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The change in the energy characteristics of alternative fuels affects the operation
of gas turbines designed to operate on natural gas as well as on the operation of
the main and auxiliary equipment of a combined cycle gas turbine. In the future,
the transition alternative gases will eliminate the use of natural gas for the op-
eration of the gas turbine. The publication estimates the operating costs, initial
investments in adapting the equipment and setting up the automatic control system
of the gas turbine. Important recommendations are made regarding fuel combus-
tion in gas turbines when switching to different types of fuels. An assessment of
emissions after the gas turbine unit is made when switching to alternative fuels
and adding hydrogen fuel to the fuel mixture. Mathematical modelling of the gas
turbine unit was carried out in the software package "AS GRET" (automated sys-
tem of gas-dynamic calculations of power turbomachines). A distinctive feature of
this study is the analysis of gas turbine operation at a constant combustion cham-
ber temperature, irrespective of the fuel type utilized. Maintaining this condition
enables the gas turbine to be integrated into a combined-cycle power unit without
necessitating modifications to the steam-water path.

Keywords: hydrogen fuel, alternative energy, gas turbine installation, efficiency,
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Introduction

Climate change is an increasingly pressing issue, and the adoption of RES, such as
solar and wind power plants, represents a promising approach to reducing greenhouse gas emis-
sions [1-3]. Figure 1 shows the dynamics of the introduction of renewable energy generating
capacities (this figure was taken from the IEA report).

However, the integration of solar and wind power plants into the existing power grid
leads to difficulties in operating the equipment. The main problems include power imbalances
in the power grid, which can lead to a decrease in the network frequency, which in turn can
cause an immediate shutdown of the generating equipment [4, 5]. To minimize the negative
impact of the mass introduction of RES, it is necessary to build traditional thermal mechanical
equipment [6]. Due to their high efficiency and manoeuvrability, combined-cycle plants are be-
coming an integral part of the energy sector with predominantly renewable energy sources. The
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Figure 1. The commissioning of renewable energy generating
capacities in the period from 2017 to 2024

authors of the article previously studied the issue of mixing hydrogen fuel with natural gas. This
method allows for increased efficiency of the gas turbine unit and reduced emissions of harmful
substances into the atmosphere. They also examined a method for producing hydrogen fuel at
an existing thermal power plant with a steam-gas power unit using electrolysis [7].

Hydrogen as a fuel has attracted attention due to its zero CO, emissions during com-
bustion. However, its high flammability, low energy density and impact on turbine materials
create technical challenges. In addition, the issues of safe storage and transportation of hydro-
gen are dis-cussed in the works of Johnson et al. [8], where liquefaction and adsorption meth-
ods are considered.

Syngas, obtained from various types of feedstocks (coal, biomass, waste), is charac-
terized by a variable composition, which affects the combustion characteristics. Lee et al. [9]
demonstrate that changes in CO, H,, and CH,4 concentrations significantly affect turbine effi-
ciency and pollutant emissions, proposing adaptive combustion control systems to compensate
for these changes. Similar approaches to fuel pre-treatment and composition stabilization are
discussed in the study by Wang et al. [10].

Biogas is a renewable fuel, but its use is complicated by the presence of impuri-
ties (hydrogen sulphide, ammonia) and compositional instability. Garcia et al. [11] investigate
methods for cleaning and stabilizing biogas to ensure stable and efficient operation of gas tur-
bines. In addition, technologies for blending biogas with natural gas to improve performance
are discussed [12].

Hybrid fuel systems and blends of alternative fuels with natural gas can optimize
the operation of gas turbines, reducing environmental impacts and increasing reliability. An
overview of current technologies is presented in the work of Muller et al. [13], where the
advantages and limitations of various fuel blends are discussed. Thus, modern research cov-
ers a wide range of technical and environmental aspects of the use of alternative fuels in gas
turbines, contributing to the development of more efficient, reliable and environmentally
friendly energy systems.

Classification of fuel gases

Traditionally, gas turbines operate on natural gas, which consists of CH, with a small
content of heavy hydrocarbons (propane, ethane, butane). In response to global climate change,
alternative fuels for gas turbines are becoming increasingly popular [14-17]. Fuel gas obtained
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from local sources can be used to meet the region’s energy needs, which reduces the risk of supply

disruptions and increases the stability of the energy infrastructure. Such fuels include:

— Hydrogen fuel. One of the most promising alternative fuels due to the absence of carbon
emissions during its combustion and its high calorific value [18, 19].

