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Technico-economical analysis of a hybrid wave power-
air compression storage system

David Hernandez-Torrés Laurent Bridief, Mathieu David**, Philippe Lauret, Thomas Ardiale

aUniversité de La Réunion, 40 Avenue de Soweto, 97410-B&int, Reunion, France
bSeawatt, 14 rue Henri Cornu, 97490 Sainte-Clotilde, Remjrfisance

Abstract

This paper presents a technico-economical analysis ofanffelwave power generator coupled with a proposed air casnjore
storage system. Ocean wave measurements and forecasisafequn a site near the city of Saint-Pierre in Réuniomigjd&rance.
The insular context requires both smoothing and forecatteobutput power from the wave power system. The storagersyist
a solution to meet this requirement. Several power netwerkices are defined by the utility operator in order to meffecént
load needs. The goal is to analyze the role of the proposedgealevice for each desired network service. An optinopati
procedure, from previous works, based on available waveggrferecast, is used to compute the optimal storage sizedoh
service. An economical analysis shows the feasibility fitbiaddition of the storage device, as the hybrid source poutput
may be economically profitable compared to a raw wave powaymtion.

Keywords: Wave energy converter, air compression storage, netwditly gervices, optimization, economical analysis

1. Nomenclature

Pinj
Poutinj
Pstoinj
I::'dev
Prmin
S
SOC
Pec, Pq
Tles 1d
DTR
NPV
IRR
FIT

Guaranteed power bid [kW]

Power forecast [kKW]

Power output (from wave converter) [kW]
Energy output [kKWh]

Energy lost fronPqy; [Y0Eou

Storage powerHg, > 0 charge,

Psto < 0 discharge) [kW]

Power injected to the grid [kW]

Injected power part frorRqy: [KW]

Injected power part fronPsio [KW]
Deviation between output power and bid [kW]
Optimally guaranteed power [KW]

Useful storage capacity [kWh]

Storage state of charge [kWh]

Storage chargdischarge power [KW]
Storage chargdischarge fficiency [%)]
Default time rate [%]

Net present valued]

Internal rate of return [%]

Feed in tarff [€/MWh]
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2. Introduction

Integration of renewable energy sources in island networks
are of great concern because of the absence of extended, ro-
bust and interconnected electric infrastructure. Matarckwell
established technologies, such as wind and solar power, are
stochastic by nature, thus limiting the amount of “fatalinzy
available from these sources [1]. Energy storage systems ar
a solution to cope with the intermittent character of rert@ea
sources. They are used tfiieiently smooth power output and
to store exceeding production. Ocean wave energy productio
technologies are also somewhat stochastic, with the design
the power take i (PTO) converter and its control being a cru-
cial stage in a wave power generation project [2].

Within this context, the Seawatt R&D project was launched
to develop a wave energy conversion farm with storage device
units in the shores of Reunion island in the Indian Ocean. (Lat
-21.34 Long. 55.43). The goal is to set-up an array of Pelamis
P2 wave energy converters (WEC), for a total installed pafer
30MW at the selected site in Saint-Pierre (Pierrefonds) T8k
Pelamis P2 units have 750kW of rated power, composed by five
tube sections linked by hinged joints (180m long, 4m diamete
and a conversionficiency~ 70% considering both thermody-
namic and electrical circuits [2]. The selected site in Renn
island is a particular challenging problem since the raticee
newable penetration (mostly PV) is close to a 30% limitation
established by the utility operator, hence the importarfca o
storage device design.

In this paper, an optimization methodology for sizing of the
storage device is presented. The storage size of the hyjsid s
tem is optimized to comply with desired performances for sev
eral network services defined by the utility operator. Thé-op
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mization method presented in [1] is used to find a suitable sto
age size for each service. The method, based on the day ahe
power production, relies on the quality of the forecast. sThi

has been widely studied for storage sizing with wind powet
[4, 5, 6]. The optimization method is based on a general ba
sic approach using minimum search.

