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Abstract — While marine renewable energies have seen some
interest over the last years, the electricity supply of maritime
remote areas still presents many constraints, such as high costs
due to the storage requirements. The constraints related to the
reliance show that the energy management system needs some
flexibility, which can be done by managing the demand. The
strategies based on load shed and load postponement are often
considered. In this paper, anticipation based strategies are
proposed in the aim to use the excess power for shiftable loads
supply and to foster marine energies integration for the
electricity supply of remote areas. A multi-source system
including solar, wind, tidal and wave energies is considered, in
which batteries are used to ensure the demand to be satisfied as
much as possible. The developed strategies concern the electric
room heaters and water heaters power demand. Significant
effects on demand satisfaction, battery lifetime, system sizing and
costs are observed in the carried out simulations, showing the
positive effects brought by the proposed anticipation based
strategies. Moreover, some situations of loss of power supply are
avoided thanks to the proposed demand side management
strategies.

Keywords — Marine renewable energies, Demand Side
Management strategies, load shiftng, off-grid, island electricity

supply
I. INTRODUCTION

In maritime remote areas, electricity supply is mostly
provided by solar and wind energies [1, 2]. Batteries and
gensets are often used to ensure the demand to be met in case
of low generation [3, 4]. In addition to the pollution generated
by the use of gensets, fuel import is sometimes costly, because
of logistical constraints in remote areas [1]. Avoiding the use of
gensets leads to more constraints on reliability, sizing and costs
for a system based on renewable energies and batteries.
Moreover, the variable nature of renewable energies can lead to
situations where demand cannot be fully met. So as to avoid
the installation of an under-utilized generation capacity or a
high storage capacity, the energy management system needs
some flexibility. Demand Side Management (DSM) strategies
can help to change the shape of the load curve according to the
available generated power [5]. The main DSM strategies found
in the literature are classified in six categories: peak clipping,
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valley filling, load shifting, strategic load growth, strategic load
conservation and flexible load shape [6, 7]. Strategies based on
load shifting for which delay and advance scheduling can be
considered [8, 9] are the most used [7, 10, 11, 12]. They allow
the demanded energy to be conserved, which is not the case
with the peak clipping strategy, where load is shed [13].
Among all the flexible loads which can be considered, the
water heaters and the electric room heaters are often studied in
papers dealing with DSM [14, 15]. A review of DSM schemes
and programs is given in [5], according to the possible control
mechanisms and the motivations offered to consumers in order
to participate to the load management program. Some
programs consist in time-varying pricing, whereas others are
based on incentive offers. In addition to the desired reliability
benefits, DSM could bring technical, economic, environmental
and social benefits, as described in [10, 16, 17]. The
application of DSM strategies can also allow the storage
capacity to be reduced [18], leading to a cost reduction. While
marine renewable energies present high costs [19], DSM could
help to reduce the costs of electricity supply in remote areas, as
shown in a recent study [20] dealing with a multi-source
system based on solar, wind and wave energies. So as to foster
the integration of renewable energies available in maritime
areas, such as solar, wind, tidal and wave energies, and to bring
flexibility to the energy management strategies, DSM strategies
are developed in this work. Anticipation strategies are
simulated for water heaters and electric room heaters loads,
instead of delay shifting strategies usually applied. Section 2
describes the considered multi-source system, the load profile
separation and the economic and reliability evaluation method.
The developed DSM strategies are presented in Section 3,
resulting in several benefits summarized in Section 4.

Il. MULTI-SOURCE SYSTEM DESCRIPTION AND MODELING

The offgrid multi-source system considered in this paper is
based on solar, wind, tidal kinetic and wave energies. At each
time sample t,, the total generated power Py, corresponds to
the sum of powers generated by the four sources:

Pyen(ti) = Npy X Ppy (ty) + Nyyr X B, (tg) + Npp X
Py ¢ (ti) + Nwec X Pypc(ty) (1)



where Np, is the number of PV panels, Pp, is the
photovoltaic panel output power [W], Ny, is the number of
wind turbines, B, ,, is the wind turbine electrical output power
[W], N7 is the number of tidal turbines, P, . is the tidal turbine
electrical output power [W], P, 5 is the wave energy converter
output electrical power and Ny is the number of wave
energy converters.

