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Analytical study on improving the efficiency  
and environmental friendliness of solid organic fuels

Abstract. The purpose of this study was to analyse methods of increasing the efficiency and environmental friendliness 
of the use of solid organic fuels (SOF) in electricity generation. This study employed a comprehensive approach to the 
analysis and optimisation of technological processes, operational systems, and environmental aspects of the use of SOF. 
The study found that the use of modern technologies, such as gasification and pyrolysis, considerably increases the 
efficiency of converting SOF into electricity. Optimisation of boiler and turbine designs and automation of fuel supply 
systems helps to reduce energy losses and improve overall system efficiency. It was found that the use of new materials 
for boilers increases their resistance to corrosion and erosion, which extends the service life of the equipment. The study 
also showed that the introduction of gas cleaning and secondary combustion systems significantly reduces emissions of 
harmful substances, which improves environmental performance. An analysis of ash utilisation opportunities showed that 
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its use as a fertiliser or construction material is a promising area. The study proved that an integrated approach to the use 
of SOF can substantially increase their efficiency and environmental friendliness. The findings of the study suggest that 
the use of innovative methods of combustion process control allows achieving more stable and efficient power generation. 
It was proved that the introduction of automated monitoring and control systems reduces operating costs and increases 
the reliability of equipment. The study also found that the use of advanced analytical tools to predict equipment wear 
and tear allows for prompt preventive maintenance, which further increases the efficiency and duration of uninterrupted 
operation of energy systems

Keywords: solid organic fuels; gasification; pyrolysis; electricity; corrosion; erosion; ecology

INTRODUCTION
In the context of global climate change, accompanied by 
an increase in the average global temperature, melting gla-
ciers, and an increase in the frequency of extreme weather 
events, the global community is facing serious challenges 
in reducing the adverse environmental impact. One of the 
main tasks in this context is to ensure a stable supply of 
energy necessary to support the vital activity of society, 
industry, and transport, while minimising greenhouse gas 
emissions that cause climate change. Considering this, the 
search for efficient and environmentally friendly energy 
sources has become particularly important. Solid organic 
fuels (SOF), including wood, pellets, straw, and other bio-
mass, have gained considerable attention as promising al-
ternative energy sources that can partially replace fossil fu-
els such as coal, oil, and natural gas (Sivabalan et al., 2021). 
Biomass, being a renewable resource, can be reproduced 
in a relatively short time, making it a more environmen-
tally friendly alternative to fossil fuels, which are limited 
and declining. The use of SOF not only reduces depend-
ence on conventional energy resources, but also helps to 
reduce greenhouse gas emissions, as the plants that serve 
as a source of biomass absorb carbon dioxide from the at-
mosphere as they grow (Palianytsia et al., 2014). The need 
for this study is driven by current challenges in the energy 
sector, such as growing global energy demand, limited fos-
sil fuel resources, and the need to reduce greenhouse gas 
emissions. Due to their renewable characteristics, SOF can 
play a key role in the transition to more environmentally 
friendly energy sources. However, the efficient use of SOF 
requires the improvement of existing processing and com-
bustion technologies, as well as the optimisation of me-
chanical systems to achieve maximum environmental and 
economic benefits.

An analysis of the problem of increasing the efficiency 
and environmental friendliness of the use of SOF points to 
numerous studies that cover various aspects of this topic. 
Z. Hameed et al. (2021) showed that innovative gasification 
methods can significantly increase the calorific value of 
fuel and reduce pollutant emissions. They also investigated 
how these methods contribute to a more complete utilisa-
tion of biomass energy, increasing the overall efficiency of 
the process. G. Mong et al. (2022) reviewed pyrolysis tech-
nologies, focusing on reducing waste and improving the 
quality of end products. Their study also highlighted the 
significance of temperature control to achieve best results 

