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A Study on the Design of Hybrid Energy Storage
System combined by Pumped Hydro Storage and
Compressed Air Energy Storage Technology

Ji-Hoon Park

Department of Mechanical Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Storing energy is important since electricity should be available whenever needed and
must be used or stored immediately after being generated. Many renewable energy
technologies such as solar and wind energy, provide intermittent power generation and
sometimes produce surplus electricity when demand is low. Current growth of renewable
energy systems are subjected to the issues of higher costs and power instability which

makes energy storage systems essential.

This research work focuses on a mechanical hybrid energy storage system which uses
the concepts of combined pumped hydro storage (PHS) and compressed air energy
storage (CAES). The system consists of one open tank to the air and one closed tank
which stores water and compressed air. The multistage pump and hydro turbine are used
for the charging and discharging process respectively, similar to pumped hydro storage
operation in hydropower plants. When the grid power is at surplus, the unused power
can be utilized to operate the multistage pump and store water and compressed air in

the pressure vessel. The energy of compressed air can be released to drive water which

_Vi_
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passes through the hydro turbine, resulting in the generation of electricity when the grid
power is insufficient. A major disadvantage of the conventional PHS and CAES is that
the site where the systems can be installed is rare and have environmental side effects.
As an alternative, this energy storage system is capable of overcoming the difficulties
posed by PHS and CAES. This system can be used regardless of site conditions, since it

uses a pressure vessel instead of two reservoirs of pumped hydro storage.

This study was carried out to verify the operating principle and analyze the
characteristics of energy charging and discharging of the mechanical hybrid energy
storage system. Firstly, the characteristics of energy charging and discharging of
lab-scale model was analyzed and additionally CFD analysis and experimental test were
performed on the charging and discharging process. It was found that the pressure in
the vessel depends only on stored volume and air compression ratio of water at
isothermal state without the loss to outside. Therefore, it is more effective to control
the discharging flow rate from the pressure vessel in the operation. Secondly, the
characteristics study of the charging process by multistage pump depends on variable
speed which was carried out. In addition, a numerical model of the multistage pump was
made and analysed using CFD and the performance and characteristics of the pump
were determined and plotted. By using the plotted data and related formulas, a more
efficient charging process by pump operation was found. In this thesis, the submerged
floating-type mechanical hybrid energy storage system that can minimize the pressure
differences between inside and outside of pressure vessel, by installing it in the sea was
suggested. The submerged floating-type mechanical hybrid energy storage system has
advantages such as the size reduction of pressure vessel and ensuring stability of the
pressure vessel. Regardless, it should be further investigated for stability of mooring line

considering effect of ocean current.

KEY WORDS: Energy storage system ol A A ##%]; Pumped hydro storage %<4
1hA; Compressed air energy storage =& 7]1A4&4%; CFD 441438 Model
experimentation =@ &

- vii -
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Area of the pressure vessel
Total energy
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Gravitational acceleration
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Nomenclature

Viotal Volume of the whole pressure vessel
pump Pump efficiency

p Density

w Angular velocity
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Fig. 1.1 Pumped hydro storage (Korea Hydro & Nudear Power Co., Ltd.)

Table 1 Installation status of pumped hydro storage in Korea

- Ay agn [ A% [ w8 [ 9% | #5 | oA
R T I i O o K O
U] 8= 400 600 600 700 1000 600 800
(M @) | @) | @) | @) | @) | @) | @)
BSR4
WoE) 2.7 16.5-10.1| 7.1-10.2 | 6.4-7.4 | 4.9-9.2 | 3.7-6.7 | 6.9-8.9
FTodE 1980 1985 2006 2001 2006 1995 2011
(L) =9] 62 88 90 91 72 60.7 87
o] | 290 269 400 360 247 287 360
- 5 -
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Expander

Compressor

Gas Turbine (CT)

Compressed Air

Fig. 1.2 Compressed air energy storage (Kousksou, T. et al., 2013)

Fig. 1.3 290MW CAES facility in Huntorf, Germany (Wired)
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Fig. 1.5 20MW flywheel energy storage plant in Stephentown, USA (Beacon Power)

