orientation interaction is not typical to them. Dispersive inter-
action forces (London forces) arise between them. These forces arise due to the 
appearance of instantaneous dipoles as a result of the shift in the electron density 
of electron shells that are in constant motion relative to the nuclei [14, 17]. The 
constant motion of the electrons leads to an asymmetric redistribution of charges 
in the molecules, and instantaneous dipoles arise in the particles. Thus, nonpolar 
molecules can become polar for a moment. In general, the dispersion interaction 
depends on the deformation ability of the molecules and the distance between them.
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Fig. 4 Spatial electrostatic model of fatty acid ester molecule 

In the spatial electrostatic model of the molecule (Fig. 4) one can see its polar 
part, where the accumulation of negative charge is shown in red and positive charge 
in blue. The nonpolar acyl radical is shown in green. 

Placed in space, ester molecules are oriented by opposite charge signs, and dipole– 
dipole bonds are formed between the polar parts of the molecule. Dispersive inter-
action forces arise between hydrophobic acyl radicals. The longer the radical, the 
larger the area of its contact and, consequently, the area for the formation of dispersion 
interaction forces. It follows that as the length of the hydrocarbon chain increases, 
the force of intermolecular interaction increases. Importantly, as the length of the 
hydrocarbon chain increases, dispersion interaction forces begin to dominate over 
orientation forces, and the ester molecule acquires hydrophobic properties. This is 
revealed by loose of ability to dissolve in polar solvents [16, 18]. 

The presence of double bonds in acyl radicals of esters has a significant effect on 
their intermolecular interactions and, accordingly, on the physical–chemical prop-
erties of esters. The angle of the valent double bond between the carbon atoms is 
120° compared to the angle of a single bond (110°), which makes the shape of the 
molecule more curved. The distance between the “curved” acyl radicals with one 
or several double bonds is greater than in the case of straight (saturated) ones. This 
contribute to weakening of the forces of dispersion interaction between the molecules 
[12, 14, 16]. 

In addition to the orientation and dispersion interactions between ester molecules, 
an inductive interaction can occur: the non-polar parts of the molecule are polarized 
under the action of the electric field of the polar part of the molecule and acquire an 
induced dipole moment. 

Summarizing the above mentioned it can be concluded that the forces of dispersion 
interaction between ester molecules prevail. The dispersion interaction energy can 
be expressed by the London formula [14, 15]: 

Edisp = −3I 

4 

α2 

d6 
, (1) 

where I—ionization energy of the molecule; α—coefficient representing the polar-
ization ability of molecules; d—distance between the moment dipoles. 

Formula (1) shows that as the polarization ability α increases, i.e. as their size 
of the molecules increases, their dispersion interaction energy also increases. At the
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same time, the ionization energy I of ester molecules changes insignificantly with 
the increase of their linear size [14, 17] and, in general, does not affect the disperse 
interaction energy. Quantitative values of size of the molecules [9] for fatty acids 
methyl and ethyl esters are given in Table 2. Therefore, we may expect the rise 
of polarization ability and energy of dispersion interaction with the increasing of 
molecules size. 

Hydrocarbons of jet fuels can be conditionally divided into two groups: non-polar 
and non-polar, but capable of polarization—paraffin-naphthenic and aromatic hydro-
carbons respectively. Some paraffins as well as naphthenes can give an insignificant 
reduced dipole moment [10, 17]. 

The spatial electrostatic models of typical molecules of hydrocarbon jet fuel and 
fatty acids esters of rapeseed oil are shown in Table 3. Hydrocarbon molecules have 
smaller sizes compared to ester molecules, correspondingly smaller polarization 
ability and dispersion interaction energy.

Basing on the analyzed literature and data it has been established that during the 
process of blending of hydrocarbon jet fuel and fatty acids esters the mutual mixing 
of components takes place. This mixing occurs under the influence of induction 
and dispersion forces of Van der Waals interaction, among which the dispersion 
component prevails. As the proportion of esters in the system ‘hydrocarbon jet fuel— 
fatty acid esters’ increases, an increase in intermolecular interaction is observed. This 
is evidenced by an increase in the evaporation heat of its components [9] (Table 4).

This is explained by an increase in the proportion of the dispersion component in 
the total intermolecular interaction as a result of an increase in the polarizability of 
the system molecules. Induction interaction in the system occurs due to polarization 
by carboxyl groups of naphthenic and aromatic hydrocarbons esters of jet fuels. 

The energy of the system decreases by 31–69.3 kJ/mol as the proportion of esters 
in the hydrocarbon fuel—fatty acid esters system increases. Reduction of the total 
energy in the system has a direct influence on the physical–chemical properties of 
bio-jet fuels blended with fatty acids esters.

Table 2 Ability to polarization of fatty acid esters expressed as a molecule size [9] 

The ability to polarization, α 
Methyl – – C17H34O2 C19H38O2 C21H40O2 C23H44O2 

esters – – 32.7.10−24cm3 36.4.10−24cm3 40.1.10−24cm3 43.8.10−24cm3 

Ethyl C14H30O2 C16H32O2 C18H36O2 C20H40O2 C22H42O2 C24H46O2 

esters 27.2 
10−24cm3 

30.9 
10−24cm3 

34.6.10−24cm3 38.2.10−24cm3 41.9.10−24cm3 45.6.10−24cm3 
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Table 4 Heat of evaporation, ΔH of components of bio-jet fuels [9] 

Type of molecules Heat of evaporation, ΔH 

Jet fuel hydrocarbons Methyl esters Ethyl esters 

Heat of evaporation, ΔH, kJ/mol 31.0–47.0 57.5–67.7 40.4–69.3 

Table 5 Physical–chemical properties of conventional jet fuel and bio-additives 

Property Jet fuel Bio-additives 

RO 
FAME 

RO FAEE CO 
FAEE 

PKO 
FAEE 

CocO 
FAEE 

Density at 20 
°C, kg/m3 

792.0–794.0 880.38 873.22 871.13 860.4 866.92 

Viscosity at 
20 °C, mm2/s 

1.50–1.58 6.734 7.355 6.422 4.546 4.041 

Freezing 
point, °C 

Minus 59–minus 60 Minus 
19 

Minus 18.5 Minus 7 Minus 
13 

Minus 
12

4 Experimental Analysis of the Influence of Intermolecular 
Interactions on Some Physical–Chemical Properties 
of Bio-Jet Fuels 

In order to substantiate the influence of intermolecular interactions on properties of 
bio-jet fuels the experimental study of some of the basic physical–chemical properties 
has been done. For the study the set of sample of bio-jet fuels were prepared. Each of 
the bio-additives (RO FAME, RO FAEE, CO FAEE, PKO FAEE and CocO FAEE) 
were blended with conventional jet fuel in quantity 10%, 20%, 30%, 40% and 50%. 
Conventional jet fuels of grade Jet A-1 with no bio-additives content was studied as 
a reference fuel. Such properties as density, kinematic viscosity and freezing point 
were chosen for the investigation. These properties are determined and substantiated 
by the chemical composition of fuel and structure of fuel’s molecules. Therefore, 
research and analysis of these of bio-jet fuel properties allows understanding the 
degree of influence of intermolecular interactions and processes, which take place in 
fuels. 

Table 5 summarizes the values of basic physical–chemical properties of bio-
additives samples and conventional jet fuel used during the experiment. These data 
allow analyzing and understanding the differences in properties basing on research 
of their structure and composition. 

Data in Table 5 shows that quantitative values of density, viscosity and freezing 
point of bio-additives significantly differ from conventional jet fuel. Typically, 
density of the fuel depends on its chemical and fractional composition. All the 
studied bio-additives possess much higher density values comparing to the density 
of conventional JF.
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It is explained by its chemical structure. Unlike hydrocarbons of conventional JFs, 
which contain 5–16 carbon atoms, acyl radicals of ester molecules contain a wider 
range of molecules, usually with 8–22 carbon atoms or even more, depending on the 
feedstock. This is the reason of a strong dispersion interaction forces between them 
and, consequently, higher density compared to jet fuel. 

Influence of Intermolecular Interactions on Density of Bio-Jet 
Fuels 

From Table 5 it may be seen that density of different bio-additives significantly 
varies (860.4–880.38 kg/m3). This is explained by the fatty acid composition and 
content of each of the bio-additive. From Table 1 it is seen that RO FAME and 
FAEE contain molecules with 16–22 carbon atoms in fatty acids radicals. Moreover, 
about 90% of all molecules are esters of fatty acids with 16, 18 and 20 carbon 
atoms (palmitic, oleic, linoleic, linolenic, and eicosenic acids). CO FAEE contains 
mostly esters of palmitic, oleic, linoleic and linolenic acids (C16–C18). Such content 
of high-molecular esters results in high values of density. At the same time PKO 
FAEE and CocO FAEE are composed of molecules with lower carbon number (C8– 
C18), additionally, PKO FAEE contains some amount of C6 molecules. The weaker 
intermolecular interaction may be supposed in this case and this results in lower 
density values (860.4–866.92 kg/m3). 

Next, the density of bio-jet fuels with different content of bio-additives was studied 
(Fig. 5). The density of the bio-jet fuel samples increases with the increase in the 
content of bio-additives. For all the samples the change of density has an additive 
character, and is represented by a straight line. The rise in density values is explained 
by the increased effect of the forces of dispersion interaction between hydrocarbon 
molecules and acyl radicals of esters, on the one hand, and the emergence of forces 
of induction interaction between hydrocarbons of the jet fuel and carboxyl groups 
of esters, on the other. As it was mentioned, acyl radicals of ester molecules contain 
higher number of carbon atoms, which leads to high values of the interaction energy 
between ester molecules and, accordingly, their density. At the same time, samples of 
bio-jet fuels with PKO FAEE and CocO FAEE have lower density values compared 
to bio-jet fuels with RO FAME, RO FAEE and CO FAEE, are closer to values typical 
to jet fuels.

Influence of Intermolecular Interactions on Kinematic 
Viscosity of Bio-Jet Fuels 

The viscosity of fuels is the average value of the viscosities of all its components. 
The viscosity of hydrocarbon jet fuels depends on the structure of the molecules,
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Fig. 5 Dependence of density of bio-jet fuel on the content of bio-additives: 1—RO FAME, 2—RO 
FAEE, 3—CO FAEE, 4—PKO FAEE, 5—CocO FAEE

their interaction and, to a small extent, on their molecular weight. From Table 5 it 
may be seen that viscosity values of bio-additives (4.041–6.734 mm2/s) significantly 
differ from the viscosity of conventional jet fuel (1.50–1.58 mm2/s). 

The reason for this, as mentioned above, is chemical structure of fatty acid esters. 
The length of the fatty acid radicals determines the large size of the compounds, which 
leads to a higher energy of their intermolecular interaction. Viscosity, like density, is 
a property that can be used to characterise the forces of intermolecular interaction in 
a liquid quite accurately. The higher the energy of intermolecular interaction of fuels, 
the higher their viscosity. Hydrocarbon molecules do not contain carboxyl groups 
in their composition and are characterised by much smaller sizes, as a result only 
dispersion forces act between them, the energy of which is much lower than that of 
ester molecules. 

In addition, from Table 5 it may be seen that PKO FAEE and CocO FAEE have 
lower values of viscosity compared to RO FAME, RO FAEE, and CO FAEE. Refer-
ring to the Table 1 it is seen that RO and CO esters are composed of long-chain 
esters with 16–22 carbon atoms, while PKO and CocO contain molecules with 8–18 
carbon atoms. Due to this, forces of intermolecular interactions in PKO and CocO 
bio-additives are weaker, and, consequently, viscosity is lower. Moreover, RO and 
CO bio-additives with approximately 80% composed of esters of unsaturated fatty 
acids with one and two double bonds, which additionally increases their viscosity. 
On the contrary, PKO bio-additive contains only about 3% of unsaturated fatty acids
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Fig. 6 Dependence of kinematic viscosity of bio-jet fuel on the content of bio-additives: 1—RO 
FAME, 2—RO FAEE, 3—CO FAEE, 4—PKO FAEE, 5—CocO FAEE 

and CocO bio-additive—about 17%, which much lower compared to RO and CO 
esters. 

Next, the kinematic viscosity of bio-jet fuels with different content of bio-additives 
was studied (Fig. 6). It was found that increasing of content of bio-additives in bio-jet 
fuels results in rising of kinematic viscosity. This phenomenon may be explained 
by the strengthening of intermolecular interaction forces between hydrocarbon 
molecules and ester molecules. 

It is also seen from Fig. 7 that samples of bio-jet fuels with PKO FAEE and CocO 
FAEE have lower kinematic values compared to bio-jet fuels with RO FAME, RO 
FAEE and CO FAEE, and are closer to values typical to conventional jet fuels.

Influence of Intermolecular Interactions on Freezing Point 
of Bio-Jet Fuels 

All of the studied bio-additives based on RO, CO, PKO and CocO have significantly 
higher values of freezing point compared to conventional jet fuel (Table 5). Such 
high freezing points of bio-additives are explained by the chemical structure of the 
molecules and the van der Waals forces that exist between them. The length of the 
hydrocarbon chain (C8–C22) determines the large size of the compounds, due to
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Fig. 7 Dependence of freezing point of bio-jet fuel on the content of bio-additives: 1—RO FAME, 
2—RO FAEE, 3—CO FAEE, 4—PKO FAEE, 5—CocO FAEE

which the energy of the bonds between the molecules is much higher compared to 
the conventional jet fuels. 

Due to the existence of intermolecular interaction forces, the rate of chaotic move-
ment of fatty acids esters molecules is negligible. As the temperature decreases, their 
association increases rapidly: on the one hand, due to a decrease in the thermal motion 
of the molecules, which weakens the bonds between them, and on the other hand, 
due to a decrease in the mobility of the esters molecules that “interconnect” with 
each other. With a further decrease in temperature, the viscosity becomes so high 
that the esters solidify and lose their mobility. 

The structure of the bio-additive molecules has a certain influence on the pour 
point. The presence of double bonds in ester molecules makes their shape curved, 
which makes it difficult to place them tightly together. The results of the study showed 
that blending jet fuels with bio-additives increases its freezing point (Fig. 7). At a 
concentration of bio-additives up to 30% (by volume), their effect on the freezing 
point is relatively insignificant. At low concentrations of bio-additives, they are 
evenly distributed in the volume of conventional jet fuel and are at distances insuffi-
cient for their interaction. With a further increase in the ester content, the solidification 
temperature increases and gradually approaches the values typical for pure fatty acid 
esters. 

To explain this effect, the works on the analysis of intermolecular interaction and 
properties of petroleum products [10, 14] were used. As the content of bio-additives 
in the bio-jet fuel increases above 30%, the content of relatively large ester molecules
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becomes sufficient for their association: on the one hand, due to the action of physical 
forces of attraction, and on the other hand, due to the “adhesion” or “engagement” 
of molecular chains. A special role in the process of “engagement” is played by 
unsaturated ester of curved shape. Thus, the associated ester molecules initiate the 
formation of a structure in the system hydrocarbon jet fuel—fatty acid esters. 

From Fig. 7 it may be seen that bio-jet fuels with PKO FAEE and CocO FAEE 
have higher values of the freezing point compared to RO FAME, RO FAEE, and CO 
FAEE. The reason for such effect may be explained by the differences in structure 
of fatty acids radicals. From one side PKO FAEE and CocO FAEE are composed 
of smaller molecules and weaker forces of interaction should appear between them. 
However, from the other side, both of these bio-additives are composed mostly of 
saturated non-curved ester molecules (PKO FAEE—about 93% and CocO FAEE— 
about 87%). Similar to n-paraffins in conventional jet fuels short-chain saturated 
esters turn into crystals at comparatively high temperatures. 

5 Conclusions 

The analysis of the nature of intermolecular interactions of fatty acid esters, hydro-
carbons of conventional jet fuel and their mixtures allowed to state that during 
compounding (mixing) of hydrocarbon jet fuel and bio-additives based on fatty acid 
esters o plant oils, a homogeneous system is formed, in which each of the compo-
nents is ground to the size of molecules. Interaction between the system components 
occurs under the action of electrostatic forces of intermolecular interaction (van der 
Waals forces). In this case, chemical interaction between the system components 
does not occur. Due to this, hydrocarbon jet fuel is mixed with bio-additives in any 
ratio and unlimitedly. During the process of storage the absence of stratification of 
the system is ensured, i.e. the aggregative stability of the fuel is ensured. 

Differences in chemical structure of hydrocarbon jet fuel and bio-additives and, 
therefore, intermolecular interactions appearing between them determine properties 
of bio-jet fuels. Increasing content of bio-additives in bio-jet fuel leads to rise of the 
dispersion component in the total intermolecular interaction and graduate reduction 
of internal energy of the system. This has a direct influence on the physical–chemical 
properties of bio-jet fuels blended with fatty acids esters. Increasing the content 
of bio-additives results in rising of fuel density, viscosity and freezing point. Bio-
additives based on PKO FAEE and CocO FAEE have molecular composition and 
weigh, which is closer to composition of conventional jet fuel. Therefore, bio-jet 
fuels blended with these bio-additives possess properties, which are more similar to 
properties of hydrocarbon jet fuels. 
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Monitoring the Risks of Microbiological 
Contamination of Aviation Fuels 
and Fuel Systems 

Iryna Shkilniuk and Nataliia Shevchuk 

1 Aviation Fuels as a Factor in Aircraft Flight Safety 

Aviation is a factor in the economic success of many countries of the world. Flights 
have helped develop international trade links and create vital domestic connections 
that ‘stitch’ a country together. Accelerating scientific and technological progress, 
globalization of air transport markets, increased international connectivity and the 
introduction of the digital economy require continuous monitoring of risks to flight 
operations and preservation of the infrastructure capacity of air transport to enhance 
its competitiveness and sustainable development. 

The most important part of ensuring the normal operation of aviation is ensuring 
the safety of ongoing flights. 

Aircraft operational safety, together with aviation and environmental safety, is 
of paramount importance to ensure flight safety. The quality of aviation fuels and 
lubricants is one aspect of aircraft safety [1]. Generally recognized regulations and 
requirements have existed and allow for a stable system for maintaining aviation fuel 
quality and control at every stage of its life cycle. 

The reliability and efficiency of aircraft gas turbine engines are highly depen-
dent on the quality of aviation fuels. Operating fluids, including fuels, are complete 
structural elements of the respective systems from a chemmotologycal point of view. 
Strict requirements related to reliability, efficiency, and environmental friendliness of 
aviation transport operations are imposed on aviation fuels used in civil and military 
aviation. 

Low-quality aviation fuels reduce the performance and reliability of aircraft equip-
ment, while higher fuel requirements result in higher fuel prices. Therefore, modern
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aviation fuels and lubricants must meet a number of requirements combining the 
economy, reliability, and durability of aviation vehicles. 

The negative effects of fuel properties are mainly due to uncontrolled changes in 
its composition and properties caused by variable operating conditions. 

One of the strategic safety objectives is to identify and monitor existing avia-
tion safety risks and to develop and implement globally effective and appropriate 
measures to address emerging risks. 