In order to ensure the requested power be met in case of
low production, lithium-ion batteries are added to the multi-
source system. The case study of this paper concerns the
Ouessant Island (located on the west coast of France), as the
tidal kinetic and the wave resources reach a sufficiently high
level to consider their exploitation. The availability of both
resource and load profile data allows to conduct simulations for
a five years long period at hourly time step, from January 1%
2011 to December 31% 2015. This section summarizes the used
models and describes the reliance and costs models. An
overview of the considered system is given in Fig. 1.
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Fig. 1. Overview of the considered multi-source system model

A. Photovoltaic panel model

Considering the use of a MPPT control (Maximum Power
Point Tracking), the photovoltaic panel output power Ppy is
calculated according to [21]:

Ppy = MNpy X Spy X Gy 5 (2)

where Spy the panel area [m?], G,,, , the global irradiance
[W/m2] received by the tilted surface (8 is the tilt angle) and
npy IS the module efficiency, which depends on the cell
temperature T,:

Npv = Npvref X Neonv,pv X [1 +ap X (Tc —T. ref)] €)

Gtot,[i‘ (4)

T. = Tamp + (Te nocr — Tamb nocr) X G
NOCT

where npy o is the module efficiency in Standard Test
Conditions (STC), 1¢onw,pv the conversion chain efficiency, a,,
the temperature coefficient [°C™], T. the cell temperature [°C],
Tcrer the STC cell temperature [°C] and Ty, the air
temperature [°C]. T.nocr iS the cell temperature [°C],
Toump nocr 1S the air temperature [°C] and Gyger IS the
irradiance [W/m2] under Nominal Operating Cell Temperature
conditions (NOCT).

The photovoltaic panel considered in this paper is the
SX3195 reference from BP Solar manufacturer with
P, py =190 W (the PV panel rated power), Spy =1.411 m?,
Npy rep = 0.135, Neony = 0.95, a, =-0.0048 °ct,
Terer =25°C,  Tenocr =47 °C, Tamp vocr =20°C  and
Gnocr =800 W/m2, The PV panel is facing south, considering
a tilt angle 8 about 40°. Irradiance data used in this paper come
from CAMS database (Copernicus Atmosphere Monitoring
Service Information) [22] and air temperature data are provided
by OpenOcean SAS [23].

B. Wind turbine model

The wind turbine output power P,, is deduced from the
power curve interpolation of the considered turbine [24],
depending on the wind speed value v,,. For the second zone of
the power curve, the power characteristic is interpolated by a
5th order polynomial approximation:

I(O » Vw < vw,cut—in
5 i
_ i=0 a;vy, 1]w,(:ut—in < Vw < 1]w,r
P () = { - )
rWT ) vw,r < 1]w —= vw,cut—out
to ) vw,cut—out < vw

Where P, the wind turbine nominal power [W], v, the
wind speed [m/s], vy, cue—in the cut-in speed, v, , the rated
speed, vy cur—our the cut-out speed and a; the polynomial
approximation coefficients (5" order).

In this paper, the E-53/800 wind turbine system from
Enercon is considered, according to the power curve available
in [25]. The main characteristics of this wind turbine are:
Powr =810KW, v, cu-in=3mls, 1v,,=13m/s and
Vw cut—out = 25 M/s. The wind speed data used in this paper are
also provided by OpenOcean SAS.

C. Tidal turbine model

A marine current turbine is considered in the multi-source
system, extracting the tidal current kinetic energy. The tidal
turbine electrical output power P, , depends on the tidal current
velocity thresholds of the power curve [26]:

0 » Ve < Vpcut-in
Pt (ve) = 0.5 Cpe pw S U Neonv,rrs Vecut-in < Ve < Ve (
) Pr,TT y Ver <v < V¢ cut—out
lo » Vteut—out < VUt

where P, rr the tidal turbine nominal power [W], v, the
tidal current velocity [m/s], v cye—in the cut-in velocity, v,
the rated velocity, v; c,¢—oye the cut-out velocity, C, . the tidal
turbine power coefficient, p, the sea water density
(1024 kg/m®), S the area swept by the tidal turbine blades [m?]
and 1¢ony rr the conversion chain efficiency.

