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ABSTRACT

The Russian energy sector remains heavily reliant on thermal power plants, with gas generation accounting for
approximately 66% of the installed capacity. However, the industry faces challenges such as depletion of reserves, rising
prices for hydrocarbons, and increasing concentrations of carbon dioxide in the atmosphere. This study focuses on
developing new scientific and technical solutions to increase the efficiency and environmental safety of combined cycle
power units. The research involves structural and parametric optimization of trinary cycle power plants operating on a
methane-hydrogen mixture, as well as the development and optimization of turbine and heat exchange equipment for
low-temperature power plants. The results show that the transition to trinary CCGT (Combine Cycle Gas Turbine) units
with deep utilization and the use of hydrogen fuel can significantly reduce specific CO2 emissions and increase energy
efficiency up to 0.21% with also increases in capacity of turbine of approximately 17 MW. The aim of this research is
to calculate the efficiency, cost effectiveness and environmental-friendly solution for power generation using mixture of
hydrogen- methane as fuel in combine cycle power plant that includes ORC. Additionally, the efficiency of the organic
Rankine Cycle (ORC) benefits from the increased moisture, with capacity improvements of 1-2 MW observed when the
hydrogen proportion rises from 25% to 50%. Moreover, the potential for zero emissions, coupled with significant increases

in power output and efficiency, underscores hydrogen’s role as a pivotal component in the future of energy production.
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1. Introduction

The bulk of electricity production in Russia is carried out
by burning fossil fuels. As of the end of 2022, more than 66%
of the total installed capacity of power plants in the Unified En-
ergy System (UES) of Russia belong to thermal power plants
(TPPs)[!, and their share in the total volume of electricity
production exceeds 60%. Despite the active development of
generation based on renewable energy sources in Russia over
12 years, the share of TPPs in the total installed capacity has
decreased by only 1.86%. According to the Forecast for the
Development of the Energy Sector in Russia and the World,
presented by ERI RAS in 2019, thermal power plants will
retain a key role in providing electricity to Russia by 2040,
accounting for from 62% in the conservative scenario to 55%
in the low-carbon development scenario >,

Gas generation accounts for approximately 50% of the
installed capacity of all thermal power plants in the Russian
Federation®). The key advantages of using gas fuel are its
high combustion efficiency, relatively low number of toxic
emissions and the possibility of using it in various types of
power plants, including steam turbine, gas turbine and com-
bined cycle plants, while for gas turbine and combined cycle
plants the main heat input to the cycle is carried out not in
the boiler, but in a less metal-intensive combustion chamber,
which ensures low specific capital cost[6].

In the last decade, against the backdrop of climate
change, many countries around the world have been actively
implementing various organizational and economic mech-
anisms to reduce carbon dioxide emissions. The strategy
for the socio-economic development of the Russian Federa-
tion with a low level of greenhouse gas emissions until 2050
adopted in Russia provides for a planned reduction in car-
bon emissions and the achievement of a balance between
anthropogenic emissions and absorption of CO5 by 2060,
including through the introduction of carbon emission quo-
tas[’]. The introduction of national and supranational carbon
pricing is a challenge to the modern technological order in
thermal power engineering, a response to which can be given
in two ways: by further increasing the efficiency of existing

generation facilities or by introducing fundamentally new

low-carbon and carbon-free power plants 101,

Further development of gas thermal power engineering
should take into account the challenges facing the industry,
which include depletion of reserves and, as a result, rising
prices for hydrocarbons, as well as rising concentrations of
carbon dioxide in the atmosphere. Thus, it is necessary to im-
prove the energy efficiency and environmental safety of the
main generating equipment while maintaining an acceptable
level of electricity prices[!!].

The conversion of chemical energy of organic fuel into
thermal and electrical energy is carried out mainly in installa-
tions operating on the Rankine, Brayton and Brayton-Rankine
cycles. The prevalence of steam turbine, gas turbine and com-
bined cycle technologies for the production of electrical energy
is due to their advantages in the creation of high-power instal-
lations. The main sources of organic fuel in these installations
are natural gas and coal, and air is the oxidizer!'?].

The greatest thermal efficiency when operating on nat-
ural gas can be achieved by using combined-cycle power
units, the efficiency of which reaches 60-64%, which is the
best indicator among modern power plants[!3). As a result,
CCGTs (Combine Cycle Gas Turbines) have the lowest spe-
cific emissions of harmful substances in comparison with
other types of power plants, such as STU (Steam Turbine
Unit) and GTU (Gas Turbine Unit). Over the past 10 years,
intermittent renewable capacity has expanded dramatically
and brought a major impact on markets, which has meant that
combined cycle gas turbines (CCGTs) have had to change
the way they operate[!4].

Despite the fact that CCGTs are the most promising
type of power plants today, their use does not allow for the
transition to carbon-neutral energy. However, CCGTs have
significant potential for increasing energy efficiency and en-
vironmental safety through the introduction of new circuit
and technological solutions 3.

