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INVESTIGATION OF A BIOGAS HYBRID GAS TURBINE PLANT WITH A
WATER BATTERY

Abstract. This paper investigates the structure, energy efficiency, and dynamic characteristics
of a hybrid gas turbine system operating on biogas and integrated with a water-based thermal energy
storage unit. The proposed system combines the electrical power generation capability of a gas turbine
with a thermal accumulator, enabling efficient simultaneous utilization of electrical and thermal
energy. A nonlinear mathematical model of the system is developed, incorporating the dynamics of
the rotor, combustion chamber, and thermal storage unit. The model is linearized in the vicinity of
the nominal operating point and represented in state-space form. Transient processes resulting from
changes in fuel flow rate are analyzed using numerical simulation. The results demonstrate that
hybridization preserves the mechanical stability of the system while introducing an additional slow
thermal loop. The integration of a water thermal accumulator enables effective recovery and storage
of exhaust gas heat, significantly increasing the overall efficiency of the system. The study confirms
that the hybrid gas turbine installation exhibits multi-scale dynamic behavior, making the application
of multi-loop or cascade control strategies appropriate. The proposed hybrid system represents a
promising solution for autonomous and distributed energy systems operating on biogas.

Keywords: Gas turbine installation, biogas, hybrid energy system, thermal accumulator,
mathematical model, control system.
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CY AKKYMYVYJISITOPBI BAP BUOT'A3BEH )KYMBIC ICTEUTIH TUBPUITI
I'A3TYPBUHAJIBIK KOH/bIPTBIHbBI 3BEPTTEY

Anmarna. byn Makamaga Ouora3OeH KyMbIC ICTEHTIH, Cy KbUIy aKKyMYJSTOPBIMEH
OIpIKTIpUIreH TUOpHUITI Tra3TypOMHANBIK KOHIBIPFBIHBIH KYPBUIBIMBI, 3HEPreTUKAJIbIK THIMALIIT1
KOHE JMHAMUKAIBIK KaCHETTepl 3epTTesiel. ¥ChIHBUFAH KYHe ra3TypOMHAJIBIK KO3FAITKbIILITBHIH
AJIEKTP SHEPIUACHIH OHJIPY MYMKIHIITH Cy HET13iHJEr1 >KbUly aKKyMYJISTOPBIMEH TOJBIKTHIPHITI,
SJIEKTP JKOHE JKbLIY JHEPrusChIH Oip Me3ruine THiMIl maiiganaHyra OarplTTanrad. JKymeicta
KOH/IBIPFBIHBIH POTOPBIHBIH, KaHy KaMEPaChIHbIH OHE KbUIy aKKYMYJSTOPBIHBIH AMHAMHUKACHIH
KaMTHUTBIH O€MChI3BIK MaTEMaTHKAJIBIK MOJEb KypacThIpbuiraH. MoJielb HOMUHAJ KYMBIC PEXHUMI
MaHbIHAA CBI3BIKTAHBIPBUIBIN, KYH KEHICTITiHAeri ¢opmana yYCbIHbUIAAbl. OTBIH IIBIFBIHBIHBIH
e3repyi Ke3iHAeri eTneli NpouecTep CaHIbIK MOAEIbICY apKbUIbl TainaaHaabl. Hotmwkenep rubpuari
KYPBUIBIMHBIH MEXaHMKaJIbIK TYPaKTBUIBIKTBI CaKTall OTBIPHIN, XKYHeae KOChIMIIA Oasty *KBLTYIbIK
KOHTYP KaJIBINITACTBIPATHIHBIH KopceTei. Cy jKbUTy aKKyMYJISITOPBIHBIH OOJTYbI IIBIFATHIH ra3aapAblH
KBUTYBIH JKUHAKTayFa MYMKIHIIK O€pill, KOHObIp2bIHbIY MOAbIK NAUoansl acep KoIphuyuenmin
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alTapabIKTall apTTRIPaAbl. 3ePTTEY HOTHKEIEpl THOPUATI ra3TypOMHAIBIK KYHEHIH KOmMacTaOThl
JMHAMUKaFra ue eKeHIH jKOHE OHBI 0acKapy YIIIH KOIKOHTYPJIbI HeMece KacKaaAThl 0acKapy oicTepiH
KOJIJTAaHY/IbIH OPBIHIBUIBIFBIH JOJENACH 1. ¥ CHIHBUIFAH KOHABIPFBI OMOTa3Fa HEri3/1eIreH aBTOHOM/IBI
KOHE TapaJFaH YHEPreTUKAIBIK KEIICH P YIIiH MepCIEeKTUBAIBI HISHIIM OOJIBIT TaObLIA b

