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Abstract—Due to the high predictability and the high energy
density, marine tidal resource has become an ared mcreasing
interest with various academic and industrial projets around
the world. In fact, several Marine Current Turbine (MCT) farm
projects with multi-megawatt capacity are planned o be
installed in the coming years. In this paper, an MT farm is
supposed to be associated to the energy supply ostand-alone
island. In order to compensate the MCT farm power vaation
due to tidal phenomenon, an Ocean Compressed Air Ergy
Storage (OCAES) system is considered to achieve thgland
power management. In this work, conventional Diesel
Generators (DGs) would only serve as a backup supplhile the
main island power supply will be fulfilled by the proposed hybrid
MCT/OCAES system. Simulations under different working
conditions are carried out to validate the feasibity of the hybrid
power system.

Keywords—Tidal energy, marine current turbine, island power

supply, compressed air energy storage.

I. INTRODUCTION

Due to the intense energy density and
predictability of tidal current resources, maringrent turbine
(MCT) is becoming a promising technology for getieg
electricity from the oceans. Industrial and acaaderasearch
progresses on the MCT turbine designs are preséemtgy.
Several megawatt level systems are currently utektrand
planned to be installed in pilot MCT farms in thentdng
years [2]. Similar to a wind turbine, the total édit power
harnessed by a marine current turbine can be eadézllby

(1),

= %CppAv3 (1)

Wherep is the density of fluid acting on the turbink,is
the cross-sectional area of the turbine, and the fluid
velocity perpendicular to the cross section of igbC; is the
power coefficient of the turbine. Typical optin@} values for
a marine current turbine are in the range of 0.358].

On a daily-time scale, the astronomic nature agidauses
seawater to flood and ebb regularly each day. famisgrid
load has its own variation pattern each day, wisdielated to
the consumer’'s behavior. Therefore, the energyagtor
system (ESS) is essential to solve the unbalane®gekn the
MCT generated power and the local load. A detailed
comparison and evaluation of different ESS techgiek for
MCT application can be found in [4]. Daily power
management for a single megawatt MCT based onrpatte
storage system has been studied in [5].

It is practical to associate several MCTs in afstaire
farm to increase the capability of the power geti@maand to
share some common equipment (substation, power diige)
[6]. The power demand of some stand-alone islands i
Western Europe is generally at several-megawatisl |g].
Some of these islands are located at the vicirfitligh tidal
current energy potential areas. This is why MChifaan be
an interesting solution to provide electricity fbese islands.

Concerning the applicable range and the economic
feasibility, CAES could be one of the most attraeti

the higlandidates for MCT farm application in stand-aléslands.

Usually CAES plants use underground cavern to store
compressed air [8-9]. Advanced adiabatic CAES (ARES)
concept was proposed to reduce the fossil fuel wopsion
[10]. To be associated with a MCT farm, the geobyap
limitation of conventional cavern-based CAES sholle
considered. An alternative concept of an oceannderwater
compressed air energy storage (OCAES or UWCAESEBYsS
was introduced by Seymour [11]. The overall efficig of
this conceptual OCAES is up to 65.9%, which is elts the
highest efficiency (70%) of an ideal AA-CAES.

In this work, a stand-alone island is considerdtke &land
electricity consumption (load demand) is originadigtisfied
by the diesel generator (DG) systems. A hybrid
OCAES/MCT/DG power supply system is proposed irs thi
work to reduce DG fuel consumption. The original DG
become the backup power source and they will warly o
when MCT output power fails to meet the load demarite
subsystem modeling of each part will be presente8ection
II, and then the simulation results under differevdrking



cases are analyzed in Section Ill, the conclusiansl
perspectives are given in Section IV.

Il. MODELING OF THE HYBRID POWER SYSTEM

A. Parameters Estimation for the OCAES Model

It is supposed that the stand-alone island hasse lmad
with a peak power of 3 MW, and varies followingypital
load curve [12]. Referring to the developed MCT mlod
described in [5], a 1.5 MW MCT is used in this papkhe
daily tide velocity curve used in this work is show Fig. 1.
We consider that the grid demand takes up about 80fhte
total generated power of the MCT farm considerimgne
possible losses. In this case, 6 MCTs are requoesupply
the island. The power curves of the MCT farm arelltad of
this island are shown in Fig. 2. It is supposed tha cut-off
current velocity of the MCTs is 1 m/s.