2 Purity and Microbiological Contamination of Motor 
Fuels 

The main link in all civil aviation activities is ensuring flight safety. The most impor-
tant condition is the use of aircraft within the range of expected operating conditions, 
taking into account operational constraints. One of these is the appropriate quality 
of aviation fuel. 

Flight safety activities are multifaceted and complex. The main, constituent 
factor in ensuring flight safety is the interaction between the aviation authorities 
of the state and the air transport process. The quality assurance of aviation safety, 
including the occurrence of aviation equipment failures, is a worldwide problem 
today. ICAO, concerned about the prevailing worldwide trend of contaminated avia-
tion fuel reaching airports, has issued Directive 9977 (Guidelines for the Supply of 
Aviation Fuels to Civil Aviation). IATA has adopted Standard 1530 (Quality Assur-
ance Requirements for Aviation Fuel Production, Storage and Delivery Systems at 
Airports). The essence of these documents is that at each stage from the produc-
tion of aviation fuel to the airport, all parties involved have a shared responsibility 
to ensure quality, purity and control capability at each point in the production and 
supply chain. 

Fuel purity is an issue in the supply of aviation fuels in vehicles, as well as in 
the inner cavities of the technological equipment of airfield fuel depots, centralized 
aircraft refueling systems, and fuel tankers [2]. The purity of fuels is determined by the 
number of impurities in their composition. Contaminants can be of different natures. 
Inorganic contaminants are particulates and water. Organic contaminants are residues 
of other petroleum products, fame. Biological contaminants are microorganisms that 
require hydrocarbons from fuel to function. The most common contaminants are 
particulates, water, other petroleum products or their residues, and microbial growth 
[3, 4]. 

Sources of contamination of jet fuels are materials and substances in contact with 
the fuel. Such as:

• Mineral impurities introduced into fuel from refined oil;
• Corrosion products on fuel apparatus parts as well as on process surfaces with 

which fuel comes into contact during transport or storage;
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• Contaminants introduced through the tank breathing system and fuel tank drainage 
system. 

Microorganisms are a specific type of pollution, capable of multiplying and having 
a complex effect on the habitat, that is the fuel, and the means of using it [5]. More than 
150 species of micro-organisms capable of degrading the hydrocarbons that compose 
aviation fuels have so far been detected and identified [2]. The main representatives 
of microorganisms are: 

1. Anaerobic and aerobic bacteria—Achromobacter, Alcaligenes, Artrobacter, 
Bacillus, Bacterium, Brevibacterium, Citrobacter, Clostridium, Corynebac-
terium, Desulfovibrio, Enterobacter, Escherichia, Flavobacterium, Metanobac-
terium, Micrococcus, Micromonospora, Mycobacterium, Nicrocossus, Pseu-
domonas, Sarcina, Serratina, Spirillym, Vibrio, Thiobacillus; 

2. fungi (or micromycetes)—Alteranga, Aspergillus niger, Aspergillus fumigatus, 
Hormoconis resinae, Monacus floridanus, Phialophora sp., Cephalosporium, 
Renicillum; 

3. yeasts—Candida, Debaryomyces, Endomycopsis, Hansenula, Rhodotorula, 
Saccharomyces, Torula, Torulopsis, Trichoderma, Trichosporon. 

Numerous researchers confirm that among the microorganisms that develop in 
aviation fuels, fungi are the most common [6, 7]. Fungi are a heterogeneous group 
of eukaryotic microorganisms that have a core with a core membrane, a cytoplasm 
with organelles, a cytoplasmic membrane and a strong cell wall. Fungi consist of 
long thin filamentous fibers (hyphae) with a thickness of 5 µm, which are woven 
into mycelium Fungi are specific plant organisms that do not have chlorophyll and 
do not synthesize organic substances. Fungi need ready-made organic substances for 
their life activity [8]. 

Hormoconis resinae is an active destructor more commonly found among microor-
ganisms capable of growing in aviation fuels (Fig. 1) [5, 6]. It is also called the 
“Kerosene fungus”. In the natural environment, this fungus inhabits the soils of the 
subtropical and tropical zone [7]. Research by many scientists confirms the presence 
of this fungus in aviation fuel samples from Australia, Brazil and California, UK, 
Denmark, India, Syria, Nigeria, Japan, New Zealand, China. Obviously, the devel-
opment of aviation and flight geography has contributed to the spread of the fungus 
to other geographical areas. In the scientific literature, it is known by other names: 
Hormodendrum resinae, Cladosporium resinae, Amorphotheca resinae [10].

Bacteria are prokaryotic cells that have a cytoplasm surrounded by a cytoplasmic 
membrane, a cell membrane, a capsule, flagella, villi, etc. Bacteria are characterized 
by a high reproduction rate. The linear size of the bacteria averages 0.15–3 µm [9]. 

Yeast is a microscopic unicellular fungus that reproduces by division or budding. 
The size of yeast is: the diameter of the smallest cells is 1.5–2 µm, the diameter of 
large cells is 8–10 µm, and the length of some species can reach 20–25 µm [7]. 

Microorganisms are divided into two groups: aerobic, which grow under condi-
tions of air access, and anaerobic, which can grow without air access. Therefore, the
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Fig. 1 Hormoconis resinae on nutrient media (a) and under microscope magnification (b)

Fig. 2 Visual representation 
of microbiological 
contamination of aviation 
fuels 

reproduction process of microorganisms may occur on the surface of the petroleum 
product and in the fuel itself [11]. 

Microbiological contamination of fuels is characterized by the formation of a 
gelatinous, slimy, amorphous mass ranging from light grey to dark brown (Fig. 2). 

The enzyme system of a microorganism for carrying out metabolism can change 
during the individual development of the microorganism. This property of plastic 
metabolism is necessary because of the very small size of the microorganism cell 
and the impossibility of accommodating the entire possible range of enzymes. This 
explains the existence of potentially active microorganisms acquiring the ability to 
develop in the hydrocarbon environment of fuels [12]. 

Microorganisms are highly active organisms that function according to a general 
biological law: the smaller the organism, the more intensive its metabolism. Microbial 
enzymes are capable of acting on a large volume of nutrient substrate per unit of time. 
Microorganisms that do not have the appropriate enzyme systems for the oxidation 
of an unknown product are capable of producing adaptive enzymes in the process of 
adapting to a new food source [12, 13].
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3 Growth Conditions for Microbiological Contamination 
in the Fuel and Fuel System 

The biological nature of microorganisms determines the conditions for their 
occurrence and growth in fuels as microbiological contamination [14]. 

The nutrient medium determines the possibility of microbial growth. Hydrocar-
bons are a nutrient medium for some microorganisms. Aviation fuels consist mainly 
of highly sensitive and microbiologically susceptible hydrocarbons. Aviation fuels 
are middle distillates of petroleum. They contain hydrocarbons of various classes, 
heteroatomic compounds, and inorganic impurities. The hydrocarbon composition of 
jet fuels consists of different classes of hydrocarbons. The most common of these are 
paraffin. All paraffin hydrocarbons are subject to biodegradation, but isooctane (with 
a branched structure) remains resistant to the action of microorganisms. The phys-
iological characteristics of each species of microorganism determine the direction 
of degradation of individual hydrocarbons and their mixtures, which have varying 
degrees of resistance to oxidation. The insolubility of hydrocarbons in water causes 
difficulties in their uptake by microorganisms. The hydrocarbon-water interface must 
be as large as possible to activate destructive enzymes. All paraffin hydrocarbons are 
subject to biodegradation, but isooctane (with a branched structure) remains resistant 
to microbial attack. 

Water/moisture is essential for the functioning and evolution of any biological 
organism. Water is a critical factor in the growth and metabolic activity of microor-
ganisms in aviation fuels. The life activity of microorganisms depends on water, as 
water constitutes 75–90% of the vegetative cell mass [12]. 

Jet fuels are hygroscopic. The hygroscopicity of fuels is reversible. Under certain 
external conditions, the fuel can absorb moisture, which can transfer from the fuel to 
the environment or form an emulsion of water in the fuel [4]. Over time, droplets of 
emulsified water will settle and form sludge water as a result of their coalescence by 
gravity. The water solubility of fuel is governed by Henry’s law and is determined 
by many factors, the main ones being: 

– temperature, 
– pressure, 
– relative humidity of the air in contact with fuel, 
– hydrocarbon composition of the fuel. 

Individual hydrocarbon molecules in jet fuels are non-polar compounds and are 
larger in volume than water molecules and are not capable of forming hydrogen bonds 
with water molecules. The hygroscopic nature of fuels increases with magnification 
in their content of aromatic hydrocarbons, which are specifically added to aviation 
fuels and are part of the fuels for air-jet engines. Water solubility in hydrocarbons is 
very low (not more than 0.01%), but for aromatic hydrocarbons, it is approximately 
2–3 times higher. Water in the external environment can be available or inaccessible. 
The degree to which water is accessible to microorganisms is determined by the 
activity index of water, which describes the degree to which its molecules are bound.
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This index is equal to one for pure free water. The activity index of water is less than 
one for water in a given interaction with other substances. Microorganisms can grow 
in media with a water availability coefficient of 0.6–0.9 [15]. 

The flight of any aircraft can be conventionally characterized by three compo-
nents—takeoff, horizontal flight, and descent. Each of these flight components is 
constantly connected with changes in external conditions (temperature, pressure, 
and humidity air). During altitude climb, there is a decrease in air pressure and 
temperature and a decrease in the relative humidity of the surrounding air. In hori-
zontal flight, minor changes in air pressure and temperature are possible. The descent 
section is characterized by an increase in pressure and temperature and an increase 
in relative air humidity. All these changes outside the aircraft affect the physical 
and chemical properties of the fuel (density, viscosity, etc.), which in turn leads to 
changes in its water content and condition. The effect of changes in atmospheric 
conditions in flight is different for different types and groups of aircraft fuel system 
tanks. 

The evolution of microbiological damage in fuel systems begins in places of 
water accumulation. Thus, the bottom of aboveground and underground tanks and 
fuel pipelines are areas of increased risk of microbiological contamination. 

Under the influence of external factors, fuel is capable of absorbing moisture, 
which can transfer from the fuel to the environment or form an emulsion of water in 
the fuel. Over time, the emulsion water droplets will drain away under the influence 
of gravitational forces and form settling water. The solubility of water in fuel is 
determined by many factors, the main ones being temperature, pressure, relative 
humidity of the air the fuel meets and the hydrocarbon composition of the fuel. 

The accumulation of water in fuel during storage in aircraft tanks (reservoirs) can 
only occur through the ingress of moist air through the drainage system into their 
above-fuel space. Depending on the changing conditions, the moist air may condense 
on the cold non-wetted tank (reservoir) walls, on the cold fuel surface, or dissolve 
directly into the fuel. 

The total content of water in jet fuels reaches 0.008–0.012% by weight, including 
dissolved 0.002–0.007% by weight, during the operation of aviation equipment. The 
amount of water in the fuel after refueling must not exceed 0.003% by weight. The 
presence of water has a negative effect on a number of fuel quality parameters. 

Air humidity contributes to the watering of the fuel. Accordingly, the water content 
of jet fuels in storage depends on the period of the year, climate, and geographical 
location. 

Therefore, water is one of the common contaminants of aviation fuels, the occur-
rence of which is facilitated by a number of environmental factors. Water is a basic 
requirement for the metabolic activity of microorganisms and is a factor in the 
formation and development of microbiological contamination. 

Some microorganisms are able to survive for months or even years in dehydrated 
fuel (e.g. Hormoconis resinae) [15]. The persistence of Hormoconis resinae spores in 
fuel in the absence of water poses a threat of uncontrolled growth if there is moisture 
in the fuel and a suitable temperature.
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Environmental temperature is the second most important physical factor for micro-
bial growth in fuels. The temperature of the fuel determines the metabolic activity of 
the microorganisms and the rate of degradation of the hydrocarbons in the fuel. Most 
of the microorganisms that can grow in fuel belong to the group that develops actively 
at temperatures of 20–45 °C, i.e. mesophiles. The metabolic potential of microor-
ganisms increases with increasing temperature within the optimum range. Microbial 
growth slows down at temperatures below the optimum range. If the temperature 
exceeds the optimum range, microbial cells may die or retard their growth for some 
time. Studies [16] confirm that Hormoconis resinae and Phialophora sp. strains are 
resistant at –57 °C. Hormoconis resinae spores are viable for a maximum of 3 days 
at 60 °C and die at 70 °C. Phialophora sp. spores are viable at 55 °C for no more 
than 24 h and die at 60 °C. Strains of Aspergillus fumigatus isolated from supersonic 
jet fuel survive at temperatures as low as minus 32 °C and 80 °C. 

The area of microbial growth is the accumulation of water in tanks and fuel lines. 
Water is characterized by its pH value. A neutral pH allows the growth of most 
microorganisms capable of degrading hydrocarbons in fuels [24]. Fungi grow at 
pH 4–6; SRB bacteria grow best at pH 7.5. The pH of the tank bottom water is a 
safe environment for microbial growth as its pH range is 6–9 [15]. The effect of 
pH on the microbial cell can be direct or indirect. In the case of an indirect effect, 
the pH affects the nutrient components of the external environment, which in turn 
affects the penetration of these components into the microbial cell [12]. The pH value 
can have an effect on the development of different types of microorganisms in the 
sub-bottom water. Scientists [15] have studied the types of microorganisms which 
grow in fuel tanks on ships where seawater is used in the ballast system of the ships 
and accumulates on the bottom of the fuel tanks. The pH of the seawater is 8. The 
results showed that Hormoconis resinae grows in the tanks in the presence of the 
yeast Candida sp. Candida sp. produces acidic metabolites that lower the pH. This 
ability of the yeast creates conditions for the growth of Hormoconis resinae, which 
reproduces poorly at alkaline pH. Low pH suppresses the development of bacteria 
that grow on fuel hydrocarbons. High pH suppresses fungal growth. For example, 
some microorganisms are able to lower the pH by producing organic acids, thereby 
allowing other oil-degrading microorganisms to proliferate. The pH can influence 
the development of different types of microorganisms in the sub-bottom water. 

The hydrocarbon composition of the fuel, the presence of water, and the ambient 
temperature determine the occurrence of microbiological contamination. These are 
interdependent factors in the growth of microorganisms in fuel systems. 

Microorganisms grow actively at the fuel-water interface. This is due to the assim-
ilation of fuel hydrocarbons and the ability to carry out biochemical reactions to 
convert these hydrocarbons into an energy source when water molecules are avail-
able. The greatest accumulation of microorganisms and the products of their living 
activities accumulates in vessels located at the water-hydrocarbon interface (Fig. 2). 

There are other factors contributing to microbiological contamination in fuels. 
These do not directly affect the life activity of the microbial cell. The Ishikawa 
diagram shows other factors that contribute indirectly to the formation and devel-
opment of microorganisms in fuels (Fig. 3). One of the tools used to analyze
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Fig. 3 Ishikawa diagram of the factors that are related to the problem of microbiological 
contamination of aviation fuels 

and visualize the relationship between sources and factors causing microbiolog-
ical contamination in aviation fuel is Ishikawa diagram. This involves establishing 
relationships between factors that influence the formation process of a particular 
adverse phenomenon. The Ishikawa diagram is created after carefully detailing and 
examining all factors and grouping them into categories. 

This diagram shows how to identify and systematize potential factors and rela-
tionships for a thorough analysis and selection of methods to prevent or solve the 
problem of microbial fuel contamination. The results presented in this material can 
be used by organizations or companies involved in the storage and supply of aviation 
fuels. 

4 Effects of Microbiological Contamination on the Quality 
of Fuels, Operating Materials, Fuel Systems and Vehicle 
Operability 

Fuel cleanliness is the permissible level of impurities of various origins in the fuel at 
which the operation of the fuel control and fuel handling equipment is uninterrupted. 
There are several factors that influence the level of fuel purity. The first is size. 
Individual microbial cells are very small and do not present a danger to filtration. 
However, groups of microorganisms (colonies, biofilms) in fuel can be as large as 
even the human eye can see. Secondly, surfactants are substances released as a result 
of microorganism metabolism, known as biosurfactants, which have a positive effect 
on the coagulation of mechanical contaminants in the presence of moisture. Thirdly, 
the slime-like and sticky properties of microbial colonies or biofilms, adhere to the 
filter material and disrupt the operation of fuel-regulating equipment [5]. 

Changes in the group composition of fuels are a result of the microbiological 
degradation of hydrocarbons. The consumption of a particular type of hydrocarbon
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is determined by microbial activity and the availability of hydrocarbons for consump-
tion in the fuel environment. The ability to biodegrade hydrocarbon groups depends 
on the physiological characteristics of the microorganism, in particular the adapt-
ability of its enzymatic apparatus to environmental conditions. Changes in the paraf-
finic composition of aviation fuels affect the energy properties of the fuel since 
alkanes have the highest calorific value. In turn, the calorific value affects the 
efficiency of an air jet engine. 

A change in the chemical composition of fuels due to a reduction in alkanes affects 
physico-chemical parameters such as density, fractional composition, vaporability, 
flash point. The rate and completeness of combustion of fuel depend on paraffinic 
hydrocarbons, as they have a lower flash point. These, in turn, affect flight and 
technical and economic performance [5]. Density is an important physical property 
and performance indicator for calculating and accounting for fuel. Vaporability is a 
property of fuel that determines the rate at which a combustible mixture of fuel and 
air is created, which in turn affects the completeness of fuel combustion and the ease 
of engine starting. Fractional composition is an indicator related to vaporability and 
characterizes the vaporability and startability of fuel as well as the safe operation of 
the aircraft fuel system [2, 5]. 

The results show a significant increase in the acidity of the samples tested, with 
the exception of aviation gasoline. Acidity is an indicator of the content of organic 
acids in fuels and is measured by the amount of alkalinity required to neutralize them 
[5]. Organic acids improve the anti-wear and protective properties of fuels, but have 
a negative effect on the corrosive properties of fuels, particularly compatibility with 
consumables. Therefore, the value of acidity in jet fuels is limited. The increase in 
acidity in contaminated fuel is explained by the appearance of intermediate products 
of the metabolism (Krebs cycle) of microorganisms [12]. 

The presence of microflora in fuels, as determined by fuel surveys, is indicated 
by: 

– presence of biomass clumps in the form of lumps of sticky slime, felt-like 
formations in the water sediment; 

– presence of lumps of sticky slime on internal tank walls; 
– swelling of the sealant and corrosion of the surface of the fuel tank; 
– clogginsg of filters and pump nets installed in tanks with sticky mass; 
– malfunction of fuel metering equipment; 
– unpleasant odour. 

