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Due to the high predictability and the high energy density, marine tidal resource has become an area of
increasing interest with various academic and industrial projects around the world. In fact, several
Marine Current Turbine (MCT) farm projects with multi-megawatt capacity are planned to be installed in
the coming years. In this paper, a MCT farm is supposed to be the main energy supply for a stand-alone
island. To compensate the MCT farm power variation relating to the tidal phenomenon, an Ocean
Compressed Air Energy Storage (OCAES) system is considered to achieve the island power management.
The novelty in this work is that conventional Diesel Generators (DGs) would only serve as a backup
supply while the main island power supply will be fulfilled by the proposed hybrid MCT/OCAES system. A
simplified OCAES model is built-up in this paper with cycle efficiency about 60.6%. Simulations under
different working conditions are carried out to validate the feasibility of the hybrid power system. The
obtained results show that the proposed system power management can greatly help to decrease DG

fossil fuel consumption and CO; emission.

1. Introduction

Intense energy density and high predictability of tidal current
resources make marine current turbine (MCT) a promising tech-
nology for generating electricity from the oceans. Industrial and
academic research progresses on the MCT turbine designs are
presented in Ref. [1]. Several megawatt level systems are currently
under test and planned to be installed in pilot MCT farms in the
coming years [2]. Similar to a wind turbine, the total kinetic power
harnessed by a marine current turbine can be calculated by (1),

P= %CppAV3 (1)

Typical turbine power coefficient C, values for a marine current
turbine are in the range of 0.35—0.5 [3]. Different from wind tur-
bines, MCT works in the seawater being more corrosive than air.
Decreasing maintenances of MCTs as low as possible is required.
Eliminating pitch control can be an interesting design option for
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MCTs because this system increases system complexity with high
maintenance requirements [4].

Power variation is still a problem for MCTs. For a daily-time
scale, the astronomic nature of tides causes seawater to flow
regularly each day (flood and ebb tides). For a longer time scale, the
amplitude of the tide varies with the relative position of earth,
moon and sun (spring and neap tides). On the other hand, an island
grid load has its own variation pattern each day, which is related to
the consumer’s behavior. Therefore, the energy storage system
(ESS) is essential to solve the unbalances between the MCT gener-
ated power and the local load demand. A detailed comparison and
evaluation of different ESS technologies for MCT application can be
found in Ref. [5]. Daily power management for a single megawatt
MCT based on battery storage system has been studied in Ref. [6].

It is practical to associate several MCTs in an offshore farm to
increase the capability of the power generation and to share some
common equipment (substation, power line, etc.) [7]. This would be
also true in power supply cases of stand-alone islands using a MCT
farm. The power demand of some stand-alone islands in Western
Europe is generally at several-megawatts level [8]. Some of these
islands are located at the vicinity of high tidal current energy po-
tential areas. This is why MCT farm can be an interesting solution to
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Nomenclature

CAES Compressed air energy storage

DG Diesel generator

ESS Energy storage system

PMSG Permanent-magnet synchronous generator

HTF Heat transfer fluid
MCT Marine current turbine

MPPT  Maximum power point tracking
OCAES Ocean compressed air energy storage
SoC State of charge

TES Thermal energy storage frequency component i
A Turbine blade swept area

G Turbine power coefficient

P Turbine produced power

Peom Compressor consumed power

Peyr Air turbine produced power

Qcharge  Heat flux of the TES during charging
Quischarge Heat flux of the TES during charging
Rq Ideal air mass constant

T Air temperature

Tambient Ambient air temperature

Tous Tin  Outlet and inlet air temperature

T, T Air temperature in the compressor and the air turbine
Vv Tidal current velocity

Cpa Specific heat capacity of the air

Cp,TES Specific heat capacity of the TES

i Stage i of the compressor/air turbine

Mgir Air mass

Meq, Meq Air mass in the compressor and air turbine
n Polytropic index

D, Po Air pressure and the initial value

tcharge ~ Time duration of charging

tgischarge Time duration of discharging

Pressure ratio of stage i

Beir Bei

Pressure ratio of stage i in the compressor and air
turbine

p Seawater density

Nm.e Mm,c Mechanical efficiency of the compressor and the air
turbine

Ngobat ~ Global efficiency of the OCAES

Nheat Heat recycle efficiency of the TES

provide electricity for these islands. In addition, as shown in Fig. 1
from Ref. [9], CAES has lowest costs among other ESSs. Therefore,
concerning the applicable range and the economic feasibility, CAES
is one of the most attractive candidates for MCT farm application in
stand-alone islands.

