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A B S T R A C T

Hydrogen, as a zero-carbon fuel, is becoming an important component for decarbonizing the economy. It can be 
used not only as a storage medium, but also as a fuel for power generation equipment. Hydrogen is very different 
in its energy properties (high calorific value, high combustion rate), which are very different from traditional gas 
turbine fuels, so when burning hydrogen, new unexplored problems may arise during the operation of main and 
auxiliary equipment.

To introduce hydrogen technologies into the traditional energy system, new approaches to equipment oper-
ation are required. Gas turbines, unlike other power equipment, can be configured to burn any gaseous fuel that 
meets the requirements for the combustion chamber. Combustion of 100% H2 in the combustion chamber of an 
operating gas turbine is impossible without deep modernization; this can cause damage to the main and auxiliary 
equipment. Gas turbines powered by hydrogen will be an important component in the decarbonization of all 
industries.

The article discusses the variable operating modes of a gas turbine unit with a capacity of 18 MW, depending 
on the percentage of H2 in natural gas. The traditional fuel for gas turbines is natural gas; the presented study 
considers adding up to 20% hydrogen to the original natural gas. The addition of hydrogen fuel affects the 
operating mode of the turbine. The operation of a gas turbine unit at various outside temperatures, operation at 
full and partial load in the conditions of the wholesale electricity market is considered.

NOMENCLATURE

Abroveatura
Letters of the Latin alphabet
CCS Carbon capture and storage
Gin Engine inlet flow
Gout Engine outlet flow
ΔT
θ

Relative value of the complex parameter used to determine the heat 
recovery coefficient

Cτ Relative value of the heat capacity of the coolant
σ Relative value of total pressure recovery coefficient
x Relative argument value
Cτ Relative value of the heat capacity of the coolant, liquid phase
ΔT Temperature difference
θ Complex value
T*

2 Temperature of gas stagnation in the chamber outlet section
T*

1 Temperature of gas stagnation in the inlet section of the chamber
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(continued )

Тб1 Coolant inlet temperature
Тб2 Coolant outlet temperature
Gnm1 Reduced air flow
G1 Air (gas) flow at the inlet
P*

1 Inlet air (gas) stagnation pressure
R Gas constant of air (gas)
λ1 Reduced speed
Сss1 Superficial speed
M1 Mach number
С Sound speed
R Universal gas constant
T1 Flow temperature
k Adiabatic exponent
q(λ1) Gas dynamic function
k Boltzmann’s constant
H*

vg Enthalpy at a given air temperature
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(continued )

T*
g Gas temperature

qF Fuel gas consumption
H*

CP Enthalpies of combustion products during complete combustion of fuel
α Excess air ratio
H*
еr Lower calorific value at the end point
н*

1 Lower heating value at starting point
Hu Lower heating value of fuel (mixture)
ή Thermal efficiency of the flow mixture
н0 Net calorific value, average value for fuel mixture
n1, n2, n3, 

n4

Shaft rotation speed

ρ Density of methane-hydrogen mixture
ωi Mass fraction of the i-th component
HuМH, Lower calorific value of methane-hydrogen mixture
Hui Lower calorific value of the i-th component
L0 Stoichiometric coefficient of methane-hydrogen mixture
m0 Mass of air required for complete combustion
m0i Mass of oxygen reacting stoichiometrically with the i-th component
Wn Wobbe index
Hu Lower calorific value
ρg Gas density
ρair Air density
Tamb t Ambient temperature
Pamb pr Ambient air pressure
ϕ Importance
N Gas turbine power
H2 Hydrogen
СО2 Carbon dioxide
С3Н8 Propane
СН4 Methane
С4Н10 n-butane
С4Н10 i-butane
С2Н6 Ethane
MW Power
m3/h Fuel gas consumption
К Kelvin
◦С Degree Celsius
rpm Rotation frequency
MJ/kg Calorific value
kg/m3 Density
MJ/m3 Calorific value
kPa Pressure
% Procent
Letters of the Russian alphabet
GTU Gas turbine unit
RES Renewable energy
NPP Nuclear power plant
GTE Gas turbine engine
E Efficiency
ID Input device
LPC Low pressure compressor
HPC High pressure compressor
CC Combustion chamber
HPT High pressure turbine
LPT Low pressure turbine
PT Power turbine
EG Electric generator
IDout Output device
AS GRET Automated system for gas-dynamic calculations of power 