in pyrolysis plants. M. Soleh et al.  (2023) highlighted the 
impact of different types of biomass on the efficiency of the 
combustion process, emphasising the significance of prop-
er fuel preparation. Furthermore, their results showed that 
biomass preparation influences the reduction of harm-
ful emissions during combustion. L.  Martinez-Valencia  et 
al.  (2021) focuses on the automation of fuel supply sys-
tems, which reduces maintenance costs and increases pro-
cess stability. They also noted that automation contributes 
to more accurate fuel dispensing, which reduces energy 
losses. Further research by C. Tang et al. (2022) revealed the 
benefits of using new materials for boiler structures that 
considerably increase their durability and efficiency. They 
also pointed to the reduction of corrosion processes due to 
the use of these materials, which extends the service life 
of the equipment. A. Islam et al. (2023) made a significant 
contribution to the development of gas purification meth-
ods that reduce emissions of harmful particles and improve 
environmental performance. Their research also focused 
on the effectiveness of different filter media in cleaning 
processes. J. Odzijewicz et al.  (2022) focused on ash utili-
sation technologies, showing how these by-products can 
be used as fertilisers or construction materials. They also 
investigated the economic benefits of such approaches, 
which help reduce waste. F. Mustafa et al.  (2023) consid-
ered aspects of combustion monitoring and control, focus-
ing on the significance of automated systems to improve 
efficiency and reduce costs. The researchers also stressed 
that these systems ensure prompt detection and elimi-
nation of deviations in the operation of plants. L. Peiró et 
al. (2022) showed the promise of innovative approaches to 
integrating biomass into existing energy systems, which 
can improve their overall efficiency and environmental 
performance. They also noted that such approaches can 
contribute to greater flexibility of energy systems in the 
use of different fuels. Overall, while these studies make a 
valuable contribution to understanding the efficiency and 
environmental friendliness of using SOF, there are gaps 
that need to be further explored, particularly in terms of 
the impact of various fuels on technological processes, the 
long-term performance of new materials, and the econom-
ic aspects of biomass integration.

The purpose of this study was to analyse methods of 
increasing the efficiency and environmental friendliness 
of using SOF in electricity generation. Research objectives:
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x to investigate modern technologies for SOF process-
ing, such as gasification and pyrolysis, to assess their im-
pact on the efficiency of electricity production;

x to analyse the mechanical systems used for combus-
tion of SOF and to identify opportunities for their optimi-
sation to improve energy efficiency;

x to evaluate the environmental aspects of the use of 
SOF, including the reduction of harmful substances and ash 
disposal, to determine their impact on the environment.

MATERIALS AND METHODS
The present study analysed the aspects of using SOF for 
electricity generation. Various types of SOF, such as wood, 
pellets, straw, and other types of biomass, which are wide-
ly used in the energy sector, were considered. Significant 
attention was paid to the examination of each type of bi-
omass in terms of its availability, energy potential, envi-
ronmental impact, and the possibility of integration into 
modern energy systems.

Methods for analysing the physical and chemical prop-
erties of biomass were also used, including determining 
moisture content, ash content, calorific value, and compo-
sition of volatile substances. The moisture content of the 
biomass was determined to assess its impact on combus-
tion efficiency and energy costs for grinding and drying the 
fuel before combustion. The ash content was analysed to 
determine the amount of residual material after combus-
tion, which can cause problems with equipment mainte-
nance. The calorific value was assessed to determine the 
amount of energy that can be obtained during combustion, 
which is a key indicator of fuel efficiency in power plants. 
The study of the composition of volatile substances helped 
to assess their impact on the formation of harmful emis-
sions during combustion.

Furthermore, the energy potential of various types of 
biomass was assessed, considering the possibility of their 
mass production and market availability. As the efficient 
use of biomass for energy purposes requires a stable supply 
of raw materials, the study addressed the regional specifics 
of biomass cultivation and harvesting. The environmental 
impact, including emissions of harmful substances during 
combustion, and the fuel’s ability to recover were also con-
sidered. The main technologies used for converting SOF 
into electricity, specifically gasification and pyrolysis, were 
considered. The study analysed their advantages and dis-
advantages, process efficiency, and the potential for reduc-
ing emissions of harmful substances.

The operational mechanical systems, such as boilers, 
turbines, and fuel preparation and supply systems used for 
combustion of the SOF were analysed. Particular attention 
was paid to the design features of these systems, their reli-
ability, and upgrade capabilities. The possibilities of using 
new materials and engineering solutions that increase the 
efficiency of heat transfer, reduce heat loss, and improve the 
overall performance of energy systems were investigated.

The environmental impacts of the use of SOF, includ-
ing emissions of harmful substances such as CO2, NOx, 

and slag and ash particles occurring from the combus-
tion process, were also investigated. Methods of reduc-
ing these emissions, such as the use of flue gas cleaning 
systems and secondary combustion technologies, were 
analysed. Furthermore, the study considered the issue of 
utilisation of ash, which can be used as fertiliser or con-
struction material.