P (MW)/E(MWh)

Time (hour)

Fig. 3 Power difference (Rrs-Poad) and its integration

value is about 3 MW. Therefore, the rated powersthef
compressor and the gas turbine are designed to 6aviiV3
MW respectively. The corresponding energy variatiorthe
ESS can be estimated by integrating the powerrdififee on
the concerned period. The maximum value of thisgrdtion

For OCAES, the charge process is fulfilled by an ak spout 13 MWh (shown in Fig. 3), therefore theereny

compressor while an air turbine is used for thecluisge
process. Therefore, the rated charge and dischmngers are
independent. This independence makes it flexibetermine
the size of the compressor and air turbine. Théemifice
between MCTs power and load (in Fig. 2) is therafee for
determining the OCAES power rating. And, the iné&digin of
the power difference gives a rough estimation ef tieeded
OCAES energy capacity.

It can be seen from Fig. 3 that the maximum positiglue
of the difference is about 6 MW while the maximuegative

V (m/s)

10 12 14 16 18 20 22 24
Time (hour

Fig. 1 Tide current speed during one day

— MCT farm
“|—load
|
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Fig. 2 Power curve of the studied MCT farm and load/e for a typical

island in one day

capacity of the OCAES in this case can be desigoetl5
MWh considering design margins.

B. Modeling of the OCAES

OCAES is proposed to be combined with thermal gnerg
storage (TES) to increase the ESS efficiency. Basedhe
available literatures [13-15], main assumptions @m&le as
follows: (1). The air storage is an ideal balloevhich can
shrink totally during the discharge. No air lealppans in the
air storage. The temperature of the air in theagf@iis same as
that of the water, which is assumed to béC2(q2). TES is
modeled as an ideal and simple module, but it shdd
subject to the classical heat transfer theory. I8ttt oil is
used as the heat transfer fluid (HTF), and the ipeteat
capacity of the oil is close to that of the air.

During the charge, the air temperature will inceeagile
the air is compressed by the compressor. Beforeriagtthe
next stage, the air will be cooled by the intereoakith the
heat being stored in the TES. During the dischatgeair will
expand and the air temperature decreases simulislyeat
the same time the air will be heated by the heahflfES. In
this work, the pressure ratio is set to the saniaevéor all
three stages. For the polytropic compression anmresion,
the ideal gas follows the well-known polytropic atjon and
the ideal gas equation simultaneously.

pv" = constan 2)

pv=mRT 3)

Based on these two equations, the outlet temperatueach
stage in the compressor or turbine can be deschped

T =Toger @

wheref;is the pressure ratio of each stage, it is equaheo
ratio of the outlet pressure to the inlet presstire electricity
consumed by each stage of compressor is calcuigtfi],

=L e, STE D) (5)

m,c

H n-1)/n
T n
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where,nnis the mechanical efficiency of compressor, which

is assumed to be constaRy, is the gas constant of air. As for

gas turbines, the generated power from air expango
calculated by [14],

]
I:)ur = /7m,t Mea Cp,athlma (1 lBt(n l)/n) (6)

Qch argeTch arge

TES,reservoir

(11)
p.TES (Thot,HTF - Tcold HTF )

The main parameters for the test of charge anchdige
are listed in Table (Appendix). The charge/disgea
simulation results are shown in Fig. 6. The SoCQeases
from O to 1 after charging for 2.5h, and then dases to O
after discharging for 3.03h. Based on (12), thebaglo

where,nm¢ is the mechanical efficiency of turbine; it is als@fficiency of this OCAES can be estimated about6%o.

assumed to be a constant.

Calculated from (13), the heat recycle efficiendyT&S is

The pressure in each stage is determined baseden about 86.2%.

pressure ratio setting, and the temperature detetion in
each stage is the critical issue for the calcutatad the
compression/expansion operation. A simplified idealdel is
used for TES part. The TES is divided into the cbl@iF
storage and the hot HTF storage as shown in Figlhds
model is similar to those proposed in [15]. Duritige
operation, the temperatures of cold and hot HTFag are
supposed to be constant. The temperature of thi ldoF
before entering the coolers is assumed to BE ,4@hile that
of the hot HTF is determined by the average tenipezaof
the compressor outlet air.

