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Abstract. Improvement of the efficiency of modern power systems requires the development
of storage technologies, optimization of operation modes, and increased flexibility. Currently,
various technical solutions are used for electricity storage. The results of a literary review with
an analysis of existing energy storage systems are presented, their advantages and disadvantages
are considered. One of the promising solutions is the use of hydrogen as an energy storage me-
dium. The creation of corresponding energy complexes makes it possible to obtain hydrogen by
electrolysis of water, and then use it to cover peak loads. Various schemes with hydrogen-fired
gas turbines with a pressure up to 35 MPa and a temperature of 1500-1700 °C were considered.
The new scheme of power plant with hydrogen-fired gas turbines was synthesized, which includes
a power block, hydrogen generation blocks and hydrogen and oxygen preparation unit for burning.
An atmospheric electrolyzer was considered as a hydrogen and oxygen generator. For the pro-
posed scheme, parametric optimization was performed, where the storage efficiency factor has
been used as a criterion. The influence of inlet temperature in the combustion chamber, the compres-
sion rate of hydrogen and oxygen, as well as the specific energy costs of the electrolyzer were analyzed.
The results of the numerical experiment were approximated in the form of polynomial dependencies,
and can be used in further research on the economic efficiency of proposed power plant.
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TEXHUYECKHE PEIICHUS /Ul aKKyMYyJIHPOBAHHUS JJIEKTPHUYECKOH 3Hepruu. IIpeacTaBieHbl pesyiib-
TaThl JIMTEPATYpPHOrO 0030pa € aHAIU30M pa3IHYHBIX CIHOCOOOB AKKYMYJIMPOBAaHHS DHEPTUH,
paccMOTpeHB! MX IperMyIecTBa U HepocTaTki. OTHAM M3 IEPCHEKTUBHBIX HAIIPABICHUH SIBIISCT-
Csl UCIIOJIL30BAHUE BO3MOXKHOCTEH BOJOPOAHOI SHEPTETHKH, & MMEHHO CO3/IaHUE SHEPreTHYeCKUX
KOMIUIEKCOB, ITO3BOJIIONIMX ITOIYy4aTh BOJOPOJ METOIOM SJIEKTPONIN3a BOAKI U Jajiee MPUMEHSTh
€ro IS IOKPBITHS IIMKOBBIX HArPY30K. PACCMOTPEHBI Pa3JIMYHbIE CXEMBbI SHEPIeTHYECKUX OJIOKOB
C CXKHTaHHEM BOJOPOZA M MCIOJIF30BAaHHEM IAPOBBIX M Ta30BBIX TypOWH C IaBIEHHEM BOASHOTO
napa 10 35 MlIla u remneparypoii 1500-1700 °C. [dns npoBeaeHus HCCAEI0BAHUI CUHTE3UPOBa-
Ha CXEMa JHEPreTHYeCKOH YCTAaHOBKH IO BAPHAHTY DJIEKTPOIHEPTHs — BOJOPOJ — 3JIEKTPOIHEp-
THsl, BKJIIOYAOIIAs CHIIOBOH OJIOK, GJIOKM IeHepaluy BOAOPOJa U MOATOTOBKH BOJOPOJA U KHC-
Jopoza K cxuranuio. MyHKIMIO reHepaTopa BOAOPOA M KHCIOPOJA BBINOJHSII JJICKTPOIU3EP
atMocepHoro tuma. sl NPEIOKEHHONW CXEMBI BBINOJHEHA MapaMETpUYecKas ONTHMH3ALMS,
rJie B Ka4ecTBe KpUTepusl NpuMeHsuics KoddduunenT >3 pekTHBHOCTH mponecca akKyMyJIHpoBa-
HMS, @ B KaUeCTBE YIPABISEMbIX IIEPEMEHHBIX — TEMIIepaTypa apa 3a KaMepoil cropaHus, cre-
HEHb CXKATHUS B KOMIIPECCOPE BOJOPOAA U KUCIOPOJa, a TAKKE YACIbHBIC 3aTPaThl ICKTPOIHEP-
MU Ha IPHUBOJ 3JIeKTpoiu3epa. ITomydeHHbIe pe3ynbTaThl YUCICHHOIO SKCIIEPHMEHTA AMPOKCH-
MHpPOBaHbI B BH/I€ HOJMHOMUAJIBHBIX 3aBUCHMOCTEH U MOTYT OBITh HCIIOJIB30BAHbI B JabHEHIINX
HCCIIEI0BAHUAX YKOHOMUIECKOH 2 (HEKTUBHOCTH PAaCCMOTPEHHOM YHEPreTHIECKON yCTAaHOBKH.