RESULTS
SOF play an important role in electricity generation, espe-
cially in the context of renewable energy sources. The use of 
SOF, such as wood, agricultural waste, and other biomass, 
can considerably reduce greenhouse gas emissions if used 
efficiently. SOF occupy a special place among alternative 
energy sources due to their availability and potential for 
sustainable development (Angulo-Mosquera  et al.,  2021). 
SOF includes various types of biomass, such as wood, pel-
lets, straw, husks, husks, and other organic waste generat-
ed by agricultural and industrial activities. These materials 
are renewable resources that can be used to produce heat 
and electricity with minimal environmental impact. Each 
type of SOF has its unique characteristics that determine 
their efficiency and environmental friendliness. Wood, as 
one of the most common SOF, has a high energy potential 
due to its calorie content. At the same time, its efficiency 
largely depends on the level of humidity – the lower the 
humidity, the more energy can be obtained by burning it. 
Pellets produced by pressing wood waste have a stable cal-
orific value and low moisture content, which makes them 
one of the most efficient types of SOF.

Straw, peelings, and husks, which are agricultural 
wastes, are also widely used as a SOF. Although these ma-
terials have a lower calorific value than wood, their availa-
bility and low cost make them attractive for energy needs, 
especially in rural areas. However, the use of such fuels is 
accompanied by certain difficulties, specifically, high ash 
content and the possibility of harmful emissions during 
combustion. This requires the implementation of special 
flue gas cleaning and ash disposal technologies to mini-
mise the negative impact on the environment. Thus, the 
SOF represent a diverse group of materials, each of which 
has its characteristics that affect the efficiency of their use 
in the energy sector. The choice of the suitable type of SOF 
and its processing technology depends on the concrete 
conditions and requirements for energy efficiency and 
environmental friendliness. Therefore, research and de-
velopment of technologies aimed at optimising the use of 
SOF is crucial for the transition to cleaner energy sources. 
Technologies for generating electricity from SOF are key 
to the development of renewable energy sources (Wang & 
Wright, 2022).

With the growing demand for environmentally friend-
ly energy solutions, it is important to consider modern 
methods that enable efficient conversion of biomass into 
electricity (Table 1). These include combustion, gasifica-
tion, and pyrolysis, each of which has its unique advantag-
es and challenges.
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Combustion is one of the most conventional and wide-
spread technologies for generating electricity from SOF. 
The principle of operation of such systems is to use biomass 
to heat water, which leads to the formation of steam. This 
steam drives turbine generators that generate electricity. 
This method is efficient and reliable, but its effectiveness 
depends on the quality of the fuel used and the design of 
the equipment. An important aspect is the optimisation 
of the combustion process to minimise the production of 
harmful emissions, ash, and slag. Gasification is a more 
innovative approach, which involves converting SOF into 
gaseous fuel through partial oxidation at hot temperatures. 
The resulting synthesis gas consists primarily of hydrogen, 
carbon monoxide, and methane, and can be used for power 
generation or as a raw material for the chemical industry. 
Gasification reduces the amount of ash and harmful emis-
sions, making this method more environmentally friendly 
than conventional combustion. At the same time, this pro-
cess requires sophisticated equipment and strict control of 
parameters, which can increase the cost of implementing 
the technology.

Pyrolysis is a process of thermal treatment of SOF in 
the absence of oxygen, which results in the formation of 
solid, liquid, and gaseous products. These products can be 

used for further energy production or as raw materials for 
other industries. The solid residue (biochar) can be used 
as fuel or as fertiliser, the liquid fractions can be used as 
biofuels, while the gaseous products can be used to pro-
duce electricity or heat. Pyrolysis is a flexible technology 
that allows to produce various types of energy carriers but 
requires precise control of temperature conditions and the 
composition of the feedstock. Thus, technologies for gen-
erating electricity from SOF offer a wide range of opportu-
nities for the efficient and environmentally friendly use of 
renewable resources. The choice of the suitable technology 
depends on specific conditions, including the type of bio-
mass, availability of process equipment, and requirements 
for process efficiency and environmental friendliness. The 
integration of these technologies into the modern energy 
sector will help reduce dependence on fossil fuels and re-
duce the negative impact on the environment.

The analysis of mechanical systems used for combus-
tion of SOF is a major step in improving the efficiency and 
reliability of power plants (Table 2). These systems include 
diverse types of boilers, turbines, and fuel preparation 
and feeding systems, each of which plays a critical role 
in ensuring efficient conversion of biomass to electricity 
(Chehrmonavari et al., 2023).