As a part of the Seawatt project, the storage system is con
posed by an on-board air compression system, that will d) fa
work as an extension of the built-in power smooth storage de
vice delivered with the Pelamis P2. The additional systékaga
advantage of the available empty space at each structuee tut
However, only static characteristics of the storage systento SN e T
be defined in this paper, as the assumptions made on the op Jan Feb Mar Apr May Jun
mization method implies that the storage time constantigfo
or equal to the considered time st&p(1h in this study).

A final step in the methodology is to analyze the economic Figure 1: Significant wave height and period in Pierreforygsr 2006.
benefit from the addition of the storage device. For this psep
the guidelines presented in [7] are used.

Year 2006
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Réunion island, France
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3. Ocean data and wave converter power matrix 1000

Wave data measurements from a chosen site near the ci
of Saint-Pierre (Pierrefonds) in Reunion island, Franae, a
used. The available data include ocean state signals afi-sign
cant wave height and maximum period of waves measured frot
2000-2007 and 2009.

The optimization methodology presented in this paper is
based on the day ahead output power bid computed fror
wave height forecasts. Available wave state forecast dat
from WW3 models are published by the US-NAVY at  significant height (m)
httpy/www.usgodae.oyg These forecasts include years 2005—
present. For this reason, the base data set was chosen for the
year 2006, for complete measured and forecast data. This is a
limitation that may have an influence on the resource assess-
ment analysis, hence the results presented in this arte#s d 4 Network services
not consider the inter-annual variability of wave energy.at-
count for inter-annual variations, it is recommended tosoder In this paper, several power network services are ana|yzed_
at least 10 year of measured data. These services are defined by the utility operator in order to

The measured and forecast Signals of the Significant Waveope with the dferent load needs. System services are pre-
height and maximum period for the selected site in 2006 argented in Figure 3.
shown in Figure 1. Plotted data and spectral analysis ofakve  The first service S1, yields an hourly smoothed output of the
years data shows a Clearly seasonal behavior of the ocdan St@ay_ahead forecast pOVVEf Service S2al, Comp|y with a bid
with particularly higher significant height and maximumipér  of a yearly guaranteed constant power. Service S2a2, defines
for the austral winter season. a bid of a constant power for each day of the year. Services

With the forecast data, the power output of the Pelamis wavgp, s2¢ and S2d, defines bids withitfelient time lapses for
power converter can be computed using its power matrix. Th@ach day of the year. Specially service S2d is designed to pro
Pelamis P2 power matrix, shown in Figure 2, gives the corvyide a guaranteed power bid for evening peak hours. Finally
relation between the output power and significant height andervices S4 and S5, defines combined bids of hourly smoothing
maximum period of waves, it was developed in [3] using a re-and daily constant power with a constant power evening (18—
gression on the simulation results obtained for varioussvg¢  22h) service.
erating conditions using a non-linear wave to wire modehef t
converter. Using actual measured data and assuming an over-
all round trip eficiency ofnround =73.37% fround = 7c * 10), - Methodology
the yearly mean value offfective power productiofPyy; is ) )
82.51kW, roughly 11% of the 750kW installed capacity for °-1- Mathematical formulation
each converter, with maximum peaks at 667kW (88.93% of in- In this paper the storage is considered as a generic black box
stalled capacity) during the winter season. The static technical characteristics of the storage system

Power (kW)

Maximum period (s)

Figure 2: Pelamis power matrix.
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8 18h
P, *(day) ‘ ;
| 3 While DTR>5%
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Figure 3: System services. Figure 4: Flow chart of the optimization methodology.