Reference!!%] presents a comparison of the prospects
for using ORC and hydrogen- methane mixture in CCGT
cycles to recover heat from industrial gas turbines at thermal
power plants. Carbon dioxide cycles can be more energy
efficient, but due to the high capital costs for the construc-
tion of these plants, they are not widely used. In this regard,
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organic Rankine cycles are more promising for energy gen-
eration. Reference!!”) considers the issue of the joint use of
gas turbines and ORC for a more efficient electricity gener-
ation. The efficiency can be even higher by increasing the
temperature of heat supplied for the cycle.

Reference!'®! presents an analysis of a power plant op-
eration with a gas turbine and ORC. It was found in the paper
that the outdoor air parameters significantly affect the plant
efficiency, primarily due to the impact on the air condenser
operation.

The issue of selecting optimal schemes solutions for tri-
nary power plants remains poorly studied today; a wide variety
of low-grade heat recovery cycles necessitates their compari-
son for the case of their use in conjunction with CCGP plants.
In this case, the selection of schemes parameters should be
determined not only by the energy efficiency of power gen-
eration, but also by economic efficiency. Despite the large
number of studies devoted to the use of cycles with low-boiling
coolant for heat recovery, the issue of using such installations
in the electric power industry, in particular in CCGT power
plants, remains poorly explored. There is not enough infor-
mation on the energy and economic efficiency of the trinary
power plants operation; therefore, there are no recommenda-
tions on how to select flow schemes and design parameters.

This paper is devoted to the feasibility study of a regen-
erator flow scheme and parameters for trinary energy cycles.
To determine the optimal set of a flow scheme and design
parameters, the paper proposes a method of energy-economic
optimization based on the thermodynamic analysis of CCGT
cycles with low-temperature heat recovery units and on the
cost analysis of the main equipment for a power plant. Various
known low-boiling cycles are considered as plants for recov-
ering low-temperature heat from CCGT waste gases, while
suggesting recommendations for choosing a circuit and type
of coolant for a trinary cycle. The flow scheme and design
solutions proposed in the paper will increase the energy and
economic performance of combined cycle power plants.

2. Methodology

2.1. Nuclear Power Plant (NPP) to Produce Hy-
drogen

The use of a nuclear power plant to produce hydrogen
(Figure 1) involves using the electricity generated by the

plant during periods of low electrical demand to produce hy-
drogen. Hydrogen can be produced by electrolysis of water,
in which an electric current is passed through water, break-
ing it down into hydrogen and oxygen. This process can
be carried out efficiently using excess electricity, which is
needed to convert water into hydrogen 1.

Output of electricity to the system

The process of electrolysis

0123456789101 12 13 14 15 16 17 18 19 20 21 22 23 24

Hours, h

Figure 1. Concept of hydrogen production at a nuclear power plant
using electrolysis during hours of power consumption failure.

Within the framework of this work, a concept will be
considered which assumes joint operation of a CCGT on a
mixture of natural gas with hydrogen, which is produced
using “yellow” and “green” technologies. It is assumed that
hydrogen will be produced using electricity obtained from
renewable energy sources, as well as from nuclear power
plants during periods of consumption load failure, with sub-
sequent mixing of natural gas into pipelines and supply to
the CCGT. Such a solution will increase the share of nuclear
power plants in the electricity generation system together
with stable operation in the nominal mode and will lead to a
decrease in specific emissions of harmful substances into the
atmosphere with a simultaneous increase in the efficiency of
the CCGT[20-22],

2.2. Development of Mathematical Models and
Thermodynamic Analysis of Combined Cy-
cle Gas Turbines

The gas turbine unit operates as follows: air with an
initial temperature of 15 °C and a humidity of 60%, having
passed through the booster compressor, the aerodynamic re-
sistance of which is 1 kPa, enters the compressor, in which
the compression process occurs with an isentropic efficiency
of 88%, after partial compression to a pressure correspond-
ing to the pressure after the first and second stages of the gas

turbine, it is partially bled for the cooling system, and the
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main flow is compressed and enters the combustion chamber.
The flow rate between the two bled streams is distributed
in a ratio of 30 to 70. Air and fuel enter the combustion
chamber, the aerodynamic resistance of which is 3% of the
inlet pressure, the pressure of which increases in the booster
compressor from the pressure from the main gas pipeline,
equal to 0.7 MPa, to a pressure that is 30% higher than the
parameters in the combustion chamber, while the fuel con-
sumption is selected based on considerations of ensuring
the specified temperature of the combustion products. Pure
methane is considered as a fuel, the higher and lower calorific
values of which are equal to 55.5 MJ/kg and 50 MJ/kg respec-
tively. In the case of using hydrogen fuel, it is considered that
a mechanical mixture of methane and hydrogen enters the
chamber. The higher calorific value of hydrogen is taken to
be 142 MJ/kg, the lower - 120 MJ/kg. After the combustion

chamber, the flow enters the gas turbine and expands, doing
work, while the isentropic efficiency of the process is 89%.
In the gas turbine, the cold air flow enters after the first and
second stages, the pressure in which was calculated from
the following considerations: it is assumed that the turbine
uses 4 stages, and the enthalpy difference in each stage is the
same. The exhaust pressure from the turbine is higher than
atmospheric by the amount of aecrodynamic resistance of the
waste heat boiler and the outlet diffuser and is 106.7 kPa.
The mechanical efficiency and the efficiency of the electric
generator are taken to be 99%.