Table 1. Technologies of electricity generation from the SOF

Technology Working principle Advantages Disadvantages

Combustion Conversion of fuel into a gaseous 
coolant for steam production

High enough efficiency, proven 
technology

CO2 emissions, reduced efficiency 
when used in intermediate modes

Gasification Conversion of solid and liquid fuels 
into gaseous fuels Reduced emissions, high efficiency Complexity of equipment, need for 

additional gas cleaning systems

Pyrolysis Heat treatment of fuel in the 
absence of oxygen

Possibility of obtaining several types 
of fuel

Complexity of the process, need for 
special systems to handle the output 

products

Source: compiled by the authors of this study based on O. Corigliano et al. (2022)

System Description Key features Challenges and limitations

Solid fuel boilers Boilers for SOF combustion Heat output, materials, 
operating mode

Short service life, need for 
regular maintenance

Turbines Turbines for converting thermal 
energy into electricity Efficiency, type (steam, gas) Dependence on steam/gas 

quality, maintenance costs
Fuel preparation and supply 

systems
Automatic systems for fuel 

preparation and delivery
Continuity of operations, 

automation
Installation costs, problems 

with fuel recycling

Table 2. Analysis of mechanical systems for the use of SOF

Source: compiled by the authors of this study based on J. Zhuang et al. (2022)

The design of boilers is one of the key elements in com-
bustion systems for SOF. The main focus of boiler design is 
on heat transfer efficiency, which determines how fully and 
efficiently fuel is converted into heat. The materials used 
to make the boilers must be resistant to hot temperatures, 
corrosion and erosion that occur during the biomass com-
bustion process. The choice of materials and optimisation 
of the boiler design increase their durability and reduce 
heat loss, which increases the overall efficiency of the en-
ergy system. Turbines, which are used to convert thermal 
energy into mechanical energy and then into electricity, 

also require careful analysis. The type of turbines and their 
design features determine the efficiency of energy conver-
sion, which is a key factor in achieving high performance. 
The optimum operating conditions of the turbines depend 
on the parameters of the steam generated in the boilers, in-
cluding pressure and temperature. Furthermore, it is nec-
essary to consider the possibility of using different types 
of turbines to work with different types of biomass, which 
may require special adjustments and adaptations.

Fuel preparation and supply systems ensure uninter-
rupted and uniform supply of SOF to the boilers. These 
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systems must be designed to minimise fuel losses during 
grinding, drying, transport, and storage, and to ensure that 
the fuel is delivered evenly to the combustion zone. Auto-
mation of fuel supply processes helps to optimise system 
performance, reduce operating costs, and improve equip-
ment reliability. Modern fuel supply systems can include 
dosing mechanisms, conveyors, augers, and other elements 
that ensure the accuracy and stability of the process. Thus, 
the analysis of mechanical systems for the use of SOF is a 
vital component of improving the efficiency and environ-
mental friendliness of power plants. Optimising the design 
of boilers, selecting the right turbines and automating fuel 
supply systems not only increases productivity but also re-
duces the adverse impact on the environment. These as-
pects are critical to ensuring the sustainable development 
of the energy sector and the transition to renewable energy 
sources. Optimising the design of energy systems to im-
prove efficiency is a key area of development for modern 
energy systems using SOF (Wang et al., 2021). This process 
included several key aspects aimed at improving the oper-
ation of boilers, turbines, and fuel supply systems, which 
would increase productivity and reduce energy losses.

The modernisation of boilers has become one of the 
crucial steps in improving heat exchange efficiency. The use 
of new materials that were highly resistant to corrosion and 
erosion considerably increased the boilers’ service life and 
reduced heat losses. The use of advanced designs and the 
latest heat exchange technologies helped to optimise com-
bustion processes, which increased the overall efficiency of 

the system. The use of combustion processes for combus-
tion of SOF in oxygen or oxygen-enriched air is important 
in this area. Improvements to the turbines included the use 
of more efficient models capable of operating at lower tem-
peratures, which helped reduce energy losses during the 
conversion of heat into mechanical work. The introduction 
of new types of turbines increased productivity and reduced 
energy costs, which had a positive impact on the overall 
efficiency of power plants. Automation of fuel preparation 
and supply systems was an essential element in optimising 
energy processes. The use of sensors and automatic control 
systems ensured the accuracy and stability of fuel supply, 
which reduced the cost of its transportation and ensured 
the smooth operation of the plants. This helped to increase 
the efficiency of fuel combustion and minimise losses, 
which had a positive impact on the overall performance 
of the system. Overall, optimisation of power system de-
signs and technologies enabled a substantial increase in 
the efficiency of using SOF, which ultimately contributed 
to reducing energy costs and improving the environmen-
tal friendliness of electricity generation. These measures 
were critical to ensure the stable and efficient operation 
of modern power plants using renewable energy sources.