Tyiiin ce3nep: 'a3TypOuHANBIK KOHABIPFBI, OMOTa3, THOPUITI YHEPrEeTHKAIBIK KYHe, KbUTY
aKKyMYJIITOPBI, MATEMaTUKAJIBIK MOJEIb, OacKapy *KyHheci.
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HCCJIEJTOBAHUE BUOT A30BOM 'MBPUIHOM I'A3OTYPEBUHHOMN
YCTAHOBKH C BOJSITHBIM AKKYMYJISITOPOM

AHHOTanusi. B crathe WCCIEAYIOTCS CTPYKTypa, SHeprerudeckas 3SPQPEeKTUBHOCTh U
JTUHAMAYECKHE CBOWCTBA THOPHUIHOW Tra30TypOMHHOW yCTaHOBKHM, paboTaromield Ha Ouoraze u
WHTETPUPOBAHHON C BOJSHBIM TEIUIOBBIM aKKyMYJISATOpoM. IIpemiokeHHas cHcTeMa COoYeTaeT
BO3MOHOCTH BBIPAOOTKH JJICKTPUYSCKOW SHEPTHH Ta30TYpOMHHBIM JIBUTATENIEM C TEILIOBBIM
HaKoMmHUTeNeM, 4To obecreunBaeT 3(P(GEKTHBHOE COBMECTHOE HCIIOIB30BAHUE DJIEKTPUUYECKOU H
TEIIOBOM »Hepruu. Pa3zpaboTaHa HelMWHEWHAs MaTeMaTHYeCKas MOJICNTb YCTAHOBKH, BKITFOYAFOIIAS
JTMHAMHUKY pOTOpa, KaMepbl CTOpPaHMs M TEIUIOBOTO aKKyMyisaTopa. Mojens JUHeapu3oBaHa B
OKPECTHOCTH HOMHHAJIBHOTO peXHWMa M TpeAcTaBieHa B ¢opMe mpocTpaHcTBa coctosHuid. C
MMOMOIIBI0 YUCJICHHOTO MOJCITUPOBAHUS TPOAHATM3UPOBAHBI TMEPEXOTHBIC TPOLECCHl  TPH
W3MEHEHWU pacxoaa TormmBa. lloydeHHBIE pe3yabTaThl IMOKA3bIBAIOT, YTO THOPHUIU3AIMS
YCTAaHOBKH HE yXYyIIAET MEXaHUYECKYIO YCTOMYMBOCTh CUCTEMBI, HO (DOPMUPYET AOTIOTHUTETHHBIN
MEUICHHBIM TEIUIOBOM KOHTYp. HWHTerpamusi BOJSHOTO TEIJIOBOTO aKKyMYJISTOpa TIO3BOJISIET
3¢ (HEKTUBHO aKKyMYyJIUPOBATh TEIUIOTY BBIXJIOMHBIX Ta30B M CYIIECTBEHHO MOBBICHTH OOIIHI
KO3(DPHUITMEHT IMOJE3HOTO NEWCTBHUS YCTAHOBKU. Y CTAHOBJICHO, YTO THOpHIHAs Tra3oTypOMHHAas
cucteMa o0mazaeT MHOTOMAacIITaOHOW JMHAMUKOW, 4YTO OOOCHOBBIBACT II€JIECO0OPA3HOCTH
MIPUMEHEHHsI MHOTOKOHTYPHBIX HJIM KaCKaJHBIX METOJOB ympaBieHus. [IpemiokeHHas ycTaHOBKa
SIBJISIETCS TICPCIICKTUBHBIM PEIIICHUEM JJ11 aBTOHOMHBIX M PacpeIeIEHHBIX JHEPIeTUUECKUX CUCTEM
Ha 0Oa3e Omorasa.