In the case of the same level of contamination in the fuel (up to 0.005% by weight), 
the pressure drop across the filter increases more rapidly in the case of microbio-
logical contamination of the fuel than in the case of normal mechanical particles 
[15]. The differential pressure across the filter increases more rapidly with bacte-
rial contamination than with fungal contamination. Measuring the mass of deposits 
on the filter when the maximum differential is reached, the mass is 9 g for normal 
contamination, 8 g for fungal contamination, and 5 g for  bacterial contamination. It 
can be concluded that biological contamination is more dangerous for fuel pumping
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and filter life than normal contamination. The physiological ability of microorgan-
isms to produce biosurfactants is the reason for this. Biological surfactants promote 
adhesion to fuel system components and storage material, including the surface of the 
filter material. Consequently, an easily observed symptom of microbiological heavy 
fuel contamination is the increased pressure drop and impaired fuel flow. The micro-
biological effect is one of the most important manifestations of the corrosive and 
aggressive effects of the environment on metal products and structural elements of 
aircraft and fuel-supplying equipment in contact with fuel [2]. Corrosion phenomena 
in fuel tanks begin at the sites of microbial growth on the bottom of fuel tanks at the 
fuel-water interface. 

Microbial corrosion is a complex process of interaction between microorganisms 
and metal that occurs in a biofilm. The composition and properties of the biofilm influ-
ence the development of corrosion processes through metabolic activity and electro-
chemical reactions. Microorganisms do not only directly "corrode" the metal itself, 
but often influence chemical, electrochemical and mechanical factors to enhance 
or mitigate any type of damage. Therefore, despite its widespread occurrence, 
biochemical corrosion is not always easy to recognize [5]. 

Thus, microbiological corrosion of metals is part of the complex problem of 
microbiological contamination of fuels. It occurs under the influence of the products 
of life activity of microorganisms present in the affected fuel, in the process of cell 
adhesion to the metal and implementation of electrochemical reactions. 

The physiology and developmental characteristics of microorganisms determine 
their impact on the environment. Microorganisms can affect the environment through 
their physical presence, nutrient requirements, metabolic products, and biocorrosion 
capacity. Deterioration of fuel quality, clogging of filters and failure of fuel control 
devices, and corrosion of metal and rubber surfaces are related to aspects of the 
physiology of microorganisms that contaminate aviation fuel (Fig. 4).

The interconnectedness of micro-organisms and the negative effects of their devel-
opment on fuel and means of operation, transportation, and storage demonstrates the 
complex impact and importance of controlling microbiological contamination of 
aviation fuel at every stage of its life cycle. 

5 Monitoring of Aviation Fuels, Fuel Systems and Fueling 
Complexes for Risk Assessment of Microbiological 
Contamination 

Aviation fuel supply is complex. Aviation stakeholders face a range of risks that can 
affect not only the business operations of organizations, but also the lives and health 
of the people who use their services. Increased demand for air transport, complex 
designs, new composite materials, and technologies are leading to more costly aircraft 
grounding incidents.
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Fig. 4 The risks and consequences of microbial contamination of aviation fuels

The ICAO coordinated risk-based approach to improving aviation safety [159] is 
the application of logical and systematic methods to identify, analyze, evaluate and 
manage the risk associated with an aspect of aviation activity in order to reduce the 
risk or the likelihood of its recurrence. Risk management is a way of anticipating a 
problem or threat in advance. A risk-based approach makes preventive action part of 
strategic and operational planning and ensures that risks are considered and assessed. 

Scientist Passman [17] developed criteria for evaluating the risk of microbiolog-
ical contamination of oil products based on average annual precipitation: low risk 
(average annual precipitation of 64 cm), medium risk (average annual precipitation 
between 64 and 190 cm), high risk (average annual precipitation over 190 cm) and 
number of days when it occurs (low risk—less than 100 days per year, medium 
risk—100 to 200 days per year, high risk—over 200 days per year). 

Aviation fuel is one of the elements affecting the flight safety of air transport. 
A system analysis of existing risk management methods [160–164], in particular in 
the aviation industry [159, 164–165], helped to implement risk theory approaches 
to the problem of microbiological contamination of aviation fuels and develop a 
Monitoring the Risks of Microbiological Contamination of Aviation Fuels and Fuel 
Systems presented in the form of a scheme (Fig. 5).
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Fig. 5 Monitoring the risks of microbiological contamination of aviation fuels and fuel systems
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The proposed system is a generalized algorithm for deciding on the frequency of 
monitoring objects (aviation fuel, elements of fuel systems, and fueling complexes) 
and the selection of prevention methods based on a qualitative risk assessment. 
The algorithm consists of the definition of the monitoring object, the selection of 
monitoring methods (inspection, testing or verification, depending on the monitoring 
object), the analysis of monitoring results, and the assessment of the risk of micro-
biological contamination spreading in fuels and fuel systems, and the selection of 
methods to prevent or control the development of microbiological phases. 

The factors identified in the preliminary analysis and the construction of an 
Ishikawa cause-effect diagram helped to formulate attributes for each risk level. The 
first of these is climate (characterized by humidity and temperature). Temperature is 
an intensifying risk factor. 

The principle of risk classification is based on aspects of the physiology of the 
micro-organisms that can grow in the fuel environment. These are the dependence 
of the micro-organisms on the nutrient medium and the presence of water. The risk 
of water in the fuel depends on the humidity of the environment. 

The risk of past events indicator is also used to form a risk level indicator. Past 
events of microbiological contamination of aviation fuel and fuel systems increase 
the level of risk and influence the selection of actions and organizational measures 
to minimize it. 

The implementation of this system will make it possible to ensure the biological 
purity of aviation fuel, prevent the occurrence of microbiological contamination in 
fuel systems and refueling complexes and, as a consequence, eliminate the impact 
of microbiological fuel contamination on flight safety. 

6 Conclusions 

Contamination of fuel by microorganisms is incidental. However, this does not negate 
the existence of certain patterns. Factors such as oxygen, moisture, temperature, nutri-
ents and pH affect the appearance, growth rate and spread of microorganisms in fuel. 
Natural and climatic conditions determine the numerical and qualitative composi-
tion of microorganisms and their activity in the environment. Normal metabolism, 
growth, and reproduction are possible only in the presence of moisture. 

Problems caused by microbiological contamination of fuel systems can be divided 
into the following categories: problems caused by the physical presence of microbial 
colonies; problems caused by the metabolism of microbial petrodestructors; prob-
lems caused by metabolites of microbial petrodestructors; problems related to the 
property of microorganisms to cause corrosion. 

Microbiological fuel contamination is an indirect sign of a microbial contamina-
tion problem in the fuel system and environment of the aircraft and aviation.
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and Control 
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1 The Origin and Supply Chain of Liquid Fuels 
to the Consumer Market, the Current State of Non-Food 
Product Quality and International Obligations 
for Ukraine 

Implementation of technical solutions, regulations and directives of the European 
Union in Ukraine is an urgent task and a key component of ensuring the protection 
of consumer interests, environmental safety, and national security, including creating 
conditions for a free trade area for exports and imports of products. Given the chal-
lenges of today, on the path of recovery and sustainable development of Ukraine, with 
the aim of Ukraine’s full membership in the EU and bringing the living standards 
of Ukrainians closer to the European level, the key issues of European integration, 
trade liberalization, and the removal of trade barriers are the main topical areas of the 
country. In particular, the Action Programme of the Cabinet of Ministers of Ukraine, 
approved by the Resolution of the Cabinet of Ministers of Ukraine № 471 dated 
12.06.2020, has relevant goals that include the launch of new forms of cooperation 
with EU countries, updating the Association Agreement between Ukraine, on the 
one hand, and the European Union, the European Atomic Energy Community and 
their Member States, on the other hand (hereinafter—the Association Agreement),
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concluding an Agreement on Conformity Assessment and Acceptance of Industrial 
Products, and implementing international acts in Ukraine. 

Pursuant to Article 56 of the Association Agreement, in order to guarantee the free 
movement of products to the EU countries, one of the steps for Ukraine is the obliga-
tion to harmonize EU legislation, including the requirements for the implementation 
of the Regulation (EU) 2019/1020 of the European Parliament and of the Council 
of 20.06.2019 on market surveillance and compliance of products and amending 
Directive 2004/42/EC and Regulations (EC) No 765/2008 and (EU) № 305/2011 
(hereinafter—Regulation № 1020), the provisions of which provide for a high level 
of protection of the public interest, increased consumer confidence, fair competition, 
public safety and environmental protection, which is achieved through enhanced 
state control, state market surveillance, elimination of risks of non-compliant and 
dangerous products, ensuring equal conditions for all business entities, with the 
mandatory introduction of clear, transparent and comprehensive rules, promotion of 
closer cross-border cooperation between law enforcement and customs authorities 
[1]. In particular, the provisions of Regulation № 1020 provide for the harmoniza-
tion of 70 international acts of the EU, including Directive 98/70/EC of the European 
Parliament and of the Council of 13 October 1998 relating to the quality of petrol 
and diesel fuels and amending Council Directive 93/12/EEC (hereinafter—Directive 
98), Regulation (EC) № 715/2007 of the European Parliament and of the Council of 
20 June 2007 on type approval of motor vehicles with respect to emissions from light 
passenger and commercial vehicles (Euro 5 and Euro 6) and on access to vehicle 
repair and maintenance information (hereinafter—Regulation № 715), etc. 

Motor gasoline and diesel fuel (hereinafter—liquid fuels) are a mixture of liquid 
hydrocarbons obtained from the refining of crude oil and gas condensate (their 
mixtures). The transport industry accounts for the bulk of liquid fuels consumption 
(60%), and their quality is a key to the reliability, efficiency, and environmental friend-
liness of machines and mechanisms during operation, and an important component 
in the field of environmental protection, human life and health [2]. 

Quality control of liquid fuels in Ukraine is carried out in accordance with the 
Technical Regulations on the requirements for motor petrol, diesel, marine and boiler 
fuels (hereinafter—the Technical Regulations), including in accordance with the 
procedure provided for by the Law of Ukraine "On State Market Supervision and 
Control of Non-Food Products". The Technical Regulation is developed in line with 
Directive 98 and should include requirements to improve the quality of liquid fuels in 
terms of air pollution, including the introduction of environmental standards aimed at 
reducing emissions of gases and vapors from mobile and stationary sources, reducing 
the share of flavorings, olefins, sulphur, unburned hydrocarbons, carbon monoxide, as 
well as toxic emissions and secondary pollutants such as ozone, including the intro-
duction of refining technologies for the sale of unleaded petrol, and the prohibition of 
the sale of leaded petrol due to the threat of air pollution caused by petrol combustion 
and lead ingress, which poses a threat to human health and the environment [3, 4]. 

According to the State Customs Service of Ukraine, in 2022, the total volume of 
imports of certain product subcategories of liquid fuels (Ukrainian Classification of 
Goods for Foreign Economic Activity codes 27,101,241, 27,101,245, 27,101,249,
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2,710,194,300, 2,710,194,600, 2,710,194,710, 2,710,194,790, 2,710,194,800) 
amounted to 6,943,174.61 tons of products (worth 4,713,148.11 thousand USD) and 
was 10.6% less than in 2021 (total volume 7,768,738.14 tons, worth 8,302,999.05 
thousand USD). In 2022, Ukraine imported liquid fuels from 42 producing countries 
(Hungary, Greece, the EU, Lithuania, Romania, Belgium, Bulgaria, Belarus, Israel, 
India, Spain, Italy, Malaysia, the Netherlands, Germany, Turkey, Turkmenistan, 
Israel, etc.), including the supply of products from 21 countries of origin whose 
imports were not registered in 2021 (Austria, Georgia, Denmark, Estonia, Egypt, 
Kazakhstan, China, Cyprus, Latvia, Republic of Moldova, and Ukraine, North Mace-
donia, Poland, Saudi Arabia, Serbia, Slovakia, Slovenia, Taiwan Province of China, 
Sweden, Finland, Tunisia, United Arab Emirates (total volume of 820,801.71 tons and 
worth 1,110,861.77 thousand USD). According to the State Tax Service of Ukraine, 
as of the beginning of 2022, 54,068 business entities were engaged in the business 
of liquid fuels in Ukraine, including the number of licenses issued (renewed) for 
the wholesale trade in fuels in the absence of wholesale trade outlets, was 3489 
(328) for the wholesale trade in fuel, in the presence of wholesale trade outlets—711 
(68), for fuel production—77 (9), for retail trade in fuel—11,768 (6091), for fuel 
storage—4010 (233), for fuel storage (exclusively for own consumption or indus-
trial processing)—34,013 (8549) licenses, respectively. Given the origin and supply 
of liquid fuels to the Ukrainian consumer market, it can be determined that the prod-
ucts reach the consumer from both domestic and foreign producers. Oil products can 
be transported via main oil pipelines, rail, sea and road transport operators. Liquid 
fuels reach the consumer market based on the results of their production and on the 
results of "quality improvement", namely changes in physical and chemical proper-
ties by using (adding) additives, dopes and colorants to liquid fuels (Fig. 1). Taking 
into account the requirements of the Technical Regulations, the Law of Ukraine "On 
Technical Regulations and Conformity Assessment", Resolution of the Cabinet of 
Ministers of Ukraine dated 13.01.2016 № 95 "On Approval of Conformity Assess-
ment Modules Used to Develop Conformity Assessment Procedures and Rules for 
Using Conformity Assessment Modules", for fuels produced or imported in batches, 
as well as for fuels produced in experimental batches, the manufacturer or an autho-
rized representative must apply the conformity assessment procedure according to 
module F1, for fuels produced in series (domestic production)—module A1 [5, 6]. 
Based on the results of the conformity assessment, the manufacturer or an authorized 
representative must draw up a declaration of conformity, thus confirming by the first 
party that the liquid fuel meets the requirements of the Technical Regulations and 
that the specified requirements for the product and/or process have been met. Each 
batch of liquid fuel that is put into circulation or is in circulation must have a quality 
document (quality passport) for the fuel, on which the manufacturer or an authorized 
representative affixes the national conformity mark, which also confirms the fuel’s 
compliance with the requirements of the Technical Regulations [7]. According to 
the Ministry of Energy of Ukraine, in 2022, based on the results of the conformity 
assessment to confirm the quality of motor fuels to the requirements of the Tech-
nical Regulations, conformity assessment bodies issued 80 certificates of conformity, 
which was 8.5 times less than in 2021 (682 certificates). A decrease in the number of
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issued certificates of conformity may indicate the introduction of liquid fuels in the 
Ukrainian market in the absence of a conformity assessment and non-compliance 
by business entities with the requirements of the law, and as a result, the introduc-
tion and distribution of products of unknown origin with questionable quality. Thus, 
according to the Department of Strategic Investigations of the National Police of 
Ukraine, it was established that in 2022 the number of pre-trial investigations into 
criminal offences related to fuel trafficking amounted to 35 proceedings (including 
27 under part one of Article 204; 5—under part two of Article 204 of the Crim-
inal Code of Ukraine; 1—under part three of Article 204 of the Criminal Code of 
Ukraine; 2—under part one of Article 227 of the Criminal Code of Ukraine), which 
was 1.4 times higher compared to 2021 (25 pre-trial investigations). According to 
the State Tax Service of Ukraine, based on the results of the identified violations 
of tax legislation, in 2022, fines totaling 932.7 million UAH were imposed on busi-
ness entities engaged in the sale of liquid fuels in Ukraine, which was 3.6 times 
less than in 2021 (3,367.8 million UAH). In particular, the results of the work of 
interagency regional working groups on combating illegal fuel trafficking showed 
that in 2022, 26.4% of fuel retail activities were carried out in the absence of quality 
documents (quality passports) and declarations of conformity, which is a violation 
of the Technical Regulations. 

Fig. 1 Origin and supply of liquid fuels to the Ukrainian consumer market (photo from open 
sources)
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2 Environmental Performance of Petrol and Diesel Fuels 
in Line with International Requirements 

Comparing the requirements for environmental performance of petrol set out in 
Annexes 2 and 8 to the Technical Regulation, Directive 2009/30/EC of the European 
Parliament and of the Council of 23 April 2009 amending Directive 98/70/EC as 
regards the specification of petrol, diesel and gas-oil and introducing a mechanism 
to monitor and reduce greenhouse gas emissions and amending Council Directive 
1999/32/EC as regards the specification of fuel used by inland waterway vessels and 
repealing Directive 93/12/EEC (hereinafter—Directive 2009/30/EC) and Directive 
98/70/EC of the European Parliament and of the Council of 13 October 1998 relating 
to the quality of petrol and diesel fuels and amending Council Directive 93/12/EEC 
(hereinafter—Directive 98), it can be determined that the quality control of petrol 
in the EU Community countries (hereinafter—the Community) is examined by 18 
parameters, and in Ukraine—by 10 parameters (Table 1) [3, 4, 8].

In accordance with paragraph 1 of Appendix 1 to the Technical Regulations for 
automobile gasoline, designations are defined, which include such groups as: the first 
group—letter A, designation of gasoline for automobile engines with forced/spark 
ignition; the second group—digital designation of the octane number of automobile 
gasoline (80, 92, 95, 98) according to the experimental method; the third group— 
ecological class symbols: Euro3, Euro4, Euro5; the fourth group is a symbol for 
determining the content of bioethanol: E5, E7, E10. 

Taking into account the above designations, in the Technical Regulations, the 
octane number according to the experimental and motor methods differs for gasoline 
brands A-80, A-92, A-95, A-98 (also taking into account the environmental class: 
Euro3, Euro4, Euro5), the saturated vapor pressure depends on the period of the 
year with a range from 45 to 90 kPa, the oxygen content depends on the bioethanol 
content and is no more than 2.7% for gasoline E0, E5, E7, and no more than 3.7% 
for gasoline E10. 

In accordance with Directive 2009/30/EC, the environmental parameters for gaso-
line in the Community countries clearly define the content of ethanol as an oxidant 
and stabilizing component, which may not exceed 10%, and also define the content 
of such oxidants as methanol—up to a maximum of 3.0%, isopropyl alcohol—up to 
12%, isobutyl alcohol—up to 15%, tertiary butyl alcohol—up to 15%, esters—up to 
22%, and the indicator "other oxidants"—up to 15%. 