The T500 tidal turbine from Tocardo is considered in this
paper, with P, rr =300 KW, v, cyp—in= 0.5 mfs, v, = 2.5 m/s,
Vecut—out =3.8Mfs, (C,,=0359, S§=1042m? and
Neonv,rr = 0.85. The tidal current data used in this paper are



extracted from the FINIS250 database produced within the
scope of the Previmer program [27].

D. Wave energy converter model

The wave energy converter output electrical power Py g is
computed by interpolating a power matrix, according to the sea
state parameters (the significant wave height H; and the
energetic period T,). The Oyster wave energy converter is
considered in this paper, with the corresponding power matrix
presented in Table 1 [28] for which Py, g is given in kilowatts
(the nominal power is P, gc =290 kW). Wave data used in
this paper are based on the WaveWatchlll model [29].

TABLE I. OYSTER WEC POWER MATRIX

Te (s) — 5 6 7 8 9 10 11 12 13
Hs (m)

0.5 0 0 0 0 0 0 1 3 3
1 20 30 38 42 44 44 45 47 45
15 80 85 92 97 | 102 | 103 | 104 | 100 | 104
2 140 | 147 | 152 | 158 | 155 | 155 | 160 | 161 | 156
2.5 192 | 197 | 208 | 202 | 203 | 209 | 211 | 201 | 204
3 241 | 237 | 237 | 241 | 243 | 230 | 236 | 231 | 235
3.5 0| 271 | 272 | 269 | 268 | 267 | 270 | 260 | 260
4 0| 291 | 290 | 290 | 280 | 287 | 276 | 278 | 277
45 0] 291 | 290 | 290 | 280 | 287 | 276 | 278 | 277
5 0 0| 290 | 290 | 280 | 287 | 276 | 278 | 277
5.5 0 0] 290 | 290 | 280 | 287 | 276 | 278 | 277
6 0 0 | 290 | 290 | 280 | 287 | 276 | 278 | 277

E. Battery model

Lithium-ion batteries are added to the multi-source system
to ensure the load requirements to be met in case of low
generation. Two models of the State of Charge (SoC) and of
the State of Health (SoH) are considered [30, 31]. The SoC
value is get at each time sample ¢, according to the battery set
point power Py, (t;) [30] by

At
S0C(ty) = SoC(ty_y) X (1 — g)2s + Featll) xA0Wbat -y
Cbatref

Pgen(tk)=Pdem(tk)
Poar (ti) = = —=— ®)

Where Cpq; rer is the battery nominal capacity [Wh], Nyq;
the battery number, P,,; the battery power [W] (negative
during discharge and positive during charge), P;.,, the load
demand power [W], At the time step [h], o the daily self-
discharge rate and n,,,; the battery efficiency.

Battery is charged if the total generated power is larger than
the demand power, and discharged otherwise. Battery charge
and discharge are constrained by SoC and power limits:

S0Cmin < S0C(ty) < S0Cmax )

p < Pyge(ty) <P (10)

disch max chmax

Battery ageing is calculated at each time sample by the
evaluation of the State of Health (SoH), according to the
lifetime maximum exchanged energy method described in [31]:

SoH(t,) = SoH(t,_,) — Pratltol x4t 1)

Eexch max

Eexch max = 2x Cbat ref x DoD x Ncycles max(DOD)(12)

where SoH is the battery state of health, E...n max the
maximum energy which can be exchanged during battery
lifetime [Wh], DoD the depth of discharge, Ncycies max the
maximum cycle number according to the considered DoD.

The battery considered in this study is the Max+20M from
Saft,  with:  Chgerer =1.09 MWh, P ppgx =2.2 MW,
Piisch max = -2.5 MW, ¢ =0.166 %/day and 7,4, = 0.96.
Battery replacement is considered when SoH =0.7, with
S0Cpin =01,  S0Cpax =095,  Eyvch max = 6.485 MWh,
Neycies max = 3500 cycles for DoD =0.9.