KuroueBrbie cioBa: BOJAOpOA, Fa30Typ6I/IHHbIe YCTaHOBKH, CUCTEMBI aKKyMYJIMPOBAHHS SHEPIUU,

MIPOM3BOACTBO IEKTPOIHEPTUH, FHEPTrO3(PPEKTUBHOCTh

s uutupoBanus: CennuH, B. A. Bo3MOXHOCTh MCTIONB30BaHUS BOAOPOJA B Ia30TypOHMHHBIX
ycranoBkax / B. A. Cemuun, A. B. Cennun, A. A. MarsBun // Ouepeemuxa. H36. gvicui. yueo.
sasedenuil u snepe. ob6veounenuii CHI. 2023. T. 66, Ne 2. C. 158-168. https://doi.org/10.21122/
1029-7448-2023-66-2-158-168

Introduction

Improvement of the efficiency of modern power systems requires the deve-
lopment of storage technologies, optimization of operation modes, and increased
flexibility to reduce the imbalance between the demand and supply of electri-
city through the wide introduction of variable renewable energy sources [1-5].
Various studies [6—8] show that the rapidly increasing of renewable installed
capacities force the studies to improve the flexibility of power systems.

Figure 1 shows electricity production by all sources during the last decades.
The growth of renewables is clearly seen during the last 5-10 years.

For power systems with a high share of combined heat and power plants
and nuclear power plants the problem of power system flexibility planning
is also acute.

O. Babatunde et al. showed that both large and small-scale energy storage
systems attract interest in researching and further implementation [7].

Power plants that can quickly be started up when a power imbalance arises
usually provide flexible generation. It is evident that increasing the share of re-
newable energy sources on the grid is fast transforming the power system sector
and operational complexities of the power system network.

Various electricity storage systems can contribute achieving the following
goals [9-12]: to balance the energy production and consumption; to reduce
the total installed capacity of the power system; to increase the efficiency of
energy use.
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Fig. 1. Electricity production in world by source [9]

Today different types of storage systems are used. Figure 2 shows compares
different storage technologies in terms of charge/discharge period and storage
capacity [1].

Charge/discharge period, h

1 1 1 1
0 1 10 100 10° 10* 10° 10°
Storage capacity, kW-h

Fig. 2. Charge/discharge period and storage capacity of different electricity storage systems:
1 — fly wheels; 2 — batteries; 3 — compressed air energy storage; 4 — pumped hydro storage;
5 — hydrogen system; 6 — synthetic natural gas

Stationary Battery Energy Storage facility consists of a battery, a Power
Conversion System to convert alternating current to direct current, when neces-
sary, and the “balance of plant”, which is used to support and operate the system.
The existing storage systems based on batteries consist of cells that are integ-
rated into battery modules, which are installed in standard racks in a specialized
container to create an integrated battery system.

Behabtu et al. showed that the total installed electrochemical energy stora-
ge capacity is about 9.6 GW, and predominantly consists of Li-ion batteries
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(installed capacity of 8.5 GW) [13]. Very fast response rates (a fraction of a se-
cond) make Li-ion batteries good candidates for grid balancing services [14].

As described in [15], commercial application of Li-ion batteries electricity
is growing rapidly. Also, there is a tendency for the cost reduction. According to
the reviews of research storage systems based on Li-ion batteries are still limited
in capacity and cycle charging.