— Biogases. Biogas production is a process of converting organic waste into a mixture of
combustible gases. This process occurs due to methane fermentation under an-aerobic con-
ditions. Such technologies are used to utilize waste from livestock, poultry, crop production
and by-products from other industries [20-22].

— Synthesis gases formed during gasification of coal or biomass can be used in gas turbines
after purification and stabilization of the composition [23, 24].

— Liquid biofuels. Biodiesel and biokerosene, obtained from vegetable oils and animal fats,
are compatible with existing fuel supply systems and provide a reduction in emissions of
solid particles and sulphur [25, 26].

— Technical gases. Many chemical processes produce gases that can be used as fuel for gas
turbines (e.g. tail gas or refinery gas) [27, 28].

The main challenges are the economic efficiency of production, energy costs and
infrastructure issues.

In recent years, there has been growing interest in the use of alternative fuels in gas
turbines due to the need to reduce GHG gas emissions and move towards more sustainable
energy systems. Promising alternatives to traditional natural gas include hydrogen, biogas, syn-
thetic gas (syngas) and other renewable or low carbon fuels. Hydrogen as a fuel for gas turbines
is considered a key element in the decarbonization of the energy sector. Its combustion does
not lead to CO, emissions but is accompanied by a number of technical difficulties: high com-
bustion rate, tendency to form NO,, the need to modify burners and fuel supply systems, as
well as safety issues during storage and transportation. Biogas obtained from organic waste is
a mixture of CH, and CO, and can be used in gas turbines with minimal adaptation. The prob-
lems are related to the variable composition and quality of biogas, the need to purify it from
impurities (hydrogen sulphide, volatile compounds), which affects the reliability of turbines
and their service life. Synthetic gas, obtained by gasification of carbon-containing materials
or electrolysis with subsequent synthesis, has a controlled composition and can be adapted to
turbine requirements. The main challenges are the economic efficiency of production, energy
costs and infrastructure issues.

Features of the fuel system operation

Gas turbines can run on fuel gases with a wide range of calorific values, but a par-
ticular fuel system can only operate within a narrow range. Fuel injectors are designed for a
particular turbine operating within a specific range of fuel temperatures and pressures, so it
is important to maintain the Wobbe index within the acceptable range [29, 30]. The degree
of fuel interchangeability is measured by the Wobbe index, which is a relative measure of
the energy injected into the combustion chamber at a fixed pressure and is calculated us-
ing the net calorific value of the fuel, the specific air density, and the fuel inlet temperature.

For fuel gases, the Wobbe index, W:

LHV

W=——— (1)
SGgas T:gas

where W [MJm™] is the net calorific value of fuel gas, SG, [kgm™] — the specific density of
fuel gas, and T, [°C] — the fuel gas temperature.
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Valid range of Wobbe index is set to guarantee stable operation in all operating modes

(start-up operations, variable operating modes). When burning multiple types of fuel, changing

their composition, or adjusting the fuel temperature, it is crucial to maintain a Wobbe index

deviation of no more than 5%. Failure to do so results in a decrease in the production of elec-
tric energy. If the deviation is greater than 5%, it will be necessary to make changes to the
turbine control system to stabilize production, which will require stopping the equipment for
adjustment [21]. The gas turbine can be operated in the permissible ranges of the Wobbe index
without the need to stop the equipment and change or replace elements of the fuel preparation
system.

At present, several indicators of the quality of operation of a gas turbine unit can be
noted:

— Compliance with the required emission levels at nominal load in the case of using gaseous
fuel as the main fuel and liquid fuel as a backup.

— The functionality of the system consists of stable operation in transient conditions, the abil-
ity to switch the fuel supply from the main to the reserve.

— Flame stability. To stabilize the flame, it is necessary to use special mechanical and aero-
dynamic means that allow creating a region of low flow velocities. In modern combustion
chambers, a good ratio of components in the mixture and flame stabilization are achieved
through a combination of swirlers and nozzles.

