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Abstract

This paper presents the concept of an innovative hybrid system that integrates a compressed air energy storage system with
a conventional power plant. Using simple mathematical models, the proposed hybrid system is compared with the classic
adiabatic system. It also presents the results of more detailed thermodynamic analyses for the compressed air energy storage
system, which is thermally integrated with a 600 MW coal-fired power plant. The first stage of integration enables the storage
system to utilize the heat of compressed air (air cooling) for condensate heating, which results in partial replacement of the
low-pressure regeneration of thepower unit and subsequently in an increase in power. The second stage of integration heats
the air during discharge of the energy storage system before the air expander, using the heat of superheated steam which
is directed from the steam turbine bleeding to the high pressure regeneration exchanger. While integration organized in this
way decreases power unit efficiency, it eliminates the need for (i) gaseous fuel in the energy storage system, as in the case of
diabatic systems or (ii) heat storage, as in the case of adiabatic systems. Three variants of the hybrid system were analyzed.

Evaluation of the hybrid system variants was made using energy storage efficiency as defined in the paper.

Keywords: Hybridization, CAES, Supercritical coal-fired power plant, Thermodynamic analysis.

1. Introduction

In countries where the energy system is based on coal, the
increase in the share of intermittent energy sources, i.e. re-
newable sources using wind energy or solar energy [1], con-
tributes to the adverse effects of load changes within units
working in large, centralized power plants [2]. As a conse-
quence it adversely affects the economics of the whole sys-
tem. The need to reduce the power delivered to the system
results here from the reduced demand for energy within na-
tional systems, which may be a consequence of periodic in-
creases in the potential of renewable sources that have pri-
ority access to the network. The lack of ability to perform
periodic, complete withdrawal of the units results in the need
to maintain a technical minimum enabling a quick return to
the nominal load. While at present the problem in Poland af-
fects smaller coal units — most often 200 MW class units — it
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is certain that modern power units with supercritical parame-
ters will be forced to perform withdrawals more often [3] in re-
sponse to planned shutdowns of obsolete power plant units
and as the power installed in wind farms and solar power
plants increases. Energy storage systems may be able to
mitigate the negative effects of the larger share of renew-
ables in the energy mix. A synergy effect can be demon-
strated in the case of thermal integration of power plants
with energy storage systems. Additional advantages can be
found in relation to the possibility of eliminating the burning
of gaseous fuel, as is the case of diabatic systems or elim-
inating heat storage from the system, which takes place in
the case of the adiabatic systems concept.

This paper presents the idea of a system which integrates
a compressed air energy storage system (CAES) [4—6] with
a coal-fired energy unit and presents the results of thermo-
dynamic analysis for selected integration cases.

2. Concept of integration

The method of integrating the compressed air storage sys-
tem with the power plant is presented in Fig. 1. The essence
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Figure 1: Concept of integration of CAES system with steam turbine cycle of coal-fired power plant

of integration consists in the fact that at the stage of charg-
ing the energy storage system, cooled compressed air is
used for condensating heating directed to the selected low-
pressure regeneration heat exchangers. The consequence
of this procedure is the full or partial replacement of selected
regenerative exchangers and, as a result, the reduction of
steam intake from the steam turbine exhausts, which leads to
an increase in the effective power of the turbine. The second
stage of integration brings effects at the stage of discharging
the energy storage system and involves the heating of air di-
rected to the air expander (in Fig. 1 of the first and second ex-
pander section) by utilizing the heat of cooling superheated
steam bled from the steam turbine and directed to selected
high-pressure regeneration exchangers. The steam can be
cooled down even to the saturation temperature. The con-
sequence of the planned thermal integration is to achieve
effective work of the air expander without the need to use,
for example gas fuel, as is the case with the most common
diabatic systems at present [7, 8]. The negative effect of in-
tegration is the reduction in effective power of the steam tur-
bine (if there is an increase in steam flow supplying the high
pressure regeneration exchangers) or the need to increase
the load of the steam boiler (if the temperature of the boiler
feed water lowers).

3. Evaluation of different variants of CAES system

In order to evaluate the concept of the system, a simple
thermodynamic analysis was carried out for three CAES sys-
tems:

¢ hypothetical adiabatic system, without compressed air
cooling (case A),

e adiabatic system with storage of heat from compressed
air cooling (case B),

e a hybrid system integrating the CAES system with the
thermal engine cycle (case C). Schemes for individual
variants are presented in Fig. 2.