Collection @ kmou



1.3.4 ¥=74 A (Lead-acid battery)
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; =4
PbO. + 2H.S0. + Pb ;—x_g PbS0Oy + 2H. O

Negative Terminal Cover

Positive Terminal

Eletrode Pole

Fg. 1.7 Lead-acid battery storage system in Notrees, USA (Sandia)

Table 2 Details of lead-acid battery storage system

Location Notrees, Texas, USA
Commissioning
. 2012
Operation Date
Rated Capacity 36MW, 24MWh
Annual
Production N/A
Generation Advanced Lead-acid Battery : 24 X 1.5MVA/IMWh modules
Technology 152.6MW wind generation capacity
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Fig. 1.8 NaS battery (Kousksou et al., 2013)

Fig. 1.9 Rokkasho-Futamata wind farm (Clean energy action project)

Table 3 Details of Rokkasho-Futamata wind farm

Location Rokkasho, Aomiri, Japan
Commissioning
. 2008
Operation Date
Rated Capacity | 3dMW(used for load leveling and spinning reserve), 238MWh
Annual
. N/A
Production
Generation 2MW NGK Insulator's NaS battery : 17 units
Technology

1.5MW wind turbines : 34 units
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1.3.6 Bl EAA(Lithium based battery)
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Fig. 1.10 Principles of Li-ion battery (Huang et al., 2015)
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PCS units

Fig. 1.12 8MWh ESS facility of substation in Jocheon-eup, Jeju (Low Carbon Futures)
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Fig. 1.13 Sol-ion Project in France and Germany (Solarcoaster)
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1.3.7 ZEAA(FBES, Flow battery energy storage)
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Fig. 1.14 Schematic diagram of a redox flow cell energy storage system
(Kousksou et al., 2013)
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Fig. 1.15 Tomamae wind villa power plant (Clean energy action project)

Table 4 Details of Tomamae wind villa power plant

Location

Tomamae, Hokkaido, Japan

Commissioning

Operation Date

2000(wind farm), 2005(battery plant)

Rated Capacity

4MW storage, 30.6MW wind generation

Annual . .
] 59GWh per year (wind generation)
Production
Sumimoto Electric International : 16 units
(250kW vanadium flow battery modules)
Generation Vestas : 14 units
Technology (V66 1.656MW wind turbines)

Enecron : 5 units
(E-66 1.5MW wind turbines)
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Table 5 Characteristics of energy storage technologies (23] &, 2016)
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Table 6 Applications of energy storage technologies (23] 5, 2016)
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A 2 7% Z1A4A Hybrid AR A A X

21 A9 7+x 4 7d

Z1AZ Hybrid oAl A& AxE= “A hybrid energy storage system using pump
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dHE e 871, Wz ANE dHY a2 I8 HE FAE FAE,
AquA|e] A WEo] I FANRE ARESt o] FojXinh (Yin et al, 2013) ©]
A Fede] dakE 7 7R A=A i dEE AR 8719 2=
Alste] 7] o] JRAE AgARl AR BE ZAE AT 7 US
Ao AAdg. Jy AqUAE AREta WEF] 3l
ARgSE A Il eakE A AMgSe 2RO A~ Hel
H ZgAoln, AX|7} 7= o] A FARAA AA Al 2~E"e] ThsE FHA
TAE sl okste Wol itk

2 =A< 7141 Hybrid AUz A4 A& Fig 2194 Hol= MdxEe) 2o
ANAA A LEA 42 e g et £aks o8l SZHE JiAS
ofaf) o] A WEo] o] FAREF Al2HlS skt (Park et al., 2015) ©]
A= oY dox™goly ARl AYE  o]&3 THE T ALt
A71UAE o]&dt] gz s FEAIA 7|2 /IE dee sz e B2
BHE $E987IE Huyo] =3 5d dHY 378 4¥E7] Uil dudAzA
ARgty 283 AE ZeA BAE ws dEE 4EE8r] Ui 23 45371

ol 1 FAE BAE =2 R
MR e 22 wjEEHo] g duAE AFS wo] AYARRHET. YA B=E
HAol A dEH F7e FLA et AFA Y] Yapeh 22 28-S s, =4
3717t BAEA BEHe =2 TAE T A HAIEA AREET ol2d
7IAA Hybrid oyA AR F4L 7] NdE 18EE&S FEe} FAE
olgatm MHEAOE AT o o] Bt} & F&S 7HE F Jdor, AA 9 FA9

et A FH AR A 28 5 Utk

_24_

Collection @ kmou



Fig. 2201 AA9 Lab-scale 224 B3tk 2m® =719 ¢+887])9} 2R} 26 <]
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Fig. 2.1 Schematics of mechanical hybrid ESS
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Fig. 2.2 Schematics of lab-scale mechanical hybrid ESS
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Fig. 2.3 Volume variation of pressure vessel under difference target pressures