Table 1 shows the main parameters adopted in the gas
turbine modeling. The parameters are taken from real gas tur-
bines model number M501JAC unit. The parameters given
in Table 2 was adopted as a reference unit model number
M701JAC.

Table 1. Main parameters of the mathematical model of the gas turbine unit.

Parameters Values
Outside air temperature, °C 15
Outside air pressure, kPa 101.3
Air humidity, % 60
Resistance of the ACU (Air cooling unit), kPa 1
Relative internal efficiency of the compressor, % 88
Degree of pressure increase, shares 25
Distribution of refrigerant by stages, % 70:30
Fuel type Methane
Fuel combustion heat (higher/lower), MJ/kg 55.5/50.03
Fuel pressure, MPa 0.7
Excess of fuel pressure after the fuel compressor over the pressure in the combustion chamber, % 30
Relative internal efficiency of the fuel compressor, % 88
Combustion chamber resistance, % 3
Temperature of combustion products before the nozzle apparatus, °C 1650
Relative internal efficiency of the turbine, % 88
Exhaust pressure, kPa 106.7
Mechanical efficiency, % 99
Efficiency of electric generator, % 99

Table 2. Parameters of the reference gas turbine.

Parameter M701JAC ™!
Temperature after combustion chamber, °C 1650

Degree of pressure increase, shares 23

Exhaust gas flow rate, kg/s 865

Power, MW 448
Temperature of exhaust gases, °C 663

Total relative air flow for cooling the blades of the first
two stages of the turbine Pox;. was determined using the
correlation expression obtained in reference?* 2%), which

relates the cooling flow rate to the temperature before the

first stage shows in (Equation (1)) to:

Weold = 0.0268 - tg — 25.98 (1)

Expansion and compression processes in turboma-
chines are calculated with constant isentropic efficiency us-
ing the equations given below.

The enthalpy at the turbine outlet was calculated using
the formula (Equation (2)):

hT.OUTLET = hT.INLET - (hT.INLET - hT.OUTLET_T) ‘M, (2)
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where hr nLgr and hr oyrLr are the mass enthalpies of the
working medium at the turbine inlet and outlet, kJ/kg;

hr.outLET T—theoretical enthalpy at the turbine outlet,
kJ/kg;

nr—internal relative efficiency of the turbine, %.
The enthalpy resulting from compression in a compres-
sor or pump was calculated using the formula (Equation

3)):

’
hcompAoutlel = hcomp.inlel + (h comp.outlet — hcompAinlet) /ncompv

€)

where Tcomp is the internal relative efficiency of the com-
pressor or pump, %.

The combustion chamber is assumed to burn stoichio-
metrically in air. In the case of using a methane-hydrogen
mixture or pure hydrogen as fuel in addition to methane, the
mass heat of combustion of which is higher, the fuel supply to
the chamber was reduced to ensure the required temperature.
In the case of considering a fuel mixture, two independent

reactions are assumed to occur shows in (Equation (4)):

CHy4 + 20, — 2H,0 + CO, @)
2H2 + 02 — 2H20
The heat and mass balance of the combustion chamber

are determined from the ratio shows in (Equation (5)):

Gens - (Hens + QYY) + Gz - (Hiz + QY +
©)

Gair . Hair = Gconsumption . Hconsumption
Gcps + G +Gp = Gconsumption

where Gepa, Gz and G,i—the flow rate of methane, hydro-
gen and air entering the combustion chamber, kg/s;

Qcns and Qppy—the higher calorific value of methane
and hydrogen, respectively, kl/kg;

Hcpa, Hpp and Hy—physical heat of fuel and air,
kJ/kg;

Geonsumption and  Heonsumption—consumption and en-
thalpy of combustion products, kg/s and klJ/kg.

The power of a group of turbomachine stages was de-

termined by(Equation (6)):

Ngr = Ggr . (houtlet - hinlet) (6)

where G is the mass flow rate of the working medium in a
group of stages, kg/s;

hintet and hgyyei—mass enthalpy at the input and output
of a group of stages taking into account internal efficiencies,
kl/kg.

The capacity of the gas turbine plant was determined
by (Equation (7)):

NGTU = (NT - Ncomp) *Mimech * MEG — NFC * Mmech * MED (7)

where Nt and Neomp are the turbine and compressor power,
determined as the sum of the power of a group of stages, kW;

Nrc—power of the fuel compressor, kW;

Nmech> NEG and —ngp mechanical efficiency of the elec-
tric generator and electric drive, respectively, %.

