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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, 

mathematical model, forecasting, alternative fuels, hydrogen energy, 
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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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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 CO2 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, H2, and CH4 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 CH4 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 

Figure 1. The commissioning of renewable energy generating 
capacities in the period from 2017 to 2024
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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 CO2 emissions but is accompanied by a number of technical difficulties: high com-
bustion rate, tendency to form NOx, 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 CH4 and CO2 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:

gas gas

LHV
SG T

W = (1)

where W [MJm–³] is the net calorific value of fuel gas, SGgas [kgm–³] – the specific density of 
fuel gas, and Tgas [°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 
combustion chamber of the gas turbine main-
tains stable operation across the full range of 
load conditions.

Depending on the type of fuel gas, it is 
necessary to clean it before combustion. De-
pending on the type of delivery, the method of 
transportation and the geographical location, 
there is a possibility of impurities in the fuel 
gas. It is critical that the fuel is cleaned before 
entering the combustion chamber. The filtra-
tion system should include filtration systems, 
moisture removal units, and booster compres-
sor lubricating oil.

Figure 2 shows a traditional fuel prepa-
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.

Figure 2. Fuel preparation system of a gas 
turbine unit; the diagram shows: 1 – compressor, 
2 – combustion chamber, 3 – turbine,  
4 – fuel gas preparation point, 5 – gas distribution 
station, 6 – gas distribution point, 7 – coarse filter, 
8 – fine filter, 9 – gas booster compressor, and  
10 – duplex filter
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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 α ˃ 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:
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where As, Ai, and A1 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 O Enthalpy [kJkg–1]

Natural gas 6.96 23.64 0.30 0.056 –4028.1

Synthesis gas 3.05 1.4 9 0.07 3.71 –1824.646

CH4 6.23 24.93 – – –3965.0

H2 – 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 [kgfcm–2] 1013
Compressor inlet temperature WITH] 15
Relative humidity at compressor inlet [%] 60
Pressure drop in the intake system [mm H2O] 85
Static outlet pressure at ISO conditions [mm H2O] 350
Lower heating value of fuel [kJkg–1] 49194
Fuel temperature [WITH] 30
Fuel pressure before gas module [kgfcm–2] 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:

* * *
1 ( , , , , ), , ,k k kc T pr pk c c vf G µ Gη σ η σ ϕπ = ∆ (5)

* * *
2 ( , , , , ), , ,k k kc T pr pk c c Tf G µ Gη σ η σ ϕπ = ∆ (6)

* * *
3 , )( , , , , , ,k k kc T pr pk c c ogf G µ Gη σ η σ ϕπ = ∆ (7)

where π*
k is the compressor pressure increase ratio, η*

k – the compressor efficiency, σkc – the 
combustion completeness coefficient in the combustion chamber, η* T – the turbine efficiency, 
Gpr – the gas flow rate in the turbine, σpk – the total pressure recovery coefficient in the transition 
channel, µc – the nozzle velocity coefficient, φc – the nozzle flow rate coefficient, ΔGv [kgs–1] 
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– the air-flow rate at the inlet of the GTU compressor, ΔGT [kgh–1] – the fuel gas-flow rate, and 
ΔGog [kgs–1] – 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 δGT. For the operation of the gas turbine, 11 engine operating modes were selected in 
the power range from 30-80 MW.

   
Figure 3. Fuel consumption of a gas  
turbine according to the priori model  
and passport data

Figure 4. Errors of the mathematical  
model in determining the fuel gas 
consumption δGT

The obtained deviations do not allow 
conducting research, since there will be a large 
deviation from the actual values. In order for 
the calculation errors not to differ from the 
passport data, it is necessary to carry out iden-
tification of the variable operating modes of the 
installation. As a result of the identification of 
the gas turbine installation, the following errors 
of the posteriori mathematical model were ob-
tained when determining the fuel gas consump-
tion, presented in fig. 5.

The relative error of the mathematical 
model of the gas turbine plant after the identifi-
cation was carried out in comparison with the passport data of the GE 6FA gas turbine was no 
more than 1%. An error of less than 1% is sufficient for conducting research on the mathemat-
ical model of the gas turbine engine.

Figure 5. Errors of the a posteriori 
mathematical model in determining the fuel gas 
consumption δGT
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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 NOx 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:

net

in

W
Q

η = (8)

where Wnet is the useful work of the cycle and Qin – 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.

       
Figure 6. Dependence of air-flow on  
variable turbine load

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 NOx. 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 Nst is the power generated on the 
blades of a gas turbine.

      
Figure 8. Change in efficiency with  
variation of turbine power

Figure 9. Output power of the power  
turbine with variation of power

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 
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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 NOx.

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.
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