Table 7 Comparison of volume variation under difference target pressures

p, [bar] V, [m?] V, m’] Vit [m’]
10 192.4 859.9 1052.3
20 73.0 689.4 762.4
30 42.4 611.4 653.9
40 29.1 564.1 593.3
50 21.8 531.4 553.2
60 17.3 506.9 524.2
70 14.2 487.6 501.9
80 12.0 471.9 484.0
90 10.4 458.8 469.2
100 9.1 447.6 456.7
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Fig. 2.5 Characteristics variation with pump type (3434+ 5, 2005)

_31_

Collection @ kmou



24 1o AA
F % YA wEHAANA A7)
Arvese] A #ﬂ&— AaEe A= WAd A FEFA HEFHE
_/r_

A5 594 AR AE AR &5

it

MASIA S AolEe] Rt Gl wet £Ae] HE AT 4 Ak ole

AR o] H&E obd) H2NT 2ol 7T % ek
@7

q71M, ne& 2 AHpm), P FAke] EY¥KW), He $xmE Jepdch
Ao 7 FEFA WEEFAtl nsto] 22 HlE L RQjolM ALGEM, AEFAE
10 ~ 259 m&E% WHYoA aga ZTTAAFEaE 250 ~ 1,200 HIEE H9 oA

AGET. 1 F AESAE 23S Fo] KRS Z2AAE HAGIA] £5471Y
=

o 2 Wl Qa EE WAE Aol WESAE AAHANM THE Sl wlshol
Egol T o We Welld ¥e etk 53, i—;fz;ﬂ ge
A

w=Ro] Lab-sclemdols AHAoR £4E AgslE et o] A
MBS oA AgSIgod, 71AA Hybrid MAARARE 98]

A E WESE A 2o B ddow o] PEE AHH oiAE
A% g3l wek i gejol wolxy] Wi old@ WEE tlgvbse ag
As7h AT ge M9l AT F A off Ao wEE THE BEFAE
g3k Zol 4 A

_32_

Collection @ kmou



‘HJDUI e - o T g .
E T
%"-'55— ‘Tﬁbof \%74._ Turbine's envelpas
i '} [ Kaglan - Prapslir - Bub
| 11 Francis
Peltan
Turga
Crowsiow

et nead |m)

| 7
f

sl

4 5578m0 20 2 50 100

Flow (rm f5)

Fig. 2.6 Turbine selection chart (Commission of the European communities, 1998)
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Fig. 3.1 Mesh arrangement and terminology for dual mesh
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Fig. 3.2 3D model of the pressure vessel

Fig. 3.3 Generated mesh of the pressure vessel
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Pressure measurement point
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Inlet
2y Computztionsl domezin Y QeH corve of mulbistage pump

Fig. 3.4 Boundary conditions used for CFD analysis

Table 8 Detailed boundary conditions used for calculation

Simulation type Transient
Turbulence model SST(Shear Stress Transport)
Multiphase Homogeneous model
Heat transfer Isothermal (25°C)
Fluid Water

Air Ideal Gas

Mass flow rate

Inlet condition ]
(Q-H curve of multistage pump)

Case 1 Charged from Atmospheric pressure
Case 2 Charged from 2 [bar]
- 43 -

Collection @ kmou



323 UF &% £42%

Case 19] o= AA o m& X34 AxE Fg 3.5 Fig 3.7, 28] Table 9ol
YRSt 49871 WFY 27] o] tiZIt el e AlZtste] F3xtEQl
0bare]l =g8t= AZLe % 6807} 2QE%lon, AEHoZ AW B AHE