For real application, a TES reservoir with largerthal
capacity should be used. TES reservoir should inpeeature
stratified, in which the maximum and minimum tengiares
are corresponding to the temperatures of hot afdlH4®F in
the simplified model. Fig. 5 shows the schematagthm of
the heat transfer for the equivalent conceptual Té&s®@rvoir.
In order to determine the volume of the TES resentbe
charge and discharge heat are calculated as follows

0

0
Qcharge = Mair Cp,air Z(Tci +1,0 _Tci 1)

paJrZ(TtHlO t|

C. Charge and Discharge Tests of OCAES

()

(8)

Qdischarge = M

A charge/discharge test for the above OCAES moslel i

carried-out. The State of Charge (SoC) of the OCAK&als
the volume ratio of the air left in the storagethie maximum
volume of the container, which is also the masi® fa¢cause
of the constant pressure of the container. The Soten
calculated by,

t U B}
J. (mcharge_ Maisch ar@)dt

Soc =
Moy

The designed total air volume in the storage isutated by

(9)

Vair o = PCh arge Ch argfnﬂlfpnc ERxTanbi ent (10)
, p air ZTcllna (le pO

The designed volume of the TES reservoir is catedldy

air
~—
Comprgssor|

HeaE xd

Fig. 4 Principle schema of an AA-OCAES
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Fig. 5 Schematic diagram of the inner heat trarfsfethe OCAES
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Fig. 6 Evolution ofSOC and heat energy in TES reservoir during the

charge-discharge tests
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Mgiovar = (12)
7o Pch argeTch arge
”heat - Qdischargerisch arge ( 13)

T

Qch arge ' ch arge

D. Modeling of the Hybrid OCAESMCT/DG System

It is assumed that there are multiple Diesel gdnersets
with different rated powers that can run in pataigh high
efficiency, and the total rated power of the DGs o#eet the
maximum load demand at any cases. DG control isctiyr
linked to OCAES status. When the SoC of OCAES vgelo
than 0.05, DGs will start up. If the OCAES powefierence is
higher than the rated discharge power in some metreases,
DG will operate to supply the load and keep OCAESver
within its limitations.

The hybrid power system for the stand-alone island

includes a MCT farm, an OCAES with TES and DGs.
simplified equivalent DC grid system is appliedsi®wn in
Fig. 7. The DC voltage source in Fig. 7 simulates island
load in the hybrid power system. This equivalent D@
system facilitates simulations on a long-time scalde
control design of the whole power system is ainteditilize
the renewable energy as much as possible to s#tisfload,
and to maintain the grid balance between the supply
demand.

The power input and output of OCAES is realizedthy

A
[ll. SMULATION OF THE HYBRID POWERSYSTEM IN TYPICAL
TESTCASES

A. One-day Normal Case

In this case, it is supposed that the load andideevelocity
are varying under the designed conditions (as showig. 3).
In this normal case, a low initial SoC of 0.24 wsetting
based on the predictable excessive MCT-producetygne
be stored during 1 and 5 h (Fig. 2). The simulatiesults of

compressor and turbine respectively. The chargimgl aSOC and powers under this normal working conditare

discharging powers of the OCAES are controlled djysting
the air mass flow by controlling the compressor &mbine
speed. The charge/discharge power control scheomoged
in [5] is applied in this work. As shown in Fig. e power
reference of OCAES is determined by the differelnegveen
load and the power of MCT farm with respecting @@AES
limitations (the OCAES will be shut down if the So€aches
0 or1).
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Fig. 8 Control scheme for OCAES

shown in Fig. 9.

The MCT farm operates in MPPT mode to maximize the
power harnessed from the tidal currents. In thenmigyg, the
load is supplied by OCAES because the current itglectoo
low for MCT operation. With the increases of ttaetivelocity,
the increasing power generated by MCT farm will tribe
load demand and OCAES stops discharging. When t6& M
power is higher than the load, the surplus powdirhve used
to charge OCAES.

It can be seen that the load is satisfied by MO™mfand
OCAES in most cases, and DGs only start up twogimene
day in this normal case. It can be calculated E@a$ work for
only 3h in one day and contributes about 5.43 M\Wtlhie
load, which corresponds to about 10% of the tatialnid load
consumption. Therefore, the hybrid power system
significantly helps reduce the fossil fuel consuimptand the
greenhouse gas emission. OCAES is charged andadigh
alternately four times in one day. The maximum ghgvower
is about 5.8MW and the maximal discharge powerbigua
2.97MW, so the chosen design options seem to babdeifor
this test case.

The maximumSoC of the ESS is about 0.97 and also
reaches the lower limit sometimes. Although OCAES be
totally discharged theoretically, maintaining soneenaining
air in the balloon is good for the long service liBut theSOC
is at a relatively high level at most time, whictdicates that
the volume design of air storage seems reasonsloleover,
the final SoC is 0.19 after working one day, whista little
lower than the initial SoC.