turbomachines
A Air
Тin Inlet temperature
Тout Outlet temperature
MPC Medium pressure compressor
MPT Medium pressure turbine
WHB Waste heat boiler
C Chimney
NG Natural gas

1. Introduction

Population growth and technology development are constantly 
increasing the need for energy use. According to forecasts of interna-
tional energy unions, natural gas and oil are the final product, and the 
use of hydrocarbon fuels has a negative impact on the environment 
[1–3]. A number of scientists express the opinion that the combustion of 

hydrocarbons leads to the destruction of the Earth’s ozone layer, so it is 
important to find an alternative to traditional fuels [4,5]. An important 
component when using alternative fuels is minimizing emissions. 
Hydrogen may be a promising fuel, but the methods for its production 
are different. Table 1 shows the most common types of hydrogen fuel 
production.

The main production of hydrogen occurs using methane conversion 
technology [6]. In Fig. 1 shows the share distribution of hydrogen 
production.

As can be seen from Fig. 1 Most of the hydrogen produced is 
accompanied by CO2 emissions during its production.

This study examines the issue of burning hydrogen fuel in the com-
bustion chamber of a gas turbine unit. Converting gas turbines to com-
bustion of hydrogen fuel is a promising direction, allowing to partially 
reduce emissions from existing power equipment [7]. Almost all man-
ufacturers of power equipment are implementing the transition to 
hydrogen fuel, but long-term operation on 100% H2 is currently not 
implemented in gas turbine plants. Firstly, this is the high cost of 
hydrogen, and secondly, this is expensive auxiliary equipment.

The use of hydrogen in the energy sector to reduce emissions to zero 
is only possible if the hydrogen fuel is produced with minimal CO2 
emissions. When designing and operating auxiliary equipment, the 
following problems arise. 

1. Embrittlement of metals of main and auxiliary equipment [8,9].
2. Development of new low-emission combustion chambers that allow 

the combustion of hydrogen fuel in any percentage [10,11].
3. Introduction of new expensive structural materials into the gas tur-

bine cycle [12,13].

2. Mathematical model of a gas turbine engine

Solving the problems presented above is possible only by designing 
new gas turbines with high energy and environmental characteristics; 
operating turbines can burn a mixture of natural gas and hydrogen fuel 
[14–17].

A conversion three-shaft gas turbine engine (GTE) with a power of 
18 MW was selected as the object under study. The main characteristics 
of the gas turbine engine are presented in Table 2.

Fig. 2 shows the functional diagram of the GTE.
In Fig. 2 the following designations are accepted: ID – input device; 

LPC – low pressure compressor; HPC – high pressure compressor; CC – 
combustion chamber; HPT – high pressure turbine; LPT – low pressure 
turbine; ST – power turbine; E − electric generator; IDOut – output de-
vice; Gin – flow rate at the engine inlet; Gout – flow rate at the engine 
outlet.

2.1. Combustion chamber characteristics

Due to the fact that the addition of hydrogen fuel occurs in the 
combustion chamber, with the design remaining unchanged, it is 
necessary to model the gas turbine unit in all load ranges. To study the 
characteristics, a mathematical model was created in the «AS GRET » 
software package (Automated system for gas-dynamic calculations of 
power turbomachines) [18]. This software package allows you to model 
nodes using a block diagram. The addition of hydrogen to the gas tur-
bine cycle required changes to the calculation algorithm. The modified 
calculation algorithm is presented below. The calculation of the main 
combustion chamber is based on the use of its characteristics, which are 
specified in the form of dependences of the total pressure recovery co-
efficient and the fuel combustion efficiency coefficient on various pa-
rameters used as arguments of the dependencies.