— Operational stability. It is essential that the
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Figure 2. Fuel preparation system of a gas
turbine unit; the diagram shows: / — compressor,
2 — combustion chamber, 3 — turbine,

4 — fuel gas preparation point, 5 — gas distribution moisture removal units, and booster compres-
station, 6 — gas distribution point, 7 — coarse filter, sor lubricating oil.
8 — fine filter, 9 — gas booster compressor, and Figure 2 shows a traditional fuel prepa-

10 — duplex filter ration scheme for a gas turbine unit.
Determination of thermodynamic properties of
a working fluid of arbitrary composition

Duhem’s theorem states that the equilibrium state of a thermodynamic system is de-
termined by two parameters: the enthalpy and pressure of the system.

The initial data for such a system are the fuel gas composition, the oxidizer (air) com-
position, and the combustion chamber inlet conditions (meet the conditions of quantitative and
qualitative regulation). Quantitative regulation is the most advantageous at virtually constant
working fluid temperature and pressure. This regulation method can be fully implemented in
a closed-loop gas turbine, where part of the air is removed from the working circuit when the
load is reduced. With qualitative regulation, the working fluid consumption and the change in
specific useful work are considered constant.
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Currently, when creating mathematical models describing processes in the flow path
of gas turbines, which is characterized by the calculation of the thermodynamic properties of
the combustion products of hydro-carbon fuels in a limited temperature range at values of the
excess air coefficient o > 1 [7, 16, 18]. At the same time, when developing methods for calcu-
lating gas turbines, it is necessary to take into account:

— increase in the temperature of the working fluid,
— the influence of dissociation and recombination of molecules, and
— expansion of the number of components included in the fuel gas.

The most reliable data on the thermodynamic properties of individual substances in
the standard state are presented in the form of tables in the IVTANTHERMO database. In
order to save computer memory, the tables are usually approximated by various dependencies
[16-18]. Approximations of thermodynamic functions:

7
I°(T)= 4, + Y 4’ )
i=1
7 .
SOT) = A +107° 4 Inx+107Y g
(T)= g +107 4, it 3)
7 .
Cop(T) =107 idx"" (4)

i=1
where A, 4;, and A4, are the coefficients of the approximating polynomial.

The coefficients of the polynomials in eqs. (2)-(4) are valid in the range from
273-6000 K, while for calculating the thermodynamic cycles of gas turbines it is sufficient to
use the range from 273 to 3000 K, which will increase the accuracy of the subsequent approx-
imation.

To conduct the research, it is necessary to determine the conditional formula for the
fuel taking into account the changes in the composition of individual substances in the fuel.
Table 1 shows the calculated values of the enthalpies of formation and the conditional formulas
of the fuels. To be able to simulate different types of fuel gas in the GRET system, the data
presented in tab. 1 is required.

Table 1. Empirical formulas of fuel gas, enthalpy of fuel (conditional fuel formula)

Fuel gas C H N (0} Enthalpy [kJkg']
Natural gas 6.96 23.64 0.30 0.056 —4028.1
Synthesis gas 3.05 149 0.07 3.71 —1824.646
CH, 6.23 24.93 - - -3965.0
H, - 99.22 - - —4650.0

Mathematical model of a gas turbine plant

The object of the study was the General Electric 6FA gas turbine unit. The technical
description of the engine does not provide all the characteristics of the turbine units, so the task
was to create a mathematical model of the gas turbine unit. We designed a mathematical model
of the General Electric 6FA gas turbine in the certified software package AS GRET [29]. This
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software package allows you to select the geometric characteristics of the flow section, opti-
mize the engine parameters. At the same time, the input data can vary, and restrictions can be
imposed on the output. The AS GRET allows you to conduct modelling with different fuel gas
compositions. This software package allows you to simulate gas turbine plants of any capacity
and with different numbers of shafts, which are very important for modelling. The initial data
for mathematical modelling is presented in tab. 2.

Table 2. Key characteristics of the GE 6FA gas turbine unit

Name Unit of measurement Meaning
Power at generator terminals [kW] 77211
Atmospheric pressure [kgfem 2] 1013
Compressor inlet temperature WITH] 15
Relative humidity at compressor inlet [%] 60
Pressure drop in the intake system [mm H,0] 85
Static outlet pressure at ISO conditions [mm H,0] 350
Lower heating value of fuel [kJkg ] 49194
Fuel temperature [WITH] 30
Fuel pressure before gas module [kgfecm™] 25.9-30.8
Network frequency [Hz] 50
Power factor 0.85