F. Load profile model

The load profile data considered in this paper are provided
by EDF SEI [32], corresponding to the Ouessant Island hourly
load demand. The energy consumed each year is about 6 GWh,
with a 2 MW peak load power in winter. Electricity demand of
this island is mostly attributed to domestic needs [33]. Indeed,
the annual energy consumed by the residential sector amounts
to 70% of the total energy. The other part is related to the
tertiary sector, such as restaurants and shops, as the economic
activity of the island is mostly related to tourism. According to
the information available in [32, 33] and the following
hypotheses, a load profile separation is carried out to get the
following three load profiles:

o Electric room heaters: a thermo-sensibility analysis is
conducted according to the method proposed in [34]. A
linear regression is performed on the daily energy
demand curve according to the daily average air
temperature. A 15°C daily average air temperature
threshold is considered for the electric room heater turn
off. Annual energy related to electric heaters amounts to
51.1 % of the total annual energy of the Ouessant

Island. The power Py, related to electric room heaters
is considered as a constant during the whole day.

o Water heaters: profile extraction is based on electricity
tariff policy applied in France, following a nightly
operation cycle. Thus, water heaters operate for eight
hours at night (between 21 p.m. and 5 a.m.), i.e. during
the low price policy period. Annual energy attributed to
the water heaters amounts to 5.6 % of the total annual
energy. Although a peak is usually observed at turn on
[14], the power related to water heater Py is
considered as a constant during these eight hours.
Indeed, a profusion of consumptions must be
considered, allowing the load profile related to water
heater demand to be smoothed.

¢ Non-shiftable loads: as little information is available, no
others kinds of loads are considered for DSM strategies.
Thus, the non-shiftable power consumption Pyg
corresponds to the remaining load profile.

Thus, at each time sample, the total requested power P,
can be defined as:



Paem (tx) = Pyr(ty) + Pyy(ty) + Pys(ty) (13)

Examples of three days long load profiles in winter and in
summer are given in Fig. 2.
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Fig. 2. Examples of winter (top) and summer (bottom) load profiles and the
corresponding hourly air temperature measurement

G. Reliability and costs evaluation

The multi-source system considered in this paper is
evaluated according to two criteria. The first criterion is related
to the reliance aspect. The unmet load demand is evaluated
according to the LPSP (Loss of Power Supply Probability)
[21], given by:

LPSP = [l (14)

Edem

Where E,,, is the demanded energy during the simulated
period [Wh] and E,, 4 is the demanded energy which cannot be
supplied by the sources and the battery [Wh].

The second criterion is related to the economic evaluation,
thanks to Levelized Cost Of Energy (LCOE) [€/kWh], based on
the Life Cycle Cost (LCC) [€] and the system lifetime
demanded energy Eg.n, v [Wh], according to the method given
in [19]:

LCC (B, LCCsi)+ LCCEss
Edem,N

LCOE = (15)

Edem,N
For each source i of the considered multi-source system, the

life cycle cost calculation includes investment costs (Ci,;) and
operation and maintenance costs (Cogm,i):

LCCSL - Cmvl + CO&ML - Cmvt X Pmstl +ZN % (16)

Where LCC is the Life Cycle Cost [€], Cfy,; is the unitary
investment cost [€/kW], Py ;the installed power [KW],
Cosm; the annual operation and maintenance costs
[€/kW/year], N the system lifetime [years], r; the interest rate
[%] and t the considered year, from the beginning of the
project to the N-th year. The sources lifetime is considered to
be the same as the system lifetime (N = 25 years).

The economic parameters related to the sources are given in
Table 1, according to data available in [19, 35].

TABLE Il SOURCES ECONOMIC PARAMETERS
Economic parameter
Source
Investment costs Cj,,, O&M costs Cogm Interest rate r
PV 1600 €/kW 48 €/kW 5%
WT 1350 €/kW 47 €/kW 5%
T 6800 €/kW 250 €/kW 5%
WEC 3700 €/kW 230 €/kW 5%

The battery life cycle cost LCCggs includes investment costs
Cinv gss, operation and maintenance (O&M) costs Cogpy kss
and replacement cost C,. gss [36], according to:

LCCgss = Cinpess + Coamiess + Cress (17)
Cinv ss = Cinvpss X Emstgss (18)
Coampss = Lt=1 —aO&Aszi;ziﬂv'Ess (19)
Crrss = N X CRF x X" 1% (20)
CRF = rEssX(1+7Ess)Y 21)

(1+7rgss)N-1

Where €/, gss IS the unitary investment cost [€/kWh],
Einse pss the battery storage capacity [KWh], apgum gss the part
of investment cost corresponding to O&M costs, rggs the
interest rate, CRF the capital recovery factor, n, the battery
replacement occurrences during the system exploitation
duration and t; gss the battery lifetime [years]. The parameters
related to the lithium-ion battery costs are based on [37, 38],
with Cf,, gss = 860 €/kWh, @pgn gss = 0.02 and rggs = 5%.