The following dependencies are used as characteristics of the com-
bustion chamber: 
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(
ΔT
θ

)

= f(x),Cm = f(x), σ = f(x),

where: ΔT
θ – relative value of the complex parameter used to determine 

the heat recovery coefficient;
Cτ – relative value of the heat capacity of the coolant;
σ –relative value of the total pressure recovery coefficient;
x – relative value of the argument, which can be any parameter from 

the array « A», the value of which is determined at the time of use.
The relative value is determined through simple transformations: 

Table 1 
Types of hydrogen fuel production.

Fig. 1. Share distribution of hydrogen production.

Table 2 
Main parameters of the GTE.

Parameter name Meaning

Power, MW 18
Effective efficiency, % 31
Pressure increase rate 9
Fuel gas consumption, m3/h 6500
Gas temperature in front of the turbine, K 1188
Gas temperature at the outlet of a free turbine, ◦C 427
Range of rotation speed of the free turbine drive shaft, rpm 3975–5565

Fig. 2. Functional diagram of a three-shaft GTE.
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(
ΔT
θ

)

=

(
ΔT
θ

)

(
ΔT
θ

)

H

,Cm6 =
Сρl
Сρlн

, σ =
σ

σH
, x=

x
xH

,

where Cpl - relative value of the heat capacity of the coolant, liquid 
phase.

The index « H » corresponds to the design operating mode. The value 
of the complex parameter is determined by the following formulas: 

ΔT =T*
2 − T*

1,

θ=
(
T1 − Τ*

2
)
−
(
Τ2 − Τ*

1
)

ln
(

Τ1 − Τ*
2

Τ1 − Τ*
1

) ,

where:ΔT – temperature difference;
θ– complex meaning;
T*

2 and T*
1– gas stagnation temperature in the outlet and inlet sections 

of the chamber;
Т1 and Т2 – coolant temperature at the inlet and outlet.
The value of the reduced air flow (Gnm1) is calculated, which can be 

used as an argument for the dependence σ = f(x): 

Gπτ1 =
G1

̅̅̅̅̅̅

T*
1

√

P*
1

,

where G1–air (gas) flow at the inlet;
P*

1 – stagnation pressure of air (gas) at the inlet.
The value of the gas constant of air (gas) R = f(qт1) is calculated.
The reduced speed can be found as follows (λ1): 

λ1 =С1/ Сss1,

where Сss1 – superficial speed.
Mach number (M1) is calculated: 

M1 =
C

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1000⋅R⋅k⋅T1

√ ,

where С-sound speed;
R – universal gas constant;
T1 – flow temperature, K.
The gas dynamic function q(λ1) is calculated: 

q(λ1)=

(
k + 1

2

) 1
k− 1

⋅λ1

(

1 −
k − 1
k + 1

λ2
1

) 1
k− 1

,

where k – Boltzmann’s constant.
Checks to see if the combustion chamber is working. If T*

1 < T*
Ã, then 

the enthalpy values are calculated at a given air temperature(H*
vg): 

H*
vg = f

(
T*

г , qT =0
)
,

where T*
g – gas temperature;

qF – fuel gas consumption.
Enthalpy of combustion products with complete combustion of fuel 

and at the same temperature (H*
cp): 

H*
cp = f

(
T*

г , qT,α=1
)
,

where α– excess air ratio.
Then the relative fuel consumption value is calculated: 

qF =
H*
ег − н*

1

Hu⋅ηʹ − H*
CP + н0 

where H*
ег– lower calorific value at the end point;

н*
1 – lower calorific value at the starting point;

Hu– lower heating value of fuel (mixture);
ή – thermal efficiency of the flow mixture;
н0 – lower calorific value, average value for a fuel mixture.
Excess air ratio: 

α=
1

qF⋅L0 

In Fig. Fig. 3 shows the design node diagram of the GTU.
In Fig. 3 the following designations are used: A – air; Тin – inlet 

temperature; Тout – outlet temperature; 1 – low pressure compressor; 2 – 
medium pressure compressor; 3 – high pressure compressor; 4 – high 
pressure turbine; 5 – medium pressure turbine; 6 low pressure turbine; 7 
– power turbine; 8 – waste heat boiler; 9 – chimney; 10 – combustion 
chamber; n1, n2, n3, n4 – shaft rotation speeds.