The efficiency of the gas turbine was determined by
the lower calorific value of the fuel shows in (Equation (8)):

®)

Netu
CTi 2
BenaQriy + Bu2Qpiy

and QX2 is the working net calorific value of

NGTu =

where Q§H*

methane and hydrogen, kJ/kg.

Exhaust gases from the GTU enter the waste heat boiler,
where their residual heat is used for additional generation
of electric power in the steam turbine plant. In this paper,
a single-circuit waste heat boiler with a condensing steam
turbine plant is considered as a basic object (Figure 2). The
waste heat boiler consists of the following heat exchange
surfaces: a superheater (SH), an evaporator (EV), an econo-
mizer (EC) and a gas condensate heater (GCH). The exhaust
gases from the GTU pass these surfaces and are released
into the atmosphere. The steam produced in the superheater
is sent to the steam turbine, which consists of high- and
low-pressure turbines. From the HPT, some of the steam
enters the deaerator through extraction, and the rest does
work in the LPT and enters the condenser, where it is con-
densed due to cooling with circulating water. The resulting
condensate enters the gas turbine unit via the condensate
pump, where it is heated by the heat of the exhaust gases
and enters the deaerator. Since the condensate temperature
is about 30 °C, to prevent corrosion of the gas turbine unit
surfaces, the condensate temperature is increased to 60 °C
by recirculation. In the deaerator, non-condensable gases are
removed and the water is heated, after which the feed pump
supplies the feed water to the economizer, where it is heated
to a temperature close to the saturation temperature. Then
the heated feed water is directed to the evaporator drum with
natural circulation, where the separation of the steam phase
occurs. Saturated water from the drum passes the evaporator
surfaces and part of the working medium is converted into
steam. Saturated steam at the outlet of the evaporator drum

enters the superheater, and then to the turbine.
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Figure 2. Scheme of a combined cycle gas turbine unit with a
single-circuit waste heat boiler.

The mathematical model of the waste heat boiler and
steam turbine plant was developed in Excel, where the Cool-
Prop package was used to determine the thermophysical prop-
erties of the working media. The main parameters adopted
in the modeling are given in Table 3.

The calculation of the thermal scheme of the combined
cycle plant was carried out according to the method described
in reference[>*1. The work considers schemes with an initial
steam temperature equal to 580, 620, 660, 700 °C, while
the minimum temperature difference at the hot end of the
superheater should not be less than 20 °C.

The heat balance of the heat exchange surfaces of the
waste heat boiler is determined as:

G - (hg/ - hg”) = ¢ Gy~ (hw” - hw,) 9

where h,’ and h,"’ is the mass enthalpy of gases at the inlet
and outlet of the waste heat boiler section, kJ/kg;

hy,'’ and hy,’—mass enthalpy of water/steam at the out-
let and inlet of the section, kJ/kg;

Gy, water/steam consumption, kJ/kg;

(—heat conservation coefficient characterizing heat
loss to the environment, %.

The relative internal efficiency of the steam turbine was
determined separately for the high-pressure and low-pressure
turbines using the formulas (10) & (11).

0.2 ) (1 N
DO'Ucp

where Dy is the steam flow rate into the turbine head, kg/s;

For HPT:

2
H0—7-10> (10)

NHPT = <0.92 — 10

vep—average specific volume of steam in the turbine,
m3/kg;
Ho—available heat drop in the turbine, kJ/kg.

For LPT:

Hy — 400 H
nLer = 0.87 (1 + 0104> Kep — —5

a (v

where Ky, is the correction factor for steam humidity, defined
in (Equation (12)):

Km:1—04u—ﬁﬂw—ya%§ (12)

[3—the coefficient for taking into account the influence
of average humidity on the internal efficiency depending on
the design of the flow part, adopted as 0.1;

yo and y,—steam humidity at the beginning and at the
end of the group of stages;

Hg—heat drop in the wet steam region, kJ/kg;

Hpc—Ilosses with output speed, depending on the tur-

bine design, the value of 20 kJ/kg is taken.
capacity of the steam turbine circuit of the combined
cycle plant was determined by (Equation (13)):
(Ncp + Nep + Nrp)
TMNmech * TIED

Nstu = (NupT + NLPT) Ninech - MEG — (13)

where Nypr and Ny pr are the power of the high-pressure
turbine and the low-pressure turbine, kW;

Ncp, Ngp and Nrp—power of condensation, feed and
recirculation pumps, kW.

The capacity of the combined cycle plant was deter-
mined by (Equation (14)):

(14

Nccor = Ngru + Nstu

The efficiency of the combined cycle plant was deter-
mined by (Equation (15)):

Nstu
CH4 H2
BCH4 QLHV + BHZQLHV

Today, single-circuit waste heat boilers, due to their rel-

(15)

Nceet =

atively low efficiency, are less common than double-circuit
ones. Therefore, to compare the technical solutions being de-
veloped with existing installations, the paper also considers
a combined-cycle plant with a double-circuit boiler.