under the power and capacity constraints:
considered known. It is assumed that the time step of the stor
age device is dficiently large compared to the systems dynam- —Pg <x(t) <P;,t=1,....N
ics. Transient equations are neglected and a stéidency- SOGin <SOQt) < SOGaxt=1,...,N

based model is considered. )
The default time rate (DTR) is defined as the part of the to—W'th the state of charge computed by:

tal time during which the injected powé¥,; does not met the S0Qt) = SOQt — At) + X(H)At/S
guaranteed power biBy,q by a certain tolerance. The power
bid is defined as the day-ahead announcement by the suppliehereS is the storage size in kWh andt) = Psi(t). The
to the grid operator. In a simplistic mathematical formislat  optimization is defined in order to guarantee a desired diefau
the DTR can be described as: time rate:
DTR< to'DTR (4)

DTR= Pyig — Pinj > tolp X Phig (1) with tolprr generally chosen at 5%, or a limitation on the per-
centage of the period during which the day-ahead announce-
with tolp a given tolerance on the respecting the power bid andment is not met. The generalized optimization process flow
diagram is presented in Figure 4. In this paper the optimiza-
Pinj = Poutinj + Pstoin] (2) tion is based on a minimum search on the system simulation
results for many possible storage sizes that satisfies thetsée
constraints.
Another important design parameter is the energy loss,iwhic
desirable to be as small as possible. As a counterpareof th
TR, a loss of energ¥ost 0ccurs when the power production
Pout is higher than the day-ahead announcement and the storage
Bevice has reached its full capacity. The energy excesqis co
sidered lost as it cannot be injected neither to the gridmte
min f(X) = |[X — Pgedl (3)  storage device.

In theory,Psi, should compensate the deviatiBg, = Pout—
Ppig- The actual storage power will however slightlyfdr from .
Psio because of limitations of both charge and discharge poweljg
and the storage state of chaige®C

This can be formulated as an optimization problem where w
want to find:



5.2. Storage model In this work the charging phase is fixed to occur until the
The black-box storage model is defined by the generalize@ower output equals the lower limit of the layéo(; = Poid —

model described as follows. tol). In the other hand, the discharge is fixed to occur until
If the power deviatiorPge, > O (charge) then: the power output equals the upper limit of the layBs{ =
Ppig + tol)
0 < x(t) < min(Pgev/ne, Pe) = ar, t=1,...,N (5) In the following sections, the operational strategies facte

zone are defined as a function of the power oufydt and the

if Pgev < O (discharge) then: tolerance layer limitstol.

Br = —min(—=Pgev/nd, Pg) < X(t) <0,t=1,...,N  (6)

With these definitions, the computation of the network in-5.3.1. Above the layer (charge zone)

jected power®ouiinj andPstoinj is as follows: The system is above the tolerance layer if:
o If Pgev> O (charge): Pout > Ppig + tol (8)
Poutinj = Phid Under this condition, the operational strategy is compated
Pstoinj = 0 follows. First, the maximal storage power limited by thetsta
of chargePgsomax and the “theoretical’PsiotH Storage power
o If Pgey < O (discharge): are computed:
S
Poutinj = Pout Pstomax = (S OGnax—S OC(t)) X E (9)

Pstoinj = Psto = X(t ,
stoin] st ( ) PstoTH = mln(PCs (Pout - Pbid + t0|), PstoMAX/’]c) (10)

where the actual storage powP%, takes into account the  Then the actual “physicaPs;, power stored under the charg-
charggdischarge powers and the storage capacity limitations. ing condition is given by:

A simplified schematic bloc diagram of the mathematical for-

mulation presented is given in Figure 5. Psto = 11c X PstoTH (11)
Doy -ahead Wave power | Zo P - The new state of charge is computed by:
forecasting production !
Grid

T SOqt + At) = SOQH) + Psio X At/S (12)

Wave converter Power bid i
power matrix announcement

Charge/discharge Storage
control P model | p
stoTH

Figure 5: Modeling block diagram. Eiost =(Pout — PstorH — (Ppig + tol)) x At (15)
Poutinj =Pyid + tol (16)

injected
power

Finally injected powers are respectively:

Poutinj =Pout = PstoTH (13)
Pstoinj =0 (14)

If Pout— Psto > Ppig + tol then the energy loss is computed by
the following condition:

5.3. Tolerance layer strategy

A more specific formulation and application of the optimiza-
tion method includes the use of a tolerance layer stratelgig T
approach is used to further reduce the storage size while re-
specting the services tolerances, as a contrast to theisiimpl
formulation presented before. The strategy is based upmn th
choice of a chargdischarge procedure within a defined toler-
ance layer. Three zones are then defined: under, inside and
above the layer.