KuroueBble ciioBa: ra3oTypOMHHAs yCTaHOBKA, OMora3, THOpUIHAS SHEPTreTUYeCcKasi CUCTeMa,
TEIJIOBOM aKKyMYJISITOpP, MaTeMaTUYECKasi MOJIENb, CUCTEMa YIPABIICHUS.

Introduction

The growth of distributed generation and the use of renewable energy sources have led to the
need to increase the efficiency of local power plants. Biogas-powered gas turbine engines (GTE)
represent a promising solution for autonomous energy centers of agro-industrial complexes and
municipal infrastructure.

A classic gas turbine installation has a relatively low electrical efficiency (25-35%), while a
significant part of the fuel energy is lost with exhaust gases. The utilization of this energy makes it
possible to significantly increase the overall efficiency of the installation.

One of the solutions is to include a water thermal accumulator in the circuit, which leads to the
formation of a hybrid distributed generation power plant (HDGPP). However, hybridization
complicates the dynamics of the system and requires the development of an adequate mathematical
model for the synthesis of the control system.
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The purpose of the article is to investigate a hybrid gas turbine unit with a water thermal
accumulator, to evaluate the effect of heat storage integration on energy efficiency and dynamic
stability of the system when running on biogas.

Research materials and methods

Gas turbine installations (GTI) are the basis of thermal power systems and are widely used to
generate electrical and thermal energy by converting fuel energy according to the thermodynamic
Brayton cycle. A detailed analysis of the work of GTI and the prospects for improving their efficiency
is carried out in the works of (Zemtsov et al., 2025), where heat recovery schemes and the introduction
of the organic Rankine cycle are considered to increase the efficiency of a power plant from 35-38%
to 45-50% through the use of low-potential exhaust heat.

In the field of thermodynamics and cycle analysis of gas turbine systems, classical approaches
are described in the works of (Giilen, 2019), where the basic operating schemes, cycle parameters
and energy indicators are described.

One of the key trends in improving the efficiency of GTI is the integration of thermal energy
storage (TES) systems with gas turbines. An overview of the possibilities of using TES to increase
the power and stabilize the modes of gas turbine installations is presented in the work of
(Gkoutzamanis et al., 2019), which discusses various methods of cooling the air at the turbine inlet
using heat storage systems and their impact on performance. In particular, the authors show that such
approaches can improve operational stability and increase energy efficiency.

In addition, research on dynamic modeling of hybrid systems with thermal storage highlights
the importance of accumulating and reusing thermal energy to increase the flexibility and efficiency
of energy systems as a whole. In the works devoted to the general overview of TES technologies,
various types of heat storage devices are distinguished — sensitive, latent and thermochemical — and
their features, application potential and limitations are considered. Such an overview is useful for
understanding the technological possibilities of integrating TES with GTI, especially in the context
of renewable energy sources and cogeneration.

In particular, (Islam et al., 2022) analyze the role and modeling of TES systems in energy
systems, including their use for balancing heat and electricity flows, which is important when
considering hybrid gas turbine installations with heat accumulators.

Thus, modern scientific literature confirms that the integration of heat recovery and heat storage
with gas turbine installations is a promising direction for improving energy efficiency, flexibility of
dynamics and stability of dynamic processes in distributed energy systems.

Analysis and results

In the work of (Meirbekova & Rustamov, 2022) the following biogas gas turbine engine with
a water battery was proposed (Fig.1).
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Figure 1. Biogas gas turbine engine with a water battery
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This installation includes: air compressor; combustion chamber; gas turbine; generator; heat
accumulator, etc.