B. Higher or Lower Load

The load curve used in the normal case is the sk
which can be taken as the average case for thésdsl
However, real daily load curve will vary for diffemt periods.
As an example, this load can vary strongly with kilog days
or holydays or with seasonal consumer behavior.



The higher load is set to be 1.3 times of the naghormal
load. The simulation results for this case are shiowFig. 10.
In this case, a remarkable increase of DG operdtme and
contribution can be noticed. DGs contribute abdki6%o to
the load during one day in this case, which is nthea two
times of the contribution in corresponding to tmevyious case.
The highest SoC of the OCAES attained in this ¢asmnly
0.87, and the SoC is at its lowest value for a lange. In
addition, when OCAES reaches its rated dischargeepat
6.74h, DGs start up and assume the excess loaddBéeesase
the power first when MCT recover the power generatt

7.52h. When SoC reaches its lower limit, OCAES stop 0 2 4 6 & 10 12 14 16 18 20 22 24

Time (hour)

discharging and DGs assume the main load with M&Mmf

This case shows that DGs still play an importarie ror Fig. 11 The simulation results (SOC and powers)darload (0.7 times
insuring the load following ability in the hybridystem,
especially in high load cases.

The lower load case is carried out when the loadeade is
set to be 0.7 times of the original normal loacdrRrFig. 11,
the OCAES is fully charged two times by the floagliide. In  C. Higher or Lower Tide Speed
order to maintain the grid stability, there is aaghpower  Figure 12 shows the simulation results in the oabere
decrease both for MCT farm and OCAES at 4.66h &87h the tide speed increases by 10%. As can be seeAES®iill
when OCAES was fully charged. One distinguisheske quickly fully charged because of the high engrgyided
characteristic in this case is that the entirenigliopad can be by MCT farm. However, in this case, the MCT cankegp in
supplied by the joint operation of MCT farm and OE3\ MPPT operation when the OCAES charging power resitbe
during this day and no DG operation (and consumptie rated value at 2.69h or 14.82h; MCT control canitlithe
needed. generated power to protect the OCAES from the charge
and maintain the stability of the grid [16]. WhdmetOCAES
is fully charged at 4.28h or 16.81h, the MCT limiise
generated power to the load only. In this casey abbut 4.1%
of the island load is required to be supplied byshDi one
day.

A tidal cycle where the tide speed decreases by 2%
studied. As can be seen from Fig. 13, the highe& iS 0.42
% 4000 and it reaches the lower limit at most time of cdey.
Relatively, DGs work for the most time. It meanattlthe DG
fuel consumption reduction is less efficient duriaglower
tidal speed cycle. In this case, the DGs are requio supply
about 47.4% of the total load in the simulated day.

normal load)
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Fig. 9 Simulation results (SOC and powers) in themal case
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IV. CONCLUSIONS ANDPERSPECTIVES

In the present study, a stand-alone island powgplgwas
considered. The proposed power supply solutioretiofitted
from conventional DGs sets to a MCT-OCAES-DGs tgbri
power system. A simplified OCAES model with TES wal§l
proposed in this paper. The control strategies iéerént
subsystems were proposed and presented. Simulatierss [7]
carried-out in different test cases to validate preposed
approach. The main conclusions of the present saudyas [8]
follows: 1) Hybrid MCT-OCAES can greatly reduce DG
operating duration?) The tests for different cases validategh
the efficiency of the proposed control strated);, The
proposed hybrid system can provide a flexible poswgwply
to the load in continuous operation even in extreases.

(5]

[10]
APPENDIX
[11]
TABLE | MAIN INPUT PARAMETERS FOR THEOCAES
Nc 1.5 [12]
n 1.33
Nm.c 0.92
Nmyt 0.92
Tambient (K) 293 [13]
Pressure ratios of compressor 6, 2.6, 2.57
Pressure ratios of turbine 1/3.5, 1/3.5, 1/3.27
Cpar (I/kg.k) 1003.5 [14]
Ragir (J/kg.k) 286.7
prre (kg/n) 570
pres (kg/nT) 2750 [15]
Cpres (I/kg.k) 916
Depth (m) 400
po (bar) 40
Rating power (kW) 6000/3000
Charge time (h) 25 [16]
Teold, vre (K) 313
Vree (M) 121.4
Vajr Storage (m3) 2133
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