Compressed air energy storage (CAES) systems use compressed air for po-
wer generation. CAES can operate with additional fuel consumption to enhance
efficiency. Cost of electricity storage varies from 0.1 to 0.3 USD/(kW-h). It is
worth mentioning that only two plants are under operation now with electricity
to electricity efficiency of 42 and 54 %, respectively. According to [1, 15], there
are limited places that are feasible for CAES to be built. The future competitive-
ness of CAES is based on the implementation of adiabatic systems with an effi-
ciency of about 70 %.

Pumped hydro storage (PHS) is the most widespread power storage techno-
logy with an installed capacity of about 100 GW. The efficiency of PHS is in the
range of 70 to 80 % and depends on the availability of height between two sto-
rage basins. There are also environmental restrictions that impede the introduc-
tion of new PHS. PHS is a well-known technology and new research is head
to enhance the efficiency, to use underground storage like flooded mine shafts
or other cavities [15].

Chemical energy storage. As defined in [13], the technologies for a long
power discharge period are required. Chemical energy storage could be one of
the promising solutions. In such systems, the excess of electricity is used to pro-
duce intermediate medium, store it and then produce the electricity via different
technologies.

Hydrogen is one of these media and as clean fuel, it is a subject of interest
for many research institutions [16]. Hydrogen would be produced from water by
an electrolysis process powered by excess renewable or nuclear energy. The sys-
tem layer for a chemical energy storage system encompasses hydrogen pro-
duction, transmission and storage, and power production using hydrogen.
As described in [17], hydrogen can be directly used as a fuel in gas turbines
or converted to methane, synthesis gas, liquid fuels, or chemicals. During peri-
ods of undersupply, hydrogen could be drawn from storage and used as a fuel
to produce power through either a gas turbine or a stationary fuel cell [18, 19].

There are several ways to use hydrogen as fuel for gas turbines. The existing
natural gas-fired gas turbines can operate with a blend of hydrogen and natural
gas. Turbine combustion systems are limited in the amount of hydrogen they can
burn. The list of commercial initiatives of gas turbines manufactories to develop
a new modern combustion system firing 100 % hydrogen is described in [20].

The second direction is to use stoichiometric combustion of hydrogen
and oxygen mixture. Such combustion does not cause any NO, or CO, emissions
and could lead to 60 % efficiency achievement.

The possibility of using a hydrogen energy complex with nuclear steam tur-
bines to produce hydrogen via electrolyze during nighttime periods was consi-
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dered in [21]. In the daytime, the authors propose to burn hydrogen and use
it directly in the existing or additionally installed steam turbine to produce peak
power [22].

Theoretical evidence for the large-scale installations with a hydrogen-oxygen
gas-turbine unit is well-known. Various cycles (Fig. 3) for the hydrogen com-
bustion turbine system with high thermal efficiency were described in [23].

Figure 3a shows the cycle proposed by Toshiba Co in 1999, based on
the Rankine cycle, and consists of four turbine parts and two combustors
with Hy~O, combustion in a steam flow. The regeneration heat exchanger is
placed before low-pressure part. Analysis of the Toshiba cycle shows the paired
values of pressure and temperature (7. = 1700 °C, p = 7.3 MPa, and pp.x =
=343 MPa, T = 876 °C) allowing to obtain maximal overall thermal efficien-
cy of 58.3 %.

Figure 3b shows the cycle proposed by Westinghouse Electric Co (1998).
The concept is based on the Rankine cycle and consists of two H,—O, combus-
tors and three turbine parts. As compared with the Toshiba cycle, there is no
high-pressure turbine part and the Westinghouse cycle can be as a new Rankine
cycle with one reheating stage classified. Additional H,—O, combustor provides
the second reheat of steam. Analysis of this cycle also shows the paired values of
pressure and temperature (7. = 1700 °C, p = 25.0 MPa, and py. = 27.7 MPa,
T=517 °C) allowing to obtain maximal overall thermal efficiency at 60.6 %.