The gas turbine unit is a single-shaft axial turbo unit equipped with an 18-stage com-
pressor with one row of rotating guide vanes at the compressor inlet, six combustion chambers,
and a 3-stage turbine with air cooling on all three nozzle stages and on the first two blade stages.
The reduction gear is installed on the compressor shaft. The gas turbine air intake system (GTI)
provides filtered air to the GTU compressor. The lubrication system supplies oil to the GTU
bearings, gearbox, and generator. The PG6111FA gas turbine can be used both separately and
as part of a combined-cycle power unit. The heat of the exhaust gases of the gas turbine unit is
utilized in the waste heat boiler to produce high and low pressure steam [31, 32]. The main unit
and most of the auxiliary mechanical elements are located in one large module. All auxiliary
electrical elements are located in another module. The gas turbine is mounted on a steel base
together with the piping and electrical components installed at the manufacturer.

Based on the results of the conducted studies of the mathematical model, a digital
model of a gas turbine engine was created with a maximum deviation from the actual operating
installation of no more than 1%. This was achieved by solving the equations:

Ji T2 ke s117.G O s 0 ) = AG, (5)
fZ(TC2777;rakcsn;aGp;quka¢cnuc):AGT (6)
F3 (Tl Ok s 1172 Gy O s P ) = AG,, (7)

where m; is the compressor pressure increase ratio, 77; — the compressor efficiency, g;. — the
combustion completeness coefficient in the combustion chamber, 7% — the turbine efficiency,
G, —the gas flow rate in the turbine, o, — the total pressure recovery coefficient in the transition
channel, u. — the nozzle velocity coefficient, ¢. — the nozzle flow rate coefficient, AG, [kgs-]
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— the air-flow rate at the inlet of the GTU compressor, AG[kgh™']— the fuel gas-flow rate, and
AG,, [kgs™] — the exhaust gas-flow rate.

It is important to note that the temperature of the exhaust gases at the turbine outlet
is very high, so for efficient use and maximum efficiency it is necessary to operate as part of a
combined-cycle power unit. A feature of the operation of generating equipment is that the basic
operating mode is most optimally selected for stable combustion and operation.

During the study, a mathematical model of a gas turbine engine was created with
a deviation from a real working engine of less than 1%, which shows the efficiency of the
GRET system. Based on the results of the study, it is necessary to consider it as a priori model
in the first approximation. Figure 3 shows a comparison of fuel gas consumption parameters
according to passport data and the priori model. Figures 3-5 shows the operation of a natural
gas-powered gas turbine, as it is a real-world turbine. The a priori and a posteriori models refer
to the GE 6FA engine based on the created mathematical model.

Figure 4 shows the errors of the mathematical model in determining the fuel gas con-
sumption dG7. For the operation of the gas turbine, 11 engine operating modes were selected in
the power range from 30-80 MW.
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Analysis of gas turbine operation on fuel of
different component composition

The analysis of gas turbine operation when switching to alternative fuel begins with
an assessment of the required amount of air required for fuel oxidation during combustion.
Considering that the gas turbine operates as part of a combined-cycle power unit, the tempera-
ture in the combustion chamber must be maintained constant for each type of fuel. Important
components in the studies are the temperature at the compressor inlet and the compressor com-
pression ratio. These parameters significantly affect several key aspects of engine operation:

— The combustion chamber outlet temperature is an important parameter that determines the
efficiency and performance of a gas turbine. Higher temperatures can improve thermal effi-
ciency but may also result in increased emissions and material stress.

— Combustion product composition. Hydrogen combustion produces mainly water vapor.
However, the presence of nitrogen from the air can lead to the formation of NO, at high
temperatures. Understanding the composition of exhaust gases is essential for assessing
environmental impacts and meeting emission standards. The thermal efficiency of the cycle
is expressed:

W,

— net
" Qin (8)
where W, is the useful work of the cycle and Q;, — the amount of heat released during the
combustion of hydrogen. Thermal efficiency depends on the listed parameters, and their
optimization helps improve engine performance.

— Analysis of the effects of compressor inlet temperature, compression ratio, and equivalent
ratio on these parameters provides important insights into the feasibility of using hydrogen
as an energy source in internal combustion engines. This understanding is essential for de-
veloping operating strategies to improve equipment efficiency.

The investigated power is selected in the range from 50-80 MW. Figure 6 shows the
change in instantaneous air-flow at the compressor outlet. In this case, it can be seen that the use
of different types of fuel gas requires different amounts of supplied air, kerosene, syngas need
more, and methane and natural gas, hydrogen coincide (almost the same values).