According to Annex 2 to the Technical Regulation, the indicator ethanol is absent, 
however, there is an indicator of bioethanol content, which should be equal to 0% 
for E0 petrol, no more than 5% for E5, more than 5% and no more than 7% for E7, 
and more than 7% and no more than 10% for E10. In particular, the notes to Annex 
2 to the Technical Regulation state that for E0, E5 and E7 petrols, the use of oxygen-
containing additives other than bioethanol is additionally allowed, namely methanol 
up to 3% by volume, isopropyl alcohol up to 10% by volume, isobutyl alcohol—up 
to 10% by volume, tertiary butyl alcohol—up to 7% by volume, ethers—up to 15% 
by volume, other organic oxygen-containing compounds with a boiling point not
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Table 1 Environmental performance of petrol 

Parameters Units of 
measurement 

Limits 1 Limits 2 

Min Max Min Max 

Octane number by the 
research method 

95 – 95 – 

Octane number by 
motor method 

85 – 85 – 

Saturated vapour 
pressure 

kPa – 60.0 Summer: 45–80 
Winter: 60–100 
Transition period: 50–90 

Distillation: 

– Fraction of 
evaporation at 
100 °C 

% v/v 46.0 – The indicator is absent 

– Fraction of 
evaporation at 
150 °C 

% v/v 75.0 – 

Hydrocarbons: 

– Olefins % v/v – 18.0 – <18 

– Aromatic 
(hydrocarbons) 

% v/v – 35.0 – <35 

– Benzene % v/v – 1.0 – <1 

Oxygen content % m/m – 3.73 – <2.7 (E0, E5, E7) 
<3.7 (E10) 

Oxidants: 

– Methanol 
(stabilising agent) 

% v/v – 3.0 Indicators are specified in the 
notes to Annex 2 of the Technical 
Regulation, ethanol is equivalent 
to bioethanol, the content of 
oxygen-containing compounds 
depends on the content of 
bioethanol for E0, E5, E7, E10 

– Ethanol (stabilising 
agent) 

% v/v – 10.03 

– Isopropyl alcohol % v/v – 12.0 

– Tert-butyl alcohol % v/v – 15.0 

– Iso-butyl alcohol % v/v – 10.0 

– Esters that contain 
more than 5 carbon 
atoms 

% v/v – 22.0 

Other oxidants % v/v – 15 

Sulphur content mg/kg – 10.0 – <10

(continued)



International Requirements and Modern State in Sphere of Motor Fuels … 255

Table 1 (continued)

Parameters Units of
measurement

Limits 1 Limits 2

Min Max Min Max

Lead content g/l – 0.005 – <5 mg/ 
dm3 

Volume fraction of 
bioethanol 

% Not specified – 0 (E0)  
< 5 (E5)  
5–7 (E7) 
7–10 
(E10) 

Note 
1Annex 1 to Directive 2009/30/EC [4, 8]; 
2Annex 2 to the Technical Regulation (for A-95 Euro5) [3]; 
3For floating vessels and other special and recreational vehicles, in accordance with Directive 98 
with a maximum oxygen content of 2.7%, the ethanol content (regardless of octane number by the 
motor method (95 or 98)) may not exceed 5%

exceeding 210°C—up to 10% by volume, provided that the mass fraction of oxygen 
does not exceed 2.7%. 

For E10 petrols, the use of oxygen-containing additives other than bioethanol is 
additionally allowed: methanol—up to 3% by volume, isopropyl alcohol—up to 12% 
by volume, isobutyl alcohol—up to 15% by volume, tert-butyl alcohol - up to 15% by 
volume, ethers—up to 22% by volume, other organic oxygen-containing compounds 
with a boiling point not exceeding 210 °C—up to 15% by volume, provided that the 
mass fraction of oxygen does not exceed 3.7%. 

Taking into account Annex 1 “Quality requirements for motor gasoline with a 
maximum oxygen content of up to 3.7% (m/m), used especially in vehicles and 
floating entertainment vehicles equipped with spark ignition engines” to the Regu-
lation of the Ministry of Economy of the Republic of Poland dated 09.10.2015 
(hereinafter—Regulation 1680) stipulates that in motor petrols with octane number 
95, 98 (without tin), with a maximum oxygen content of up to 3.7% (m/m), used 
in vehicles and recreational floating craft equipped with spark ignition engines, the 
ethanol content (as a stabiliser) may not exceed 10% (v/v) [9]. 

In particular, in accordance with Annex 2 of Regulation 1680, motor gasoline 
with an octane rating of 95, 98 (tin-free), with a maximum oxygen content of up to 
2.7% (m/m), used in vehicles and recreational boats equipped with spark ignition 
engines, the ethanol content (as a stabilizer) may not exceed 5% (v/v). 

Also, in Annexes I-IV of Directive 98, in the Regulation 1680, the indicator 
bioethanol is absent in the parameters of quality requirements for motor gasoline; 
methanol, ethanol are indicated as stabilizers; isopropanol, -2-methylpropanol-2, -
isobutanol, -esters, other oxygen-containing bonds are parameters of quality require-
ments for motor gasoline and are defined as the content of organic oxygen-containing 
bonds [4, 9]. 

In particular, Directive 98 and Regulation 1680 do not specify whether alcohols 
belong to biomethanol, bioethanol, biobutanol, their synthetic products, including
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their use as biocomponents, and taking into account the test reports, that accompanied 
the fuel for putting into circulation on the territory of Ukraine in 2022 under № 
PBZ-007071EN of 21-DEC-2022, Gasoline Standard 95/EN228-10 ppm (petrol with 
octane number 95) contained a limit on ethanol content ≤ 5% (v/v), while in fact it 
was 0.13% (v/v), the limit on oxygen content ≤ 2.7% (m/m), in fact—2.19% (m/m); 
№ PBZ-0070759EN of 25-DEC-2022 Gasoline Standard 95/EN228-10 ppm, petrol 
with octane number 95, oxygen content limit ≤ 2.7% (m/m), actually—1.92% (m/ 
m), ethanol content limit ≤ 5% (v/v), actually—0.11% (v/v); in the test report under 
№ 4489/BP09/2022 data 2022–08-01 Benzyna Bezolowiowa 95 (petrol with octane 
number 95), the oxygen content limit was ≤ 2.7% (m/m), in fact—2.10% (m/m), the 
ethanol content limit was ≤ 5% (V/V), in fact—4.6% (v/v); № 158746_4591871 data 
2022–07-23 UNLEADED PETROL “Premium” grade 95 with oxygen of 2.7% (m/ 
m) (petrol with octane number 95, with a maximum oxygen content of up to 2.7%) 
the ethanol content limit is ≤ 5% (v/v), in fact—0% (v/v). 

Thus, the ethanol content in the Community countries is controlled and cannot 
exceed the established requirements, and international directives and regulations do 
not specify different designations (names) of petrol based on the share of bioethanol. 

Article 1 of Directive 2009/28/EC defines a common framework for encouraging 
the production of energy from renewable sources, provides mandatory national 
targets for the share of energy produced from renewable sources in the total final 
energy consumption, as well as the share of energy produced from renewable sources 
sources for energy consumption in the transport sector; rules are introduced on statis-
tical transfers between Member States, joint projects between the latter and with third 
countries, guarantees of origin, administrative procedures, information, training and 
access to the grid for energy produced from renewable sources; stability criteria for 
biofuel and biofuel liquids are determined [8]. 

Article 2 of Directive 2009/28/EC defines that “energy produced from renewable 
sources” means energy produced from non-fossil renewable sources (wind, solar, 
geothermal, hydrothermal, marine and hydroelectric, biomass energy, landfill gas, 
gas from sewage and biogas treatment plants); “biomass” —part of products subject 
to biological decomposition, waste and residues of biological origin obtained from 
agriculture (including substances of plant and animal origin), forestry and related 
industries, including fishing and aquaculture, as well as part of industrial and munic-
ipal waste, which is biodegradable, “biofuel liquid” means a liquid fuel produced 
from biomass and intended for energy use other than transport, including electricity 
generation, heating or cooling, “biofuel” means a liquid or gaseous fuel produced 
from biomass that is used for transport. 

In particular, in accordance with Annex 3 of Directive 2009/28/EC, it is defined 
that bioethanol is ethanol produced from biomass, bio-ETBE is ethyl tert-butyl ether 
produced from bioethanol, biomethanol is methanol produced from biomass and is 
used as biofuel. 

Thus, in the Technical Regulation, the indicator "bioethanol" needs to be clarified 
regarding its use, including taking into account the way of its extraction and use in 
liquid fuel in the territory of Ukraine.
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Comparing the requirements for environmental performance of diesel fuel set out 
in Annexes 3 and 9 to the Technical Regulation, Directive 2009/30/EC and Directive 
98, it can be determined that diesel fuel quality control in the Community countries 
is mainly based on 6 parameters, while in Ukraine—on 8 parameters, in particular, 
Directive 98 and Directive 2009/30/EC do not define the indicators “flash point in a 
closed cup”, “maximum filterability temperature”, “lubricity” (diameter of wear spot 
at 600 °C), which are given in the Technical Regulation, and vice versa, Annexes 3, 9 
to the Technical Regulation do not contain such a quality indicator as diesel density 
at 15 °C, which are specified in international documents (Table 2). 

Table 2 Environmental parameters of diesel fuels 

Parameters Units of 
measurement 

Limits 1 Limits 2 

Min Max Min Max 

Cetane number 51.0 – Summer: 51 
winter: 49 
arctic: 48 

– 

Density at 15 °C kg/m3 – 845.0 The indicator is absent 

Distillation or 
fractional 
composition 95% by 
volume distilled at 

ºC – 360.0 – < 360 

–Polycyclic aromatic 
hydrocarbons 

% m/m – 8.0 – < 8  

Sulphur content mg/kg – 10.0 – < 10  

–Flash point in a 
closed crucible 

ºC The indicator is 
absent 

– > 55  

Filtration limit 
temperature 

ºC The indicator is 
absent 

– Summer minus 5 
Winter minus 20 
Arctic minus 30 

Lubricity (wear scar 
diameter at 60 °C) 

micrometres The indicator is 
absent 

460 – 

Volume fraction of 
methyl/ethyl esters of 
fatty acids 

% v/v – 7,0 – For DP [in 
Ukrainian] 
B0—0; 
for DP [in 
Ukrainian] 
B5—no more 
than 5; 
for DP [in 
Ukrainian] 
B7—more than 5 
and not more than 
7 

Note 
1 Annex 2 to Directive 2009/30/EC [8]; 
2 Annex 3 to the Technical Regulation (for Euro 5) [3]



258 O. Sibilieva et al.

Paragraph 2 of Annex 1 to the Technical Regulation contains the following groups 
of diesel fuel designations: the first group includes the letters DP [in Ukrainian], the 
designation of diesel fuel for automotive diesel engines; the second group includes the 
letter designation of the climatic period: L [in Ukrainian] (summer), Z [in Ukrainian] 
(winter), Ark [in Ukrainian] (arctic); the third group includes environmental class 
symbols: Euro3, Euro4, Euro5; the fourth group is a symbol for determining the 
content of methyl/ethyl esters of fatty acids: B0 (in their absence), B5, B7. 

Thus, in Ukraine, the parameters of diesel fuel in terms of cetane number, 
maximum filterability temperature, and volume fraction of methyl/ethyl esters of fatty 
acids differ both by climate period (summer, winter), environmental class symbol 
(Euro3, Euro4, Euro5), and the content of methyl/ethyl esters of fatty acids, the value 
of which is not reflected in international directives. 

In accordance with the requirements for the characteristics of motor gasoline and 
diesel fuel set out in Annexes 2, 3, 8, 9 to the Technical Regulations, in 2022, amend-
ments to paragraph 26 of the Technical Regulations (Resolution of the Cabinet of 
Ministers of Ukraine № 292 dated 16.03.2022) removed paragraphs two and three of 
paragraph 26 of the Technical Regulations, namely, the deadline for the introduction 
into circulation of automobile gasoline and diesel fuel of the environmental class 
Euro 3 by December 31, 2015 and Euro 4 by December 31, 2017 has been canceled. 

In particular, taking into account the requirements of Annexes 1, 2, 3, 8, 9 of the 
Technical Regulation, from March 16, 2022, the introduction of automobile gasoline 
and diesel fuel of the environmental class Euro 3 and Euro 4 with the appropriate 
designation of the environmental class into circulation on the market of Ukraine is 
again allowed: for gasoline according to the content bioethanol (E0, E5, E7, E10) and 
octane number (80, 92, 95, 98); for diesel fuel—according to the content of methyl/ 
ethyl esters of fatty acids (B0, B5, B7) [3]. 

Thus, the above-mentioned requirements of the Technical Regulation allow the 
introduction into circulation in Ukraine of liquid fuels according to the environmental 
class Euro 3 and Euro 4, with a sulfur content for gasoline from 50 to 150 mg/kg, 
diesel fuel from 50 to 350 mg/kg, which does not correspond international require-
ments, which create conditions for exceeding the standard emissions of maximum 
permissible concentrations of toxic substances, heavy metals into the atmospheric air 
(nitrogen dioxide, carbon oxides, others) and, as a result, pollution of the atmospheric 
air and the environment as a whole.
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3 Implementation of a Fuel Quality Monitoring 
and Control System as a Key to Reducing Hazardous 
Substances Emissions and Ensuring Environmental 
and Human Health Safety 

Commission Regulation (EC) № 692/2008 of 18 July 2008 implementing and 
amending Regulation (EC) № 715/2007 of the European Parliament and of the 
Council on type-approval of motor vehicles with respect to emissions from light 
passenger and commercial vehicles (Euro 5 and Euro 6) and on access to vehicle 
repair and maintenance information (hereinafter—Regulation № 715) is a legal docu-
ment of the Community countries, which aims and regulates the determination of 
specific technical requirements for the control of emissions from vehicles, including 
the approval of the type of mechanical vehicles taking into account emissions into 
atmospheric air from light passenger and cargo vehicles, approval of the type of 
mechanical vehicles taking into account the specification of fuel according to the 
environmental class Euro 5 and Euro 6 [10]. 

Thus, in accordance with paragraph 3 of Article 1 of Regulation № 715, gaseous 
pollutants are emissions of carbon monoxide and nitrogen oxide expressed in terms 
of nitrogen dioxide (NO2) equivalent and have the following ratios: C1H1.89O0,016 

for petrol (E5), C1H1.86O0,005 for diesel fuel (B5), C1H2,525 for liquefied petroleum 
gas (LPG), C1H4 for natural gas (NG) and biomethane, and (E85) C1H2.74O0,385 for 
ethanol. 

In accordance with the requirements of Regulation № 715, in order to determine 
the suitability of a vehicle for operation, the manufacturer shall conduct exhaust gas 
toxicity tests, measure fuel consumption and CO2 emissions, and other measures, 
based on the results of which the manufacturer receives official approval of the vehicle 
type from the competent authority in terms of emissions into the atmosphere. 

In particular, the provisions of Regulation № 715 introduce mass and quantity 
limits for exhaust particle emissions, requirements for the conformity of production 
and goods during the operation of vehicles, requirements for the approval of the type 
of pollution control devices, as well as requirements for easily accessible information 
on on-board diagnostics, repair and maintenance. 

Directive 2009/30 amended Directive 98 on petrol and diesel fuel specifications, 
introducing a mechanism for monitoring and reducing greenhouse gas emissions 
with regard to the protection of the environment and human health, and reducing 
greenhouse gas emissions, emitted during the entire life cycle of road vehicles and 
off-road mobile machinery (including inland navigation vessels when not at sea), 
agricultural and forestry tractors and recreational vessels, and appropriate changes 
in the environmental parameters of petrol and diesel fuel [8]. 

The requirements of such technical specifications are the introduction of petrol 
with a maximum sulphur content of 10 mg/kg, oxygen 2.7%, ethanol 5% (oxygen 
3.7%, ethanol 10% for floating vessels and other special and recreational vehicles). 
For the Community countries with low summer ambient temperatures (Denmark, 
Estonia, Finland, Ireland, Latvia, Lithuania, Sweden, the United Kingdom), it is
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allowed to sell ethanol-containing petrol with a maximum vapour pressure of 70 
kPa during the summer period, and 60 kPa for other countries. It also stipulates that 
Community countries may continue to allow the sale of small quantities of leaded 
petrol with a lead content not exceeding 0.15 g/l, up to a maximum of 0.03% of total 
sales, for use in older vehicles. 

As of 1 January 2011, the maximum permissible sulphur content of gas oils shall 
be 10 mg/kg and Community Member States shall ensure that liquid fuels other than 
gas oils may be used in inland navigation and pleasure craft, agricultural, forestry 
tractors and recreational vessels only if the sulphur content of such liquid fuels does 
not exceed the maximum permissible content of such gas oils. In particular, for the 
Community Member States with severe winter weather, the maximum distillation 
point for 65% should be at 250 °C, for diesel fuel and gas oil—10% at 180 °C 
[8, 10–13]. 

According to the 2021 Annual Summary Report by Poland to the European 
Commission on the sulphur content of light fuel oil, heavy fuel oil, inland navi-
gation fuel oil and marine fuel used in ships, it was determined that two exceedances 
of the permissible value for sulphur content (0.14% (m/m) and 0.12% (m/m)) were 
detected on ships out of 249 samples taken. The lowest sulphur content by weight 
was 0.00062% (m/m), and the highest was 2.42% (m/m). And the highest sulphur 
content value of 2.42% (m/m) was recognized as meeting the quality requirements, 
given the use of equipment with an exhaust gas cleaning system on the ship [14]. 

Taking into account the photo materials shown in Fig. 2, it can be determined that 
the type of fuel in the retail network of car and gas filling stations of some countries of 
the Community and in the city of Kyiv differs significantly, namely, in the countries of 
the EU Communities, mainly gasoline is introduced into the circulation of products 
with an octane number according to the motor method 95, 98, diesel fuel, liquefied 
gas. In the city of Kyiv, the sale of liquid fuels, the difference between gasoline with 
an octane number of 92, 95, 100, diesel fuel and liquefied gas, including the sale 
of various types of gasoline and diesel fuel with an octane number of 92, 95, 100 
branded as “Shebel”, “Shell V –Power”, “Premium”, “Energy”, “Mustang”, “Euro 
Plus”, “Brand oil” others, which are put into circulation taking into account the 
change in their physical and chemical properties by adding additives, dopes, dyes to 
liquid fuels (fuel dopes) and the sale of liquid fuel products under its own brand. 

According to some open sources, fuel dopes should be added to improve the 
quality of liquid fuels, improve performance, environmental and ergonomic char-
acteristics, improve the combustion process, increase the octane or cetane number, 
as well as to increase their compression and reduce corrosion or oxidation in the 
working mechanisms of vehicles [15, 16]. 

According to data from some open sources, fuel dopes should be added in order 
to improve the quality of liquid fuels, to improve operational, environmental and 
ergonomic characteristics, to improve the combustion process, to increase the octane 
or cetane number, as well as to increase their compression and reduce corrosion or 
oxidation in working mechanisms of vehicles [15, 16].
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According to some authors, there are currently more than 40 fuel additives that 
differ in purpose and brand (anti-detonation, cetane-enhancing antioxidant, anti-
smoke, anti-carbon, antistatic, biocidal, depressants, detergents, anti-corrosion, etc.) 
[15, 17]. 

In addition to liquid fuel producers, fuel dopes are widely used in Ukraine by fuel 
distributors for marketing purposes and to create their own brand on the consumer 
liquid fuel market. In particular, given the absence of officially defined requirements 
and procedures for the use of such additives, dopes, colourants, as well as the iden-
tification of less harmful ones for use, their uncontrolled use in the country creates 
conditions for the introduction of liquid fuels of dubious and dangerous quality for 
vehicles, human health and the environment in general. 

The requirements of the World Fuel Charter and Directive 98 define strict require-
ments for the use of fuel additives for various functional purposes by manufacturers, 
which are added to the mixture of liquid fuels during the production process, with 
compliance of fuel parameters with the requirements of technical standards, in partic-
ular, they clearly define the specification of liquid fuels according to the Euro 5 and 
Euro 6 environmental class [4, 10]. 