The system is said to be in a fault situation when the injected
powerPy,; is under the layer:

elseEjst = 0.

DTR= Pinj < Ppig — tol (7)

For the sake of simplicity, in this studtgl = tolp = tolptg.

The tolerance layer strategy is described graphically guié
6. Figure 6: DTR definition for tolerance layer strategy.



5.3.2. Under the layer (discharge zone)

. . Table 1: Storage system data
The system is under the tolerance layer if:

Parameter  Value

Pout < Ppig — tol 17) Pc=Pg  500kwW
Under this condition, the minimal storage power limited by e 87.4%
the state of chargBsiomin and the “theoreticalPgiorH powers 14 83.94%
are computed: S OGhax 100%
S S OGy 0%
Psiomin = (S OGrin — S OQ) x — (18) -
PstotH = — Min(Pg, —(Pout — Poig + tol)/nd, —Pstomin) ~ (19)
1000 &y "1 ey Ty T T 2w v —eey o 47700
. ) bt THHIE = .= S0C(%)
Then the actual “physicalPs;, power discharged from the L ‘ ik T = = =Puliw)
storage device is given by: 801!: ! " p Iq ' 5— noo T )
n; ',. " |||: 1 Hs00
Psto = 17d X PstoTH (20) S (T :'I : b i: g
PR THAY 1y {400’
However in this case the new state of charge will be com- = [ I :.' :ﬁ ‘ TR
puted by: S sof .-.:F N 14300 =
;E; i |;||.: X s +tolp :u z
SOQt + At) = SOQ) + Psiorh X At/S (21) " gl nf|200
20 |
The injected power will be: 7 1"
0 4;;0 = 45‘0(5 460:')7 ) 4;00 :‘48A00 4960 = 75(;(:)0:’-
Time (h)
F)outinj =Pout (22)
Pstoinj =Psto (23) Figure 7: Simulation results for service S1 (July 2006).
5.3.3. Inside the layer
The system will be inside the tolerance layer if: total of 1931% energy loss is obtained and the mean value of
the dfective network injected power is @kW.
Pout € [Phig — tol, Pyig + tol] (24) The service is respected by the given tolerafiZER < 5%).

. Despite the relatively high loss of energy 0%), the stor-
The injected power and the state of charge are computegle gjze obtained may be a feasible candidate. Table 2 gives
following the same procedure described before for oparatio e regyits of the optimization procedure for all the coesid

above the layer. services. The economical analysis for each service willifle s
sequently presented in this paper (see Section 7). The miue
6. Results of the selected tolerance in the resulting storage size lamd t

lost of energy is presented in Figure 8.

In this section, simulation and optimization results foe th
different studied services are presented.

For some services the results are obtained using aslightmo ~ **°( S e — Y S
ification of the maximum-chargeminimum-discharge strategy, RN ——— Storage capacity (kWh)
in which if the system is operating in failure (DTR) then no ~ *%|
power is injected to the network and the production is diyect
used to charge the storage device.

The storage system parameters used for the simulations a
given in Table 1. The chargédfiencyn. is given by the prod-
uct of the compressed air reservolfigiency assuming adia-
batic cycle (95%) and the isentropiffieiency of the hydraulic

123

122

2000

N
[y
)

1500 - 120

1000 [ 119

Storage capacity (kWh)

Lost energy Eps (%)

system (92%). The dischargéfieiencyng is computed with 500} 118
the product of the reservoifteciency, the hydraulic turbine ef-
ficiency (94%) and thef@ciency of the electrical conversion o 5 = % ey
components (94%). Allficiencies are assumed based on typi- Tolerance tol (W)
cal by default values of the air compression system compsnen