Usually CAES plants use underground cavern to store com-
pressed air [10]. Advanced adiabatic CAES (AA-CAES) concept was
proposed to reduce the fossil fuel consumption in conventional
CAES plants [11]. In AA-CAES, a thermal energy storage (TES) is used
to absorb the compression heat during the charge process and
release the heat to improve the energy density of the compressed
air during the discharge process. An alternative concept of an ocean
or underwater compressed air energy storage (OCAES or UWCAES)
system was introduced by Seymour [12]. Anchored immersed-
balloon or underwater open-ended containment structure is used
for the air storage in OCAES. One dominant advantage of OCAES is
that the air pressure in the tank is kept constant during the whole
cycle, which avoids the exergy destruction of throttling happening
in the conventional CAES [13]. Saniel et al. have proposed the
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Fig. 1. Cost comparison of different energy storage systems [9].

conceptual design of an OCAES combined with TES in Ref. [14]. This
conceptual OCAES is free from the geological limitation of the
conventional cavern-based CAES and characterized by zero-
emission as AA-CAES. The overall efficiency of this conceptual
OCAES is up to 65.9%, which is close to the highest efficiency (70%)
of an ideal AA-CAES.

In this work, a stand-alone island is considered. The island
electricity consumption (load demand) is originally satisfied by the
diesel generator (DG) systems. A hybrid OCAES/MCT/DG power
supply system is proposed in this work to reduce DG fuel con-
sumption. The original DGs become the backup power source and
they will work only when MCT output power fails to meet the load
demand. The subsystem modeling of each part will be presented in
Section 2, and then the simulation results under different working
cases are analyzed in Section 3, the conclusions and some discus-
sions on the feasibility of CAES applications are given in Section 4.

2. Hybrid power system modeling
2.1. OCAES model parameters estimation

It is supposed that the stand-alone island has a base load with a
peak power of 3 MW, and varies following a typical load curve
[15,16]. For this typical load curve, the average and the minimum
load values are 0.69 and 0.22 times the peak power respectively.
Referring to the developed MCT model described in Ref. [6], 1.5 MW
MCTs are considered in this paper. The daily tide velocity curve
used in this work is shown in Fig. 2. We consider that the load
demand takes up about 90% of the total generated power of the
MCT farm considering some possible losses. In this case, 6 MCTs are
required to supply the island. It is supposed that there is no mutual
influence between each devices and the total MCT farm generated
power is then considered to be 6 times of the single MCT power.
Based on the above assumption, the power curves of the MCT farm
and the load of this island are shown in Fig. 3.

For OCAES, an air compressor fulfills the charge process while an
air turbine is used for the discharge process. Therefore, the rated
charge and discharge powers are independent. This independence
makes it flexible to determine the size of the compressor and air
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Fig. 2. Tide current speed during one day.
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Fig. 3. Power curve of the studied MCT farm and load curve for a typical island in one day.

turbine. The difference between MCTs power and load (in Fig. 3) is
the reference for determining the OCAES power rating. And, the
integration of the power difference gives a rough estimation of the
needed OCAES energy capacity.

In this paper, it is assumed that the charge power is positive and
the discharge power is negative for the OCAES. It can be seen (from
Fig. 4) that the maximum positive value of the difference is about
6 MW while the maximum negative value is about 3 MW. There-
fore, the rated powers of the compressor and the gas turbine are
designed to 6 MW and 3 MW respectively. It is assumed that the
compressor and the gas turbine can work with the same efficiency
at all the power range. From Fig. 4, the maximum value of the
integration is about 13 MWh and the energy capacity of OCAES is
then designed to be 15 MWh considering design margins.