In case A, the system consists of: a one-section compressor,
compressed air tank and expander. The system is hypothet-
ical due to the very high air temperatures resulting from high
pressure ratio due to air compression within the compressor,
tank and expander. For the compressor and expander, the
air temperature is limited by the properties of materials used
whereas for underground tanks, depending on their type (salt
caverns, rock chambers), high air temperatures may not only
threaten the tank structure, but also contribute to high energy
losses in the case of long term storage.

The system in case B was divided into two sections to protect
the installation elements from adverse effects of high temper-
ature. The first section implements an appropriate pressure
ratio, after which the air is cooled down in an intersection
cooler, where the heat received is dispersed in the environ-
ment. The second compressor section compresses the air
to the target pressure level, and the compressed air before
storage is cooled down in the after cooler, where the cooling
medium is the heat storage medium. Stored heat is used at
the stage of discharging the system to heat the air directed
to the expander. At the design stage of the system, it is im-
portant to make a proper division of the total pressure ratio,
which should be split between two sections, to be realized
by the compressor in two sections. From a thermodynamic
point of view, while maintaining the criterion of high safety of
technology, the most appropriate division is the one that has
the highest permissible temperature at the outlet from the
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Figure 2: Schemes of variants of CAES system

second section of the compressor. With a combined pres-
sure ratio, this will minimize the amount of heat the intersec-
tional cooler dissipates to the environment. An idea similar
to case B was adapted for the development of the Adele sys-
tem, which is under development in Germany [9]. In this
case, heat will be accumulated in a ceramic material.

Case C is the hybrid variant under consideration in this pa-
per. It involves using the same structure of the CAES sys-
tem as in case B. However, the heat received from the com-
pressed air, in both the first and second section of the com-
pressor, is not lost to the environment but is used in the ther-
mal engine cycle, such as power plant. At the loading stage,
this results in additional work being performed by the engine.
At the unloading stage, the air before entering the expander
is heated by the heat taken from the thermal engine cycle,
which results in lowering its power. At the stage in which
the air compressor and the CAES expander do not work, the
engine works at its nominal load.

Energy storage efficiency is the basic indicator of the en-
ergy efficiency of the analyzed installations [10]. By a simple
mathematical model relations between the basic parameters
of the installation’s operation and the energy storage capac-
ities can be presented for the three cases under considera-
tion. The efficiency of energy storage for systems compliant
with cases A and B can be calculated according to the fol-
lowing:

EcEx
Ec

(1)

TICAES =

where: E. gx- amount of electric energy produced by
the expander unit during the decompression cycle, E.c -
amount of electric energy consumed by the compressor dur-
ing its work.
In case C, thermal integration with the engine leads to a
change in engine power at the loading stage and at the un-
loading stage. These integration effects mean that energy
storage efficiency has to be redefined for a hybrid system.
Such efficiency may be calculated by using the dependence:

AE gx — AEq HED)

()

THCAES Eqc — AEq HE(q)

where: AE. nean — loss of energy production in a thermal
engine due to high temperature heat exhaust used for air
heating directed to the expander, AE yga) — the amount of
energy produced additionally by the thermal engine through
the use of the cooling of hot compressed air.
The amount of electric energy required by the compressor
and produced by the expander unit results from energy bal-
ances:

1
Eel,Cl =miCp (TC_out_TC_in) (3)
NemM
Eqpx = (1 =06) micp (Tex_in—TEX_out) TemG (4)

In order to estimate the loss of electric energy produced
in the thermal engine and the electric energy additionally
produced by the heat engine as a result of thermal integra-
tion with the CAES system, the following relationships can
be used:

AEq wEn = On ® Bu )]

AEqpgqy = Qv ey + Q- e ny» (6)

where : Oy — the amount of heat taken from the heat en-
gine to heat the air directed to the expander, Qr —the amount
of heat taken in the intercooler of the compressor which is
used in the thermal engine, Oy~ — the amount of heat taken
in the aftercoooler of the compressor which is used in the
thermal engine, By - electric energy loss ratio due to the use
of heat from the thermal engine, 5y - efficiency of electric en-
ergy generation in the thermal engine based on the cooling
heat taken from the intercooler of the compressor, n» — ef-
ficiency of electric energy generation in the thermal engine
based on the cooling heat taken from the aftercooler of the
compressor.
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Assuming no loss of heat in the flow path between two heat
carriers of two systems, the amount of heat supplied and
taken from the thermal engine cycle are determined by using
the energy balances of the relevant heat exchangers from
the HCAES system:

Ou =1 —-0)micy (T4—Ts) (7)

O1=0r + Qv =micy (To-T3 + T1»—Ty) (8)

Correspondingly, the electric energy loss ratio Sy (eq. 5)
and electric energy generation efficiency ny and ny~, (eq. 6)
can be estimated using the definition of efficiency of the cycle
of the Carnot engine 7,:

Bu = enca 9
nr = ener) (10)
N = @) (11)

where: ¢ — ratio of thermodynamic imperfection in rela-
tion to the Carnot engine, while the efficiency of the Carnot
engine was determined by the following relations:

2T,
can = 1 — 12
Ne(n) To+ T (12)
2Ty,
ey =1-—"— 13
Ne() T + T, (13)
2Ty
ey = 1 - 14
Ne(r) Ty + T (14)

Using the isentropic equation and the isentropic efficiency
definition of the compressor, the temperature of the air leav-
ing each compressor section can be determined:

e for case A,
K=l
C -1
T2=T1[1+ﬁc ] (15)
nic
e for cases B and C:
Kk=1
P -1
T, =T, [1 + BCI—] (16)
nic
T
T2=T1~(1+'BC2 ] (17)
nic

Similarly, the temperature of the air leaving the expander,
significant from the point of view of the conditions of in-
creased erosion of the blades in the last stages of the ex-
pander (condensation, and even moisture crystallization in
the air volume at low temperature), will be obtained using the
isentropic equation and the isentropic expander efficiency
definition:

1-«
T6=T5 |:1_7]EX(1 _BEKX) (18)
In cases B and C, the air is cooled down before storage.
The degree of cooling in the intercooler and the cooler in-
stalled in front of the pressure tank can be determined di-
rectly by the temperature to which the air is cooled (T~
andT3) or by providing the value of factor y and y’:

T, —T;
= - 19

Y=L T, (19)
Tl/—Tl//

= - 20

V=TT (20)

For case A y assumes a value of 0, because T, = T5.
At the stage of air storage there may be a loss of mass of
the stored air due to leaks and additionally heat loss through
conduction through the insulation material. Weight loss is
determined by the factor 6:

nmp; — my
o=

(21)
my

while the degree of cooling of the air on the path of heat
loss in the storage tank can be determined using the effi-
ciency of heat storage:

n — T4 - Tot
Ty — Ty

(22)

The amount of heat transferred to the air directed to the
expander at the stage of discharging the energy storage sys-
tem, in relation to the amount of heat received from the air
before its storage, is determined by the « indicator:

(1 =60)Ts—-Ty)
g= > _YUs7 4

T (23)

The a index is determined only for cases B and C; for case
B, representing the adiabatic system with heat storage, the
« indicator is the efficiency of heat storage in the vessel and
always takes values below 1, while for case C, the value of «
indicator depends on the availability and disposal of heat in
the thermal cycle of the engine and can take values higher
than 1. For calculation purposes in case C, the temperature
of the air heated by utilizing heat taken from the integrated
thermal engine can be assumed.

Using the calculation based on equations (15) - (23), an anal-
ysis of realities of plant operation parameters can be carried
out, which may be crucial, e.g. due to technological barri-
ers (thermal stability of materials used, air storage pressure).
Using additional relations (1) — (14), the energy storage ef-
ficiency characteristics can be determined for the analyzed
cases.