Atmospheric air enters the compressor, where its pressure increases. Biogas is supplied to the
combustion chamber and a high-temperature flow is formed. Next, the flow expands in the turbine,
producing mechanical work. The turbine turns an electric generator.

The exhaust gases are sent to a heat exchanger, where they transfer heat to the water
accumulated in the heat tank. Thus, a combined electric heating system is formed.

The presented hybrid installation combines a biogas-powered gas turbine engine with a water
thermal accumulator (Rustamov et al., 2023). Atmospheric air enters the compressor, where its
pressure increases, after which biogas is added to the combustion chamber and ignited, forming a
high-temperature flow. By expanding in the turbine, the gas creates mechanical power to turn the
generator that generates electricity. The exhaust gases are sent to a heat exchanger, where they
transfer part of the energy to the water in the battery, which allows the use of thermal energy for
heating or other needs.

This combination of an electrical and thermal circuit increases the total efficiency of the
installation, provides the possibility of energy storage and creates a multi-channel dynamic system
with a fast mechanical circuit and a slow thermal circuit (Rustamov et al., 2025). The hybrid structure
allows efficient use of biogas, increasing the overall energy efficiency of the plant and creating the
basis for autonomous distributed energy complexes. The mathematical model of this installation is as
follows.

Heat exchanger model (heat recovery): Heat flow from exhaust gases:

Qrec = m-ng(TA - Tstack) (1)

where: Tstack - €Xhaust gas temperature
You can use the NTU model:

Qrec =& Cmin(TA - Ta),in) (2)

Model of a water thermal accumulator (dynamic):
Energy balance:

M c d@:Q -
w w g rec load

©)
where: M« — mass of water, c» — heat capacity of water, Qias — thermal load.

This equation gives the system thermal inertia.

Dynamic model of the rotor (Razzhivin et al., 2023):

The equation of rotation:

J@=T -1 -1 @

dt t c load

where: | - moment of inertia of the rotor, w - angular velocity, T: = Baf Tc==
Electrical efficiency of the installation:

N o7
o m Qryy (5)

Nel

net - The electrical efficiency of the installation shows how much of the fuel energy is converted
into electrical energy (Cabeza, 2015);
Per - The electrical output of the generator is measured in watts (W) or kilowatts (kW);
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m’y - The mass consumption of fuel (for example, biogas) is measured in kilograms per second
(kafs);

Qiuv - The lowest heat of combustion of a fuel, the amount of energy released during the
complete combustion of a unit of fuel mass, is measured in joules per kilogram (J/kg) or kJ/kg.

Full (hybrid) Installation efficiency:

— PertQrec
Ntotal = m Qi (6)

Neotal - the total efficiency of a hybrid installation, which takes into account both electrical
energy and thermal energy stored or used.

Qrec - The amount of heat energy recovered (returned) from exhaust gases and stored in a heat
storage tank is measured in watts (W) or in joules per second (J/s) (Kuravi, et al., 2013).

Calculation and simulation results

1. Initial data (example of a 100 kW installation)

A hybrid gas turbine engine with an electric capacity of 100 kW is considered.

Parameters:

Rated power: Per = 100kBT

Generator efficiency: ngen = 0,95

Degree of pressure increase: . = 4

Compressor efficiency: n. = 0,82

Turbine efficiency: n: = 0,85

Lowest calorific value of biogas: QLsv = 20 M]/kg

The mass of water in the battery: M, = 3000 kg

Ambient temperature: T1 = 300 K

2. Calculation of the nominal mode

a) The temperature after the compressor:

1
T-.=300[1+ m(40,286 —1)] @

T2 =300(1+0,58) =~ 474K

b) The temperature in front of the turbine:
Let's accept

T3 =1050K
c) The temperature after the turbine:

T+=750K
d) Required fuel consumption:
Electric power:

100
Pshaft = O'Ez 105 kW

Thermal power of fuel:

m'y = (8)
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B el = 0,32
& 105000