1.82m° 719 AAL 018m’E B2 AA AA 91%, Z7)= %S A3t

Case29] oA AA ol & X34 A& Fig 3.6, Fig 3.8, 1g]a Table 100
UeEIATh 487 ulFe] x7] ¢Eo] 2baro|l AEE AlZlsle] Hmte el 10barol
TaalE AZFS E 55457 AQ9Qon, F 2miY AF F HEFHoE ARH E
AAe 150m*Yet HEHow ARAH Eo A 150m°, 719 AAL 050mE

= A AL 5%, 7€ 25%= 2R SH T

2 318) ~ 32D olg3te] £ Astsl +4S B9 o= Aol Mmstech

t
Viater = / Qdt (3.19)
0
Vannpressedair = VZOtal o Vwater (319)
Vi
P1 = Do It/tal ) (3.20)
t
Eoonsumed = / 'Pshaft dt (32D
0

Fig. 353 Fig. 36c41% A7huistel me ¢87] el 45 AgHs &9
AAEse 2oz Jepileh Fg 3594 Bolt el o] £42 @ oA
A o3 oS Aseh £AHN AnE A YAFHE AL B F glow, T
A% BT eV UE e we gETzelN: gus Adest we
YeTROR BEE Al WE g HFo] et

Casele] sHMATNA Case2ntt Ee QATUANN Hjmos nok F743

Z7BIe 29LE s 2 BT F AT

- 44 -

Collection @ kmou



Fig. 373 Fig 38clMe <k&87] Wil 24z 4, 6, 8, 10bardl =2dh=
Al A 9] 8] dRel] AZE £ A& 2P o2 YeR ZoH, Ujretd

Helol| WE AAE =9 AYGEE Table 99 Table 106 Eth A3 YehfATH

2] F F V3 B2 ol AFHACM, Yol FHYel wet A E Bl AA
WA gaste Qe BAT F AU olPE AIBES AT Caseld] 7

2148y EutEate] Ajo7) Case2el HIs] =Z7] wj&o] 487 Wi 377
o

o o fir

-

_45_

Collection @ kmou



10 ¥
[ ]
ewwes Analytical derivation /
----- CFD anlaysis H
8 1 H
{
e /
: /
= ¢
4 'l
'Ja.
o
- "P.'
7 ] -
."
P
.'#..
--""-.
---..-..—-..-.-.—v'
U gl 8 T T
0 100 200 300 400 500 600 00
U8
i Pressure
2.0
ewnes Analytical derivation .-"‘..
sd CFD anlaysis .'.-“.
-
-
.""
J— - f‘f.
r-.E 1.2 "’f‘
: -
[ ; 'P
- 08 4 -
.v".'
-~
04 ~
-"’
-~
-
-
0.0 + T T !
0 100 200 300 400 500 600 00
an

o1 Weater volume

Fig. 3.5 Pressure and water volume variation in pressure vessel during
the charging process of case 1
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Fig. 3.6 Pressure and water volume variation in pressure vessel during

the charging process of case 2

_47_

Collection @ kmou



AN AN
Water.Volume Fraction u \I v SYS g\llater,\/mume Fraction U \I \ SYS
al lane

1. 1.
00 + Pressure = 400274 [ Pa ] 00 + Pressure = 600410 [ Pa ]

0.50 0.50
0.25 0.25
0.00 0.00

Water volume

. = 1.70982 [ m"3 |

Water volume
=1.59398 [ m"3 ]

5 = ST 3 = oz
21 py = o AV p, = boer
AR AN
\Fl,\llater%\/olume Fraction ‘ ’A*\I ‘M \FI‘\IIateriVolume Fraction //A«\I \ SYS
lane lane
1. 1.
00 + Pressure = 800271 [ Pa ] R + Pressure = 1.00027e+006 [ Pa ]
0.75 0.75

0.50 0.50
025 025
0.00 0.00

Water volume

I . = 1.81489 [m'3 ]

Water volume
=1.77411[m*3]

Fig. 3.7 Water volume fraction at different internal pressure conditions of case 1
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Fig. 3.8 Water volume fraction at different internal pressure conditions of case 2
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Table 9 Detail values of the stored water volume in pressure vessel of case 1