In particular, in some Community countries, in order to reduce toxic emissions 
and comply with the Euro 6 environmental standard, AdBlue is used as an additional 
operating fluid for diesel engines, which is placed in a separate tank (fuel dispenser) 
and used at the request of the consumer during refuelling. For cars and trucks, AdBlue 
is used in an average of 1.5–2.5 L per 1000 km (Fig. 3).

All European Union countries are required to check the quality of liquid fuels 
sold at petrol and gas stations. The obligation was established in view of the differ-
ences in legislation and administrative regulations adopted by the Member States 
on fuel specifications, in particular, it was recognized that differences in require-
ments create obstacles to trade within the Community, and therefore directly affect 
the functioning of the internal market, the international competitiveness of both the 
European automotive industry and the oil refining industry. 

According to paragraph 8 of Regulation 2009/30, the combustion of road fuels 
is responsible for around 20% of greenhouse gas emissions in the Community. 
One approach to reducing these emissions is to reduce greenhouse gas emissions 
throughout the life cycle. Reducing such emissions involves a gradual reduction of 
greenhouse gas emissions by up to 10% per unit of energy through the use of biofuels, 
alternative fuels and reduced combustion at production sites, including through the 
use of environmentally friendly carbon capture and storage technologies and the use 
of electric vehicles. 

In addition, the protection of human health and the environment was taken into 
account, as air pollutants, nitrogen and sulphur oxides, unburned hydrocarbons, 
particulate matter, carbon monoxide, benzene and other toxic substances emitted 
in vehicle exhaust gases pose a direct and indirect threat. Therefore, in 2003, the 
European Parliament adopted Directive 2003/17/EC amending Directive 98, setting 
new, more stringent environmental requirements for fuels on the market.
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Fig. 2 Photo materials of the type of fuel in the retail network of fuel stations (car gas filling 
stations) in some Community countries and Kyiv (photo August–September 2022)

According to the requirements of Regulation 2009/30, suppliers or suppliers 
responsible for the monitoring and reporting of greenhouse gas emissions desig-
nated by the Member States of the Community report on the greenhouse gas emis-
sions during the life cycle of the fuel they supply and on the extent of their reduction 
from 2011, which are formed during the life cycle per unit of supplied fuel energy 
[8]. 

The fuel quality control system in the Community countries is based on European 
standards, including EN 14,274:2003 “Automotive fuels—Assessment of petrol and 
diesel quality—Fuel quality monitoring system” and EN 14,275:2003 “Automotive 
fuels—Assessment of petrol and diesel fuel quality—Sampling from retail site pumps 
and commercial site fuel dispensers”. This standard defines in detail the rules for
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Fig. 3 Distribution complex at a gas station for the sale of diesel fuel and AdBlue reagent in 
Germany (photo August 2022)

sampling and the minimum number of samples, the method of sampling at petrol 
stations, the rules for their transportation, storage, examination, requirements for 
accredited laboratories, etc. 

Each Community country has its own specifics and elements that distinguish it 
from other EU countries (legal framework, institutions involved in the organization 
of the system), however, each state is obliged to comply with the requirements of 
Directive 98, Directive 2009/30/EC, EN 14,274: 2003 standard, including the obliga-
tion to report annually to the Council of Ministers (by 31 July) on the quality of liquid 
fuels, the quality of liquid biofuels, liquefied petroleum gas (LPG) and compressed 
natural gas (CNG), and to the European Commission (by 31 August) on the quality 
of fuels sold on its territory, to organize a fuel quality control system based on EU 
principles and to carry out relevant analysis. 

In particular, since 2012, the European Commission has been reporting every two 
years to the European Parliament and the Council on third countries and Community 
Member States that are sources of biofuels or feedstocks for biofuels consumed within 
the Community and on national measures taken to meet sustainability criteria, and 
to protect soil, water and air. 

Given the practice of fuel quality control in Poland, since January 1, 2007, the 
main regulatory document governing the functioning of the fuel quality monitoring 
and control system is the Act of 25 August 2006 “On the Fuel Quality Monitoring 
and Control System” [19, 20]. 

The Head of the Competition and Consumer Protection Authority is responsible 
for the functioning of the control system, which is supported by the Trade Inspectorate 
responsible for fuel control. The control and monitoring of the quality of fuels is 
divided into summer and winter periods, with samples taken for examination every
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month, as well as systematic statistical observations of the quality of fuels placed on 
the market. 

Samples are collected at petrol and gas filling stations by oblasts. Sampling loca-
tions are selected randomly for each type of fuel and are proportional to the share of 
liquid fuel sales in that region and the total liquid fuel sales in the country. 

Within the national part, the control system is aimed not only at detecting cases 
of fuel trade that does not meet quality standards, but also provides for the inspec-
tion of liquid fuels to which changes in physical and chemical parameters (quality 
improvement) are applied where violations have been identified, including as a result 
of previous inspections of drivers’ complaints, information received from the police. 

Systematic monitoring is carried out for all types of fuel (unleaded gasoline of 
the 95 and 98 grades, diesel fuel, liquid biofuel (diesel fuel with a 20% content of 
complex esters (B20) and methyl ester of fatty acids as an independent fuel (B100)) 
and covers the entire chain of circulation operators fuel, namely: 

• entrepreneurs who store fuel; 
• entrepreneurs who carry out activities in the field of fuel transportation (control 

at the request of the police); 
• owners and operators of fuel stations (car gas filling stations) of car parks; 
• state and corporate gas stations where control of liquid biofuel, liquefied petroleum 

gas (LPG) and compressed natural gas (CNG) is carried out; 
• farmers who produce liquid biofuel for their own use; 
• entrepreneurs who sell light petroleum products, light and heavy fuel oils [20, 21]. 

Control over the quality of fuels also includes control over compliance by business 
entities with the obligations to sell motor petrol with a bioethanol content of up to 
5% (10%) at petrol stations (filling stations) with the appropriate labelling of fuel 
dispensers offering such petrol in order to identify for the consumer the percentage 
of such biocomponents in this fuel, as well as to inform that the proposed fuel can 
be used in an engine that allows its use. In addition, the labelling of fuel dispensers 
used at petrol stations or factories for the sale of liquid fuels containing metal dopes 
must be marked with the inscription “Contains metal dopes”. 

The Office for Competition and Consumer Protection in Poland is responsible for 
preparing reports for the European Commission and the Council of Ministers. The 
report contains information on: the quality of liquid fuels and the quality of liquid 
biofuels, liquefied petroleum gas (LPG), compressed natural gas (CNG); sulphur 
content in light fuel oil, heavy fuel oil. The reports are generated on the basis of data 
from the Chief Environmental Inspector or Directors of Maritime Offices if the data 
relate to motor fuel oil for inland navigation and/or fuel used on marine vessels. 

The relevant reports are available at the following links in the public domain [14, 
22]. The fuel quality monitoring and control system in Germany is different from 
others, it does not belong to any model that operates according to EN 14,274:2003 -
and is considered a national system. The control system mainly provides requirements 
for the labeling and quality of automobile gasoline, motor oils and liquid gaseous 
fuel in accordance with the Law of the Federation "On Protection from Emissions" 
and other standards [23].
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Monitoring of fuel quality does not involve checking all the parameters contained 
in the European standards, but only indicators of particular importance for the envi-
ronment, consumer protection, or indicators of product non-compliance that have 
been established as a result of previous inspections. 

The Ministry of the Environment is responsible for submitting an annual report 
to the European Commission. The report is based on data provided by the Federal 
Environment Agency and on information provided by the German federal states, as 
well as statistics from the Federal Office for Economic Affairs and Export Control. 

The fuel quality monitoring and control system in Austria is implemented 
throughout the country and covers the quality of motor petrol and diesel fuel sold at 
petrol stations. All parameters of liquid fuels are measured in accordance with EN 
14,274:2003. The examination (testing) of the parameters is carried out in accredited 
laboratories of the Federal Office for Consumer Protection and the Federal Environ-
ment Agency. And since Austria has only one refinery (Schwechat), whose products 
cover a significant part of the national demand, the entire territory of Austria is 
considered as one region for control [18, 23]. 

In Ireland, the control over the quality of gasoline and diesel fuel in circulation 
is checked by the Revenue Service. The selected samples are tested by the National 
Laboratory. Information on the annual volume of fuel sales is collected and provided 
by the Department of Transport, and the Department of Environment, Heritage and 
Local Government is responsible for the preparation and submission of the annual 
fuel quality monitoring report to the European Commission. 

There is one refinery operating in Ireland, all products are inspected by the refinery 
operator before shipment and transported by road and sea to customers. Samples of 
fuel products are taken by the tax service once every three months at fuel terminals and 
after each refueling at the National Bank of Fuel Reserves. Also, samples are taken 
from gas stations, tankers, trucks and minibuses. The monitoring and quality system 
includes inspections by the Irish Petroleum Industry Association, which takes its own 
samples for testing at car parks and at the refinery in July–August and December 
each year. 

In Ukraine, according to the List of types of products for which state market 
surveillance bodies carry out state market surveillance, the State Ecological Inspec-
tion of Ukraine is a state market surveillance body for compliance with the 
requirements of the Technical Regulation. 

Control of fuels is carried out on time and in the prescribed manner in accor-
dance with the Law of Ukraine "On State Market Supervision and Control of Non-
Food Products" (hereinafter—the Law). In particular, checking the characteristics 
of liquid fuel products is carried out on a scheduled basis exclusively at distrib-
utors of such products (fuel stations (car gas filling stations)) within 4 days, and 
unscheduled at distributors of liquid fuels in the presence of substantiated appeals-
complaints from consumers regarding the non-compliance of products, at manufac-
turers (within 5 days)—in case of establishment of non-conformity of the products 
based on the results of the examination, which was taken from the distributors. 
Control of importers, authorized persons who introduce liquid fuels into the territory 
of Ukraine is carried out based on the results of the customs suspension of products
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and the corresponding notification of the state market surveillance authority by the 
customs authority [24]. 

Thus, in Ukraine, control over the quality of liquid fuels does not cover business 
entities that store fuel, store and/or use liquid fuels for their own needs, transport, 
fleet operators, state and municipal enterprises, as well as business entities engaged 
in wholesale trade in fuel, importers, authorized persons, and manufacturers on a 
routine basis. 

In particular, according to Article 27 of the Law, sampling of liquid fuels and 
their examination (testing) are carried out on the basis of a reasoned written decision 
of the head of the market surveillance authority or his/her deputy (chairman and 
members or an authorized person of the state collegial body). Thus, the procedure 
for taking samples of liquid fuels requires, first of all, formal processing (analysis) 
of documents provided by the business entity that must accompany the fuel batch, 
secondly, signing the decision on sampling, and thirdly, organizing and conducting 
the sampling procedure. 

Under such conditions, it takes time to take a sample of products and conduct 
their examination. In practice, sampling takes place in one to three days, which leads 
to conditions where products may be generally absent according to the documents 
provided on the first day of the inspection by the market surveillance authority, 
or to the creation of conditions that lead to certain actions on the part of business 
entities, namely the replacement of the full volume of such products at the fuel station 
(car gas filling station), and as a result, inappropriate sampling measures, spending 
unnecessary budgetary costs during further examination (testing). 

The standard EN 14,274:2003 defines a system for monitoring the quality of fuels 
to assess their quality, which is sold in any country of the Community. According to 
the internal regulations of CEN/CENELEC, national standardization organizations of 
such countries as Austria, Belgium, the Czech Republic, Denmark, Finland, France, 
Germany, Greece, Hungary, Iceland, Ireland, Italy, Luxembourg, Malta, the Nether-
lands, Norway, Slovakia, Spain, Sweden, Switzerland, Great Britain are required to 
implement the EN 14,274:2003 standard [18]. 

The EN 14,274:2003 standard contains statistical justifications and describes a 
fuel quality monitoring system in accordance with European Directive 98/70/EC 
and cannot be adjusted in a specific region, however, it can be extended to achieve 
additional goals. 

Due to the specific parameters of the European fuel specifications, EN 228 and 
EN 590 standards state that each country should select limit values from a certain 
set of values and take into account such limit values for a specific country, taking 
into account geographical and climatic factors. Such values may differ, therefore the 
specific parameters in the monitoring and quality system of the Community countries 
are different. 

According to EN 14,274:2003, a country should be treated as a single region 
for sampling purposes. The number of samples for the purpose of checking their 
quality depends on the size of the country, taking into account the total amount of 
fuel sold in this country (a small country—15 million tons or less are sold per year, 
a large country—a total of more than 15 million tons are sold per year), places of
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sale (dispensing) of fuel (object of retail or wholesale trade). The calculation of the 
necessary number of such samples is determined by each country of the Community 
separately, at the same time, their minimum number should be such that the data are 
effective and representative for the overall assessment of the monitoring system for 
that country. In particular, it is noted that the country may, at its own discretion, use 
more than the minimum number of samples, but not less. 

According to the requirements of the EN 14,274:2003 standard, taking into 
account the specification of liquid fuels, the minimum number of samples for each 
type varies from 50 to 200 samples. Fuel quality is tested twice a year: once in winter 
and once in summer. 

In accordance with the requirements of EN 14,274:2003, the Community countries 
shall establish a list of sampling sites, which shall be updated annually. Such a list 
should contain information on the region in which the facility is located and be 
divided into facilities based on their turnover. 

In order to determine the amount of each type of liquid fuel to be assessed, 
information on the total amount of fuel sold in the country, sources of supply and the 
supply chain with distribution in the network, and, if available, data on the population 
and number of vehicles with their respective regional distribution are taken into 
account. 

Accredited laboratories performing tests for fuel quality monitoring are deter-
mined by the competent authority in each Community and take into account the 
eligibility criteria, which include the qualifications and competence of the staff to 
take and examine fuel samples and prepare an analytical report. 

In Ukraine, the selection of samples of liquid fuels is carried out by officials 
of the market surveillance body in accordance with the requirements of DSTU [in 
Ukrainian] 4488:2005 "Oil and petroleum products. Sampling methods", the Proce-
dure for selecting product samples to determine their quality indicators and the form 
of the act of selecting product samples, approved by Resolution № 1280 of the Cabinet 
of Ministers of Ukraine dated 30.10.2007. Examination (testing) is carried out in 
accredited laboratories based on the results of tender procurement and conclusion of 
contracts with business entities for the lowest value proposition [25, 26]. 

Thus, an official who takes samples of liquid fuels must be qualified to conduct 
such sampling at high-risk facilities, including being provided with the necessary 
equipment, facilities, personal protective equipment, with mandatory specialized 
training on occupational health and safety, and admission to such work, etc. 

Liquid fuels in EU countries are checked mainly for all quality indicators provided 
for by Directive № 98. According to the report in Poland for 2021, non-compliance 
with the parameters is noted by the indicators of oxygen content, organic oxygen-
containing compounds, ethanol (A-95) and saturated vapor pressure (A-98). The 
highest excess of sulfur content was registered in Poland in 2005 and was more than 
fifty times the established norm (more than 2734 mg/kg) [19]. 

Taking into account data from open sources, it is noted that the lowest non-
compliance with quality standards in the studied fuel samples is noted in Germany, 
Ireland, Latvia and Austria (below 1%), a little more—in the Czech Republic and 
Poland (1–5%), and the effective effect is emphasized of the implemented system
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of monitoring and control of fuel quality from year to year, which was launched in 
2004 [16, 23]. 

In Ukraine, non-compliance with the requirements of the Technical Regulation 
in products of the type "diesel fuel" is noted by indicators of sulfur content, flash 
point in a closed crucible, in products of the type automobile gasoline—by sulfur 
content, volume fraction of benzene, mass fraction of oxygen, detonation resistance 
according to experimental and by the motor method, as well as by the volume fraction 
of “bioethanol”. 

In particular, in products of the diesel fuel type, the sulfur content exceeded 
the established requirements by 3–3.5 times (49.4 ± 62.4 mg/kg), the flash point 
in a closed crucible was 1.3 times lower (42.43 ± 9.85 °C). In gasoline samples, 
the indicator of detonation resistance according to the experimental method was 
1–2 times lower (90.8 ± 0.43 units), the sulfur content exceeded the established 
requirements by 4–10 times (49.4 ± 62.4 mg/kg), the volume fraction of benzene 
and the mass fraction of oxygen are 2–2.5 times (2.7 ± 3.43%) and 2.5 times (6.71 
± 3.1%), respectively. 

Non-compliance with the requirements of the Technical Regulations was noted 
both in products of the type: A–92–Euro5–E5, A–95–Euro5–E5, DP–Z–Euro5–B0 
[in Ukrainian], DP–L–Euro5–B0 [in Ukrainian], and in products of the 95–Euro5 
brand –E5 “Premium”, 95–Euro5–E5 “Shebel”, DP–Z–Euro5–B0 [in Ukrainian] 
“Shell V–Power”, DP–Z–Euro5–B0 [in Ukrainian] “Premium”, DP–Z–Euro5–B0 
[in Ukrainian] “Energy”, in imported fuel and fuel of domestic production. In general, 
the ratio of non-conformity to fuel compliance was 1:4 in gasoline samples, 1:5 in 
diesel fuel [27]. 

A significant part of the vehicles used in the world are equipped with spark ignition 
engines (gasoline engines), the rest are compression ignition engines (diesel engines), 
which are the most economical and environmentally friendly today [28, 29]. 

Gasoline, which is a product of crude oil processing, is usually used to power 
spark-ignition engines. The fuel used in compression ignition engines is diesel, and 
like gasoline it is a mixture of hydrocarbons separated from crude oil by distillation, 
but unlike gasoline, diesel distillates have a higher boiling point. Differences in 
the design and principles of operation of gasoline and diesel engines are different, 
therefore the requirements for their physical and chemical properties are also different 
[2, 17]. 

During storage, transportation and distribution in the fuel supply system, liquid 
fuels are exposed to physical and chemical influences that change their quality. There-
fore, the fuel that is in the tank of the vehicle may have different properties than when 
it was produced at the refinery. 

The potential for fuel to become contaminated with water during storage, trans-
portation or distribution is just one of many factors that cause fuel quality to vary 
from production to consumer market. And on the way to determine the main factors 
that can cause changes in the physical and chemical properties of liquid fuels, one 
can include improper decantation, storage of fuels in containers that exclude their
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tightness, interaction of fuel with oxygen in the air, and ingress of dust during distri-
bution in the network, evaporation of light fractions, ingress of solid impurities of 
corrosion products from tanks, pipelines during their oxidation and polymerization. 

Thus, the system of control and monitoring of the quality of liquid fuels should be 
organized at all stages of production, storage, transportation and their distribution, 
as well as apply to each market operator, economic entity that carries out appropriate 
measures in the way of introduction into circulation, application and /or storage. 