2.2. OCAES modeling

OCAES is proposed to be combined with TES to increase the ESS
efficiency. Based on the available literature [17—19], some as-
sumptions are made as follows:

— The air is considered to be a binary ideal dry gas.

— 3-stage compressor with intercoolers and 3-stage air turbine
with heaters are used. The compression and expansion are
polytropic processes.

— The air storage is an ideal balloon, which can shrink totally
during the discharge. No air leak happens in the air storage. The
temperature of the air in the storage is same as that of the water,
which is assumed to be 20 °C.

— TES is modeled as an ideal and simple module, subject to the
classical heat transfer theory. Synthetic oil is used as the heat
transfer fluid (HTF), and the specific heat capacity of the oil is
close to that of the air.

During the charge, the air temperature will increase while the
compressor compresses the air. Before entering the next stage, the
air will be cooled by the intercooler with the heat being stored in
the TES. It is noted that the maximum compressor outlet air tem-
perature determines the temperature level of the TES. During the
discharge, the air will expand and the air temperature decreases
simultaneously; at the same time the heat from TES will heat the
air. In order to prevent the air temperature dropping too low, the
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pressure ratio in every stage of the air turbine should be properly
set. In this work, the pressure ratio is set to the same value for all
three stages. For the polytropic compression and expansion, the
ideal gas follows the well-known polytropic equation and the ideal
gas equation simultaneously.

pv" = constant (2)

pv = MgirRyT (3)

Based on these two equations, the outlet temperature of each
stage in the compressor or turbine can be described by

Tia = Tiag" " 4)

where (; is the pressure ratio of each stage, it is equal to the ratio of
the outlet pressure to the inlet pressure. The electricity consumed
by each stage of compressor is calculated by Ref. [18].

1 . _
Peom = ——caCpa Z Téga (ﬁ‘('j: - 1> )
Nm,c '

where, 7, is the mechanical efficiency of compressor, which is
assumed to be constant. As for gas turbines, the generated power
from air expansion is calculated by

Pryr = N Mt .aCpa Z Tg’?ﬂ (1 - 5;'”71)/") ®

where, 7, is the mechanical efficiency of turbine; it is also
assumed to be a constant.

The pressure in each stage is determined based on the pressure
ratio setting, and the temperature determination in each stage is
the critical issue for the calculation of the compression/expansion
operation. A simplified ideal model is used for TES part. The TES is
divided into the cold HTF storage and the hot HTF storage as shown
in Fig. 5.

This model is similar to those proposed in Ref. [19]. During the
operation, the temperatures of cold and hot HTF storage are sup-
posed to be constant. The temperature of the cold HTF before
entering the coolers is assumed to be 40 °C, while the average
temperature of the compressor outlet air determines that of the hot
HTF. Some simplifications are made: the hot fluid and cold fluid are
supposed to exchange heat in a counter current type exchanger,
and the heat is supposed to be transferred with a constant end
temperature difference (20 °C) both in cold/hot side. In this way,

the temperature of both air and the HTF in every stage of
compressor and turbine can be determined.

For real application, a TES reservoir with large thermal capacity
should be used. TES reservoir should be temperature stratified, in
which the maximum and minimum temperatures are corre-
sponding to the temperatures of hot and cold HTF in the simplified
model. Fig. 6 shows the schematic diagram of the heat transfer for
the equivalent conceptual TES reservoir. In order to determine the
volume of the TES reservoir, the charge and discharge heat are
calculated as follows [21,22].

Qcharge = maircp«,ﬂ Z(Tci+1,0 - Tci,l) (7)
Qdischarge = maircp,a Z(TtiJrl,O - Tti,l) (8)
air

Comprgsson Turbine

Healtl exdhanger

Cgld storage

Air storage

Fig. 5. Principle schema of an AA-OCAES.
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Fig. 6. Schematic diagram of the inner heat transfer for the OCAES [21].