Internal pressure Stored V), Volume fraction
[bar] [m°] [%]
from O to 1 0.994 54.7
from 1 to 2 0.334 18.4
from 2 to 3 0.168 9.3
from 3 to 4 0.102 5.6
from 4 to 5 0.067 3.7
from 5 to 6 0.048 2.6
from 6 to 7 0.037 2
from 7 to 8 0.027 1.5
from 8 to 9 0.023 1.2
from 9 to 10 0.017 1

Table 10 Detail values of the stored water volume in pressure vessel of case 2

Internal pressure Stored V, Volume fraction

[bar] [m°] [%]
from 2 to 3 0.168 35.0
from 3 to 4 0.102 20.8
from 4 to 5 0.067 13.7
from 5 to 6 0.048 9.7
from 6 to 7 0.037 7.2
from 7 to 8 0.027 5.5
from 8 to 9 0.023 4.4
from 9 to 10 0.017 3.6
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Pressure measurement point

Fig. 3.9 Boundary conditions of computational domain

Table 11 Detailed boundary conditions used for calculation

Outlet

Simulation type

Transient

Turbulence model

SST(Shear Stress Transport)

Multiphase

Homogeneous model

Heat transfer

[sothermal (25°C)

t
Fluid | Water
Air Ideal Gas
Average static Case 1-1 0.1
pressure Case 1-2 0.25
1- .

Outlet condition [bar] Case 1-3 0-5
Case 2-1 18
Flow rate C ) 7

5 ase 2-
(m’/h] Case 2-3 36
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Fig. 3.10 Internal pressure and flow rate variation during discharging process

of Case 1
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Fig. 3.11 Volume variation of compressed air and water in the pressure vessel

during discharging process of Case 1

_56_

Collection @ kmou



Water.Volume Fraction
1.00

+ p1=801183 [Pa]

Vwater=1.39 [ m"3 ] =13.2[s]

Water.Volume Fraction

1=400242 [ Pa
- oz pa

Vwater= 0.97 [ m"3 ] t=69.4[s]

i opyp = doer

Water.Volume Fraction

1.00
0.83
0.67
0.50
0.33
0.17
0.00

Vwater= 1.23 [ m"3 ]

_I_ p1=600388 [ Pa ]

t=334[s]

2V py = 6eoar

Water.Volume Fraction
1.00

+ p1=200075[ Pa]

+0.33

017

0.00

Vwater= 0.36 [ m"3 ] t=158.2[s]

i py = 2her

Fig. 3.12 Water volume fraction in pressure vessel during discharging process
of Case 1-1
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Fig. 3.13 Water volume fraction in pressure vessel during discharging process
of Case 1-2
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Fig. 3.14 Water volume fraction in pressure vessel during discharging process
of Case 1-3
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Fig. 3.15 Internal pressure and flow rate variation during discharging process

of Case 2
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Fig. 3.16 Volume variation of compressed air and water in the pressure vessel

during discharging process of Case 2

_62_

Collection @ kmou



Water.Volume Fraction + p1=800861 [ Pa] Water.Volume Fraction + p1=600056 [ Pa |

1.00 1.00
0.83 0.83
0.67 0.67
0.50 0.50
0.33 0.33
0.17 0.17
0.00 0.00

Vwater= 1.39 [ m"3 ] t=21.0[s] Vwater= 1.24 [m"3 ] t=53.2[s]

cay = Doy PRt = ~aer
',....,‘ pl Falraty ,..:.‘,! pl (S RIS
Water.Volume Fraction I 1=400524 [ Pa Water Volume Fraction 1=200059 [ Pa
100 + p [Pa] P _l— P [Pa]
0.83 0.83
0.67 0.67
0.50 0.50
0.33 aas
|

0.17 | 047 |
0.00 — 0.00 A

Vwater= 0.98 [ m"3 ] t=108.2[s] Vwater= 0.38 [m"3 ] =2314[s]

i opy = dbar i py = Doar

Fig. 3.17 Water volume fraction in pressure vessel during discharging process
of Case 2-1
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Fig. 3.18 Water volume fraction in pressure vessel during discharging process
of Case 2-2
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Fig. 3.19 Water volume fraction in pressure vessel during discharging process
of Case 2-3
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Fig. 3.20 Dimensions of the multistage pump
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Fig. 3.21 Generated mesh of the pump components
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Outlet