Pursuant to the Regulation 1680, fines in Poland for the production, trans-
portation, storage or sale of liquid fuels, liquid biofuels, liquefied petroleum gas 
(LPG), compressed natural gas (CNG) or light fuel oil that do not meet the quality 
requirements are: 

• from 50,000 to 500,000 PLN (425,000-4,250,000 UAH) (or imprisonment for up 
to 3 years); 

• from 100,000 to 1 million PLN (850,000-8,500,000 UAH) or imprisonment for a 
term of 3 months to 5 years if the fuel is property of significant value; 

• from 10,000 to 25,000 PLN (85,000-212,500 UAH) in case of lesser severity; 
• from 25,000 to 250,000 PLN (212,500-2,125,000 UAH) for unintentional actions 

that led to product non-compliance. 

In addition, fines of 5,000 PLN (42,500 UAH) are provided for farmers who 
produce liquid biofuels that do not meet quality requirements, including those used 
for their own needs; owners or users of a vehicle fleet that use liquid biofuels that do 
not meet quality requirements. 

Business entities are also liable for the production, storage or sale of liquid 
biofuels in tanks that are not labelled in accordance with the established procedure, 
including for failure to post information on fuel stations (car gas filling stations) 
about the content of biocomponents in liquid fuels sold at fuel stations (car gas 
filling stations). In particular, the fine is imposed on the day of the inspection based 
on an administrative decision made by an inspector of the Trade Inspection. 

Pursuant to Article 44 of the Law, fines for business entities that have put products 
on the market (importers, authorized persons, manufacturers) are imposed in the event 
of non-fulfilment or incomplete fulfilment of a decision to take restrictive (corrective) 
measures with respect to products that do not meet the established requirements and/ 
or pose a risk of 102,000 to 170,000 UAH, and for distributors—from 68,000 to 
119,000 UAH. The penalty is imposed upon failure to comply with such decisions, 
drawing up a protocol or resolution, and may be applied within 30 days. 

Thus, taking into account the legislation of Ukraine, liability for business enti-
ties in the Community countries is more economically severe and demanding, and 
applies to the range of all entrepreneurs involved in the circulation of fuels from 
production, management, distribution to storage and use, and is generally aimed at 
bringing to justice for non-compliance with emission reduction requirements, failure 
to implement measures to use alternative fuels, and misleading consumers. 

Taking into account the above, on the way to complying with the requirements of 
the Association Agreement, with the aim of Ukraine’s accession to the countries of 
the European Community, as well as the creation of conditions for the acceptance of
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liquid fuels for the creation of a free trade zone, a number of problematic and urgent 
issues arise in Ukraine that need to be resolved, and which are inevitable in today’s. 

The solutions to such issues will be directed and connected primarily with the 
implementation of the requirements of Directive 98, Directive 2009/30/EC, standard 
EN 14,274:2003, internal regulations of CEN/CENELEC, European specifications 
EN 228 and EN 590, including a comprehensive restructuring in the organization, 
the creation of an appropriate system of control and monitoring of the quality of 
liquid fuels on the territory of Ukraine, secondly, the introduction of effective levers 
for the implementation of special legislation, strategies, complex programs and the 
determination at each stage of competent executive authorities responsible for their 
implementation. 

The control and monitoring system should provide for both internal and external 
control for business entities, regulatory authorities and take into account the origin 
and chain of introduction and distribution of liquid fuels, and should be aimed 
at reducing emissions into the atmosphere, ensuring the protection of consumer 
interests, safety environment, and national security of the state. 
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21. Żmijewski, K., Sokołowski, M.: The development of power grids in Poland in the context of 
regulatory acts of the climate and energy package. Acta Energetica, 86–94 (2010) 

22. Raport z kontroli paliw ciekłych w 2021 roku. (2022). Urzad Ochrony Konkurencji i 
Konsumentow [in Polish]. https://uokik.gov.pl/search.php?szukaj=raport+dla+Komisji+Eur 
opejskiej 

23. Description of the fuel quality monitoring and control system. Urzad Ochrony Konkurencji 
i Konsumentow [in Polish]. https://uokik.gov.pl/opis_systemu_monitorowania_i_kontrolow 
ania_jakosci_paliw.php#faq3757 

24. On state market supervision and control of non-food products № 2735-VI. (2010, December 2). 
Verkhovna Rada Ukrainy [in Ukrainian]. https://zakon.rada.gov.ua/laws/show/2735-17#Text 

25. Yakovlieva, A., Boichenko, S., Boshkov, V., Korba, L., Hocko, M.: Experimental study of 
physical-chemical properties of advanced alcohol-to-jet fuels. Aviation 27(1), 1–13 (2023). 
https://doi.org/10.3846/aviation.2023.18564

https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1520077936157&uri=CELEX:02009L0030-20160610
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1520077936157&uri=CELEX:02009L0030-20160610
https://isap.sejm.gov.pl/isap.nsf/download.xsp/WDU20
https://isap.sejm.gov.pl/isap.nsf/download.xsp/WDU20
https://ips.ligazakon.net/document/view/EU080011
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=celex%3A32009R0443
https://zakon.rada.gov.ua/laws/show/984_004-10
https://zakon.rada.gov.ua/laws/show/984_004-10
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32010D0778&from=FR
https://uokik.gov.pl/szukaj.php?szukaj=raporty_+jakosc_paliw
https://www.oica.net/worldwide-fuels-charter/
https://www.oica.net/worldwide-fuels-charter/
https://doi.org/10.1007/978-3-030-48583-2_16
https://standards.iteh.ai/catalog/standards/cen/6bcedd74-c5e0-48c4-bbb0-0a0783dc9a04/en-14274-2003
https://standards.iteh.ai/catalog/standards/cen/6bcedd74-c5e0-48c4-bbb0-0a0783dc9a04/en-14274-2003
https://uokik.gov.pl/
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20061691200
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp?id=WDU20061691200
https://uokik.gov.pl/search.php?szukaj=raport+dla+Komisji+Europejskiej
https://uokik.gov.pl/search.php?szukaj=raport+dla+Komisji+Europejskiej
https://uokik.gov.pl/opis_systemu_monitorowania_i_kontrolowania_jakosci_paliw.php#faq3757
https://uokik.gov.pl/opis_systemu_monitorowania_i_kontrolowania_jakosci_paliw.php#faq3757
https://zakon.rada.gov.ua/laws/show/2735-17#Text
https://doi.org/10.3846/aviation.2023.18564


272 O. Sibilieva et al.

26. On the approval of the Procedure for the selection of product samples to determine their 
quality indicators and the form of the product sample selection act: Resolution of the Cabinet 
of Ministers of Ukraine № 1280. (2007, October 30). Verkhovna Rada Ukrainy [in Ukrainian]. 
http://online.budstandart.com/ua/catalog/doc-page?id_doc=59378 

27. DSTU 4488:2005 [in Ukrainian]. Oil and oil products. Sampling methods. (2006, October 1). 
K.: Upravlinnia Derzhspozhyvstandartu, 34 p. [in Ukrainian]. 

28. Sibilieva, O.V.: The quality of automobile gasoline and diesel fuel on the market of Ukraine. 
Ekolohichni nauky, No 4(43), 100–106 (2022). [in Ukrainian] 

29. Topilnytskyy, P., Romanchuk, V., Boichenko, S., Golych, Y.: Physico-chemical properties 
and efficiency of demulsifiers based on block copolymers of ethylene and propylene oxides. 
Ch&ChT 8(2), 211–218 (2014)

http://online.budstandart.com/ua/catalog/doc-page


Analysis of Conventional 
and Nonconventional GTL Technologies: 
Benefits and Drawbacks 
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1 Introduction 

Since the world’s population continues to grow and national economies develop, 
the demand for energy increases significantly as well. At the same time, the search 
for clean sources of energy to reduce the impact of combustion products on the 
environment is increasing. Soon, natural gas demand is likely to outpace demand 
for other fossil fuels. The International Energy Agency (IEA) predicts an increase 
in demand for natural gas by more than 50% by 2035. Especially if a significant 
part of shale gas will be used [1]. Some countries, for example, the USA, actively 
produce shale gas and use GTL technologies to convert excess gas into liquid motor 
fuels and lubricants [2]. Ukraine also has large gas reserves. The total volume of 
technically recoverable shale gas resources in Ukraine is estimated at 4.8 trillion m3 

(1.75% of the world reserve), 3.6 trillion m3 of which are concentrated in the two 
largest fields—Yuzivskyi field in the Donetsk and Kharkiv regions, and 1.2 trillion 
m3 are concentrated in the Oleske field, which is located in the west of Ukraine. In 
addition, Ukraine has quite wide possibilities for the production of biogas, which 
contains 50–60% of methane and 30–35% carbon dioxide, and 10 billion m3/year 
of biomethane [3]. Therefore, the development and implementation of technologies 
for motor fuel or their components production through the conversion of natural gas 
is a promising scientific direction for Ukraine.
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Fig. 1 Conversion of natural gas into liquid fuels and petrochemical products 

The most common way of converting natural gas into liquid hydrocarbons is the 
Fischer–Tropsch method, that requires a pre-conversion of natural gas to synthesis 
gas, which is the most expensive stage of the technology. However, in recent decades, 
a number of alternative technologies for converting natural gas into high-quality 
liquid fuels have emerged, including sulfur free diesel with high cetane number, 
and jet fuel. Such technologies make it possible to obtain motor fuels using both 
ways—including the stage of synthesis gas and without conversion of natural gas to 
a mixture of carbon monoxide and hydrogen, which actually is synthesis gas (Fig. 1) 
[4]. 

2 The Role of Global Gas Reserves for the Development 
of GTL Technology Development 

Global natural gas reserves are increasing faster than its consumption. An increase 
in unconventional gas production in North America and Australia in recent years 
has accelerated this trend. Indeed, taking into account the future development of
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unconventional gas production, such as shale gas, for energy-scarce countries, this 
trend is likely to continue for at least several decades. An additional resource is 
significant amounts of associated natural gas that is burnt or released during oil 
production in some countries of Africa (Nigeria) and the Middle East. Gas conversion 
can play a major role in reducing flaring if the technology becomes more available 
and cost-effective [5]. 

According to forecasts of the International Energy Agency (IEA), it is possible to 
achieve natural gas production of about 5.1 trillion m3 in 2035, 32% of which will 
be unconventional natural gas. Most of this gas is currently delivered to consumers 
via pipelines, and approximately 30% of the gas exported from producing countries 
is transported as liquefied natural gas (LNG). However, a significant part of the 
world’s natural gas reserves are either located far from consumers or are located in 
regions where demand for gas is limited. Transportation of natural gas by vehicles 
is a technologically complex process, because the gas must be compressed up to 
600 times. GTL technology is an alternative and offers the chemical conversion of 
methane into long-chain hydrocarbon molecules that exist in a liquid state under 
atmospheric conditions. Methane itself can be obtained from natural gas, associated 
petroleum gas, gasification of coal and biomass [6]. 

OPEC predicts an increase in the need for diesel fuel to 37 million barrels/day 
by 2035 [7]. GTL technologies can make a significant contribution to the produc-
tion of the necessary amount of transport fuels since demand for transport fuels 
increases every year (Fig. 2). The dependence on oil products for the transport sector 
is considered to be a threat to the energy and environmental security of country. 
High consumption in turn has contributed to the development of alternative fuels 
(biodiesel, bioreactive fuels, etc.), which can compete with GTL fuels [8]. However, 
GTL may benefit from increasingly stringent demands from consumers, environmen-
talists, governments and car manufacturers for fuel purity and efficiency. GTL diesel 
produced by FT processes has significantly higher quality than diesel fuel produced 
by typical crude oil refining processes. GTL diesel has a high cetane number (about 
70 units compared to 45–55 units of petroleum diesel), low sulfur content (< 5 ppm), 
low content of aromatic substances (<1%), which leads to a decrease in density and 
improvement of low-temperature properties of diesel fuel [9].

3 Chemistry of the Fischer–Tropsch GTL Process 

GTL (gas-to-liquid) and CTL (coal-to-liquid) technologies were first introduced in 
Germany in the 1920s using a process that became known as Fischer–Tropsch (FT) 
synthesis when Germany found itself short on oil, but had significant reserves of 
coal [10]. The need to provide liquid fuel led to the opening of factories that turned 
coal into gas and then into liquid using the high-temperature synthesis of FT. Despite 
the fact that the FT process was technically successful, it could not economically 
compete with the processing of crude oil, so the technology was used only to cut the 
lack of transport fuels. Recently, there has been renewed interest in the synthesis of
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Fig. 2 Global product demand [9]

GTL fuels using low-temperature conversion of natural gas by the FT method into 
middle distillates [11]. It is caused by the limited supply of crude oil and the global 
desire to obtain cleaner high quality transport fuel. 

The conversion of natural gas into liquid hydrocarbons can be accomplished 
through several chemical transformation steps leading to a variety of products. 
Currently, GTL technology based on Fischer–Tropsch synthesis is the most common. 
The process consists of three main stages, which require significant supporting 
infrastructure and a safe supply of natural gas for highly efficient synthesis [12]. 

1. Synthesis gas production. Natural gas is treated with steam and/or partial oxida-
tion. The produced syngas consists mainly of carbon monoxide and hydrogen 
[13–17]. 

2. Catalytic (FT) synthesis. Depending on the technology, syngas is converted in 
reactors of various designs, into a variety of paraffinic hydrocarbons (crude 
synoil) with a long carbon chain (≈ 100 carbon atoms in the molecule) [18–20]. 

3. Cracking of FT synthesis products. Crude synoil is cracked as in a traditional 
oil refinery to produce diesel fuel and commercial lubricants. Cracking of long-
chain hydrocarbons can be adjusted to obtain products that market demands. The 
highly profitable target products of FT synthesis usually are middle distillate 
diesel fuel, jet fuel, and lubricating materials. Modern facilities are designed to 
obtain target products [21–26]. 

Fischer–Tropsch processes are not limited only to the use of conventional natural 
gas. Coal seam gas, associated gas, coal or biomass can be also processed using 
FT technologies by changing the catalyst, pressure and temperature conditions of 
synthesis [27]. A constant and safe supply of feed gas, regardless of origin, is essential 
to the commercial viability of large-scale FT GTL plants. The integration of mining
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and processing processes allows developers of GTL projects to earn profits with less 
potential risk [28]. 

4 Syngas Syngthesis 

Syngas is usually obtained by the method of partial oxidation or conversion with 
water steam [29]. Syngas production is an intermediate step for many petrochemical 
processes, including a number of alternative GTL technologies. 

Production of syngas by partial oxidation of methane (1) requires separation stage 
to remove nitrogen from the air and obtain oxygen of high purity [30]. 

CH4 + 1/2O2 → CO + 3H2. (1) 

Typical schemes of partial oxidation usually include: 

• section for burning gas with pure oxygen. It contains a combustion chamber and 
operates at high temperatures (1200–1500° C) without catalysts; 

• heat removal section, since the reaction is exothermic; 
• carbon removal section [31]. 

The steam reforming process is widely used to obtain synthesis gas as a feed-
stock for a number of petrochemical processes and to produce hydrogen used in 
hydrocracking refineries. Reforming occurs according to reaction (2). 

CH4 + H2O → CO + 3H2. (2) 

Steam reforming is usually carried out in the presence of a catalyst and under 
operating conditions that include temperatures of 850–940° C and a pressure of 
approximately 3 MPa. The process, as a rule, is carried out in tubular reactors using 
the heat of flue gases to preheat the source gas or to obtain steam in boilers [32]. 

In the autothermal reforming (ATR) synthesis gas production combines steam 
reforming with partial oxidation. The heat generated as a result of partial oxidation 
is used to heat the steam reforming reaction. The gases from the combustion chamber 
are mixed with steam and directed to the steam reformer, which makes the process 
autothermal. In autothermal processes, the heat is produced only by the reaction [33]. 

5 Fischer–Tropsch Synthesis 

The The Fischer–Tropsch synthesis is one of the common technologies for increasing 
the carbon chain to obtain long-chain hydrocarbon molecules: 

CO + 2H2 → −CH2 − +  H2O(exotermic). (3)
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However, in practice, the process occurs according to Eq. (4). 

2CO(gas) + H 2 (gas) → (−CH 2−)nliquid + CO2 (gas) + H 2O. (4) 

Carbon dioxide and water are formed as by-products. The FT reaction competes 
both the methane forming reaction (reverse steam reforming reaction 5) and reaction 
leading to the formation of propane and butane. 

CO + 3H2 → CH4 + H2O. (5) 

To promote the FT reaction and limit the methane forming reaction, the synthesis 
is carried out at low temperatures (220–350 °C), pressure 2–3 MPa and using cobalt-
based catalysts [34]. 

There are two types of FT technologies based on natural gas: high-temperature 
(HTFT) and low-temperature (LTFT) Fischer–Tropsch synthesis. As a result of HTFT 
synthesis, if the process conditions are chosen correctly and are used the appropriate 
catalysts, obtained crude syn-oil contains a high percentage of short-chain hydro-
carbons (<10 carbon atoms) and significant amount of propane, butane and other 
olefins (for example, propylene and butylene). These short-chain hydrocarbon gases 
are usually extracted from tail gases using cryogenic separation. The resulting tail gas 
is returned to the technological process for further processing. The high-temperature 
(HT) process of FT GTL based on an iron catalyst allows to obtain such fuels as 
gasoline and diesel, which are quite similar to traditional fuels obtained by refining 
conventional oil. The resulting GTL fuel is sulfur free, but contains some aromatic 
hydrocarbons. Typical operating conditions of the HTFT process are a temperature 
of about 320° C and a pressure of about 2.5 MPa. The HTFT process can be quite 
efficient (conversion > 85%), but not all products are ready for use. As a rule, high-
temperature Fischer–Tropsch synthesis is carried out in reactors with a circulating 
fluidized bed [35]. 

The low-temperature Fischer–Tropsch process (LTFT) is carried out at a low 
temperature with cobalt based catalyst in slurry reactors with a bubbling column 
(for example, the Sasol) or in tubular reactors with a fixed bed (for example, the 
Shell). A synthetic diesel fuel (GTL diesel) obtained during LTFT process does not 
contain sulfur and aromatic substances. Typical operating conditions of the LTFT 
process are temperature of approximately 220–240 °C and pressure of approximately 
2.0–2.5 MPa. The LTFT conversion is usually only about 60%. The main direction 
of most large-scale projects based on FT synthesis in the current market conditions 
is the production of high-quality GTL diesel fuel with low emissions, jet fuel and 
synoil (as petrochemical feedstock or gasoline addition) [36].
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6 Alternative GTL Technologies 

The problem of developing a chemical process for obtaining liquid fuels from natural 
gas without the most expensive stage of obtaining synthesis gas (60% of the cost 
price), has been raised for a long time. The most common way to obtain gasoline 
from natural gas is the conversion of methane to methanol, and methanol, in turn, 
to gasoline. Moreover, the production of methanol takes place without the synthesis 
gas stage. Currently, several technologies for converting natural gas into methanol 
have been developed. They do not include the synthesis gas stage – direct oxidation 
of methane to methanol (OMM) (6) and oxidative coupling of methane (OCM) [37]. 
OMM is conducted under high pressure (70–80 atm) and relatively low temperatures 
(400–450 °C). The main products with the same selectivity (40–50%) are methanol 
and carbon monoxide. 