The use of SOF for electricity generation has valuable 
environmental aspects that directly affect the environment 
and the efficiency of energy systems (Table  3). Improve-
ment of the environmental friendliness of the use of SOF 
includes reducing pollutant emissions, efficient ash dis-
posal, and rational use of resources.

Environmental aspect Description Potential solutions

Reduction of emissions The use of SOF can lead to emissions of CO2, NOx, 
SOx, and other pollutants

Use of the latest combustion technologies, modern 
flue gas cleaning technologies, catalytic converters

Disposal of ash and slag
Ash and slag remaining after combustion of SOF 

may contain heavy metals and other harmful 
substances

Use of ash as fertiliser, in building materials or for 
land reclamation

Rational use of resources Loss of thermal energy during combustion of SOF 
can reduce the efficiency of energy systems

Optimisation of the combustion process, 
introduction of high-efficiency boilers and 

turbines, utilisation of biomass residues

Table 3. Environmental aspects of using SOF

Source: compiled by the authors of this study based on M.A. Abdelkareem et al. (2021)

Reduction of emissions is one of the key tasks when us-
ing SOF. For this, gas purification technologies are actively 
used to reduce the concentration of harmful substances in 
exhaust gases. Secondary combustion systems provide ad-
ditional combustion of the remaining particles in the flue 
gas, thereby reducing emissions of inorganic compounds 
and soot particles. Catalytic converters are used to convert 
toxic gases such as nitrogen and carbon oxides into less 
harmful compounds. The introduction of these technolo-
gies substantially reduces the negative impact on the en-
vironment, making the use of SOF more environmentally 
friendly. The disposal of ash and slag is another notable 
aspect of the environmental benefits of using SOF. The ash 
and slag produced during biomass combustion can be re-
cycled and used as fertiliser or building material. Biomass 
ash contains a considerable amount of nutrients such as 

potassium, calcium, and phosphorus, which are useful for 
improving soil quality. It can also be used as an ingredient 
in the manufacture of building materials such as concrete 
or tiles, which reduces the need for virgin raw materials 
and reduces the environmental footprint of the construc-
tion industry.

Efficient use of resources includes reducing energy 
losses and using biomass residues. Improvement of the 
combustion efficiency and conversion of SOF helps to re-
duce the amount of unused fuel and reduce overall energy 
costs. Another major aspect is the use of biomass residues, 
such as husks, stalks, or wood waste, which are often over-
looked. Reusing them as fuel or raw materials for new prod-
ucts reduces waste and improves overall system efficiency. 
Thus, the environmental aspects of using the SOF include 
reducing pollutant emissions, ash disposal, and efficient 
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use of resources. The introduction of relevant technologies 
and practices helps to reduce the negative impact on the 
environment, increasing the environmental friendliness 
of electricity production from biomass, and ensuring the 
sustainable development of the energy sector (Al-Ghouti et 
al., 2021). With the future challenges of the energy sector 
related to the need to reduce emissions and increase effi-
ciency, the development of innovative technologies in the 
field of using SOF is becoming critically important. The key 
areas of this development include new materials for boil-
ers and turbines, innovative methods of processing SOF, as 
well as automation and digitalisation of processes (Wang 
& Wright, 2021).

Modern research in the field of materials science fo-
cuses on the development of new alloys and coatings that 
can considerably improve heat resistance and reduce wear 
and tear on energy system components. New materials, 
such as ceramic composites and high-strength alloys, can 
withstand extreme temperatures and aggressive operat-
ing conditions. They ensure a longer service life for boil-
ers and turbines, which reduces the frequency of repairs 
and replacements and increases the overall efficiency of 
power plants. The introduction of such materials can con-
siderably reduce maintenance costs and improve system 
reliability. Innovative methods of processing SOF focus 
on integration with renewable energy sources and the 
development of innovative processing technologies. For 
instance, biomass can be combined with solar or wind 
energy to improve the efficiency of energy systems. Gas-
ification and pyrolysis processes are becoming increas-
ingly sophisticated, enabling the conversion of SOF into 
high-quality gaseous or liquid fuels with higher energy 
density. Integrating these technologies into a combined 
heat and power system can significantly improve overall 
efficiency and reduce emissions.