3. Adding hydrogen to natural gas

Natural gas containing 98.6% methane by volume was selected as 
the source fuel. The addition of hydrogen fuel to the fuel composition 
must be carried out based on maximum energy efficiency and minimal 
design changes [19–21]. To preserve the design of the gas turbine unit, 
the addition of hydrogen should not exceed 20%. To determine the 
optimal composition, we will calculate fuel with a range of hydrogen 
admixture from 10% to 20% by volume in increments of 2%. The 
composition of the original fuel is presented in Table 3.

Table 4 presents the main characteristics of the mixture of natural 
gas and hydrogen fuel.

To determine the most suitable fuel, its lower heating value will be 
calculated. Fuel calculations will be made based on Table 4.

The sum of the masses of the components contained in 1 m3 of 
methane-hydrogen mixture will be the mass of 1 m3 of methane- 
hydrogen mixture, taking into account the densities of each compo-
nent, i.e. its density will correspond to: 

ρ=
∑

i
ρi,

where ρ – density of methane-hydrogen mixture, kg/m3.
We determine the mass fraction of each component: 

ωi =
ρi

ρ ,

where ωi – mass fraction of the i-th component.
The results of calculating the mass fractions of components are given 

in Table 4.
Knowing the mass fractions of the components, the mass calorific 

value is calculated. For the composition under consideration, the lower 
calorific value of the methane-hydrogen mixture (HuМH, MJ/kg) is: 

HuMB =
∑

ωiHui,

where Hui – lower calorific value of the i-th component, MJ/kg.
Knowing the density and percentage of components, the volumetric 

calorific value is calculated. For the composition under consideration, 
the lower calorific value of the methane-hydrogen mixture (HuМH, MJ/ 
m3) is: 

HuMH =
∑

ρiHui,

The stoichiometric coefficient of the methane-hydrogen mixture L0, 
kg air/kg fuel is the mass of air required for complete combustion of 1 kg 
of methane-hydrogen mixture. To do this, it is necessary to estimate the 
amount of oxygen that is required for the combustion of all flammable 
components of the methane-hydrogen mixture, i.e. hydrogen H2, 
methane CH4, ethane C2H6, C3H8 propane and C4H10 butane (Table 5).

The mass of air required for complete combustion can be determined 
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by the following formula: 

m0 =
∑

i
ωim0i 

where m0i is the mass of oxygen that reacts stoichiometrically with the i- 
th component, kg. Considering that 1 kg of air contains 0.232 kg of 
oxygen, we obtain the stoichiometric coefficient shown in Fig. 4.

The amount of air required for the combustion of 1 m3 of fuel, and 
the stoichiometric coefficient: 

L0 =
m0

0, 232 

The energy properties of natural gas mixed with hydrogen fuel are 
presented in Table 6.

3.1. Wobbe index

The Wobbe index is a characteristic that allows us to understand the 
interchangeability of fuel gases in a gas turbine installation. Changing 
the fuel composition leads to a change in this index; the range of changes 
in values should be ±5%. This allows you to make minimal changes to 
the combustion mode, changes in emissions from the GTU and to fuel 
consumption. A deviation of more than 5% of the Wobbe index entails 
the transition of equipment into unstable operating modes [22–26].

The Wobbe index (Wn) is calculated as follows: 

Wn =
Hu
̅̅̅̅
ρг
ρϑ

√

where Hu – lower calorific value;

ρg – gas density;
ρair –air density.
The calculation results are presented in Fig. 5.
In fuel with an additive of 20% by volume, all conditions for stable 

operation of a gas turbine are maintained with minimal design changes 
and an optimal operating range. All subsequent calculations will be 
made with the mixtures presented in Table 6.