2.3. OCAES charge and discharge tests

A charge/discharge test for the above OCAES model is carried-
out: it will be charged for 2.5 h with the rated charging power of
6 MW, and then be discharged with the rated discharging power of
3 MW. The State of Charge (SoC) of the OCAES equals the volume
ratio of the air left in the storage to the maximum volume of the
container, which is also the mass ratio because of the constant
pressure of the container. The SoC is then calculated by

t
/0 Mg dt
SoC =—-——

air,max

9)
The designed total air volume in the storage is calculated by

Pcharge tchargenm,c _Ra Tambient (10)

-1
G T (657" = 1) Po

The designed volume of the TES reservoir is calculated by

Vaintotal =

Qcharge Tcharge (1 1 )

VTES reservoir —
’ Cp.1E5 (Thot H1F — Tcold HTF)

The main parameters for the test of charge and discharge are
listed the Appendix. The charge/discharge simulation results are
shown in Fig. 7. The SoC increases from 0 to 1 after charging for
2.5 h, and then decreases to 0 after discharging for 3.03 h. Based

n (12), the global efficiency of this OCAES is estimated about
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Fig. 7. Evolution of SoC and heat energy in TES reservoir during the charge-discharge
tests.

60.6%. This efficiency is reasonable although it is a little higher
than those of the existing developed CAES plant in McIntosh [14].
Calculated from (13), the heat recycle efficiency of TES is about

86.2%.
P dzschargetdlscharge
Nglobal = P t (12)
charge‘charge
Quischarge tdisch
Mheat = ischarge ‘discharge (13)

Qcharge charge

2.4. Hybrid OCAES/MCT/DG system modeling

The hybrid power system for the stand-alone island includes an
MCT farm, an OCAES with TES and DGs. The power management
issue of supply/demand balance during one or several days is
concerned in this work. A simplified equivalent DC grid system is
applied as shown in Fig. 8. The DC voltage source in Fig. 8 simu-
lates the island load in the hybrid power system. This equivalent
DC grid system facilitates simulations on a long-time scale. Indeed,
using an equivalent DC grid allows studying the power fluxes
without simulating finely the frequency and voltage control of the
grid. The control design of the whole power system is aimed to
utilize the renewable energy as much as possible to satisfy the
load, and to maintain the grid balance between the supply and
demand.

Adjusting the air mass flow controls the charging and dis-
charging powers of the OCAES. This can be done by controlling the
compressor and the turbine speed for a more detailed model. The
charge/discharge power control scheme proposed in Ref. [6] is
applied in this work. As shown in Fig. 9, the power reference of
OCAES is determined by the difference between load and the power
of MCT farm with respecting the OCAES limitations (the OCAES will
be shut down if the SoC reaches 0 or 1).

It is assumed that there are multiple Diesel Generator sets with
different rated powers that can run in parallel with high efficiency,
and the total rated power of the DGs can meet the maximum load
demand at any cases. DG control is directly linked to OCAES status.
When the SoC of OCAES is lower than 0.05, DGs will start up. If the
OCAES power reference is higher than the rated discharge power in
some extreme cases, DG will operate to supply the load and keep
OCAES power within its limitations.
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Fig. 10. Simulation results (SoC and powers) in the normal case.

3. Hybrid power system simulation in typical test cases
3.1. One-day normal case

In this case, it is supposed that the load and the tide velocity are
varying under the designed conditions (as shown in Fig. 3). In this
normal case, the initial SoC is set to 0.24. The simulation results of
SoC and powers under this normal working condition are shown in
Fig. 10.

The MCT farm operates in MPPT mode to maximize the power
harnessed from the tidal currents. In the beginning, the load is
supplied by OCAES because the current velocity is too low for
MCT operation. With the increases of the tide velocity, the
increasing power generated by MCT farm will meet the load
demand and OCAES stops discharging. When the MCT power is
higher than the load, the surplus power will be used to charge
OCAES.