Automation and digitalisation of the SOF combustion 
process is another major area of development. Artificial in-
telligence (AI) and big data allow optimising management 
processes, improving the accuracy of system regulation 
and monitoring. Intelligent control systems can automat-
ically adjust combustion parameters to achieve maximum 
efficiency and reduce emissions. For instance, AI-powered 
systems can predict energy needs, optimise fuel supply, 
and ensure more efficient integration with other ener-
gy sources. Digitalisation also facilitates maintenance by 
monitoring the condition of equipment in real time. The 
development of new materials, innovative methods of pro-
cessing SOF, and automation of processes are key to im-
proving the efficiency and environmental friendliness of 
SOF-based energy systems. These technological advances 
not only reduce the negative impact on the environment, 
but also provide economic benefits through reduced main-
tenance costs and improved overall system reliability. Ac-
cording to current research and innovations, the future use 
of SOF will be closely linked to the integration of innova-
tive technologies, which opens new opportunities for sus-
tainable energy development (Singh et al., 2021).

Increasing the efficiency and environmental friend-
liness of using SOF for electricity generation requires a 
comprehensive approach, including technology improve-
ment, design optimisation, and the use of modern mechan-
ical systems. Efficient use of SOF can considerably reduce 
greenhouse gas emissions and promote the development of 
renewable energy sources.

DISCUSSION
The analysis of the results showed a significant potential 
for increasing the efficiency and environmental friendli-
ness of the use of SOF in electricity generation. Modern 
technologies such as combustion in pure oxygen, gasifica-
tion, and pyrolysis were found to considerably reduce emis-
sions compared to conventional methods of use. However, 
these technologies required complex gas purification sys-
tems, which increased production costs. Optimisation of 
boiler and turbine designs and the introduction of the lat-
est materials have helped to improve heat transfer efficien-
cy and reduce energy losses. This was also investigated by 
V. Ashokkumar et al. (2022), where the findings confirmed 
that the introduction of technologies such as carbon cap-
ture and storage systems significantly reduced carbon di-
oxide emissions. The use of gasification and pyrolysis of 
solid fuels has contributed to cleaner combustion, thereby 
reducing emissions. Z.  Xie  et al.  (2021) also showed that 
modern combustion technologies for combustion of SOF, 
such as particulate filters and desulphurisation systems, 
effectively reduce the concentration of harmful substanc-
es in emissions. Optimisation of combustion processes 
ensured more complete combustion of fuel, reducing the 
amount of residual emissions. Notably, the effectiveness of 
technologies largely depends on their proper application 
and integration into existing energy supply systems. Suc-
cessful emissions reduction also requires constant moni-
toring and adaptation of technologies to changing operat-
ing conditions. Investing in innovative solutions and their 
adaptation can substantially improve the environmental 
impact of using SOF, making it more competitive with oth-
er energy sources (Chupa & Zhovtulia, 2023).

The study of mechanical systems for the use of SOF 
has demonstrated the significance of process automation, 
especially in the context of fuel supply systems. The use of 
automatic control systems has reduced fuel losses and en-
sured the stability of power plants (Stoliarov, 2024). On the 
other hand, the high complexity of such systems required 
considerable investment and regular maintenance, which 
raised the question of the feasibility of their implementa-
tion in a context of limited funding. A. Marot et al. (2022) 
concluded that automation in energy supply systems with 
SOF ensures stability and efficiency. Automated control 
systems help maintain optimised combustion parameters, 
reducing emissions and increasing efficiency. L.  Angu-
lo-Mosquera et al. (2021) found that research into mechan-
ical systems for the use of SOF highlighted the significance 
of automation, especially in fuel delivery systems. Auto-
matic control systems reduce fuel losses and increase the 
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stability of power plants, which has a positive impact on 
their efficiency. However, the high complexity of such sys-
tems requires major investment and regular maintenance, 
which raises questions regarding their feasibility in a con-
text of limited funding. These findings support the cited 
study, as they demonstrate that automation truly contrib-
utes to the efficiency and sustainability of power plants. At 
the same time, they emphasise the need for a thorough sub-
stantiation of the economic feasibility of such investments, 
especially for enterprises with limited financial resources. 
The introduction of automated systems must be balanced 
with the enterprise’s ability to maintain and adapt them to 
ensure long-term sustainability and economic benefit.