From fig. 7 it can be clearly stated that when switching to alternative fuel, the flow rate
of the air supplied changes. It is important to note that the increase in fuel consumption is in the
permissible power range for the compressor, therefore, there is no need to make design changes.
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Figure 6. Dependence of air-flow on
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Figure 7. Dependence of fuel gas
consumption on turbine power
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Hydrogen has a high specific heat per unit mass, but its low density and high burn
rate mean that more fuel must be supplied to achieve the required power. This often provides
the lowest mass fuel consumption but requires specialized burners and delivery systems to
prevent problems with detonation and excess NO,. Figure 8 shows the change in equipment
efficiency.

Figure 8 shows the change in the efficiency of the plant when burning different types
of fuel gas. The maximum efficiency is achieved when using hydrogen, natural gas, and other
fuels show almost the same efficiency at a level of 35%-35.5%.

When burning different types of fuel, the turbine operates in different modes, despite
the fact that the temperature in the combustion chamber is set as a constant value and is equal
to 1230 °C, the power and the rate of change of the load are also constant. Changes in the op-
eration of the turbine are well represented in fig. 8, which shows the power developed by the
turbine. The difference reaches 8%-9%, which indicates the necessary change in the automatic
control system of the turbine.

At present, operation on 100% hydrogen fuel have not yet been mastered, but in the
near future, adding hydrogen to natural gas or synthesis gas will be implemented at existing
stations. Currently, there are a number of experimental stands for studying the operation of gas
turbines with the addition of hydrogen fuel up to 50%-60% to the original natural gas. Figure 9
shows the change in output power of the power turbine. The N, is the power generated on the
blades of a gas turbine.
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The complexity of implementing such projects is that today hydrogen fuel is several
times more expensive than natural gas and the pay-back period for the construction and mod-
ernization of fuel supply and fuel preparation systems is quite long.

Conclusions

A study of the impact of alternative fuel gases on the operation of gas turbine units
found that switching to alternative fuel sources such as hydrogen, biogases and synthesis gases
can improve the efficiency and environmental friendliness of gas turbines. In the context of
global climate change and the need to reduce carbon emissions, alternative fuels are becoming
increasingly relevant for use in combined cycle gas turbines. The analysis showed that the use
of alternative fuels requires a thorough assessment of their energy characteristics and impact on



lliev, I., et al.: Effect of Alternative Fuel Gases on Performance Gas ...
2126 THERMAL SCIENCE: Year 2026, Vol. 30, No. 3B, pp. 2117-2128

the operation of gas turbines. In particular, a change in the fuel composition affects the operat-
ing modes of the turbine, which may lead to the need to modernize automatic control systems,
fuel supply and fuel preparation. It is important to ensure uniform combustion and temperature
stability after the combustion chamber in order to minimize emissions of harmful substances
such as NO.,.

Mathematical modelling carried out using the software package AS GRET, allowed
the creation of a digital model of a gas turbine engine. This digital model enabled optimiza-
tion of the engine’s parameters and operating modes for different types of fuel. For instance,
the change in air-flow in the turbine compressor is shown to be practically unchanged. But
the peculiarity of this study is that the authors model the operation of the plant control system
in such a way as to not make changes to the compressor design when changing the compres-
sion ratio when switching to alternative fuels. The results showed that the maximum thermal
efficiency is achieved when using hydrogen, which makes it a promising fuel for gas turbines.
However, it is necessary to take into account that operation on 100% hydrogen fuel has not
yet been mastered, and the transition mixed fuel schemes, where hydrogen is added to natural
gas, seems most realistic in the near future. Further research and development in adapting
gas turbines to operate on alternative fuels is a crucial direction for increasing energy system
efficiency and reducing their environmental impact. This requires a comprehensive approach,
including an assessment of operating costs, initial investments and possible changes in auto-
matic control systems, fuel supply and fuel preparation, which will ensure the sustainability
and reliability of gas turbine units in the conditions of a changing energy market. The impact
of compositional variations in syngas and other alternative fuels, due to differences in feed-
stocks and production technologies, on gas turbine performance and emissions levels have
an impact on gas turbine operation. Such compositional variations can significantly affect
combustion stability, turbine efficiency, and environmental performance. In the future, we
plan to analyze these aspects in more depth, as well as to study existing and promising techni-
cal solutions, including fuel pre-treatment systems, adaptive combustion control algorithms,
and burner design modifications, that can compensate for fuel composition variability and
improve gas turbine performance. This approach is expected to enhance the reliability and
environmental performance of plants utilizing syn-gas and other alternative fuels, thereby
broadening their practical applications.