One of the basic values taken into account when planning
CAES systems is the pressure to which compressed air is
compressed. The higher the pressure, the greater the en-
ergy storage capacity of a given volume. The pressure level
is directly determined by the pressure ratio which must be
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Figure 3: Temperature at the outlet of compressor, temperature at the outlet
of expander, pressure at the outlet of compressor as a function of compres-
sor pressure ratio for case A

implemented by the air compressor. For the implementa-
tion of high pressure ratios, there may be a need to use a
larger number of compression sections within the machine,
with planned intersectional cooling. Three cases of energy
storage installations were used to analyze the impact of pres-
sures in individual compression sections. In case A, which is
the case of a hypothetical installation, we are dealing with a
single-section compressor. Here, the analyses were carried
out for pressure ratios in the range from 0 to 250. Cases
B and C involve two-section compressors; in case B the
temperature after the first section should be minimized, ac-
companying minimization of heat losses to the environment.
Hence, a pressure ratio should also be implemented in this
section of the compressor. During analysis of case B the
pressure ratio for the first section was changed in the range
from 1 to 15, while for the second section from 1 to 50.
The analyses carried out for case C were done for the same
ranges of pressure ratios for two sections of the compressor,
i.e. 1to 30.

During the analyses, the characteristics of the size that could
determine the technical capabilities of the installation were
determined. Among them were:

1. air temperature after the compressor or its individual
sections (¢, and ¢y/),

2. pressure of the air entering the pressure vessel (p3),

3. temperature leaving the expander (z).

Fig. 3 presents the characteristics of the analyzed values as
a function of the compressor compression ratio obtained for
case A. High air temperature at the compressor outlet is a
technical barrier to this solution, as higher values of pressure
are needed to ensure a high value of stored air pressure
(not lower than 5 MPa). Assuming a critical temperature of
600°C, the pressure ratio of the compressor should not be
higher than 36. Regardless of the assumed values of the
pressure ratio, the technical barrier for case A should not

expander.

Fig. 4. Efficiency of energy storage of CAES as a function of
compressor pressure ratio for case A Fig. 5 presents the re-
sults of the analysis for case B. The results are presented in
the form of an isoline of the values of the tested temperatures
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Figure 4: Efficiency of energy storage of CAES as a function of compressor
pressure ratio for case A

and pressure as a function of two pressure ratios that are ap-
propriate for the two sections of the air compressor. Fig. 6
presents in an analogous manner the value isolines for en-
ergy storage efficiency for case B, calculated in accordance
with relation eq. (1). The figure on the yellow background is
limited to the area of solutions that meet the following condi-
tions:

1. air temperature leaving the second section of the
compressort, < 600 C,

2. air pressure leaving the second section of the compres-
sor 4 MPa < p3 < 12 MPa,

3. air temperature leaving the expander #, > 0°C.

Fig. (7) and Fig. (8) show the results of the analysis covered
in case C. The results were presented in the same way in
relation to the results of case B. In case C, due to the wider
range of changed values of pressure ratio implemented in
the first section of the compressor air, ta critical air level was
exceeded in this section for air temperature, i.e. 600°C. The
energy storage efficiency values possible in case C do not
differ significantly from the values obtained in case B. In case
B, the values for this thermodynamic efficiency index are in-
cluded in the range from 0.725 to 0.778, then for case C in
the range from 0.707 to 0.751

4. Discussion

This section presents the results of analyses of the case
of integration of the CAES system with the thermal cycle of
the coal-fired supercritical power unit. The structure of two
systems and the manner of their integration are presented in
Fig. 9. At the stage of loading the energy storage system,
compressed air cooling energy, obtained in two intersectional
coolers and a condenser installed at the compressor outlet,
is used to heat condensate, which is a working medium of
the coal-fired power unit. This way of using the heat makes it
possible to partially replace the regeneration, thereby reduc-
ing steam bleeds from the medium and low-pressure turbine
releases and increasing the power generated by the turbine
set. At the stage of discharging the energy storage system,
the air after leaving the tank is directed to the exchanger fed
with steam taken from one of three bleeds, i.e. steam from
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Figure 6: Efficiency of energy storage of CAES as a function of compressor
pressure ratio for case B

of the high pressure part (Case lll). In each case, it was
assumed that superheated steam directed to an additional
built-in heat exchanger gives heat to the heated air to ob-
tain the assumed enthalpy drop, determined by the following
relationships:

hit = ha

Ay = 1L =121 24
b= S (o) (24)

— hia — hy
Ahyp = ————— 25
b2 = e (o) (25)

— hiz — ho3
Ahyyy = ————— 26
b = (o) (26)

In each of the analyzed cases, the relative enthalpy drop
performed by individual heat exchangers was 0.95. The
nominal assumptions for the power plant and energy storage
system are presented in table (1).