The operating principle of the circuit is similar to the
single-circuit analogue, except that the waste heat boiler has
a high-pressure circuit, represented by an economizer, an
evaporator and a high-pressure superheater, as well as a low-

pressure circuit, the generated steam in which goes directly
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Table 3. Main parameters adopted in modeling the steam turbine circuit.

Parameters Values
Temperature of live steam, °C 540/580/620
Minimum temperature difference in the superheater, °C 20
Minimum temperature difference at the cold end of the evaporator, °C 10
Deaerator pressure, MPa 0.12/0.6
Steam pressure losses in extractions, % 5
Condensation temperature, °C 30
Relative internal efficiency of pumps, % 85
Minimum condensate temperature at the inlet to the gas processing plant, °C 60
Heating of water in deaerator, °C 15
Underheating of water in the economizer to the boiling point, °C 10
Mechanical efficiency, % 99
Efficiency of electric generator, % 99
Maximum humidity of steam after LPT, °C 10
Pressure losses along the steam-water path SH, EC, GCH, % 5
Pressure loss in the stop valve, % 3
Losses in the LPT with output speed, kJ/kg 20

Heat losses in the surfaces of the waste heat boiler, % 0.4

to the LPT, partially being taken to the deaerator. In both
circuits, feed water comes from a common deaerator, which
receives condensate after the GCH. Such a circuit allows for
deeper cooling of the GTU exhaust gases, which ensures an
increased level of efficiency of the entire cycle.

Single-circuit waste heat boilers have a high potential
for increasing the thermal efficiency of the cycle. First of all,
a fairly large amount of heat leaves the cycle with exhaust
gases, which makes the possibility of their useful utilization
promising. Secondly, a large amount of heat is dissipated in
the steam turbine condenser. Its useful use is hindered by
the low temperature of the dissipated heat source - to ensure
maximum power of the condensing STU, the pressure in the
condenser is provided quite low (the condensation tempera-
ture of 30 °C is considered in the work). The main way to
reduce the heat dissipated in the condenser is to develop a
regenerative heating system for feedwater in the cycle: this
will reduce steam consumption in the condenser. In tradi-
tional CCGT units, regeneration in the steam turbine part is
rarely used, since the heat of the exhaust gases in the GCH
is used to heat the condensate. If an additional utilization
cycle is built after the steam turbine circuit, removing the
GCH will increase the potential of waste heat and improve
the efficiency of the cycle.

Thus, the development of regeneration in a CCGT with
a single-circuit boiler allows the removal of the gas turbine
unit from the scheme, which will simultaneously increase

the efficiency of the steam turbine part by reducing the steam

consumption in the condenser and increase the heat content
in the exhaust gases, which will allow it to be used more
efficiently in an additional cycle.

The paper examines a CCGT system with two low-
pressure mixing heaters, in which steam from the low-
pressure turbine heat the condensate before the deaerator, and
a high-pressure surface heater is installed between the econ-
omizer and the feed pump, where the extraction steam from
the high-pressure turbine heats the feed water and partially
(or completely) replaces heat absorption in the economizer
(Figure 3). To ensure the operation of the mixing heaters,
additional pumps are installed on the condensate heating
line, increasing the pressure to the required extraction steam
pressure.

Heating of the main condensate after the low-pressure
regeneration system was performed at equal temperatures
in each HPH. The extraction steam pressure was selected
so that as a result of mixing the steam would be completely
condensed, and the extraction flow rate determined the con-
densate temperature after mixing. The high-pressure heater
is made with a drainage cooling section, while the extraction
pressure from the HPT was selected so as to ensure con-
densation at a temperature 5 °C higher than the feedwater
temperature, and the drainage was cooled to a temperature
5 °C higher than the feedwater temperature at the HPH in-
let. A typical T-Q diagram of the HPH is shown in (Figure
4). The cooled drainage enters the deaerator, the extraction
steam flow rate is determined to ensure a specified feedwater
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temperature at the economizer inlet.
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Figure 3. Scheme of a combined cycle power plant with a devel-
oped regeneration system.
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Figure 4. TQ diagram of the PVD.

As autilization cycle or ORC cycle at a combined-cycle
plant for additional generation of electric power. Since the
temperature of the exhaust gases after the last surfaces of
the waste-heat boiler is comparatively low (not higher than
250 °C) even despite the replacement of the GCH and EC by
regeneration, efficient use of this heat is possible in cycles
with a low-boiling working fluid, in particular an organic
Rankine cycle is presented in Figure 5. The scheme of the
organic Rankine cycle includes a heater, in which the heat of
the exhaust gases is utilized to heat the working environment,
a freon turbine, a condenser and a pump.