It can be calculated that DGs work for only 3 h in one day and
contributes about 5.43 MWHh to the load, which corresponds to
about 10% of the total island load consumption. Therefore, the
hybrid power system significantly helps reduce the fossil fuel
consumption compared to conventional DG-supplied solutions.
OCAES is charged and discharged alternately four times in one day.
The maximum charge power is about 5.8 MW and the maximal
discharge power is about 2.97 MW, so the chosen design options
seem to be suitable for this test case. The maximum SoC of the ESS
is about 0.97 and also reaches the lower limit sometimes. Although
OCAES can be totally discharged theoretically, maintaining some

remaining air in the balloon is good for the long service life. But the
SoC is at a relatively high level at most time, which indicates that
the volume design of air storage seems reasonable. The final SoC is
0.19 after working one day.

3.2. Higher or lower load cases

The load curve used in the normal case is the base load, which
can be taken as the average case for this island. However, real daily
load curve will vary for different periods. As an example, this load
can vary strongly with working days or holydays or with seasonal

Time (hour)

Fig. 11. Simulation results for the high load case (1.3 times normal load).
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consumer behavior. The higher load is set to be 1.3 times of the
original normal load. The simulation results for this case are shown
in Fig. 11. In this case, a remarkable increase of DG running time and
contribution can be noticed. DGs contribute about 26.6% to the load
during one day in this case, which is more than two times of the
contribution in corresponding to the previous case.

The highest SoC of the OCAES attained in this case is only 0.87,
and the SoC is at its lowest value for a long time. In addition, when
OCAES reaches its rated discharge power at 6.74 h, DGs start up and
assume the excess load. When SoC reaches its lower limit, OCAES
stops discharging and DGs assume the main load with MCT farm.
This case shows that DGs still play an important role for insuring
the load following ability in the hybrid system, especially in high
load cases.

The lower load case is carried out when the load demand is set
to be 0.7 times of the original normal load. From Fig. 12, it can be
found that OCAES is fully charged two times by the flooding tide. In
order to maintain the grid stability, there is a sharp power decrease
both for MCT farm and OCAES at 4.66 h and 16.57 h when OCAES
was fully charged. One distinguished characteristic in this case is
that the entire island load can be supplied by the joint operation of
MCT farm and OCAES during this day and no DG operation (and
consumption) is needed.

3.3. Higher or lower tide speed cases

The tidal current amplitudes vary with the relative position of
the earth/moon/sun system (neap and spring tides). Fig. 13 shows
the simulation results in the case where the tide speed increases
by 10%. As it can be seen, OCAES will be quickly fully charged
because of the high energy provided by the MCT farm. However, in
this case, the MCT cannot be kept in MPPT operation when the
OCAES charging power reaches its rated value at 2.69 h or 14.82 h;
MCT control can limit the generated power to protect the OCAES
from the over charge and maintain the stability of the grid [20].
When the OCAES is fully charged at 4.28 h or 16.81 h, the MCT
limits the generated power to the load only. In this case, only
about 4.1% of the island load is required to be supplied by DGs in
one day.

A tidal cycle where the tide speed decreases by 20% is studied.
As can be seen from Fig. 14, the highest SoC is 0.42 and it reaches
the lower limit at most time of one day. Relatively, DGs work for the
most time. It means that, the DG fuel consumption reduction is less
efficient during a lower tidal speed cycle. In this case, the DGs are
required to supply about 47.4% of the total load in the simulated
day.

3.4. One-week case considering tidal amplitude variation

A simulation for one week has been carried out to observe
the long-time operating performance of the proposed hybrid
system and its control scheme. Based on the natural tidal speed
variation phenomenon, it is assumed that the daily peak values
of tidal current speed will decrease gradually by 30% during
one week, while the load curve maintains about the same level
for each day during this concerned week. The simulation re-
sults are shown in Fig. 15. From this figure, the load can be
satisfied by the hybrid power source at anytime. The decay of
the tide speed causes remarkable decrease of the generated
power from the MCT farm.

The OCAES works at a low level of SoC in the last several days
due to low availability of MCT farm output. At the same time, the
requirement of DGs to supply the load increases at the end of the
studied period when the tide amplitude becomes very low. This
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Fig. 13. Simulation results when the tide speed amplitude is increased by 10%.
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makes DGs become the dominant power supply source at the end
of the week. It can be calculated that DGs cover about 39.6% of the
total island load consumption during the simulated week. In this
case, the proposed hybrid power sources still allows reducing the
fossil fuels by about 60% compared with conventional DG-based
island power supply solution.