a b

Fig. 3. Cycle diagrams of hydrogen turbines: a — Toshiba; b — Westinghouse; ¢ — Graz;
d — modified Rankine cycle; I— combustion chamber; II — heat exchanger; III — generator set;
IV — condenser; V — pump; VI — high pressure turbine (HPT); VII — intermediate pressure
turbine (IPT); VIII — second stage HPT; IX — first stage HPT; X — compressor
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Figure 3c shows the Graz cycle originally proposed by prof. Hebert Jericha,
which combines Brayton and Rankine systems and consists of one combustor,
three turbine parts, heat recovery steam generator, condensing part, and com-
pressor [23]. The top cycle is the Brayton cycle with high parameters and the
bottom cycle is the Rankine cycle with low parameters. An increase in efficiency
for this cycle is achieved due to a significant decrease in compression work.
Analysis of the Graz cycle shows the paired values of pressure and temperature
(Thwax = 1700 °C, p = 5.0 MPa, and pn.x = 35 MPa, T = 650 °C) allowing to
obtain maximal overall thermal efficiency of 58.0 %.

Figure 3d shows the modified Rankine cycle. Contrary to other cycles,
H,—0, combustor is located above the first stage of HPT. Heat recovery steam
generator is located between the last turbine part and condenser. Analysis of this
cycle shows the paired values of pressure and temperature (7,.x = 1700 °C,
p = 25.0 MPa, and pn. = 27.7 MPa, T = 463 °C) allowing to obtain the maxi-
mal overall thermal efficiency of 64.7 %. It is worth mentioning that all these
cycles were proposed to increase the steam temperature at the turbine inlet up
to 1700 °C with corresponding pressure of 35 MPa which is technically unat-
tainable at present.

The studies also did not consider the units for the hydrogen and oxygen pro-
duction and preparation for combustion.

Materials and methods

This paper considers a part of the chemical energy storage system including
hydrogen production by electrolysis and power production using hydrogen.
The hydrogen and oxygen are produced through an atmospheric-type electroly-
zer. The power plant scheme is shown in Fig. 4 with two-stage hydrogen-fired
gas turbine.

Water under atmospheric pressure 21 is delivered to electrolyser I where split
into oxygen and hydrogen with the help of electricity 24. The produced hydro-
gen 1 and oxygen 2 are compressed II, III and taken 3, 4 to the combustion
chamber IV. For lowering temperature after combustor to 1500 °C the prelimi-
nary heated water 20 is injected in the combustion chamber.

7 ﬁv Vi 26
o5 b o bl
3 N 22 23

p-
Xl

8 [ 9

24 X

Fig. 4. Basic P&I diagram of plant cycle: I — electrolyser; II — oxygen compressor;
III - hydrogen compressor; IV — combustion chamber; V — HPT; VI - IPT;
VII, VIII, IX — heat-exchangers; X — atmospheric deaerator; XI — condenser;
XII - flow separation point; XIIT — generators; XIV — electric drive
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Steam flow 7 is expanded in the HPT V, then 18 parted 9 to the IPT 22
and regeneration heat exchangers 18. The steam leaving the turbine 10 has high
temperature and goes through heat recovery heat exchangers VIII, IX before ex-
hausted 12 to a condenser XI. The condensate 13 from the condenser is fed to
atmospheric deaerator X for closing the cycle. Heat recovery heat exchangers
VIII, IX is used for heating make-up water 14, 15 and water after deaerator 16,
17 that used for injection in the combustion chamber 20.

In the proposed cycle hydrogen combustion with surplus oxygen was as-
sumed. Water injection in combustion chamber helps to maintain stable hydro-
gen burning [24]. Thermodynamic model for proposed cycle has been created to
analyse the efficiency. For this purpose, the authors used Visual Basic Application
for Microsoft Excel. Further shortcut balance equations set for proposed cycle are
shown. Thermodynamically properties according to [25] are considered.