For serviceS1 the optimization process wittol = 20kW Figure 8: Optimal storage size dependence with tolerancesiwice S1.

yields an optimal storage size 8f = 550kWh. The simulation
results for the month of July 2006 are presented in Figure 7. A Simulation results for servic&al are presented in Figure 9

5



usingtol = 20kW and a storage size 8f = 1000kWh. These

results are obtained for a yeami, = 50kW. However, the oo 5"!!!!'—5"‘.!—‘,_“;"".;'?5 A e A
yearly mean value of the production forecasPis= 64.56kW. - ! h ity T ohey Heoo
If the yearly mean forecast is to be supplied, a hardly ecenorr sor h Re L Paoins W)
ically feasible storage size of 5400kWh will be needed. Opti  _ | o I : 120
mization results for a small variation in range of the ye&y, S eoh! iy ! 31T .-
around 50kW are given in Figure 10. In either case, energ = '.: q-:' -h i !k" :i
losses are considerably higher (3310%) when comparedwith 5, 1 .'-::rn . h R 14300 =
the hourly smooth service. : v g | g ! zoof%
1 H
100 B - N S ey 7o o [ “R 3 "-g i {100
9o ! = = = P (kW) i
Pij(kW)  |§600 2l H

80r gy v ld L 4700 4800 4900 5000

Time (h)

i SESHEEN c E
4400 4500 4600

0p
60 1 E, . . . .

Y Figure 11: Simulation results for service S2a2 (July 2006).
50+

4005 -2

State of charge (%)
System powers (kW)

jected power is forced to lie in between the desired delivery
schedule, but this comes at the price of too high energy$osse

30kt

g {4 LT B! &8 3l 100 On the other hand, resale prices may be higher for these ser-
10 LRR d 0 T ' a = y . ap . .
I ; ) ‘ | LNy vices, as they are specifically designed to meet certain peak
N Akl dbal b bARAS L, i B y are sp ly designed & P
0 1000 2000 3000 4000 5000 6000 7000 8000 hour load demand. Results with these services are resuteed la

Time (h) in this section in Table 2.

To reduce energy losses, a more interesting implementation
of these services is considered as a combination with other a
day injected power services (S1, S2al or S2a2). This iscparti
ularly the case of service¥4 and S5, that were designed as a
2000 - 42 combination of services S1 and S2a2 respectively&4 S2d
T e and S5-S2a2-S2d), and a constant power delivery for the
evening (18-22h).

For these service an additional “factor” parameter is intro
duced. This parameter defines a certain amount of energgttran
ferred from all-day service (S1 or S2a2) to the evening servi
(see Figure 3-S5). The “factor” term is defined by:

Figure 9: Simulation results for service S2al (year 2006).

1500

L
o
o

1000 -

L
w
<)

Storage capacity (kWh)
Lost energy Ejos (%)

hy

factor = h

= h; x factor = h; (25)

500 -

L
w
o

DTR < 5% So

e whereh;, h¢ are initial and final values in the all-day mean in-

0 ‘ ‘ ‘ ‘ ‘ s gy jected power, then:
42 44 46 48 50 52 54 56

Prin = Pyia (kW)

Ah = hj(1 - factor) (26)

Figure 10: Optimal storage size in dependence of yeRy. . L L .
9 P 9 P YEam Using equal area criterion and considering a 20h base gervic

The results obtained for daily-based optimization sewice (51 ©F S2a2) and a 4h evening service (S2d) then:
are subse_quently presented. Se_rvmaz was c_onceivgd to AA; = Ahy x by = Ahy x 20 @7)
yield a daily constanPp,,. The delivered power is considered
constant by the utility operator if it lies within the tolerse ARz = Ahy x by = Ahy x 4 (28)
layer at the given tolerance.