Today, new organic compounds are being developed
for refrigeration and geothermal energy, which do not have a
negative impact on the ozone layer and do not contribute to
the acceleration of global warming processes. In this paper,
the following organic compounds are considered as working
fluids: R236ea, R123, R124, R134a, R 600a, R245fa, R22,
R41, R12, R32. These freons have a low global warming

potential (GWP index) and a low impact on the decompo-
sition of the ozone layer (ODP index), and also belong to
the flammability safety group A 1-A 2 (according to the
ASHRAE scale) 21,

Recuperator

W

@

©

Figure 5. Schematic diagram of a simple organic Rankine cycle.

The calculation of the utilization cycle was carried out
using a programming language Python, the thermophysical
properties of freons were determined using the ctRefprop
package. The main constants adopted in modeling organic
Rankine cycles are given in Table 4.

In the utilizer, the exhaust gases were cooled to the
minimum possible temperature determined by the tempera-
ture difference in the cycle and the freon temperature after
the pump. The freon coolant flow rate was selected in such
a way as to maximize the electric power of the utilization
cycle while simultaneously ensuring a minimum temperature
difference at the point of minimum temperature difference,
as well as complete evaporation of the working medium. The
expansion and compression processes in turbomachines were
calculated using Equations (16) and (17). In the work, opti-
mization of utilization cycles was carried out by the initial
pressure and type of working fluid to achieve the maximum
net electric power of the utilization cycle.

The net capacity of the utilization cycle was determined
as:

NEg..p

Nmech * TIED

Ner.p

TNmech * TIED

Nuc = NFT * Nmech * MEG — (16)
where Ngr, N¢;.p and Ng; p are the power of the freon turbine,
circulation and freon pumps, respectively, kW.

The capacity of the power unit with a waste-to-energy
cycle was determined by (Equation (17)):

Ncest = Nuc + Ngru + Nstu (17)
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Table 4. Parameters adopted in the simulation of the recycling cycle.

Parameters Values
Minimum temperature pressure in the waste heat recovery unit, °C 10
Relative internal efficiency of the turbine, % 85
Relative internal efficiency of the pump, % 85
Condensation temperature of the working fluid, °C 30
Heat energy losses in the waste heat recovery unit, % 1
Pressure loss in the waste heat recovery unit, % 5
Temperature head at the cold end of the waste heat recovery unit, °C 10

The sequence for a trinary unit includes: calculation
of a gas turbine, calculation of a steam turbine circuit at op-
timal initial pressure with varying feedwater temperature,
calculation of a utilization cycle for different temperatures of
exhaust gases after the steam turbine unit with optimization
of the initial pressure and type of coolant, determination of
parameters that ensure the maximum net electrical power of
the power unit.

This trinary cycle scheme allows for deep cooling of
the exhaust gases, but in traditional combined cycle plants
the exhaust gas temperature is usually maintained at no less
than 80 °C to prevent condensation and subsequent corrosion
of the heat exchange surfaces. However, in the case of using
corrosion-resistant heat exchange surfaces, deeper cooling of
the exhaust gases in the utilization cycle will allow the latent
heat of condensation of water vapor to be used usefully.

Moisture in the exhaust gases is present due to the hu-
midity of the source air, and is also formed as a result of fuel
combustion. Ifthere is enough moisture in the gases, the dew
point may be higher than the minimum temperature of the
freon in the cycle, and the useful use of the heat of the falling
dew becomes possible. In this case, the additional perceived
power will be higher, the higher the moisture content in the
combustion products.

Thus, the concept of hydrogen energy is promising,
within the framework of which one of the methods of using
hydrogen is its combustion in three -phase combined cycle
gas turbines, while hydrogen is supplied through separate
pipelines or in the existing gas transportation system in a
mixture with natural gas (Figure 6).

The use of a methane-hydrogen mixture in combined-
cycle power units leads to an increase in the moisture content
of the exhaust gases, since the only product of hydrogen
combustion is water vapor. Therefore, within the framework

of hydrogen energy, the concept of power units with low-

temperature cycles for condensing water vapor from com-
bustion products is becoming promising. This will not only
reduce the level of harmful emissions into the atmosphere,
but also increase the efficiency of electricity production.

Hy+CH,
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Figure 6. Schematic diagram of the thermal circuit of the studied
trinary CCGT unit.

The dew point of water vapor in the exhaust gases was
determined as the temperature at which steam condensation
occurs at a given partial moisture pressure t; = f(Pg), de-
pending on the pressure of the exhaust gases and the molar
composition Pg = Pexahust.gas. VB-

The additional heat from condensation of water vapor
from the exhaust gases was calculated as follows. Before
the dew point, the thermal power from cooling the gases was
determined by (Equation (18)):

(18)

where (i;, is the isobaric heat capacity of the exhaust gases

Qcold‘mos =G- a) : (tinlet - tS)

at the average temperature of the gases up to the dew point,
(tintet +t5) /2, kI/kg - °C;

After the dew point, the thermal power consists of
(Equation (19)):

Q = Qcond + Qcold.w. + Qcold.mos (19)
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where Qong i the heat generated from the condensation of
water vapor, kW, defined as (Equation (20)):
Qcond = Geond * T (PB) (20)
where G ong—condensate flow rate, kg/s;
r—mass heat of condensation, determined by the partial
pressure of vapor Pg, kl/kg;

Qcond.mos—heat from cooling condensed moisture, kW,
defined as (Equation (21)):

Qcold.mos = Geond - Cp - At 21
c,—isobaric heat capacity of water at a given tempera-
ture, kl/kg °C;

At—the difference between the temperature at which
a given moisture flow occurs and the temperature at the cold
end of the waste heat recovery unit, °C.