Acknowledgment

This research was funded by the European Union’s Next Generation EU through the
National Recovery and Resilience Plan of the Republic of Bulgaria, Project No. BG-RRP-
2.013-0001-COL1.

References

[1] Rahman, A., et al., Environmental Impact of Renewable Energy Source Based Electrical Power Plants:
Solar, Wind, Hydroelectric, Biomass, Geothermal, Tidal, Ocean, and Osmotic, Renewable and Sustain-
able Energy Reviews, 161 (2022), 112279

[2] Ilyushin, P. V., et al., The Effect of Complex Load on The Reliable Operation of Solar Photo-Voltaic and
Wind Power Stations Integrated into Energy Systems and into off-Grid Energy Areas, Energy Reports,
(2022), 8, pp. 1515-1529

[3] Couto, A., Estanqueiro, A., Wind Power Plants Hybridized with Solar Power: A Generation Forecast
Perspective, Journal of Cleaner Production, 423 (2023), 138793

[4] Ilyushin, P. V., et al., Calculating the Sequence of Stationary Modes in Power Distribution Networks of
Russia for Wide-Scale Integration of Renewable Energy-Based Installations, Energy Reports, 7 (2021),
Suppl. 5, pp. S308-S327



lliev, 1., et al.: Effect of Alternative Fuel Gases on Performance Gas ...
THERMAL SCIENCE: Year 2026, Vol. 30, No. 3B, pp. 2117-2128 2127

(3]
(6]

(7]

(8]

(9]

(10]
(1]
[12]
[13]
[14]
[15]
[16]
[17]
(18]
(19]
[20]
(21]
(22]
(23]

(24]

[25]

[26]

(27]
(28]
[29]

(30]

Zvereva, E. R., et al., Prospects for Replacing Traditional Fuel for Heat Supply in the Murmansk Region
with Hydrogen Fuel, International Journal of Hydrogen Energy, 110 (2025), Mar., pp. 807-813
Enayatizadeh, X., et al., Design and Multi-Scenario Optimization Of A Hybrid Power System Based on a
Working Gas Turbine: Energy, Exergy, Exergoeconomic and Environmental evaluation, Energy Reports,
8 (2022), Nov., pp. 12916-12943

Marin, G., et al., Improving the Performance of Power Plants with Gas Turbine Units, Proceddings, 4" In-
ternational Conference on Control Systems, Mathematical Modelling, Automation and Energy Efficiency
(SUMMA), Lipetsk, Russia, 2022, pp. 832-836

Johnson, M., et al., Hydrogen Storage and Transportation: Challenges and Solutions, Renewable and
Sustainable Energy Reviews, 135 (2021), 110303

Lee, H., et al., Impact of Syngas Composition Variability on Gas Turbine Performance and Emissions,
Energy Conversion and Management, 270 (2023), 116302

Wang, Y., et al., Fuel Conditioning Technologies for Syngas Utilization in Gas Turbines, Fuel Processing
Technology, 230 (2022), 107182

Garcia, M., et al., Biogas Purification Methods for Gas Turbine Applications: A Review, Applied Energy,
283 (2021), 116292

Hernandez, R., et al., Co-Firing of Biogas and Natural Gas in Gas Turbines: Performance and Emission
Assessment, Journal of Cleaner Production, 345 (2022), 131050

Muller, K., et al., Hybrid Fuel Systems for Gas Turbines: Opportunities and Challenges, Progress in En-
ergy and Combustion Science, 92 (2023), 100995

Marin, G. E., et al., Increasing the efficiency of a Gas Turbine Engine Conversion by Adding Hydrogen to
Fuel Gas, International Journal of Hydrogen Energy, 97 (2025), Jan., pp. 649-656

Bozo, M., et al., Fuel Quality Impact Analysis for Practical Implementation of Corn COB Gasification in
Conventional Gas Turbine Power Plants, Biomass and Bioenergy, 122 (2019), Mar., pp. 221-230