=032.20.106 ~ 0,0164 kg/s

m'r

3. Calculation of heat recovery
Exhaust gas heat flow:

Qrec = Sm'ng(Tzl - Ta))

By: e=10,65Tw=350K

We get:
Qrec = 160 kW
4. Installation efficiency
Electric:
T]el = 32 %
Thermal:
160
Nen ~ 49%

~ 0,0164 20 - 106
Full efficiency:
Ntotal = 32% + 49% = 81%

5. Transition process (stepwise fuel increase by 20%)
Increased fuel consumption:0,0164 — 0,0197 kg/s

©)

With a stepwise increase in fuel consumption by 20% (0.0164—0.0197 kg/s), a regular change

1.051

1.04 4

1.03 1

1.02 4

1.011

1.00 1

0 5 10 15 20 2D, 30
ts

Figure 2. Transient process of the angular velocity of the rotor w(t) (fuel stage+20%)

in the main dynamic parameters is observed in the system. As follows from Figure 2, the angular
velocity of the rotor w(t) increases quite rapidly and then asymptotically tends to a new steady-state
value. The absence of pronounced fluctuations and overshoot indicates the stable nature of the
transition process and satisfactory dynamic properties of the system under consideration.

Figure 3 shows that the temperature in front of the turbine T_3(t) also increases according to
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after which the rate of temperature change gradually decreases as it approaches a new stationary state.
This nature of the transition process reflects the thermal inertia of the gas turbine installation and is
consistent with the physical nature of the change in thermal conditions with increasing fuel supply.

1056 -
1055 -
1054
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ti:s

Figure 3. Temperature transition process in front of turbine Ts(t) (fuel stage +20%)

According to Figure 4, the water temperature in the accumulator T_(t) changes much more
slowly compared to the angular velocity of the rotor and the temperature in front of the turbine. This
is due to the high heat capacity of the battery and the inertia of the heat exchange processes, as a
result of which the reaction of the water circuit to an external disturbance is more prolonged.
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Figure 4. Water temperature transition in the battery T,, (t) (fuel stage +20%)

6. The spectrum of eigenvalues (after linerization)
The eigenvalues are obtained:

A1=-18
A2 =—0,42
A3 = —0,004

Means: The system is stable

There is a separation of time scales

The thermal circuit is significantly slower than the mechanical one.
7. Comparison with conventional GTE.

Table 1. Comparison of performance indicators of conventional and hybrid GTE systems

Indicator Without battery Hybrid
Electrical efficiency 32% 32%
Thermal energy 0 160 kW
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| Overall efficiency | 32% | 81% |

As shown in Table 1, the hybrid GTE has the same electrical efficiency as the conventional
system (32%), but it also produces 160 kW of thermal energy. Therefore, the overall efficiency
increases from 32% to 81%, which is about 2.5 times higher than that of the conventional GTE.

Efficiency increase: 2.5 times

8. Scientific interpretation of the results

1. Hybridization does not impair the stability of the mechanical channel

2. A slow thermal circuit is formed in the system.

3. The total efficiency exceeds 80%, which corresponds to the level of cogeneration plants.

4. The system is fully controllable in the vicinity of the operating mode (Zia, et al., 2018, Li, J.
et al., 2022).

Interpretation of the transients of a hybrid installation

1. The transient process of the angular velocity of the rotor w(t)

On the graph of the change in the angular velocity of the rotor with a stepwise increase in the
biogas supply by 20%, a rapid increase in w is observed with the transition to a new steady-state
mode.