If the daily Pmin value is given by the daily mean production
forecast, then an optimally storage size of 600kWh is obtain Ahp = 5> yi x (1 - factor) (29)
with atol = 20kW. Results in terms of lost energy and injected Simulation results for service S4 are given in Figure 12,
power are very similar in magnitude with those obtained withFor these results the optimal storage size of 550kWh and a
service S1. Figure 11 shows a simulation results for the montfactor = 0.7 were used. A 226% of energy loss is obtained
of July 2006. and the yearly mean injected power is.®W. However, the

Subsequent servic&b, S2c andS2d are particularinterms mean value of the constant power delivered in the evening is
of their performance and profitability, this is because tie i 11138kW. As a contrast to other services, it is clear from the

6

finally:



obtained results that the storage is more solicited, siyebie-
cause it is needed as a support for the evening service. Tt
use of the giverfactor value allows the storage to leaft the
evening service with & 100%S OCfor almost every day.

B Pt B T L IS
1

[ —— 500(%)

=)
P P T T T e o

State of charge (%)
o

4700
Time (h)

olLd L
4400 4500 4600 4800 4900 5000

Figure 12: Simulation results for service S4 (July 2006).

Figure 13 shows the optimization results for service S4 and
variation in thefactorvalue. A minimalDT Rvalue is obtained
with a factor = 0.7.

DTR (%)
> ul (<2} ~ © [}

0.5
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Figure 14: Simulation results for service S5 (July 2006).
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Figure 15: Optimization results for service S5 and a vammath factor.
of more interest because the evening service may have higher
resale prices.

The final part of the sizing strategy deals with the economica
profitability analysis. This is presented in the followiregton.

Table 2: Network services and storage size optimizationltes

Figure 13: Optimization results for service S4 and a vamatin factor.

A minor modification of this service (S4b) includes a 2h pe-

riod of time during which no power is injected to the grid and
the production is entirely used to charge the storage. This t
lapse is fixed at the end of the day between 22—-24h.

With this strategy, a further reduced optimal size of the-sto
age is obtainedS* = 375kWh. However, this comes at the
price higher energy lossdSes; = 25.75% and lower yearly
mean injected powei,; = 61kW. A supplementary economi-
cal analysis will give more justification to the choice of il
operating strategy.

Simulation and optimization results for service S5 are give
respectively in Figures 14 and 15.

The obtained results are very similar to those of service S4.

Pnj  Pinjri®  Einj Eost DTR S
Service [kW] [kW] [MWh] [%] [%] [kWh]
s1 65.60 - 574.74 19.31 4.94 550
S2aP 51.76 - 45350 36.81 4.80 1000
S2a2  65.65 - 575.20 19.33 4.93 600
S2F 4594 100.23 402.44 41.08 4.53 1000
S2¢  46.98 112.76 41157 3830 4.79 1000
S2¢¢ 37.92 182.06 332.25 48.46 4.95 1000
S4d  61.90 111.38 54235 23.26 4.91 550
S4d  61.00 106.93 534.39 2575 4.86 375
S54 6196 111.37 542.82 23.19 5.00 545
S5 61.06 106.49 53491 2570 4.97 365

Again the optimal value of théactor parameter is 0. The

optimal storage size is 545kWh for service S5a and 365kWh & Subscripfl L denotes time-lapse for power delivery (for exam-

for service S5b (applying the same charging procedure legtwe
22-24h).

pIe 18-22h for service S2d). _
b Puig = 50kW, i.e., 7745% of the yearlyPprev.

Generally higher energy losses were obtained for serwces ¢ With Ppg = 2.1 x Ps between 8-18h.
S2al, S2b, S2c and S2d. However, these services are later im® With Ppg = 2.75x Py between 8-12h and 14-18h.

plemented as combined strategies in services S4 and S5.
terms of the economical profitability services S4 and S5 neay b

7

Inf With Ppig = 5.2 x Ps between 18-22h.
f Results obtained withactor = 0.7.