0.9 CH3OH + 0.1 (CH2O + H2) 

CH4 + O2 

0.9 (CO + 2H2O) + 0.1 (CO2 + H2O + H2) 

(6) 

Recently, scientists have been developing the OCM method, the main products 
of which are olefins, mainly ethylene, carbon monoxide and a small amount of 
hydrogen. The technology is based on the cracking of heavy components of natural 
and associated gases (C3 + ). The process is carried out under atmospheric pressure 
and high temperatures (≈750 °C). The interaction of methanol or olefins with CO 
makes it possible to obtain a wide range of GTL products. Direct partial oxidation 
with simultaneous oligomerization can be an alternative way of GTL technology, 
which does not include the step of synthesis gas obtaining (7), (8) [38]. 

CH3OH → CH3−O − CH3 → CnH2n(olefins); (7) 

CnH2n → polymerization, cyclization → CnH2n+2, cycloparaffins, arenes. (8) 

The Mobil company has developed the first plant, where the technology of conver-
sion of methanol into gasoline is implemented. The plant produces sulfur-free gaso-
line (octane number 92 units). Methanol is converted into diethyl ether, and then into 
light olefins C5 + and further into paraffins, naphthenes and aromatic compounds 
(8). Catalysts used in the process promote the synthesis of hydrocarbons containing 
less than ten Carbon atoms. The product contains 53% paraffins, 9% naphthenes and 
26% aromatichydrocarbons. Methanol is loaded into a system of reactors with a fixed 
catalyst bed, where it is completely converted into hydrocarbons and water, which are 
separated into a propane-butane mixture, crude gasoline and water. Crude gasoline 
is divided into liquefied automobile gas (C3–C4), light gasoline, and heavy gaso-
line. Heavy gasoline is hydrotreated to reduce duren (1,2,4,5-tetramethylbenzene)
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content, and then recombined with light gasoline into a finish product that contains 
no sulfur. The yield of gasoline is usually only 38% [39]. 

A small Texas company, Synfuels International, has developed a process in which 
methane at high temperature is converted to acetylene (C2H2). Then acetylene is 
converted using a specially designed catalyst (acetylene conversion≈98%) into ethy-
lene, which in turn is converted into a number of different types of fuel, in particular 
gasoline. A small demonstration plant was also created [40]. Other companies are 
also looking for ways to convert gas into gasoline. 

7 Experience in Small-Scale FT Plants Operation 

Some companies have developed small-sized modular plants for the processing of 
associated petroleum gas, for example, the British company Compact GTL. This 
approach consists of such steps as processing of feedgas into a steam methane 
reformer to produce synthesis gas, feeding it to a FT reactor that converts the feed-
stock into synthetic crude oil, water, and “tail gases” containing hydrogen, carbon 
monoxide, and light hydrocarbons gases. Then, the synoil is exported to a conven-
tional oil refinery for further processing. Petrobras’ CENPES research and develop-
ment center has successfully completed a three-year qualification test program for the 
small-scale GTL technology. This approach enables expansion of GTL technology 
opportunities [41]. 

Another company that deals with small-scale FT GTL processes is Velocys. It 
owns a modular system with a capacity of 1,000 barrels per day. The system is 
designed to obtain acetylene for the production of diesel and synthetic oil [42]. 

Although small-scale GTL technologies exist and are commonly used, most of 
the capital investments in GTL remain concentrated in large-scale FT GTL tech-
nologies. Most built capacities that based on FT GTL technologies are owned by 
two companies. Sasol has developed its GTL technology, which uses autothermal 
reforming to produce syngas, a slury FT reactor and Sasol’s patented cobalt catalyst. 
The resulting products are subjected to isocracking that is developed by Chevron. 
Sasol has implemented its technology by building the Oryx plant in Qatar, which 
has a design capacity of 32,400 barrels per day. Water produced as a byproduct of 
the GTL plant is used for irrigation in Qatar [43]. Sasol is planning a project to build 
GTL factories in Uzbekistan, the USA and Canada. 

In 1993, Shell put into operation the first commercial GTL plant in the world 
in Malaysia, and later the Pearl plant in Qatar. Synthesis gas is obtained by partial 
oxidation with oxygen, and FT synthesis is carried out in a reactor with a fixed layer 
of cobalt catalyst. Varying the conditions of FT synthesis, the company manufactures 
a wide range of GTL products: motor fuels, high-quality oils and lubricants, and a 
number of chemicals that are raw materials for organic synthesis [44].
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8 Experience in Large-Scale FT Plants Operation 

Although small-scale GTL technologies exist and are commonly used, most of the 
capital investments in GTL remain concentrated in large-scale FT GTL technologies. 
Most built capacities that based on FT GTL technologies are owned by two compa-
nies. Sasol has developed its GTL technology, which uses autothermal reforming to 
produce syngas, a slury FT reactor and Sasol’s patented cobalt catalyst. The resulting 
products are subjected to isocracking that is developed by Chevron. Sasol has imple-
mented its technology by building the Oryx plant in Qatar, which has a design 
capacity of 32,400 barrels per day. Water produced as a byproduct of the GTL plant 
is used for irrigation in Qatar [43]. Sasol is planning a project to build GTL factories 
in Uzbekistan, the USA and Canada. 

In 1993, Shell put into operation the first commercial GTL plant in the world 
in Malaysia, and later the Pearl plant in Qatar. Synthesis gas is obtained by partial 
oxidation with oxygen, and FT synthesis is carried out in a reactor with a fixed layer 
of cobalt catalyst. Varying the conditions of FT synthesis, the company manufactures 
a wide range of GTL products: motor fuels, high-quality oils and lubricants, and a 
number of chemicals that are raw materials for organic synthesis [44]. 

9 Comparison of FT GTL Products with Conventional Oil 
Refining Products 

Installations basing on FT GTL technology can be desined to produce a wide range 
of products, from base oils and lubricants to transport fuels and special chemicals. 
Most of developed technological lines are aimed at production of diesel fuel (C14– 
C20) along with jet fuel (C10–C13), gasoline (C5–C10), lubricants (>C50) and small 
amounts of liquefied petroleum gas (C3–C4). Choosing the operating conditions in 
the Fischer–Tropsch reactor, the mixture of the obtained products can be adjusted. 
So, GTL products are obtained in such quantities that allow them to complement the 
market of traditional oil products produced at conventional oil refineries [45]. 

However, typical FT GTL products are quite different from refinery products, 
which are obtained as a result of catalytic cracking (Fig. 3). As a rule, the yield of FT 
GTL diesel fuel is about 70%, that is rather higher than in oil refineries, where diesel 
fuel yield is usually about 40% [46]. In most oil refineries, the final product is low 
quality fuel oil and the yield depends on the quality of the processed crude oil, the 
type and capacity of the plants. In contrast to traditional plants, the products of FT 
GTL are high-value (compared to crude oil) light and middle distillates. Moreover, 
the yield of middle distillates is higher in comparison with typical oil refinery [47].

As noted above [9], the world demand for diesel fuel is growing by about 3% per 
year faster than for other refined products. Produsers face significant challenges in
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Fig. 3 Refinery volume yield versus FT GTL yield

meeting demand and requirements of diesel fuel, as the supply of crude oil becomes 
more difficult due to resource exhaustion of resources. Forecasts for the next decades 
show that demand for diesel fuel will continue to grow (Fig. 2). 

10 SWOT-Analysis of GTL Technologies 

The current state of development of GTL technologies involves a number of chal-
lenges and treas. The main challenges are the high technological complexity of 
the process, significant capital investments in expensive equipment and investment 
risks. However, despite the mentioned threats, there are certain opportunities to 
overcome them. For example, the integration of mining processes and small-scale 
processing plants, the development of cheap catalysts that increase the selectivity of 
target products, etc. In order to stimulate innovation and enable new technology, one 
should consider following points that provide opportunities and prospects for GTL 
technology:

– reduce complexity. Robust technology can be optimized, but it is difficult to make 
already complex technology robust; 

– reduce capital by innovation. Develop new technology based on improving 
common GTL process, e.g. small-scale GTL plants; 

– explotation of smaal deposits of natural gas and unconventional gas. Use biogas 
and biomethan as feedstock for GTL process;
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Fig. 4 The GTL industry: opportunities and chelrnges 

– improve FT synthesis developing new catalysts to reduce costs of process and its 
complexity. 

The main challenges and risks of GTL technologies are shown in Fig. 4 [48]. 

11 Conclusions 

GTL technologies can contribute to reducing global dependence on transport fuels 
produced from crude oil. They offer significant opportunities for the development 
of unconventional natural gas deposits, in particular shale gas and biogas, which is 
quite promising for Ukraine. 

However, the technologies are complex, expensive, patents for key processes are 
held by several companies. Therefore, the development of simple small-scale GTL 
installations is an important scientific and technological problem. 

Currently, large GTL plants are operating using FT syntesis. However, alterna-
tive GTL technologies for converting methane into methanol or olefinic hydrocar-
bons with their subsequent conversion into gasoline without obtaining syngas are 
developing quite quickly. Such technological installations can replace traditional oil 
refineries and petrochemical plants and significantlly reduce the cost of common 
GTL process. 

The GTL industry is influenced with oil and gas prices. Market price fluctuation 
for crude oil and natural gas complicate capital investment calculations for new 
GTL projects. While refineries are only affected by oil prices, GTL operations are 
affected by both oil and natural gas prices. Therefore, the future is in small-scale 
hybrid installations, which allow to reduce capital investment and monetize natural 
gas into more expensive, high-quality, cleaner and demanded transport fuels.
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Metallurgical Coke Production 
with Biomass Additives. Part 2. 
Production and Characterization 
of Laboratory Biocokes 

Andrii Koveria , Lina Kieush , Pavlo Saik , and Vasyl Lozynskyi 

1 Introduction 

The development of technological processes in the modern world follows the path 
of reducing the environmental impact, using renewable sources of energy and raw 
materials while simultaneously obtaining products of the required quality [1–4]. 

Based on the results of the annual UN conferences on climate change [5], further 
commitments are planned to reduce greenhouse gas emissions globally [6, 7]. This 
requires a significant modernization of production to ensure the environmental 
sustainability of the industrial development of the metallurgy [8–10]. 

In the next five years, a significant proportion of the world’s existing integrated 
steel plants will reach the 60-year age limit and be decommissioned. In addition, it 
is expected that in 2040–2060 blast furnaces (BF) with a total production of about 
200 million tons per year will be decommissioned before reaching final depreciation. 
There will probably be no need to build new blast furnaces. 

Ensuring the sustainable development of metallurgy, particularly in light of future 
restrictions on CO2 emissions, requires the modernization of the industry with the 
introduction of innovative technologies and the improvement of the existing ones 
[11–14]. 

Coke production technology greatly impacts the natural environment due to using 
fossil coal. The primary consumer of coke is blast furnace production, the technology 
of which imposes specific requirements on the quality of the coke [15–17]. To meet 
the high requirements, which are constantly increasing, it is necessary to use raw
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materials with suitable initial characteristics (according to proximate analysis, coking 
ability, and coarseness) to produce coke. 

Along with the blast furnace industry, which uses up to about 70% of the coke 
produced, several other industries use coke and have related requirements. For 
example, for ferroalloy production, using more reactive coke with a grain size of 
10–25 mm is desirable. For the sintering of ores, coke fines (<10 mm) are needed, 
along with high reactivity. In foundry production, coke should be coarse and low-
reactive [15]. Non-blast furnace consumers need coke for high-temperature reac-
tions. The function of carbon materials in these processes is to provide the necessary 
temperature for reactions and carbon transfer for carbonization. 

As an alternative to fossil fuels, renewable energy sources from organic raw mate-
rials are increasingly used [17–23]. The most important of them is the vegetable raw 
material formed in photosynthesis. Biomass is the product of converting solar energy 
into chemical energy. Plant biomass is a valuable renewable chemical raw material 
from which unique compounds and fossil fuel substitute products can be obtained. 

It is known that charcoal was widely used in the production of cast iron until the 
middle of the twentieth century [24]. Charcoal is used as the main fuel and reducing 
agent in small blast furnaces in Brazil [25–27]. However, charcoal is mainly used in 
the blast furnace process for injection into the BF via the tuyeres [25, 28–31], as well 
as the carbon iron ore composite [32] and steel recarburazer [33]. At the same time, 
Brazil is one of the leading countries in using charcoal for steel production [34]. 

The advantages of using charcoal in the BF process, as opposed to coal coke, 
are low ash, sulfur, and high porosity. As an injecting component, charcoal has high 
reactivity and low mechanical strength. However, the use of charcoal for feeding 
into BF is ineffective precisely because of these features of mechanical and chemical 
properties. 

At the current state of industry development, biomass is important as a renewable 
source of raw materials that do not increase the amount of CO2 in the atmosphere. 
Biomass, as a substitute for fossil fuels, is actively used to produce biofuels [35–39], 
in the energy [38, 40–42], obtaining nanomaterials [43–47], bioplastics [48–51], as 
an effective adsorbent [52–55], as well as fertilizer [56–58]. 

Over the past couple of decades, the issue of using biomass and its products in 
the metallurgical process, namely in the BF process [59–63], sintering ores [64– 
71], electrical arc furnace (EAF) to enable carburizing and slag foaming [72, 73], 
submerged arc furnace (SAF) [74–76], reduction of iron [77–79] has been actively 
studied. At the same time, the amount of replacing the use of reducing raw materials 
instead of the conventional one depends on the type of process and the properties of 
biomaterials. Studies demonstrate that it is possible to increase the share of biomass 
use and its efficiency through the use of biocoke [80–83]. 

Co-pyrolysis of biomass and coal can be considered as one of the possible ways 
of controlling the thermochemical conversion of coal and the formation of molecular 
structure and physical and chemical properties of the solid residues. However, for the 
effective use of biomass as a fuel and raw material for chemical products, it should 
be considered that biomass from different sources has different properties [84].
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Studies on the effect of biomass additives on the caking process and coke prop-
erties show that a minor proportion of some biomaterials (up to 3 wt.%) in the 
mixture does not significantly affect the caking of coals [85, 86]. When studying 
the behavior of the removal of volatile matters from mixtures of biomass and coal, 
some authors found that no interaction occurs, and the yield of pyrolysis products 
is associated only with the amount of biomass and coal in the blend [87–90]. Other 
authors have observed interactions between coal and biomass in co-combustion [91] 
and co-pyrolysis of biomass and brown coal [92]. 

When studying the issue of using biomass for co-processing with coal, it is neces-
sary to have a clear, theoretically substantiated, confirmed-by-practice understanding 
of the processes of thermal destruction of the mixture with the formation of a solid 
residue and chemical products (tar, gas). Analysis of publications on the co-pyrolysis 
of coal and biomass [93, 94] highlights the main patterns of ongoing processes, 
depending on the temperature stage of processing (Table 1). At the same time, 
lignocellulosic biomass is considered a natural polymer consisting of hemicellu-
lose, cellulose, and lignin, the thermal destruction of which has its characteristics 
[95].

Thus, the relevance of the use of biomass in metallurgy, as well as a small number 
of studies on the production and analysis of biocokes, formed the main aim of the 
chapter is to establish the effect of biomass additives on the yield and quality of 
biocokes. Co-pyrolysis of coal blend and various types of biomass was carried 
out via a laboratory shaft furnace with different portions of biomass additives (up 
to 45 wt.%) and their forms (pellets and chips). The supplementary aim considered 
in this chapter is to analyze the influence of the type of biomass, its quantity, and 
form on the technical and physical–mechanical properties of biocokes and quality 
analysis of biocoke for compliance with the requirements of metallurgical processes. 

2 Materials and Methods 

Materials 

Table 2 shows the characteristics of the coals that were used to prepare the coal blend. 
Coals are characterized by high sulfur content, typical for Ukrainian caking coals. It 
should be noted that the thickness of the blend’s plastic layer (y, mm) was 12 mm, 
which is 2 mm less than conventional coal blends used for industrial coking. The 
indicators of the proximate analysis of coals were determined according to ASTM 
D3172-13 [96] and plastometric values according to [97–99].

Indicators of reflectance of vitrinite, vitrinite reflectogram, and petrographic 
composition of the coal used in the research are given in Table 3. The indicators 
were determined according to [100–102].

The average vitrinite reflectance (Ro) is 1.01%, while the values corresponding 
to industrial charges with good coking characteristics are 1.1–1.2% [97].
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Table 1 Main processes that occur during the pyrolysis of biomass and hard coal 

Temperature range, oC Component Description Main processes 

up to 105 °C Hemicellulose Moisture removal. The 
duration of the stage is 
determined by the 
moisture content and the 
weight of the charge 

Dehydration. Evaporation 
of water occurs in a 
narrow range of about 100 
°C 
This stage determines the 
subsequent course of the 
pyrolysis process in terms 
of the temperature field 
formation of the charge 

Cellulose 

Lignin 

Hard Coal 

105–270 oC Hemicellulose Drying and start of 
decomposition at 
temperatures of about 200 
°C 

Removal of adsorbed 
moisture 
Formed mainly CO, CO2, 
and acetic acid 

Cellulose Drying and 
decomposition start early, 
even at 240 °C 

Lignin Drying and minor 
decomposition start early, 
even at 260 °C 

Hard Coal Removal of colloidal 
moisture and occluded 
gases (CO2, CO). Drying 

Removal of adsorbed 
moisture 
Pre-plastic state 

270–350 °C Hemicellulose Active decomposition Isolation of combustible 
gases CO, H2, CH4, CO2, 
acetic acid, methanol, 
acetone, etc., and tar 

Cellulose 

Lignin Beginning of active 
decomposition 

Hard Coal Softening of coal with the 
beginning of the 
formation of coal plastic 
layer 

Pre-plastic state 

350–420 °C Hemicellulose Completion of 
decomposition 

The release of 
combustible gases CO, 
H2, and  CH4, along with 
CO2, acetic acid, 
methanol, acetone, etc., 
and tar 

Cellulose 

Lignin Active decomposition 

Hard Coal Plastic state The main process of 
pyrolysis. Active physical 
and chemical processes 
with the participation of 
coal plastic layer and the 
release of volatiles 

420–500 °C Hemicellulose – Formation of charcoal 

Cellulose –

(continued)



Metallurgical Coke Production with Biomass Additives … 291

Table 1 (continued)

Temperature range, oC Component Description Main processes

Lignin Completion of active 
decomposition 

Hard Coal End of the plastic state Beginning of 
resolidification after the 
plastic layer formation 
stage. Intensive formation 
of volatile substances and 
tar 

500–550 °C Hemicellulose – Formation of charcoal 
Completion of 
carbonization of charcoal 

Cellulose – 

Lignin Further decomposition 

Hard Coal Semi-coke formation and 
its further decomposition. 
The transformation of 
semi-coke into 
medium-temperature 
coke occurs above 700 
°C, and after 950 °C, the 
formation of 
high-temperature coke 

Accompanied by 
shrinkage processes and 
the release of volatile 
matter, mainly hydrogen, 
and hydrocarbons

Table 2 Characteristics of coals and blend 

Coal type Amount 
within the 
blend, % 

Proximate analysis, % Plastometric indicators, 
mm 

Wa Ad Vdaf Sd t y x 

Coal A 30 1.5 11.3 37.6 1.92 12 32 

Coal B 30 1.6 7.6 34.1 2.38 18 10 

Coal C 30 1.7 9.5 22.3 1.67 16 11 

Coal D 10 2.0 6.8 17.6 1.51 <6 20 

Blend 100 1.6 9.2 30.0 1.37 12 21

As is known, coals’ size strongly influences their thermal processing processes 
[103–105]. To exclude the influence of coal particles of different distributions on 
the quality of coke, a stable granulometric composition of coal of various types was 
taken, which was maintained during the preparation of coal blends. Firstly, coal of 
a specific granulometric composition was prepared, and afterward, it was mixed to 
the particle size distribution according to Table 4.