Due to the assumed same times of loading and unloading the
energy storage system, the efficiency of the storage system,
originally defined by the dependence (2) can be presented
using electric power:

Negx — ANel eqqm

(27)
Neic = ANeleqm

THCAES =

where: AN cqun - the equivalent loss of electric power of a

steam turbine generator set as a result of taking more steam

from turbine bleeds or increased coal consumption, ANcjcqm

- the equivalent gain of electric power of a steam turbine gen-

erator set as a result of taking less steam from turbine bleeds
or decreased coal consumption.

Equivalent gain and power losses were determined using the
dependence:

ANgieqany = On ® Bu (28)

A]vn:l,eq(l) = QI ® (29)

Heat flux QrrandQ;were determined by using the prepared
model of the energy storage system. Parameters S and n;
were determined by using the prepared model of the coal
fired supercritical power unit.

Partial results of analysis are shown in Fig. (10)—(13).
Fig. (14) presents values of energy storage efficiency for the
three cases analyzed.

5. Summary

The presented energy storage system concept provides an
alternative to a wide range of compressed air energy stor-
age systems. Through thermal integration with the power
unit, high values of the basic energy efficiency index can be
obtained, which for the studied systems is the efficiency of
energy storage. Importantly, the system does not require
any additional fuel supply — typically natural gas — which
would significantly increase operating costs. Integration with
the power unit means the way is open to harnessing the
heat of compressed air cooling, which in the case of ex-
isting CAES systems requires storage for efficient use and
hence high-temperature heat store equipment, which signif-
icantly increases investment costs. The analyses reported
in this paper show that the scale of the CAES installation
that can cooperate with a large 900 MW unit is moderate.
Where single steam bleeds are used, the installed power
of the compressors and expanders does not usually exceed
35 MW. 100 MW of power can be obtained, but this requires
simultaneous use of steam released to a greater number of
high-pressure regeneration exchangers. Locating a storage
installation for compressed air in close proximity to the power
unit is a central issue when planning successful integration.
The team working on this technology plans to carry out anal-
yses of abandoned hard coal mines for this purpose [11].

Acknowledgements

This work was realized using statutory research funds.
This work was partially realized as part of project no.
08/990/PTD19/0109-06 financed by the Polish Ministry of
Science and Higher Education.

References

[1] Eurostat http://ec.europa.eu/eurostat.

[2] K. Badyda, J. Milewski, Elektrownie caes-mozliwosci akumulacji en-
ergii oraz wpolpracy ze zrédtami odnawialnymi, Instal (2) (2010) 58—
65.

— 182 —



Journal of Power Technologies 99 (3) (2019) 176—186

a) b)

30 30
50
Bez 510 Bez
25 600 25 -
550
20 A 20
500 -
L= e @ |2 T\ w W @ a
15 4 12450 °C L1 FERIER IS 18 & 8 g 8 3
a
400
10 10
350
300
5 250 5 A
200
1t
1 T T T T T T 1 T T T T T T
1 5 10 15 20 25 30 1 5 10 15 20 25 30
Ba Bc
c)
30
B
25
20
15 4
10
S o
1 -

1 5 10

20 25 30 1 5 10

20 25 30

15 15
BCI BCI

Figure 7: Temperature at the outlet of compressor (a), temperature at the outlet of first stage of compressor (b),temperature at the outlet of expander (c),
pressure at the outlet of compressor (d) as a function of compressor pressure ratio for variant C

Table 1: Assumptions for analysis
Quantity [ Value [ Unit
Supercritical  coal-fired
power unit subsystem

Net power output 900 MW
Live steam parameters 680/29.7 °C/MPa
Reheated steam parameters 693/5.9 °C/MPa
Pressure in condenser 0.005 MPa
Feed water temperature 305 °C
Gross efficiency 49.44 %

Net efficiency 45.64 %

Compressed Air Energy
Storage Subsystem

Charging time 8 h
Discharging time 8 h
Internal efficiency of air com- | 88 %
pressor stages

Internal efficiency of air ex- | 90 %
pander stages

Electricity generator efficiency 98.5 %
Air compressor pressure ratio 70 -

Relative pressure drops in the 2 %
flow of factors through heat ex-

changers

Relative heat losses in the heat 1 %
exchangers

— 183 —



Journal of Power Technologies 99 (3) (2019) 176—186

30
Bez

25 A

20 4

10 4

T T T T T T

15
Bc:

Figure 8: Efficiency of energy storage of CAES as a function of compressor
pressure ratio for case C