It should be noted that although the diurnal phase variations of
the tidal speed (which could cause supply/load phase shift phe-
nomenon) are not considered in the 7-days case simulation, the
MCT farm output can be limited in case of extra MCT output
reaching the rated OCAES power capacity in real application.
Therefore, the OCAES would not need to be over-sized.

Table 1 summarizes the main simulation results of the different
working condition. It is obvious that if DGs work longer in different
one-day cases, it will contribute more to the load.

4. Conclusions and discussions

In this paper, a stand-alone island not connecting to the main-
land grid is studied. The power supply system of this island is
retrofitted from a conventional DGs set to a MCT-OCAES-DGs

hybrid power system. The consumer power demand is assumed
to be subject to a typical load curve. A MCT farm with six 1.5 MW
turbines is considered as a renewable power supply source. A
simplified OCAES model with TES was applied. Control strategies of
the different subsystems were proposed and presented. Simula-
tions were carried-out in different test cases to demonstrate the
feasibility of the proposed hybrid power supply solution. Main
achieved conclusions are as follows:

Table 1
Simulation results of different working cases.
Working conditions DG/Load (%) DG time(h) Final SoC
Normal case® 109 2.8 0.19
1.3 BL" 26.6 9.6 0.05
0.7 BL 0 0 0.84
1.1 BS 41 11 0.7
0.8 BS 47.4 13.7 0.05
7-day case® 39.6 76.5 0.05

@ Base Load (BL), Base Tidal Speed (BS), SoCy = 0.24, working in one day.
b Only one factor is changed in one-day cases.
¢ The tide speed decreases by 30% gradually in 7-day case.



— Load and tide speed have a significant impact on the contribu-
tions of the different power sources in the hybrid system.

— The tests for different cases validate the effectiveness of the
proposed control strategy.

— The proposed hybrid system can provide a flexible power supply
to the load in continuous operation even in extreme cases.

In most cases, cost-benefit assessments are major concerns
before the final commercialization. The configuration of the hybrid
system (power rating of single MCT and the total number of MCTs,
OCAES sizing, DGs ratings and numbers) depends highly on the
specific site conditions, load demand profiles, the costs (short-term
and long-term) and the diesel-fuel consumption’s reduction
objective. The choice of CAES as the energy storage system relies on
the fact that this technology offers the most economical solution for
bulk energy storage: the cost of storage part (a priori between 40 €/
kWh and 110 €/kWh for CAES) and annual operational and main-
tenance cost (4 €/kW) are the lowest compared with other energy
storage technologies [23]. The cost-benefits analysis in Ref. [24]
shows that the feasibility of the CAES plant strongly depends on
the monthly payment from the regulating power market. Due to
the predictability of the tidal current resource, integrating CAES in
MCT farms could be more feasible than in the case of wind power
systems. Different expander (energy generation capacity) and
compressor (energy storage capacity) sizes, and system operational
characteristics of the CAES can affect revenues and should be
independently designed to optimize the economic benefits [25].

The optimal sizing of the power capacities of MCTs and OCAES
system would be further studied taking into account of appropriate
cost-evaluation models in the next step. It should be noted that
optimal sizing of the elements in the hybrid MCT/OCAES/DG system
is out of scope of this work, but it could be a very interesting study
in the future.
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Appendix

Table 2

OCAES main input parameters
ne 1.5
ne 1.33
Nm,c 0.92
Nm,t 0.92
Tambient (OK) 293

Pressure ratios of compressor
Pressure ratios of turbine

Cpair (J/kg.k)

6,2.6,2.57
1/3.5,1/3.5,1/3.27
1003.5

Ragir (J/kg-k) 286.7
prrr (kg/m®) 570
Cpure (J/kg.k) 1260
pres (kg/m?®) 2750
Cpres (J/kgk) 916
Depth (m) 400
Po (bar) 40
Rating power (kW) 6000/3000
Charge time (h) 25
Teotd, Hrr (K) 313
Vrgs (m?) 121.4
Vair storage (m3) 2133
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