Wood, sunflower husks, and straw were used as biomass additives in the form of 
pellets with a diameter of 8 mm and a length of 4 to 12 mm. Additionally, for compar-
ison, when coking the blend, wood chips were used as an additive. The biomass 
additives’ properties are summarised in Table 5.
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Table 4 Particles size distribution of coals 

Coal type Content of sizes, % 

10–6 mm 6–3 mm 3–1.5 mm 1.5–0.5 mm <0.5 mm 

Coal A 4 10 31 30 25 

Coal B 4 22 30 24 20 

Coal C 3 17 24 33 23 

Coal D 2 8 27 32 31 

Blend 3.5 15.5 28.2 29.3 23.5

Table 5 Characteristics of additive properties, wt.% 

Type of additive Moisture (Wt 
r) Volatile matters (Vr) Total sulfur content (St d) Ash (Ar) 

Wood 9.4 81.3 0.01 1.0 

Sunflower husks 9.6 75.7 0.01 2.6 

Straw 4.7 75.0 0.01 5.4 

Methods 

Laboratory Coking 

Coking was carried out in a laboratory shaft furnace [80] at 800 °C. The load was 
1 kg, and after being charged in a retort, it was placed into a heated furnace. After 
finishing coking, the retort with the obtained coke was taken out and left to cool to 
room temperature. The coking time was 80 min. 

Yield of Coke 

After naturally cooling to room temperature, the obtained cokes were subjected to 
the analysis of the yield, %. The yield was calculated using Eq. 1. 

Y ield  = B × 100 / A, % (1)  

where A is the initial mass of the blend, g; B is the mass of coke/biocoke after 
coking, g.
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Particle Size Distribution of Coke 

Further, the resulting cokes were sieved into sizes > 40, 40–25, 25–10, and < 10 mm 
according to ASTM D293/D293M-18 [106]. 

Structural Strength 

To determine the structural strength, coke and biocoke samples of 6–3 mm were 
prepared. Then samples were charged into two special steel cylinders according to 
[107]. Likewise, five steel balls were placed in the cylinders. These two cylinders 
were set through screws in the cross-to-cross position in brackets, which were put 
on a shaft rotating with 0.417 s–1 (25 rpm). During the tests, the cylinders performed 
1000 revolutions, after which the contents of each cylinder were poured separately 
on a sieve with a mesh of 3 mm and 1 mm. Coke or biocokes were sieved to separate 
into 3–1 mm and 1–0 mm fractions. The yield of more than 1 mm from the initial 
weight in percent characterizes the structural strength. 

Abrasive Hardness 

The abrasive hardness was determined by the abrasion of an aluminium plate against 
coke or biocoke powder and the evaluation of its mass loss. 4–5 g of samples of 
less than 0.5 mm in size was filled on an aluminum plate. A stamp was placed on 
top of the samples of coke or biocoke, which were loaded so that a pressure of 
0.25 MPa was obtained. During the rotation of the rotor (500 rev.), the samples 
abraded the aluminum plate. The weight loss of the aluminium plate during the test 
run (in milligrams) was taken as the value of the abrasive hardness. Five tests were 
conducted for each sample. 

Electrical Resistivity 

The electrical resistivity measurement was carried out according to [108]. The 
method aims to determine the electrical resistivity of the particles with a size < 
2 mm placed in the cylinder between two stainless steel plungers under a pressure of 
3 MPa. The resistivity measured using a four-point mode is advantageous because 
it allows measuring resistivity close to the actual resistivity of the sample [109].
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3 Results and Discussions 

The characteristics of biocokes obtained from coking are summarized in Table 6. 
The yield of laboratory biocokes decreases with an increase in biomass additive, 
which has a higher yield of volatile matter than coal. The ash content of biocokes 
decreases due to the lower content of mineral components in the biomass. There is 
also a decrease in sulfur content since biomass additives practically do not add it to 
the mixture.

The yield of volatile matters of biocokes is determined by the level of readiness 
and varies from 0.8 wt.% to 2.5 wt.%. However, there is a tendency that with an 
increase in the proportion of biomass addition, the yield of volatile matters of the 
obtained biocokes increases. 

The effect of biomass additives on the physical and mechanical properties of 
biocokes is more significant. The amount of 1 wt.% and 3 wt.% pellets of three 
types of biomass, as well as 5 wt.% wood pellets do not cause a deterioration in the 
particles size distribution of biocokes compared to the reference coke. At the same 
time, the use of wood chips has a more noticeable effect on the size of biocokes in 
the direction of a decrease in large sizes (>25 mm) and an increase in small ones 
(<10 mm). In general, with an increase in the proportion of the additive, there is a 
trend towards a decrease in the yield of large sizes and a corresponding increase in 
small ones. 

Adding up to 3 wt.% of sunflower husks and straw pellets has a positive effect on 
structural strength. The additives of wood pellets and wood chips reduce the structural 
strength. At the same time, the negative effect of using chips is more pronounced 
than for pellets (Fig. 1). Similar dependences are observed when studying the impact 
of biomass additives on the abrasive hardness of the obtained biocokes (Fig. 2).

Thus, the addition of sunflower husk pellets up to 5 wt.% and straw up to 3 wt.% 
led to an increase in abrasive hardness, as well as the use of wood chips up to 3 wt.%. 
At the same time, adding 3 wt.% chips significantly increases the abrasive hardness 
index, although adding wood pellets decreases this index. This can be because fine 
coke (<0.5 mm) is used to study abrasive hardness. Therefore the value of the index 
depends to a greater extent on the degree of biocoke readiness, the number of charcoal 
particles in the sample, and their distribution. 

Electrical resistivity as an indicator that characterizes the structural features of 
carbon materials shows an improvement in the structural ordering of biocokes when 
using sunflower husk additives up to 3 wt.% compared to the reference one. The 
use of other additives leads to a decrease in the quality of biocokes in this indicator 
(Fig. 3). With an increase in the number of additives, electrical resistivity increases, 
although not linearly.

Therefore, the addition of sunflower husk up to 3 wt.% leads to an improvement 
in the physical and mechanical properties of biocokes, which can be explained by 
the presence of a certain amount of oily substances [110, 111], which during thermal 
destruction, positively affect the process of formation and properties of biocoke. 
Straw pellet additives up to 3 wt.% positively affect structural strength and abrasive



296 A. Koveria et al.

Ta
bl
e 
6 

Y
ie
ld
, p
ro
xi
m
at
e 
an
al
ys
is
 in

di
ca
to
rs
, p
ar
tic

le
s 
si
ze
 d
is
tr
ib
ut
io
n,
 a
nd

 p
hy
si
ca
l a
nd

 m
ec
ha
ni
ca
l p

ro
pe
rt
ie
s 
of
 b
io
co
ke
s 
ob

ta
in
ed
 f
ro
m
 c
oa
l m

ix
tu
re
s
w
ith

 
bi
om

as
s 
ad
di
tiv

es
 

Sa
m
pl
e

Y
ie
ld
, %

Pr
ox

im
at
e 
an
al
ys
is
, %

 
Pa
rt
ic
le
s 
si
ze
 d
is
tr
ib
ut
io
n,
 %

St
ru
ct
ur
al
 

st
re
ng
th
, %

 
A
br
as
iv
e 

ha
rd
ne
ss
, m

g 
E
le
ct
ri
ca
l 

re
si
st
iv
ity
, 

m
Ω
·m

 
B
le
nd

A
d

V
d

S t
 d

>
40
 

m
m
 

40
–2
5 

m
m
 

25
–1
0 

m
m
 

10
–5
 

m
m
 

<
5 
m
m
 

R
ef
er
en
ce
 c
ok
e

73
.9

11
.9

1.
0

1.
36

88
.4

5.
1

0.
9

1.
2

4.
4

72
.3

10
5.
0

13
.5
7 

B
io
co
ke
s 

(w
oo
d 
ch
ip
s 

ad
di
tio

n,
 w
t. 
%
) 

1
72
.8

11
.9

1.
3

1.
35

86
.9

4.
0

1.
6

1.
1

6.
4

69
.3

10
6.
1

14
.2
6 

3
71
.4

11
.8

1.
5

1.
32

83
.2

5.
5

2.
1

1.
4

7.
8

64
.7

11
9.
3

14
.9
9 

5
69
.4

11
.6

2.
0

1.
29

82
.1

5.
8

2.
0

1.
6

8.
5

61
.6

84
.7

15
.3
6 

10
66
.7

11
.3

1.
9

1.
22

80
.4

6.
2

2.
3

1.
8

9.
3

55
.3

76
.5

15
.8
2 

B
io
co
ke
s 

(w
oo
d 
pe
lle
ts
 

ad
di
tio

n,
 w
t. 
%
) 

1
73
.0

11
.9

2.
0

1.
34

90
.1

1.
3

1.
8

1.
6

5.
2

70
.2

96
.7

13
.9
8 

3
71
.7

11
.8

1.
2

1.
31

87
.1

4.
3

3.
5

1.
7

3.
4

71
.1

88
.2

14
.1
7 

5
69
.8

11
.6

2.
1

1.
28

90
.2

2.
5

2.
5

1.
1

3.
7

66
.2

80
.0

14
.5
8 

10
67
.3

11
.4

1.
5

1.
2

85
.9

2.
7

2.
3

1.
5

7.
6

62
.0

70
.0

15
.1
8 

15
64
.8

11
.1

2.
5

1.
13

72
.9

6.
4

4.
9

2.
9

12
.9

58
.6

55
.1

16
.8
8 

30
59
.0

10
.0

2.
5

1.
05

31
.4

23
.9

9.
5

12
.8

22
.4

49
.2

44
.0

17
.5
7 

45
52
.6

6.
6

1.
5

0.
95

9.
5

21
.3

12
.7

24
.7

31
.8

36
.1

32
.6

19
.6
4 

B
io
co
ke
s 

(s
un
flo

w
er
 h
us
k 

ad
di
tio

n,
 w
t. 
%
) 

1
73
.1

11
.8

1.
4

1.
34

92
.9

1.
4

0.
7

1.
0

4.
0

75
.4

11
9.
5

13
.4
8 

3
72
.0

11
.6

0.
8

1.
32

93
.2

0.
9

0.
7

1.
4

3.
8

76
.1

12
6.
8

13
.3
4 

5
70
.2

11
.4

2.
0

1.
29

80
.0

6.
5

4.
2

1.
4

7.
9

68
.7

10
6.
0

13
.6
2 

B
io
co
ke
s 
(s
tr
aw

 
ad
di
tio

n,
 w
t. 
%
) 

1
73
.1

11
.9

1.
1

1.
35

90
.0

3.
4

1.
4

1.
1

4.
1

73
.8

12
7.
4

13
.8
0 

3
71
.9

11
.7

2.
0

1.
33

91
.0

1.
6

1.
5

1.
6

4.
3

73
.4

12
3.
0

14
.6
7 

5
70
.0

11
.6

1.
8

1.
30

85
.8

2.
0

3.
8

1.
7

6.
7

67
.4

10
1.
2

15
.1
8



Metallurgical Coke Production with Biomass Additives … 297

Fig. 1 Effect of addition of 
biomass on structural 
strength of biocokes 
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Fig. 2 Effect of addition of 
biomass on the abrasive 
hardness of biocokes
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hardness, but electrical resistivity increases when using this type of additive. The use 
of wood additives shows a tendency to reduce the physical and mechanical properties 
of biocokes. At the same time, the use of pellets has a less negative effect on the 
structural features of biocokes (structural strength, electrical resistivity) than the 
addition of chips. 

A study of the effect of adding a high proportion of wood pellets on the quality of 
biocokes demonstrates notable dependencies. Thus, the yield of biocokes decreases 
non-linearly and increases the yield from the expected one. The physical and mechan-
ical properties of biocoke obtained with additives of 15 and 30 wt.% remain accept-
able for non-BF productions. At the same time, inclusions of charcoal in the form 
of pellets are clearly observed, which, with an increase in the amount, are better 
separated from the bulk of the solid residue of coal pyrolysis.
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Fig. 3 Effect of addition of 
biomass on electrical 
resistivity of biocokes
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Therefore, the results of earlier studies are confirmed [80, 83], which shows the 
local effect of wood pellet additives on the change in the properties of the resulting 
biocoke. 

Analysis of the obtained results shows that biomass additives affect the process and 
quality of biocoke production. The effect of influence is determined by qualitative 
and quantitative factors, namely the type, form, and proportion of the additive in 
a mixture with coal. The mechanism of the influence of biomass additives can be 
explained by the scheme of the co-pyrolysis of coals and biomass, which is presented 
in Fig. 4. 

Fig. 4 Scheme of the mechanism of co-pyrolysis of coal and biomass: Vb—vapor of water from 
biomass; Sb—solid biomass; VMb—volatile matter from raw and pyrolyzed biomass; Vhc—water 
vapor from hard coal; Vog—occluded gas from hard coal; Shc—solid hard coal; VMhc—volatile 
matter from hard coal; PMhc—plastic layer from hard coal
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The scheme shows the course of the process of co-pyrolysis of biomass and coal, 
namely drying and subsequent parallel and sequential processes of dehydration and 
condensation with the formation of liquid and solid products and depolymerization 
processes with the formation of volatile and tarry liquid substances, in the case of 
biomass pyrolysis; as well as dehydration processes followed by sequential-parallel 
polycondensation reactions with the formation of metastable phases in the case of 
coal pyrolysis. 

Consequently, there is a transition from the solid state to the solid, a systematic 
but limited at each stage, decrease in the mass of the solid, a change in the yield 
of volatile matters, and the appearance, growth, and disappearance of the plastic 
layer of coal. The pyrolysis process is non-isothermal and continuous, forming and 
destroying new compounds. As can be seen from the scheme, during the co-pyrolysis 
of biomass and coal, different phases interact. 

Biomass, namely cellulose and hemicellulose, begins to decompose before coal; 
thus, the volatile decomposition products formed in the charge further process the 
coal. Considering the predominantly oxygen-containing composition of volatile 
biomass, their effect on coal is oxidative, which ultimately reduces the caking ability 
of coals [82, 112–115]. 

The treatment of biomass with volatile pyrolysis products should affect the 
kinetics of the yield of steam-gas products of coal. In turn, with increasing temper-
ature, higher molecular weight volatile products of coal act on solid biomass 
degradation products, processing charcoal. 

In the coal pyrolysis process, all phases interact with each other, and each is 
involved in polycondensation. As a result, new metastable products are synthesized, 
namely liquid, solid and gaseous, forming phases of the next stage. Evidence of this 
should be the formation of various amounts of vapor–gas, liquid, and solid products. 
The most active changes occur within the temperature range of 250–500 °C when 
biomass decomposes and the coal plastic layer is formed. 

It is also important to consider that under higher temperatures and industrial 
conditions, thermal degradation of biomass pyrolysis tar and light products of primary 
coal tar will take place. The yield level of various products is determined by the depth 
of transformations that coal and biomass undergo at the stages of pyrolysis. Therefore, 
it is necessary to distinguish between conclusions on the co-pyrolysis of biomass and 
coal, obtained based on pyrolysis under laboratory conditions, and industrial-scale 
ones. 

Additionally, essential to note that during pyrolysis, the destruction-synthesis 
processes are limited by the rate of thermochemical transformations of the coal 
substance and not by heat transfer inside the coal particle. 

Thus, the addition of biomass actively affects the process of thermal destruction of 
the charge and, subsequently, the qualitative indicators of the solid residue: proximate 
analysis, physical–mechanical and physical–chemical properties. Accordingly, using 
biomass additives makes it possible to obtain biocoke of different qualities for various 
production processes.
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4 Conclusions 

Studies on the production of biocoke under laboratory conditions and its study 
showed that the addition of biomass in the form of wood pellets, wood chips, pellets 
from sunflower husks, and pellets from straw into coal blend leads to a change in 
the properties of coke: yield, particles size distribution, structural strength, abrasive 
hardness, and electrical resistivity. 

The use of up to 3 wt.% biomass pellet additives and 5 wt.% wood pellets do 
not lead to a deterioration in the granulometric composition of biocokes. At the 
same time, the output of large sizes (>25 mm) and small sizes (< 10 mm) changes 
noticeably when using the addition of wood chips and with more than 5 wt.% pellet 
additions. 

Regarding structural strength, abrasive hardness, and electrical resistivity, 
biocokes obtained with the addition of sunflower husks have better characteristics. 
This can be explained by the presence of a residual amount of oily substances, which 
improve the caking of coal particles. The addition of sunflower husks generally carries 
fewer oxygen-containing groups, negatively affecting the co-pyrolysis process with 
coal. 

Straw pellet additions up to 3 wt.% also do not adversely affect the particle’s size 
distribution and structural strength, with a noticeable improvement in abrasive hard-
ness. However, the electrical resistivity of biocokes obtained with the participation 
of straw increases. 

The addition of wood leads to a decrease in the physical and mechanical properties 
of biocokes. However, the deterioration of properties is not linear, which is more 
clearly seen when studying the effect of increased wood pellet addition. At the same 
time, using chips compared to pellets has an even more negative impact. Therefore, 
the effect of the pellets is local in nature on the change in the properties of the 
resulting biocoke, and the effect of the chips can be considered volumetric due to the 
uniform distribution of the chips in the charge volume. 

Using biocoke as a metallurgical fuel and reducing agent can improve the tech-
nical and economic performance of non-blast furnace industries by using carbon 
material with more suitable physical, mechanical, and physicochemical properties 
than conventional coke. In addition, using biomass additives is an environmentally 
friendly approach to obtaining carbon fuels. The advantages of using biomass as a 
component of coal blends in the coking process are the utilization of biomass; use 
of renewable raw materials, instead of fossil fuels, in particular, deficient coking 
coal; obtaining a new product, namely biocoke, the properties of which meet the 
modern requirements of consumers; reducing the negative impact on the environ-
mental situation in the region and the world. The cost of biocoke may be lower than 
that of obtaining the corresponding grades of conventional coke. Therefore, using 
biomass additives to produce coke will solve complex problems in industrial regions 
and enterprises of ferrous metallurgy, agriculture, the chemical industry, and many 
others that process biomass.
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