7. Economical analysis storage size and injected energies, for each of these esaie

) resumed in Table 3. It is assumed that the FIT for output gnerg
7.1. Methodology and model assumptions injected during a DTR condition is half the value during natm

In this section the economical analysis of théeatient ser-  power injection.

vices described above is presented. The study is based on the
guidelines described in [7]. The classical cash flow and net
present valueN PV) methodology is considered. A similar ap-
proach was used in [8] to analyze the economical performance

Table 3: Selected network services and injected energies
Service S EianPHaYb EiniPHa'b EianPHa EiniPHa

of a Pelamis P1 in several sites in Europe. S1+/- 0.550 22.22 - 552.52 -
The NPV is computed using the equation: S1Q- 1.200 17.79 - 569.69 _
N S2aZ 0.600 19.60 - 555.60 -
n
NPV=)" a+ip (30) S2a? 1.050 1724 - 54570 -
=0
) S4a 0550 13.16 30.63 325.93 172.59
whereC, is the total annualized cash flow for a given period S4b 0375 1052 38.83 328.72 15627
n, i is the annual real interest rate or the discount nidtes the ' ' ' ' '
project lifetime. Associated with tHePV is the internal rate of SSa  0.545 14.04 3092 32552 172.28
return (RR), which is the rate that yieldd PV = 0 for a given S5b 0.365 10.33 39.06 330.21 155.25
period: N c a All units are in MWh.
b . . . g
NPV = n -0 31 Energy injected during DTR condition.
n; (1+IRR)" (31) ¢ With tol = 20kW.

d H —
The results obtained in the selected site show that the gnerg With tol = 15kW.

production is low compared to qther sites worIdwidp. The raw Compressed air storage costs breakdown is presented in [9]
produced energy by the Pelamis wave power device stands gy CAES systems. Assuming similar compressor technology
Eou = 96432MWh A result somewhat comparable o a Se- anq reducing the costs associated to cavern development and
lected site in Denmark considered in the work of [8]. For &Sup ¢onstruction materials in CAES systems to on-board airrese
posed feed in taffis (FIT) of this type of energy of 13MWh, vy installation, the storage device cost can be estimbted

a negative NPV is obtained ai6.121€M. In order to yield  yyeen 400-70@/kwWh. Cost considerations for the worst-case

a positive NPV, a prohibitive FIT of 1.22kWh would be  gcenario (708/kwh) and the parameters of the economical
needed. model are resumed in Table 4. No salvage and a 20-year

Given this performance, a goal was fixed in this work to eva"double-declining depreciation schedule are considerettién
uate the economical performance of the storage device and itconomical modeling.

contribution to operational profit for each service.
As the considered services are single cases or combinations

of all-day services S1 ayar S2a2 and peak hour service S2d, Table 4. Economical model parameters
the revenues from injected power to the grid will be given by: Parameter Value
Nominal discount rate 10%
ReVGnU%Iami&Storagez EianpH X C1 + Einij X C2 (32) Inflation rate 206
\évher((esl ;;mdcz are the EIT for non pzak hohulxllgDH) and peak Project lifetime 20 years
our (PH) services, with a price condition holding es< c;. 0
The contribution of the storage device to operational profit Incomfa tax 20%
will be computed by the dierence: Storage life-span 20 years
Storage initial capital cost T&JkWh

Profit; = NPVpelami — NPVpelami 33
Storage Pelamis Storage Petamis  (33) Storage O&M costs 10% of capital cost

From the results obtained in the previous sections, sesvice
S1, S2a2, S4a-b and Sh5a-b are retained for the economical
analysis. For services S1 and S2a2 second options stmtegié2. Results
are considered. For S1, as a complement to the maximum- For an initial comparison, the profit and theR are com-
chargg minimum-discharge strategy (81-), a second exact- puted for fixed FIT values assuming = 300 andc, =
charge/ minimum-discharge strategy (S¥-9 is also stud- 400€/MWh. The results are resumed in Table 5. It is clear
ied. The exact-charge means that the charge zone is limitetiat, even with higher injected energy and revenues, s=&4c
to Pout > Ppig. A Higher storage size is obtained with strategy using strategy 0- is not attractive due to high storage capacity
0/-, at the benefit of higher injected energy (see Table 5). Foand initial capital cost. A similar result is obtained fondgee
S2a2?, the results obtained withl = 15 andtol = 20kW are  S2a2 using #ol = 15kW. Only services S4b and S5b represent
compared. The technical analysis results, including thiengb  interesting options in terms of profit with fixed FIT.