An increase in fuel consumption leads to an increase in the temperature of the gas in front of
the turbine T3, which causes an increase in turbine capacity P:. Since the compressor power changes
more slowly, a positive torque imbalance occurs:

Tt > Tc > Tel (10)

this causes the rotor to accelerate.
The process is characterized by:
- asmall time constant (= 2c),
- moderate overshoot (up to 7-8%),
- absence of attenuating large-amplitude oscillations.
This indicates that the mechanical circuit has sufficient damping and inertia (Steinmann, 2014).
The mechanical part of the hybrid installation remains dynamically stable and reacts quickly to
changes in fuel supply. Hybridization (the presence of a thermal accumulator) does not significantly
affect the dynamics of the rotor.
2. The temperature transition process in front of the turbine Ts (t)
The temperature graph in front of the turbine has an aperiodic character with a smoother

increase compared to the speed of the rotor.
The dynamics of Tz is determined by the thermal balance of the combustion chamber:

CeombT 3 =m"acpT2 + M fQrLuv — M gcpT'3 (12)

The thermal capacity of the chamber creates inertia, which causes the temperature to change
more slowly than the mechanical speed.

The lack of significant overshoot is explained by:

- dissipative character of thermal processes,

- the absence of oscillating links in the heat channel.

The temperature circuit is slower and aperiodic. It is he who determines the limitations on the
speed of the control system, since exceeding Tz is unacceptable from the point of view of the thermal
strength of the turbine.

3. The water temperature transition process Tw(t)

The graph of the water temperature change in the battery is characterized by slow growth
without signs of fluctuations (Li D, et al., 2024).

Physical interpretation

The dynamics is described by the equation:
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MwaT.w = Qrec - Qload

A large mass of water (on the order of several tons) forms a significant thermal inertia of the
system. As a result:

- the time constant is hundreds of seconds,

- the process is strictly aperiodic,

- the thermal circuit has practically no effect on fast mechanical transients (Dobrego, 2023).

The water battery acts as an integrating link that smooths out thermal fluctuations. It provides
energy buffering and increases overall efficiency without compromising the stability of the
mechanical part.

4. The resulting graphs demonstrate a clear separation of dynamics.:

Table 2. Separation of dynamic time scales in the system

Contour Typical time
Mechanical () 1-3s
Gas-temperature (Ts) 465
Thermal (Tw) 200-300 s

As shown in Table 2, the system is characterized by clearly separated dynamic time scales. The
mechanical contour (®) responds the fastest within 1-3 s, the gas-temperature contour T3 changes
over 4-6 s, while the thermal contour T« is the slowest, with a response time of 200-300 s. This
confirms the multi-time-scale nature of the system dynamics.

Thus, the system is multiscale.

It means:

- fast channel — power control,

- medium channel — turbine temperature control,

- slow channel — thermal management.

5. Interpretation of sustainability

All transients:

- converge to a new equilibrium,

- do not demonstrate divergence,

- they have a decaying character.

6. Scientific conclusion from graph analysis

1. Hybridization does not impair the dynamic stability of GTE.

2. An additional slow thermal circuit is being formed.

3. The system acquires a multi-scale structure.

4. It is advisable to use cascade or multi-circuit methods for control.

5. High thermal inertia increases the energy stability of the system.

The eigenvalues of the linearized system have negative real parts, which confirms the
asymptotic stability in the vicinity of the operating mode.

Conclusions

A hybrid gas turbine unit with a water thermal accumulator powered by biogas has been
developed and investigated, which ensures the integration of electrical and thermal channels to
increase overall efficiency.

Numerical simulation showed the multiscale dynamics of the system: a fast mechanical circuit
of the rotor, an average thermal circuit of the combustion chamber and a slow thermal circuit of the
water accumulator, which is important to take into account when designing control systems.

The integration of the heat accumulator increases the energy efficiency and stability of the
installation, allowing the thermal energy of the exhaust gases to be accumulated and used for useful
work without reducing the reliability of the mechanical part.
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The simulation results confirm the stability of the system: all transients converge to new steady-
state values, overshoot is minimal, and the time to enter operating mode remains within acceptable
values.

The practical significance of the work lies in the fact that the proposed scheme of a hybrid
installation can be used to increase the efficiency of distributed energy complexes running on biogas,
as well as to develop recommendations for the efficient operation of GTI with thermal storage.
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