I1l. DESIGNED DEMAND SIDE MANAGEMENT STRATEGIES

Two kinds of loads are considered for DSM strategies:
water heaters and electric room heaters. Among all the possible
DSM strategies, only time shift based strategies are applied in
our work, by anticipating totally or partially the water heaters
and/or electric room heaters demand initially planned at a given
time sample. No postponement strategy is considered in this
paper. Generally speaking, the proposed load shifting strategies
can be considered only if the following two conditions are
satisfied:

e The battery must be fully charged, according to the
previous iteration SoC value:

S0C(tg-1) = S0Cpax (22)

e The generated power Py, must be larger than the
demanded power P,,,, at t,. Thus, the resulting excess
of generated power P,,.. is defined as:

en(tk) > Pdem(tk)

Pgen(tk) - Pdem(tk)v if Pg (23)

Pexc (tk) = {
0

, otherwise



The powers related to the water heaters and the electric
room heaters after DSM strategies application will be
respectively noted Py, and Pyp. Thus, at each time sample, the
total load power P;., after DSM strategies application is
defined as:

Phem(ti) = Pir(ty) + Py (t) + Pys(ty) (24)

More specific conditions for both loads are considered,
which are detailed in the following subsections.

A. Water heaters strategy

An anticipation load shifting strategy is considered for
water heaters management. If, at a time sample ¢t,, the
generated power is larger than the demand and if the batteries
are fully charged, the next water heaters operating occurrence
initially planned at t,,, is shifted at t,, whatever the power
amount generated at t;,,. Anticipation may start ten hours
before the originally planned period (1 < A <10). An overview
of the data related to the proposed strategy is given in Fig. 3.
The data related to the next ten hours of water heaters load
profile and the excess power at ¢, are needed to evaluate the
proposed strategy.
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Fig. 3. Overview of the data related to the water heaters DSM strategy

The anticipated consumption is constrained by the excess
power P,. at t,, defined by (23). Thus, two cases can be
found:

e Case 1: if P, .(ty) = Pyy(tyra), the water heaters
demand is totally shifted from ¢t,,, to t, as the excess
power is large, resulting in:

Py (ti) = Py (tisa) (25)
Py (tksa) =0 (26)

o Case 2: if P, (ty) < Pyy(tyra), the water heaters
demand is partially shifted from ¢, , to t; as the excess
power is low, resulting in:

Pljl/H (tk) = Pexc(tk) (27)
Pl (tksra) = Pwn(trsa) — Pexc(ty) (28)

In case 1, all the water heaters are concerned by the
anticipated turn on, whereas in case 2 only some water heaters
are concerned (the quantity is defined according to the amount
of excess power). The anticipated consumption cannot
overpass the initially planned water heaters power. An
overview of the developed DSM strategy for water heaters is

given in Fig. 4, showing a totally and a partially anticipated
consumption.
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Fig. 4. Working principle of the proposed water heaters DSM strategy (case
1 represents a totally shifted consumption, whereas case 2 shows a partially
consumption anticipation)

B. Electric room heaters strategy

Anticipation is also considered for electric room heaters in
case of excess production at time t,, but with a shorter time
window and only in case of subsequent deficiency. The electric
heaters load planned at a future time sample t,.5 is anticipated
only if a lack of power at ¢, , 5 exists, defined by:

Pdem(tk+B) - Rqen(tk+B)l if Rqen(tkﬂ?) < Pdem(tk+3)

Paes(tesp) = { 0 (29)

, otherwise

Anticipation time is limited to two hours (B =1 or 2) and
the anticipated consumption is constrained by the available
power P, at t, and by the lack of power Py at ty. 5, to limit
the discomfort brought by this DSM strategy. An overview of
the data related to the proposed strategy is given in Fig. 5. To
apply the designed strategy, a two hours forecasting ability is
considered in this strategy to evaluate the lack of power P, at
te+p- Moreover, the power related to electric heaters for the
next two hours and the excess of power at ¢, are needed.