Keller, M., et al., Thermodynamic Evaluation of an Ammonia-Fueled Combined-Cycle Gas Turbine Pro-
cess Operated under Fuel-Rich Conditions, Energy, 194 (2020), 116894

Lamichaney, S., ef al., Clean Energy Technologies: Hydrogen Power and Fuel Cells, in: Encyclopedia of
Renewable and Sustainable Materials, Elsevier, Amsterdam, The Netherlands, 2020, pp. 366-371

Balli, O., et al., The Effects of Hydrogen Fuel Usage on the Exergetic Performance of a Turbojet Engine,
International Journal of Hydrogen Energy, 43 (2018), 23, pp. 10848-10858

Rahman, M. N., Techno-Economic Analysis of a Green Hydrogen-Firing Gas Turbine in Malaysia Via
Monte-Carlo Simulations, Future Technology, 3 (2024), 4, pp. 25-41

Karaeva, J., et al., Pyrolysis of Amaranth Inflorescence Wastes: Bioenergy Potential, Biochar and Hydro-
carbon Rich BioQil Production, Agriculture, 13 (2023), 2, 260

Wen, Y., et al., Pyrolysis of Raw and Anaerobically Digested Organic Fractions of Municipal Solid Waste:
Kinetics, Thermodynamics, and Product Characterization, Chemical Engineering Journal, 415 (2021), 129064
Isaac, J., et al., Integration of a Biomass-Fired Thermal Plant with Solar-Turbine and Solar-Assisted Dry-
er for Multi-Energy Generation, Future Sustainability, 3 (2025), 1, pp. 36-48

Smolinski, A., et al., Co-Gasification of Refuse-Derived Fuels and Bituminous Coal with Oxygen/Steam
Blend to Hydrogen Rich Gas, Energy, 254 (2022), 124210

Quintero-Coronel D. A., et al., Co-Gasification of Biomass and Coal in a Top-Lit Updraft Fixed Bed
Gasifier: Syngas Composition and Its Interchangeability with Natural Gas for Combustion Applications,
Fuel, 316 (2022), 123394

Velickovié, A., et al., Advancements in Biodiesel Production from Castor Oil: A Comprehensive Review,
Energy Conversion and Management, 330 (2025), 119622

Mojapelo, N. A, et al., Investigation of Biomagnetic Bifunctional Heterogeneous Nanocatalysts and Co-
solvents for the Conversion of Spent Oil to Biodiesel for Heavy-Duty Transportation (Jet Fuel Applica-
tion), Biomass and Bioenergy, 194 (2025), 107664

Xing, C., et al., Effect of Fuel Flexibility on Combustion Performance of a Micro-Mixing Gas Turbine
Combustor at Different Fuel Temperatures, Journal of the Energy Institute, 102 (2022), June, pp. 100-117
Pio, G., et al., Detailed Kinetic Analysis of Synthetic Fuels Containing Ammonia, Fuel, 362 (2024),
130747

Marin, G. E., et al., Adding Hydrogen Fuel to the Synthesis Gas for the Possibility of Combustion in a Gas
Turbine, International Journal of Hydrogen Energy, 96 (2024), Dec., pp. 378-384

Marin, G. E., et al., Analysis of Changes in the Thermophysical Parameters of the Gas Turbine Unit
Working Fluid Depending on the Fuel Gas Composition, Proceedings, International Multi-Conference
on Industrial Engineering and Modern Technologies (FarEastCon), Vladivostok, Russia, 2019, 8934021



lliev, I., et al.: Effect of Alternative Fuel Gases on Performance Gas ...
2128 THERMAL SCIENCE: Year 2026, Vol. 30, No. 3B, pp. 2117-2128

[31] Basu, S., et al., Eds. Basu, S., Debnath, A. K., in: Power Plant Instrumentation and Control Handbook,
2" ed., Academic Press, Cambridge, Mass., USA, 2019, pp. 41-147

[32] Genbach, A. A., et al., Scientific Method of Creation of Ecologically Clean Capillary-Porous Systems of
Cooling of Power Equipment Elements of Power Plants on the Example of Gas Turbines, Energy, 199
(2020), 117458

Paper submitted: August 17, 2025
Paper revised: November 14, 2025 2026 Published by the Vinca Institute of Nuclear Sciences, Belgrade, Serbia.
Paper accepted: November 19, 2025 This is an open access article distributed under the CC BY 4.0 terms and conditions.