Optimisation of boiler and turbine designs has prov-
en to be effective in increasing the overall efficiency of 
systems using SOF. The use of new materials, such as 
high-temperature alloys and nanomaterials, has improved 
thermal conductivity and corrosion resistance (Orum-
bayev et al., 2021). This helped to reduce maintenance costs 
and extend the life of the equipment. It is worth noting the 
study by M. Nemitallah et al.  (2023), who also found that 
optimising boiler and turbine designs is key to improving 
the efficiency of power plants. Improvements in the ge-
ometry of heat exchange surfaces, turbine aerodynamics, 
and fuel combustion systems can reduce energy losses and 
increase efficiency. This also helps to reduce emissions, 
which increases the environmental sustainability of pro-
duction. Y. Guo et al. (2023) concluded that new materials 
with high thermal conductivity, corrosion and temperature 
resistance allow for more efficient heat transfer and reduce 
energy losses. They also increase the equipment’s resist-
ance to stress, which extends its service life and reduces re-
placement costs, contributing to higher efficiency and low-
er operating costs. These data are in line with the theses 
presented in the previous section of this study, confirming 
the significance of both design optimisation and the use 
of innovative materials to achieve maximum efficiency. 
Improvements in boiler and turbine designs, together with 
the use of the latest materials, create a synergistic effect 
that increases the overall efficiency of power plants (Pry-
poten et al., 2022). This demonstrates that innovative ap-
proaches in engineering and materials science are essen-
tial for achieving sustainable development and reducing 
operating costs in the modern energy sector.

From an environmental standpoint, improving the en-
vironmental friendliness of the use of SOF required a com-
prehensive approach, including both the modernisation of 
existing technologies and the introduction of innovative 
methods of reducing emissions. It was found that efficient 
ash utilisation can considerably reduce the environmental 
impact of electricity generation if the ash is used as fertil-
iser or in building materials. However, the issues of safe-
ty and economic feasibility of such disposal necessitated 
additional research. R. Permatasari & A. Sodri (2023) also 
conducted a study that confirmed that ash utilisation and 
emission reduction are critical for environmental safe-
ty when using SOF. Ash contains toxic substances, and 

therefore its efficient utilisation, for instance in construc-
tion materials, reduces the negative impact on the envi-
ronment. Modern technologies, such as flue gas filtration, 
help to reduce emissions of harmful substances in line with 
environmental standards. N.  Rajendran  et al.  (2021) also 
found that a comprehensive approach includes reducing 
pollutant emissions, optimising the combustion process to 
minimise ash, and upgrading equipment and using alterna-
tive energy sources. This helps to significantly reduce the 
environmental impact of using SOF. Comparing the data 
obtained during the study, it can be stated that an integrat-
ed approach to improving the environmental friendliness 
of the use of SOF has a substantial impact on reducing the 
environmental burden. The implementation of efficient 
ash utilisation methods and modern emission reduction 
technologies is proving to be effective in reducing toxic 
emissions and improving environmental quality (Mysak et 
al., 2017). This data confirms that the integration of inno-
vative solutions in the field of recycling and pollution con-
trol is the key to achieving sustainable and environmental-
ly friendly use of the SOF.

Innovative developments in the use of SOF, such as in-
tegration with other renewable energy sources and the use 
of AI to optimise processes, have demonstrated the pros-
pects for a considerable increase in the efficiency of energy 
systems. The use of these technologies would enable the 
creation of more sustainable and cost-effective SOF-based 
solutions for electricity generation. A. Shah et al. (2022) con-
cluded that innovative technologies such as pyrolysis and 
gasification considerably increase the efficiency of SOF use, 
reducing pollutant emissions and lowering operating costs. 
Automation systems and new materials for flue gas clean-
ing make the use of the SOF more environmentally friendly 
and economical. M. Hasan et al. (2022) found that integrat-
ing SOF with renewable sources such as biomass or solar 
energy can ensure a stable energy supply, reduce depend-
ence on fossil fuels, and lower greenhouse gas emissions. 
Combining SOF with renewable sources increases econom-
ic efficiency and reduces the environmental footprint of 
energy systems. When analysing the results of the study, it 
is clear that the introduction of innovative technologies in 
the use of SOF substantially increases their efficiency and 
reduces the negative environmental impact. Specifically, 
improved combustion processes and new methods of flue 
gas treatment provide a significant reduction in emissions 
and lower operating costs. At the same time, the integra-
tion of SOF with renewable energy sources opens pros-
pects for more sustainable and economical use of energy 
resources, improving environmental performance, and re-
ducing dependence on fossil fuels. Thus, a comprehensive 
approach to technology optimisation and integration with 
renewable sources is key to achieving sustainable energy.