Fig. 3.22 Computational domain of a single stage of multistage pump

Table 12 Detailed boundary conditions used for calculation

Simulation type Steady state
Turbulence model SST(Shear Stress Transport)
Fluid Water at 25°C

Rotational speed 2,800 ~ 4,000 rev/min

. Total pressure = O[Pa]
Inlet condition .
(= Atmospheric pressure)

Outlet condition Average static pressure = 0 ~ 12[bar]

Domain interface Frozen rotor
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Fig. 3.23 Performance curves of the multistage pump under different rotational speed
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Fig. 3.24 Comparison of flow rate, head during the charging process by variable and
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Fig. 4.1 Schematics of lab-scale mechanical hybrid ESS

Fig. 4.2 Installed mechanical hybrid ESS
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Fig. 4.3 Measurement devices used for the experiment
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i) Cherging process

21 Discharang process

Fg. 5.1 Fixed configuration of the Submerged floating type mechanical hybrid ESS
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Fig. 5.2 Vertically movable configuration of submerged floating type mechanical hybrid
ESS according to its internal state

_85_

Collection @ kmou



52 9ASE 4 WSl mE gAY 2 Fu

Feerlel vser Wl wel 44lo] Wale Fell Fg 529 FEE-HA
AR Hybrid olix ARAAE ooz Egrle ArE FaET. 2
2240l 2o WO gEETY AE AVSACH, BE AME t=1hr,
Pre = 100kTWE 598 oixde Asd exdse BasA oerhe
ARl AT pE A% A qEer)e] ypRereln, p e Ago] ghud
so] Urgteolth. p, (10 ~ 60ban)sh p, (70 ~ 100bane] Zhe WEAA 428 B¢
AR, AR 2o Ad T2lw A4 9 8719 AL AL,

Fig. 5.30l= 7 Zmerema 2799 peel gol Wekel b A e
2718 BT Aol $ud Fo) YRS pol 2185 dAHA A g
etk A% W YRl pol W0bardlAs o) AHo] wu Br)e) Ado] we
A% e A, pol glol MBS 2o AFe Pastn g9 Aol
z7h3t 223 pyel Fol 40 ~ S0bar olSIAE B7le) Ao ww Bo| Aol
g AR AHNE AR o el 27Kl W asd WA AL pot p, ol

o] 7)ol Aol e AHuG AAA =W WA AR OA

Z7hle AL B Uk BE ASE p, = A0bar, p, = 100bareld ¥V, = 39.5m°,
v = STATPOE PG A el gl 715 AT of Aselel
HI g 93f Fig. S49le S AXehs 42 pyg d7Ige= 443t p,< 10 ~
100bar7iA] @skatel wheh A4E geesle] 2715 Uitk p, = 100bare] A
el AA ARE 567 P A dEgrle] a7g ARoH, A e
AAE Agure wasd 84 AU FEel AT AS
2 ot olg} ol 71AA Hybrid
28] Fqbol o) kEavlel kA Huel

A7) e Y ofe HE g oy, AAl FFoME =8 SFol SAEH &

~
|
S
[©)
=
~

h
i

_86_

Collection @ kmou



- 'i"mm“r
Sm T - I""Ilillil'
[ .
J
E
2 300 -
=
=
200 A
100
0 o
1]
G0
_ vWIIr
S{H} 1 _ I""PII'IIilr
[ I
J0H
E
2 300 -
E
=
204 A
1040 4
0
i 10 0 30 40 L11] &0

_87_

Collection @ kmou




G

I Vmwrﬂ-ﬁur
500 - -,
V..,
40
=
2 300 4
=
=
206 4
10} 4
0 -
0 10 20 k1] 40 50 121 0
B, [ bar]
1 opp= $loer
G0
I Vmwrﬂ-ﬁur
500 - -_— ...
V..,
40
=
2 300 4
'T‘E_, vmmprasedal'rz 39.5 m®
- jw J vwater = 5?-‘3 “‘3
Vigta = 97.4 m>

P, [bar]

idi pp= 1000ar
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