[3]

[4

[5

[6

[7

8

[9

[10]

(1]

Bartela t., Milewski J., Directions for improving the flexibility of coal-
fired units in an era of increasing potential of renewable energy
sources. Chapter in: Power Engineering. Advences and Challenges,
Part A: Thermal, Hydro and Nuclear Power, edited by V. Badescu, G.C.
Lazaroiu, L. Barelli, CRC Press, Taylor and Francis Group, 2018, pp.
29-44.

X. Luo, J. Wang, M. Dooner, J. Clarke, C. Krupke, Overview of cur-
rent development in compressed air energy storage technology, En-
ergy Procedia 62 (2014) 603—611.

M. Budt, D. Wolf, R. Span, J. Yan, Compressed air energy storage—
an option for medium to large scale electrical-energy storage, Energy
procedia 88 (2016) 698—702.

Rogers A., Henderson A., Wang X., Negnevitsk M.: Compressed Air
Energy Storage: Thermodynamic and Economic Review. PES General
Meeting Conference & Exposition, 2014 IEEE, National Harbor, MD,
USA, 27-31 July 2014.

M. Raju, S. K. Khaitan, Modeling and simulation of compressed air
storage in caverns: a case study of the huntorf plant, Applied Energy
89 (1) (2012) 474-481.

V. Tola, V. Meloni, F. Spadaccini, G. Cau, Performance assessment of
adiabatic compressed air energy storage (a-caes) power plants inte-
grated with packed-bed thermocline storage systems, Energy conver-
sion and management 151 (2017) 343-356.

Rwe Power. Adele—adiabatic compressed-air en-
ergy storage for electricity supply. rep RWE power
1-12.https://www.rwe.com/web/cms/mediablob/en/391748/
data/364260/1/rwe-power-ag/innovations/Brochure-ADELE.pdf.

J. Milewski, K. Badyda, £. Szabtowski, Compressed air energy storage
systems, Journal of Power Technologies 96 (4) (2016) 245-260.

M. Lutynski, G. Smolnik, S. Waniczek, et al., Underground coal mine
workings as potential places for compressed air energy storage, in:
IOP Conference Series: Materials Science and Engineering, Vol. 545,
IOP Publishing, 2019, p. 012014.

— 184 —



Journal of Power Technologies 99 (3) (2019) 176—186

1
a
T 3 HP IP+LP ﬂ-é
13
12 14
11 15 169 17 -
19
B Al P
I 111.7 \] 111.5 111‘6‘] CND
= ==l (2{
1113 [1111 %111‘2 s 20 wl =
23 21 22 37 25 2 27 28 C)
Coal
31
45 44 43 a2 a1 40 36 35 34 33 32
— =l
5C HR3 HR2 ] HR1 _\ LR4 LR3 LR2 LR1
58 57 53
. [T i I ( )54 |_.__|( )51
55 52

112

@—1 AIFEX

113

Figure 9: Scheme of supercritical coal-fired unit integrated with CAES subsystem

—185—



Journal of Power Technologies 99 (3) (2019) 176—186

33.55 33.84

25.71

40
Nei, MW 35.12
35

25.63

N, el,C
Nel ex

Case | Case Il Case lll

Figure 10: Compressor power and expander power for three cases of Hybrid

CAES
0.6
L 1, -
o5 0.4976 0.4851 0 2657
0.4
0.3
0.2 + 5 g
0.1 . i
0 . B 0.7
Casel Case ll Case lll Mcaes) - 0.5832
06 0.5282 0.5239
. . . 0.5
Figure 11: Electric energy loss ratio due to the use of heat from thermal
engine and electric energy generation in a power unit based on the cooling 0.4
heat taken from the intercooler of the compressor for three cases of Hybrid 03
CAES
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i: Figure 14: Efficiency of energy storage for three cases of Hybrid CAES
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Figure 12: Equivalent loss and gain of electric power of a steam turbine
generator for three cases of Hybrid CAES
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Figure 13: Differences of the analyzed electric powers for three cases of
Hybrid CAES
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