Thus, the analytical study confirmed the need for fur-
ther modernisation and optimisation of the systems that 
use SOF to achieve high efficiency and minimise negative 
environmental impact. The results also highlighted the 
significance of investing in innovative technologies and 
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increasing automation to ensure sustainable and environ-
mentally friendly electricity production in the future.

CONCLUSIONS
The analytical study revealed that the use of SOF for elec-
tricity generation can be efficient and environmentally 
friendly, provided that modern technologies and approach-
es are applied. It was found that the introduction of the 
latest technologies, such as combustion in pure oxygen, 
gasification, and pyrolysis, can reduce emissions of harm-
ful substances, which has a positive impact on the envi-
ronmental situation. However, these technologies require 
sophisticated gas purification systems, which considerably 
increases the cost of electricity production.

The optimisation of boiler and turbine designs using 
high-temperature alloys and nanomaterials has substan-
tially improved heat transfer efficiency. High-tempera-
ture alloys increased operating temperature and corro-
sion resistance, while nanomaterials reduced heat loss 
and increased wear resistance. This helped to increase the 
overall efficiency and extend the service life of the equip-
ment. Automation of fuel supply systems ensured the sta-
bility of power plants, reducing fuel losses and the risk 
of interruptions. Despite the high cost, the introduction 

of such systems has considerably increased the efficiency 
of electricity generation and reduced maintenance costs. 
Environmental aspects, such as ash and slag recycling and 
emissions reduction, have become key to improving envi-
ronmental safety. The use of ash and slag as fertilisers or 
building materials reduced waste and provided additional 
economic benefits, while modern gas cleaning technol-
ogies reduced emissions of harmful substances into the 
atmosphere.

Thus, the study confirmed the significance of modern-
ising and optimising SOF-based systems to achieve high ef-
ficiency and environmental safety in electricity generation. 
The economic feasibility and safety of utilising ash and slag 
from solid organic fuels as fertiliser or construction materi-
al should be further investigated. A limitation of this study 
was the lack of a detailed analysis of the economic efficien-
cy of implementing modern gas cleaning technologies and 
automation of fuel preparation and supply systems.
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Аналітичне дослідження з підвищення ефективності  
та екологічності використання твердих органічних палив

Анотація. Метою дослідження було проаналізувати методи підвищення ефективності та екологічності 
використання твердих органічних палив (ТОП) у виробництві електроенергії. У цьому дослідженні було застосовано 
комплексний підхід до аналізу та оптимізації технологічних процесів, експлуатаційних систем та екологічних 
аспектів використання ТОП. В ході дослідження було встановлено, що використання сучасних технологій, таких як 
газифікація та піроліз, значно підвищує ефективність перетворення ТОП у електроенергію. Оптимізація конструкцій 
котлів та турбін, а також автоматизація систем подачі палива, сприяє зниженню втрат енергії та підвищенню 
загальної ефективності систем. Встановлено, що використання нових матеріалів для котлів підвищує їх стійкість до 
корозії та ерозії, що продовжує термін служби обладнання. Дослідження також показало, що впровадження систем 
очистки газів та вторинного спалювання значно зменшує викиди шкідливих речовин, що покращує екологічні 
показники. Аналіз можливостей утилізації золи показав, що її використання як добрива або будівельного матеріалу 
є перспективним напрямком. У результаті дослідження доведено, що комплексний підхід до використання ТОП 
може суттєво підвищити їх ефективність та екологічність. Результати дослідження показали, що застосування 
інноваційних методів управління процесами горіння дозволяє досягти більш стабільного та ефективного 
виробництва електроенергії. Доведено, що впровадження автоматизованих систем моніторингу та контролю знижує 
експлуатаційні витрати і підвищує надійність роботи обладнання. У ході дослідження було також встановлено, 
що використання передових аналітичних інструментів для прогнозування зношуваності обладнання дозволяє 
своєчасно проводити профілактичні ремонти, що додатково підвищує ефективність і тривалість безперебійної 
роботи енергетичних систем
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