3.2. Change in the main energy characteristics of the turbine

The initial data for the study were taken as Tamb t = 288.15 K, Pamb pr 
= 101.3 kPa, ϕ = 60 %. The design power of the gas turbine is N = 18 
MW, the temperature after the combustion chamber is 1188 K. During 

Fig. 3. Design node diagram of the GTU.

Table 3 
Composition of the original fuel.

Element Formula Percentage Composition

Methane СН4 98,6%
Propane С3Н8 0,3%
n-butane С4Н10 0,15%
i-butane С4Н10 0,05%
Ethane С2Н6 1%

Table 4 
Gas composition when adding hydrogen to the original fuel.

Element NG NG+10% hydrogen NG+12% hydrogen NG +14% hydrogen NG +16% hydrogen NG +18% hydrogen NG +20% hydrogen

Methane 0,985 0,8865 0,8668 0,8471 0,8274 0,8077 0,788
Propane 0,003 0,0027 0,00264 0,00258 0,00252 0,00246 0,0024
Butane 0,0015 0,00135 0,00132 0,00129 0,00126 0,00123 0,0012
Isobutane 0,0005 0,00045 0,00044 0,00043 0,00042 0,00041 0,0004
Ethane 0,01 0,009 0,0088 0,0086 0,0084 0,0082 0,008
hydrogen 0 0,1 0,12 0,14 0,16 0,18 0,2

Table 5 
Oxidizer consumption per 1 kg (1 m3) of combustible gas.

Oxidizer H2 CH4 C2H6 C3H8 C4H10

Oxygen(kg) 7,9 3,99 3,73 3636 3586

Fig. 4. The amount of air required for the combustion of 1 m3 of fuel, and the 
stoichiometric coefficient.
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the study, the following modes will be considered: external and internal 
throttle characteristics, as well as climatic characteristics. The parame-
ters defining the mode, in the first case, is the power consumed by the 
drive units and is calculated from 15 MW to 19 MW, in the second case, 
the temperature of the gases after the combustion chamber, it is taken 
from 1148 K to 1198 K. The climatic characteristic is calculated at a 
constant power of 18 MW and outside air temperature in the range from 
253 K to 303 K.

Based on the results of the study, the main characteristics of the 
engine when operating on natural gas with the addition of hydrogen 
were obtained, presented in Fig. 6.

After an increase in the outside air temperature, the efficiency of the 
installation decreases (Fig. 6), however, with the addition of hydrogen, 
the efficiency can increase slightly.

The change in fuel consumption relative to natural gas without 
adding hydrogen with a change in outside air temperature is shown in 
Fig. 7.

Fig. 7 shows the change in fuel gas consumption when adding 
hydrogen fuel; an increase in the amount of hydrogen in the mixture 
with natural gas leads to a decrease in overall fuel consumption.

The fuel consumption of various types of fuel with changes in outside 
air temperature is shown in Fig. 8.

By adding hydrogen, fuel consumption is significantly reduced 
(Fig. 8). Savings of initial fuel occur from 3.15% to 3.5% at 10% 
hydrogen by volume, from 7.7% to 7.9% at 20% hydrogen or a 
maximum of 375 kg/h of initial fuel at a temperature of 253–303 K. The 
dependence is linear (Fig. 8). When the outside air temperature changes, 
the temperature at the outlet of the units changes by an equal value at 
most of the temperatures under consideration.

The air consumption at the engine inlet of various types of fuel with a 
change in outside air temperature is shown in Fig. 9.

When varying power from 15 MW to 19 MW, the temperature change 
occurs curvilinearly with a gradual increase in the gap between different 
types of fuel. For 10% hydrogen it changes from 0.017% to 0.026%, for 
20% hydrogen from 0.036% to 0.055%. As the power increases from 15 
MW to 19 MW, the combustion chamber temperature increases curvi-
linearly with a gradual increase in the gap between different types of 
fuel. For 10% hydrogen it changes from 0.03% to 0.04%, for 20% 
hydrogen from 0.07% to 0.09%.