Input data DSM strategy Output data

Poxc () =] » Case1 —> Pir (&)
Paef(ticw1)s Paes(ticsz) —> : 8§:§§ —> Pir (ti+n)
Pr(ti), - Pur(tiss) —3{ 7 Case4 — B

Fig. 5. Overview of the data related to the electric room heaters DSM
strategy

According to the P.,.(ty) and Pg.r(tyxsp) values, four
cases are possible, implying the application of one of the
following rules, firstly for B = 1 then for B = 2.

At t; g, if the lack of power is higher than the electric
room heaters demand (Pyes(tksp) = Pur(tksp)), the electric
room heaters load is anticipated as much as possible, according
to the available power at ¢, and the electric heaters demand at

tr+p:
o Case 1:if P, (ty) = Pyr(tiis),

Pyr(ty) = Pur(ty) + Pur(tess) (30)



Pyr(tirp) =0 (31)

o Case 2! if Poyc (6x) < Pyr(tiss),
Pyr () = Py (6r) + Pexc(ty) (32)
Ppr(tkss) = Pur(tien) — Pexc (i) (33)

Otherwise, if at t;,p the lack of power is lower than the
electric heaters demand (Pyes (tk+s) < Pur(ti+p)), only a part
of electric room heaters power is anticipated, according to the
available power at t,and the lack of power at t; , 5:

o Case 3. if Poyc(tk) = Pyer(tis+n):
Pyr(ti) = Pur(ti) + Paeg (tic+) (34)
Pyr(ti+s) = Pur(tr+s) — Paer (tisn) (35)

o Case 4! if Poyc (6k) < Paes(ticsn),
Ppr (i) = Pur(tx) + Pexc(ty) (36)
Ppir(tirs) = Pur(tien) — Pexc(6i) (37)

The amount of anticipated consumption would correspond
to a temperature set point modulation.

IV. SIMULATION RESULTS AND DISCUSSION

The designed DSM strategies are included into the
simulation flowchart of the multi-source system, proposed in
Fig. 6. Simulations are carried out over a five years long period
at hourly time step according to different configurations. In
order to show the consequences and the benefits brought by
each anticipation based DSM strategy, the proposed strategies
are applied separately, firstly on water heaters demand then on
electric room heaters. Finally, both DSM strategies are applied
simultaneously. Simulations are carried out considering the
following multi-source system sizing: Np, = 1500, Ny =6,
N =6, Nygc=3 and Ny, =7. Some examples of load
profiles without and with DSM strategies are proposed in Fig.
7-10 (only a period starting on 02/17/2015 at 9:00 a.m. and
ending on 02/18/2015 at 12:00 a.m. is displayed).

Fig. 8-10 shows that the anticipation of water heaters and/or
electric room heaters demand allows the battery discharge to be
reduced, as the SoC remains at a value over 0.7 whereas the
SoC value reaches 0.6 without DSM strategy application.
During this period, it can be observed that water heaters
demand is shifted to the diurnal hours (Fig. 8), corresponding
to the case 2 described in the proposed water heaters DSM
strategy. Moreover, the electric room heaters consumption is
anticipated two times as shown in Fig. 9 (the case 2 described
in the proposed methodology is observed for the Feb. 17™,
19:00 occurrence, whereas the case 4 is observed for the Feb.
18™, 8:00 occurrence).
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| Water heaters DSM strategy application |
P’ gemlti) and P'gor, (tiea) update

No
Paenlti) > P'gem(ti)
Yes

Electric room heaters DSM strategy application
P’ demlt) and P'gon(tivs) update
T
v

Battery sollicitation:
SoC(t,) and SoH(t,) evaluation

Battery replacement
SoH=1

Fig. 6. General flowchart of the multi-source system simulation, including
DSM strategies
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Moreover, the simulation results over the five years long
period show several positive effects on different criteria. The
following observations can be done according to the results
summarized in Table I11:

e Unmet load: according to the LPSP and the unmet load
hours evaluation, the unmet demand is reduced,
especially when the water heater DSM strategy is
applied. However, the proposed DSM strategies applied
to the considered multi-source system sizing cannot
avoid hours of unmet demand.