Table 5: Economical analysis results for fixed FIT

S* Revenued  Profit IRR
Service [MWh] ] [€] [%0]
S1+/- 0.550 169089 -169090 2.91
S10- 1.200 173575 -903131 <O
S2a?  0.600 169620 -224074 0.97
S2aZ 1.050 166296 -783353 <0
S4a 0.550 174912 -122816 5.09
S4b 0.375 170467 49084 12.53
S5a 0.545 174857 -117333 5.29
S5b 0.365 170524 61379 13.22

a Yearly revenues.

b With tol = 20kW.
© With tol = 15kW.

Assuming FIT values variation ranges, profit aiRR are
presented in Figures 16 and 17 for services S1 and S2a2. Si
lar results are obtained for both services. Strategies/Shad
S2a? withtol = 15kW are again penalized due to high initial
capital costs. Strategies §J— and S2a2ol = 20kW begins

to be interesting with FIT higher than 3§(MWh.

Figure 18 shows the 10% line contours of iR for ser-
vices S4a, S4b, S5a and S5b. Overall services S4b and S5b are

retained as the most economically interesting options.

For both S4b and S5b, profitability is bounded to high FIT

S2a2 tol = 20kW
= = =852a2 tol = 15kW

= S2a2 tol = 20kW
S2a2 tol = 15kW

-20
300 320 340 360
FIT C; (Euro/MWh)

-8
300 320 340 360

FIT C (Buro/MWh)

380 400 380

Figure 17: Economic analysis results for service S2a2.
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prices forc, and to the obtained low storage sizes. For these

services interestingRR > 10% starts at 350€/MWh (con-
sideringc; ~ 280€/MWh in the case of S5b). A profiRR
mapping forcy/c, variation ranges for service S5b is presented s 600
in Figure 19. For comparison purposes, the obtained NP\
value of the Pelamis with storage device for service S5tdstan ~ *°
at —6.0597%M. When comparing this value with the obtained
NPV for the Pelamis device alone, the contribution of the-sto
age device to the whole system profitability can be inferred.

x10°

—— S1 (strategy +/-)

——— S1 (strategy +/-)
= = =Sl (strategy 0/-)

- 300 320 340 360 380
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300 350
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Figure 16: Economic analysis results for service S1.

8. Conclusion

400

Figure 18: Contour lines for 10%RRfor services S4a, S4b, S5a and S5b.
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Figure 19: Profit andRRvalues for service S5b.

device coupled with a wave power machine, was studied in this
paper. Network services and operational strategies neguit
lower storage device size were shown to be more economically
attractive while respecting the desired service perfoaeaal-
erance. Specifically, services S4b and S5b were retaindtbas t
most interesting both technically and economically. Itiddo

be noted however that high FIT prices 8506/MWh for peak
hour services) are needed to guarantee profitability, thisim
volve some important energy policy change to stimulate wave

A technico-economical optimization methodology and anal{power insertion. The obtained results shows the importahce

ysis, considering the contribution of an air compressioregie

service combination to achieve profitable energy supplhat-c
9



lenge the low output power from the Pelamis PIl machine (11%
capacity factor at selected site). The optimization methagly
used for storage device sizing may be adapted for other types
of technologies, given the black-box modeling approachr- Cu
rent and future works includes the use of the sizing optitiopa
method for wind and PV generation, the introduction of addi-
tional optimization variables within the tolerance layategy

and the formulation of the problem as a convex optimization
that may be solved using the powerful Linear Matrix Inequali
ties (LMI) tools.
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