After cooling the gases below the dew point, it is as-
sumed that the moisture in the combustion products is always
on the saturation line and the humidity is 100%. The volume
of moisture that has condensed is removed from the exhaust
gases, and the partial pressure of the vapors is reduced to
a level at which the moisture is on the saturation line at a

given temperature.

Fuel consumption, kg/s

O 1 1 1 1
0 0.2 0.4 0.6 0.8 1

—— Tr'[y=?650°c

(a) Fuel consumption

3. Result and Discussion

An additional reduction in carbon dioxide emissions
can be achieved by switching to promising hydrogen fuel.
On one hand, this will reduce the use of carbon fuel. On the
other hand, it will lead to a change in the energy characteris-
tics of the thermodynamic cycle.

The admixture of hydrogen which gets into the fuel for
the combustion chamber of a gas turbine unit at a constant
temperature before the nozzle apparatus and the consump-
tion of combustion products will lead to a change in the total
fuel consumption, the total calorific value of which will be
determined by the composition of the methane-hydrogen
mixture, as well as to a change in the composition of the
combustion products and a change in their thermophysical
properties. (Figure 7) shows a graph of the change in the
total fuel consumption and the cost of compression in the
booster fuel compressor from the proportion of hydrogen in
the mixture. With an increase in the proportion of hydro-
gen in the mixture, the total consumption decreases, since to
ensure a constant temperature before the nozzle apparatus,
it is necessary to supply a smaller amount of fuel, the heat
of which increases with an increase in the proportion of Hs.
At the same time, the costs of compression of the mixture
increase significantly with an increase in the proportion of
hydrogen.

30000
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15000
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10000
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0 1 1 1 1
0.4 0.6 0.8 1

—o— Trry21650°C

(b) Booster compressor power

Figure 7. Dependence of fuel consumption and costs for its compression on the proportion of hydrogen in the mixture.

The capacity of a gas turbine increases with the increase
of hydrogen in the mixture. Thus, for a turbine, a complete
transition to hydrogen will increase the capacity by 17.07
MW, despite the increase in the cost of fuel compression, the
net capacity increases due to a change in the composition

of combustion products: the content of carbon dioxide de-

creases and the moisture content increases, which in total
leads to an increase in the total heat capacity of the mixture
(Figure 8). The efficiency and power of the gas turbine by
the lower calorific value also increases with an increase in
the proportion of hydrogen in the mixture: with a complete

transition to hydrogen, it increases by 0.18%.

390



Journal of Environmental & Earth Sciences | Volume 07 | Issue 01 | January 2025

495

490 |

485

N Ii"rTIJ',I\I“'r

480
475

470 1 1 1 1

(a) Power of gas turbine unit

41.9

41.85

%

41.8
41.75

Nary s

41.7

41.65

0.6 0.8 1
¢

(b) Efficiency of gas turbine unit

Figure 8. Dependence of the power and efficiency of the gas turbine on the proportion of hydrogen in the mixture.

The main reason for the change in the characteristics
of the gas turbine is the increase in the mole fraction of mois-
ture in the composition of the combustion products. With an
increase in the proportion of hydrogen in the mixture, the
moisture content increases: with a complete transition to
hydrogen, the molar content of water vapor in the exhaust
increases from 9.8% to 15.4%. At the same time, the exhaust
temperature decreases from 655.25 °C to 651.37 °C.

As the moisture content in combustion products in-
creases, the condensation point also increases. (Figure 9)
shows the dependence of the dew point temperature on the
proportion of hydrogen in the GTU fuel. The precipitation
of condensate from the exhaust gases begins at their tem-
perature of 45.4 °C, and when methane is replaced by pure
hydrogen, 54.5 °C.

0.6 0.8 1
?

Figure 9. Dependence of dew point temperature on the proportion
of hydrogen in fuel.

An increase in the moisture content in the combustion
products increases the total heat content of the exhaust gases
heating the water coolant. This leads to the fact that the
capacity of the steam turbine circuit, despite the drop in gas
temperature before the superheater, increases. Thus, with a

complete transition to hydrogen fuel, the increase in capacity
is on average 4 MW, and the change in the thermal efficiency
of the cycle practically does not occur with a change in the
proportion of hydrogen in the mixture.