The following balance equations are used:

Gyl + Nyyny = Gihy + Gy

G, =G, +G,;

Gy, + Nony = Gy hy;

Gih + Nsny = Ghy;

Gishyy + Grhynyy + Gy = Gy

G +G,+G =G;;

Gy = Ny, + Gohg;

Gohgny; = Nos + Gyl

Glshsnvn - G18h19 = G16h20 - G16h17;
GohoMym — Golyy = Gihyy = Gighygs
G9h11n1x - G9h12 = G14h15 - G14h14;
Gishgny + Gishyy + Gyyhys = Gighyg — Gyl
G5 =Gy = Gyy;

Gyl — 0 =Gy3hy5;

Gyhy = Gighy + Gohg;

(Nyy + Ny )Ny = N,

(N5 +N)

Nxrv

=Ny,

where Gy, G, are hydrogen, oxygen flow rates; G;, Gs, Gy, G12, G5 are steam
flow rates; Gi3, G4, Gis, Go1 are water flow rates; ki, h,, h3, hy are hydrogen,
oxygen enthalpies; 47, kg, hio, 11, hi2, his, R17, 1o, Bop are steam enthalpies; /3, /4,
hys are water enthalpies; Ns, Ny are adiabatic power consumption of hydrogen
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and oxygen compressors; Ny, N,3 are adiabatic gas turbines power output; Ny is
electrolysis power consumption; &, is net gas turbine power output; N, is net
power consumption of compressors; 1 is loss index.

Based on the developed mathematical model, a numerical experiment was
carried out for the parametric optimization of the proposed cycle.

The storage efficiency factor (SEF) was chosen for cycle optimization and
can be defined as
NG

£100 %, 1
- M

1

SEF =

where N, is power consumption for electrolysis process; »; is power of gas tur-
bine.

Results

Through simulation studies in cycle parameters variations the change of sto-
rage efficiency factor has been observed. Parametric optimization was car-
ried out while turbine inlet temperature varied from 1000 to 1500 °C, pressure
ratio R, of oxygen and hydrogen compressors varied from 5 to 30, specific po-
wer consumption for electrolysis process varied from 3.6 to 4,1 kW-h/m”.

Figures 5, 6 show SEF as a function of the turbine inlet temperature and
compression ratio. These results indicate that SEF vary from 35 to 45 %.

The obtained data of the numerical calculation were approximated by the
second order polynomials regressions. The dependence of the SEF on the turbine
inlet temperature has almost a linear form (Fig. 5), which is determined by the
degree of the coefficient at x*. The coefficient of determination for the approxi-
mating polynomial approaches (1), which indicates almost complete coincidence
of the dependence and the approximating equation.

44
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Fig. 5. Storage efficiency factor as a function of the turbine inlet temperature
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Fig. 6. The relationship between the storage efficiency factor and the compression ratio

It is possible to increase the SEF value using high-pressure electrolysers,
as well as electrolysers using a vapor medium as a source for oxygen and hydro-
gen. The influence of the SEF from the power consumption on the electrolyzer
drive is shown in Fig. 7. The approximating dependence also has an almost li-
near form, which is determined by the small value of the coefficient at x’.

Figure 8 shows SEF as a function of turbine inlet temperature and compres-

sion ratio R,,.
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Obviously, with an increase of compressors pressure ratio, SEF will increase,
while the effect will be decaying. In the case of gas turbine operation on hyd-
rogen, an increase in the SEF is also seen, but the extremum was reached
at 30 atm, and a further increase in pressure was not considered.

Increase of turbine inlet temperature also leads to SEF increase. The extre-
mum of the function in this case will correspond to the maximum temperature.

CONCLUSIONS

1. Currently, a lot of research efforts are focused on energy storage solutions
development, including both large- and small-scale systems. In this paper, a part
of the chemical energy storage system including hydrogen production by elec-
trolysis and power production using hydrogen was investigated.

2. Through simulation studies in cycle parameters variations, the change of
storage efficiency factor was observed. Parametric optimization was carried out
while turbine inlet temperature varies from 1000 to 1500 °C, the pressure ratio
of oxygen and hydrogen compressors varies from 5 to 30, specific power con-
sumption for electrolysis process varies from 3.6 to 4.1 kW-h/m’. The storage
efficiency factor was chosen for cycle optimization. These results indicate that
storage efficiency factor varies from 35 to 45 %.

3. The obtained results of the numerical experiment were approximated
in the form of polynomial regressions and can be used in further research of hyd-
rogen gas turbine cycles.
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