o Battery lifetime: by using the excess of generated power
to supply shiftable loads, the battery use is avoided thus
the SoH degradation is slowed down, allowing the
battery lifetime to be extended by a few years.

e Required battery quantity to ensure the demand to be
fully satisfied: the number of batteries required is
reduced with application of the proposed DSM
strategies.

o Levelized Cost Of Energy: as the number of batteries
can be reduced by applying the proposed DSM
strategies, a reduction of LCOE can be observed,
although it is limited since the resulting cost reduction
is about -1.6%.

tidal turbine load factors are large, whereas electric room
heaters have been anticipated to occurrences where the tidal
turbines load factor is large. It can be noted that a strategy
consisting to systematically shift the operating working time of
water heaters during the diurnal hours (during the maximum
PV load factor), would not be as interesting as the proposed
strategy. Indeed, this strategy would not consider the amount of
excess power, which can be low or zero in case of cloudy day,
whereas the strategy proposed in this paper allows the load
shifting to be applied only if an excess exists.

TABLE III. DSM STRATEGIES APPLICATION RESULTS
Strategy | Without Water Electric Water Heaters
DSM heaters heaters + Electric
Criteria DSM DSM heaters DSM
Unmet load 161 144 155 138
hours [h]
LPSP [%)] 0.277 0.252 0.269 0.245
(-88%) | (-29%) (-11.5 %)
Energy supplied | 1.12 1.02 1.01 0.94
by the battery (-84%) | (-9.4%) (- 16.5 %)
[GWh]
Battery lifetime | 30.3 331 334 36.2
[years] (+9.3%) | (+10.7 %) | (+19.7 %)
Number of 34 33 33 33
battery required
LCOE [€/kWh] | 0.466 0.458 0.458 0.458
(-1.6%) | (-1.6%) (-1.6 %)
Life Cycle Cost | 75.93 74.73 74.73 74.73
(LCC) [M€] (-16%) | (-1.6%) | (-1.6%) (- 1.6 %)

By evaluating the load factor LF for each source at each
time sample, defined as the ratio between the generated power
and the installed power, a trend between the demand
modification and the power generated by some sources can be
observed. Table IV presents the average load factor of each
source, evaluated for the occurrences for which the water
heaters demand or the electric room heaters demand have been
increased or reduced. Generally, it appears, according to Table
IV, that the water heaters demand is shifted to periods for
which the photovoltaic panels load factor is large (during the
day), whereas electric room heaters demand is shifted to
periods for which tidal turbines load factor is large, according
to the infra-day cycles of tidal currents. Regarding the period
shown in Fig. 8 and the evaluation of the hourly load factor for
each sources given in Fig. 9, it appears that the water heaters
consumption has been shifted to occurrences where PV and

TABLE IV. MEAN LOAD FACTORS FOR LOAD MODIFICATION OCCURENCES
Considered occurrences t; for LF LFev | LFwr | LFrr | LFwec
evaluation
Plu(t) < Puu(ty) 0 0547 | 0364 | 0.273
Pyu(ty) > Pyy(ty) 0.356 | 0.5890 | 0.359 | 0.275
Plyr(t) < Pyr(ty) 0.118 | 0.047 | 0.059 | 0.13
Pyur(ty) > Pyr(ty,) 0.129 | 0.072 | 0.339 | 0.159
1
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Fig. 11. Hourly load factor of each source

V. CONCLUSION

The proposed strategies based on the anticipation of water
heaters and electric room heaters allow the load satisfaction to
be improved and the battery lifetime to be lengthened. Unlike
strategies based on load delay, the anticipation based strategies
present a lower discomfort for the user and reduce loss of
power supply situations. By applying the proposed strategies,
the excess power is used for shiftable loads supply. Thus, the
proposed DSM strategies allow the reliance of a marine
energies based multi-source systems to be improved. By using
the solar irradiance and the tidal currents resources which
present predictable cycles, the water heaters demand could be
scheduled according to these cycles. Also, the fluctuations of
power generated by a tidal turbine bring some possibilities for
electric heating management while limiting the discomfort for
the user.
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