The change in efficiency relative to natural gas without adding 
hydrogen with a change in the power of the units is illustrated in Fig. 10.

When the power increases from 15 MW to 19 MW, the maximum 
increase in efficiency occurs by 16 MW and reaches a maximum increase 
of 4% (Fig. 10). After this, there is a slight decrease in the increase in 
efficiency.

Fuel consumption of various types with changes in unit power is 
shown in Fig. 11.

By adding hydrogen, fuel consumption is significantly reduced. 
Savings in initial fuel occur from 3.2% to 3.7% at 10% hydrogen by 
volume, from 7.8% to 8% at 20% hydrogen or a maximum of 380 kg/h of 
initial fuel at a power of 15–19 MW (Fig. 11).

Maneuvering the operating mode of the equipment demonstrates the 
best performance of fuel with the addition of hydrogen at any power. 
The results obtained using the throttle characteristic are similar to the 
climatic ones, with a slight increase in efficiency, temperatures in the 
combustion chamber and the cut-off from the output device. Hourly fuel 
consumption shows the same high figures, from 3.2% to 8% savings on 
the original fuel.

As the temperature of the combustion chamber varies, the outlet 
temperature increases in a straight line with a gradual increase in the 
gap between different types of fuel. For 10% hydrogen it changes from 
0.012% to 0.015%, for 20% hydrogen from 0.022% to 0.03%.

The change in fuel consumption relative to natural gas without 
adding hydrogen with a change in temperature in the combustion 
chamber is shown in Fig. 12.

The temperature of the combustion chamber changes from 1148 K to 
1198 K; temperature control allows you to obtain higher values. Hourly 
fuel consumption allows saving from 3.25% at 1148 K to 8.10% at 1198 

Table 6 
Energy properties of natural gas mixed with hydrogen fuel.

Name Hydrogen content, %

0% 10% 12% 14% 16% 18% 20%

Density, kg/m3 0,731 0,66 0,654 0,641 0,628 0,615 0,602
Heat of 

combustion, 
MJ/m3

36,5 34,05 33,56 33,07 32,58 32,09 31,6

Molar mass of 
fuel, g/mol

16,34 14,9 14,62 14,34 14,05 13,76 13,48

Lower calorific 
value, MJ/kg

49,89 50,8 51,04 51,26 51,49 51,73 51,98

Fig. 5. Wobbe index indicators.

Fig. 6. Changing the efficiency of the installation with the addition of 
hydrogen and changing the outside air temperature.

Fig. 7. Change in fuel consumption relative to natural gas without adding 
hydrogen with a change in outside air temperature.
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K of the original fuel (Fig. 12). Other indicators show less difference 
compared to climatic characteristics.

4. Conclusions

A gas turbine unit with a developed combustion system to operate on 
natural gas is being investigated. Fuel efficiency, while reducing emis-
sions, is an important component when operating power equipment. A 
mixture of fuel gas is considered; hydrogen fuel is added to the original 
natural gas in the range from 10 to 20%, while the share of natural gas is 
reduced from 100 to 80% at the same time. The addition of hydrogen 

results in a 3.5% reduction in fuel consumption when adding 10% 
hydrogen, and when adding 20% the reduction in fuel consumption 
reaches 7.9%. It is important to note that when hydrogen fuel is added, 
the temperature in the gas turbine combustion chamber increases by 
0.08%, which indicates that the combustion chamber cooling system is 
operating within the acceptable range. When hydrogen is added, the 
effective efficiency increases; the highest value is achieved at a power of 
16 MW.

Despite the high energy characteristics of the gas turbine, it is worth 
noting that adding more than 20% hydrogen is possible only after a 
thorough modernization of the gas turbine unit and fuel treatment 
system.
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