Despite the minor change in the cycle energy efficiency,
the transition to hydrogen fuel at the CCGT allows to reduce
the level of carbon dioxide emissions into the atmosphere to
zero. On the other hand, the increased moisture content in
the gases can be usefully used in the utilization cycle, where
this moisture can be condensed, and the heat hidden in it can
be usefully used.

Combustion of hydrogen fuel leads to an increase in
the dew point temperature, which significantly affects the
parameters of the utilization cycle. At the point where con-
densate begins to fall out, there is a sharp increase in the
heat removal required to cool the combustion products. In
surface heat exchangers, this leads to the formation of a
pinch point, where the temperature difference becomes mini-
mal. To ensure complete evaporation of the freon coolant, an
amount of high-temperature heat (at the freon evaporation
temperature) is required equal to or even greater than in the
economizer freon zone. Therefore, it is not always possible
to implement the efficient use of low-temperature condensa-
tion heat. For greater utilization of low-temperature heat, it
is necessary to lower the average temperature of heat supply
in the utilization cycle, which can be achieved by reducing
the working pressure in the cycle and, as a consequence,
the boiling temperature of freon. The most efficient freon
at a lower supply temperature is R 245 fa. In the work for
deep utilization, the use of this coolant is considered for all
considered configurations of the trinary cycle.

The dependence of the ORC power on R 245 fa on the
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proportion of hydrogen in the fuel for a gas turbine with TO
= 1650 °C. With an increase in the proportion, the capac-
ity of the utilization cycle grows, with the greatest increase
observed with an increase in the proportion from 25% to
50% and is 1-2 MW depending on the temperature of the
exhaust gases at the inlet to the ORC. The increase in the
ORC power is due to the possibility of deep utilization of
low-temperature heat. Thus, with an increase in the propor-
tion of hydrogen from 25% to 50%, the dew point reaches
52 °C, which allows partial condensation of moisture from

720 |

670 1

0 50
HZ %

—8— T0=540°C T0=580°C T0=620°C
(a) Power with different % of H2 in fuel mixture

100

the gases.

Figure 10 shows a graph of the dependence of the tri-
nary cycle power on the proportion of hydrogen in the GTU
fuel. The cycle power increases with the increase in the pro-
portion of hydrogen, in particular, in the GTU, a complete
transition to hydrogen fuel leads to an increase in power by
an average of 15 MW. Due to partial condensation of mois-
ture from the exhaust gases, an increase in the net efficiency
of the trinary CCGT is observed by an average of 0.2% due
to an additional increase in the ORC power.
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Figure 10. Dependence of the trinary cycle power on the proportion of hydrogen in the GTU fuel.

A comparative analysis of the study results showed that
the increase in capacity and efficiency of a trinary power
plant using pure hydrogen as fuel is 24.08, 24.07, 22.86 MW
and 0.21, 0.2, 0.18% for 540, 580, 620 °C of the initial tem-
perature of the CCGT, respectively. Thus, the transition to
trinary cycles of CCGTs operating on hydrogen fuel allows
not only to increase the efficiency of power units, but also to
reduce emissions of harmful substances into the atmosphere
to zero, while further increase in efficiency is possible due
to an increase in the temperature of moisture precipitation
by increasing the partial pressure of water vapor in the com-
bustion products or using air cooling in the utilization part
of the CCGT below 30 °C.

4. Conclusion

The transition to hydrogen fuel in gas turbine units and
combined cycle gas turbines (CCGTs) signifies a critical step
toward achieving sustainable energy solutions. By replacing
traditional carbon-based fuels with hydrogen, it is possible

to eliminate carbon dioxide emissions entirely, aligning with

global climate goals.

The analysis shows that increasing the proportion of
hydrogen in the fuel mixture can lead to a decrease in total
fuel consumption, with a notable increase in gas turbine ca-
pacity by approximately 17.07 MW when fully transitioning
to hydrogen. Additionally, the efficiency of the gas turbine
improves by about 0.18% with a complete switch to hy-
drogen. The increased moisture content in the combustion
products enhances the overall heat capacity, resulting in fur-
ther benefits for the energy cycle. Moreover, the Organic
Rankine Cycle (ORC) benefits from the increased moisture,
with capacity improvements of 1-2 MW observed when the
hydrogen proportion rises from 25% to 50%. A comparative
analysis of trinary cycles using pure hydrogen demonstrates
potential capacity increases of 24.08 MW, 24.07 MW, and
22.86 MW for initial CCGT temperatures of 540 °C, 580
°C, and 620 °C, respectively, alongside efficiency gains of
0.21%, 0.20%, and 0.18%.

In conclusion, while the transition to hydrogen fuel
necessitates careful operational adjustments and system re-

design, it offers a pathway to cleaner, more efficient energy
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systems. The potential for zero emissions, coupled with
significant increases in power output and efficiency, under-
scores hydrogen’s role as a pivotal component in the future of
energy production. Continued research and innovation will
be essential to address existing challenges and fully leverage

the advantages of hydrogen as a sustainable fuel source.
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